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ABSTRACT

Now the LHC has provided 120fb™" of data, the evidence for an energy gap between the
Standard Model (SM) and new physics has grown strong. This makes effective field the-
ory (EFT) a versatile method to constrain new physics with minimal model dependence.
In this thesis, based on work done during my PhD candidature [1—4], we make use of
EFT techniques in a variety of studies. We start by exploring the prospect of extracting
the Higgs trilinear self-coupling at current hadron and future lepton colliders, using both
higher order corrections to the single-Higgs process and di-Higgs production. Our anal-
ysis minimizes model dependence thanks to the use of EFT. We argue that in order to
constrain the different possible deviations to the Standard Model, a global fit with the
inclusion of as many observables as possible is needed. We found that the inclusion of
the trilinear correction in single-Higgs processes has a marginal effect at the LHC and
will give a bound on the trilinear of order one. The situation is different at lepton col-
liders, where the high precision and different running energies can give bound of order
50%. We then extend our EFT by adding a scalar singlet to study the CP properties of
the particle which could have been behind the infamous 750 GeV di-photon excess. We
define the CP sensitive asymmetries, in both the vector and gluon fusion channels, and
study their power to differentiate between the CP odd or even hypotheses. Finally, we
move somewhat away from EFT, and use a simplified model to compare the constraints
on composite Higgs models coming from low energy neutron and electron electric dipole
moment (EDM) measurements and LHC searches. Effective field theory is not completely
absent, since we compute the two loop corrections of the light quarks and leptons EDM to
match our simplified model to the higher dimensional operators of a low energy effective
Lagrangian, and obtain bounds for our model. We then recast LHC searches and compare
the present and future bounds. We found that the current bounds are competitive with the
one coming from the LHC direct search and are of order a few TeV. The future upgrade
of the experiment measuring the electron dipole moment should bring the bounds to the
5-10 TeV range.
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PREFACE

July 4, 2012, early morning, after an overnight wait for some, people are impatiently in
line, not for the new trendy gadget or to watch the premier of the new blockbuster movie,
this queue is not in front of a shop, or a cinema but in front of an auditorium at conseil
européen pour la recherche nucléaire (CERN). There are indeed three stars in this day and
an announcement which is synonym, for the two present, of a Nobel prize. Indeed, after
approximatively 10 fb~*, distributed between 7 TeV and 8 TeV, of acquired data, both large
hadron collider (LHC) [5] experiments ATLAS [6] and CMS [7] see a bump at 125 GeV
in the four-lepton and di-photon invariant mass distributions. The significance of this
bump finally reached the 50 level, favoring the signal hypothesis over the background
only one. This mean the discovery of a new particle. The data are compatible with the
Glashow-Weinberg-Salam theory of weak interaction [8-10]. This model uses the Brout-
Englert-Higgs mechanism [11-13] (named after the three stars of the day) to explain how
the gauge bosons and fermions acquire a mass. It also means that all the particles of the
standard model (SM) have finally been discovered.

This is a big revolution; we finally have a model explaining the interactions between
elementary particles which is mathematically consistent up to the Planck scale. Six years
later, the interactions of this new particle are being measured more and more precisely
and have been so far consistent with the SM.

This is of course not the end of the story. Despite the fact this model can be extrapolated
up to the scale at which gravity is expected to enter the game, a scale orders of magnitude
above what present human made experiments can probe, it is incomplete. It still fails
to explain the motion of stars far from the center of their host galaxy and comes with
several unanswered questions. We do not understand why the mass of the Higgs boson
is so small, since the mass of an elementary scalar particle should receive huge quantum
corrections. This calls for an explanation. While two appealing explanations, composite
Higgs (CH) and super symmetry (SUSY) call for new physics at the weak scale, there are
also experimentally less appealing solutions (due to their lack of observable consequences)
like the multiverse and its anthropic principle or the new recent dynamical solution using
the relaxion mechanism.

We now stand six years after the discovery and no new physics is to be found. Mean-
while, few excesses here and there, but the bounds of beyond the standard model (BSM)
models start to reach 1 TeV. The community starts to wonder where the new physics is
hiding. In this thesis, we will look at the prospects of using effective field theory (EFT) to
probe BSM physics. Indeed, EFT is a powerful tool to achieve this goal, since it allows us
to parametrize deviations from the SM coming from high scale physics with a minimal
dependency on the underlying model. The higher the energy scale of new physics, the
more precise this method becomes. That is why it is adapted to study the LHC data. Of
course some care is needed, and the possibility for low energy new physics such as stealth
SUSY or dark matter (DM) with light mediators cannot be ignored. Specific searches using
other approaches are needed to handle such cases. Throughout this work, we are going
to go through several uses of EFT.



CONTENTS

This thesis starts in Part i by reviewing the basics. Chapter 1 is dedicated to a quick
review of the SM and the Higgs mechanism and the questions the SM leaves open. We
follow by presenting in section 2.2 a natural way to expend the SM assuming new physics
is heavy. In this chapter, we use the available freedom to define the Higgs basis. As its
name indicates, this basis is useful to study Higgs physics.

In the Part ii of the thesis, we study the trilinear Higgs self-coupling. Despite all the
evidence pointing toward a SM like Higgs boson, several of its couplings have not yet been
directly measured. Unfortunately, this is a challenging task, since the relevant processes
suffer from small cross sections. We review the current constraints on the Higgs sector
and on how to parametrize new physics in chapter 3. We combine the usual method,
double-Higgs production, and a novel approach using higher order effects in single-Higgs
production, to look at the prospect of measuring the Higgs trilinear at high luminosity
LHC (HL-LHC) in chapter 4, and at future lepton collider in chapter 5. These analyses are
done minimizing model dependence thanks to the use of EFT. These two parts contain
respectively the papers in references [2, 3] with small modifications.

In Part iii, we look at the possibility of studying and constraining new physics. In
chapter 7, we look at a different EFT. Based on the (in)famous excess of Christmas 2015,
we study the possibility of measuring the charge conjugation and parity (CP) property of
a new scalar particle decaying into photons. This time, we minimally extend the SM by
adding one field and assume the particles coupling to this new boson are heavy enough to
be integrated out. This allow us to write the allowed interactions between the SM and this
new field using higher dimensional operators. We study several channels where asymme-
tries sensitive to the CP property of the boson can be built and study the constraints the
HL-LHC would give. This part contains the work in reference [4]. In chapter 8, we want
to study a more specific class of models, and focus on the CH scenario. In order to do so,
we change our approach and use a simplified Lagrangian capturing the relevant effects.
We study and compare the constraints coming from low energy physics, more specifically
electric dipole moment measurements, on the mass of possible new top partners coming
from the composite sector, with the ones from LHC. While we are not directly using EFT,
it is interesting to note that the bounds on the dipole moments are given in terms of
higher dimensional operators and that we match our simplified model to these operators
to obtain the bounds.



DISCLAIMER

This thesis has been submitted in March 2018 and presents work realized between 2014
and end of 2017, which means that part of the work may be outdated. This is the case of
the presented experimental results. Indeed, as these lines are being written, both ATLAS
and CMS have recorded around 50 fb™" of additional data, for which the public results are
not available yet. This situation is going to change after the Moriond conference at the
end of March, where the latest results may be made available.

Considering the work, most of it could eventually led updated using the latest experi-
mental results, however, the main message should not change, with the exception of the
work based on the (in)famous 750 GeV excess. The concerning the latter are already out-
dated, however, the technique used could be transposed to any new excess seen in the
relevant channels.

It should also be noted that parts of this thesis come directly from the work published
or submitted for publication in references [1—], with some modifications to keep the
coherence of ensemble.






Part1

THE FRAMEWORK






THE STANDARD MODEL

1.1 FIELDS AND SYMMETRIES

The SM is the minimal model which can explain almost all the collider physics experi-
ments and more generally most of the high energy data. One notable failure being the
observation of neutrino oscillations. Of course, we can also take into account deviation
in the muon magnetic dipole moment or in b physics. While the neutrino oscillation can
be explained by a minimal addition to the SM. None of the other deviation have reached
the 50 statistical significance needed to be considered a discovery. In order to reach this
impressive description of nature, physicists had to unify quantum mechanics and special
relativity into quantum field theory (QFT), in which nature is described by interacting
quantized fields, the quanta being particles. By construction, it does not include gravity
which is too weak to be probed by high energy physics experiment. In this chapter, we
propose a brief review of the main features of the SM based on references [14-17].

The SM is described by the most general Lagrangian following two rules and a given
field content. The first rule demands the Lagrangian to be re-normalizable, which in prac-
tice limits the operators” mass dimension to be equal to or smaller than four. The second
rule is the symmetry under which the Lagrangian is invariant. It should be invariant
under both the global Poincaré symmetry and the gauge group:

SU(3) x SU(2)1 x U(T)y. (1.1)

Finally we need to specify the field content and its transformation properties under the
different symmetries. The list of representations are given in Table 1.1. The fermionic
degrees of freedoms come in three generations:

ek = (er, g, Tr)", Uk = (ug,cr, tr)", dg = (dg,sgr,br)" (12)

and the three generation of left-handed doublets

. ui . ei
t={1r], =t (1.3)
di Vi

where the left handed component of the doublets are the same as their right handed
counterpart
)T

el = (e, p, )", ut = (ug, e, tr)’, df = (di, st br (1.4)

with the addition of the left-handed neutrinos Vie]_ = (VeL, VuL, v )T
An interesting game to play is to compare the most general Lagrangian of dimension
less than or equal to 4 that we can write versus a “phenomenological” Lagrangian describ-
ing experimental data. The Lagrangian with the fields in gauge eigenstates can schemati-
cally be written as,
Lom = L+ LR K ot Lhiges L Yukawa (1.5)

Gauge Gauge fermion
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Field SL(3,C) SuU(3) Su(2) u(1

Qt (3,0) 3 2 ¢
e (03 3 T3
de 03 3 1 =3
Li (3,0 1 2 —
e}q (0, %) 1 1 -1
W (%1 %) 1 adj 0
B (%, %) 1 1 0
G (%, %) adj 1 0
H (0,0) 1 2 1

Table 1.1: Standard Model field quantum number. The adjoint representation is indicated by “adj”.

and is given by:

1 1 1

XSM :_ZGHVGHV_ZWHVW}L\/—ZBHVB}LV (16)
es ~ aw ~ eb ~

—762C Cuy g g W Wiy — 12 BT By (1.7)

+1QI DQ} +iugPDuk +1idgPdk + i} DLk + iegDek (1.8)

+|D HI* + p?HHT — A(HHT)? (1.9)

- (Y}j Qi P, + Y Qi Hdl, + YUT} Hel, +h. c.) , (1.10)

where the G, W, B are the SU(3), SU(2); and U(1)y field strengths, given for a generic
gauge field F by F&, = 0,F$ —0,F% —ig¢fePCFFS. here gy is the corresponding gauge
coupling and f the antisymmetric structure constants of the gauge group. For example,
for the Abelian group U(1) f vanishes, for SU(2) f is the Levi-Civita tensor e. F is the dual
defined as F*Y = Je"V*PF 5 and D is the covariant derivative given by

D, =0, —1igsAaGy —igT*W{ —1ig'YB,,, (1.11)

with A the SU(3) generators, T the SU(2) ones and Y the hypercharge.

We can compare this Lagrangian with a phenomenological one, which can be written
as

ki ki
gPH = gcl;luge + gfé?mion + gHiggs + gmass + gYukawa ’ (1-12)

containing new fields which, with the exception of the Higgs field h, are related to the
ones of the Lagrangian in Equation 1.6 by a change of variables. It reads:

1 1 1 1

XPH - — ZGHVGLLV - §W+”VWEV - ZZ”VZMV - ZAHVAMV (1.13)
+iQD QF + iufPup +1dRPAR + L[ DL + iefiDe (1.14)

2
+mw AW W T2 zez, (1.15)

2



1.2 THE BROUT-ENGLERT-HIGGS MECHANISM 9

Field 0%(3,1) SuU(3) Ssu(2) u(n

VR (0,7) 1 1 0

Table 1.2: Quantum numbers of the extra neutrino

1 > mp? o, mp? 3 mp? oy

—|Dyh|"————h"— ——h’— h 1.16
3 Dyl 2 2v 8v2 (1.16)
— (mydfug + myditdg +mierteg +h.c) (1.17)

h . . . L o
-5 (myafug + mydi'dg + mierteg +h.c.), (1.18)

In the following section, we review how the two Lagrangians are linked. It can also be
noted that Zpy is not completely phenomenological, in the sense that some couplings
have not yet been measured and that we are missing the neutrino masses. We also stay
vague about the exact definition of the fields’, since we only want to focus on some keys
differences between the two Lagrangians.

At the first sight the two Lagrangians are not compatible. Indeed, the gauge boson and
fermion mass terms break the gauge symmetry and seem incompatible with Table 1.1.
The Higgs doublet field H as been replaced with a new real field called h. We also added
a prime in the covariant derivative of the left-handed fermions. Finally, we removed the
topological terms.

Before solving the apparent contradictions between the two Lagrangians, another re-
mark can be done; there is no mass term for the neutrinos. Observation of neutrino
oscillation is a direct proof that neutrinos have masses. However, with the given field con-
tent and with terms of dimension lower than five it is impossible to have neutrino mass
terms.

This problem has several solutions. We quickly cite two of them here. The most min-
imalistic could be the introduction of a right-handed singlet neutrino field as show in
Table 1.2. With this extra field writing a mass term of dimension lower than five is now al-
lowed by the symmetries. Another interesting solution would be to allow terms of higher
dimension in the Lagrangian. Indeed, the dimension-5 Weinberg operator,

l:lTLLB +h.c., (1.19)
with H = io,H*, generates a Majorana mass term for the neutrinos after electroweak

symmetry breaking (EWSB). A Majorana mass term only involve left or right handed
fermions with the main consequence that the fermion should be its own ant-particle.

1.2 THE BROUT-ENGLERT-HIGGS MECHANISM
1.2.1  Gauge boson masses
One of the issues with the Lagrangian (1.13) is that mass term for fermions and gauge

bosons are forbidden as they break the SU(2) gauge symmetry. As a side remark, it is
interesting to note that without the Higgs mechanism which we discuss below, the W

1 For example the gauge field strenghts are hiding the gauge boson interactions.
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Re(H)

Figure 1.1: Higgs potential with a ball representing one of the possible minima.

gauge bosons would not be massless. Due to a quantum chromo-dynamics (QCD) effect
in the form of pion exchange, they would get a mass of order 29 MeV [18]. The electroweak
(EW) symmetry being broken at low energy by the quark condensate. Despite being an
interesting effect, it is far from enough to reproduce the experimental masses.

The gauge boson masses instead come, not from the quark condensate, but from another
mechanism. Extracting the potential and kinetic term of Equation 1.6:

Lhiggs = D HI* + p?HHT —A(HHT)?, (1.20)

we can see a peculiarity: the mass squared term is negative! This allows the potential for
the Higgs doublet to posses a degenerate set of minima for field values

]

2\ 2
H| = %, where v= (P;) (1.21)
as represented with a continuous red line in Figure 1.1. Here v is called the vacuum ex-
pectation value (vev). A chosen minimum is not invariant under the same symmetry as
the Langrangian since we can rotate it and obtain another valid minimum. This mecha-
nism is also known as spontaneous symmetry breaking. Without entering in the details
of the Goldstone theorem, the perturbation of the potential in the angular direction cor-
respond to the massless Goldstone bosons (the broken symmetry generators), while the
radial perturbation (in dotted) corresponds to the massive degree of freedom (i.e. the
physical Higgs boson). Choosing a vacuum spontaneously breaks the SM symmetries

SU(3) x SU(2)r x U(1)y — SU(3) x U(1)em, (1.22)

with a total of 3 broken generators. Without fixing the gauge, we would see three massless
degrees of freedom in the theory. Going into the unitary gauge, however, we can make



1.2 THE BROUT-ENGLERT-HIGGS MECHANISM

these degrees of freedom disappear from the Lagrangian in exchange for an explicit mass
term for the gauge bosons. This is the so called Brout-Englert-Higgs mechanism [11-13].
Explicitly, we do a gauge transformation and rewrite the doublet field as

1 0
H=— . )
V2 (v + h(x)) (1.23)

With theses new variables, the Higgs potential becomes

1 5,5 mp o3 mi oy

and the Higgs field obtains a tree level mass
mp = VvV2A. (1.25)

Rewriting the Higgs kinetic term in term of theses new degrees of freedom and expanding
the covariant derivative of the Higgs doublet, one finds;
1(v+h)?

1
2_ 1 2,
(DH)- = z(auh) +2 a1

(g2 (W))2 + g2 (Wh)2 + (—g(W3) +¢'B)?] . (1.26)

We see that the gauge bosons became massive, and in addition W3 and B mix. The mass
eigenstates are given by

1 . 1
Wﬁz\ﬁ(whilwi) / Zﬁzﬁ(gwi—g'%) /
1
Ap=——— (g’W‘:’L + gBy) (1.27)

v

and have leading order masses given respectively by mw = %, mz = /g2 +¢’?, and
ma = 0. Although the photon stays massless at all orders in perturbation theory, the other
gauge bosons receive correction to their masses. We define the Weinberg rotation angles

/
9 sin©,, = sg,, = 9 (1.28)

/92—1—9’2’ /gz+9/2'

The expression of the covariant derivatives Equation 1.11 in the new variables, becomes

cos0,, =cg,, =

Dy = au—igsAaGﬁ—i\% (WT* +hc)—i

. g9’ 3
i gz+9/2A“ (T —|—Y), (1.29)

213 /2
qu(g T° —g Y)

where T+ = (T £iT?). The term with the photon can be used to read off the electric
charge in therms of the gauge coupling:

gg’
) (1.30)
/92 + g/2

Finally, we define the famous p parameter,

e =

2

My

p=

- mZcos0’ (131)

11
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which is equal to 1 at leading order; a consequence of the approximate custodial symmetry
of the Higgs sector.

This mechanism, where the three massless Goldstone bosons are “eaten up”? by the
vectors is due to Brout, Englert and Higgs. Englert and Higgs won the Nobel prize in
2013 for their research. Unfortunately, Brout passed away in 2011 and therefore missed
both the Higgs boson discovery and the Nobel prize.

1.2.2  Fermion masses and implications

The mechanism we presented in the previous section, allows us to do more than give a
mass to the gauge bosons. Since the fermion mass terms also break the gauge symmetry,
it can be expected that the spontaneous breaking of the symmetry can also be used to
solve this issue. The term:

£ > YIQ A, + Y Qi Hdl, + YUL [ Hel, + h.c., (1.32)

becomes, after the Higgs takes a vev,

V) Yo Y9
Lov| L, +-4dtd, 4+ -< "e +h.c.|+(v—=h) 1.
V2 Ly R V2 LR ﬂ (1.33)
and gives mass terms to almost all the fermion. As said before, some extension to the SM
is needed to take into account neutrino masses. However, the Yukawa matrices Y, Yq
and Y. are not diagonal, we need to change variables to obtain the propagating degrees
of freedom. This is achieved using a bi-unitary transformation:

U YUg = diag(y1,y2,93), (1.34)

where we have a pair of U matrices for each Yukawa matrix. The matrices U; and Ug
are the matrices diagonalizing YYT and YTY respectively. In this basis, each fermion gets a
mass term given by

me= 5y (1.35)

These rotations are not without consequence for the left-handed fermions kinetic terms
since they do not commute with the covariant derivative. The right-handed fermions
are not affected since they do not couple to the weak force and the SU(3) symmetry is
flavor blind, meaning the change of basis commutes with the derivative. The situation is
different for the left-handed quarks because the W links the upper and lower part of the
quark doublets:

awa= g ) (- ) ()
:\ﬁ <afw+ di* +h. c.)

_ 9 (qrxutsivrtyibi gl
=7 (uLUu V4 UddL+h.c.)

2 This term comes from the fact that the massless degrees of freedom disappear in the unitary gauge and a

mass term for the Gauge bosons appears.
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:\% ( viuWdt +h. c) :
Here, we have defined the Cabibbo-Kobayashi-Maskawa (CKM) matrix [19, 20] Vckm =
Ul Ugq. Being the product of two unitary matrices, it is also a unitary matrix . The usual
counting tells us that an N by N unitary matrices has N? parameters, in this case 3 angles
and 6 phases. However, not all those parameters are physical. 2N — 1 of them can be
removed by redefining the left and right quarks field. The minus one comes from the
global phase which is not physical and cannot be used to remove a parameter. This leave
us with the 3 angles and one phase.

There is some freedom in the parametrization of the CKM matrix, one of the usual
parametrization uses three Euler angles and one phase.

—is
C12C13 $12€13 s13e” 013
Vekm = | —s12¢23 —€12523512€™13  c12023 — $128235813€013 c23c13 |, (1.36)
i5 5
$12823 —C€12€23€13€*13  —C€712823 —872€23813€'°13 €23C13

where cij = cos 05 and si; = sin 0. The angle 01, is called the Cabbibo angle.
The phase has a great phenomenological importance, since it violates the CP symmetry.
The Lagrangian transform as follows under CP

J5 (V3w o+ aveaw ) <5 5 (AW el vEw d)
(1.37)

and therefore CP conservation would require that the CKM matrix is real, i. e. the complex
phase 013 should vanish. Experimentally, however this phase is not vanishing and the SM
has explicit CP violation [21]. It is interesting to note that the CKM matrix needs at
least three families to contain a complex phase and therefore, the SM has the minimal
of needed number of families to violate CP. As we are going to discuss in the following
section, another CP violating term is allowed in the Lagrangian, however it is constrained
to be very small.

A BSM CP violation can also come from the neutrino sector. Giving a mass to the
three neutrinos introduces an analog of the CKM matrix called the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix [22, 23]. The PMNS matrix can have two extra phases
if the neutrinos get a Majorana mass term instead of a Dirac one.

1.3 THE é PARAMETERS

We are interested in the topological term of the Lagrangian:

e ew eb
16m2 1672 16m2
.ﬁ/ﬂpH D@, (139)

Guv + s WHYW ., + B*VB,v, (1.38)

The 0 parameters are not directly physical. The only physical combination is given by

0=0,—0F with OF = argdetYqYy, (1.40)
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with Y the Yukawa matrix. The phase from 05 can be moved to the Yukawa matrix using
a chiral rotation. This transformation leaves the quantity  unchanged. Therefore, it is
possible to make O vanish, and move all the effect into:

G" Gy - (1.41)

It may seem surprising that a chiral rotation of the quarks modifies a term with no
quark field. This is due to the chiral anomaly, i.e. the chiral symmetry is broken by
quantum effects. In the path integral formalism, this means the action is invariant under
the symmetry while the measure is not:

JDLI)Dl]) = JDlI)Dtpeife?;%F? . (1.42)

Here, F and g are the gauge groups under which the rotated quarks are charged. The
angle is given by 0 = argdet RTL for a chiral rotation with R and L acting on the right- and
left-handed quarks respectively.

At first sight, 6 should not have a physical effect since it can be rewritten as a total
derivative of the Chern-Simons current K,

Ki = euvap (ASFSp - %fﬂbCAsAgA%) S Fu FY = 20,K*, (1.43)

and could be removed from the Lagrangian by integration by parts, up to a boundary
term which usually vanishes. Nevertheless, some non-pertubative field configurations
called instantons, give physical meaning to this term.

If, at least one quark mass was vanishing, the 8 term would not be physical since after
a rotation

argdetYyY, =argdetMgM, =0. (1.44)

In contrast, 6,, and 0y are not physical, since we can take advantage of the fact that the
right-handed quarks and neutrino3 are not charged under SU(2) and U(1) respectively to
rotate the phase away. We can first move the phase from FF to the Yukawa coupling and
then rotate the right-handed fields to completely remove it.

The 0 term is called the strong CP phase since the GG term breaks this symmetry.
However, as (1.39) insinuate, the 8 term is currently not experimentally present in the
SM. While the absence of term linked to the SU(2) and U(1) dual field strength as a
mathematical explanation, the situation for 0 is only based on experimental evidence,
which puts an upper bound of around 8 < 10710 [24]. The smallness of 8 is puzzling,
since we know the EW sector violates CP and there is therefore no reason for this term to
be so small.

1.4 THE STANDARD MODEL IN NUMBERS

On top of the symmetry and field representation, we need to fix 19 parameters to com-
pletely define the SM. One of the possible choices is to fix the fermion masses, 6 for the
quarks and 3 for the leptons, and the Higgs mass. In order to complete the scheme, we

3 If the neutrinos are massless, the determinant would vanish.
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Fermions my mg Me Mg My My Me my Mg

[GeV] 0.002 0.005 1 0.1 173 4 0.0005 0.1 2

Boson mg m, mw mz mp

[GeV] o 0 80 91 125
Table 1.3: Masses of the Standard Model

’ -

g g gs 612 03 0613 D \ 0
57° 246 [GeV] < 10710

o o

036 065 1.2 13° 24° 02

Table 1.4: Gauge couplings, CKM mixing angles, vacuum expectation value and bound on the 6
parameter [25].

can add the Fermi constant (G¢), the Z mass mz, the strong and electric coupling con-
stants os and «, the 0 parameter, the phase and the 3 angles of the CKM matrix. A few
comments can be made on the precision of the measurements: the light quarks masses
are known with a precision of order 10%, and the knowledge of the heavy ones reach the
percent level, this is due to the difficulty in measuring light quark masses due to confine-
ment. The situation for the leptons is inverted. This is due, in this case, to the lifetime
and different decay channels. It can be noted that the Higgs mass is already known, six
years after its discovery, to the sub-percent level. The chosen input parameters have an
interesting consequence. The W mass is the only mass which is not an input of the theory
but a prediction. In order to reproduce the experimental measurement of 80.385(15) GeV,
loop effects need to be taken into account.

In order to make a link with the parameter seen in the previous section, we shown in
Table 1.3 and Table 1.4 their numerical values. It should be noted that the tables have
22 parameters and therefore some of them are not independent. While the input param-
eters have the advantage to make a more direct link with experimental observables, the
parameters presented in the tables are closer to the Lagrangian. A few comments can be
made, the first one is about the fermion mass hierarchy; the masses grow with generation.
We also see that the complex phase of the CKM matrix is not vanishing and therefore a
source of CP violation. Computing the entries of the CKM matrix, we schematically get
an interesting structure

0.97 0.23 0.0036 1T A A
Vekml = | 023 097 0.041 [~ A 1 A2}, (1.45)
0.0087 0.040 1 A A2

with A =~ 0.2. The matrix is therefore almost diagonal and the transition between genera-
tions are numerically strongly suppressed.

Adding Dirac neutrino masses, we need 3 extra mass parameters, 3 mixing angles and
a complex phase, pushing the number of input parameters to 26. For Majorana neutrino,
two extra phases are added for a total of 28 parameters.

4 The neutrino sector is still not experimentally constrained enough to confirm or invalidate this statement.
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1.5 NEW PHYSICS OPPORTUNITIES

The Higgs discovery was a milestone for the SM, indeed, the last missing particle was
discovered. More importantly, it also unitarised the theory. Without the Higgs, mathe-
matical consistency is lost around the TeV scale. After the Higgs discovery the SM can be
consistently extrapolated to the Planck scale without loss of unitarity or a Landau pole.

Nevertheless, this does not mean that the SM explains everything. Mathematical incon-
sistency has the advantage to give an upper bound for the scale at which new physics
should be observed. This was the case before the construction of the LHC, where thanks
to loss of unitarity in gauge boson scattering, new physics discovery was guaranteed. To-
day, this is no longer the case. Nevertheless, this section reviews some major gaps left in
the SM, which demand new physics to be explained. We divide this list in two categories,
the first part is theoretically motivated and the second data driven.

GRAVITY The SM is incomplete by construction, indeed, it explains only three of the four
fundamental forces we observe in nature. Unfortunately> for physicists, gravity is
naively expected to become important at the quantum level only around the Planck
scale, 2.435 x 108 GeV or 14 order of magnitude above the scale current colliders can
probe; a scale which seems inaccessible. One loophole in this argument is linked to
the possible presence of large extra dimensions which can allow for this scale to be
pushed to as low as the TeV scale.

HIERACHY PROBLEM The hierarchy problem is linked to the smallness of the Higgs bo-
son mass. It can be summarized as follows: scalar masses are not stable under
quantum corrections, this mean that we expect the physics from higher scales, e. g.
the Planck scale to correct the Higgs mass and push it to a huge value. However, the
Higgs boson mass is the same order as the weak scale. This either:

1. Calls for an enormous amount of fine-tuning between contributions to the
Higgs mass from low energy physics and from the ultraviolet (UV) scale, so
that they cancel each other with high accuracy.

2. There exists a mechanism protecting the Higgs mass. Usual scenarios solving
this issue involve new physics at the TeV scale.

COSMOLOGICAL CONSTANT Adding gravity to the SM, one operator not protected by a
symmetry and of dimension lower than the Higgs mass operator appears, implying
an even bigger fine-tunning problem than the one related to the Higgs.

GUT Running the gauge couplings to higher scale leads to a surprising observation; the
three gauge couplings almost meet around 10'® GeV. What makes this fact even
more intriguing is that the super-symmetric version of the SM improves the accuracy
at which the couplings match. We can take advantage of this fact to write models
which unify the three gauge couplings and embed the three SM group in a bigger
one in a model commonly called grand unification theory (GUT) [26, 27].

STRONG cP PROBLEM The QCD sector allows the topological terms:

0——G*V Gy (1.46)

1672

5 but fortunate for life as we know it
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which violates the CP symmetry. However, the measure of the neutron electric
dipole moment (EDM) constrains the 6 parameter to be unexpectedly small 0 <
107'°. Once more, dynamical explanations have been proposed. One of the favorite
being the proposal by Peccei and Quinn involving an extra symmetry and a new
very light particle called the axion [28, 29].

FLAVOR AND FAMILIES The flavor sector of the SM is peculiar for two reasons. One the-

ory driven and the other data driven. The SM fermion masses are all arbitrary, they
are just given by the Yukawas which are all free parameters. Combined with the lack
of explanation of why they appear in three families with growing masses, together
with the peculiar structure of the CKM matrix, this calls for a UV explanation.

CHARGE QUANTIZATION Only the gauge bosons are forced to appear in the adjoint rep-

resentations. The other fields have no particular reason to be in low dimensional
representation. More intriguingly, the U(1)y charge are not constrained, however,
they all appear as rational numbers, making the final electric charges multiples of
5. This could be explained if the hypercharge was a remnant of an non-Abelian

spontaneously broken symmetry.

We also have several data driven opportunities for new physics:

NEUTRINO MASS The SM does not account for neutrino masses, as already mentioned,

and several possibilities exist to fix this issue. One of them is to add the dimension
five Weinberg operators to the Lagrangian in Equation 1.19. The A term is expected
to be the scale of new physics, and cyp is a parameter of order one. Setting the
Higgs field to its vev and asking the neutrino mass to be of order eV, pushes A close
to the grand unification theory (GUT) scale.

DARK MATTER The dark matter problem started with inconsistency in galaxy rotation

CMB

curves and was followed by lensing evidence and the observation of the famous
bullet cluster. All these phenomenona can be explained by the existence of at least
one new stable particle which escapes detection and accounts for around 85% of
the matter content of the universe. While a plethora of solutions exist, going from
primordial black holes to an extremely light boson, a famous solution is a weakly
interacting particle, called a WIMP with a mass of order the weak scale.

The cosmic microwave background (CMB) is a snapshot of the last photons scat-
tering before the protons captured electrons and the universe became transparent.
However, those photons are correlated on scales which are, if we rewind the his-
tory of the universe using SM physics, not causally connected. One solution to this
problem is to add new physics causing the universe to have a period of exponential
expansion called inflation, allowing a larger correlation range.

MATTER ANTI-MATTER ASYMETRY Why are we surrounded by matter and not anti-mat-

ter? In order to explain that, the three Sakharov conditions [30]
1. Baryon number violation
2. Charge conjugation (C) and CP violation

3. Out of equilibrium interaction

17
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must be satisfied. While the SM satisfies the three conditions, it cannot account for
the observed asymmetry.

DIRECT MEASUREMENTS OF COUPLINGS Despite the fact that most of the SM parame-
ters are precisely measured, with a few exceptions such as the 8 parameter, for which
we currently only have an upper bound, or the light quark masses for which we have
only 10% precision, we still need a direct determination of several couplings. This
is the case for the light quark Yukawas couplings and as we are going to see later,
the two Higgs self-coupling parameters. In these sectors, large deviations are still
possible. We also need to check for the smallest of higher dimensional operators,
since even if they are formally absent from the SM, they are expected to be present
due to higher energy physics.

OTHER NOTABLE DISCREPENCIES Despite this strong agreement with the data, some
notable excesses exist. We quickly cite two of them:

1. Experiments testing flavor physics observed several excesses which each sep-
arately only have an average significance. Nevertheless, they get close the 50
level taken together [31].

2. A long-standing discrepancy exists between the theoretical prediction and the
experimental measurement of the muon magnetic moment (g-2). The latest
experiment, at Brookhaven, has measured it between 2.2 and 2.70 away from
the theory prediction [32]. The nature of this excess should determined in the
following years, thanks to the upgraded experiment, planned to finish around
2020.

The SM leaves several open questions. The final answers are going to come from exper-
imental measurements. That is why in the following part of this thesis, we are going to
analyse LHC data using EFT, to constrain or study the possible new physics. The main
point of the list above we are going to tackle are the direct measurement of couplings in
Part ii, an excess in chapter 7 and the hierarchy problem in chapter 8. It can be noted,
that by constraining couplings, we can obtain indirect insight on other points of the list.
For example, a deviation in the Higgs trilinear coupling could be a sign of a first order
electroweak phase transition, which could then give us information on baryogenesis and
the matter anti-matter asymmetry. The study of the hierarchy problem is also addressed
indirectly, since we are bounding the parameter space of models designed to solve this
issue.



EFFECTIVE FIELD THEORY

2.1 THE SM AS AN EFT

Do we need to understand microscopic physics to reliably describe macroscopic effects?
Luckily for physicists, the answer to this question is in most cases “no”. Indeed, we do
not need to know quantum field theory to understand why the eggs you cook become
hard. This is true for a broad range of theory. This means we can describe nature without
necessarily knowing the smallest scale physics. In QFT this is reflected in the classification
of operators in relevant, irrelevant and marginal categories. More specifically, the irrele-
vant operators encode our absence of knowledge of the microscopic theory. Indeed, these
operators become less important when the energy scale decreases. This is where their
name comes from, while the relevant operators become more important at low energy.
The marginal operators are not energy dependent. In QFT, the “naive” counting without
taking the anomalous dimension into account, tells us that operators of dimension smaller
than four are relevant, while dimension-4 are marginal and higher dimensional operators
are irrelevant.

This fact, combined with the plethora of measurements in agreement with the SM, and
the searches for new physics pushing the bound on new state’s masses higher and higher,
is a strong case for the existence of a gap in the energy spectrum. Justifying a posteriori
the truncation of the operators above dimension-4. Nevertheless, this theory has to be
seen as effective, in the sense that it has as range of validity, which is currently unknown.
This situation can be compared to the one the SM was in before the discovery of the
Higgs boson and top quark. Indeed, not taking the Higgs into account, we could see the
Higgsless model as an effective field theory with a clear upper bound for the cutoff. This
EFT loses its mathematical consistency around the TeV scale, because of the gauge boson
scattering amplitude growing with energy, ultimately causing the theory to lose unitarity.
As we discuss in the next section, the existence of an energy gap can be used to naturally
go beyond the effective theory truncated at dimension-4 and parametrize deviations from
the SM with minimal model dependence. In the following section, we review how the SM
can be expanded, with the main assumption being that EWSB is linearly realized, or in
other words that the Higgs is part of a doublet and that the structure of the theory is such
that operators of dimension higher than 6 can be neglected. This allows us to define a
complete basis parameterizing new physics effects. Later in Part ii, we select the relevant
operators in this basis, and constrain new physics in the Higgs sector. We then minimally
extend this approach by adding a new degree of freedom to the theory in order to study
an LHC excess.

2.2 THE STANDARD MODEL EFT

Truncating the Lagrangian to operators with dimension-4 or below is attractive for pre-
dictability since the theory becomes renormalizable, but does not do justice to our under-
standing of quantum field theory. As we discussed in the previous section, the successful
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predictions of the SM could be due to the existence of a mass gap, allowing the trunca-
tion to be accurate. It is tempting, however, to continue the expansion by allowing higher
dimensional operators and writing our Lagrangian in the following form:

(5) (6)
C. C.
L =Lsm+y 201y oy, (2.1)
i i

AT A

where the c¢; are the so-called Wilson coefficients, O(1) is an operator of dimension i, and
A is the scale at which new physics becomes important. In the following discussion, we
assume that the structure of new physics is such that A~! can be used as an expansion
parameter, allowing us to truncate the series at a given A order. The first higher order
term allowed has dimension five. It is an interesting term, since our rule to truncate the
Lagrangian has an interesting side effect. The SM has what we call accidental symmetries;
which are global symmetries present once all gauge invariant operators up to a given di-
mension are written down. The Lagrangian (1.6) has several extra U(1) symmetries linked
to baryon and lepton number conservation. In practice both symmetry are anomalous
and only B-L is realized at the quantum level, but the anomaly has no effect in low energy
physics, since the B+L violating process takes place through sphalerons, which are highly
suppressed at low temperature. Only one kind of operator can be added at dimension
five, the so called Weinberg operator:

1 Cap

5 L A AT +he, (2.2)

which explicitly breaks the lepton number conservation. Indeed all higher dimensional
odd operators, violate B-L. The strong experimental constraint on these operators make
them safe to ignore for the rest of this work.

The number of operators with dimension smaller than 6 is rather limited. This situation
drastically changes when we include dimension-6 operators. Allowing all the flavor struc-
ture, the Lagrangian then needs 2499 real coefficients [33] to be described. This forces us
to give-up on some model independence, since having enough observables to bound all
the coefficients is impracticable. The situation would be made worse with the inclusion
of dimension-8 operators. A strong constraint is to assume a given flavor structure, since
ignoring flavor can lower the total number of new operators at dimension-6 to 59 [34].

Expanding the Lagrangian to include dimension-6 terms is not as simple as writing all
allowed terms, since not all operators are independent. Using the equations of motion,
integrating by parts, using Fierz transformations or field redefinitions, gives the freedom
to define different bases for the Lagrangian. By basis we mean a complete non-redundant
set of operators. The basis choice is arbitrary; different bases may be more advantageous to
choose, depending on the situation, since they allow us to single out the physics of interest.
Two famous basis choice are the SILH [35] and the Warsaw basis [34]. Both are written in
term of the Gauge states making explicit the SU(3) x SU(2); x U(T)y symmetries. In this
thesis, the Higgs basis is used. This basis is written in the broken phase in terms of the
mass eigenstates and in the unitary gauge. The mass eigenstates have the advantage to
be closer to the phenomenology. In this section we follow the presentation of the Higgs
basis given in reference [36, 37]. This somewhat “early” gauge choice is not a problem
for leading order observables. This statement also holds true as we discuss later for the
higher order observables we compute in Part ii.
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As its name indicates, the Higgs basis has been developed to make the study of the
Higgs sector phenomenology easier. In order to do so, we use the extra freedom available
to make our Lagrangian satisfy the following conditions [37]:

1. Only diagonal and canonical mass and kinetic terms.
2. Non-derivative photon and gluon interactions are SM like.

3. The leading order relation between input observables G¢, @, mz and my, and elec-
troweak parameters v, g/, g and A are not modified.

4. No Higgs self-interaction term containing two derivatives Also, the Higgs to gauge
boson couplings have no derivative acting on the Higgs.

5. Corrections to V|, fy,.f are equal to their Higgs counterpart (2% + C—;)Vuﬁ/uf.

Condition 1 is an obvious choice since it allows the use of standard perturbative tech-
niques to compute observables. Conditions 2 and 3 are here to keep the link between the
usual input parameters, the gauge couplings, and v the same at tree level. The remaining
conditions are somewhat more arbitrary and fix the remaining basis freedom.

Although, the SILH and Warsaw basis can be written in compact form, there is a cost
on being in the broken phase; it makes the Lagrangian lengthy and introduce several de-
pendent parameters. In order to obtain the relations between the parameters, one usually
starts from another basis in the unbroken phase and transforms it, applying the condi-
tions. This allows one to find the dependence between the different Wilson coefficients.
We start here by naming the arbitrarily chosen independent coefficients. We can naturally
classify them; from the (currently) less relevant for Higgs physics, to the most relevant. We
start by mentioning the 25 independent matrices with 4 flavor indexes used to describe
the four fermion operators that we are not writing here since they are less relevant for
LHC physics. Followed by the gauge self-couplings which do not enter Higgs physics at
leading order (LO):

Az, Az €36, C3G (2.3)

We now enter the categories which directly impact Higgs physics. The difference between
the two classes is that, although both enter Higgs physics at LO, the first has already been
constrained by precision and low energy observables. The first category parameterizes
the shift in the W mass and the different couplings of EW gauge bosons and fermions:

sm, [897¢1 5, [698%15;, [69VYYs;, (697 M, [698% 15, (6985, (69545, [69] Vi;
[dgulij, [dgalij, [daeliy, [dauliy, [dadali, [dzelij, [dzuli, [dzali; - (2.4)

Finally, we have the couplings modifying Higgs interactions to bosons in the first line, and
bosons in the second:

dcz, Cggr Czys Czz, €200, €gg, Czy, Czz, €0, OA3,
[dyulij, [Byalij, [0yelij, [dulij, [dalij, [deli; (2.5)

Once the two combinations of Wilson coefficients impacting di-boson physics and which
are not precisely measured at the large electron-positron collider (LEP) are removed ,
the number of parameters can be understood by an easy counting. Neglecting the CP
odd coefficients (the ones with a ~), if the Higgs is replaced by its vev, the second line
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corresponds to redefinition of the masses and the first line corresponds to redefinitions of
the 3 gauge couplings and both the Z and Higgs masses. This mean that these operators
could not have been observed in the vacuum (i.e. processes without Higgs) and explains
the lack of a current constraint. We reproduce in this section the terms relevant for collider
physics following the classification of reference [36]. The Lagrangian is written in the form:

Lott = ZLsm + Ldim-6, (2.6)

where Zjim¢ are the terms coming from the dimension-6 corrections. We can further
separate .Zyim-¢ into different sectors:

gdim-6 = Zmass + Lyertex + gdipole + ciﬂtgc + Zhtr + Zhvy + Lhavef
+ jh,self + jhz + Dg/ﬂother . (2~7)
The first correction appears in the mass term of the W and is parametrized by

Dass = I (26m + 5m2) Wi W 8
mass — 4 m+ m) 98 SR (2‘ )

As required by the condition 1 and 3, the Z mass is not corrected. The next term is the
corrections to the EW gauge boson to fermion coupling:

Lrrortex = \%W;r (59\{‘/1\_/L'YP,QL + 59{VqﬁLYudL + 59¥unRVudR> +the
+ \/WZH Z 59%ffLVqu + Z 59%fFRYufR ’ (2.9)
few,d,e,v few,d,e

where the 591 are Hermitian matrices in generation space and the 6gg are generic complex
matrices. The dependent parameters are given by

59%V = 59%6 + 59\{\/1, 6ng = 5g%uVCKM — VCKMég%d. (2.10)

While the previous terms correct operators appearing at tree level in the SM Lagrangian,
the dipoles introduce correction to loop induced operators:

/My,
fdipoleZ* [ Z ~——— 104 T dGrlii TR Gl

TRY
feu,d
+e Z ARG

feuw,d,e

Mg, Mg,
+vVg2+g7? Z ;ﬁ/icw[dzﬁijfmzuv
feu,d,e
+\fg\/7
+2g ‘/7

Jr\fgv

fL A0y [dAf]l]fR ]A

dr A0y [qu]l)uR )Wﬁ
———ULi0uv [dwaJs ij dr )W+

VL A0y [dWe]ljeR]W +h.c. (2.11)
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All the Wilson coefficients are 3 x 3 complex matrices and o+ = ily,,vv]/2. The depen-
dent coefficients are given by:

2

I dap) withng =1, mnge=—1. (2.12)

dws =n¢(dzs +
9% +g

The next term are the triple gauge couplings, which as we see later are complementary to
Higgs physics:

Lige = e [Sky Ay Wi WL + Ry Ay WiIWY |
9 _ _

891,z (WLW =W W) Zy

+ig—F——=

/92+9/2

+ 0Kz ZWWI Wy + Rz Z WEIWL]

. € - 5 — X

T AW WA o + Ay W Wo o Ay
w

.9 9 — o — 5

+1 AZW WL Zow +AzZW WL, 2]

miy /g2 + g72

¢ c A
+%9§fachﬁbe G¢ _i_%gifachﬁva G¢ (2.13)

vppv vppv

The operators with tilded Wilson coeffcients violate CP. The dependent coefficients are
given by:

8g1,.= 97,2 Cyve’ +cz (92 - 9/2)_

T 2gr g T K
2 2 9° (2 2
Czz (9 +9/ )fczDF (g +9/ ):| ’

¢
2(* +9'%)

12
dk, =08g1,,— ?My,

6KY = — [nyez +Czy(gz _9/2) _CZZ(gz + 9/2)] 4

i g2

Kz = ?K—y P

}\y = }\z ’

Ay =As. (2.14)

We finally reach the modification to the Higgs couplings, starting with the modification
to Higgs Yukawa, encoded with two 3 x 3 real matrices [dy¢l;; and ¢y ;:

h . _
Lt =3 > ) Jmamy, ([5yf]ij el[(bf]"") fRifL; +h.c (2.15)

feu,d,e ij

Followed by the correction to the Higgs to gauge boson coupling:
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2 2
. 9°+g = ~ g ~,
+ CZZTZ}LVZuV + Cvww TWI\,W wv

e /92+9/2 < 1y 5 eZ

5 Z, AM +CYYZAHVAHV+5gggS Ge. Ga

a0y ke, G,
+cwng? (W, v WY +h.c) +c,09%° 2,0, ZHY

+cy099’Z oy AMY . (2.16)

As we already remarked before, not all the operators presented are independent due
to gauge invariance. Furthermore, it is interesting to note that the Wilson coefficients
without “8” generate Lorentz structures which do not appear at tree level in the SM. Those
two features are naturally captured by EFTs but not in the usual k scheme. The latter
parametrizes new physics by only rescaling the SM couplings not taking into account the
new possible Lorentz structure, and constraints due to symmetry. For .%,,,, the relations
of the dependent parameters are

dcyy, = 8¢y +40m,

g/2 14
A R A (LRI
_ 1 2 2 2 9/2 ( 2 /z) 2
Cwo= g2 g2 g7c.o+tgCzz—e€ (gz+g/z)cvv 9°—9 (@2 + z)czv
1
¢y = W [Zgzczg + (g2 + 9’2) Crz — ezcyy — (g2 — g’z)czy} .

The interaction between Higgs, W or Z and fermion are given by:
h
Lhvef = ﬁQ;WK (ﬂm/uégrqu dr +tryudgp” dg + VLYH592W16L) +h.c

h
+2-Vg? +9"Z, > fvudgltfL+ Y fryvudgR“TfR|, (2.17)

feu,de,v feu,d,e

with the dependent coefficients given by:

hZf _ §,Zf

g“f, 6gth

5g =gV, (2.18)

as required by condition 5. While the dipoles are:
9: ) °
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Jr\fgv

VL A0y [the]l) er ]W +h.c. (2.19)

where the Wilson coefficients are given by complex matrices in generation space. The
dependent parameters are given by:

dnve =dvs, dnve=dve, VeE{GW,ZA} (2.20)

We then have the Higgs self-coupling correction that we study in detail in the next section:

gh,self = —67\3\)}13. (2.21)

The vertices containing two Higgses are:

2 12 2
L2 = h? (25&22) %zuzu +25¢2) gzwuwu)
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hZ

(2) 2 — —
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2 2
+e 0?20y Zyy + 1099 2,0V Ay | (2.22)

This list has no independent operator. It should not be a surprise, we can choose to have
all the couplings including two Higgses dependent. Since we assume the Higgs to be part
of a doublet, we can set one Higgs to its vev and obtain another allowed operator. This
is not the case for single-Higgs operators because after the replacement, the new operator
can be absorbed in the definition of Yukawa or Gauge coupling. The relations are given

by
6022) = dc,, 60%) =0c, +30m,
[y 1= 38y lijet®y — 5c.by;,

2 L(2)
C\()v) = Cvv, C\()vJ =Cw VE {g/ W,z 'Y}/
2
c‘()D) =cyo, VE{wzv}. (2.23)

Even with this long list of operators we did not review all the possibilities since £y con-
tains operator less relevant for LHC searches and is not repoduced here. It contains four
fermion couplings, Higgs to more than 2 gauge bosons couplings, quartic self-interactions
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for the Higgs and the Gauge bosons, dipole like interactions between Gauge bosons and
fermions and interactions with more than 4 fields.

In Part ii, we select the relevant operators of this list and study the ability for current
and next generation colliders to extract the Higgs trilinear self-coupling. In chapter 7, we
change approach. Due to the observation of a signal hinting towards new physics, we
add a new field to the SM. None of the previous operators is relevant for our study and
therefore we neglect them. We, however, extends the SM adding dimension-5 operators
containing a new field. Finally, in chapter 8, we start from a simplified model and in order
to use the current experimental bounds, we integrate out the field to match our simplified
Lagrangian to the relevant higher dimension operator and set bounds. We also go beyond
EFT, when we directly use the simplified model to use direct search bounds.



Part 11

CONSTRAINING THE STANDARD MODEL EFT






WHICH HIGGS?

This part of the thesis reproduce the papers [2, 3] with minor modifications, a reworked
introduction to link the two, and the addition of a global conclusion.

3.1 CURRENT CONSTRAINTS

We started exploring the Higgs sector only six years ago. The plethora of results and
the fact that the Higgs mass is already constrained at the percent level show how much
experimentalists and theorists focused their efforts to explore this new sector. Despite
the number of results available, one question remains unanswered: how close to the SM
Higgs boson is the particle whose discovery was announced on 4 July 2012? We already
know with high confidence that we are observing a CP even, scalar particle [38, 39]. The
ultimate answer is probably going to come from the measurement of the coupling of
this new boson to the other SM particles. The theory of EWSB is very predictive for
the different Higgs boson couplings. Up to loop effects, all of them are proportional to
the masses of the particles the Higgs couples to. We already measured the coupling to
the heavy particle of the SM. Nevertheless, this statement is model dependent since the
LHC is not directly measuring the couplings and some theory assumptions are needed to
extract the couplings from the experimental data.

Data with the least model dependence are show in Figure 3.1, since they directly count
the number of events seen in the detector corresponding to a production and subsequent
decay of the Higgs boson and normalize it to the SM value. The resulting quantity is
called signal strength:

Oexp

— (3-1)

Most measurements are compatible with the SM at the To level, despite some channels
having low precision, most measurement are expected to reach the ten to twenty percent
precision at the end of the HL-LHC (as we discuss later, see Table 4.1).

This is, however, not the end of the story. The situation is drastically different for the
couplings to the light particles and the Higgs self-coupling. While obtaining high statistics
at the HL-LHC will allow us to probe the coupling to the muon and the effective Higgs-Z-
v, vertex thanks to the corresponding rare decay, the couplings of the Higgs to the electron,
or light quarks are out of reach.

In this part of the thesis, we focus on the Higgs trilinear self-coupling. Measuring the
Higgs self-coupling is an important consistency check, since the SM Higgs potential:

mz
LD —TW —A3Myh3 —A3Mnd, (3.2)
2 2
sM _ My sm _ My
MM =55 i =g (3-3)

only depends on two already well measured parameters. The vev is directly related to
the Fermi constant and the mass is obtained by fitting the position of the bump over the
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Figure 3.1: Combined ATLAS and CMS run 1 Higgs results from reference [40]

smooth falling background in the different decay channels. Beside the different scenarios
predicting a large anomalous trilinear (some examples can be found in reference [25]), a
direct measurement of the quartic and trilinear self-coupling is an important check that
we are indeed looking at a boson coming from the SM theory of EWSB. Deviation from the
predicted value could also signal that baryogenesis proceeded through a first order phase
transition. Measuring the quartic self-coupling would also be important. Unfortunately,
a lot of patience is needed, since even a 100 TeV machine would struggle to achieve this
task.

The current best bound on the trilinear comes from double-Higgs production, where
the self-coupling enters at LO. Due to the small cross section of di-Higgs production,
combined with the small branching ratio of the channel minimizing the background, the
bounds are only forbidding values which are several times the SM, as can be seen in
Table 3.1. The pair-production cross section is roughly a thousand times smaller than
single-Higgs (49 pb compared to 33fb). This is partially due to the negative interference
between the diagrams in Figure 3.2 which lowers the cross section by around 50%. On top
of that, we need the two Higgses to decay into an observationally favorable combination
of channels, therefore paying the cost of two branching ratios. Currently, the hh — bbyy
channel is expected to give the best bound thanks to its balanced trade-off between preci-
sion and statistics.

Given that large deviations are still allowed, an approach originally proposed by refer-
ence [41] for lepton colliders was revived by several collaborations in references [42—44].
The idea is to look at higher order corrections containing the trilinear vertex. It is not sur-
prising this idea originated for precision machines since we are looking at loop suppressed
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9 BBOO) - h g h

9 QOQQY) """ h g h

Figure 3.2: Two of the diagrams contributing to double Higgs production and interfering destruc-
tively

(%) ATLAS CMS
max

oM obs. exp. obs. exp.

bbyy 177 1628 19 16

bbtt - 30 25
bbbb 29 381 342 308
bbWW* - 79 89

YYWW* 750 386l -

Table 3.1: Summary of expected and observed 95% CL limits on double Higgs production cross
section at /s =13 TeV for i) 35.9fb7?, i) 13.3fb™" and iii) 2.3-3.2 fb™*, taken from reference [48].

effects. Nevertheless, the very weak bound on the trilinear allows for sizable corrections
and is therefore suitable for LHC studies. This is an interesting change of paradigm for
the LHC, since we want to use an hadronic machines usually seen as a discovery machine
with a challenging environment, for precision physics." Assuming that the only coupling
deviating from its SM value is the trilinear, references [42—44] obtained complementary
and even competitive bounds with the one coming from double-Higgs production. Those
analyses were extended by looking at precision EW observables in reference [46, 47] with
once more competitive bounds. These conclusions push us to address several questions
in the following section. The most obvious one to ask is to which kind of new physics
scenarios these bounds apply. Also, more importantly, is to wonder as to the fate of the
existing single-Higgs measurement fit which did not take these corrections into account.
Since at first sight, it seems some non-negligible effects were not accounted for. This bring
us to a generic issue that any fit suffers from; which are the hidden assumptions they rely
on and to which UV models do they apply?

In order to study these questions, we relax the assumption that only the trilinear can be
anomalous. We parameterize our new physics in a less model dependent way by using
EFT and test the robustness of the existing fit. Allowing more generic new physics is
a natural thing to do since, even for UV models with a parametric enhancement of the
trilinear, other competing effects can be present. Loop suppressed modification of the
Higgs coupling to bosons or fermions, would enter at LO in single-Higgs production and
therefore be comparable in size with the next to leading order (NLO) trilinear correction.
Armed with our more generic EFT, we can do a global fit and study these questions.
In section 3.2, we start by presenting the relevant higher dimensional operators and the

This is not the only case where a task thought to be reserved for lepton colliders seems to be in the reach of
a hadronic machine, for example see reference [45]
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basis used. We then list the other possible deviations also contributing to single-Higgs
observables and justify why we neglect them. We subsequently study the validity of our
framework, and present a case where the trilinear is parametrically bigger than the other
operators.

In chapter 4, we perform a global fit using only inclusive single-Higgs taking into ac-
count the trilinear. We show that, due to an unconstrained direction, no information on
the coupling can be extracted. We suggest a solution to this problem, and study how
usual determination of single-Higgs coupling are affected, we find that adding double-
Higgs solves the flat direction problem. We then consider using differential observables
to improve the trilinear determination. After studying the robustness of our assumptions,
we summarize the situation for HL-LHC.

Once this is done, we naturally extend the discussion to the next generation of colliders.
Indeed, if no surprising large anomalous trilinear is measured, the HL-LHC is only going
to give us higher and lower bounds of order one on the trilinear. We expect the next
generation of machines to be lepton colliders, which will initially have center of mass
(COM) bellow the threshold of double-Higgs production. This is a perfect opportunity
to update the idea of reference [41] with the new data available and to look at the power
and possible complementarity of the combination of hadronic and leptonic machine. We
extend this analysis by studying the prospect brought by higher COM leptonic machine
allowing for direct measurement of double-Higgs production. After summarizing the
situation at lepton collider, we discuss the prospect of measuring the trilinear using all the
planned colliders. In Appendix A, we give details on the computation of EFT corrections
to the signal strenghts for hadron colliders and in Appendix B we propose some technical
formulae and additional results for secondary benchmark scenarios for lepton colliders.
Extra results are given in an ancillary file which is available along the arxiv submission of
reference [2].

3.2 PARAMETERIZING NEW PHYSICS IN THE HIGGS SECTOR
3.2.1  Higgs primary couplings

In a large class of scenarios, if a sizable gap is present between the SM states and the mass
scale of the BSM dynamics, the new-physics effects can be conveniently encapsulated into
an EFT framework, as already discussed in chapter 2. The EFT operators can be organized
according to their canonical dimension, thus expanding the effective Lagrangian into a
series

()
L= £5M+Z 50 +Z A0 (34)

where Ly, is the SM Lagrangian, OgD) denote operators of dimension D and A is the SM
cut-off, i.e. the scale at which the new dynamics is present.*

The leading new-physics effects are usually associated with EFT operators with the low-
est dimensionality, namely the dimension-6 ones. In the following we restrict our attention

In the above expansion we neglected operators with odd energy dimension since they violate lepton number
conservation (for D = 5) and B — L invariance (for all odd D). These effects are constrained to be extremely
small and do not play any role in our analysis.
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to these operators and neglect higher-order effects. To further simplify our analysis we
also assume that the new physics is CP-preserving and flavor universal. With these restric-
tions we are left with 10 independent operators that affect Higgs physics at leading order
and have not been tested below the % accuracy in existing precision measurements [49].3

Before discussing our operator basis, it is important to mention that a much larger
set of dimension-6 operators could in principle be relevant for Higgs physics. A first
class of these operators include deformations of the SM Lagrangian involving the light
SM fermions. They correct at tree level the Higgs processes but also affect observables not
involving the Higgs. Therefore most of them have already been tested with good precision
in EW measurements. A second set of dimension-6 operators involve the top quark and
are typically much less constrained. However they affect Higgs physics only at loop level,
thus their effects are usually not very large. We postpone a more detailed discussion to
subsection 3.2.2.

A convenient choice for dimension-6 operators is provided by the “Higgs basis” [36, 37]
in which the Higgs is assumed to be part of an SU(2); doublet and operators connected
to the LHC Higgs searches are separated from the others that can be tested in observables
not involving the Higgs.# The 10 effective operators we will focus on can be split into
three classes: the first one contains deformations of the Higgs couplings to the SM gauge
bosons, parametrized by

8Cz, Czz, €0, €2y, Cyy, Cggq, (3-5)
the second class is related to deformations of the fermion Yukawa'’s
SYt, dYb, dYx, (3-6)
and finally the last effect is a distortion of the Higgs trilinear self-coupling
K - (3-7)

The corresponding corrections to the Higgs interactions in the unitary gauge are given by

h 2,2 B 24 g”n2 2 B
z5° lécwgzwgw h oy 5cz(gf)zuz“ + Ca WL W Y
5 eZ 92 +g/2
+cwog® (W o WY +hoe) + éyymAu\,A“" + czszmzuv
e 2 + 12
+Czy \/gzﬂjzw/\‘” +¢,09%°ZudvZ*Y +¢y09g'Z 0y AMY
2 2
g . h (2h
h h? ) .
- Z [mf <51va + 51_4;2) 2\)2) frfL +h. c.] — (ka — ASMyR3, (3.8)
f

The assumption of flavor universality is not crucial for our analysis. It is only introduced to restrict the EFT
analysis to the operators that can only be tested in Higgs physics. The same can be done in several other
flavor scenarios, as for instance minimal flavor violation and anarchic partial compositeness.

For the relation between the independent couplings in the Higgs basis and the Wilson coefficients of other
operator bases, see reference [37] or section 2.2.

33



34

WHICH HIGGS?

where the parameters cy,, Cyww, Cw, CyO, égzg) and éy](cz) are dependent quantities, de-

fined as
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sy+?)= 38y — 8¢, . (39)

In the above expressions we denoted by g, g/, g5 the SU(2), U(T)y and SU(3). gauge
couplings respectively. The electric charge e is defined by the expression e = —99’

Notice that in the Higgs basis the distortion of the trilinear Higgs coupling is encoded in
the parameter 6A3 and denotes an additive shift in the coupling, Zejf D —(?\gM + 86A3)vh3.
In our notation k; denotes instead a rescaling of the Higgs trilinear coupling, as specified
in Equation 3.8. We use this modified notation in order to make contact with previous
literature discussing the measurement of the Higgs self-coupling.

In Equation 3.8 and (3.9) we also used a non-standard normalization for the ¢4q, &y
and ¢, parameters. The contact Higgs coupling to gluons has been normalized to the
LO top loop prediction in the SM computed in the infinite m, limit, whereas we included
an additional factor 1/7% in the couplings ¢y, and &,,. The relation with the standard
normalization of reference [36] is given by

A R . R
Cgg = WCQQ ~ 000844ng ;7 Cyy = ;C‘Y‘Y ~ O.]O]ny, (3.10)
1
Cry = ;ézy ~ 0.101¢,y . (3.11)

With these normalizations values of order one for ¢4g4, &y, and ¢, correspond to BSM
contributions of the same order of the SM gluon fusion amplitude and of the H — yy and
H — Zy partial widths.

Since our analysis takes into account NLO corrections to the single-Higgs production
and decay rates, it is important to discuss the issue of renormalizability in our EFT setup.
In general, when we deform the SM Lagrangian with higher-dimensional operators, a care-
ful renormalization procedure is needed when computing effects beyond the LO. However,
as discussed in reference [43], if we are only interested in NLO effects induced by a modi-
fied Higgs trilinear self-coupling, no UV divergent contributions are generated. This is a
consequence of the fact that the Higgs trilinear coupling does not enter at LO in single-
Higgs observables but only starts to contribute at NLO. As far as the modified trilinear is
concerned, our setup essentially coincides with that of reference [43], so we can carry over
to our framework their results. We report them in section A.2 for completeness.
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Possible subtleties could instead arise considering the NLO contributions due to defor-
mations of the single-Higgs couplings, since these interactions already enter in the LO
contributions. The deviations in single-Higgs couplings, however, are already constrained
to be relatively small, and will be tested in the future with a precision of the order of 10%
or below. Their contributions at NLO can thus be safely neglected. For this reason we will
include their effects only at LO, in which case no subtleties about renormalization arise.

3.2.2 Additional operators contributing to Higgs observables

As we already mentioned, a larger set of dimension-6 operators can in principle affect
Higgs observables. We will list them in the following and discuss how they can be con-
strained through measurements not involving the Higgs.

VERTEX CORRECTIONS. A first class of operators include the vertex corrections mediated
by interactions of the form

_‘T<_> AT (3) -TaH U a
Overt = (IH'D (H)(fy"f), O (iHToD (H)(fy"o%f). (3.12)

vert =

They give rise at the same time to deformations of the couplings of the Z and W
bosons with the fermions and to hVff contact interactions. Both these effects can
modify Higgs physics at tree level. The gauge couplings deformations, for instance,
affect the production cross section in vector boson fusion. The hVff vertices, instead,
modify the cross section of ZH and WH production and the decay rates in the h —
VV* — 4f channels.

Under the assumption of flavor universality, all the vertex-correction operators can
be constrained at the 1072 — 1073 level [50-52]. Even in the HL-LHC phase, Higgs
observables will have at least few % errors. Vertex corrections in flavor universal
theories are thus too small to be probed in Higgs physics and can be safely neglected.

If the assumption of flavor universality is relaxed, larger corrections to specific ver-
tex operators are allowed [51].5> The gauge couplings involving leptons are still very
well constrained and below detection in Higgs physics. Sizable corrections can in-
stead modify the quark couplings. In particular the couplings involving the first
generation quarks can deviate at the level of few % and Higgs measurements at the
HL-LHC could be sensitive to them. The gauge couplings involving second gen-
eration quarks or the bottom are still very well constrained. Finally the couplings
involving the top quark are very poorly bounded. In particular the coupling Ztgtg
at present is practically unconstrained, while in the future it could be tested with
some accuracy in ttZ production.

DIPOLE OPERATORS. A second class of operators that can correct Higgs observables are
dipole-like contact interactions of the generic form

Oaip = fHo THFAHY, (3.13)

These operators induce at the same time dipole interactions of the gauge bosons
with the fermions and vertices of the form hoVff. The hoVff operators can modify

5 In this discussion we do not consider new-physics contributions to the W boson couplings with the right-
handed fermions. Contributions induced by these couplings do not interfere with the SM amplitudes and are
thus typically too small to play any significant role.
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Higgs decays into four fermions. However in this case the dipole contributions do
not interfere with the SM amplitudes since they have a different helicity structure.
Moreover the experimental bounds on dipole moments put strong constraints on the
coefficients of the dipole operators, in particular for the light generation fermions.
For these reasons dipole operators can typically be neglected in Higgs physics [49].
A possible exception is the chromomagnetic operator involving the top quark, which
can modify the ttH production channel. Although in many BSM scenarios this
operator is expected to be safely small, the current direct bounds from the tt process
are relatively weak [53], so that the top dipole operator could still play a role in

Higgs physics [54].

FOUR-FERMION OPERATORS. A third set of operators that can affect Higgs physics is
given by four-fermion interactions. Operators involving light generation fermions
and the top quark can correct at tree-level the ttH production channel. These ef-
fects are suppressed in several BSM scenarios since they would be correlated to
4-fermion interactions involving only light quarks, which are tightly constrained by
dijet searches. However the direct bounds on operators involving top quarks, which
can be tested in tt production, are not strong enough yet to forbid non-negligible
effects in Higgs physics.®

On the other hand, 4-fermion operators involving only third generation fermions
do not modify Higgs observables at tree-level, but can induce loop corrections. Ob-
viously the loop factor gives a strong suppression for these effects. Nevertheless
four-fermion operators involving the top quark are poorly constrained at present,
so that large coefficients are allowed, which could compensate the loop suppression.
For instance four-top operators can correct the gluon-fusion cross section, while op-
erators with top and bottom quarks can modify the Higgs branching ratio into a
bottom pair.

Taking into account the possible chirality structures, 12 four-fermion operators in-
volving only third generation quarks can be written. A few constraints on some
combination of them are available at present. The strongest one comes from the mea-
surement of the Zby by vertex, which receives loop corrections from four-fermion
operators involving the left-handed quark chirality [55]. Additional constraints can
be obtained from bounds on the tt and tttt cross sections. For instance the current
LHC measurements put a bounds of order 1/(600 G eV)? on the coefficient of the
(trYMtr)(tryutr) Operator [56]. A suppression of this size is enough to ensure that
the loop corrections to Higgs physics are smaller than the achievable precision.

Of course a fully model-independent analysis of the four-fermion operators should
be done by considering all operators simultaneously and not just one at a time (as
done in the experimental analysis of reference [56]). Such study is beyond the scope
of this work, so we will neglect the effects of four-fermion operators in our analysis.

A final comment is in order. In the above discussion we assumed that the BSM effects
are parametrized by dimension-6 operators in which the electroweak symmetry is linearly
realized. This assumption allows to relate the hVff and h dVff operators to the vertex and
dipole operators, so that these operators can be tested in processes not involving the Higgs.
If the electroweak symmetry is not linearly realized (or equivalently if the expansion in

6 We thank E. Vryonidou for pointing this out to us.
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Higgs powers is not valid) the interactions involving the Higgs become independent and
can not be constrained any more in non-Higgs physics. In such case a more complicated
analysis, taking into account all the operators, must be performed. We will give more
details about the non-linear Lagrangian in the following subsection.

3.2.3 Large Higgs self-interactions in a consistent EFT expansion

An important issue to take into account when using the effective framework is the range
of validity of the EFT approximation. This is a delicate issue, crucially depending on
the choice of power counting encoding the assumptions about the UV dynamics. Here
we only include a concise discussion with a few examples and refer the reader to the
literature [57] for possible subtleties.

As we will see in the following, the LHC measurements, especially in the high-lumi-
nosity phase, can probe inclusive single-Higgs observables with a precision of the order
or slightly below 10%. In the absence of new physics, possible BSM effects will thus be
constrained to be significantly smaller than the SM contributions. This translates into
tight bounds on the coefficients of the operators that correct the Higgs interactions with
the gauge bosons (Equation 3.5) and with the fermions (Equation 3.6). The leading effects
due to these operators arise from the interference with the SM amplitude, while quadratic
terms are subleading. Corrections arising from dimension-8 operators lead to effects that
are generically of the same order of the square of the dimension-6 ones and are subleading
as well.” This justifies our approximation of keeping only the leading EFT operators.

The discussion about the trilinear Higgs self-coupling is instead more subtle. As we
will see in the following, the constraints on k) we can obtain from the LHC data are quite
loose. The Higgs trilinear coupling can only be tested at order one, even at the end of the
HL-LHC program. Such large deviations in k;, accompanied by small deviations in the
Higgs couplings to gauge fields and fermions, can only be obtained in very special BSM
scenarios. Indeed in generic new-physics models the deviations in all Higgs couplings are
expected to be roughly of the same order. For instance in models that follow the strongly
interacting light Higgs (SILH) power counting [58-60] we expect

5c, ~v2/f2, Skn = ky — 1 ~Vv2/f2, (3.14)

where the f parameter is related to the typical coupling g, and mass scale m, of the new
dynamics by f ~ m,/g.. In this class of models the deviations in the Higgs self-interactions
are typically small, much below the LHC sensitivity. A fit of the single-Higgs couplings,
neglecting the trilinear Higgs modifications is thus fully justified in these scenarios. At
the same time the constraints achievable on k;, at the LHC will hardly have any impact
in probing the parameter space of SILH theories. The situation could however change at
future high-energy machines, as for instance a 100 TeV hadron collider, which could test
kx with a precision below 10%, implying non-trivial constraints on models following the
SILH power counting [58, 61].

Enhanced deviations only in Higgs self-couplings are possible in other classes of models.
Interesting possibilities are provided for instance (i) by scenarios in which the Higgs is a
generic bound state of a strongly coupled dynamics (i.e. not a Goldstone boson) (see

There exist particular classes of theories in which the size of effects coming from the dimension-8 operators
is enhanced with respect to the square of the dimension-6 ones. We will not consider these scenarios in our
analysis. For a discussion of these effects see for instance references [57, 58].
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discussion in reference [58]), (ii) by bosonic technicolor scenarios and (iii) by Higgs-portal
models. In all these cases large deviations in the Higgs self-couplings can be present and
accompanied by small corrections in single Higgs interactions. As an explicit example, we
will analyze the Higgs portal scenarios later on.

It is important to stress that, in the presence of large corrections to Higgs self-inter-
actions, the EFT expansion in Higgs field insertions may break down. In this case the
expansion in derivatives can still be valid, since it is controlled by the expansion param-
eter E/A, but we can not neglect operators with arbitrary powers of the Higgs field. The
effective parametrization can still be used in such situation provided that we interpret the
effective operators as a “resummation” of the effects coming from operators with arbitrary
Higgs insertions. This is equivalent to a “non-linear” effective parametrization in which
the Higgs is not assumed to be part of an SU(2); doublet, but is instead treated as a full
singlet (see reference [36] for a brief account on non-linear EFT and for a list of further
references). The only caveat with this parametrization is the fact that interactions with
multiple Higgs fields are not connected any more to the single-Higgs couplings. In this
case a different global fit should be performed, in which cézg) and éyiz) are treated as
independent parameters. Notice also that the hVff and h d0Vff operators should a priori be
included in the analysis, as we discussed in subsection 3.2.2 and EW precision data and
Higgs data cannot be analyzed separately any longer.

To clarify the issues discussed above, we now analyze an explicit class of models, the
Higgs portal scenarios. As a concrete example, we assume that a new scalar singlet ¢,
neutral under the SM gauge group, is described by the Lagrangian®

4
m*
£ 0g.m.HIHe — 75 V(g.@/m.), (315)
where the dimensionless parameter 6 measures the mixing between the Higgs sector and
the neutral sector, and V is a generic potential. In the EFT description obtained after
integrating out ¢ the derivative expansion is valid if E/m, < 1, while the expansion in
Higgs-field insertions is valid when
0g2v?
€= 212 <1T1. (3.16)

*

Note that 0 and ¢ are truly dimensionless quantities in mass and coupling dimensions.
The corrections to the Higgs couplings with gauge fields come indirectly from operators
of the type au(HTH)a”(HTH) and can be estimated as

22V
5cz ~ 6 Q*E . (3.17)
The corrections to the Higgs trilinear coupling are instead given by
1 V2
Sk ~ 9391@1“—%. (3.18)

The power counting we derive in the following applies also to more general Higgs portal models. In particular
it is valid for scenarios characterized by a single coupling g. and a single mass scale m, in which the Higgs
is coupled to the new dynamics through interactions of the type @HTHO, where O is a generic new-physics
operator. Note that a different power counting can arise for portal scenarios in which the new-physics sector
is charged under the SM (see reference [62] for a classification of possible scenarios).



3.2 PARAMETERIZING NEW PHYSICS IN THE HIGGS SECTOR

First of all, we can notice that 5k ~ g2/ ?\gMécZ, thus a large hierarchy between the cor-
rections to linear Higgs couplings and the deviation in the self-interactions requires sizable
values of the Higgs portal coupling 0 (and/or large values of the new-sector coupling g.).
When the corrections to the Higgs potential become large, some amount of tuning is
typically needed to fix the correct properties of the Higgs potential. Notice that Higgs-
portal scenarios do not typically provide a solution to the hierarchy problem. Thus they
will in general suffer from some amount of tuning in the Higgs mass term, exactly as
generic extensions of the SM. On top of this some additional tuning in the Higgs quartic
coupling can also be present. In the following we will refer only to this additional tuning,
which we denote by A. We can estimate A by noticing that the quartic coupling needs to
be fixed with a precision of the order of A3M. By comparing the new-physics corrections
to the quartic coupling with the SM value we get
2,2
A~ iSﬁA : (3.19)
3

We can easily relate dk) given in (Equation 3.18) to the amount of tuning A as
Ok ~ eA. (3.20)

This relation has an interesting consequence. If we require the expansion in Higgs inser-
tions to be valid (¢ < 1) and the model not to suffer additional tuning (A < 1), we get
that the corrections to the Higgs trilinear coupling can be at most of order one (k) S 1).
Larger corrections can however be obtained if at least one of the two conditions ¢ < 1 and
A < 1is violated.

As we already mentioned, if the expansion in Higgs insertions is not valid (¢ > 1), large
deviations in the Higgs couplings are possible. In particular single- and multiple-Higgs
couplings are not related any more and a non-linear effective parametrization must be
used. In this scenario, however, large corrections to the linear Higgs couplings to the SM
tields are expected, so that significant tuning is required to pass the precision constraints
from single-Higgs processes.

A second scenario, in which ¢ < 1 while some tuning is present in the Higgs potential
(A > 1), can instead naturally lead to small deviations in the linear Higgs couplings. For
instance by taking 6 ~ 1, g, ~ 3 and m, ~ 2.5TeV we get

e~01, 1/A~15%, dbc,~0.1, O0bk)y=6. (3.21)

Since we are going to consider sizable deviations in the trilinear Higgs coupling, it
is important to understand whether such corrections are compatible with a high-enough
cut-off of the effective description. If large corrections are present in the Higgs self-interac-
tions, scattering processes involving longitudinally polarized vector bosons and Higgses,
in particular Vi Vi — Vi VL h", loose perturbative unitarity at relatively low energy scales.
The upper bound for the cut-off of the EFT description can be estimated as [63, 64]

v 32 v (3.22)
~ o1V 15wy >
This bound is not very stringent: for |kz| < 10 one gets A < 5TeV. For values of kj
within the expected HL-LHC bounds, perturbativity loss is thus well above the energy
range directly testable at the LHC.
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As a last point, we comment on the issue of the stability of the Higgs vacuum. As
pointed out in reference [43], if the only deformation of the Higgs potential is due to
the (H'H)3 operator, the usual vacuum is not a global minimum for k) > 3. In this
case the vacuum becomes metastable, although it could still have a long enough lifetime.
Additional deformations from higher-dimensional operators can remove the metastabil-
ity bound, even for large values of k). A lower bound k) > 1 can also be extracted if
we naively require the Higgs potential to be bounded from below for arbitrary values
of the Higgs vev (h), i.e. if we require the coefficient of the (HTH)3® operator to be pos-
itive. This constraint, however, is typically too restrictive. Our estimate of the effective
potential, in fact, is only valid for relatively small values of the Higgs vev, which satisfy
e = 0g2(h)2/m2 < 1. For large values of (h) the expansion in the Higgs field breaks
down and the estimate of the potential obtained by including only dimension-6 operators
is not reliable any more and the whole tower of higher-dimensional operators should be
considered. In this case large negative corrections to the Higgs trilinear coupling could
be compatible with a stable vacuum. Examples of such scenarios are the composite Higgs
models in which the Higgs field is identified with a Goldstone boson. In these models
the Higgs potential is periodic and a negative coefficient for the effective (HH)3 operator
does not generate a runaway behavior of the potential.
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4.1 FIT FROM INCLUSIVE SINGLE-HIGGS MEASUREMENTS

As we mentioned in the previous chapter, single-Higgs production measurements can
be sensitive to large variations of the Higgs trilinear self-coupling. These effects arise at
loop level and can be used to extract some constraints on the k) parameter. Under the
assumption that only the trilinear Higgs coupling is modified, k) can be constrained to
the range k) € [-0.7,4.2] at the 1o level and k) € [-2.0,6.8] at 20 [43] at the end of
the high luminosity phase of the LHC. This result was obtained by assuming that the
experimental uncertainties are given by the “Scenario 2” estimates of CMS [65, 66], in
which the theory uncertainties are halved with respect to the 8 TeV LHC run and the
other systematic uncertainties are scaled as the statistical errors. The actual precision
achievable in the HL-LHC phase could be worse than this estimate, leading to a slightly
smaller sensitivity on k). Nevertheless the result shows that single-Higgs production
could be competitive with other measurements, for instance double-Higgs production, in
the determination of the Higgs self coupling.

A similar analysis, focusing only on the gluon fusion cross section and on the H —
vy branching ratio, was presented in reference [42]. With this procedure a bound k) €
[—7.0,6.1] at the 20 level was derived, whose overall size is in rough agreement with the
result of reference [43].

In subsection 3.2.3 we saw that large corrections to the Higgs self-couplings are seldom
generated alone and are typically accompanied by deviations in the other Higgs inter-
actions. In scenarios that predict O(1) corrections to k», single-Higgs couplings, such as
Yukawa interactions or couplings with the gauge bosons, usually receive corrections of the
order of 5 — 10%. Since these corrections modify single-Higgs processes at tree level, their
effects are comparable with the ones induced at loop level by a modification of the Higgs
self-coupling. In these scenarios, a reliable determination of k) thus requires a global fit,
in which also the single-Higgs coupling distortions are properly included.

In this section we will perform such a fit, taking into account deformations of the SM
encoded by the 10 effective operators introduced in section 3.2 (see Equation 3.8). As we
will see, when all the effective operators are turned on simultaneously, some cancellations
are possible, resulting in an unconstrained combination of the effective operators. This
flat direction can not be resolved by taking into account only inclusive single-Higgs pro-
duction measurements. Additional observables are thus needed to disentangle deviations
in the Higgs self-coupling from distortions of single-Higgs interactions. We will discuss
various possibilities along this line in section 4.2 and 4.3.

Before performing the actual fit, it is also important to mention that large deviations in
Kk could in principle also have an impact on the determination of single-Higgs couplings.
We will discuss this point in subsection 4.1.3.
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4.1.1  Single-Higgs rates and single-Higgs couplings

As a preliminary step in our analysis, we focus on single-Higgs couplings neglecting the
effects of k) and we perform a global fit exploiting single-Higgs processes.

Measurements of the production and decay rates of the Higgs boson are usually re-
ported in terms of signal strengths, i.e. the ratio of the measured rates with respect to the
SM predictions. The total signal strength, u!, for a given production mode i and decay
channel h — f, is thus given by

(O} % BR[ﬂ
oi)sm  (BR[fl)sm

Obviously the production and decay signal strengths can not be separately measured and
only their products are directly accessible.

Single-Higgs production can be extracted with good accuracy at the LHC in five main
modes: gluon gluon fusion (ggF), vector boson fusion (VBF), associated production with a
W or a Z (WH, ZH), and associated production with a top quark pair (ttH). Moreover the
main Higgs decay channels are into ZZ, WW, vy, tH1t~ and bb." A large subset of all the
combinations of these production and decay modes can be extracted at the HL-LHC with
a precision better than 10 — 20%. It is thus possible to linearly expand the signal strengths
as

wh=pyxpf = ( (4-1)

i~ 1+ 8p +6uf, (4.2)

since quadratic terms are negligible.

As can be seen from Equation 4.2, a rescaling of the production rates p; — p; + 8 can be
exactly compensated by a rescaling of the branching ratios u* — uf — 8. For this reason,
out of the 10 quantities describing the production and decay of an on-shell particle (5
productions and 5 decays), only 9 independent constraints can be derived experimentally,
which are enough to determine the set of single-Higgs couplings (dc,c.,, c,0, €2y, Cyv,
Cgg, OYt, OYp, dY<).

In our numerical analysis we estimate the theory and experimental systematic uncer-
tainties by following the ATLAS projections presented in reference [67]. The full list of
uncertainties is given in Table 4.1. Notice that, with respect to the ATLAS analysis we
introduced a few updates. We reduced the theory uncertainty in the gluon fusion produc-
tion cross section to take into account the recent improvement in the theory predictions [36,
68]. In addition, we updated the entries corresponding to the VBF production mode with
ZZ final state using the more recent estimates presented in reference [69]. To estimate the
separate uncertainties in the WH and the ZH production modes with ZZ final state, which
are considered together in reference [67], we divided the experimental uncertainty for VH
by the square root of the corresponding event fractions.?

Our projections are also in fair agreement with the “Scenario 1” in the CMS extrapola-
tions [65], in which the systematic uncertainties are assumed to be the same as in the 8§ TeV
LHC run. Notice that our choice is more conservative than the one made in reference [43],
and should be interpreted as a “pessimistic” scenario. We will comment in subsection 4.3.2
on how the numerical results change as a function of the systematic uncertainties.

1 For simplicity we neglect the p™u~ and c€ decay modes and assume that no invisible decay channels are
present.

2 In this way, we get that the ratio of uncertainties between the WH and ZH channels with ZZ final state is in
good agreement with a previous estimate by ATLAS [70].
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Process Combination Theory Experimental
ggF 0.07 0.05 0.05
VBF 0.22 0.16 0.15
H— vy ttH 0.17 0.12 0.12
WH 0.19 0.08 0.17
ZH 0.28 0.07 0.27
ggF 0.06 0.05 0.04
VBF 0.17 0.10 0.14
H— 77 ttH 0.20 0.12 0.16
WH 0.16 0.06 0.15
ZH 0.21 0.08 0.20
H o WW ggF 0.07 0.05 0.05
VBF 0.15 0.12 0.09
H— Zy incl. 0.30 0.13 0.27
H — bB WH 0.37 0.09 0.36
ZH 0.14 0.05 0.13
H— tft~ VBF 0.19 0.12 0.15

Table 4.1: Estimated relative uncertainties on the determination of single-Higgs production chan-
nels at the HL-LHC (14 TeV center of mass energy, 3ab™" integrated luminosity and pile-up
140 events/bunch-crossing). The theory, experimental (systematic plus statistic) and combined

uncertainties are listed in the “Theory”, “Experimental” and “Combination” columns respectively.
All the estimates are derived from refs. [67, 69] and [36, 68].

To extract the fit we assume that the central values of the measured signal strengths are
equal to the SM predictions, i.e. uf = 1, and we perform a simple statistical analysis by
constructing the x? function

f 2
2 (Hi —1)
X = Z a2 (4-3)
if (Gi)
where of are the errors associated to each channel.

1

If we consider only small deviations in the single-Higgs couplings, we can linearly
expand the signal strengths in terms of the 9 fit parameters (the numerical expressions are
given in section A.2). In this way the x? function becomes quadratic in the parameters and
we end up in a Gaussian limit. The 1o intervals and the full correlation matrix (with large
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correlations enlightened in boldface) for the parameters are given by (by construction the
best fit coincides with the SM point, where all the coefficients vanish)

Cyg [0.07 (0.02)_ 1 -0.01 —0.02 0.03 0.08 001 —o71 0.03 0.01

dc, 0.07 (0.01) 1 —045 036 —0.61 —0.33 0.18 o089 0.53

Czz 0.64 (0.02) 1 —og9 069 0.11 038 —047 —oy4

C20 0.24 (0.01) 1 —058 —0.23 —042 042 o1

ey | = E [4.94 (0.65) 1 058 009 —046 —0.63| - (4-4)
Cyy 0.08 (0.02) 1014 004 004

Syt 0.09 (0.02) 1025 —0.08

dYyp 0.14 (0.03) 1 057

dy~ 10.17 (0.09) ] L 1]

The numbers listed in parentheses correspond to the 1o uncertainties obtained by consid-
ering only one parameter at a time, i.e. by setting to zero the coefficients of all the other
effective operators.

The comparison between the global fit and the fit to individual operators shows that
some bounds can significantly vary with the two procedures. The most striking case, as
noticed already in reference [49], involves the c,, and c, coefficients, whose fit shows
a high degree of correlation. As a consequence, the constraints obtained in the global
fit are more than one order of magnitude weaker than the individual fit ones. This high
degeneracy can be lifted by including in the fit constraints coming from EW observables.
Indeed, as we will discuss later on, a combination of the c,, and c, operators also
modifies the triple gauge couplings, generating an interesting interplay between Higgs
physics and vector boson pair production.

Another element of particular interest in the correlation matrix is the 44 — dy¢ entry.
The cleanest observable constraining these couplings is the gluon fusion cross section,
which however can only test a combination of the two parameters. In order to disentangle
them one needs to consider the ttH production mode. This process, however, has a limited
precision at the LHC, explaining the large correlation between 44 and 6y and the weaker
bounds in the global fit. Other ways to gain information about the top Yukawa coupling
are to rely on an exclusive analysis of gluon fusion with an extra hard jet [71] or to consider
the effects of off-shell Higgs production [72, 73]

High correlations are also present between the bottom Yukawa parameter 8y, and all
the other parameters except 44 and 6y. The origin of the correlations can be traced back
to the fact that the main impact of a modified bottom Yukawa is a rescaling of the Higgs
branching ratios. Since the bb decay channel can only be tested with limited accuracy,
the main constraints on 8y, come exploiting the gluon fusion channel with the Higgs
decaying into vy, ZZ, WW and t1. A variation of the bottom Yukawa leaves the gluon
fusion cross section nearly unchanged, thus to recover the SM predictions one needs to
compensate the variations in the branching ratios induced by dyy, with contributions from
the 6c;, ¢z, c,0, €2y, €y and dy-. This feature gives rise to the large correlations between
dYp and these parameters.

The presence of sizable correlations among various parameters significantly limits the
robustness of the results shown in Equation 4.4. In particular the Gaussian approximation
we used to derive the bounds is not fully justified. We checked that, by using the full
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expressions for the signal rates the 1o limits are significantly modified. The largest effects
are found in the c,, and c,g bounds, which change at order one. Such large sensitivity
to the quadratic (and higher-order) terms in the fit also signals that corrections coming
from higher-dimensional effective operators could also affect the fit in a non-negligible
way. To solve this problem we need to lift the approximate flat directions related to the
large entries in the correlation matrix. One way to achieve this goal is to include in the fit
additional observables that can provide independent constraints on the Higgs couplings.
We will list in the following a few possibilities.

DI-BOSON DATA. A first set of observables that has an interplay with Higgs physics is
given by the EW boson triple gauge couplings (TGCs). In the Higgs basis the devia-
tions of two TGCs are correlated to the single-Higgs couplings modifications. Mea-
surements of the WWZ and WWY interactions can be converted into constraints on
two linear combinations of the ¢, ¢;, ¢z and c,q parameters (see the explicit
expressions in Equations (2.14) and (2.13)), which can be used to remove the corre-
lation between c., and c,m. At present the WWZ and WWYy couplings are tested
with an accuracy of order ~ 5% [74, 75]. For our numerical analyses we will assume
a precision of order 1% at the end of the HL-LHC phase.

RARE HIGGS DECAYS. Another set of observables related to the Higgs couplings is ob-

tained by considering additional, more rare Higgs decays. The inclusion of the
h — Zy decay, which is expected to be measured with ~ 30% accuracy at the HL-
LHC [76], can be used to constrain the ¢,, parameter. The h — u*pu~ decay, on the
other hand, has a limited impact on the fit, since it depends on an additional param-
eter, the deviation in the muon Yukawa 8y,,. In the flavor universal case, however,
the muon and tau Yukawa receive equal new-physics contributions, dy,, = 8y, and
the determination of dy,, can be used to improve the fit on dy.. The improvement is
anyhow limited, since the precision achievable in the measurement of the h — pp~
decay is comparable with the one achievable directly on the T Yukawa. Apart from
the impact on dyr, the influence of the h — pu* ™ channel on the fit of the remaining
single-Higgs couplings is negligible.
The above constraints, in particular the ones coming from TGCs and h — Zy, sig-
nificantly help in improving the fit on single-Higgs couplings and lowering the cor-
relations. The To fit intervals on the EFT parameters and the correlation matrix are
modified as

Cgg 0.07 (0.02) 1004 —0.01 —0.01 0.04 031 —o76 005 0.02

oc, 0.05 (0.01) 1 —0.07 —0.26 0.01 001 036 08 027

Czz 0.05 (0.02) 1  —o87 013 020 0.03 —0.07 —0.06

C20 0.02 (0.01) 1 —0.09 —0.09 —0.09 —0.17 0.08

¢y | =£10.09 (0.09) 1 005 —002 002 —003| - (45)
Cyy 0.03 (0.02) 1 032 —0.19 —0.12

dy¢ 0.08 (0.02) 1 050 028

dYv 0.12 (0.03) 1 036

dy~ 0.11 (0.09) i 1

These results have been obtained by linearizing the signal strengths. We however
checked that, by using the full expressions for the uf, the results in Equation 4.5
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remain basically unchanged. The additional constraints coming from the TGCs and
h — Zy measurements thus effectively resolve the approximate flat directions mak-
ing our linearized EFT fit fully consistent and robust.

HIGGS WIDTH. Finally one could also consider the constraint on the Higgs total width,
which could be extracted by comparing off-shell and on-shell Higgs measurements [77—-
81].3 ATLAS estimated that a precision of 40% could be reached at the end of the
HL-LHC [84]. If we include this piece of information in the fit, we find that also
this constraint has a negligible impact on the flat directions. To assess whether an
improvement on such projections could have an effect on the global fit, we repeated
our analysis varying the estimated precision on the width. As expected, the most
sensitive coefficients are dyy, and dc,. In order to affect their 1o fit intervals, one
needs a precision on the width of at least 20%. In particular, we find that if we as-
sume a precision of 40%, 20%, and 10%, the 10 bound on dyy, of Equation 4.5 shrinks
to 0.11, 0.09, and 0.06, while the one on &c, is reduced respectively to 0.05, 0.04 and
0.03.

To conclude the discussion about single-Higgs couplings, it is useful to report on what
happens if we relax the assumption of small deviations in the Higgs interactions. In this
case the linear expansion in the signal strengths is no longer appropriate and the full
expressions must be retained. Additional minima are then present in the fit. Trivial ones
are obtained by reversing the sign of the tau (dy. ~ —2) or bottom (dy, ~ —2) Yukawas,
which leave the production cross sections and decay branching ratios unchanged.* Other
minima are obtained by choosing 44 in such a way that its contribution to the gluon
fusion amplitude is minus twice the SM one (¢gg ~ —2) or by choosing ¢, so that
it reverses the amplitude for Higgs decay into a photon pair (¢, ~ 1.6). Less trivial
minima are instead obtained by reversing the top Yukawa coupling (dy¢ ~ —2), with either
Cgg ~ O or &gg ~ 2. In this case the interference between the W and top contributions
to the branching ratio h — yy changes sign and must be compensated by a contribution
from ¢, (¢yy ~ 2.1 or &y =~ 0.46). An additional possibility is to reverse the sign of
the associated production channels amplitude (6c, ~ —2), in which case the change in
the h — yy amplitude can be compensated by ¢, ~ —0.45 or ¢,, ~ —2.1. Finally by
reversing both the sign of both the top Yukawa and of the associated production channels
amplitude, one finds two additional minima with &, ~ —1.6 or ¢, ~ 0.01.

Some of these additional minima can be probed by considering other observables. The
sign of the top Yukawa can be extracted from the measurement of h + top production, as
shown in references [85-87]. Large contributions to 44 can instead be probed in double-
Higgs production, which can be used to exclude the ¢g4 ~ —2 minimum [58]. The sign
of the bottom Yukawa can instead be tested by considering the transverse momentum
distributions in Higgs production with an extra jet [88] (see also reference [89]).> We are
instead not aware of any process which could be sensitive to the sign of the tau Yukawa.

In our analysis we also assumed that the sign of the hWW and hZZ couplings are
the same (fixing them to be positive for definiteness). Such assumption is well motivated

3 See also refs. [72, 82, 83] for possible issues related to the EFT interpretation of these measurements.

4 In the case of a “wrong-sign” botton Yukawa with an unchanged top Yukawa a small contribution from ¢4g4
is needed to compensate for the small change in the gluon fusion cross section.

5 An additional Higgs associated production channel, namely Hy, could be used to test large deviations in

Eyvy [90].
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Higgs couplings variation along the flat direction
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Figure 4.1: Variation of the Higgs basis parameters along the flat direction as a function of the
Higgs trilinear coupling k. The gray bands correspond to the 1o error bands at the HL-LHC (see
Equation 4.4).

theoretically, since a sign difference would imply large contributions to custodial breaking
operators. From the experimental point of view, however, testing the sign of the hWW
and hZZ couplings explicitly is very difficult at the LHC. It could be possible at future
lepton colliders, which could be sensitive to the relative sign of the two couplings in ZH
and ZHH production [91].

4.1.2  Global fit including Higgs self-coupling

We can now discuss how the above picture changes when we introduce in the fit the
additional parameter k, controlling the Higgs self-coupling deformations. As we saw in
the previous subsection, the measurement of 5 production and 5 Higgs decay channels
allows us to extract 9 independent constraints on the coefficients of the EFT Lagrangian.
By introducing «, in our fit, we reach a total of 10 independent parameters, thus we expect
one linear combination to remain unconstrained in the fit. This is indeed what happens.
The global fit has an exact flat direction along which the x? vanishes.

In Figure 4.1 we plot the values of the single-Higgs coupling parameters as a function
of k) along the flat direction. It is interesting to notice that a strong correlation is found
between the Higgs trilinear coupling «,, the Higgs contact interaction with gluons ¢44
and the top Yukawa &y¢. When we limit the k) variation to the region k) € [-1,10], as
indicated by the constraints coming from double-Higgs production, ¢44 and dy; vary by
an amount comparable with the 1o error at the HL-LHC (obtained in a fit without k,). On
the other hand, along the flat direction, the remaining parameters vary by a much lower
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amount (&y~, dcz, dyp and dy-) or, in some cases, remain almost unchanged (c.., c,no,
Czy)0

It must be stressed that the exact flat direction could in principle be lifted if we include
in the signal strengths computation also terms quadratic in the EFT parameters. The
additional terms, however, become relevant only for very large values of kj, so that for all
practical purposes we can treat the flat direction as exact. Notice moreover that, when the
quadratic terms become important, one must a priori also worry about possible corrections
from higher-dimensional operators, which could become comparable to the square of
dimension-6 operators.

As we discussed in the previous section, additional observables can provide indepen-
dent bounds on the Higgs couplings. In particular some of the strongest constraints come
from the measurements of TGCs and of the h — Zy branching ratio. In the fit of the
single-Higgs couplings these constraints were enough to get rid of the large correlation
between c,, and ¢, and to improve the bound on ¢,,. The impact on the global fit
including the Higgs trilinear coupling is instead limited. The reason is the fact that the
combination of parameters tested in TGCs (see Equations (2.14) and (2.13)) and in h — Zy
are “aligned” with the flat direction, i.e. they involve couplings whose values along the
flat direction change very slowly (see Figure 4.1). Although the flat direction is no more
exact, even assuming that the TGCs and c,, can be tested with arbitrary precision, very
large deviations in the Higgs self-coupling would still be allowed.

An additional way to probe the flat direction is to compare single-Higgs production
rates at different collider energies. This possibility stems from the fact that the kinematic
distributions in Higgs production channels with associated objects (VBF, ZH, WH and ttH)
change in a non-trivial way as a function of the collider energy [43, 44]. As a consequence
the impact of the modification of the Higgs couplings on the production rates shows some
dependence on the energy as well. As one can see from the numerical results reported
in section A.2, the dependence of the VBF, ZH and WH rates on the c,,, c,0, ¢2, and
¢, parameters changes as a function of the collider energy (Equations (A.4), (A.5) and
(A.6)). The corrections due to k) also show a dependence on the energy. In particular the
strongest effects are present in the ttH production rate, as can be seen from Equation A.16
and the list of coefficients in Table A.2.

The difference in the new physics effects at the different LHC energies are quite small,
so that they do not really allow for an improvement in the fit, taking also into account the
fact that accurate enough predictions will be obtained only for one center of mass energy.
Future colliders (as for instance a 33 TeV hadron machine) could lead to more pronounced
changes in the parameter dependence.” However the improvement achievable with a
combined fit is only marginal. A more efficient way of exploiting higher-energy machines
is to look for double-Higgs production which could probe k) with enough accuracy to
make its contributions to single-Higgs processes negligible (assuming that no significant
deviation with respect to the SM is found) [61].

To conclude the discussion on the extraction of the Higgs self-coupling, we show in
Figure 4.2 the x? obtained from the global fit on single-Higgs observables. The fit also

An interesting feature is the fact that along the flat direction not only suf = 0, but also the individual
production and decay signal strengths are approximately equal to the SM ones, namely [5p;| < 0.005, [5uf| <
0.005 for |ky| < 20.

7 We thank D. Pagani for providing us with the results for the k) contribution to the inclusive observables at

33 and 100 TeV.
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Figure 4.2: x? as a function of the Higgs trilinear coupling «» obtained by performing a global
fit including the constraints coming from TGCs measurements and the bound on the h — Zy
decay rate. The results are obtained by assuming an integrated luminosity of 3ab™ at 14 TeV.
The dotted curve corresponds to the result obtained by setting to zero all the other the Higgs-
coupling parameters, while the solid curve is obtained by profiling and is multiplied by a factor 20
to improve its visibility. To compare with previous literature (reference [43]), we also display the
exclusive fit performed assuming the uncertainty projections from the more optimistic “Scenario
2” of CMS [65] (dashed curve).

includes the constraints from TGCs and the bound on the h — Zy decay rate.® The results
have been derived by assuming a 14 TeV LHC energy with an integrated luminosity of
3ab~!. The dashed curve shows the x? obtained by setting all the single-Higgs couplings
deviations to zero. One can see that the Higgs self-coupling can be restricted to the interval
kx € [=1.1,4.7] at the 1o level. To compare with the existing literature, we also show the
exclusive fit obtained in the optimistic “Scenario 2” of CMS (dashed curve), which is in
very good agreement with the results of reference [43].

On the other hand by profiling over the single-Higgs couplings we find that the Higgs
trilinear coupling remains basically unconstrained (see solid curve in Figure 4.2).9 As
expected, even with the inclusion of the TGCs constraints and of the bounds on the h —
Zy decay rate, an almost flat direction is still present in the fit.

4.1.3  Impact of the trilinear coupling on single-Higgs couplings

The presence of a flat direction can also have an impact on the fit of the single-Higgs
couplings. If we perform a global fit and we allow k) to take arbitrary values we also
lose predictivity on the single-Higgs EFT parameters. The effect is more pronounced on
the couplings that show larger variations along the flat direction, namely ¢44 and oy;. A
milder impact is found for the dc,, dyv, dy. and ¢, whereas c,,, c, and ¢, are almost
unaffected, unless extremely large values of k) are allowed.

A full computation of the corrections to the h — Zy branching ratio due to the Higgs trilinear interaction
is not available at present. For this reason we only took into account the effect of the Higgs wavefunction
renormalization, which scales as K%\ (see section A.2), and we neglected the additional corrections linear in kj
which are not known.

Since in our linear approximation the x? as a function of the single-Higgs couplings is quadratic the resulting
distribution is Gaussian. In this case a profiling procedure gives the same result as a marginalization.
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Figure 4.3: Constraints in the planes (dyt,qg) (left panel) and (dyy, €y ) (right panel) obtained
from a global fit on the single-Higgs processes. The darker regions are obtained by fixing the
Higgs trilinear to the SM value k) = 1, while the lighter ones are obtained through profiling by
restricting dk; in the ranges |6k | < 10 and |6k | < 20 respectively. The regions correspond to 68%
confidence level (defined in the Gaussian limit corresponding to Ax? =2.3).

In Figure 4.3 we compare the fit in the (dy¢,¢44) and (dyp, €y ) planes obtained by
setting the Higgs trilinear to the SM value (8k) = 0), with the results obtained by allowing
dky to vary in the ranges [0k,| < 10 and [0k, | < 20.

In the (8yy, qq) case (left panel of Figure 4.3), there is a strong (anti-)correlation between
the two parameters as we explained in subsection 4.1.1. When the Higgs self-coupling is
included in the fit the strong correlation is still present. The constraint along the correlated
direction becomes significantly weaker, even if we restrict k) to the range |6k, | < 10. The
constraint in the orthogonal direction is instead only marginally affected.

In the case of the (dyy, ¢, ) observables, we find that the 10 uncertainty on the determi-
nation of the two parameters is roughly doubled if the Higgs trilinear coupling is allowed
to take values up to [0k,| ~ 20.

This above discussion makes clear that a global fit on the single-Higgs observables
can not be properly done without including some assumption on the allowed values of
the trilinear self-coupling of the Higgs (see subsection 3.2.3). If k) can sizably deviate
from the SM value (6« 2 5) including it into the fit is mandatory in order to obtain
accurate predictions for the single-Higgs couplings. On the other hand, if we have some
theoretical bias that constrains the Higgs self-coupling modifications to be small (6k) <
few), a restricted fit in which only the corrections to single-Higgs couplings are included
is reliable.

We will see in the following that the situation can drastically change if we include in
the fit additional measurements that can lift the flat direction. In particular we will focus
on the measurement of double-Higgs production in the next section and of differential
single-Higgs distributions in section 4.3.

4.2 DOUBLE-HIGGS PRODUCTION

A natural way to extract information about the Higgs self-coupling is to consider Higgs
pair production channels. Among this class of processes, the production mode with the
largest cross section [92], which we can hope to test with better accuracy at the LHC, is
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Figure 4.4: LEFT: The solid curve shows the global x? as a function of the corrections to the Higgs
trilinear self-coupling obtained from a fit exploiting inclusive single-Higgs and inclusive double-
Higgs observables. The dashed line shows the fit obtained by neglecting the dependence on &«
in single-Higgs observables. The dotted line is obtained by exclusive fit in which all the EFT
parameters, except for 0k, are set to zero. RIGHT: The same but using differential observables for

double-Higgs.

gluon fusion.’ Several analyses are available in the literature, focusing on the various
Higgs decay modes. The channel believed to be measurable with the highest precision is
hh — bbyy [58, 96, 101-107]. In spite of the small branching ratio (BR ~ 0.264%), its clean
final state allows for high reconstruction efficiency and low levels of backgrounds. In the
following we will thus focus on this channel for our analysis.

Additional final states have also been considered in the literature, in particular hh —
bbbb [108-111], hh — bbWW* [96, 109, 112] and hh — bbttt™ [96, 108, 109, 113, 114].
All these channels are plagued by much larger backgrounds. In order to extract the signal,
one must rely on configurations with boosted final states and more involved reconstruc-

tion techniques, which limit the achievable precision.

The dependence of the double-Higgs production cross section on the EFT parameters
has been studied in reference [58, 114-116]. It has been shown that a differential analysis
taking into account the Higgs pair invariant mass distribution can help in extracting better

bounds on the relevant EFT parameters.

On top of the dependence on kj, double-Higgs production is sensitive at leading order
to 4 additional EFT parameters, namely dy¢, oy iz), Cgg and égzg)‘ The explicit expression
of the cross section is given in section A.2, Equation A.19. As we discussed in section 3.2,
in the linear EFT description only dy; and 44 are independent parameters, while the
other two correspond to the combinations given in Equation 3.9. By a suitable cut-and-
count analysis strategy, the total SM Higgs pair production cross section is expected to
be measured with a precision ~ 50% at the HL-LHC [58]. These estimates are in good
agreement with the recent projections by ATLAS [107].

10 It has been pointed out in reference [93] that the WHH and ZHH production modes could provide a good
sensitivity to positive deviations in the Higgs self-coupling (see also references [94—96]). As we will see in the
following, the gluon fusion channel is instead more sensitive to negative deviations. The associated double-
Higgs production channels could therefore provide useful complementary information for the determination
of k). For simplicity we only focus on the gluon fusion channels in the present analysis. We leave the study
of the VHH channels, as well as of the double-Higgs production mode in VBF (see references [95, 97—100]),

for future work.
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As a first point, we focus on the determination of the trilinear Higgs self-coupling. In
the left panel of Figure 4.4 we show the x? as a function of k. The solid curve corresponds
to the result of a global fit including single-Higgs and inclusive double-Higgs observables.
All the single-Higgs EFT parameters have been eliminated by profiling. The dashed curve
shows how the fit is modified if we neglect the dependence on kj in single-Higgs pro-
cesses. Finally, the dotted curve is obtained by performing an exclusive fit, in which all
the deviations in single-Higgs couplings are set to zero.

As expected, the measurement of double-Higgs production removes the flat direction
that was present in the fit coming only from single-Higgs observables. The global fit con-
strains the Higgs trilinear self-coupling to the intervals k) € [0.0,2.5] U [4.9,7.4] at 68%
confidence level and k) € [-0.8,8.5] at 95%. As we can see by comparing the solid and
dashed lines in Figure 4.4, the fit of k) is almost completely determined by Higgs pair
production. This result is expected and is coherent with the fact that a flat direction in-
volving k, is present in the single-Higgs fit. On the other hand if we perform an exclusive
fit in which we set to zero all the deviations in single-Higgs couplings, the determination
of the Higgs trilinear self-coupling is significantly modified. In particular the exclusive fit
disfavors large deviations in k,, so that values dkj ~ 5, which were allowed by the global
fit, are now excluded at the 1o level. The 95% fit region is also slightly reduced becoming
kx € [—0.5,7.1].

It is also interesting to discuss what happens if we include in the fit a differential anal-
ysis of double-Higgs production. As shown in reference [58], each new physics effect
deforms the Higgs-pair invariant mass distribution in a different way. Deviations in the
Higgs self-coupling mostly affect the threshold distribution, while they have a limited im-
pact in the high invariant-mass tail. On the contrary dy and 44 modify more strongly the
peak and tail of the distribution. A differential analysis can exploit this different behavior
to extract better constraints on the various EFT coefficients. The fits including the differ-
ential information on Higgs pair production are shown in the right panel of Figure 4.4.
Sizable positive corrections to kj are now disfavored even in a global fit. The 1o interval
is now reduced to k, € [0.1,2.3], while the 20 interval is k) € [—0.7,7.5].

Another aspect worth discussing is the impact of double-Higgs production measure-
ment on the determination of the single-Higgs couplings. We find that the global fit
determines the latter couplings with a precision comparable with the one obtained by
neglecting the deviations in k) (see subsection 4.1.1, Equation 4.4). This result may look
surprising at a first sight. Double-Higgs measurements at the LHC can only probe the
order of magnitude of the Higgs trilinear self-coupling, so that large deviations from the
SM value, k) ~ 6, will be allowed at the 68% confidence level. Such big deviations could
in turn compensate non-negligible corrections to the single-Higgs measurements (by mov-
ing along the flat direction of the single-Higgs observables fit). The reason why this does
not happen is related to the fact that double-Higgs production is sensitive not only to k3,
but also to dy; and ¢44. Actually, the sensitivity on the latter two parameters is relatively
strong, so that the bounds on 6y and ¢44 coming from double-Higgs alone are not much
weaker than the ones coming from single-Higgs processes [58]. These results hold with
the assumption that EW symmetry is linearly realized. We will see in subsection 4.3.2 how
they are modified in the context of a non-linear EFT.
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4.3 DIFFERENTIAL OBSERVABLES

Up to now we focused on inclusive single-Higgs observables, which allowed us to get ro-
bust predictions backed up by the estimates made by the ATLAS and CMS experimental
collaborations. It is however clear that inclusive observables do not maximize the infor-
mation attainable from the data. Important additional information can be extracted by
exploiting differential single-Higgs distributions. This can be crucial in our analysis since
flat directions are present in the inclusive fit. Inclusive double-Higgs data is enough to
lift this flat direction. Still it leaves a second minimum degenerate with the SM. Differen-
tial information can help removing this degeneracy in addition to improving the precise
determination of the Higgs trilinear coupling around the SM.

The exploitation of differential distributions can help to break the degeneracy thanks to
the fact that the various effective operators affect the kinematic distributions in different
ways. Consider for instance associated production of a Higgs with a vector boson. EFT
operators that modify the single-Higgs couplings give effects that grow with the centre of
mass energy, hence they mostly affect the high-energy tail of the invariant mass or trans-
verse momentum distributions. On the contrary, the effect of a modified Higgs trilinear
self-coupling is larger near threshold. This different behavior is the key feature than can
allow us to efficiently disentangle the two effects [43, 44].

The change in the differential single-Higgs distributions, in particular in the WH, ZH,
ttH and VBF channels, as a function of the distortion of the Higgs self-coupling has been
studied in reference [43, 44]."" In this section we will use these results as a building block
to perform a first assessment of the impact of the differential single-Higgs measurements
on the extraction of the Higgs self-interactions and on the global fit of the Higgs couplings.

4.3.1 Impact of single-Higgs differential measurements

In the following we focus our attention on the differential distributions in associated Higgs
production channels, ZH, WH and ttH. We instead neglect the VBF channel, which was
found to have a negligible impact on the determination of the trilinear Higgs coupling in
references [43, 44].

For our analysis we consider the differential distributions in the total invariant mass of
the processes. As we discussed in section 3.2, considering high energetic bins in differen-
tial distributions might lead to issues with the validity of the EFT interpretation. For this
reason we only include in our analysis bins with an invariant mass up to three times the
threshold energy for the various channels, which corresponds to ~ 600 GeV for associated
production with a gauge boson and to ~ 1.4 TeV for ttH. The numerical LO predictions
of the ZH and WH cross sections in each bin as a function of the single-Higgs EFT pa-
rameters are given in section A.2, while the signal strength for ttH is instead modified at
LO in an energy-independent way. Concerning the loop-induced effect of k) on the in-
variant mass distributions of the ZH, WH, and ttH cross-sections, only the 13 TeV results
are known [43]. Therefore we use this center of mass energy for our numerical study. We
however expect that our results provide a fair assessment of the precision achievable at

Recently, reference [117] also computed the impact of the Higgs coupling deviations in the Higgs basis on
angular distributions in the four-lepton decay channels of the Higgs boson. We have not included these effects
in our analysis.
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the 14 TeV HL-LHC, since the differences with respect to the 13 TeV case should not be
very large.

For our numerical analysis we estimate the statistical and systematic uncertainties from
the HL-LHC ATLAS projections [67]. A comprehensive analysis of the uncertainties at the
differential level is beyond the scope of our study. We therefore adopt some simplified
assumptions to provide a first assessment of the benefit of including differential distribu-
tions in our global fit of single-Higgs observables. In order to evaluate the dependence
of our results on the experimental accuracy we consider two different procedures to esti-
mate the uncertainties. In the first, more optimistic procedure, the systematic uncertainty
is assumed to be the same in all the invariant mass bins, whereas the statistical uncer-
tainty is rescaled according to the expected number of events in each bin. In the second,
more pessimistic estimate, we extract the uncertainty for each bin by rescaling the total
experimental error according to the expected number of events in each bin. In this way we
are effectively inflating the systematic errors assuming that they degrade as the statistical
ones in bins with fewer events. The uncertainties for the two scenarios are reported in
Tables A.6 and A.7.

Notice that the invariant mass of some processes is not directly accessible experimen-
tally, since the event kinematics can not be fully reconstructed. We nevertheless use it for
our analysis for simplicity. As a cross check, we verified that performing the analysis with
transverse momentum binning does not significantly modify the results of the fit. Since
our estimates of the experimental uncertainties and our analysis strategy are quite crude,
we do not expect our numerical results to be fully accurate. They must instead be inter-
preted as rough estimates which can however give an idea of the discriminating power
that we could expect by the exploitation of differential single-Higgs distributions.

As a first step we consider the impact on the determination of single-Higgs couplings.
Including the differential information in the fit helps in reducing the correlation between
czz and c,g. The overall change in the fit is however small and the To intervals are
nearly unchanged with respect to the ones we obtained in the inclusive analysis (see
Equation 4.5).

More interesting results are instead obtained when we focus on the extraction of the
Higgs trilinear self-coupling. We find that differential distributions are able to lift the
flat direction we found in the inclusive single-Higgs observables fit. The solid green
lines in Figure 4.5 show the x? obtained in a global fit on single-Higgs observables in-
cluding the differential information from associated production modes. The two lines
correspond to the “optimistic” and “pessimistic” assumptions on the experimental uncer-
tainties. Through this procedure one could constrain the Higgs trilinear coupling to the
interval [0ka| < 5 at the To level. An exclusive fit, in which all the single-Higgs couplings
deviations are set to zero, gives a range k) € [—0.8,3.5] at 1o and k) € [-2,7] at 20 (dotted
green lines), which is significantly smaller than the one obtained through a global fit, as
can be seen by comparing with the solid lines in Figure 4.5.

The results in Figure 4.5 show that in a global fit the impact of differential single-Higgs
measurements on the extraction of k; is weaker than the one of differential double-Higgs
production. This can be clearly seen by comparing the solid green lines with the solid
dark blue curve which represent the x? coming from double-Higgs measurements (this
curve coincides with the results shown on the right panel of Figure 4.4). Nevertheless,
combining the single-Higgs differential information with the double-Higgs fit helps in
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Figure 4.5: LEFT: Xx? as a function of the Higgs trilinear self-coupling. The green bands are ob-
tained from the differential analysis on single-Higgs observables and are delimited by the fits
corresponding to the optimistic and pessimistic estimates of the experimental uncertainties. The
dotted green curves correspond to a fit performed exclusively on bk, setting to zero all the other
parameters, while the solid green lines are obtained by a global fit profiling over the single-Higgs
coupling parameters. RIGHT: The red lines show the fits obtained by a combination of single-Higgs
and double-Higgs differential observables. In both panels the dark blue curves are obtained by
considering only double-Higgs differential observables and coincide with the results shown in
Figure 4.4.

testing large positive deviations in k,, increasing the x? value for values 5k ~ 5. This
improvement can be seen on the right panel of Figure 4.5 (solid curves).

Differential single-Higgs measurements have a significantly more relevant role in ex-
clusive fits in which the single-Higgs parameters are set to zero. One can see in the left
panel of Figure 4.5 that the sensitivity of the single-Higgs differential fit (dotted blue line)
is comparable with the one of double-Higgs measurements, especially for positive devi-
ations in k). Combining single-Higgs and double-Higgs information provides a good
improvement in the fit, in particular at the 20 level, as can be seen in the right panel of
Figure 4.5 (dotted lines).

4.3.2 Robustness of the fits

As a final point we want to discuss how much the determination of the Higgs trilinear
self-interaction and of the single-Higgs couplings depends on the experimental accuracy
and on the theoretical assumptions underlying the EFT parametrization.

In the left panel of Figure 4.6 we show how the fit on k) changes if we rescale the errors
on single-Higgs measurements by a factor in the range [1/2,2]. One can see that the x?
function around the SM point 5k, = 0 is not strongly affected, so that the 1o region is
only mildly modified. Large positive deviations from the SM can instead be probed with
significantly different accuracy. In particular the 2o region is enlarged to k) € [-0.8,7.7] if
we double the uncertainties, whereas it shrinks to k) € [—0.5,5.3] if we reduce the errors
by a factor 1/2.

A second point worth investigating is how the fit changes if we modify the assumptions
on the EFT parametrization. As an illustrative example we analyze a scenario in which
the EFT Lagrangian has a non-linear form, i.e. the expansion in Higgs powers breaks
down. As we already discussed in subsection 3.2.3, in this case operators containing Higgs
tields can not be tested any more in precision measurements not involving the Higgs. A
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Figure 4.6: Band of variation of the global fit on the Higgs self-coupling obtained by rescaling the
single-Higgs measurement uncertainties by a factor in the range x € [1/2,2]. The lighter shaded
bands show the full variation of the fit due to the rescaling. The darker bands show how the fits
corresponding to the “optimistic” and “pessimistic” assumptions on the systematic uncertainties
(compare Figure 4.5) change for x = 1/2,1,2. The left panel shows the fit in the linear Lagrangian,
while the right panel corresponds to the non-linear case in which Ay](fz) and Aégzg) are treated as
independent parameters.
A A A 2

+lo Cgg OCz Czz c;o €2y Cyy Yt OYyp Oyr Oky Ay](c ) Algg

Linear fit | 0.06 0.04 0.04 0.02 0.09 0.03 0.06 0.07 0.11

Global fit | 0.07 0.04 0.04 0.02 0.09 0.03 0.08 0.08 0.11 4.1

1.0 - -
0.29  0.45

Table 4.2: 1o intervals for the linear and non linear scenarios.

fully consistent fit should thus include all possible operators and not just the restricted
basis we defined in Equations (3.8) and (3.9). Performing such analysis is beyond the
scope of the present work. For illustration we restrict our attention only to two effective
operators, h?G, G*" and h?tt, whose impact on Higgs pair production via gluon fusion
was studied in reference [58].

In the linear EFT Lagrangian the h?G,, G*¥ and h?tt operators are connected to single-
Higgs couplings (see Equation 3.9). Treating them as independent operators amounts to

including the 6y£2) and 66%29) parameters as free quantities in our fits. For convenience

we introduce two new parameters that encode the deviations of dy ](cz) and é(gzg) from the

linear Lagrangian relations:

2 2 A A(2) 4
Ayi ) = éyg - (30yy — ocz), Algg = cgg) —Cqg- (4-6)

To understand the impact of Ay gz) and Aé(gzg) on the global fit, we give in Table 4.2 the
To intervals for the Higgs couplings in the linear and non-linear scenarios. One can see
that the non-linear fit mostly affects the determination of k), whose precision significantly
degrades. The impact on the determination of single-Higgs couplings is instead quite
limited and is due to the fact that a weaker constraint on the Higgs self-interaction allows
to move along the flat direction in the single-Higgs global fit. Indeed we find that the 1o
intervals for ¢4g4, 0yt and dyy are slightly larger in the non-linear scenario. The differences

are however only marginally relevant.
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To better quantify how the determination of k) changes in the non-linear case, we
show the x? obtained in the global fit in the right panel of Figure 4.6. The 1o band in
this case becomes kj € [—2,5]. We also show how the fit depends on the precision in the
measurement of the single-Higgs observables. One can see that a reduction by a factor 1/2
of the uncertainties on single-Higgs measurements could help significantly in improving
the determination of k,, reducing the 10 band by ~ 40%.

4.4 THE TRILINEAR AT HL-LHC

The possibility of exploiting single-Higgs production channels at hadron colliders to ex-
tract information about the Higgs trilinear self-coupling has been recently put forward in
the literature [42—44]. The available results are quite encouraging. They show that the new
analysis strategy could be competitive with the study of double-Higgs production, which
is usually considered the best way to probe the Higgs self-interactions.

The analyses performed so far, however, limited their focus to scenarios in which the
only deformation of the SM Lagrangian is a modification of the Higgs potential. This
assumption significantly restricts the realm of theories for which the new results are valid.
Indeed, in a vast class of new-physics models, corrections to the Higgs trilinear coupling
are not generated alone and additional deviations in the other Higgs interactions are
simultaneously present. Since the Higgs self-coupling only affects at next-to-leading order
the single-Higgs rates, its effects can be easily overwhelmed by even small modifications
of the single-Higgs couplings. In this more generic situation a global analysis, taking into
account deviations in all the Higgs couplings simultaneously, is essential to fully assess
the achievable accuracy. The main aim of the present work has been to perform such
analysis. The computations of refs. [42—44] are an essential building block that can be
directly implemented in a global fit with all the parameters affecting the Higgs couplings
turned on simultaneously.

For definiteness we studied deformations of the SM Lagrangian given by dimension-6
effective operators in the standard model effective field theory (SMEFT) framework. In
particular, in addition to deviations in the Higgs self-coupling, we considered distortions
of the single-Higgs couplings due to a set of 9 operators that can not be tested with %
precision in measurements not involving the Higgs. In the Higgs basis these deforma-
tions are encoded in the coefficients &c;, c;;, ¢,0, €2y, &y and €44 which correspond to
deformations of the Higgs couplings to gauge bosons, and 6y, dyp and dy. controlling
deformations of the Yukawa’'s.

To derive our numerical results we considered the HL-LHC upgrade (14 TeV center of
mass energy and 3/ab integrated luminosity) and we estimated the precision on single-
Higgs measurements through a benchmark derived from the ATLAS and CMS projec-
tions [65, 67] (see Table 4.1). Moreover we assumed that the central values of the future
experimental measurements will coincide with the SM predictions.

We found that, if only inclusive single-Higgs observables are considered, a global fit
involving the 10 free parameters has an (almost) exact flat direction. The flat direction
is mostly aligned along the Higgs self-coupling «,, the top Yukawa oy and the contact
interaction with gluons 44, with minor components along 6c,, dyp and dy. (see Fig-
ure 4.1). The inclusion of trilinear gauge couplings measurements can only partially lift
the flat direction. Very large deviations in k) are however still allowed, so that the Higgs
self-interaction remains practically unbounded (see Figure 4.2). This result clearly shows
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that the bounds obtained by an exclusive fit including only k» (kx € [—1.1,4.7] at the 1o
level) must be interpreted with great care and are fully valid only in very specific BSM
scenarios.

Large deviations in the Higgs self-coupling can also have a back-reaction on the ex-
traction of single-Higgs couplings. As can be seen from Figure 4.3, if large corrections,
[dkal ~ 10, are allowed, the precision in the determination of the single-Higgs couplings
is significantly degraded. This results shows the necessity of including in the global fit
additional observables which could resolve the flat direction.

We explored two possible extensions of the fitting procedure, namely the inclusion of
double-Higgs production via gluon fusion and the use of differential measurements in the
associated single-Higgs production channels WH, ZH and ttH.

As expected, an inclusive double-Higgs production measurement can efficiently remove
the flat direction, constraining the Higgs trilinear coupling to the range k) € [0.0,2.5] U
[4.9,7.4] at the 1o confidence level (see Figure 4.4). Furthermore, differential double-Higgs
distributions can provide additional help to probe large positive deviations in the Higgs
trilinear. In particular they can be used to test the additional best fit point at k) ~ 6
and to reduce the 20 fit range (see right panel of Figure 4.4). When differential double-
Higgs measurements are included, the constraint on the Higgs trilinear coupling becomes
kx € [0.1,2.3] at the 10 confidence level, which is strong enough to ensure that the back-
reaction on the single-Higgs couplings fit is almost negligible at the HL-LHC. This result
proves that neglecting the contributions from k) when performing a fit on single Higgs
couplings is a sensible procedure, even in BSM scenarios that can lead to O(1) deviations
in the Higgs self-interactions.

The measurement of the differential distributions in the associated Higgs production
channels can also help in determining the Higgs self-coupling. In the present work we
performed a preliminary analysis with a simplified treatment of the experimental and the-
ory uncertainties. We found that an exclusive fit on k) can provide order one sensitivity
(ka € [—1,3] at 10), roughly comparable with the one achievable through double-Higgs
measurements (see Figure 4.5). On the other hand, in a global analysis, including devia-
tions in single-Higgs couplings, the sensitivity on k, is strongly reduced and only large
deviations [0k,| 2 5 can be probed. Nevertheless, also in this case single-Higgs differential
observables can be useful. Combining them with double-Higgs measurements can signif-
icantly help to constrain large positive corrections to the Higgs trilinear. To fully evaluate
the impact of the differential observables a more careful analysis strategy, together with
a detailed assessment of the experimental uncertainties, would be needed. We leave this
subject for future work.

Another important aspect we investigated is the dependence of our results on the ex-
perimental uncertainties and on the assumptions underlying the EFT parametrization. As
shown in the left panel of Figure 4.6, a naive rescaling of all the experimental uncertainties
in single-Higgs production affects only mildly the bounds on negative contributions to k3,
but has a major impact on the constraints on positive corrections (in particular at the 2o
confidence level).

The assumptions on the EFT description can also strongly modify the determination
of k). As an illustrative example we considered a non-linear EFT Lagrangian in which
the double-Higgs couplings to gluons and to tops are treated as independent parameters.
This change affects almost exclusively the precision on the Higgs self-coupling, which is
reduced by roughly a factor 3 (right panel of Figure 4.6). On the contrary, the global fit
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on the single-Higgs couplings is much more stable and only the determination of 44 and
byt becomes marginally worse.






TESTING THE HIGGS TRILINEAR AT LEPTON COLLIDERS

5.1 FUTURE MACHINES

In chapter 4, we studied the prospect of measuring the trilinear at the HL-LHC, using
higher order corrections from the trilinear in single-Higgs processes, as proposed by ref-
erences [41—44]. We extended their analysis to try to minimize model dependence on the
extraction of the trilinear at the HL-LHC. In this setup, the final gain compared to the
determination of the trilinear using double-Higgs production was small, with final con-
straints on the trilinear of order one. We expect in an hypothetical future 100 TeV machine
that the trilinear determination will entirely be dominated by pair-production (thanks to
the augmentation of the cross section). Double-Higgs production for an 100 TeV collider
has already been studied, for example in [61], and found to bound the trilinear at the 5%
level. The next generation of colliders are in preparation and are likely to be colliding elec-
tron and positron. Hence it is tempting to fill the gap between these two generations of
hadron colliders and ask what leptonic machines and their high precision can contribute
to our knowledge of the Higgs potential. Several new colliders projects are currently being
studied. They can be classified in two categories: circular and linear machines. While the
circular machine struggle to get to high energy due to energy loss from bremsstrahlung,’
and have a falling luminosity with COM energy, the situation is inverted for linear ma-
chines.

The two projects for circular machines are currently under discussion are the future
circular collider (e~ e™) (FCC-ee) and the circular electron positron collider (CEPC), and
would be hosted at CERN and in China respectively. These colliders are both expecting
a tunnel of order 100km and a COM mass energy allowing them to probe single-Higgs
production. The advantages of these machines are the higher low-energy luminosity and
the upgrade path, since the two rings are expected to be reused to host a 100 TeV proton
collider; either the future circular collider (proton, proton and ion, ion) (FCC-hh) or super
proton-proton Collider (SppC). The energy of this proton-proton collider would allow for
direct search of new physics. The linear machines are represented by the international
linear collider (ILC) and compact linear collider (CLIC), which are projects led by Japan
and CERN respectively. These machines are projecting several runs at different energies
and would probably start with low energy runs, before going to higher energy, probing
both single- and double-Higgs processes.

As said before, the main advantage of these machines is their precision. The fact “lep-
tonic” cross sections are more sensitive to the COM energy, and the prospect to run at
several energies, and the ability to change the beam polarization offers an opportunity
to have more observables to constrain the parameter space. Maximizing the number of
observable is important, since typical BSM models would, as for proton colliders, modify
several couplings simultaneously. A plethora of single-Higgs studies have already tackled
this issue, however, they do not take into account the trilinear loop corrections. The work
presented here is a natural extension to reference [118], in the sense that it extends the

1 Perliminary report for FCC-ee expect a synchrotron radiation of order 100 MW.
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study by adding higher order corrections. For other work studying the power of lepton
colliders for single-Higgs couplings see references [119—127]. Analogous to the previous
section, we use EFT to encode the different possible deviations while minimizing the un-
derlying assumptions. We then extend the analysis by looking at information brought
by high-energy collider, opening the Zhh associated production and WW-fusion channels
and show their complementarity in constraining positive and negative deviations of the
trilinear respectively. We also take advantage of the fact that the WW-fusion cross section
grows with energy, to look at the differential distributions of the di-Higgs invariant mass,
and confirm the result of [128] that it helps positive deviation of Higgs self-coupling.

Other future collider projects are worth noting. Two use the possibility of adding a
linac to either the LHC or future circular collider (FCC) to collide protons and electrons.
The resulting collider would be called respectively large hadron electron collider (LHeC)
or future circular collider (hadron, electron) (FCC-he). Finally, the possibility to replace
HL-LHC with a project called high energy LHC (HE-LHC), which would use the same
tunnel, but replace the magnets to raise the COM to 27 TeV.

This chapter is organized as follows. In section 5.2, we probe the possibility to determine
the trilinear using the low energy runs of the four different leptonic machines. We then
go on to the realm of the linear colliders to study the effect of adding high-energy run
directly probing the trilinear through double-Higgs production, and study the possibility
to add differential information to improve the results.

5.2 LOW-ENERGY LEPTON MACHINES

In this section, we study the precision reach on the trilinear Higgs coupling through the
exploitation of single-Higgs production measurements. These are the dominant handles
available at future circular lepton colliders, like the CEPC and FCC-ee, which cannot eas-
ily deliver high luminosities at center-of-mass energies where the Higgs pair production
rate becomes sizable. These machines could run above the ete™ — Zhh threshold, at a
350GeV center-of-mass energy in particular, but the small cross section (in the attobarn
range) and the limited integrated luminosity lead to a negligible sensitivity to this chan-
nel. The analysis of single-Higgs production can also be relevant for the ILC. While this
machine could eventually reach a center-of-mass energy of 500 GeV (or even of 1 TeV) in a
staged development, its initial low-energy runs can have an impact on the determination
of the trilinear Higgs coupling that is worth investigating.

According to recent reports [129, 130], both CEPC and FCC-ee are planned to collect
5ab™" of integrated luminosity at 240 GeV. FCC-ee is also envisioned to collect 1.5ab™" at
350GeV.? Although a run at this center-of-mass energy is not officially forecast for the
CEPC, it is nevertheless a viable option given its planned tunnel circumference of 100 km.
As a general circular collider run scenario, we therefore consider the collection of 5ab™" of
integrated luminosity at 240 GeV and several benchmark luminosities at 350 GeV, namely
0, 200fb™" and 1.5ab7".

The full ILC run plan comprises 2ab™" of integrated luminosity at 250GeV, 200 fb™
at 350GeV, and 4ab™" at 500GeV, with these luminosities equally shared between runs
with two P(e™,e") = (+0.8,70.3) beam polarization configurations [132, 133]. Additional

The current run plan for FCC-ee anticipates to collect 0.2 ab~ ! at 350GeV and 1.5ab™" at 365 GeV [131]. Since
the vector boson production cross section rises rapidly with the center-of-mass energy, the sensitivity of the
FCC-ee will be certainly improved.
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results for a 70%/30% repartition of the luminosity between the P(e~,e™) = (F0.8,+£0.3)
polarizations will be provided in section B.2. In this section, we focus only on the runs at
240/250 GeV and 350GeV, and consider a few benchmarks for the integrated luminosity
collected at 350 GeV.

To summarize, we focus on the following benchmark scenarios:

CIRCULAR COLLIDERS (cc) with 5ab™ at 240GeV, {o, 200fb™*, 1.5ab™"} at 350GeV and
unpolarized beams. The scenario with only a 240GeV, (5ab™") run corresponds to
the CEPC Higgs program, while the 240 GeV, (5ab™") + 350GeV, (1.5ab™") scenario
corresponds to the FCC-ee Higgs and top-quark programs.

LOW-ENERGY ILC with 2ab™" at 250GeV, {0, 200fb™", 1.5ab™"} at 350 GeV, and integrated
luminosities equally shared between P(e™,e™) = (+0.8, 70.3) beam polarizations.?

Later in this section we also extend these scenarios to cover a continuous range of lumi-
nosities at 240 (250) and 350 GeV.

5.2.1 Higher-order corrections to single-Higgs processes

As a first step, we analyze how a modification of the trilinear Higgs coupling affects single-
Higgs processes. We parametrize possible new physics effects through the quantity «
defined as the ratio between the actual value of the trilinear Higgs coupling A3 and its SM
expression 7\§M (the Higgs vacuum expectation value is normalized tov =1/ (V2Gp) /2 ~
246 GeV) 4

Ky = @, M= 702 (5.1)

7\3 _ mﬁ

While the trilinear coupling does not enter single-Higgs processes at LO, it affects both
Higgs production and decay at NLO. The corresponding diagrams for Higgsstrahlung
(ete” — hZ) and WW-fusion (ete~ — vvh) production processes are shown in Fig-
ure 5.1. In addition to the vertex corrections, which are linear in k,, the trilinear coupling
also generates corrections quadratic in k) through the wave function renormalization in-
duced by the Higgs self-energy diagram. Such contributions have been computed for
electroweak [46, 47, 134] and single-Higgs observables [41—44, 135, 136].

Following reference [43], we can parametrize the NLO corrections to an observable X in
a process involving a single external Higgs field as

INLo = ZnZio(1+kACq), (5.2)

where Yo denotes the LO value, C; is a process-dependent coefficient that encodes the
interference between the NLO amplitudes involving k, and the LO ones, while Z} corre-
sponds to the universal resummed wave-function renormalization and is explicitly given

by

z, 1 9 Gum#, ( 2n

=, ith My =—— —— — 1| ~—-0.00154. .
1—K38Zn wi H 16 2m2 \3/3 ) 5:3)

The current run plan of CLIC anticipates a low-energy operation at 380 GeV as a Higgs factory. We did not
consider this run alone as the lack of a separate run at a lower energy will constitute an hindrance to the
indirect determination of the trilinear Higgs self-coupling.

This parametrization is equivalent to an EFT description in which deviations in the Higgs trilinear self-
coupling arise from a dimension-6 operator [HTH]|3.
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Figure 5.1: One-loop diagrams involving the trilinear Higgs coupling contributing to the main sin-
gle-Higgs production processes: ete™ — hZ (top row) and e*e™ — vvh (middle row). The Higgs
self-energy diagram (bottom) gives a universal modification to all Higgs production processes via
wave function renormalization.

The impact of a deviation k) = k) — 1 from the SM value of the trilinear Higgs self-
coupling is therefore

)R
5y = N—LO_] ~ (Cq —I—ZSZH)éKy\—i-éZH(SK%, (5-4)
Inco(ka =1)

up to subleading corrections of higher orders in 6Zy and C;.5 The linear approximation
in 0k, is usually accurate enough to describe the deviations in single-Higgs processes
inside the typical constraint range [6k)| < 5. We will nevertheless use the unexpanded 6%
expressions throughout this chapter to derive numerical results.

The value of C; in Higgsstrahlung (e"e~ — hZ) and WW-fusion (ete~ — v¥h) pro-
cesses are shown in the left panel of Figure 5.2 as functions of the center-of-mass energy
V/s. Very different energy dependences are observed for the two processes. A quick de-
crease is seen in Higgsstrahlung, from C; ~ 0.022 at threshold to about C; ~ 0.001 at a
center-of-mass energy of 500 GeV. On the other hand, a nearly constant value C; ~ 0.006
is observed for the WW-fusion process over the same range of energy. Further numerical
values are provided in section B.1 for both production and decay processes. Besides the
inclusive production and decay rates, we also checked the impact of a non-zero 5k, on
the angular asymmetries that can be exploited in ete™ — hZ — h{*{~ measurements

We checked explicitly that the one-loop squared term of order 54 is subdominant compared to the 5ZH5K%
one.
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linear dependences of observables to parameters 6k,, 6cz, ¢zz, Czo
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Figure 5.2: LEFT: Value of C; (as defined in Equation 5.2) as a function of the center of mass
energy +/s for the ete™ — hZ and e"e™ — vVh single-Higgs production processes. RiGHT: The
linear dependence of production and decay rates on the 6kj, dcz, czz and cy parameters (see
subsection 5.2.2 for details on the meaning of these parameters). For ete™ — vvh, only the
WW-fusion contribution is included. The dependence on 6k; is amplified by a factor of 500.

(see references [137, 138]). We found that these effects are almost negligible and have no
impact on the fits.

To conclude this section, we show in the right panel of Figure 5.2 the linear dependences
of a set of production rates and Higgs partial widths on 5k, and on three EFT parameters
that encode deviations in the Z-boson couplings, dcz, czz and cz (see subsection 5.2.2
for a detailed discussion of the full set of BSM effects we are considering). Only leading-
order dependences are accounted for, at one loop for 6k, and at tree level for the other
parameters. One can see that the various observables have very different dependences on
the EFT parameters. For instance, dcz affects all the production processes in an energy-
independent way.6 On the contrary, the effects of czz and czg grow in magnitude for
higher center-of-mass energy in both Higgsstrahlung and WW-fusion cross sections. It is
apparent that the combination of several measurements can allow us to efficiently disen-
tangle the various BSM effects and obtain robust constraints on k. From the sensitivities
shown in Figure 5.2, we can roughly estimate that a set of percent-level measurements in
single-Higgs processes has the potential of constraining dk) with a precision better than
O(1) and the other Higgs EFT parameters to the percent level. We will present a detailed
quantitative assessment of the achievable precisions in the following.

5.2.2  Global analysis

Analysis of Higgs data at lepton colliders alone

Having obtained the one-loop contributions of 5k, to single-Higgs observables, we are
now ready to determine the precision reach on the Higgs trilinear self-interaction. In
order to obtain a robust estimate, we perform here a global fit, taking into account not
only deviations in the Higgs self-coupling, but also corrections to the other SM interactions
that can affect single-Higgs production processes.

In the language of the dimension-six operators, dcz is generated by the operator Oy = %(aMHZ\)Z, which
modifies all Higgs couplings universally via the Higgs wave function renormalization.
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For our analysis, we follow reference [118], in which the impact of single-Higgs mea-
surements at lepton colliders on the determination of Higgs and electroweak parameters
was investigated. We include in the fit the following processes

e Higgsstrahlung production: e*e~ — hZ (rates and distributions),
e Higgs production through WW-fusion: e*e~ — vvh,

e weak boson pair production: eTe~ — WW (rates and distributions),

with Higgs decaying into a gauge boson pair ZZ*, WW*, vy, Zvy, gg or pairs of fermions
bb, cc, tHT, utp.

New physics effects are parametrized through dimension-six operators within an EFT
framework. For definiteness, we express them in the Higgs basis and refer to reference [37]
for a detailed discussion of the formalism. Since CP-violating effects are strongly con-
strained experimentally, we exclusively focus on CP-conserving operators. We also ignore
dipole operators and work under the assumption of flavor universality. We relax this as-
sumption only to consider independent deviations in the top, bottom, charm, tau, and
muon Yukawa couplings. This add two extra Wilson coefficients to the formalism pre-
sented in chapter 3.

To estimate the precision of the measurement of the EFT parameters, we assume that
the central values of the experimental measurements coincide with the SM predictions
and we neglect theory uncertainties. For simplicity we compute the SM cross sections
at LO, neglecting NLO effects coming from SM interactions. These contributions can
be important for the experimental analysis, since the modifications they induce in the
SM cross sections can be non negligible compared to the experimental accuracy. For the
purpose of estimating the bounds on BSM effects, however, they play a negligible role. We
adopt a further simplification regarding electroweak precision observables, treating them
as perfectly well measured. Such an assumption can significantly reduce the number of
parameters to consider and is straightforward to implement in the Higgs basis which
transparently separates the Higgs and electroweak parameters. The potential impact of
this assumption will be discussed at the end of section 5.4.

Under the above assumptions, we are left with twelve independent dimension-six ef-
fective operators that can induce leading-order contributions to single-Higgs and dibo-
son processes. To this set of operators, we add the correction to the Higgs self-coupling
parametrized by 6k,.” The full list of parameters included in our fit contains:

corrections to the Higgs couplings to the gauge bosons: dcz, czz, czo, Cyy, Czy,

Cgg/

corrections to the Yukawa's: 8y, §yc, dyb, dYr, Sy,

corrections to trilinear gauge couplings only: Az,

correction to the trilinear Higgs self-coupling: dkj.

Since our focus is on the future sensitivity to the trilinear Higgs self-coupling, we
present results in terms of dkj only, profiling over all other parameters. For a detailed
analysis of the sensitivity on the other operators see section B.2 and references [118, 119].

In our fit, we only include terms linear in the coefficients of the EFT operators, neglect-
ing higher-order corrections. This approximation can be shown to provide very accurate
results for all the parameters entering in our analysis [118]. The only possible exception is

7 In the notation of reference [37] the 5k, parameter corresponds to 6Az/A.
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CEPC/FCC-ee alone CEPC/FCC-ee + HL-LHC
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Figure 5.3: Chi-square as a function of 5k, after profiling over all other EFT parameters. Three run
scenario are considered for circular colliders, with 5ab™" at 240GeV and {o, 200fb™*, 1.5ab™"} at
350 GeV, without beam polarization. The shaded areas cover different assumptions about the preci-
sion of TGC measurements. LEFT: circular lepton collider measurements only. RIGHT: combination
with differential single- and double-Higgs measurements at the HL-LHC.

dky, which can be tested experimentally with much lower precision than the other param-
eters. Although we checked that a linear approximation is reliable also for dk,, we keep
Equation 5.4 unexpanded in our numerical analyses. For simplicity, cross terms involving
ok and other EFT coefficients are however neglected, since the strong constraints on the
latter coefficients and the loop factor make these contributions irrelevant.

In order to estimate the precision of Higgs measurements at different luminosities, we
use a naive scaling with an irreducible 0.1% systematic error. This systematic error has
no impact for the benchmark scenarios we consider, but becomes non-negligible for the
large-luminosity projections presented at the end of this section (see Figure 5.5). Another
important source of uncertainty in our fit comes from the precision on the determination of
TGCs. In our analysis, we consider a range of possibilities. In the most conservative case,
we assume 1% systematic errors in each bin of the ete™ — WW angular distributions
used to constrain anomalous triple gauge couplings (aTGCs) [118]. In the most optimistic
case, we assume that aTGCs are constrained much better than all the other parameters,
so that they do not affect our fit. This is equivalent to enforcing the following relations
among the EFT parameters:

2 12 12 2 12

9°+g [ 2 ” 2 9 29 —49
d0g1,z= 75—~ |—9°czo—9g'“czz+ e —S—5¢Cyy + 9" S5——>5c¢C =0,
g1,z 2(92_9/2) gcz g Y4 gz+g,2 YY g 92+9/2 Zy

2 2 2 2

g e g -—g

dky = —Z|Cyy—>5——=+Czv H—2= —¢C =0, .
2% 3 <vvgz_|_9/2 ngz+g/2 ZZ) (5.5)

Az =0.

We start our discussion of the fit results by considering the benchmark scenarios for
circular colliders. The profiled Ax? fit as a function of dk) is shown in the left panel of
Figure 5.3. The Ax? = 1 intervals are also reported in Table 5.1.

The numerical results show that a 240GeV run alone has a very poor discriminating
power on the Higgs trilinear coupling, so that only an O(few) determination is possible
(brown dashed lines in the plot). The constraint is also highly sensitive to the precision
in the determination of TGCs, as can be inferred from the significantly different bounds
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lepton collider alone lepton collider + HL-LHC

non-zero aTGC zero aTGC non-zero aTGC zero aTGC
HL-LHC alone [—0.92,+1.26] | [—0.90,+1.24]
CC 240GeV (5 ab™ 1) [—4.55,+4.72] | [-2.93,+3.01] || [-0.81,+1.04] | [—0.82,+41.03]
+350GeV (200 b~y || [—1.08,+1.09] | [—1.04,+1.04] || [—0.66,40.76] | [—0.66,+0.74]
+350GeV (1.5 ab™ ") [—0.50,40.49] | [—0.43,+0.43] || [—0.43,+0.44] | [—0.39,40.40]
ILC 250GeV (2 ab™ 1) [-5.72,+5.87] | [-5.39,+5.62] || [—0.85,+1.13] | [-0.85,+1.12]
+350GeV (200 b~ ") || [—1.26,+1.26] | [—1.18,+1.18] || [—0.72,+0.83] | [—0.71,+0.80]
+350GeV (1.5 ab™ ") [—0.64,+0.64] | [—0.56,+0.56] || [—0.52,+0.54] | [—0.48,+40.50]

Table 5.1: Ax? = 1 bounds on 5k, from single-Higgs measurements at circular lepton colliders (de-
noted as CC) and the ILC. The first column shows the results for lepton colliders alone, while the
second shows the combination with differential measurements of both single- and double-Higgs
processes at the HL-LHC. For each scenario two benchmarks with conservative and optimistic as-
sumptions on the precision on trilinear gauge couplings are listed. The integrated luminosity is
assumed equally shared between P(e~, e") = (£0.8, F70.3) for the ILC.

in the conservative and optimistic aTGCs scenarios. The inclusion of measurements at
350 GeV drastically improves the results. An integrated luminosity of 200 fb™" at 350 GeV,
is already sufficient to reduce the uncertainty to the level [5k)| < 1, whereas 1.5 ab~! leads
to a precision [dkx| < 0.5.

It is interesting to compare the above results with the constraints coming from an ex-
clusive fit in which only corrections to the trilinear Higgs coupling are considered and
all the other parameters are set to zero. With 5 ab™' collected at 240/250 GeV, and irre-
spectively of the presence of a run at 350 GeV, we find that such a fit gives a precision of
approximately 14% in the determination of dk,. The strongest constraints come from the
measurement of the e™e™ — Zh cross section in the 240 GeV run, which is the observable
with the largest sensitivity to 0k, (see discussion in subsection 5.2.2 and left panel of Fig-
ure 5.2). Other processes measured in the 240 GeV and higher-energy runs have only a
marginal impact on the exclusive fit.

The exclusive fit provides a bound much stronger than the global analyses, signaling
the presence of a nearly flat direction in the global fits. We found that 5k, has a strong
correlation with dcz and cgg, while milder correlations are present with ¢z and A 2.8
This result sheds some light on the origin of the improvement in the global fit coming
from the combination of the 240 GeV and 350 GeV runs. The latter runs, although probing
processes with a smaller direct sensitivity to dk», are useful to reduce the uncertainty
on the other EFT parameters. In particular, the 350 GeV run with 1.5ab™" of integrated
luminosity allows for a reduction of the uncertainty on dcz, cgq, czo and Az by a factor
of about 4. This in turn helps lifting the flat direction in the global fit. This effect is clearly
visible from the left panel of Figure 5.4, which shows the fit on the 6«) and 6cz parameters
obtained with a 240 GeV run only and with the inclusion of a 350 GeV run.

8 Notice that a loosely constrained direction involving 6cz is already present in the global fit not including
dky [118]. The addition of the trilinear Higgs coupling makes this feature even more prominent.
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Figure 5.4: Global constraints on dcz and dk;, obtained from single-Higgs measurements at cir-
cular colliders (left panel) and ILC (right panel), illustrating the improvement brought by 350 GeV
runs. Dashed lines are for the latter only, while solid lines combined them with the 240/250 GeV
one.

Synergy between measurements at the HL-LHC and lepton-colliders

So far, we only considered the precision reach of lepton colliders on the extraction of the
trilinear Higgs self-coupling. Significant information on 8k, can however also be obtained
at the high-luminosity LHC. It is thus interesting to estimate the impact of combining the
different sets of measurements.

The Higgs trilinear self-coupling can be accessed at the HL-LHC mainly through the
exploitation of the Higgs pair production channel pp — hh. An analysis of this channel
within the EFT framework has been presented in reference [58], in which the most promis-
ing channel, namely pp — hh — bbyy, has been investigated. A differential analysis
(taking into account the Higgs pair invariant mass distribution) allows to constrain ok
to the interval [—1.0, 1.8] at the sz = 1 level. A second minimum is however present in
the fit, which allows for sizable positive deviations in dk), namely an additional interval
dka € [3.5,5.1] can not be excluded at the Ax? = 1 level. Some improvement can be ob-
tained complementing the pair-production channel with information from single-Higgs
channels, which are affected at NLO by the Higgs self-coupling. In this way, the overall
precision becomes 5k € [—0.9,1.2] at the Ax? = 1 level (with the additional minimum at
5ka ~ 5 excluded) and 6k € [—1.7,6.1] at the Ax? = 4 level(see chapter 4). To estimate
the impact of HL-LHC, we will use here the results of the combined fit with differential
single and pair production (corresponding to the orange solid curve in the right panel of
Figure 5.3).

The combinations of the HL-LHC fit with our benchmarks for circular lepton colliders
are shown in the right panel of Figure 5.3. One can see that a 240GeV run is already
sufficient to completely lift the second minimum at ék ~ 5, thus significantly reducing
the Ax? = 4 bounds. The precision near the SM point (5k) = 0) is however dominated by
the HL-LHC measurements, so that the lepton collider data can only marginally improve
the Ax?> = 1 bounds. The situation is reversed for the benchmarks including a 350 GeV
run. In this case, the precision achievable at lepton colliders is significantly better than
the HL-LHC one. The combination of the LHC and lepton collider data can still allow
for a significant improvement in the constraints if limited integrated luminosity can be
accumulated in the 350GeV runs (see Table 5.1). With 1.5 ab~ " collected at 350GeV, on
the other hand, the lepton collider measurements completely dominate the bounds.
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Figure 5.5: Ax? = 1 bounds on 8k, deriving from single-Higgs and diboson production measure-
ments at lepton colliders as a function of the integrated luminosity collected at both 240/250 and

350GeV. Conservative (solid) and optimistic (dashed) assumptions are used for the precision of
diboson measurements.

Similar results are obtained for the low-energy ILC benchmarks. In this case, the lower
integrated luminosity forecast at 250GeV (2ab™") can be compensated through the ex-
ploitation of the two different beam polarizations P(e—,et) = (£0.8,70.3). The only dif-
ference with respect to the circular collider case is the fact that the 250 GeV run fit is more
stable under changes in the trilinear gauge couplings precision. This is due to the avail-
ability of runs with different polarizations, which provide better constraints on the EFT
parameters. Analogously to the circular collider scenarios, the combination of the 250 GeV
measurements with the HL-LHC data allows to completely lift the minimum at 5k, ~ 5,
while a 350GeV run would easily surpass the LHC precision. We report the results for
the ILC benchmarks in section B.2 (see Figure B.2). For completeness, we mention that an
exclusive fit on 8k, at the ILC allows for a precision of approximately 32%, significantly
better than the one expected through a global fit. Also in this case a nearly flat direction is

present when deviations in all the EFT parameters are simultaneously allowed (see right
panel of Figure 5.4).

Having observed the significant impact of the combination of measurements at 240/250
GeV and 350GeV center-of-mass energies, to conclude the discussion, we now explore a
continuous range of integrated luminosities accumulated at the various colliders. The
Ax? = 1 limits as functions of the integrated luminosity are displayed in Figure 5.5
for the circular colliders and the ILC. Conservative and optimistic precisions for TGC
measurements are respectively assumed to obtain the solid and dashed curves. The
combination of runs at these two different energies always brings drastic improvements.
The fastest improvements in precision on the 6k, determination is obtained along the

L3s50Gev/L240Gev = 0.7 and L350 gev/L250 gev == 0.5 lines for circular colliders and the
ILC, respectively.
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Figure 5.6: Higgs pair production cross sections at lepton colliders as functions of the center-of-
mass energy (based on Fig. 7 of reference [141]) and illustrative diagrams. The difference between
the two vvhh curves is entirely due to double Higgsstrahlung followed by invisible Z decay.
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5.3 HIGH-ENERGY LEPTON MACHINES

Having explored the reach of low-energy lepton colliders in the previous section, we
now enlarge our scope to include machines with center-of-mass energies above 350 GeV.
They offer the opportunity of probing directly the trilinear Higgs self-coupling through
Higgs pair production processes, double Higgsstrahlung e"e~ — Zhh and WW-fusion
ete” — vVhh in particular. The precision reach in the determination of 5k, at ILC
and CLIC has already been studied by the experimental collaborations [139, 140]. These
studies performed an exclusive fit, allowing for new-physics effects only in the trilinear
Higgs self-coupling.

In this section, we first review the experimental projections on the extraction of the
Higgs self-coupling from double-Higgs channels. In this context, we also point out how
differential distributions, in particular in the WW-fusion channel, can allow for an en-
hanced sensitivity to dk). Afterwards, we reconsider Higgs pair production measure-
ments from a global EFT perspective, showing how the determination of dkj is modified
by performing a simultaneous fit for all EFT parameters. We also evaluate how these
results are modified by combining double-Higgs data with single-Higgs measurements
from low-energy runs.

5.3.1 Higgs pair production

As already mentioned, Higgs pair production at high-energy lepton machines is accessible
mainly through the double Higgsstrahlung e*e~ — Zhh and WW-fusion e"e™ — vvhh
channels. The cross sections for these two production modes as functions of the center-of-
mass energy of the collider are shown in Figure 5.6. It is interesting to notice their com-
pletely different behavior, so that the relevance of the two channels drastically changes
at different machines. At energies below approximately 1TeV, double Higgsstrahlung is
dominant whereas, at higher energy, the channel with the larger cross section is WW-fu-
sion. To be more specific, the cross section of double Higgsstrahlung reaches a maximum
at /s ~ 600 GeV before starting to slowly decrease as the s-channel Z boson gets more and
more offshell. On the contrary, the ete™ — vVhh cross section initially grows steadily
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Figure 5.7: Dependence of the Higgs pair production rates on 6k, at various center-of-mass en-
ergies. Shaded bands display the precision claimed by dedicated experimental studies on the
standard-model cross sections. Absolute cross sections are provided in the legend.

with the center-of-mass energy of the collider and adopts a logarithmic behavior above
10 TeV. Notice that the ete™ — vvhh channel receives non-negligible contributions that
are not of WW-fusion type. The largest of them arises from double Higgsstrahlung fol-
lowed by a Z — vV decay. These contributions can however be efficiently identified at
sufficiently high center-of-mass energies since the kinematic of the process is significantly
different from that of WW-fusion. Notice, moreover, that both double-Higgs production
cross sections are significantly affected by the beam polarization (see section B.2 and Fig-
ure B.3).

The ete~ — Zhh process at the ILC with 500 GeV center-of-mass energy has been
thoroughly studied in reference [139]. A total luminosity of 4 ab™', equally split into
two beam polarization runs P(e—,e") = (£0.8,F0.3), allows for a precision of 21.1% on
the cross section determination through the exploitation of the hh — bbbb final state. A
further improvement can be obtained by also including the hh — bbWW* channel, in
which case the precision reaches 16.8%.

The ee~ — vVhh process has been studied at a 1 TeV center-of-mass energy, in the
context of the ILC. A significance of 2.70 (corresponding to a precision of 37%) could be
achieved in the hh — bbbb channel, assuming an integrated luminosity £ =2 ab™ ' and
P(e ,e") = (—0.8,+0.2) beam polarization [142].

Studies of the eTe™ — vvhh process at CLIC (both at 1.4 TeV and 3 TeV center-of-mass
energy) are available in reference [140]. Assuming unpolarized beams and 1.5 ab~!, the
precision on the 1.4TeV cross section could reach 44%. With 1.5ab™", the 3TeV cross
section could be measured with a 20% precision. Both bbbb and bbWW?* channels are
included in these analyses, though the sensitivity is mainly driven by the former, as shown
in Table 28 in reference [140].

The dependence of the Higgs pair production cross sections on 6k, is shown in Fig-
ure 5.7 for a set of benchmark scenarios. The SM cross section for each benchmark is
provided in the legend.? Shaded bands show the precisions on the determination of the

9 The ILC 1 TeV SM cross section is obtained from Fig.7 of reference [141] and scaled from P(e™,e") =
(—0.8,+0.3) to P(e”,e™) = (—0.8,+0.2). The unpolarized CLIC SM cross sections are taken from refer-
ence [140].
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Ax? =1 Ax? =4

ILC 500 GeV [—0.31, 0.28] [—0.67, 0.54]
ILC 1 TeV [—0.25, 1.33] [—0.44, 1.52]
ILC combined [—0.20, 0.23] [—0.37, 0.49]
CLIC 1.4 TeV [—0.35, 1.51] [—0.60, 1.76]
CLIC 3TeV [—0.26, 0.50] U [0.81, 1.56] | [—0.46, 1.76]
CLIC combined | [—0.22, 0.36] U [0.90, 1.46] | [—0.39, 1.63]

+Zhh [—0.22, 0.34]U[1.07, 1.28] | [—0.39, 1.56]
2 bins in vvhh [—0.19, 0.31] [—0.33, 1.23]
4 bins in vvhh [—0.18, 0.30] [—0.33, 1.11]

Table 5.2: Constraints from an exclusive fit on 6k, derived from the measurements of vvhh and
ete” — vvhh cross sections at ILC and CLIC, with all other parameters fixed to their standard-
model values.

SM rates discussed above. Note the experimental collaborations made no forecast for the
precision on double Higgsstrahlung at 1 TeV and above.

It is interesting to notice that, around the SM point, the sensitivity of both Higgs pair
production channels to 5k, gets milder at higher center-of-mass energy. On the contrary,
the sensitivity to the other EFT parameters tends to increase with energy. Another impor-
tant feature is the significant impact of terms quadratic in 6k, on the behavior of the cross
section around the SM point, especially for the WW-fusion channel shown in the right
panel of Figure 5.7. For this reason, a linear approximation is in many cases not sufficient
to extract reliable bounds. In Table 5.2, we list the Ax?> = 1 and 4 bounds obtained from
the benchmarks ILC and CLIC runs retaining the full dependence of the cross section on
5K}\.

From Figure 5.7, one can see that the interference between diagrams with and without a
trilinear Higgs vertex has opposite sign in double Higgsstrahlung and WW-fusion. These
two processes are thus more sensitive to positive and negative values of 5k respectively.
A combination of double Higgsstrahlung and WW-fusion measurements could hence be
used to maximize the precision for both positive and negative values of dk). Such a
scenario could be achieved at the ILC through the combination of a 500 GeV and a 1 TeV
run. The impact of such combination can be clearly seen from the plot in the left panel of
Figure 5.8.

Being quadratic functions of dkj, inclusive cross sections (for each process and collider
energy) can match the SM ones not only for 6k, = 0, but also for an additional value
of the trilinear Higgs self-coupling, resulting in a second minimum in the Ax?. In WW-
fusion, the SM cross section is also obtained for 6k ~ 1.08, 1.16 and 1.30 at center-of-mass
energies of 1, 1.4 and 3 TeV, respectively. Whereas, for double Higgsstrahlung at 500 GeV,
the SM cross section is recovered at dk) ~ —5.8. This latter solution poses no practical
problem for ILC since it can be excluded by HL-LHC measurements. Alternatively, it can
be constrained by Higgs pair production through WW-fusion at 1 TeV, as well as through
the indirect sensitivity of single-Higgs measurements.
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Figure 5.8: Chi-square for the exclusive fit of 5k for various combinations of Higgs pair production
measurements at the ILC (left) and CLIC (right).

For CLIC, the secondary solutions at 0k) =~ 1 are more problematic. They can be con-
strained neither by HL-LHC data, nor by single-Higgs measurements which are mostly
efficient close to the threshold of the single-Higgsstrahlung production. A more promising
possibility is to exploit double Higgsstrahlung rate measurements. At center-of-mass ener-
gies above 1 TeV, however, they only provide weak handles on §k,. The et e~ — Zhh cross
section becomes relatively small, being only 0.08 fb at 1.4 TeV with unpolarized beams.
Moreover, the sensitivity to the trilinear Higgs self-coupling decreases with energy, as
shown in Figure 5.7. Since the experimental collaborations did not provide an estimate
for the CLIC precision achievable on the SM e"e™ — Zhh rate, we estimate it by naively
rescaling the ILC 500GeV projections by the total cross section at CLIC. We find that
adding this information to inclusive ete™ — vvhh rates measurements only excludes the
second minimum to the To level (dashed orange line in the right panel of Figure 5.8).

In addition, we consider the possibility of performing a differential analysis of double-
Higgs production through WW-fusion, studying whether a fit of the Higgs pair invariant
mass distribution My, can be sufficient to further exclude the dk) ~ 1 points. The Myn
distribution shows a good sensitivity to the Higgs trilinear, which mainly affects the shape
of the distribution close to the kinematic threshold. This can be observed in Figure 5.9,
obtained at the parton level with MadGraph5 [143] (with FeynRules [144] and the BSMC
Characterisation model [145, 146]) for 1.4 and 3 TeV center-of-mass energies. The solid
blue curves correspond to the SM point dk) = 0. The dashed red curves are obtained
for the other value of 8k, at which the vvhh coincides with the SM value (dk) = 1.16 for
1.4 TeV and bk, = 1.30 for 3 TeV). The dotted cyan distributions are obtained for vanishing
trilinear Higgs self-coupling (k) = —1).

We estimate the impact of a differential analysis of the vvhh channel by performing a
simple fit of the My, invariant mass distribution. We consider either two or four bins,
whose ranges are listed in Table 5.3. For simplicity, we work at parton level and assume
a universal signal over background ratio across all bins. The right panel of Figure 5.8
summarizes the result of the fits. It shows that a differential analysis can be useful in
enhancing the precision on dkj. In particular, it allows us to exclude the second fit solution
5k =~ 1.3 at the Ax? = 1 level, and to reduce significantly the Ax? = 4 bounds for positive
deviations in the Higgs self-coupling. For instance, the 4-bin fit restricts 6k, to the range
[—0.18,0.30] at the Ax? = 1 level and [—0.33,1.11] at Ax? = 4 level.
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Figure 5.9: Invariant mass distribution of the Higgs pair in ete™ — vvhh at 1.4 TeV (left) and
3 TeV (right). The solid blue curves are obtained in the SM (5k) = 0). The red dashed curves are
obtained with the other value of k) which leads to a cross section equal to the SM one. The cyan

dotted curves are obtained for vanishing Higgs self-coupling (dk) = —1).
2 bin boundaries [GeV] 4 bin boundaries [GeV]
1.4 TeV 250-400 400-1400 250-350 | 350-500 | 500-600 | 600-1400
3TeV 250-500 500-3000 250-450 | 450-650 | 650-900 | 900-3000

Table 5.3: Definitions of the bins used in the Higgs-pair invariant mass distribution of eTe™ —
vvhh at 1.4 TeV and 3 TeV.

5.3.2 Global analysis

It is important to verify whether the results discussed in subsection 5.3.1, obtained assum-
ing new physics affects only the triple-Higgs coupling, are robust in a global framework
once all other EFT parameters are taken into consideration. We therefore perform a global
analysis at ILC and CLIC including measurements of both double-Higgs (Higgsstrahlung
and WW-fusion) and single-Higgs processes (vvh, Zh, tth and e"e h) in addition to
diboson production.

We adopt the following benchmark scenarios chosen by the experimental collaborations
for Higgs measurement estimates:

1Lc: we follow the scenario in reference [133], assuming ILC can collect 2ab™" at 250 GeV,
200fb™" at 350GeV and 4 ab™ ' at 500GeV, equally shared between the P(e~,e") =
(£0.8,F0.3) beam polarizations. We also consider the possibility of an additional run
at 1 TeV gathering 2 ab™* with one single P(e,e*) = (—0.8, +0.2) beam polarization.

cric: we follow reference [140] and assume 500fb™" at 350GeV, 1.5ab™" at 1.4 TeV and
2ab™" at 3TeV can be collected with unpolarized beams. It should be noted that a
left-handed beam polarization could increase the vvhh cross section and somewhat
improve the reach on dkj.

For the global fit, we follow the procedure and assumptions adopted for the single-
Higgs processes fit at low-energy colliders. We also include the one-loop dependence on
dky in single-Higgs production and decay processes, as done in section 5.2. Such effects
are also included in the top-Higgs associated production ete~ — tth and in ZZ-fusion
ete” — ete h, although they have a negligible impact. On the other hand, only the
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Figure 5.10: Delta chi-square as a function of 6k, for the high-energy ILC (left) and CLIC (right)
benchmarks. The results are obtained through a global analysis, profiling over all other EFT

parameters.

Ax? =1 Ax? =4
ILC up to 500 GeV [—0.27, 0.25] [—0.55, 0.49]
ILC up to 1 TeV [—0.18, 0.20] [—0.35, 0.43]
CLIC [—0.22, 0.36] U[0.91, 1.45] | [—0.39, 1.63]
+Zhh [—0.22, 0.35] U [1.07, 1.27] | [-0.39, 1.56]
2 bins in vvhh [—0.19, 0.31] [—0.33, 1.23]
4 bins in vvhh [—0.18, 0.30] [—0.33, 1.11]

Table 5.4: Precision on the determination of 5k obtained through a global fit including pair- and
single-Higgs production channels for several benchmark scenarios at ILC and CLIC.

tree-level Higgs self-coupling dependence is considered in Higgs pair production pro-
cesses, since one-loop corrections are numerically insignificant. As already stressed, the
quadratic dependence on 0k in Higgs pair production processes cannot be neglected. In
this case, cross terms between 5k, and other EFT parameters are also accounted for. The
linear approximation is adopted in all other cases. The estimates for the precision of the
SM Higgs pair production cross section are taken from references [139, 140, 142] already
discussed in the previous section.

The results of the global fit for the ILC and CLIC benchmark scenarios are shown in
Figure 5.10. The Ax? = 1 and 4 intervals are also listed in Table 5.4. It is interesting to
compare these results with the ones obtained through the exclusive fit on 0k, discussed
in subsection 5.3.1 (see Figure 5.8). The x? curves for ILC (up to 500GeV or 1TeV) and
CLIC (no binning, 2 bins and 4 bins in M) show very mild differences in the global
fit with respect to the exclusive one. This demonstrates that the additional EFT param-
eters are sufficiently well constrained by single-Higgs measurements and therefore have
a marginal impact on the global fit. We also analyzed the impact of combining ILC and
CLIC measurements with HL-LHC ones. The precision achievable at the LHC is signif-
icantly poorer than the one expected at high-energy lepton colliders, so that the latter
dominate the overall fit and only a mild improvement is obtained by combination.
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Figure 5.11: LEFT: Chi-square profiled over all EFT parameters but dk» for ILC (up to 500 GeV).
RicHT: The same for CLIC (no binning in My,y,). Three scenarios are shown. The solid black curves
correspond to the 6k, only fit from the double-Higgs measurements. The dashed blue/cyan curves
correspond to the global fits in Figure 5.10. The additional dashed curves are obtained by rescaling
the uncertainties of single-Higgs measurements (including e™ e~ — WW) by an overall factor. For
example, Ay x 10 denotes that the uncertainties of the single-Higgs and diboson measurements
are multiplied (worsened) by a factor 10.

We saw that allowing for other EFT deformations beside dk» does not worsen the global
fit significantly. This result, however, was by no means guaranteed. To stress this point,
we display in Figure 5.11 the profiled x? obtained by artificially rescaling the precision in
single-Higgs measurements. The ILC (up to 500 GeV, left panel) and CLIC (no binning in
Mhnhn, right panel) benchmarks are used as examples. For each collider, we show the re-
sults of the exclusive 0k, analysis of the Higgs pair production measurements (solid black
curve) and of the global analysis (dashed blue/cyan). The additional dashed curves cor-
respond to global fits in which the precision in single-Higgs and diboson measurements
is rescaled by factors ranging from 0.5 to 10. It can be seen that the global fit is sizably
affected by such a rescaling, in particular the fit precision is significantly degraded if sin-
gle-Higgs measurements become worse. This result shows that a comprehensive global
analysis of the single-Higgs measurements is crucial for obtaining robust constraints on
dk). Notice moreover that an improved precision on single-Higgs measurements could
have a positive impact on the determination of the Higgs self-coupling at the ILC.

The impact of the uncertainty on the EFT parameters measurements on the extraction
of the Higgs self-coupling from Higgs pair production was also recently investigated in
reference [119]. It focused mainly on Higgs pair production through double Higgsstrah-
lung at ILC 500 GeV and on single-Higgs production in lower-energy runs, taking into
account the uncertainties on SM parameters and electroweak precision observables. Loop-
level contributions to single-Higgs processes coming from a modified Higgs self-coupling
were not included in the fit, and the linear approximation was used to obtain the numer-
ical results. The final fit takes into account runs at 250 and 500GeV, with 2 and 4ab™"
respectively equally shared between P(e—,et) = (F0.8,40.3) beam polarizations. The
estimated precision on the measurement of «; is 30%, which is in good agreement with
the constraints we obtained in our ILC benchmark scenario.
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5.4 THE TRILINEAR AT LEPTON COLLIDERS

In this chapter, we analyzed the precision reach on the determination of the Higgs trilinear
self-coupling at future lepton colliders. We covered a comprehensive set of scenarios in-
cluding low-energy and high-energy machines. The former can only access the Higgs self-
interaction indirectly through NLO corrections to single-Higgs processes. High-energy
colliders can instead test deviations in the Higgs trilinear coupling directly, through the
measurement of Higgs pair production, in particular double Higgsstrahlung and WW-fu-
sion.

We performed a global analysis, simultaneously taking into account corrections to the
Higgs self-coupling and deviations in EFT parameters affecting Higgs interactions with
other SM particles. The results of the analysis are summarized in Figure 5.12 for the
various benchmark scenarios considered. For each scenario, three sets of bounds are
shown. Thin lines with vertical ends show the precision expected from measurements
at lepton colliders only. The superimposed thick bars combine them with HL-LHC mea-
surements. Finally, the thin solid and dotted lines are obtained by combining single-
Higgs measurements only at lepton colliders with the single-Higgs HL-LHC bounds (Th).
As discussed in the main text, unpolarized beams are assumed for the CEPC, FCC-ee
and CLIC. For the ILC runs up to 500GeV, an equal share of the luminosity at the two
P(e ,e") = (+0.8,F0.3) beam polarizations is assumed, whereas a single polarization
P(e ,e") = (—0.8,+0.2) is adopted at 1 TeV.

We found that a global analysis is essential to derive robust bounds on 6k,. This is
the case, in particular, if only low-energy lepton machines, such as CEPC or FCC-ee, are
available. In this scenario, the Higgs self-coupling can be determined with good accuracy,
around 40% at the Ax?> = 1 level, by exploiting single-Higgs measurements in the vvh
and Zh channels as well as diboson production. In order to achieve this accuracy, it is
essential to combine runs at different center-of-mass energies, for instance at 240 GeV and
at 350 GeV, both with luminosities in the few attobarns range. Measurements at a single
energy, in fact, leave a nearly flat direction unresolved in the global fit and lead to a very
poor determination of k. Runs at two different energies can instead significantly reduce
the flat direction by better constraining the other EFT parameters.

The high-energy linear colliders making direct measurements of the triple-Higgs self-
coupling through pair production still provide the best constraints. Double Higgsstrah-
lung and WW-fusion yield complementary information, being more sensitive to positive
and negative deviations in the Higgs self-coupling respectively. It is interesting to notice
that the dependence of these two processes on dkj is stronger at lower center-of-mass
energy, as shown in Figure 5.7, so that ILC runs at 500 GeV and 1TeV energy maximize
the overall precision allowing for a determination of the trilinear Higgs self-coupling with
a 20% uncertainty approximately, at the Ax? =1 level.

High-energy measurements alone, such as the ones available with the 1.4 and 3TeV
CLIC runs, can only rely on vvhh production and have limited sensitivity to positive
deviations in k). In this case, a second minimum in the global fit is present for ok, ~ 1.
The additional minimum can be excluded by performing a differential analysis exploiting
the Higgs pair invariant mass distribution, whose threshold behavior is strongly sensitive
to deviations in the Higgs self-coupling. A differential analysis can provide an order-20%
determination of 5k at the Ax? = 1 level, however values of dk) ~ 1 would still be
allowed at the Ax? = 4 level.
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It is interesting to compare the above results with the ones achievable at the HL-LHC.
The HL-LHC is expected to be sensitive only to deviations of O(1) in the Higgs self-cou-
pling. As one can see from Figure 5.12, this precision is comparable to (or better than) the
one achievable at low-energy lepton colliders with low integrated luminosity at 350 GeV
runs. This is the case for our circular collider benchmarks with 200fb™ of integrated lu-
minosity at 350GeV, as well as for the low-energy runs of the ILC. In these scenarios the
HL-LHC data will still play a major role in the determination of dk,, while lepton collid-
ers always help constraining large positive ok, that the HL-LHC fails to exclude beyond
the Ax? = 1 level. On the other hand, with 1ab™" of luminosity collected at 350 GeV, the
lepton collider data starts dominating the combination.

To conclude the discussion, let us come back to our assumption of perfectly well mea-
sured electroweak precision observables. It seems fully justified if low-energy runs at the
Z-pole are performed. This could for instance be the case at the ILC, CEPC, and FCC-ee
which could respectively produce 107, 10'°, and 10'? Z bosons. A Z-pole run for these
machines can provide significant improvements with respect to LEP measurements (2 - 107
Z bosons), making electroweak precision observables basically irrelevant for the extraction
of the Higgs trilinear self-coupling.

bounds on 6k, from EFT global fit
-2 -1 0 1 2 3
LIS, S, ., S, S ., S, ., S S, )
e 68%,95%CL bounds, lepton collider only
- 68%,95%CL bounds, combined with HL-LHC
XX XX 88% CL bounds (combined with HL-LHC)
» === 68%,95%CL bounds, 1h only (w/ HL-LHC 1h)

HL-LHC % -1 14TeV(3/ab), rates & distributions
CEPC{?%! 240GeV/(5/ab) only (CEPC)
& 50| 240GeV/(5/ab)+350GeV(200/fb)

FCC-ee 240GeV/(5/ab)+350GeV(1.5/ab) (FCC-ee)

FCC-ee with zero aTGCs

ILC 1.181250GeV(2/ab) only

17 5:1250GeV(2/ab)+350GeV(200/fb)

0, |above + 500GeV(4/ab)
T042]above + 1TeV(2/ab)

CLIC 350GeV/(500/fb)+1.4TeV(1.5/ab)+3TeV(2/ab)

s|+Zhh at 1.4 TeV

= |binned My, in vvhh (4 bins)

8Ky (222 -1)
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Figure 5.12: Summary of the bounds on &k, from global fits for various future collider scenarios.

For the “Th only” scenario, only single-Higgs measurements at lepton colliders are included.
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Without a new Z-pole run, evaluating the impact of a limited accuracy on electroweak
precision observables might be less straightforward. An analysis of such scenario for the
ILC collider has been recently presented in reference [119]. This work explicitly includes
present constraints on mz, the Ay, asymmetry at the Z-pole, I'z_,11, I'z, 'w and forecasts
for improved my, my, and 'y measurements, assuming no new run at the Z-pole. In
that scenario, it is argued that Higgs measurements can be used to improve the constraints
on the electroweak parameters. The achievable precision is sufficient to ensure that elec-
troweak precision observables do not significantly affect the determination of dkj.

The precision necessary to decouple electroweak and Higgs parameters determinations
in other benchmark scenarios might deserve further exploration. We think that elec-
troweak precision measurements will have a negligible impact on trilinear Higgs self-cou-
pling determination at high-energy machines where Higgs pair production is accessible.
This conclusion is supported by the results of section 5.3 showing that the determination
of dk; is only mildly affected by the other EFT parameters, once a wide-enough set of sin-
gle-Higgs measurements is considered. The situation for low-energy colliders, in which
the Higgs self-coupling can be accessed only indirectly through single-Higgs processes,
is instead less clear. As we saw in section 5.2, the precision on 6k, obtained through a
global fit is significantly lower than the one estimated through an exclusive analysis. Con-
sequently, the precision of the single-Higgs and triple-gauge coupling extractions has a
relevant impact on the fit. In principle, electroweak precision parameters could affect the
bounds on single-Higgs couplings and thus indirectly degrade the 0k, constraint. This
aspect might be worth a more careful investigation, which is however beyond the scope
of the present work.



PRESENT AND FUTURE OF THE TRILINEAR

The quest for measuring the Higgs boson’s properties started just six years ago. Nowa-
days, we have a good broad picture, of its properties such as the spin, CP nature and its
coupling to heavy particles. Nevertheless, the long quest for checking just how close to
the SM prediction this new boson is has barely started. Even if the HL-LHC should im-
prove our picture, determining the couplings to lighter particles and studying the Higgs
potential is going to require more time and new generations of colliders.

In this section, we decided to focus on the determination of the Higgs trilinear coupling.
Despite its simplicity, the Higgs mechanism comes with a lot of puzzles awaiting answer;
such has the Hierarchy problem, the stability of the EW vacuum and the possibility to have
baryogenesis through a first order phase transition. Deviation from the Ginzburg-Landau
¢* potential could give us information on some of these new physics scenarios. While the
two SM parameters governing this potential are easy to measure since they depend on the
Fermi constant and the position of the bump in four lepton or two photon mass spectrum,
a direct determination of the trilinear and quartic Higgs self-coupling is made extremely
challenging by the smallness of the cross section and background of the relevant processes.
The current bound on the trilinear of order 20 times the SM value, at the 95% CL level
after 35.9fb™" of integrated luminosity, are a witness to this fact.

On top of that, the impossibility to directly observe the Higgs boson in the detectors
makes the direct determination of its couplings impossible. Only its production followed
by subsequent decay or its off-shell effects can be observed. This has strong consequences
for the determination of the Higgs couplings since, contrary to the mass, they can not
be determined without some assumptions on the underlying theory. Since current LHC
results are compatible with the existence of a mass gap between the SM and new physics,
EFT is powerful tool to extract these couplings with minimal dependence on the underly-
ing new physics. Nevertheless, since most new physics comes with deviations to several
SM couplings, this methode also comes with several new parameters as we saw in sec-
tion 2.2. Due to the correlation between the different parameters, globals fits with as
many observables as possible are needed.

In this work, we reviewed the prospect of measuring the trilinear coupling in this frame-
work at the current and next generation of colliders. We used the new proposal by refer-
ences [42—44] to first study the prospect of constraining the trilinear at the HL-LHC using
higher order corrections to single-Higgs physics. In our framework, the extra parameters
resulted in an unconstrained direction in our fit, which called for the addition of extra
observables, together with differential information in order to be resolved. Nevertheless,
it seems that even with these extra observables, this method should at best complement
Higgs-pair production in constraining the trilinear. Even then, the bound at the end of
the HL-LHC should reach between [—0.7, 7] times the SM at the 20 level. Except in the
case of dramatic new physics, this will not be enough detect a deviation from the SM.
Extrapolating our result to an hypothetical HE-LHC, with an energy of 33 TeV and 10ab™
of data, we obtain results which are compatible with reference [147], with a 20 range of
[0.5, 1.7] for the trilinear.
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Trilinear current and future bounds
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Figure 6.1: Current and future expected bound on the trilinear.

Following our finding regarding the use of higher order corrections in single-Higgs
processes, we extended our study to the next generation of leptonic colliders. The high
precision of these machines allow, even for circular collider, which do not have access to
double-Higs production to improve on the bound the HL-LHC reaching a precision at
the 20 level in the range [—0.05, 2.24] with around 6ab™" of luminosity. Linear colliders,
thanks to the access to several running energies and to pair production, should manage
to obtain even stronger bound, reaching the 50% level.

The final world should not only come from the colliders studied in this work, but
also the next generation of high energy hadron colliders, as summarized by Figure 6.1.
Thanks to the growth in the double-Higgs cross section, we expect double-Higgs processes
to dominate over loop effects in single-Higgs production for extracting the trilinear. A
100 TeV machine combined with a luminosity of 30ab™" could determine the trilinear at
the 5% level. Nevertheless, the FCC is not going to close the chapter on the Higgs potential;
although the trilinear should be constrained at the few percent level, the quartic will only
be constrained between [—4, 16] [61] times the SM value. The story continues.
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PARITY OF A SCALAR PARTICLE DECAYING INTO PHOTONS

This chapter of the thesis reproduce the paper [4], with minor modifications and a re-
worked introduction to link it with the rest of the thesis.

7.1 CONTEXT

In December 2015, the first 3fb™" recorded at 13TeV is released and interesting and un-
expected result has been shown by both the ATLAS [148] and CMS [149] collaboration.
Both were seeing an excess of event containing two photons with center of mass energy
around 750GeV. The local significance for those two excess were 3.60 and 2.60 for AT-
LAS and CMS respectively. Due to the high resolution of the two experiments, including
the look elsewhere effect was diminishing the significance 20 and 1.20. The channel’s
cleanness, and the fact that two experiments were seeing an excess at the same place rose
enthusiasm across the community. This enthusiast was consolidated by further study of
the signal [150]. The number of papers on the subject are a witness of this fact. The
inspire search [151] currently return a little more than 500 papers. Unfortunately, a few
months later, the new results appeared and washed out the bump leaving just the ex-
pected smoothly decaying background. Therefore, the previously seen bump was just a
statistical fluctuation.

Before learning this fact, we decided to study the prospect to measure the CP properties
of this particle using EFT. Even if the results of the paper are not directly useful, since they
are based on the assumption the di-photon excess came from a new scalar particle with a
cross section of around 8 fb~", which was later proven not to be the way nature work, we
reproduce here the paper [4] since the method used is an interesting showcase of another
use of EFT and could easily be adapted for future excesses. Compared to Part ii where
we restricted ourself to the SM field content, in this chapter we add a new scalar singlet,
allowing the addition of an dimension-5 operator in the EFT which do not break lepton
number. Thanks to the lower dimension and the sizable cross section, we can neglect the
dimension-6 operator presented in the previous part of the work.

Assuming the excess is real it can be easily interpreted in terms of a spin-o real singlet
(although explanations in terms of spin-1 and spin-2 particles have also received some
well-deserved attention). Both production and decay are hence to be mediated by heavier
states’ whose effects can be encoded in a small set of effective operators. Throughout this
work we adopt this approach and we explore the potential of the next run of data to un-
ravel the CP nature of this candidate, namely whether it is a scalar or a pseudo-scalar (of
course, the 750 GeV singlet could also be an admixture of both scalar and pseudo-scalar,
i.e. it could have some interactions that are not invariant under CP transformations, but

The model proposed in reference [152] is an exception where the diphoton excess originates from a solitary
new degree of freedom without the need for any additional electrically charged particles, nor new strong
dynamics. Alternative non-resonant models with long decay chains have also been proposed to explain the
750 GeV diphoton excess. In this work, we limit ourselves to the simplest interpretation with a single resonance
whose couplings to gluons and photons are mediated by additional heavier states charged under QCD and
QED.
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Figure 7.1: Parameter space region in the plane ¢y, — cww/cgp compatible with the diphoton
excess and current constraints. Regions filled with horizontal lines can not account for the observed
signal. Regions filled with vertical lines are in turn bounded by direct searches at 8 TeV. The
values of cyq are labeled on dashed contour lines. In the left (right) panel I's = I'qg + 'ww + I'sB
(I's =45 GeV) is assumed. The total (additional) width is shown in solid green (brown) lines in the
left (right) panel.

we omit this possibility for now.) We start considering a generic parameterization in sec-
tion 7.2 and discussing the current constraints. Production via gluon fusion (GF) and VBF
turn out to be sizable in a large region of the parameter space. However, they are shown
to give flat directions that can be only disentangled if new production mechanisms are
considered. In this respect, we explore the potential of producing the singlet resonance in
association with a SM gauge boson in subsection 77.3.1. The rest of the chapter is structured
as follows. In subsection 7.3.2 and 7.3.3, we introduce two asymmetries in the kinematical
distributions of GF and VBF events. They are intended to differentiate the two CP hypoth-
esis. The advantage of this approach relies on the fact that most systematic uncertainties
cancel out. Statistical uncertainties are on the other hand properly taken into account. We
perform simulations to estimate the efficiency for selecting signal and background events
in both categories in eight different decay modes: 4¢,2j2¢,2j¢F1,2y 2j,4L2j,20y 2j,4j 2¢
and 4j LEt. We show that after all cuts, sizable efficiencies are obtained for most signals
while still keeping backgrounds under control. Despite that we do not attempt to optimize
these cuts, all together the eight channels can probe a wide region of the available param-
eter space within the current run of the LHC, as explained in section 7.4. We conclude in
section 8.5.

7.2 PARAMETERIZATION AND CONSTRAINTS

This work aims mainly to provide a guideline for future efforts on the analysis of the parity
properties of a resonance S with mass M ~ 750 GeV. We assume S to be a spin-o SM gauge
singlet. Besides, the production cross section into diphotons mediated by S is assumed
to be 8fb. The question of the spin and parity properties of S is made legitimate by the
unexpected character of the excess and thus by the absence of any particular theoretical
prejudice towards one hypothesis. Actually we do not focus on any particular model nor
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we attempt to address the effective-field theory of S in full generality. In fact, the relevant
Lagrangian for our phenomenological study can be parameterized as [153]

1
& = S (gﬁcggG“VGw + gZewwW*Y W,y + g2 cggB*VB 1y

+92839G"Y Gy + gPewnwWHY W,y + g'ZCBBB”VBw) (7.1)

Here, g5, g and g’ stand for the SM SU(3), SU(2) and U(1) gauge couplings, respectively.
G, W and B are the corresponding field-strength tensors. For a generic F, F is defined as
Fuv = %ew(xﬁ F*P. The tilded (non-tilded) coefficients are zero if S is a scalar (pseudo-
scalar). We disregard further couplings to the SM fermions and to the Higgs doublet
since they do not introduce any qualitative change in our analysis. Actually the latter
has anyway to be small to pass the constraints from Higgs measurements [154] and ZZ
resonant searches [155]. The decay width of S into the different decay modes provided by
the interactions above can be easily computed for M > mw,z, with myy(z) the mass of
the W*(Z) boson. In this limit, the decay widths to the different pairs of gauge bosons
are given by

gq :87toc2M( 2 42 ),

g9
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2 ~ 2
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rzz —ﬂocgmM[ <CBBtW+ ) + <CBBtW+ V2 ) :| ’
tiy tw
2o
Tww=—3 M (ciyw + Evw) (7:2)
w

with ¢y, = cgp + cww, tw and sy the tangent and sine of the Weinberg angle, aem
the fine-structure constant and o5 = g2/(47). The photon field-strength coefficient is
thus given by 4mxemcy/2M. The cross section for the single production of S and the
subsequent decay into two photons at a center of mass energy /s reads

] 1
oY (s) = s MTs (CggTgg + CyyTyy) Tyy, (7.3)

where I's stands for the total width. €44 and C,, represent instead dimensionless parton
luminosities for gluon and photon fusion, respectively. Their values at 8(13) TeV have been
found to be approximately 174 (2137) and 11 (54), respectively [153]. The single production
of S via GF at 13 TeV is thus enhanced with respect to 8 TeV by a factor of ~ 5, which can
be in agreement with the absence of departures from the SM predictions in the first LHC
run. This in fact translates into a bound on oYY (8 TeV) < 2 b [156, 157]. This observation
is no longer true for single production via photon fusion. It is only increased by a factor of
~ 2.9 and therefore in tension with current constraints (see for example [158, 159]). The ¢,
coupling is bounded from above (below) to avoid too large (small) a diphoton cross section.
In the same vein, experimental searches for resonant Zy [160], ZZ [161] and Wt W™ [162]
production at 8 TeV set stringent limits on this setup. This information is summarized in
Figure 7.1. The allowed parameter space in the c,, — cww/cpp plane that can explain
the excess while evading the current bounds is presented in this plot. For every point in
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this plane, c44 has been fixed so that 0¥Y(13TeV) = 8fb. The corresponding values are
shown in dashed blue lines. The region filled with vertical lines is excluded mainly by
WTW™ and Z searches at 8 TeV. Notice also that the bounds coming from direct searches
would be weaker if 6¥Y (13 TeV) was smaller. The solid green (brown) contour lines stand
for the total (additional) width. In the left panel of the figure we assume that I's coincides
with these contours. In the right panel we fix it instead to the best-fit value reported by
the ATLAS Collaboration [148], I's = 45 GeV, by considering an additional partial width
of S into soft (or partially invisible) particles that escape detection.

7.3 DIFFERENT CHANNELS
7.3.1 Associated production

It can be seen from Figure 7.1 that resonance searches for massive gauge bosons are only
sensitive to the ratio cww/cgg. It is also apparent that there are other flat directions,
i.e. that the different couplings cannot be accessed independently from each others. In
fact, even if it was possible to determine I's experimentally, we would have to measure
all S decay modes to be able to bound each coupling independently. This seems highly
unrealistic, first, because I's might remain out of the experimental resolution, and second
because it would require to also tag decays into gluons and (potentially) invisible particles,
a notoriously difficult task in the busy hadronic environment of the LHC. Thus, different
strategies should be considered in this respect. One possibility relies on S production in
association with a gauge boson (a previous study in this direction has been presented
in reference [163]). The corresponding Feynman diagram is depicted in the left panel of
Figure 7.2, while the cross sections are shown in Figure 7.3. These have been computed
by using MadGraph v5 [143] (Feynrules v2 [144] has been first used to implement the
interactions of Equation 7.1). Other automatic tools have been developed and used [164]
to study models aiming at explaining the diphoton excess. In the region of parameter
space compatible with the reported excess, the associated production cross sections can be
as large as few tens fb. And even for rare decay modes, (e.g. a branching ratio below 0.001
for S — ZZ — 4{), enough events can still be collected with large luminosities. Note also
that the corresponding backgrounds are almost negligible (see for example reference [165]
for an experimental study of three photon final states). Thus, in Figure 7.4, we elaborate
on the idea of resolving flat directions using further production modes. To this end, we
consider a hypothetical scenario in which the ratio cyww/cgp has been experimentally
established (this measurement can be performed by just observing the ratio of vy events
over ZZ or Zy events). Clearly, ¢y and cqq cannot just be individually determined by
fitting the diphoton excess. This flat direction in the cgg — ¢y plane is depicted by the
orange band in Figure 7.4 for I's = 45GeV and cww/cgs = 1. Now in addition if the
associated production SW#* — 2y2j is observed to be, for example, 0.0T +0.005 fb, the
degeneracy is broken and ¢, can be constrained independently, as shown by the vertical
band in the figure. The discussion above assumes no substantial direct coupling of S to the
SM fermions. If such couplings exist, another contribution to the associated production
originates when an EW gauge boson is radiated off from one of the initial quarks (right
panel of Figure 7.2). However, the cross section is negligible when linked to light quarks
under the assumption that the couplings obey a minimal flavor violation structure and are
therefore naturally expected to be of the size of the Yukawa couplings. Flavor constraints
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q \%

-/ =/

q q S
Figure 7.2: Feynman diagrams for S production in association with a gauge boson V. The process
on the right panel can only arise for S coupling directly to the light quarks. It has not been
considered in our analysis, since it can be neglected under simple flavor assumptions (see the text
for details).

would be hard to evade otherwise. If large couplings to the light quarks were nonetheless
present, relying on some cancellation to pass flavor constraints, then a detailed study of the
kinematic would be worth performing in order to discriminate the various contributions
to the associated production. We have checked that the associated production cross section
via an initial b quark remains smaller than the contributions computed in Figure 7.3 in
most of the parameter space. Finally, we have checked that the gluon-fusion associated
production S +W=*/Z /v together with an extra jet is typically subdominant too, except in
the region of small ¢, (< 0.1) where it can anyway be reduced by an appropriate cut on
the gauge boson pt and by vetoing the extra jet.

This simple analysis illustrates the importance of considering the associated production
mechanisms. Indeed, the argument does not hold equally well for S production in VBF
since it turns out to have a remaining large dependence on cy4. The reason is that, contrary
to the Higgs case whose couplings to the electroweak gauge bosons appear at the tree
level, VBF contamination by gluon initiated processes in the singlet case can be rather
large even after tagging on forward jets [166, 167]. Cuts in this respect are provided in
subsection 7.3.3. Nonetheless, it is worth to point out that measurements in VBF together
with the determination of I's might shed light on possible S hidden decays [168].

On top of it, a last comment concerns the spin-1 alternatives for explaining the diphoton
excess. As it has been pointed out in reference [171], these scenarios rely on the production
of a 750 GeV vector boson that subsequently decays into a photon and a light scalar. The
latter further decays into two collimated photons that, at the detector level, appear to be a
single one. This kind of setup can not however give rise to sizable amount of three gauge
boson events. Particularly with W+ in the final state. As a consequence, S production in
association with gauge bosons provides a striking signature for disentangling spin-o and
spin-1 models.

The distinctive kinematics of associated production provides different ways to inquire
the parity of such a scalar. The polar angle of the radiated vector boson has been high-
lighted in this respect in the context of Higgs physics (see for example references [172,
173], and reference [174] for related experimental searches at Tevatron). The large Higgs
coupling to the longitudinal polarization of the gauge bosons are however instrumental
for these studies. The rather small splitting between the Higgs mass and mz and myy,
is also of major significance for analyses based on the behavior of the cross section near
threshold. Accordingly, this observable is no longer suitable for S physics (note that S
might not even couple to the longitudinal polarization of the gauge bosons). Related re-
sults in this direction have been also pointed out in reference [175]. Further observables
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Figure 7.3: Contour lines of the cross sections (in fb) for the associated production channel with
an electroweak gauge boson in the plane ¢y —cyww/cgg. The numbers stand for each group of
three contour lines.
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Figure 7.4: Regions in the cy, — cgg plane constrained by the diphoton excess for cww/cgp = 1
for I's = 45 GeV. The vertical band stands for the value of ¢, determined by measurements of
pp = SWE — 2y2j (see the text for details). Dijet constraints from 8 TeV data [169, 170] are also
shown.

for Higgs physics have been presented for example in reference [176]. Several angles be-
tween the Higgs momentum and reconstructed momenta of the leptons and jets in the
decay of the gauge boson produced in association with the Higgs boson have been identi-
fied as discriminating variables to scrutinize the CP properties of S. However, the rather



7.3 DIFFERENT CHANNELS

40 2520 2j0F+
€ (%) 42 40 30
op (fb) o0.04 34 240

Table 7.1: Estimated signal efficiencies (e) and background cross sections (o) for GF events after
the cuts described in the text.

small cross section in this channel compared to GF and VBF makes the latter much more
appropriate for an early data analysis. We will thus focus on these channels hereafter.

7.3.2  Gluon fusion
The GF production cross section can be conveniently written as

2
oF =123 x (%) b, (7.4)
as computed at LO using MadGraph. The NN23LO1 [177] parton-distribution functions
(PDFs) have been used. From the computation of the GF production at higher order
in the SM, we expect a large K-factor of order 1.7 — 2 at NLO. This K-factor will anyway
drop in the computation of the asymmetry computed below. We do not include it since
a consistent treatment would also require a NLO estimation of the various backgrounds,
which is beyond the scope of our analysis. Three different decay modes of S are consid-
ered in GF, namely S — ZZ in both the fully leptonic (4f) and the semileptonic channels
(2 20) as well as S — WHTW™ with semileptonic decay (2j¢ Et). In order to tag these events
at the experimental level, all events are first required to pass the following set of common
cuts. Leptons must have pgr > 10GeV and ¢l < 2.5. Jets are instead required to have
pjT > 20 GeV and n; < 5. Same-flavor leptons must be separated by AR > 0.2 while differ-
ent-flavor leptons must fulfill AR > 0.1. Besides, all leptons must be separated from other
jets by AR > 0.2, and jets by AR > 0.4 among themselves.

Then, exactly two opposite-sign lepton pairs are required in the four-lepton channel.
The two with invariant mass closest to mz are tagged as coming from one Z, and the other
two from the second one. In the semileptonic ZZ decay exactly two opposite-sign leptons
and at least two jets must be present. In the semileptonic W W™ decay exactly one lepton
and at least two jets and E1 > 20 GeV are instead required. The longitudinal momentum
of the neutrino can be in this case reconstructed by the W* on-shell condition (see for
example reference [178]). Following reference [161], we take the smaller in absolute value
among the two possible solutions. There is no further ambiguity in pairing pair of particles
with the corresponding massive gauge bosons in any of these channels. We therefore
require any reconstructed Z (W) mass to be in a window of +20 GeV around mz (mw ).
Besides, each Z and W+ is required to have pt > 250 GeV. On top of this, the invariant
mass of the four SM tagged particles is required to be in the range [700, 800] GeV. Finally,
the event must not pass the VBF criteria, to be defined in the next section.

The window around the mass of the gauge bosons in the previous cuts is required in
order to further reduce the background with respect to the signal (which gets only slightly
affected). In particular, pair of jets come mainly from QCD radiation and hence their
invariant masses do not necessarily peak at the myy(mz) mass. However, if signals with
off-shell gauge bosons were to be studied, the corresponding cut should be relaxed. In
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this respect, it is worth mentioning reference [179], where the authors claim that the four-
lepton channel can get sizable contributions from processes containing a virtual photon.

The efficiencies for selecting events in each of these categories are shown in Table 7.1.
The estimated cross sections for the SM backgrounds after passing all cuts are also shown.
The irreducible backgrounds dominate in all cases. Therefore, only these have been tak-
ing into account. In order to compute all these quantities we have generated parton-level
events with MadGraph v5 which are subsequently passed through Pythia v6 [180] to ac-
count for showering, hadronization and fragmentation effects. The cuts above are finally
implemented in MadAnalysis v5 [181].
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Figure 7.5: 6CF distribution for reconstructed four-lepton signal events for the scalar (solid blue)
and the pseudo-scalar (dashed red) cases. The background is shown in dotted green. Signal
and background distributions have been independently normalized to unity. Their respective
importance will depend on the parameter space point.

Having reconstructed the momenta of the four decay products, we can define the fol-
lowing asymmetry:

N(0CF > 7t/4) — N(6CF < 7/4)

GF _
A= N(0CF > 7t/4) + N(0CGF < 7/4)’ (7.5)
where
CF _ { 0 if 0 <m/2 oo
m—0 if 0 >m/2
and
(p1 xp2) - (p3 X Pa) }
0 = arccos .
{ Ip1 x p2llps x pal (7.7)

with p7 2 and p3 4 the three-momenta of the decay products of each massive gauge boson.
This observable has been widely used in Higgs physics (see for example reference [182]).
However, the small Higgs mass makes some channels above not suitable for CP studies
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Figure 7.6: AGF distribution for the scalar (solid blue) and the pseudo-scalar (dashed red) cases
with 40 observed events after 10’000 pseudo experiments. The distance (d) between the two central
values in terms of the largest o is also shown.

with this asymmetry, inasmuch as the signal peaks in the region populated by the SM
background. For S decays instead, the rather large mass allows us to stay in much more
suppressed background regions. Note also that two body S decays could be also consid-
ered. As a matter of fact, photon conversion events have been discussed in the Higgs
literature [183]. The typical opening angle of the lepton products are however of the order
of m/Ey ~ 107%, which is well below any present or future experimental sensitivity.

ACF(S-41) Signal only ASF(S-4l) Signal=Background

0.4 0.4

10 Even

d/Tmax 1 dlomax
2

20 40 60 80 100 20 40 60 80 100
Number of signal events Number of signal events

Figure 7.7: One sigma statistical interval for ASF as a function of the total number of observed
events for only signal (left panel) and with as much background as signal (right panel) for the
scalar (solid blue) and pseudo-scalar (dashed red) cases. The distance (d) between the two central
values in terms of oy = max{cp, o} is also shown.

In four-lepton events, the variable defined in Equation 7.6 takes the form shown in
Figure 7.5. No significant departures from this shape are found in other channels. In
order to quantify the discrimination power of this asymmetry for a given number N,
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of observed events, we perform 10’000 pseudo experiments with N, events each.> As
a matter of example, the distribution followed by ASF for Nyps = 40 for signal only is
shown in Figure 7.6. The one sigma statistical uncertainty is defined by the symmetric
interval around the center of the distribution containing the 68% of the total area. For
the matter of example, this is also shown in the figure. These 40 events in the 2j{Ft
final state can be reached, in the minimal width case, for luminosities as low as £ ~
5fb~! for (cyy,eww/cep) = (2,2), while (¢y,cww/cgp) = (0.1,0.1) would require
£ > 100 fb~!. The large background makes the analysis harder and the luminosity needed
to discriminate the two CP hypotheses will be estimated in section 7.4. Figure 7.7 gives the
asymmetry ASF as a function of the total number of observed events under the assumption
of negligeable background (left panel) and under the assumption of as many background
events as signal events (right panel).

7.3.3 Vector-boson fusion

The LO cross section for producing S in association with two jets with pt larger than
10GeV, separated by at least AR > 0.1 and with dijet invariant mass above 400 GeV, can
be approximately written as

CZ 2 2 .2

VBF Cgg \? vy CyyT T
=45 (99) 112 1.7 4 b ,
° [ (0-01> T T e T 3(1 +1)2] (7:8)

with v = cww/cgg. The coefficients above have been again computed using MadGraph
with the NN23L01 PDFs. The interference between gluon-initiated diagrams (proportional
to cgg) and VBF diagrams is negligible and hence not shown in this equation. Two ex-
ample diagrams are depicted in Figure 7.8. Hereafter we denote by S%P and SEW the
production computed using each channel alone. S®P in the plane cyy — cww/cpp can
be easily estimated using this equation in light of the c44 values provided in Figure 7.1.
Instead SEW is plotted in Figure 7.9.

q

/

q q
Figure 7.8: Examples of Feynman diagrams for S production via electroweak (left) and QCD (right)
with two additional jets.

VBF events can be tagged at the experimental level in five different decay modes of S.
These comprise the three possibilities described in the previous section with two addi-
tional forward jets, namely 4(2j, 4j 2{ and 4j L E1, as well as the decay into yy and ¢7(™ .
Events are first selected by imposing the same common cuts as in GF, while photons
should be separated from any other tagged particle by AR > 0.2. When more than two

2 These results could have been obtained analytically as shown in Appendix C.
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Figure 7.9: Contour lines in the plane cww/cgg —cyy of S production cross sections (in fb)
with two forward jets initiated by electroweak gauge bosons and after the parton-level VBF cuts
described in the text.

jets are present, forward-jet candidates are selected to be those two jets with invariant
mass m;,j, less similar to mz (or my) among the four leading jets. They are subse-
quently required to fulfill the VBF criteria. This is defined by m;,;, > 500 GeV, n;,n;, <0,
|An;,5,| > 3 and AR;,5, > 0.4. These cuts are motivated by previous searches for heavy
Higgs bosons [155]. Any reconstructed Z (W™) is again required to have a mass within a
window of +20 GeV around mz (myy). Besides, the pt of the two leading photons as well
as the pr of each reconstructed Z and W* must be still larger than 250 GeV. Finally, we
require the invariant mass of the two reconstructed SM gauge bosons to be in the range
[700, 800] GeV. The efficiencies for selecting events in each of these categories, referred
to events generated using the parton-level cuts in Equation 7.8, are shown in Table 7.2 for
SQD and SEW. Notice that gluon-initiated VBF can be dominant due to the rather large
coefficient in front of cg4g in Equation 7.8. This result contrasts with the Higgs case, the
reason being that, unlike the singlet S, the Higgs boson couples to the electroweak gauge
bosons at the tree level.

2v2j 4025 20vy2j 4§20 450¢+

€QCD 6 12 14 11 9
EEW 18 15 18 15 12
op (fb) 042 o0.001 0.03 1.8 15

Table 7.2: Estimated signal efficiencies (e, in percent) and background cross sections (oy,) for
VBF events after the cuts described in the text. Gluon-initiated processes (QCD) can very much
contaminate pure EW VBF.

The estimated background cross sections are also shown in Table 7.2. The irreducible
backgrounds dominate each category. The channels 4j 2¢ and 4j { Et are mostly populated
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by Drell-Yan and W+ production with radiated jets, rather than by diboson events. These
cross sections are of similar magnitude to those reported in the figures of reference [155],
which uses slightly different cuts. We construct the following asymmetry for VBF events:

qvee _ N(8YPF > m/4) — N(8VPF < m/4)

N(6VBF > 71/4) + N(0VPF < 71/4)’ 7.9
where, analogously to the GF case,
eVBF _ { 0 if 0 < 7'[/2 ) (7.10)
n—0 if 0> m/2

with 6 the angle between the pt of the two tagged forward jets. This observable has been
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Figure 7.10: 8VBF distribution for reconstructed four-lepton signal events for the scalar (blue) and
the pseudo-scalar (red) cases. Solid and dashed lines stand for SEW and SQCP respectively. The
background is shown in dotted green. Signal and background distributions have been indepen-
dently normalized to unity. Their respective importance will depend on the parameter space point.

previously considered in the literature in the context of Higgs studies (see for example
reference [184, 185]). As a matter of example, we show the distribution for 8VBF as recon-
structed in four-lepton signal events in Figure 7.10. As in the GF case, the distribution in
other channels does not present significant differences. The discrimination power of this
angle is apparent from the plot. In order to quantify it for a given number N, of observed
events we proceed as in the previous section. Figure 7.11 shows the distribution followed
by AVBF for Ny = 40 and S?P = SEW under the assumption that the background is
negligible. In the 2j2y channel, this number of events can be reached with luminosities
of order £ ~ 60fb~"! for (cyvy,eww/ceB) = (2,2), while (¢y~,cww/cgg) = (0.1,0.1) re-
quiress £ ~ 200fb~!. We plot the one sigma statistical interval as a function of the total
number of observed events in Figure 7.12 under the assumption of no background (left
panel) and as much background as signal (right panel). It turns out that less than 40 (60)
events are necessary to start disentangling the CP properties of S if there is no background
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Figure 7.11: AVBE distribution for the scalar (solid blue) and the pseudo-scalar (dashed red) cases
with 40 observed events and SUP = SEW after 10’000 pseudo experiments. The distance (d)
between the two central values in terms of the largest o is shown in the lower panels.

(if there is as much background as signal). Despite this result being apparently much bet-
ter than the one obtained in GF (see Figure 7.7), in practice VBF is much suppressed (see
Equation 7.4 and Figure 7.9) and they are hence complementary.

7.4 RESULTS

For each point in the parameter space region and for each of the eight event categories i
defined for GF and VBF, we compute ASF and AVBF by estimating the number of signal
and background events. For a fixed luminosity, the latter can be derived from Table 7.1
and 7.2. The number of signal events in each case can be in turn computed as

Nsignal = Z o xBR(S — 1) x ¢4, (7.11)
i

where €; stands for the corresponding experimental efficiency as provided in Table 7.1
and 7.2, too. We assume these efficiencies to be independent of the coefficients of the
operators in Equation 7.1. We have checked that this is the case in almost the whole pa-
rameter space, small variations arising only in the VBF 2y 2j channel for cyww < ¢y . At
any rate, this region is dominated by S®“P and therefore not sensitive to these variations.
Figure 7.13 shows the regions where, with a total luminosity of 300fb™", the CP-odd hy-
pothesis can be excluded at the 2o level in favor of the CP-even using the two asymmetries
separately (in the left panel no extra sources for I's are considered while in the right panel
I's =45 GeV instead). These regions are defined by requiring the mean value of A in the
odd case to be separated by at least 20 from the mean value of A in the even case. For the
matter of an example, this separation (d) is also shown in Figure 7.6 and 7.11.

The separation between the two hypothesis exceeds 1.50 throughout the parameter
space. It is important to mention that small variations on the efficiency and cross sec-
tion of the 2y 2j channel can make the corresponding region to look notably different for a
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Figure 7.12: One sigma statistical interval for AVEF as a function of the total number of observed

events for only signal (left panel) and as much background as signal (right panel) for the scalar
(solid blue) and pseudo-scalar (dashed red) cases. SQCD — SEW has been assumed in both panels.
The distance (d) between the two central values in terms of omax = max{cp, og} is shown in the
lower panels.

fixed luminosity. In that respect, an optimisation of the different cuts, as well as other more
sophisticated analyses like the matrix-element method used [186] in the four-lepton Higgs
decay channel, can help covering larger regions of the parameter space. At any rate, even
with the basic cuts used in our analysis, luminosities slightly larger than 300fb™" will be
sufficient to test at the 20 confidence level the whole parameter space compatible with
8 TeV constraints and 13 TeV data.

The area excluded by searches at 8 TeV (see Figure 7.1) has been superimposed. Note
that this area would be smaller if the required diphoton cross section at 13 TeV was smaller
than the 8 fb that we are using throughout this chapter. With 30fb™" only a small portion
of the available parameter space can be tested.

It can be shown that GF and VBF channels are complementary, the former being mostly
sensitive to the upper region with even small ¢, . It is also worth emphasizing the role
played by semileptonic WTW ™ decays. This is in contrast with Higgs physics, for which
considering these final states is not even possible, inasmuch as the signal peaks in the
region populated by the huge W*+ jets background. At any rate, the dominant channel
is given by S — vy in VBF. Indeed, the fact that gluon-initiated processes can also con-
taminate the EW VBF selection makes this channel sensitive even to regions of small EW
couplings, which require large cgyg.

7.5 CONCLUSIONS

In this chapter, we have studied methods to measure the CP properties of scalar resonance,
which was initially discovered through its decay to photons. This was motived by the
interesting excess seen by both ATLAS and CMS. As history proved, we lost the bet that
this excess had a physical origin. Nevertheless, our method could be modified and applied
to any future scalar resonance coupling to gauge bosons. We started by discussing how
associated production with a gauge boson could resolve the flat direction and allow us
to extract the individual coupling to photon and gluon. We then used the constraints
available to define the parameter space of interest. We studied the potential of LHC to
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Figure 7.13: Parameter space regions for which the CP odd and even hypothesis can be disen-
tangled at the 20 level with 300fb™". The region where the CP nature can be determined by the
different channels is given by the area above the corresponding line. The grey striped regions are
excluded (see Figure 7.1). In the left panel we assume no extra contributions to I's, while in the
right panel we fix I's = 45GeV. The light area enclosed by the dashed lines stands for the 1.70
region.

unravel the CP nature of such a scalar. Two different asymmetries were covered in this
regard. These are to be constructed out of events produced in gluon and vector-boson
fusion respectively. We have shown that events in these categories can be efficiently tagged
at the experimental level while keeping backgrounds under control. We have emphasized
that as few as ~ 50 events are needed to separate the CP even and odd hypotheses. This
event count can be reached in different regions of the parameter space during the next
LHC run. In particular, for the full run all the parameter space region is expected to be
probed, relying mainly on the VBF 2y 2j channel.
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PROBING LIGHT TOP PARTNERS WITH CP VIOLATION

This chapter of the thesis reproduces the paper [1] with minor modifications and a re-
worked introduction to link it with the rest of the thesis.

8.1 INTRODUCTION

In this chapter, we want to compare the constraints on composite Higgs (CH) models
coming from direct searches from the LHC and from indirect searches coming from low
energy precision measurements. From an EFT point of view, the approach is very different
for the two cases. Direct searches rely on the production and decay of the new heavy
particle, which bring us to the same situation as chapter 7. Therefore, we are clearly
outside of the range of validity of the Standard Model EFT and need at least one additional
field. In this case, however, we use a simplified model. This model is based on the
minimal structure capturing the relevant information of a class of UV physics and allows
for extraction of stronger bounds thanks to the extra assumptions.

On the other hand, for the low energy constraint, we are in the complete opposite
situation since the energy scale is well below the mass of the new states (which are already
constrained to appear close or above the TeV scale). We want to reverse the situation
of Part ii; instead of trying to extract bounds with little model dependence, we want
to use the generic bounds set by experimentalists and translate them for our simplified
model. The experimental bounds are given in terms of dipole operators and the Weinberg
operator, we can find in Equations (2.13) and (2.11) with a different normalization:

Zett = —dq500" Y 4Awy —dg 3 G0 Ty 4Gl —w%f“chﬁGGf’,"Téc'”" . (8.1)
Although these operators also appear in section 2.2, we are technically in a different sit-
uation. Due to the very low scale of the experiment, heavy SM particles such as the top
quark are also integrated out. Starting from the simplified model, we can naturally inte-
grate out the heavy physics and obtain the value of d and w in term of our UV physics.
This is where the advantage of EFT is made clear, since the computation of the low energy
coefficient can be achieved an unambiguous way using standard pertubative techniques.

8.2 EFFECTS OF COMPOSITE HIGGS MODELS

An appealing solution to the naturalness problem is based on the idea that the Higgs
boson is not an elementary state, but rather a composite object coming from some new
strongly-coupled dynamics at the TeV scale. This idea reached nowadays a quite com-
pelling embodiment, which is denoted as "composite Higgs" scenario.” Its main assump-
tion is the identification of the Higgs with a pseudo-Nambu-Goldstone boson [188-194],
which, in minimal realizations, is associated to an SO(5) — SO(4) symmetry-breaking
pattern [195]. An additional, fundamental ingredient is the generation of fermion masses

1 See references [18, 60, 187] for extensive reviews.
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through the partial-compositeness mechanism [196]. The latter hypothesis is necessary to
keep under control dangerously large flavor-breaking effects and is strictly needed at least
for the top quark sector.

An important consequence of partial compositeness is the presence of composite part-
ners of the SM fermions. Among them, the partners of the top play the most important
role: besides controlling the generation of the top mass, they also govern the leading con-
tributions to the radiatively-induced Higgs potential [197—200]. For this reason the top
partners are directly connected with the amount of fine tuning and must be relatively
light (around the TeV scale) to ensure that naturalness is preserved [201].

The presence of light top partners has deep consequences for the phenomenology of CH
models. First of all, being charged under QCD, they have sizable production cross sections
at hadron colliders, hence constituting one of the privileged ways to directly test the CH
paradigm at the LHC. The bounds are nowadays surpassing 1TeV (see for instance the
constraints from pair production of charge-5/3 partners [202, 203]), thus starting to put
some pressure on the natural parameter space of the models.

Light top partners give also rise to sizable corrections to precision observables, which
can be used as powerful indirect probes of the composite dynamics. For instance, large ef-
fects are expected in electroweak precision measurements, such as the S and T parameters
and the Z coupling to the bottom quark. In this case the tight experimental constraints
translate into exclusions on the top partner masses around the TeV scale [204—206], which
are competitive with the ones from direct searches.

In this chapter we will focus on another interesting effect due to light top partners,
namely the generation of sizable contributions to flavor physics, in particular to CP-vio-
lating observables. These effects are due to the presence of additional complex phases in
the top partners interactions. Such phases are expected in generic composite Higgs sce-
narios. Complex parameters can in fact be present in the composite sector interactions if
CP-violation is allowed. Furthermore, even if the strongly-coupled dynamics is assumed
to be CP preserving, complex mixings of the elementary SM fermions with the composite
sector are still needed in many models to generate the non-trivial phase of the CKM ma-
trix. For instance this is the case in scenarios in which the left-handed top field is mixed
with multiple composite operators. Examples of such models are the minimal MCHMs5
constructions [195].

Among the possible CP-violating effects, some of the most relevant ones are the gen-
eration of dipole moments for the light leptons and quarks. Light top partners gener-
ically induce contributions to dipole operators at two-loop level through Barr-Zee-type
diagrams [207].> Additional two-loop contributions are also generated for the gluonic
Weinberg operator [209]. All these effects arise from the presence of CP-violating Higgs
interactions involving the top and its partners. As we will see, in a large class of models,
the main contributions come from derivative Higgs interactions induced by the non-linear
Goldstone structure.3

The Barr—Zee effects and the Weinberg operator, in turn, give rise to sizable corrections
to the electron [215-217], neutron [218] and diamagnetic atoms [219] EDMs. All these
effects are tightly constrained by the present data, moreover the experimental sensitivity

Additional contributions can arise at the one-loop level in specific flavor set-ups, such as the “anarchic”
scenario [208]. They are however absent in other flavor constructions. We will discuss these aspects later on.

Analogous effects due to effective CP-violating Higgs interactions, including anomalous top and bottom
Yukawa couplings, have been studied in the context of the SM effective field theory [210—214].
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is expected to increase by more than one order of magnitude in the near future [217, 220,
221]. As we will see, the present bounds allow to probe top partners masses of order few
TeV and can be competitive with the direct LHC searches. The future improvements in
the EDM experiments will push the exclusions beyond the 10 TeV scale, arguably making
these indirect searches the most sensitive probes of top partners.

For our analysis we adopt the effective parametrizations developed in reference [222]
and already used in the investigation of the bounds coming from electroweak precision
measurements [205]. This framework allows for a model-independent description of the
Higgs dynamics (including the whole non-linear Goldstone structure) and of the relevant
composite resonances. As we will see, top partners contributions to the dipole operators
are saturated by infrared (IR) effects. The leading corrections come from the lightest
composite states and can be fully captured by the effective framework. IR saturation is
instead not present for the contributions to the Weinberg operator, therefore, we expect
non-negligible UV corrections to be present. The UV contributions, however, are expected
to be independent of the IR effects and therefore should not lead to cancellations. The
light top partners contributions can thus be interpreted as a lower estimate of the full
CP-violating contributions and can be safely used to derive robust constraints.

It must be stressed that, depending on the specific flavor structure, additional contri-
butions to flavor-violating and CP-violating observables can be present. Typical effects
can arise from partners of the light-generation SM fermions as well as from heavy vector
resonances with electroweak or QCD quantum numbers. All these effects are generically
expected in “anarchic partial compositeness” scenarios [223-226] and lead to additional
constraints on the composite dynamics [60, 227-237]. Focussing first of all on the quark
sector, strong bounds on the resonance masses, of order 5—10TeV, come from AF = 2
observables, in particular s — d transitions that can be tested in Kaon physics. One-loop
contributions to AF = 1 and CP-violating observables, for instance the neutron EDM, are
also induced by partners of the light SM quarks. Contributions of comparable size can
also be induced by the top partners due to the presence of relatively large mixing angles
with the light SM fermions. The current constraints on AF = 1 transitions and on the
neutron EDM translate into bounds on the resonance masses of order few TeV. If the
“anarchic” construction is naively extended to the lepton sector, more dangerous flavor
effects arise [237]. In this case large one-loop contributions to the electron EDM and to
1 — ey transitions are generated, which can be compatible with the present experimental
bounds only if the scale of new physics is of order 50 — 100 TeV. In this scenario the
two-loop contributions from top partners are clearly subdominant. Due to the extremely
strong bounds, however, we find the naive “anarchic partial compositeness” scenario too
fine-tuned to be considered as a fully satisfactory set-up.

Models featuring flavor symmetries can significantly help in reducing the experimental
constraints. Several scenarios based on U(3) [238] or U(2) [239] symmetries in the quark
sector have been proposed. In these cases leading contributions to flavor-violating and
CP-violating observables are reduced and a compositeness scale around few TeV is still
allowed. The flavor symmetry structure can also be extended to the lepton sector [240],
thus keeping under control the one-loop contributions to the electron EDM and pu — ey
transitions. In these scenarios the two-loop CP-violating effects we consider in this chapter
can still be present and can give significant bounds on the mass of the top partners. Notice
that additional phenomenological handles are typically present in these models due to the
sizable amount of compositeness of the light generation fermions [241-246].
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Another appealing flavor scenario, which has been recently proposed in the literature,
is based on a departure from the classical partial compositeness paradigm for the light
SM fermions [247-250]. In these models only the top quark (or at most the third gener-
ation fermions) are assumed to be partially composite objects at the TeV scale, while the
Yukawa couplings of the light SM fermions are generated by a dynamical mechanism at
much higher energy scales. This construction leads to an effective minimal flavor viola-
tion structure and efficiently reduces all flavor-violating and CP-violating effects, most
noticeably in the lepton sector [250]. The bounds on the masses of the composite states
are lowered to the few TeV range, thus allowing for natural models with a small amount
of fine-tuning. In these scenarios CP-violating effects from top partners are expected to
play a major role and can lead to the strongest bounds on the compositeness scale.

The chapter is organized as follows. In section 8.3 we analyze the generation of CP-
violating dipole moments induced by light top partners in a simplified set-up with only
one composite fermion multiplet. We show that dipole operators are mainly due to run-
ning effects coming from effective contact Higgs interactions, and we derive full analytical
expressions for the CP-violating effects. Afterwards we discuss the bounds on the top
partner masses coming from electron, neutron and mercury EDM measurements and we
compare them with the exclusions from direct searches at the LHC and future colliders.
In section 8.4 we extend the analysis to non-minimal scenarios, investigating the effects
due to the presence of additional light top partner multiplets. Finally we conclude in
section 8.5.

83 CP VIOLATION FROM TOP PARTNERS

To discuss the general features of CP violation in composite models, and in particular the
generation of electron and neutron EDMs, in this section we focus on a simplified model
containing only one multiplet of top partners. As we will see, this set-up retains all the
main features of more complex models, but allows us to obtain a simpler qualitative and
quantitative understanding of CP-violating effects. Non-minimal scenarios with multiple
top partners will be discussed in section 8.4.

For definiteness, we restrict our attention to the class of minimal composite Higgs mod-
els based on the global symmetry breaking pattern SO(5) — SO(4) [195].# This pattern
gives rise to only one Goldstone Higgs doublet and preserves an SO(3). custodial sym-
metry, which helps in keeping under control corrections to the electroweak precision pa-
rameters. Motivated by fine-tuning considerations (see references [201, 251]), we assume
that the SU(2); doublet qi = (tr,br) is linearly mixed with composite operators in the
14 representation of SO(5). The right-handed top component is instead identified with a
fully composite chiral singlet coming from the strongly-coupled dynamics. This scenario
is usually dubbed 14+1 model [201, 222].

The possible quantum numbers of the top partners are determined by the unbroken
SO(4) symmetry. From the decomposition 14 = 9 & 4 & 1, one infers that the partners can
fill the nineplet, fourplet or singlet representations of SO(4). As we will see, the main
CP-violating effects typically arise form the lightest top partner multiplet. Restricting the
analysis to a limited set of partners is thus usually a good approximation. For simplicity

In order to accommodate the correct fermion hypercharges an additional U(1)x global Abelian subgroup is
needed (see for instance reference [60]).
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in this section we will consider a scenario in which the lightest partners transform in the
fourplet representation.

The most general leading-order effective action for the SM quarks and a light com-
posite fourplet 14 can be written in the Callan-Coleman-Wess-Zumino (CCWZ) frame-
work [252, 253] (see reference [60] for an in-depth review of the formalism) as

£ =iq Dqr + it Dtg + iy (I — ig)hs — (mabypPag +h.c.)
+ <—i cobaryHdity + %f(utqﬁu)SStR +yaf(Uq Wik +h C-) . (8.2)
In the above formula q;* denotes the embedding of the q; doublet into the representation

14, explicitly given by

O 0 0 0 —ibp
o 0 0 0 —bp

=1 o o 0 0 —it |- (8.3)
o o0 0 0

—ibp —bp —itp tr 0

The Goldstone Higgs components TT;, in the real fourplet notation, are encoded in the
matrix

U = exp

7
i\ffﬂiTl ) (8.4)

where f is the Goldstone decay constant and T (i =1,...,4) are the generators of the
SO(5)/SO(4) coset. In the first line of Equation 8.2, D, denotes the usual covariant deriva-
tive containing the SM gauge fields. The d,, and e, symbols denote the CCWZ operators,
defined as

UYA, +10,JU = eaT% +diTE, (8.5)

with T® (a = 1,...,6) the SO(4) generators and A, the SM gauge fields rewritten in an
SO(5) notation.

We can now easily identify possible sources of CP violation. The effective Lagrangian
in Equation 8.2 contains four free parameters, namely m4, yrt, yr4 and c¢. In general all
of them are complex. By using chiral rotations, however, three parameters can be made
real, so that only one physical complex phase is present in the model. It can be easily seen
that m4 can be always made real by a phase redefinition of {41. This redefinition does
not affect the other parameters. The complex phases of the remaining three parameters
are instead connected. The elementary-composite mixing parameters yr and yr4 can
be made real through phase rotations of tg and 4, shifting all the complex phases
into c¢. CP-violating effects are thus controlled by the complex phase of the combination
CtyrYLa-

Complex values of the elementary-composite mixing parameters can in general be
present even if CP invariance is imposed in the composite sector (so that m4 and cy
are real). This is the case, for instance if the q; doublet is coupled with two composite
operators in the UV, e. g. with an operator Op corresponding to the fourplet partners and
with another Or corresponding to the composite tg. It is however also possible that a
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Figure 8.1: Barr-Zee type diagram giving rise to the contribution to the electron EDM.

single dominant mixing with Op is present. In this case one expects yr+ and yr4 to have
the same complex phase, thus avoiding CP-violation from top partners if the composite
sector preserves CP.

It is also interesting to notice that, in the set-up we are considering, CP-violation is un-
avoidably linked to the presence of d-interaction operators. If the term —i ctEZRy”stR
is not present in the effective Lagrangian, CP is preserved. We will see in subsection 8.4.2,
that a similar result is also valid in more generic models with additional top partners and
multiple physical complex phases.

8.3.1 Electron EDM

The presence of CP-violating interactions of the top and its partners can give rise to sizable
contributions to EDMs. In particular an EDM for the electron,

-i/ﬂeff = _de %éUWYS eA;,LV ’ (86)

arises at two-loop level through Barr—Zee diagrams involving CP-violating Higgs interac-
tions [207] (see Figure 8.1). In this subsection we will investigate in detail how this effect
arises and derive explicit expressions to compute it.

To discuss the CP-violating effects it is convenient to choose a field basis in which the
physical complex phase is put into c¢, while the remaining parameters are real. In this
basis, CP-violating Higgs couplings to the top quark and its partners arise only from the

—i ctEZRy”dhtR operator. At leading order in the v/f expansion, where v ~ 246 GeV
denotes the Higgs vacuum expectation value, we obtain

—i ct$ZRy”stR +h.c.D ic—;auh (?2/3}@/”‘(;2 — ?Ry”t@ +h.c., (8.7)

where we used the decomposition of the 14 fourplet into components with definite quan-
tum numbers under the SM group

—iB +1X5/3
1 —-B—X
By = — PORSIEI I (8.8)
\ﬁ —1T—1X2/3
T—X2/3

The components of {4 correspond to two SU(2); doublets, namely (?, B) and (X5 /3, )A(z /3),
with hypercharges 1/6 and 7/6 respectively.
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The main contributions to the electron EDM arise from Barr-Zee diagrams involving a

virtual photon. Additional corrections come from diagrams involving a virtual Z boson.

These contributions, however, are proportional to the vector coupling of the Z to the
charged leptons, which is accidentally small in the SM [207, 210]. They are thus strongly
suppressed and can be safely neglected.

Since the photon couplings are flavor-blind and diagonal, the most convenient way to
evaluate the Barr-Zee diagrams is to perform the computation in the mass eigenstate
basis. In this way each fermionic state gives an independent contribution to the electron
EDM. From the explicit form of the couplings in Equation 8.7 it can be seen that only the
charge-2/3 fields have CP-violating interactions involving the Higgs, thus these states are
the only ones relevant for our computation.

The spectrum of the charge-2/3 states is quite simple. One combination of the T and
X, /3 fields (which we denote by X, ,3) does not mix with the elementary fields and has a
mass mx, , = Im4/. The orthogonal combination

. ]
/2 + cos(2v/f) + cos(4v/f)

(cos(v/f) +cos(2v/f) T (8.9)

+ ((cos(v/f) —COS(ZV/f))X\z/g , (8.10)

is mixed with the elementary top field and its mass acquires a shift controlled by the
yr4 parameter, plus an additional subleading correction due to electroweak symmetry
breaking,

5y2 f2v2
mr ~ y/mZ +y?,f2 [1—4 TL:Z 2t (8.11)

4

The top mass is mostly determined by the yi parameter and, at leading order in the v/f
expansion, reads
1 2

2 my

o 2.2
Miop = 2 > fzy]_tv . (8.12)

m3 +yi,

The full spectrum of the model also includes the X5 3 field with electric charge 5/3 and

mass mx;,, = Im4| and the B field with electric charge —1/3 and mass mg = 4 /mﬁ + y% Jf2
Notice that the X5,3 and X, 3 states are always the lightest top partners in the present
set-up.

In order to compute the electron EDM, we need to determine the flavor-diagonal CP-
violating couplings of the Higgs to the fermion mass eigenstates, in particular the top,
the T and the X, ,3. It turns out that the X, /3 field does not have such coupling, as
a consequence of the fact that it has no mass mixing with the elementary states. The
relevant couplings are thus given by

1 _ _
?auh [CtoptR‘YutR + CTTR'YHTR] ’ (813)
where, at leading order in v/f,
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Figure 8.2: Contribution to the electron EDM from running.

=Imct sin2¢g

= \/Zvigmyuf Imciy =2Imecy yraf Mtop .

2 2
my +yi,f fm2 +y2, 2 ™4

In the above expression @r denotes the rotation angle that diagonalizes the mass matrix
of the tg and Tg fields. Notice that the operators in Equation 8.13 are necessarily CP-odd
and their coefficients are real.

The result in Equation 8.14 shows that the CP-violating couplings for the top quark and
the T field have opposite coefficients. This relation is exact at all orders and is a conse-
quence of the fact that the interactions coming from the d-operator in the Lagrangian (8.2)
are strictly off-diagonal. The trace of the coupling matrix must therefore vanish, so that the
sum of the coefficients of the diagonal interactions in the mass eigenstate basis is aways
zero. This result can be easily generalized to scenarios with multiple top partners and
with d,, interactions that involve both fermion chiralities. In this case the sum of the co-
efficients of the CP-violating Higgs interactions over all fermions vanishes independently
for each coupling chirality, namely } ;ciy =) ;cir =0.

Electron EDM as a running effect

Instead of presenting straight away the full result of the computation of the Barr—Zee
diagrams, we find more instructive to follow a simplified approach that allows us to
highlight a deeper physical origin of the EDMs. The full result will be presented in
Figure 8.3.1.

As a first step we focus on a single fermion mass eigenstate with CP-violating inter-
actions analogous to the ones in Equation 8.13. It is straightforward to see that such
couplings give rise at one loop to CP-violating effective interactions among the Higgs and
two photons, originating from diagrams analogous to the one shown in the left panel of
Figure 8.2. Parametrizing the CP-violating Higgs interactions as

Ci _
Z D 1;'1{ 0, h X Y"PLRXA (8.15)

where P g = (1Fv°)/2 are the left and right chirality projectors, we find that the one-loop
matrix element squared is given by

. N Ci
IM|? = +i ans e”Qf epvpo €V (M1, k1) e* (A2, k2) k§kS ‘;'RmiZF(ztm%/s). (8.16)
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where the F function is defined as

1 1+V/1—-7 1%

= |log ——— — f <1
Fo={ 2| ®1-viet " orTs_ (8.17)
— 2arcsin?(1/+/7) fort>1

In Equation 8.16, Q¢, denotes the fermion electric charge (in the present set-up Qf, = 2/3),
ki and €"V(A712,k1,2) are the momenta and the polarization vectors of the photons,
while s = (kq +k2)? coincides with m# for an on-shell Higgs.

The above result can be matched onto a series of CP-violating effective operators analo-
gous to (O"H?)A, VAR, where A is the photon field strength and A wv = 1/2e1vps AP i
the dual field-strength tensor. For this purpose it is convenient to expand |M|? as a series
in s/m?2. In particular, for 4m? > s we find that the first terms in the expansion are

2

S S
Iy (8.18)

Zmi2 24mi

f(4m?/s) ~ —

The leading term matches onto the effective operator

2 2
€ NCin CiLr

e H2A L AMY, (8.19)

while the second term in the series corresponds to an effective operator involving two
additional derivatives.

At the one-loop level, the H2F,,, F*¥ effective operator gives rise to a logarithmically
divergent diagram (see right panel of Figure 8.2) that induces a running for the electron
EDM operator. The divergence, and thus the running, is eventually regulated by the Higgs
mass mp. The effective operator in Equation 8.19 leads to the contribution

de N¢ 2 Ye Cirr mi2
Qe £ Ne 22 log 1, (8.20)
e 6474 2 f m2

where y. denotes the electron Yukawa coupling.

To find the full contribution to d. in our simplified 14 + 1 model, we need to sum over
the contributions of the T resonance and of the top. In this way we find the leading
logarithmically-enhanced contribution to the electron EDM

de e? Ye CT m%
— = = 1 ) .
e 481* /2 f 8 m%op (8:21)

We will see in Figure 8.3.1 that this is the dominant contribution to the electron EDM, and
additional threshold effects are subleading.

A few comments are in order. Although the result in Equation 8.21 is logarithmically
enhanced for large mr, its overall coefficient ct is inversely proportional to the top partner
mass (see Equation 8.14). The overall effect is thus dominated by the contributions coming
from the lightest top partners and is largely insensitive to the UV details of the theory.

It is also interesting to notice that the argument of the logarithm is given by the ratio
of the T resonance mass and the top mass, whereas the Higgs mass that appeared in
Equation 8.20 is not present in the final result. This can be understood by comparing
the contributions of the T and top loops to the electron EDM running. As schematically
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E ~mp —— heavy state integrated out
on
£
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g induced by e H?F,,, F"”
[

E~myp —+— top integrated out

log. divergence regulated
Ctop +er=0

Figure 8.3: Schematic cartoon explaining the generation of an electron EDM as a two-loop running
effect due to the top partners.

shown in Figure 8.3, at the my scale a contribution to the HZAWZUW effective operator is
generated, giving rise to a running for the electron EDM. A second contribution, exactly
opposite to the first one, is then generated at the top mass scale, stopping the running.
The exact compensation of the T and top contributions is a consequence of the relation
CT = —Ctop-

This feature is not a peculiarity of our simple set-up, but is quite generic. Since the
sum of all the CP violating coefficients ci,r vanishes, the total contributions to the effec-
tive operator HZAWZUW sum up to zero and the running effects in the electron EDM are
always regulated at the top mass scale. This result has an interesting consequence for
Higgs physics, since it forbids sizable CP-violating contributions to the Higgs decay into
a photon pair. Effects of this type can only come from higher-dimension operators like
(D”HZ)AM/XFW, and are necessarily suppressed by additional factors (mﬁ/m%)“. The
contributions from heavy top partners are thus typically negligible, while relevant correc-
tions can only come from the top quark.

The full result

We can now present the full computation of the top partners contribution to the electron
EDM. For this purpose it is convenient to rewrite the CP-violating Higgs interactions in an
equivalent form. Integrating by parts and using the equations of motion for the fermions
(or equivalently by a suitable field redefinition), we can rewrite the interactions arising
from the d,, operators as CP-odd Yukawa couplings

CiLr CiLr

f
The full two-loop Barr-Zee diagram involving CP-odd top Yukawa’s has been computed
in references [207, 210, 254]. Using these results we find that the full two-loop contribution
to the electron EDM for a generic set of fermionic resonances is given by

Z QF, (cin — cuc)f1 (1), (8.23)

mi hX v Xi - (8.22)

0 X YHPLrY: — i

de ,Ne « ye

e f (4m32
where x; = m#/m? and the f; function is given by

2x . 1—+v1—4x . 14++v1—4x
_ |- | -Li) ([ 1 ————— ,
V1 —4x 2x 2x

f1(x) = (8.24)
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Figure 8.4: Two-loop diagrams giving rise to a cromoelectic dipole moment for the light quarks
(left) and to the Weinberg operator (right).

with Li, denoting the usual dilogarithm Li;(x) = — jz; du% log(1T —u).
To make contact with the result obtained in the previous section, we can expand the
f1(x) function for large x (i.e. large fermion masses m; > my,), obtaining

;(cm —cu)fi(xi) = ;(cm —cit) [logxi + )3 <153 + % logxi> ¥ } , (825
where we used ) _; cir = )_; cir = 0. We can see that the leading logarithmic term exactly
matches the result in Equation 8.20. As expected, the subleading terms are suppressed by
powers of mﬁ/ mi2 and would match the contributions from higher-derivatives effective
operators. It is interesting to notice that the subleading terms are also further suppressed
by accidentally small numerical coefficients, and are almost negligible already for the top
contributions.

8.3.2 CP-violating effects for the light quarks

The anomalous top and top partner couplings with the Higgs give also rise to additional
CP-violating effects. The main ones are electric and chromoelectric dipole moments for
the light quarks and a contribution to the gluonic Weinberg operator [209]. The light quark
EDMs arise through two-loop diagrams similar to the one giving rise to the electron EDM
(see Figure 8.1), but with the electron line replaced by a quark line. The chromoelectric
dipole moments (CEDMs) arise instead from Barr-Zee-type diagrams involving gluons,
as shown in the left panel of Figure 8.4. Finally the Weinberg operator is generated by
two-loop diagrams of the type shown in the right panel of Figure 8.4. Notice that the
Weinberg operator arises from diagrams that involve only the couplings of the Higgs to
the top and top partners, hence it is independent of the light quark Yukawa'’s.

The dipole moments of the light quarks and the Weinberg operator can be parametrized
through the following effective Lagrangian

Lerr = —dgq %ﬁc“"ySqu — Eq l975acr“VTaySqGﬂy — w%f“bCGﬁGGS'GéC"“’ , (8.26)

where q = u, d denote the first generation quarks, GaMY = %E”VQGGEG is the dual QCD
field-strength tensor and T¢ are the color generators, normalized as Tr[T<, TP = 841 /2.

The quark EDMs and CEDMs can be straightforwardly computed as we did in the
previous subsection for the electron EDM. The full results are given by

N¢
dq = —4QqTe (42)3 % Z Q%i(cm —ci)f1(xi), (8.27)
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where y4 denote the light quark Yukawa couplings.

Let us now consider the Weinberg operator. The structure of the two-loop diagram
contributing to this operator makes it sensitive to a larger set of CP-violating sources.
Differently from the Barr-Zee-type contributions, the diagrams giving rise to the Weinberg
operator involve a fermion loop with two insertions of Higgs couplings. As a consequence
they receive contributions not only from the diagonal Higgs interactions, but also from the
off-diagonal couplings involving two different fermion mass eigenstates [255].

Three sets of diagrams give rise to contributions to the Weinberg operator. The first set
includes diagrams involving a CP-even Yukawa coupling and a CP-odd derivative Higgs
interaction coming from the d,, operator. As we already mentioned, these contributions
can also come from fermion loops involving two different fermionic mass eigenstates. In
fact, in generic composite Higgs theories, including the simplified set-up considered in
this section, the Higgs couplings to the top and top partners also have off-diagonal terms.
This is true both for the Yukawa couplings and for the interactions coming from the d,,
operator.

The second class of contributions comes from diagrams involving two Yukawa cou-
plings. In a large class of models the diagonal Yukawa couplings are always CP-even,
in such case the contributions to the Weinberg operator can only come from diagrams
involving two off-diagonal Higgs interactions.

Diagrams in the third class involve two d,, derivative Higgs interactions. Since diagonal
couplings of this type are necessarily CP-odd, the only contributions of this kind to the
Weinberg operator come from the off-diagonal Higgs interactions. Such interactions can
have both a CP-even and a CP-odd component.

Notice that, in the model we are considering in this section, only the first class of contri-
butions is present, while diagrams involving two Yukawa couplings or two d,, interactions
do not give rise to CP-violating effects. The absence of contributions induced only by the
Yukawa couplings is a consequence of the fact that, through a field redefinition, all com-
plex phases can be removed from the mass parameters and from the mixings between
the composite resonances and the elementary states. In this basis the only CP-violating
vertices come from the d,, interactions. Diagrams involving only d,, couplings are instead
absent since in our simplified set-up with only one light multiplet all these interactions
have the same complex phase, which cancels out in the final result. We will discuss this
in detail in the following.

The contribution to the Weinberg operator coming from a set of fermions with Yukawa
couplings of the form

1 — i~
L= 7 le)i [uij +1045v°] bsh, (8.29)

is given by [255]

D (ew—cu)fi(xi), (8.28)

)

g 1) 91ij
=T _

W= 44n)

f3(xi,%5), (8.30)

i
where the function f3 is defined as
1 va1 u3v3(1 —V)

o M haw(T =)+ v —w + (1 —v)(1 —w)]

f3 (Xi, X)') = 2X1X)' JO

2+(X1<—>Xj).
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(8.31)

This result can be straightforwardly adapted to our set-up by rewriting the d,, interactions
as Yukawa couplings (see Equation 8.22)

1 _ 1 ; _
?@uh 1Z) CijLeXiY"PLRX) — ;h ; icijL,rMXiL, RXjR,L T+ h.c., (8.32)

corresponding to the following contributions to y;; and yj;

LMy — My ~ mi +m;
Ayij = 1W1015L,R, Ayyy = ¢W’cm;{. (8.33)

This formula shows that, if d,, operators involving only left- or right-handed fermions are
present, Ayi; and Ayi; always have the same complex phase. In this case, the product of
two d,,-symbol vertices AyijAyj; appearing in Equation 8.30 is real and does not lead to
CP-violating effects. This explicitly proves that diagrams with two d,, interactions do not
contribute to the Weinberg operator in the 14 +1 set-up we are considering in this section.

The contribution to the Weinberg operator in Equation 8.30 can be conveniently rewrit-
ten by using a simple approximation for the f3 function. If x;; > 1 the f3(xy,x;) function
is well approximated by f3 ~ 1—1/3%, where % is the largest between x; and x;. For
practical purposes, if one of the resonances in the loop has a mass m 2 500 GeV, one can
safely use the approximation f3 = 1. The only case in which this estimate is not fully
accurate is for loops involving only the top quark, in which case f3(x¢,x¢) ~ 0.88. Also in
this case, however, the approximation f3 = 1 is valid up to ~ 10% deviations.

By using straightforward algebraic manipulations, it can be shown that

~ yl)le
= — 93 ReTr |27 (cxM™'=M"T¢;) — Z M e M A TM Y M
4(4m)4 o Yoo R -
(834)
where Yi; denotes the matrix of Yukawa couplings, defined as
Z hYiXirxjr +hoc., (8.35)

i,j

and M is the fermion mass matrix, defined as Zij MijXiLXr +h.c.

Neutron and Mercury EDM

The quark electric and chromoelectric dipole operators and the Weinberg operator gen-
erate contributions to the neutron EDM d,,.> The explicit expression is given by [210]

%“ ~ (1.0+0.5) [o 63 (‘Ld 0.25 du) +1.1 (Ed+o.5'&u) +1OZGCVW] . (8.36)

Additional contributions to the neutron EDM can be generated by a top dipole moment through running
effects. If the top dipole is generated at loop level, as expected in many CH scenarios, these corrections are
however quite small and well below the current experimental bounds [60].
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where we took into account running effects from the top mass scale to the typical hadronic
scale uy ~ 1GeV.b

The CEDMs of the light quarks give also rise to EDMs for the diamagnetic atoms. At
present the most stringent experimental constraints come from the limits on the EDM of
mercury (Hg). The latter can be estimated as [210]

d .
—8 > 09107 (478) (du—da— 076107 GeVw) . (8.37)

It is interesting to compare the size of the various contributions to the neutron and
mercury EDMs. From Equation 8.27 and (8.28) we can see that

8 o~ ~
dq = gquoTsdq ~0.06Qqdg, (8.38)

where we set Qf, = 2/3, as in the model we consider in this section. The contributions
to dn coming from light quark EDMs is therefore suppressed by almost one order of
magnitude with respect to the one from the quark CEDMs.

Let us now consider the contributions from the Weinberg operator. Due to the different
structure of the top partner contributions, the effects due to the Weinberg operator and the
ones from the Barr-Zee diagrams can not be exactly compared as we did for the electric
and chromoelectric moments. To get an idea of the relative importance we can however
use a rough approximation, namely

3 2 ~ 2 ~
g; |1 Js mr 1 _q1 /mt 1
- Imcq ~ MmO 1§ ~d0Gev! ()Y 1 F..
W e e 4mgq ( f ) log mt/m; 1 € ( f ) log mt/m; ¢

(8.39)

This estimate is quite close to the exact result (Equation 8.49), as we will see in subsec-
tion 8.3.3. An interesting feature of the contributions to the Weinberg operator is the fact
that they are controlled by the compositeness scale f, and are nearly independent of the
top partner masses. As a consequence their relative importance with respect to the quark
dipole contributions grows for large m/f.

Using the estimate in Equation 8.39 we find that, for mt ~ f, the w contributions to
the mercury EDM are suppressed by almost two orders of magnitude with respect to the
quark CEDMs ones. We thus expect the Weinberg operator to play a role for dyg only
for sizable values of the ratio mt/f, namely mt/f 2 10. On general ground one expects
mr ~ g.f, with g, the typical composite sector coupling. The contributions from the
Weinberg operator to dpg are thus relevant only for new dynamics that are close to be
fully strongly-coupled.

The situation is significantly different for the neutron EDM. In this case the contribu-
tions from the Weinberg operator are suppressed by a factor ~ 1/4 if the top partners are
light (mt/f = 1). For heavier partner masses, my/f 2 3, the bounds coming from the
Weinberg operator can thus become competitive with the ones from the quark CEDMs.
We will discuss this point more quantitatively in the following.

6 For simplicity we neglected additional running between the resonances masses and the top mass.
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8.3.3 Experimental bounds

We can now discuss the constraints coming from the experimental data. The present
searches for electron [215, 216], neutron [24, 218] and mercury [219] EDMs give null results
and can thus be used to extract the following constraints

lde] < 9.4-107%7 ecm at 90% CL, (8.40)
ldnl < 2.9-1072% ecm at 95% CL, (8.41)
|dpg| <7.4-107%°ecm  at 95% CL. (8.42)

Near-future experiments are expected to significantly improve the bounds on the neu-
tron and electron EDMs. The neutron EDM bounds could be improved up to |dn| <
10727 ecm [220]. On the other hand, the ACME collaboration estimates the future sensi-
tivity on the electron EDM to be [221]

lde] <05-107% ecm  (ACME II) (8.43)
and
lde| <0.3-1073%ecm  (ACME III) (8.44)

that correspond to an improvement of the current constraints by more than two orders of
magnitude.”

It is interesting to compare the impact of the different bounds on the parameter space
of composite Higgs models. An easy way to perform the comparison is to focus on the
constraints on the EDM of the electron and on the EDMs and CEDMs of the light quarks.
As can be seen from Equations (8.23), (8.27) and (8.28) in the 14 +1 model with a light
fourplet all these effects depend on the quantity®

~ v

Y=5 Z(Cm —ci)fr(xi). (8.45)

i
The bounds on y can thus be used to compare the strength of the various experimental
searches. For simplicity we will neglect corrections coming from the Weinberg operator,

and we will assume that the electron and light quark Yukawa’s coincide with the SM ones.
The constraints from the electron EDM measurements read

[yl < 0.029 current bound,
v <1.5%x1073 ACME 11, (8.46)
v <1.0x 1074 ACME III.

The bounds from the neutron EDM measurement are

Iyl < 10.08,0.23] current bound,

~ . (8.47)
Iyl < [0.003,0.01] improved bound .

An additional bound on the electron EDM has been reported in reference [217], |[de| < 1.3 - 1028 ecm at
90% CL, which is slightly weaker than the current ACME constraint. This experiment is currently limited by
statistics and in the future is expected to allow for a precision ~ 1073° e cm.

As we discussed before, in the 14 + 1 with a light fourplet only charge-2/3 partners contribute to Barr—Zee
diagrams, thus Qf, = 2/3 in Equations (8.23) and (8.27).
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Figure 8.5: Bounds on the mass of the T (left panel) and X5 /3 (right panel) states derived from the
constraints on the electron EDM. The bounds are expressed in TeV and are presented as a function
of the elementary-composite mixing yr4 and of the imaginary part of c¢. The labels on the left
vertical axis corresponds to the present bounds, while the ones on the right axis correspond to the
ACME III projections. The solid and dashed lines correspond to the choice & = 0.1 and & = 0.05
respectively.

Finally the bounds from the mercury EDM are
Iyl < [0.06,0.4] . (8.48)

Notice that for the neutron and mercury EDM bounds we took into account the error
range in the estimates in Equations (8.36) and (8.37).

From the above results we find that, at present, the electron EDM measurements give
the strongest constraints. The future improvements on the neutron EDM constraints could
strengthen the present electron EDM bounds by a factor of order 3. These constraints, how-
ever, will be easily surpassed by the new electron EDM experiments, which can improve
the current bounds by a factor of ~ 20 in the near future (ACME II) and by more than two
orders of magnitude afterwards (ACME III).

The constraints on the top partner masses in the 14 + 1 scenario are shown in Figure 8.5
as a function of the yr4 mixing parameter and of the imaginary part of the c¢ coupling.
The value of the y;¢ mixing has been fixed by requiring that the correct top mass is
reproduced. In the left panel we show the bounds on the mass of the T partner, while
in the right panel we show the bounds on the mass of the lightest top partner in the
multiplet, namely the X5 ,3 state. The solid and dashed lines show the bounds for & =
v2 /2 = 0.1 and & = 0.05 respectively, which roughly correspond to the present constraints
on & coming from Higgs couplings measurements [256] and to the projected bounds for
high-luminosity LHC [70, 257, 258]. The impact of £ on the bounds is however quite mild.
Notice that the T mass, even without any constraint from the electron EDM (i.e. for Imc{ =
0) is still bounded from below. This is due to the fact that, even setting m4 = mx, ;5 =0,
mr still gets a contribution from the mixing with the elementary states, which translates
into mt = |y]_4f|.

Using simple power counting considerations [59, 222] we can estimate the typical size
of the yr4 and c¢ parameters to be yr4 ~ yrt ~ Ytop and c¢ ~ 1. Barring accidental
suppressions in the complex CP-violating phase of c¢, we get that the present constraints
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from the electron EDM correspond to bounds on the top partner masses in the range
2—4TeV. The ACME II experiment will extend the exclusion range to masses of order
10 — 20 TeV, whereas masses in the range 50 — 100 TeV will be tested by ACME III.

Another useful way to quantify the strength of the electron EDM bounds is to fix the
mass of the top partners and derive the amount of suppression needed in the complex
phase of c¢ to pass the experimental bounds. Choosing masses of order 3TeV, roughly
of the order of the possible direct bounds from high-luminosity LHC, we can see that
the present constraints still allow for order one complex phases. ACME II will lower the
bound to ~ 5%, while ACME III will be able to constrain CP-violating phases significantly
below the 1% level.

It is important to stress that the bounds coming from the electron and light quark
EDMs crucially depend on the assumption that the light fermion Yukawa couplings are
not (strongly) modified with respect to the SM predictions. If the light fermion masses
are generated through partial compositeness, this assumption is typically satisfied. One
indeed expects all Yukawa couplings to deviate from their SM values only by corrections
of order &. The current bounds & < 0.1 guarantee that the Yukawa couplings agree within
~ 10% with their SM values.

It is however conceivable that substantial modifications of the partial compositeness
structure could exist for the light fermions. In such a case large deviations of the Yukawa
couplings could be present. Strong suppression in some or all the light fermion Yukawa'’s
would modify the relative importance of the constraints coming from the experimental
measurements. As we discussed before, the contributions to the electron EDM are con-
trolled by the electron Yukawa, whereas the light quark EDM and CEDM are proportional
to the u and d Yukawa’s. The experimental constraints on the electron and neutron EDM
thus carry complementary information and can become more or less relevant in different
contexts.

It is interesting to notice that the contributions to the Weinberg operator are independent
of the light fermion Yukawa’s and only depend on the top and top partners couplings to
the Higgs. They can thus be used to extract bounds that are in principle more model
independent than the ones coming from the electron and light quark EDMs. Using the
approximation in Equation 8.34, we find that the contribution to the Weinberg operator in
the 14 + 1 model with a light fourplet is

3
~ Js —1
W~ 2(47T)41€ReTr[Ych\/l ] (8.49)
293 V2y14
= I .
(am) fy, (8:50)
293 Yramy

v
~ ) \/m P meon Imecy . (8.51)
An interesting aspect of this formula is the fact that it depends on the top partners masses
only indirectly. The dependence on m4 only appears when we rewrite the yr ¢ parameter
as a function of the top mass. This feature indicates that the contributions to the Weinberg
operator are not controlled by the lightest resonances, as was the case for the dipole
operators, but instead can receive sizable contributions from the UV dynamics. Of course,
since the IR and UV contributions are in general independent, we do not expect them to
cancel each other. The result in Equation 8.49 can thus be used as a lower estimate to
obtain constraints on the parameter space of the model.
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Figure 8.6: Bounds on the CP-violating part of the ¢ coupling as a function of the yr4 mixing
derived from the current and projected constraints on the neutron EDM. The results are derived
by using the constraints on the Weinberg operator

In Figure 8.6 we show the bounds in the (Imcy, yr4) plane coming from the current
(black lines) and projected (orange lines) neutron EDM measurements for various values
of & (§ = 0.1,0.05,0.01). These results are obtained by taking into account only the con-
tributions from the Weinberg operator in (Equation 8.36) (we use the lower estimate of
the effect to derive the numerical results), and neglecting the ones from the quark dipole
operators. We can see that, for £ = 0.1, the current neutron EDM constraints typically for-
bid values of Im c; larger than ~ 1. These bounds are competitive with the current ones
from the electron EDM (see Figure 8.5) if the top partner masses are mx;,,, 2 5—6TeV,
whereas they are weaker for lighter resonances. Notice that the bound from the Weinberg
operator roughly scales like f~2, so it quickly degrades for smaller values of &. The bound
from the electron EDM has instead a much milder dependence on &.

Future improvements on the neutron EDM measurements (orange lines in Figure 8.6)
could strengthen the bounds by more than one order of magnitude. The improved bounds,
for £ = 0.1, would be comparable to the present ones from the electron EDM for mx; , ~
1TeV. Notice however that the projected improvement in the electron EDM constraints
(ACME III) would make the Weinberg operator bounds relevant only for very heavy top
partners (Mx; , < 20 TeV).

8.3.4 Comparison with direct top partner searches

It is also interesting to compare the bounds from CP-violating effects with the direct
searches for top partners. We start the discussion by considering the constraints coming
from the LHC. The strongest bounds on the mass of a light fourplet come from searches
for the exotic charge-5/3 top partner, the X5 ,3, which decays exclusively into Wt. So far
the experimental searches focussed mainly on top partners pair production. The strongest
bounds come from searches in the lepton plus jets final state, whose present constraints
are mx, , > 1250 GeV (ATLAS collaboration [202]) and mx;,, > 1320 GeV (CMS collabo-
ration [203]).

Additional bounds come from searches in the same-sign dilepton final state, whose
sensitivity is only slightly lower than the one in the lepton plus jets channel. The present
bounds for pair-produced top partners are mx;,, > 1160 GeV from the CMS analysis
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in reference [259] and mx, ;5 > 990GeV from the ATLAS analysis in reference [260].°
Interestingly, searches for charge-5/3 resonances in same-sign dileptons are sensitive not
only to pair production but also to single production. This aspect was investigated in
reference [261] for the 8 TeV LHC searches. The same-sign dilepton search was found to
be sensitive to single production with relatively high efficiencies, namely ~ 50% of the
pair-production signal efficiency for the ATLAS search and ~ 10% for the CMS one. The
13 TeV searches are analogous to the 8 TeV ones, so one expects similar efficiencies to apply.
The sensitivity to single production can significantly enhance the bounds for large values
of c¢. Indeed this coupling controls the WX /3t vertex [251],

v
9WX5/3tR - %Ct¥ 7 (852)

that mediates single production in association with a top quark.™®

Interestingly, the searches in lepton plus jets and same-sign dilepton final states are
sensitive not only to charge-5/3 resonances but also to states with charge —1/3 decaying
into Wt. The bounds reported in the experimental analyses for resonances with charge
5/3 and —1/3 are quite close, thus signaling similar search efficiencies. A reasonable
estimate of the bounds can thus be obtained by just adding the production cross sections
for both types of partners. As we discussed before, the fourplet multiplet contains a state
with charge —1/3, the B, which decays into Wt with a branching ratio close to 100%. If
the mass split between the X5 ,3 and B states is below ~ 200 GeV, which requires relatively
small value of yr4 (yrs4 < 1in the case my, P 1—2TeV and & ~ 0.1), the same-sign
dilepton signal is enhanced by almost a factor 2, with a significant impact on the exclusion
bounds [251, 261].

The direct bounds on the mass of the X5 3 resonance from the LHC searches are shown
by the shaded green regions in Figure 8.7. The current bounds are shown in the left panel,
while the projections for the future LHC runs are in the right panel. For definiteness we
set & = 0.1 (which roughly corresponds on the bound coming from precision electroweak
tests [205] and from present Higgs couplings measurements [256]) and yr4 = 1. We also
fix yr4 by requiring the top mass to have the correct value.

As we discussed before, the strongest indirect constraints from CP-violating effects
come from the electron EDM measurements. The current bounds are shown in the fig-
ure by the black lines, while the ACME II projections are given by the orange lines. The
bounds are presented for different values of the complex phase of ¢, namely sin(Argc¢) =
1,0.3,0.1,0.03. One can see that indirect bounds tend to be stronger than the ones from
direct searches for larger values of the top partners masses. If the complex phase of c; is
not too small, sin(Argc) 2 0.1, the current ACME constraints can easily probe resonance
masses ~ 2 TeV, which are not tested by the run-2 LHC data. Moreover it can be seen that
the additional parameter space region probed by taking into account single production
(corresponding to the improved LHC bounds at large c¢) can be also covered by the elec-
tron EDM constraints if sin(Argc¢) 2 0.1 for current searches and sin(Argc) 2 0.05 for
the high-luminosity LHC and ACME IL

The ATLAS analysis is only available for 3.2/fb integrated luminosity at 13 TeV. This explains the significantly
lower bound with respect to the CMS analysis, which instead exploits 35.9 fb™" integrated luminosity.
Experimental searches for singly-produced heavy quarks decaying into Zt/b [262, 263], ht/b [264, 265] and
Wb [266, 267] are also available in the literature. The bounds from these searches on fourplet top partners are
however weaker than the ones we derived with the recast of the same-sign dilepton searches.
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Figure 8.7: Bounds on the ct coupling as a function of the mass of the X5,3 resonance for the
scenario with a light fourplet in the 14 +1 model (for the choice & = 0.1 and yr4 = 1). The current
bounds from the LHC data and from the constraints on the electron EDM are shown in the left
panel, whereas the projections for the future LHC runs and the estimate of the future ACME II
constraints are shown in the right panel. In the left panel we also show separately the direct bounds
from the lepton plus jets (dashed lines) and for the same-sign dilepton analyses (dot-dashed lines)
for ATLAS (blue) and CMS (red). The bound from the electron EDM current (black lines) and
improved ACME II searches (orange lines) are shown for different choices of the complex phase
of ¢y (sin(Argc¢) =1,0.3,0.1,0.03 for the solid, dashed, dot-dashed and dotted lines respectively).
In the region above the dotted gray line the width of the X5 3 resonance is above 30% of its mass.

For different values of & the results in Figure 8.7 change only mildly. The indirect
bounds are nearly unaffected, while the direct searches are modified due to the rescal-
ing of the single production coupling (see Equation 8.52). The dependence of the direct
bounds on y4 is also mild, since this parameter only controls the split between the X5 /3
and B masses. The bound on ¢ coming from the electron EDM instead scales roughly
linearly with yi 4 as can be seen from Equations (8.14) and (8.21).

Finally, in Figure 8.8, we compare the estimate for the direct exclusion reach at a future
100 TeV hadron machine (FCC-hh) with the indirect bounds from the estimates of the
ACME III sensitivity. In the left panel we set £ = 0.05 which roughly corresponds to
the high-luminosity LHC reach, while in the right panel we set & = 0.01 which is the
projected sensitivity at a high-energy linear lepton collider (eg. ILC at 500 GeV center of
mass energy with ~ 500 fb~! integrated luminosity [258]). As one can see, in the absence
of strong suppressions in the complex phase of c¢, the ACME III reach can easily surpass
the FCC-hh ones in a large part of the parameter space of the 14 + 1 model.

8.4 NON-MINIMAL MODELS

In order to highlight the main features of CP-violation due to the top partners, in the
previous section we focused on a simplified scenario with only one light multiplet. In
generic realizations of the composite Higgs idea, however, it is not uncommon to find non-
minimal set-ups with multiple light top partners. In the following we will discuss how
the results we got in the simplified 14 +1 model are modified in the presence of additional
light resonances. In addition we will consider an alternative scenario in which both the
left-handed and right-handed top quark components are realized as elementary states.
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Figure 8.8: Future direct and indirect exclusion bounds on the c; coupling as a function of the
mass of the X5,3 resonance for the scenario with a light fourplet in the 14 +1 model (for the
choice yr4 = 1). The left and right panels correspond to & = 0.05 and & = 0.01 respectively. The
direct bounds from top partners searches at FCC-hh are given by the blue shaded regions (for
integrated luminosities 1ab™" and 10ab™"). The red lines correspond to the indirect exclusions for
the estimated ACME III sensitivity.

This set-up can be interpreted as an effective description of the MCHM5 holographic
scenario [195].

8.4.1  The 14 + 1 model with a light singlet

As a first example we consider a more complete version of the 14 + 1 model, including
not only a light fourplet, but also a light singlet. The Lagrangian of the model is given by
the terms in (8.2) plus the following additional operators involving the singlet 1

L =i Py — (mipr g +h.c)
+ <9L1 fUSg U550 1r — i g v dibrr —icgbary*dipig +h C~) . (8:53)

The above Lagrangian contains four free parameters, that are in general complex. By
field redefinitions two parameters can be made real, thus leaving two additional CP-vio-
lating sources corresponding to the complex phases of the combinations cy m1mj3yj;yr4
and cryy;Yr4. A convenient choice of phases is obtained by making the mass parame-
ter m; and the elementary-composite mixing yr 1 real. This choice makes manifest that
CP-violating effects are necessarily related to the d,-symbol operators, and are controlled
by the c; and cr parameters (on top of the c; parameter we discussed in the previous
section).

The mass of the singlet eigenstate Tis

19%1fzf ]

ms >~ [mgf |1+ (8.54)

4 m 27
while the spectrum of the remaining states coincides with the one described in subsec-
tion 8.3.1, apart from modifications arising at higher order in v/f.

The CP-violating Higgs couplings to the top partners are given by

. i . c = ~ = ~
—i CL,RIPZL,RYudLLPI R +hc D 1%5;& (X2/3L,RVHTL,R — TL,RY”TL,R) +h.c., (8.55)
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Figure 8.9: Estimate of the bound on the lightest top partner mass in the 14 +1 model with a
fourplet and a singlet. The gray band shows the estimate of the corrections to the electron EDM
given in (8.58) for Im¢ € [0.1,1]. The solid red line shows the bound from the present electron
EDM measurements, while the dot-dashed and dotted ones show the expected future limits. The
blue bands show the constraints from the present and near-future neutron EDM measurements.

where we only included the leading order terms in the v/f expansion. As in the simplified
set-up we discussed in the previous section, also in the extended 14+1 model the CP-
violating effects arise only from charge 2/3 fields.

In the mass-eigenstate basis the coefficients of the CP-violating interactions that give
rise to Barr—Zee-type contributions (see Equation 8.16) read

yriyramgf
c =2 Imc
top,L m (mﬁ n y%4fz) L
yriyramymyf
CT,L = V2v Imcp 8.56
(m2 +y2, ) (m2 + y2, 2 —m2) (8.56)
yriyramyf
Cz, =—V2v Imecy
L my(m3 +y?,f2 —m?)
for the left-handed field interactions and
_ yrayrif
Ctop,R = —V2v 77114 yz ) Imcy
yrayrif yrayrrf
CTR = Vv | —2=22EY Imey — Im CR 8.
mg +yf,f? m; +yf,f2 — (®.57)
Cfpr = ﬁv ymyLz] Im CR
’ 1JL4]C

for the right-handed ones.

Interestingly, all CP-violating couplings show a similar power-counting scaling, inde-
pendently of the fact that they originate from a d-symbol operator involving the tg or
involving only top partners. We generically expect yr4 ~Yr1 ~Yrt ~ Ytop, M4 ~ M7 ~ M,
and c; ~cgr ~ ¢t ~ 1, so that all the couplings scale like ¢ ~ vfy%op /m2. As a consequence
the contributions to the Barr-Zee effects coming from the various d-symbol operators will
be roughly of the same size. Using these estimates we can easily derive the typical size of
the contributions to the electron EDM as a function of the top partners mass scale m.,

de € ye, ViopV,
Se lo . 8.58
e T8 7 T2 108 mZ, (8.58)
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In the above formula we included a factor Im¢, which encodes the typical size of the
CP-violating part of the d-symbol operator couplings. An analogous formula can be
straightforwardly derived for the contributions to the quark dipole moments.

In Figure 8.9 we compare the estimate in Equation 8.58 with the present and projected
future bounds from measurements of the electron and neutron EDM. To take into account
possible accidental suppressions we vary the factor Im ¢ in the range [0.1,1]. One can see
that the present bounds can roughly test top partner masses of order few TeV. The near-
future improvements in the electron and neutron EDMs can push the bounds in the range
5—10TeV, while ACME III could test partners with masses of order 40 — 100 TeV. We
checked that the estimate in Equation 8.58 is in good agreement with the results obtained
through a numerical scan on the parameter space of the model.

8.4.2 The 5+ 5 2-site model

As a second scenario we consider the 2-site construction presented in references [198, 268]
(see also reference [269] for a similar set-up). This model is based on an extended set of
global symmetries that ensure the calculability of the Higgs potential. For definiteness
we will focus on the scenario in which the q; and tg fields are both elementary and
are mixed with composite operators transforming in the fundamental representation of
SO(5) (we thus dub this set-up the “5+5” model). This model can also be interpreted as a
“deconstructed” version of the MCHM;5 holographic scenario [195].

The field content of the 5+5 2-site model contains one set of composite top partners
that transform as a fourplet and as a singlet under the unbroken SO(4) symmetry. The
effective Lagrangian of the model can be written as

L =1iqBqr + itgDtg + i, (1D — ig)ha + ip1 DY — (MahgpPar + midp g +hec)
+ (nya{u\y +YRFGRUY —ic Py v dipr L —icgbapy dibig +h c.) ,  (8.59)

where ¥ = (14,11) denotes the SO(5) multiplet in the fundamental SO(5) representation
built from the {4 and ¢ fields. Notice that the SO(4) symmetry would allow for four
independent mixing terms of the elementary qi and tg fields with the {4 and {1 multi-
plets. The structure in Equation 8.59 is dictated by the requirement of calculability of the
Higgs potential.

All the parameters in the effective Lagrangian can in general be complex. By field
redefinitions, three parameters can be made real, leaving 4 physical complex phases. A
convenient choice, which we will use in the following, is to remove the phases from
the elementary-composite mixings y; and yr and from one of the top partners mass
parameters, either m; or my4. With this convention, the coefficients of the d,,-symbol
operators remain in general complex.

Two free parameters can be chosen by fixing the top and Higgs masses. The top mass,
at leading order in the v/f expansion is given by

2o 1 yiufme-mi?
P = 2 {mal? +yF ) (maP + y3 )

(8.60)
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The Higgs mass can be conveniently related to the masses of the top partners, namely [198]
(see also reference [199, 200])

V2N, mrmz  [log(mt/m5)
5 5 (8.61)
Tt f my —mz

Mp >~ Miop

where N. = 3 is the number of QCD colors, while mt and ms denote the masses of
the top partners with the quantum numbers of the top left and top right components
respectively. The T and T masses are approximately given by

my ~ y/|[mal2 +y2 2, ms ~ y/|mg |2 +ygf2. (8.62)

This relation (8.61) is valid with fair accuracy, ~ 20%, and is only mildly modified by the
presence of additional heavier top partners.

Remarkably, (8.61) implies a tight relation between the mass of the lightest top partners
and the Goldstone decay constant f, namely

fo 147, (8.63)

Exclusion bounds on the top partner masses can thus be translated into lower bounds on
the compositeness scale f. The relation in (8.63) is saturated only if mt ~ ms ~ Myigntest-
If the T and T masses are significantly far apart, the lightest partner can be even a factor
of ~ 2 lighter than the estimate in Equation 8.63.

Let us now discuss the CP-violating effects. We start by considering the properties
of the Yukawa couplings. We saw that in the 14 + 1 model, all the mass parameters
and elementary-composite mixings can be made real by field redefinitions, therefore the
Yukawa couplings alone can not generate CP-violating effects. The situation is different
in the 545 set-up, in which one physical complex phase can not be removed from the yi r
and my,; parameters. In principle this could allow for CP-violating Yukawa couplings.
Noticeably, in the fermion mass eigenstate basis, only the off-diagonal Yukawa interactions
can be complex, while the diagonal ones are necessarily real. We will now present a
general proof of this result that will allow us to identify the structural properties from
which it stems and the class of models for which it is valid.

The dynamics of the various resonances and their couplings with the Higgs can be
encoded into a formal effective Lagrangian obtained by integrating out all the top partner
fields in the gauge interaction basis. The only fields remaining in this effective description
are the elementary components qr and tg."* Notice that these fields have an overlap with
the whole set of mass eigenstates, thus they can describe any of them by just imposing the
appropriate mass-shell condition. The effective Lagrangian contains operators with the
generic form

g p™"Bay, i DG, (8.64)

which correct the kinetic terms of the qr and tg fields. These operators, however, are
necessarily real, so they do not give rise to CP-violating effects. The effective Lagrangian
also contains a unique “mass” term, namely

maq; Ut} +h.c., (8.65)

This effective description is analogous to the “holographic” effective Lagrangian in extra-dimensional models,
which is a function of the UV boundary values of the extra-dimensional fields [270, 271].
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which is the only invariant allowed by the symmetry structure of the model that does not
contain derivatives. This operator gives rise not only to the mass terms but also to the
Yukawa couplings.

The m coefficient is in general complex. Nevertheless, when we redefine the fields to
make the masses real, we automatically remove all complex phases from m. In such a way
also the diagonal Yukawa couplings are automatically made real. Notice that this result is
true only in models in which a single “mass” invariant is present. If multiple invariants
are allowed, the Yukawa couplings are not “aligned” with the masses, thus making the
masses real in general does not remove the complex phases from the diagonal Yukawa
couplings. A scenario with multiple invariants can be obtained by embedding both the
qr and the tg fields in the 14 representation of SO(5).

Since the diagonal Yukawa couplings are real, the only interactions that can generate
CP-violating contributions through Barr-Zee-type effects are the ones coming from the
d-symbol operators. Their explicit form at leading order in the v/f expansion (using the
convention in Equation 8.16) reads

Imlc (mym} +y3f2)]

c = —V/2vfy? 4 R

topt I (el +yF ) (2 +u3 )

Im CL

c = —V2vfy3

Xa3,L Yr Imq|2 + yZRfZ — |my? (8.66)

V2vE 5 o Imler (mymy +y&f2)]

CTL = Imcp —

T a2+ 2 — 2 - g3 2 [UR LTI 2 2 ]
Cip = —(Ctop,L + CX, 3L+ cT,L)

for the left-handed field interactions and

V2viy3 [Im[cR(me4+y%f2)]

Ctop,R = +Im[cRm*/m*]]

PR g2 4 y3f2 Ima 2 +y2 12 17

Im[cgm?/m}]

c = —V2vfy3 174

R im P+ yR e~ imaP? 5.67)
. V2vf [gzlmc 2 Im[cg(m3imy +y%f2)]]

TR=— R—

mal? +yF 2 — 2 —y3e2 [7F F Imal oy

¢ir = —(Ctop,R T Cx,/5,R +CTR)

for the right-handed ones.

Interestingly, the dependence of the CP-violating coefficients on the elementary-com-
posite mixings and on the masses of the top partners is analogous to the one we found
in the 14 + 1 set-up. This result confirms that the CP-violating effects in composite Higgs
scenarios share some “universal” structure and are generically expected to be sizable in-
dependently of the details of the model.

Using the explicit expressions for the top mass in Equation 8.60, one finds that the el-
ementary-composite mixing parameters can be estimated as yr ~ Yr ~ Ytop™Miightest/T-
Putting this result together with the estimate in Equation 8.63, we can express the correc-
tions to the electron EDM as a function of the compositeness scale f, namely

de e Ye Ime Mtop o (1.4f)?

e 482 1A O8]

(8.68)
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Figure 8.10: Estimate of the bound on the compositeness scale f in the 5 + 5 model. The gray band
shows the estimate of the corrections to the electron EDM given in Equation 8.68 for Im¢ € [0.1,1].
The solid red line shows the bound from the present electron EDM measurements, while the dot-
dashed and dotted ones show the expected future limits. The blue bands show the constraints
from the present and near-future neutron EDM measurements.

This is a quite remarkable result, since it allows us to convert directly the bounds on dipole
operators into constraints on f. The numerical value of the estimate in Equation 8.68 is
shown in Figure 8.10, together with the experimental bounds. To allow for a certain
amount of cancellation we varied the parameter Im ¢ in the range [0.1, 1]. The present data
give bounds f 2 1TeV. Near-future improvements in the electron and neutron EDMs will
test f ~ 5TeV, while the ACME III expected reach could probe f ~ 50 TeV. Notice that
these bounds are much stronger than the ones coming from direct searches. As shown
in reference [251], the LHC searches for top partners can now exclude the 5 + 5 model
for f ~ 780 GeV, while the high-luminosity LHC program could only slightly increase the
bound up to f ~ 1.1 TeV.

It must be noticed that the estimate in Equation 8.68 should be interpreted as a lower
bound on the corrections to the electron EDM. To derive it we assumed that the relation
in Equation 8.63 is saturated. As we discussed before, this is true only if the T and T
masses are comparable. In generic parameter space points the lightest partners can be
even a factor ~ 2 lighter than the estimate, thus leading to EDM contributions larger by
a factor ~ 4. The presence of multiple CP-violating couplings can also give rise to, small,
additional enhancements. We verified by a numerical scan that the bounds in Figure 8.10
reproduce quite well the minimal constraints on f as a function of the typical size of the
complex phases. They can thus be considered as robust constraints on the compositeness
scale.

It is important to mention that the value of & can be directly connected to the amount
of fine-tuning [201]. In CH scenarios the v/f ratio is not a free parameter, but rather a
dynamical quantity fixed by the minimization of the radiatively-induced Higgs potential.
In generic parameter space points & is expected to be of order one. Therefore, requiring
a large separation between the Higgs vacuum expectation value and f implies a minimal
amount of tuning of order 1/&."* The constraints coming from the electron and neutron
EDMs can thus be reinterpreted as bounds on the minimal amount of fine-tuning in the
5+5 2-site model. While f ~ 1TeV allows for a relatively low tuning (& ~ 0.1), the future

12 Note that additional sources of tuning can be present due to peculiarities of the Higgs potential [201].
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bounds are expected to test regions of the parameter space with a tuning significantly
below 1%.

To conclude the discussion about the 5+5 model, we consider the contributions to the
Weinberg operator. Within the approximation in Equation 8.34 we find

e g2 Im(cg —cr)+V2Im(cgref) myl? —my?
- V2(4m)# 2 [mg —my|?

(8.69)

Analogously to what we found for the 14 +1 model (see subsection 8.3.3), the top partners
contributions to the Weinberg operator do not decouple in the limit of heavy resonances.
The explicit result in Equation 8.69 shows that, in addition to contributions linear in the
c1,r parameters, quadratic pieces are present. The latter come from diagrams involving
two Higgs interactions coming from the d-symbol operators. Notice that the above result
is reliable only if m4 —m; is not too small. In the limit m4 = m;, the top mass vanishes
(compare Equation 8.60) and the approximation in Equation 8.34 is not valid.

To give an idea of the strength of the experimental bounds we fix the parameters by
the relations my ~ my and cp ~ cgr, moreover we set & = 0.1. The current bounds
on the neutron EDM translate into a bound cp g < 1, whereas the expected improved
measurements will allow to probe cy g ~ 0.1.

8.5 CONCLUSIONS

In this work we analyzed CP-violating effects induced by light top partners in composite
Higgs scenarios. We found that the main effects arise at two-loop level through Barr—Zee-
type diagrams and generate sizable contributions to the dipole moments of the electron
and of the light SM quarks. Additional, although typically subleading, contributions are
induced for the purely-gluonic Weinberg operator.

Noticeably, in a large class of models, Barr-Zee effects arise exclusively from top partner
interactions involving the derivative of the Higgs field, namely 9, h;v"x;. The diagonal
Yukawa couplings, instead, are necessarily CP-conserving, thus not contributing to the
light SM fermions dipole operators. This result is valid in all models in which the effective
Lagrangian contains only one invariant mass term for the top quark (see subsection 8.4.2).
Notice that this class of models is the most motivated one from a flavor perspective, since a
suppression of flavor-violating effects mediated by the Higgs [231] is also present. Without
such feature very strong bounds from Higgs-mediated flavor-changing neutral currents
would be present.

We found that the overall structure of the CP-violating effects, and in particular the de-
pendence on the masses of the top partners, is a rather universal feature and depends only
mildly on the details of the model. The main contributions to the electron and light quark
dipole moments can be interpreted as a running effect. At the one-loop level the top quark
and its partners give rise to CP-odd contact interactions of the Higgs with the gauge fields
(namely H2A ., A"Y with the photons and H2G Y GeH with the gluons). These operators,
in turn, induce a running for the EDMs and CEDMs of the light SM fermions. We explic-
itly computed how the contributions due to the top and its partners can be matched onto
the CP-violating Higgs contact interactions. In particular we found that running effects
are always regulated at the top mass scale, since the top contribution to the Higgs contact
operators exactly balances the ones coming from the top partners. Additional threshold
contributions are found to be accidentally suppressed and numerically negligible.
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In our analysis we focussed exclusively on the role of the top and its partners and
we did not take into account possible effects related to additional resonances. We also
neglected the details of the flavor structure both in the quark and in the lepton sectors.
These aspects are expected not to spoil the overall picture we described in this work. They
could however have some impact on the bounds, which is worth exploring. We leave this
aspect for future investigation.

Although the CP-violating effects arise only at two-loop level, the present experimental
bounds are tight enough to give non-trivial constraints on the top partners masses. The
strongest bounds come from the measurement of the electron EDM, and can be used to
probe top partners masses in the few TeV range (see Figure 8.5 and Figure 8.9). Upgraded
experiments are expected to improve the bounds by one order of magnitude in the near
future (ACME II) and by more than two orders of magnitude at a later stage (ACME III),
hence pushing the indirect exclusions for top partners well above 10 —20TeV (Figure 8.9).
Bounds from neutron EDM measurements are slightly weaker than the ones from electron
EDM, but could nevertheless test resonance masses in the 5—10TeV range in the near
future.

In a large part of the parameter space of explicit models, the indirect bounds coming
from the electron EDM are competitive with the LHC direct searches for heavy vector-like
quarks (see Figure 8.7). In particular CP-violating effects are induced by the same opera-
tors that control the single-production vertices. In the absence of accidental cancellations
or of accidentally small CP-violating phases, the indirect bounds from CP violation tend
to surpass the ones from single production searches. The expected ACME II constraints
will cover most of the LHC direct search reach even for complex phases as small as few %.
ACME 1II could instead give constraints comparable with the direct ones achievable at
future high-energy hadron colliders such as FCC-hh with 100TeV center of mass energy
(see Figure 8.8).

Interestingly, in specific scenarios such as the 5+5 2-site model, the constraints fom CP-
violating effects can be translated into bounds on the Higgs compositeness scale f. While
the present constraints are of order f 2 1TeV, future improvements can push the bounds
well above the 5 —10TeV range (see Figure 8.10). In these scenarios the constraints on f
can also be translated into lower bounds on the amount of fine tuning. For f ~ 1TeV the
minimal fine-tuning is of order 5 — 10%, whereas it becomes 0.1% for f ~ 10 TeV.



CLOSING WORDS

In this thesis we saw the power EFTs. After a brief introduction to the SM in chapter 1,
we presented the Higgs basis, a natural extension to the SM assuming the Higgs is part
of a doublet and the existence of an energy gap between the SM and BSM physics. We
extended the SM by adding dimension-6 operators and used the freedom available in the
choice of independent operators to define the so called Higgs basis. This basis is suitable,
as its name indicates, to study and constrain Higgs physics.

In Part ii, we used this framework to study the ability of current and future generations
of colliders to extract information on the hard to grasp trilinear Higgs self-coupling. The
goal was to use a large fraction of the information available, using higher order effects in
single-Higgs production and pair production, to probe the self-coupling. Since indirect
effects of new physics are expected to modify the Higgs production and decay through
several simultaneous effects, the use of EFT is a consistent way to minimize theory depen-
dence on the extraction of the parameter. Unlike the k modifier, EFT retains the symmetry
structure, allowing for a consistent expansion in the scale of new physics, and allows the
introduction of new vertex structures.

We started by selecting the operators relevant for Higgs physics, adding some extra
assumption such as the absence of CP violation and flavor universality. This allowed us to
parametrize deviations from the SM in a quite generic way. Our different assumptions add
a non-negligible model dependence but are a necessity, since making fewer assumptions
on new physics, means more parameters need to be constrained. Unfortunately, the num-
ber of observables are limited, causing the appearance of unconstrained directions, as we
discovered in our initial fit using only the single-Higgs inclusive information. This raises
the interesting question of hidden assumptions; single-Higgs fits without loop corrections
from the trilinear assume that deviation in the self-coupling are such that the loop contri-
bution is negligible. Fortunately, as we argued, this condition is not too restrictive since
in most models deviations in the self-coupling have the same order as other deviations,
making the higher order corrections from the trilinear negligible.

We then discussed the possibility of adding differential information to fix these issues
and found that these new observables could help to constrain the second mimimum ap-
pearing in the fit using pair-production only. Unfortunately, we found that the HL-LHC
will only give mild constraints of order one on the trilinear. Nevertheless, the method of
using loop effects in single production is a huge potential gain for the next generation
of colliders, since they are very likely to be e~ e™ machine, which will measure single-
Higgs coupling with great precision. We tested both the prospect of the circular machines,
which have higher low energy luminosity, but can not probe double-Higgs production
and the linear machine which can study pair-production. We found that the ability of
those machines to run at different energies should give us enough observables to improve
the bound from the HL-LHC. Nevertheless, in order to reach the sub 10% precision, we
are going to have to wait for a 100 TeV proton proton collider.
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After that, we continued our tour of EFTs and extended the usual standard model EFT
by adding a field. This was motived by the interesting excess seen by ATLAS and CMS in
the di-photon invariant mass. A similar use of EFT is also made in DM searches, where
dark matter is expected to be produced in decay of a heavy mediator. While in the DM
case, An EFT is used to search for new particle and set lower bounds on its mass, in our
case EFT is used to probe the CP properties of the particle which could have been respon-
sible for the bumps seen in the di-photon spectrum. We started by using the differents
experimental constraints to define the region of parameter space of interest, followed by
a discussion on how using extra channel could resolve unconstrained direction in the pa-
rameter space. We then focused on the CP property of the hypothetical new field. We
saw the HL-LHC could, thanks to the use of several CP sensitive asymmetries, constrain
the properties of a possible new scalar for a broad range of the parameter space. Unfortu-
nately, as known, the bump was only a statistical fluke, however, the method used could
easily be re-used for the next excess in which a scalar couples to gauge bosons.

In the second chapter of Part iii, we moved some distance away from EFT to look at a
simplified model. The idea of simplified models is to keep only the relevant structure of
a type of theory, in order to study their effects in a generic way. In this case, we studied
composite Higgs models. The goal was to compare the low-energy constraints arising
from dipole moments with the constraints coming from direct searches at the LHC. In-
terestingly, the constraints on different dipoles are formulated by the experimentalists as
bounds on Wilson coefficients of higher dimensional effective operators. Integrating out
the heavy state of our model, we could match our simplified model to the effective La-
grangian and hence bound its parameter space. The situation is different in the collider
case, since the bounds are obtained by considering direct production of the new particle,
therefore, directly using the simplified model allows to obtain stronger bounds. Inter-
estingly, the low energy experiment can, thanks to its high precision, give competitive
bounds with the one coming from LHC. This situation should not change in the future,
since the second planned upgrade, should reach sensitivity comparable from the one from
FCC.

The content of this thesis is a reflection to the actual status of the LHC. While the
machine is performing extremely well and has already recorded 100fb™ at 13 TeV, no
unambiguous trace of BSM physics was found." A plethora of analyses have confirmed
the ability of the SM to precisely describe the world surrounding us. It gives the op-
portunity to phenomenologists, to devise innovative ways to maximize the information
extracted from the data, in order to constrain SM couplings, study anomalies, or bound
the parameter space of new theories.

1 With the exception of indirect hints for new physics in the flavor sector.



Part IV

APPENDIX






THE TRILINEAR AT HADRON COLLIDERS

A.1 PARAMETRIZING EFT CROSS SECTIONS USING MADGRAPH

In this appendix, we present a sketch of how cross sections can be parametrized in terms
of the dimension-6 Wilson coefficients using Feynrules [144] and MadGraph [143]. In order
to keep the discussion short, we present the case where only two Wilson coefficients are
present and the diagrams contain only one dimension-6 vertex, since the generalization
is trivial. For definiteness, we compute the e"e™ — v.Vchh cross section with only two
dimension-6 terms present

2 12
gZXSMC]ie 9 +9

3 Z, AP —cyvhi, (A.1)

We renamed the Wilson coefficient to simplify the notation.
The cross section can be parametrized as:

2 2
0 = OsM + C105M,1 +C205M,2 +€1€201,2 +¢€707,1 +C502,2. (A.2)

Where ogsy is the SM cross section, oy i is the contribution of the interference diagrams
between the SM and the dimension-6 operator with coefficient ¢c; when ¢; = 1 and finally
oy is the contribution from diagram with the Wilson coefficient cic; when their values
are 1.

Several possibilities are available to obtain the o using MadGraph. The simplest is just to
compute a grid of 6 points and fit either using constant relative error or the error reported
by the Monte Carlo. Nevertheless, some care is needed since the different methods are
not necessarily numerically stable. It can happen, due to the normalization of the c; and
the energy dependence of the dimension-6 vertex, that some o3 ; are orders of magnitude
bigger than the other coefficients, jeopardizing the numerical stability of the method. In
order to avoid this issue, we take advantage of the freedom Feynrules and MadGraph offer
us to compute the coefficients one by one, with the only error coming from the Monte
Carlo integration and the different physic assumptions.

The trick is to take advantage of the MadGraph mechanism to select diagrams. Indeed,
each coupling can be linked to an “interaction order”* that MadGraph use to compute only
the relevant contribution. For example, giving the dimension-6 Wilson coefficients an
interaction order called “NP” and a value 1, we can select diagram using the two different
kinds of notation
e- e+ > ve ve~ h h NP==1
e- e+ > ve ve~ h h NP"2==1

Some caution is needed since “=" mean “<” and “==" mean strictly equal. The first line
without the 2 means that we are only allowing diagram with 1 insertion of a dimension-6
vertex. Since we are at the diagram level, the command would compute the sum of the

We redirect the reader to both the Feynrules [144] and MadGraph [143] manuals for more detail on the imple-
mentation.
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interference and the squared diagram with one dimension-6 vertex. While the second
line is at the amplitude level. It means it only computes the amplitude elements with 1
dimension-6 coefficient. This would give the sum of the interference between the SM and
all the dimension-6 diagrams. Since we want to select the amplitude with a given Wilson
coefficient, we will use the second notation. We do not exactly achieve the wanted goal
since with this notation, we would obtain

C105M,1 + C205M,2 (A.3)

In order to fix this problem, we could either set c¢; or c, to 0. Nevertheless, this would
not work in order to separate 01,7 from o7, and 0,,. For this, we need to modify the
Feynrules model and define 2 new kinds of interaction order; C1 and C2 and give them
to ¢1 and c;, respectively. Once that is done, we can set the coefficient to one, and compute
the different o using the notation:

e- e+ > ve ve~ h h C1==0 (C2==0
e- e+ > ve ve~ h h Cl==1 (2==0
e- e+ > ve ve~ h h C1==0 C2==
e- e+ > ve ve~ h h Cl==1 (C2==
e- e+ > ve ve~ h h (1==2 (2==0
e- e+ > ve ve~ h h C(1==0 (2==2

The first line computes the SM cross section, then we have the two interferences between
dimension-6 and theSM, the cic; terms and finally the two quadratic term. Of course
this involves running MadGraph several time. The situation quickly becomes tedious when
the number of Wilson coefficient grows but this can be easily automatized by generating
the “runcard” using a scripting language like python or mathematica. It should also be
noted that some care is needed when setting the interaction order when in the presence
of dependent coefficients so all the good diagrams are indeed included.

A.2 HIGGS PRODUCTION AND DECAY RATES IN THE EFT FRAMEWORK

In this appendix we report the expressions for the production and decay rates of the Higgs
boson as a function of the EFT parameters. The numerical results have been obtained at
LO through Feynrules [144] and MadGraph [143] by using the model “Higgs effective
Lagrangian” [272].

We start by listing the dependence on the single-Higgs couplings deformations (6c,
Czzs €200, €2y, Cyy, Egg, OYt, OYp, dY<). The modification of the total cross sections for
associated production (ZH and WH) and VBF depend on the collider energy. The results
at7,8,13,14, 33 and 100 TeV are given by

2.0 76 34 0.060 0.028
2.0 7.8 34 0.061 0.028

O7H 2.0 83 35 looe7| . |o0.030

—==1+4+b¢c +c.0 +c — —¢ , (A.g)

oM, “f20] | 84 “lae| 7 looes| 7V |o0.032 +
2.0 9.1 37 0.077 0.034

2.0 10.0 4.0 0.086 0.037
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2.0 93 44 0.082 0.044

2.0 94 44 0.084 0.045

CWH 2.0 10.0 a6 loooa| o048
=1+5dc +c +c —C —¢ , (A.5)
oM, “l20] |10 “lae| looss| 7 |o.049 >

2.0 1.1 5.0 0.110 0.054

2.0 12.1 53 0.126 0.060

2.0 22 0.81 0.029 0.0113

2.0 22 0.83 0.030 0.0117

OVBE 2.0 25 08| . lo033| . |oo0129
=1+6c —C,0 —C +é +¢ , (A.6)

oM - 120l 25| Tloool| T lo03a| 7 |0.0131

2.0 3.0 1.04 0.041 0.0156

2.0 37 127 0.051 0.0193

where we employ the VBF cross section definition of reference [49], namely we apply the
following cuts on the two forward jets: pt; > 20 GeV, ;| < 5, and mj; > 250 GeV.

The cross sections of the gluon fusion and ttH production modes are instead modified
in an energy-independent way [49]. This is a consequence of the fact that at LO the gluon
fusion energy scale is fixed by the Higgs bosons on-shell condition and is therefore /s
independent, while the modification of ttH is simply due to a rescaling of the top Yukawa.

OggF A
88— 142844 +2.065y; — 0.065Yp, (A.7)
O
ggF
OttH
—ap = 1+ 25y (A.8)

ttH

The modifications of the decay widths are given by [49]

: ) .
P = 1 +2:5680: + 213,04 098 ¢z — 0.066Ezy — 2468,y — 0565y, (A.9)

r
égd: 142.116c, —34¢,, —0.1135yq, (A.10)
M

}

mov = 1 +208¢: +0.67¢,0+0.05 ¢z —0.018282y —0.0051 &y, (A.11)
ww

:

rgil\%[ =1+2.006c,+0.33¢c,0+0.19¢,, —0.0081 ¢, —0.00111 ¢, (A.12)
7z
FTT

3

=1+4+2.08y+, (A.13)

Moo
@ =1+2008yyp, (A.14)

]Fs};[vl =1+0.1718gg +0.006 2 —0.0091 &y +0.15 .13 — 0.0061 &y +0.48 ¢

H
+ 1.156yp + 0.23 0y + 0.13 6y, (A.15)
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Cl %] | vy | ZZz | ww | ff | gg

H 0.49 | 0.83 | 0.73 | o | 0.66

Table A.1: Coefficients parametrizing the corrections to the Higgs partial widths due to loops
involving the Higgs self-coupling (see Equation A.17) [43].

where in the modification of the decay to two photons we made use of the one-loop result?
of reference [273], suitably translated to the Higgs basis and evaluated at the renormal-
ization scale p = my. The analog result for the decay to Zy is not yet available in the
literature, and we only include the known terms. In any case, the corresponding branch-
ing ratio will be measured with a limited precision and the impact of the missing one-loop
corrections is going to be negligible.

For completeness we also report the expressions for the dependence of the Higgs rates
on the modification of the Higgs self-coupling k). These results were derived in refer-
ence [43]. The modification to the Higgs production and decay rates can be parametrized
as

o (k2 —1)6Zny

— =1 —NCo+ A A.16

oy =1 (= 1CT+ Ao (A.16)
and

r (k2 —1)8Zn

— =1 —Nneh4-—2 ——%2 A.

= e (A17)

In the above expressions the term linear in k) comes from diagrams that contribute di-
rectly to the production and decay processes. The corresponding coefficients C® and C"
for the inclusive cross sections are given in Tables A.1 and A.2. The last terms in Equa-
tions (A.16) and (A.17) comes from a rescaling of the Higgs kinetic term due to the self-
energy diagram involving two insertions of the Higgs self-coupling. The corresponding
quantity dZyy is given by

9 G,m? 27
8Zy = ———& H(—1>~—o.0015. A.18
T 6 vare \3v3 (A.18)

We now report the expressions for the Higgs pair production differential cross section.
This cross-section has been calculated in the EFT framework in reference [58], as a function
of the parameters oy, dy iz), Cgg, égzg), and k. The ratio of the inclusive cross-section for

Higgs-pair production to the corresponding SM prediction can be written as

o(pp — hh)

= A1 (1 ) 4 A5 (6 (2)y2 A 21 5 2 A 2 A2
USM(PP%hh) 10+ Ut) + 2(yt )"+ 3K7\( + yt) +Ag4KyC

99

+ As (650)2 + Ag (14 8y1)? 5yl + Az ka (14 5y)3

2 A 2 A(2 2
+Agka (148Y0) 5yi?) 4+ Ao ka Egq Y12 + Ajo el sy

We observed that the NLO corrections in the yy decay have no impact on the global fit once enough observ-
ables are included to remove the flat directions.
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C° [%] | ggF | VBF | WH | ZH | ttH

7TeV | 0.66 | 0.65 | 1.06 | 1.23 | 3.87
8TeV | 0.66 | 0.65 | 1.05 | 1.22 | 3.78
13TeV | 0.66 | 0.64 | 1.03 | 1.19 | 3.51

14TeV | 0.66 | 0.64 | 1.03 | 1.18 | 3.47

Table A.2: Coefficients parametrizing the corrections to the Higgs production cross sections due to
loops involving the Higgs self-coupling (see Equation A.16) [43].

4+ Aq1 Ka égg (1 +6yt)2 + A2 égzg) (1 +5yt)2
+A13 K% 8gg (14 8Yt) +Ara kp é(gzg) (14+08yt) + Ars K Cgq égzg) ,
(A.19)

Notice that this parametrization can be used for the full uncut cross section and also for the
cross section obtained after imposing cuts and acceptance factors. Moreover we can use
the same expression to parametrize the differential cross section in each bin of the Higgs-
pair invariant mass distribution. We report in Table A.3 the inclusive and differential SM
cross section at 14 TeV after imposing the cuts devised in reference [58], as well as the
values of the Aj;.

Finally we consider the differential distributions for the Higgs associated production
channels. In Table A.4 we list the dependence of the differential cross section in ZH and
WH on the single-Higgs EFT parameters. The results are presented for the binned invari-
ant mass § distribution. The cross sections have been computed by analyzing the events
generated at LO by MadGraph through a custom made C++ code based on the MadAnalysis5
library [181, 274]. The coefficients that parametrize the dependence of the WH, ZH and
ttH production channels on the Higgs self-coupling are listed in Table A.5.

In Tables A.6 and A.7 we list the estimates of the systematic uncertainties on the binned
differential distributions. To estimate the expected errors on the inclusive cross sections,
we compared the ATLAS projections for the 300/fb and 3/ab experimental uncertainties
and assumed that they come from a sum in quadrature of systematic and statistical ones.
In the “optimistic” scenario in Table A.6, we rescaled the statistical uncertainty by the
square root of the ratio of SM number of events in each bin, whereas we kept the sys-
tematic errors constant. In the “pessimistic” scenario we rescaled the total (statistical plus
systematic) uncertainty according to the number of events in each bin.

137



138

THE TRILINEAR AT HADRON COLLIDERS

inclusive

mpr [GeV] 250—400 400-550 550—700 700-850 850-1000 1000—
Osm (D] 1.6 0.27 0.8 0.36 0.13 0.042 0.021
Aq 1.7 2.3 1.7 1.5 1.3 1.2 1.2
Az 2.7 1.8 2.1 3.2 4.7 6.4 9.1
A3z 0.12 0.27 0.11 0.057 0.034 0.022 0.011
Ag 0.042 0.094 0.037 0.026 0.024 0.023 0.022
As 1.5 0.62 0.69 1.5 3.5 7.1 20.
Ag -3.8 -4.0 -3.6 -3.8 -4.2 -4.5 -4.6
Az -0.82 -1.5 -0.84 -0.51 -0.36 -0.26 -0.17
Ag 0.98 1.4 0.96 0.83 0.78 0.73 0.67
Ao 0.45 0.81 0.46 0.33 0.23 0.14 0.003
A1o 2.2 2.1 2.0 2.4 2.8 2.5 -0.56
A1l -0.32 -0.88 -0.33 -0.081 0.03 0.087 0.13
A1z -1.0 -2.3 -1.3 -0.6 0.33 1.6 4.1
A3 0.12 0.33 0.11 0.044 0.02 0.0092  0.0014
Ala 0.46 0.82 0.44 0.36 0.29 0.13 -0.27
Als 0.41 0.48 0.31 0.39 0.57 0.81 1.3

Table A.3: Coefficients parametrizing the inclusive and differential cross section for double Higgs
production via gluon fusion at /s = 14TeV. By osy we denote the SM cross section, while
A1-Aj7s5 are the coefficients parametrizing the dependence of the cross on the EFT parameters as
defined in Equation A.19. The numerical results correspond to the ones derived in the analyses of

reference [58].




A.2 HIGGS PRODUCTION AND DECAY RATES IN THE EFT FRAMEWORK

Vs V8/Mieshold wi "
€sM  O8C;  Cxn Czz Coy Cyy | €M 8z Cin Czz Czy Cyy
[1.0—-1.1] 19 % 1.99 4.95 268 -0.0270 -0.0215 | 20% 2.00 4.14 2.14 -0.0220 -0.0123
[1.1—-1.2] 20% 2.00 5.84 3.10 -0.0349 -0.0258 | 21 % 2.00 4.81 242 -0.0290 -0.0154
7Tev (1.2—-15] 35% 200 7.40 3.80 -0.0504 -0.0334 |34 % 201 6.44 3.07 -0.0447 -0.0226
(1.5—2.0] 18 % 201 124 571 -0.116 -0.0598 | 17 % 2.01 10.5 4.44 -0.0853 -0.0393
[2.0—3.0] 7% 2.01 23. 938 -0271 -0.117 | 6% 1.98 19.7 6.90 -0.192 -0.0780
[1.0-1.1] 19 % 201 4.93 266 -0.0275 -0.0215|20% 2.00 4.10 2.12 -0.0231 -0.0126
(1.1-1.2] 20% 197 573 3.05 -0.0337 -0.0252 | 20% 2.01 4.90 249 -0.0299 -0.0158
8TeV [1.2—1.5] 34% 201 751 3.81 -0.0533 -0.0342 | 35% 201 6.40 3.05 -0.0453 -0.0226
[1.5—2.0] 19% 1.99 121 556 -0.113 -0.0582 | 18 % 2.00 10.6 4.51 -0.0872 -0.0400
2.0-3.0] 7% 202 223 912 -0264 -0114| 6% 195 200 6.99 -0.202 -0.0804
[1.0—-1.1] 18% 202 496 270 -0.0265 -0.0216 | 19 % 2.02 4.06 2.09 -0.0226 -0.0121
[1.1—-1.2] 19% 1.97 581 3.08 -0.0344 -0.0256|20% 2.00 4.86 245 -0.0300 -0.0157
13TeV (1.2—-15] 34 % 200 7.44 3.76 -0.0532 -0.0339 | 34 % 1.98 6.37 3.04 -0.0445 -0.0222
(1.5—2.0] 19 % 202 11.9 546 -0.111 -0.0572 | 18 % 2.01 10.6 4.53 -0.0887 -0.0406
[2.0—3.0] 8% 1.99 226 920 -0.269 -0.116 | 7% 2.00 204 7.29 -0.196 -0.0808
[1.0-1.1] 18% 200 5.01 272 -0.0267 -0.0217 | 19 % 2.01 4.14 2.12 -0.0237 -0.0126
1.1-1.2] 19 % 200 581 3.10 -0.0337 -0.0255 | 20% 2.01 4.86 249 -0.0284 -0.0156
14 TeV [1.2—1.5] 34 % 201 7.44 3.76 -0.0535 -0.0340 | 34 % 2.00 6.35 3.02 -0.0448 -0.0221
[1.5—-2.0] 19% 1.98 11.8 540 -0.112 -0.0572 | 18 % 1.98 10.5 4.44 -0.0873 -0.0396
[2.0—-3.0] 8% 203 226 905 -0276 -0.117 | 7% 1.96 203 7.27 -0.193 -0.0800
[1.0—1.1] 17% 1.98 4.96 268 -0.0274 -0.0216 | 18 % 2.02 4.16 2.16 -0.0228 -0.0124
(1.1-1.2] 18% 201 577 3.07 -0.0338 -0.0254 | 19% 1.99 4.77 241 -0.0282 -0.0150
33 TeV (12—15] 33% 1.99 7.43 3.73 -0.0544 -0.0340 | 34 % 1.99 6.45 3.08 -0.0453 -0.0225
[1.5—2.0] 20 % 2.00 12.00 5.54 -0.110 -0.0574 | 19 % 2.02 10.4 4.37 -0.0862 -0.0390
[2.0—3.0] 9% 202 233 956 -0274 -0119 | 8% 200 198 6.97 -0.190 -0.0777
(1.0—-1.1] 16 % 2.01  4.92 266 -0.0271 -0.0215 | 17 % 2.02 3.98 2.05 -0.0238 -0.0118
[1.1-1.2] 18% 204 582 3.09 -0.0344 -0.0257 |18 % 2.00 5.02 2.60 -0.0282 -0.0157
100 TeV [1.2—1.5] 33% 1.97 748 3.77 -0.054 -0.0341 | 33 % 200 6.45 3.09 -0.0445 -0.0224
[1.5-2.0] 20% 202 11.9 5.47 -0.1I11 -0.0573 | 20% 1.99 10.5 4.38 -0.0860 -0.0389
2.0-3.0] 10% 1.99 231 940 -0.275 -0.118 | 9% 2.00 200 6.90 -0.195 -0.0782
Table A.4: Effective field theory coefficient for each bin in the § differential distribution. The bins

extrema are expressed in units of Mypreshold = My + Mp. The €gy columns list the percentage of

events that belong to each bin in the SM distribution.
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C% [%] | M.0—=11] | M1—=1.2] | 1.2—15] | [1.5—2.0] | [2.0—3.0]

WH 1.78 (0.18) | 1.44 (0.19) | 1.02 (0.34) | 0.52 (0.19) | 0.06 (0.08)
ZH 2.08 (0.19) | 1.64 (0.20) | 1.12 (0.34) | 0.51 (0.18) | 0.21 (0.07)

ttH 8.57 (0.02) | 6.63 (0.08) | 4.53 (0.33) | 2.83 (0.33) | 1.61 (0.18)

Table A.5: Coefficients parametrizing the corrections to the differential Higgs production cross
sections at 13 TeV in the WH, ZH and ttH channels due to loops involving the Higgs self-coupling
(see Equation A.16). The bins extrema are expressed in units of Myyreshold, defined as Mypreshold =
my +my, for WH and ZH, and mMyyreshold = 2mt + My, for ttH. In parentheses we give the fraction
of events belonging to each bin in the SM distribution. The results are taken from reference [43].

Process Systematic | [1.0—1.1] [1.1—-1.2] [1.2—1.5] [1.5—-2.0] [2.0—3.0]

ttH 0.04 0.74 0.41 0.23 0.23 0.3
H—=vyy WH 0.08 0.37 0.37 0.28 0.36 0.54
ZH 0.03 0.62 0.61 0.47 0.63 0.99
ttH 0.05 0.98 0.53 0.29 0.29 0.39
H—Z2Z wH 0.07 0.33 0.32 0.25 0.32 0.48
ZH 0.09 0.42 0.41 0.32 0.42 0.65
H - bE WH 0.33 0.48 0.48 0.42 0.47 0.61
ZH 0.10 0.23 0.22 0.18 0.23 0.34

Table A.6: Estimated relative uncertainties on the determination of the differential distributions
in the associated Higgs production channels. These estimates correspond to the “optimistic” sce-
nario in which the systematic uncertainties are assumed to be the same for each bin and only the
statistical uncertainty is rescaled according to the number of events in each bin.

Process no—11 [1.1-12] [1.5-12] [20-15] [2.0-3.0]
ttH 0.78 0.43 0.24 0.24 0.31
H—vyy WH 0.41 0.4 0.3 0.4 0.6
ZH 0.63 0.62 0.47 0.63 0.99
ttH 1.04 0.56 0.3 0.3 0.4
H—=Z2Z wWH 0.37 0.36 0.27 0.35 0.53
ZH 0.46 0.45 0.35 0.47 0.72
H - bb WH 0.86 0.84 0.62 0.82 1.26
ZH 0.3 0.3 0.23 0.31 0.48

Table A.7: Estimated relative uncertainties on the determination of the differential distributions
in the associated Higgs production channels. These estimates correspond to the “pessimistic”
scenario in which the total (statistical plus systematic) uncertainty is rescaled according to the
number of events in each bin.
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B.1 ONE-LOOP CORRECTIONS FROM 6K)\

Gy Vs [GeV]

(inclusive rates) 240 ‘ 250 ‘ 350 ‘ 500 ‘ 1000 ‘ 1400 ‘ 3000
ete” > hz 0.017 | 0.015 | 0.0057 | 0.00099 | -0.0012 | -0.0011 | -0.00054
efe” - vvh * 0.0064 | 0.0064 | 0.0062 | 0.0061 | 0.0059 | 0.0058 | 0.0057
ete” —efe h * || 0.0070 | 0.0070 | 0.0069 | 0.0067 | 0.0065 | 0.0065 0.0063
ete” — tth 0.086 0.017 | 0.0094 0.0037

Table B.1: Values of C; for the total cross-sections of Higgs production processes. * The numbers
are for WW or ZZ fusion only.

In this appendix we collect the numerical values of the coefficients C1, defined in Equa-
tion 5.2, which encode the corrections to single-Higgs processes due to a deformation of
the Higgs trilinear coupling. In Table B.1 we report the C; coefficients for the total cross-
section of the main single-Higgs production modes, namely Higgsstrahlung, vector-boson
fusion and associated production with top quarks. Several values of the center-of-mass
energy +/s are reported in the table, corresponding to the benchmark runs of future lepton
colliders considered in main text. The calculation has been performed with the help of
the public tools FeynArts, FormCalc, LoopTools, and CUBA [275-277].

Notice that the values of C; for Higgsstrahlung, WW-boson fusion and ZZ-boson fusion
are independent of the beam polarization if we restrict ourselves to diagrams up to one
loop, as we did in our analysis. As for ete™ — tth, the Higgs self-coupling gives rise to
tiny beam polarization effects. Given the small impact of the latter production mode in
our analysis, we can safely neglect such effects. The dependence of the C; coefficients on
the collider energy is also shown in Figure B.1.

Besides the inclusive rates, we also checked the impact of a modified Higgs trilinear
coupling on the angular asymmetries that can be built for the ete™ — hZ — h{{~ case
(see references [137, 138]). We found that these effects are almost negligible and have no
impact on our analysis.

For completeness, we also report in Table B.2 the C; coefficients for the Higgs partial
widths [43].

B.2 ADDITIONAL RESULTS

In this appendix, we collect some additional numerical results and plots that were not
included in the main text.

In Figure B.2, we show the profiled Ax? as a function of 8k for the low-energy ILC
benchmark considered in section 5.2, including 2 ab™' of integrated luminosity at 250 GeV
and either 200 fb™" or 1.5ab™" at 350 GeV with luminosities equally split into P(e”,e™") =
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Figure B.1: Value of C; as a function of the center-of-mass energy /s for the ete™ — hZ, eTe™ —
vvh, ete” — hete™ and eTe~ — htt single Higgs production processes. Notice that the result
for Higgs production in association with a top-quark pair has been rescaled by a factor of 0.1.

Cq HZZ‘WW‘yy‘gg‘ff
on-shell h decay H 0.0083 ‘ 0.0073 ‘ 0.0049 ‘ 0.0066 ‘ 0

Table B.2: Values of C for the Higgs partial widths from reference [43].

(¥0.8, £0.3) beam polarizations. In the left panel, we show the global fit for the ILC alone,
while in the right panel we combine these results with the differential single- and double-
Higgs measurements at the high-luminosity LHC. The corresponding 68% CL intervals
are listed in Table 5.1.

In Table B.3, Table B.4 and Table B.5, we consider three alternative benchmark scenarios
for the low-energy ILC runs. The three scenarios differ from the one considered in the
main text by different choices of beam polarizations and luminosity splitting among them.
The total integrated luminosities are the same as in the main benchmark, namely 2ab™" at
250GeV, 200fb™* or 1.5ab™* at 350 GeV. In Table B.3, we consider P(e™,e™) = (F0.8,+0.3)
beam polarizations with luminosity split between them according to a 70%/30% ratio.
In Table B.4 and Table B.5, we consider P(e—,et) = (F0.8,0) beam polarizations with
luminosity split between them with a 50%/50% ratio and a 70%/30% ratio respectively.

If only ILC data is included in the fit, the precision achievable in the case of a P(e ™, e™ )=
(70.8, £0.3) polarization with a 70%/30% luminosity split is slightly better than the one
of the other scenarios. The impact is however marginal and basically disappears once the
ILC data is combined with the high-luminosity LHC one. We find that the differences
in the fits are mainly due to the dependence of the pair production cross sections on
the beam polarizations. In Figure B.3, we show this dependence for the double Higgs-
strahlung and WW-fusion pair production cross sections. These results are obtained with
MadGraph5 [143] and do not take into account beam-structure effects. One can see that
the largest cross sections are obtained for a P(e™,e™) = (—0.8,40.3) beam polarization.
The cross sections for P(e—,e™) = (0,0) are smaller by a factor ~ 2, while a much larger
suppression is present for P(e—,et) = (+0.8,—0.3).

Amusingly, one can note that, at leading order and independently of the center-of-mass energy, the inclusive
double Higgsstrahlung production cross section with a P(e™,e") = (+0.8,—0.3) beam polarization configu-
ration deviates from the unpolarized cross section by less than 1%.
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Figure B.2: Delta Chi-square profiled over all EFT parameters but k. Three run scenarios are
considered for ILC, with 2 ab~ ! at 250 GeV and {o, 200fb7?, 1.5ab™"} at 350 GeV, with luminosities
equally split into P(e™,e™) = (F0.8,4+0.3) beam polarizations. The shaded areas cover different
assumptions about the precision of TGC measurements. LefT: ILC measurements only. RIGHT:
combination with differential single and double Higgs measurements at the HL-LHC.

P(e,e™) = (F0.8,%0.3) ILC alone ILC + HL-LHC

70% 30%

non-zero aTGCs

zero aTGCs

non-zero aTGCs

zero aTGCs

250 GeV(2/ab)

[—4.98,+45.14]

[—4.68,+4.86]

[(—0.84,4+1.12]

[—0.85,+1.11]

250 GeV(2/ab)+350 GeV(200/fb)

[—1.18,4+1.18]

[(—1.12,41.12]

[—0.71,40.80]

[—0.69,40.78]

250 GeV(2/ab)+350 GeV(1.5/ab)

[—0.62,+0.62]

[—0.54,4-0.54]

[—0.50, +0.52]

[—0.47,+0.48]

Table B.3: 1o bounds on 4k, from single-Higgs measurements at low-energy ILC. In this table
we consider a benchmark scenario with integrated luminosity split into P(e™, e™) = (0.8, £0.3)
beam polarization with a 70%/30% ratio.

As a last result, we show the impact of the inclusion of the 8k, parameter in the global
tit of the EFT operators. For definiteness, we focus on the circular lepton colliders bench-
marks. For the fit, we use the 12 EFT parameters considered in the main text, namely

8¢z, €zz, €zO, Cyy, €zy, Cgg, OYt, OYc, OYv, 8Yr, dYyu, Az. (B.1)

As done in reference [118], it is convenient to slightly redefine the EFT parameters
connected to the Higgs decays into vy, Zy and gg. In particular we define

I ~ I'z _

%:]_ZCVY’ rS—S&:]—ZcZV, (B.2)

YY Zy
and

r . )

ﬁ ~ 1428 ~ 14+ 2¢gg+2.108y —0.108yy, (B.3)
with

S Cyy = Czy = Cgg

“Yy = g3x10 2’ “Zv = 59510 2" €99 = 83 %103 " (B4)
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P(e ,e") = (F0.8,0) ILC alone ILC + HL-LHC
50% 50% non-zero aTGCs zero aTGCs non-zero aTGCs zero aTGCs
250GeV/(2/ab) [—6.37,46.58] | [-5.98,46.27] || [—0.86,+1.13] | [—0.85,+1.13]
250 GeV(2/ab)+350GeV(200/fb) || [—1.40,+1.40] | [-1.32,+1.32] || [-0.74,40.87] | [-0.73,+0.85]
250 GeV(2/ab)+350GeV(1.5/ab) || [—0.71,4+0.71] | [-0.62,+0.62] || [—0.55,+0.59] | [—0.52,+0.54]

Table B.4: Ax? = 1 bounds on §ky from single-Higgs measurements at low-energy ILC. In this
table we consider a benchmark scenario with integrated luminosity equally split into P(e ™, et) =
(F0.8,0) beam polarization.

P(e ,e") = (F0.8,0) ILC alone ILC + HL-LHC
70% 30% non-zero aTGCs zero aTGCs non-zero aTGCs zero aTGCs
250GeV/(2/ab) [-5.61,45.83] | [-5.27,45.49] || [-0.85,+1.13] | [—0.85,+1.13]
250 GeV(2/ab)+350GeV(200/fb) || [—1.32,+1.33] | [-1.25,+1.25] || [-0.73,40.85] | [-0.72,+0.83]
250 GeV(2/ab)+350 GeV(1.5/ab) || [—0.69,+0.69] | [—0.60,+0.60] || [—0.54,+0.57] | [—0.50,+0.52]

Table B.5: Ax? = 1 bounds on &k, from single-Higgs measurements at the low-energy ILC. In this
table, we consider a benchmark scenario with integrated luminosity split into P(e™,e™) = (0.8,0)
beam polarization with a 70%/30% ratio.

First of all, we focus on the fit obtained from low-energy lepton colliders only. In this
case, the top Yukawa coupling and the Higgs contact interaction with gluons can not be
accessed independently as they can only be tested through the Higgs decay into gg. The
dyt and cy4 parameters always appear in the combination as shown in Equation B.3. In
the global fit we include only the (‘:‘;fg parameter and not cgg and dy; separately. The
precision on the various EFT parameters with and without the inclusion of ok, is shown
in the upper panel of Figure B.4. One can see that, if only a 240 GeV run is available, the
inclusion of the Higgs self-coupling in the fit significantly degrades the precision on dcz
and (‘:gfg. In this case, as we already discussed in the text, the precision on dkj is very
low. The situation changes drastically in the presence of runs at 350GeV. In this case,
the precision on égfg is effectively decoupled from the determination of the Higgs trilinear
coupling. Some correlation of 5k with Scz is still present with 200 fb~' of integrated
luminosity at 350 GeV, while a much milder effect remains with 1.5 ab~ ! of integrated
luminosity.

In the lower panel of Figure B.4, we show the global fit obtained after combination with
high-luminosity LHC measurements. In this case, the top Yukawa and the Higgs contact
interaction with gluons can be independently tested. The results of the global fit show
that the inclusion of the Higgs trilinear coupling affects only the determination of dcyz.
The impact is however much smaller than in the fit with lepton collider data only. The

other EFT parameters are affected in a negligible way.
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Figure B.3: Higgs pair production cross sections at as functions of the center-of-mass energy for dif-
ferent choices of the beam polarizations. The solid curves correspond to P(e—,et) = (—0.8,+0.3),
the dotted ones to P(e™,e") = (+0.8,—0.3), and the dashed one to P(e™,e™) = (0,0). Notice that
the dashed and dotted lines for e*e™ — Zhh overlap with each other.
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Figure B.4: Precision reach (one sigma constraints) at the CEPC with 5 ab~! at 240GeV and
200fb™" or 1.5ab™" integrated luminosity at 350GeV. The upper panel shows the results of a
global fit obtained from linear collider data only. The lower panel shows how the fit is modified by
the inclusion of high-luminosity LHC measurements. The light-shade regions correspond to the
full fit including 5«3, while the solid-shade regions correspond to the fit with dk = 0.






STATISTICAL REFINEMENT ON ASYMMETRY

In chapter 7, we studied several asymmetries sensitive to the CP properties of a scalar
particle. While we used Monte Carlo simulations to generate our results, analytic methods
could have been used instead. The expression of our asymmetry can be summarized as

R—-L
A =

“RiL (C1)

with R, L the number of event respectively on the right or left of the threshold value. In
our case the threshold was . Defining N = R+ L as the total number of events, we can
compute the probability to obtain an asymmetry value a:

PA=a)="P (EI_IL' = a) (C.2)
ZP(L:N“gav (C3)
=B <N(12_a),N,p> . (Cg)

Here B(k,n, p) is the binomial distribution with k the number of events with value on the
left of the threshold, n the total number of events and p the probability to be on the left of
the threshold. (Each event has a probability p to be on the left of the threshold and 1 —7p
to be on the right side. Repeating the experiment n time, we obtain the definition of the
binomial and therefore P(L = k) = B (k, N, p).) The allowed values for the asymmetry are
given by A € {N%ZL |0 < L <N C INJ. Using this fact, we can compute expected value
and variance

N
ElAl =) N QZLB(LN,p) =1-2p, (C.5)
L=0
Var [A] = E [(A —EA] )2} — 74p(pN— N (C.6)

Integrating the distribution 7.5 and 7.10 taking into account the different contribution A;,
we can obtain the probability

0i€q{ %
pP= J A;do. (C.7)
— 2 ;05€¢5 Jo
The metric we used can be expressed by
d _ mo—mel _ po—Pel gy )
Omax Max[og, 00] pp—1) ’ ‘

where the p in the denominator is the probability leading to the maximal variance and m
denote the respective mean value. We checked that the plots 7.12 and 7.7 indeed reproduce
the v/N behavior.






TOP PARTNERS PRODUCTION CROSS SECTION

In this appendix, We extend Table 1 and 2 of reference [251]. We give the numeric values
for the production cross section of top partners at 13 TeV. The pair production is computed
at next to next to leading order (NNLO) using top++ [278], while single production in
association with a W is approximated for an unit coupling at NLO following the method
of reference [251] using MCFM [279—282].

M[GeV]  0pair [fb]  Osingle [fb] \ M[GeV]  Opair [fb]  Ogingle [fb]
500 3.36 156 x 103 | 2000 1.38x10~% 223 x10!
600 1.16 1.08x 103 | 2100 823x107° 1.76x 10!
700 455x 107" 770x10%2 | 2200 4.93x10> 1.38x 10!
800 1.96 x 107! 557 x10% | 2300 2.96x107° 1.09 x 10’
900  9.03x1072 4.08x10%2| 2400 1.77x10°° 8.62
1000 44x1072 3.03x10%2| 2500 1.06x10°° 6.84
1100 224x1072 227 x10%2| 2600 6.34x10°° 55
1200 1.18x 1072 1.72x 102 | 2700 377 x10°° 4.32
1300 639x1073 1.31x10%2 | 2800 2.23x10°° 348
1400 354x103 1.00x10%2| 2900 1.31x10°° 2.77

1500  2.00x 1073 7.74 x 10! 3000 7.6 x 1077 221
1600 1.15x 1073 6.03 x 10! 3100 4.38x 1077 1.74
1700 6.66 x 107*  4.66 x 10! 3200 25 %1077 1.38
1800  3.91x107% 3.62x 10! 3300 1.41 x 10~ 1.11

1900 231 x10°% 2.87 x 10! 3400 7.87x10°8 881 x10°"!

Table D.1: Single and pair-production of top partners cross section.
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