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This paper explores the decay of the Higgs boson in the diphoton decay channel as a probe for the Standard
Model and potential Beyond Standard Model phenomena. An outline of the Higgs mechanism in the context of the
electroweak theory is presented, followed by the computation of the SM Higgs boson decay width using dimensional
regularization and Passarino-Veltman reduction implemented through Package-X. Additional contributions of charged
scalars arising in various BSM theories are considered. Using recent experimental measurement of the diphoton
signal strength, constraints are placed on the parameters of singly and doubly charged Higgses. The fit shows a mild
preference for nonzero negative couplings at the 1o level, which is not statistically significant.

RAZISKOVANJE (ONKRAJ) STANDARDNEGA MODELA PREK RAZPADA h — ~yy

Clanek obravnava razpad Higgsovega bozona v dva fotona in njegovo vlogo pri iskanju procesov onkraj Stan-
dardnega modela. Predstavljen je Higgsov mehanizem v kontekstu elektroSibke teorije. Sledi izrac¢un razpadne Sirine
Higgsovega bozona v Standardnem modelu z uporabo Package-X, ki sloni na dimenzacijski regularizaciji in Passarino-
Veltman redukciji. Dodatno so obravnavani prispevki procesov, ki vkljucujejo nabite skalarje, prisotne v razsiritvah
Standardnega modela. Na podlagi eksperimentalnih podatkov so dolo¢ene omejitve parametrov enojno in dvojno
nabitih skalarjev, pri ¢emer je opazna teznja k negativnim sklopitvam pri 1o, kar pa ni statisti¢no signifikantno.
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1 Introduction

The development of the quantum field theory in the first half of the 20th century led to the formula-
tion of a remarkably successful description of the interactions among the elementary particles — the
Standard model (SM). The gradual building of this theoretical framework spanned more than three
decades, with the need for stringent tests of its predictions being to this day the main objective of
many collaborations in experimental particle physics.

The theoretical description of the weak force and its unification with electromagnetism was
perhaps the most demanding, both because of the parity-violating nature of the weak interaction as
well as due to the mathematical challenge of formulating a theory with massive vector bosons. The
solution — the celebrated Higgs mechanism — was proposed in 1964 by Higgs [1], Brout and Englert
[2], as well as Guralnik, Hagel and Kibble [3]. In 1967, this enabled Weinberg [4] and Salam [5],
who continued the work of Glashow [6], to develop the electroweak theory, which was in 1971 proved
by t’'Hooft and Veltman [7] to be renormalizable, that is, giving finite results.

Besides the W and Z bosons, discovered in 1983, the electroweak theory predicted the existence
of a neutral scalar particle — the Higgs boson, which prompted the construction of CERN’s Large
Hadron Collider (LHC). Its discovery was announced in 2012 [8, 9], thus establishing the SM as the
fundamental theory of nature. The particle content of the SM is presented in Figure 1.
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Despite its success, the Standard model fails to explain certain observations, such as the presence
of dark matter, and predicts massless neutrinos, while experiments have shown evidence for non-
zero masses. Moreover, some theoretical considerations hint at the need for the unification of the
forces. It is generally believed that the SM is not the final theory of fundamental particles and there
exists physics beyond it. There is a plethora of theoretical frameworks that address the difficulties
mentioned earlier, which usually requires the introduction of new particles. These could be detected
directly by observing their decays or indirectly by noticing their effects in scatterings or decays of
known SM particles. In particular, some of the theorised beyond Standard model (BSM) particles
could couple to the SM Higgs boson and contribute to its decay width.

charm top gluon Higgs boson

Figure 1: The Standard model of particle
physics describes fermions —spin 1/2 parti-
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Among other decay modes, the Higgs boson can decay to two photons through a loop-induced
process. Despite its small branching ratio, the diphoton decay channel played an important role in
the Higgs boson detection and has been crucial in the ensuing precision measurements, alongside
the ’golden’ four-lepton channel. Both have low backgrounds and allow for excellent resolution [11].

The diphoton decay channel is of significant importance not only because of its clean signature
but also due to its sensitivity to BSM corrections. As the process does not occur at tree level it is
possible to consider theorised new particles entering the loop and having observable consequences.

We begin with a brief introduction to some key aspects of group theory, quantum field theory and
gauge fields, followed by an explicit theoretical discussion of the electroweak theory in the Standard
model. After listing the relevant Feynman rules, we use those to obtain the SM prediction for the
h — ~v decay width. Following a slight experimental aside, we compute hypothetical contributions
of charged scalars to the decay width and use experimental data to constrain the parameters of such
BSM models. For readers interested in a more rigorous treatment of the electroweak theory, as well
as the technical details of the decay width computation, these are available in the appendices.

2 Gauge symmetries

2.1 Brief overview of symmetries and groups

The symmetry of a particular system can be considered in the context of its symmetry group — the
group of all transformations under which the system remains invariant. Since symmetries play a
key role in describing high-energy physics phenomena, we will rely on some basics of group theory
throughout this article. In our ensuing discussion we will limit ourselves to continuous symmetries,
which are described by Lie groups, parametrized by a continuous parameter. A general transforma-
tion of a field x under a Lie group can be written as y — x’ = e’«”*x, where g, are the continuous

group parameters and T are the generators. The latter form a basis of the Lie algebra of the group
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and satisfy the commutation relation: [T, T?] = ifu.T¢, with fu. as the structure constants [12].

Global and local symmetries. In the case of local symmetries, the parameters are functions of coor-
dinates; ¢ = e(z#), whereas global symmetries act the same at each spacetime point; € # (z*) [13].

Abelian and non-abelian groups. For a group to be considered abelian all of its elements must
commute. One example we will encounter is the group of phase rotations U(1) which transform a
field y as: x — €°x, where ¢ is a real continuous parameter. Elements of non-abelian groups are in
general non-commutative. Such is the special unitary group SU(n), which is the group of all n x n
unitary matrices with determinant 1 (hence ’special’). The group SU(n) has n? — 1 generators for
reasons related to the unitarity constraint [12].

Group representations. Transformation under a given symmetry group can be written as x' = Uy,
where U is a matrix realization of a group element acting on y and is called a representation of
the group [13]. Different fields y can transform under different representations of the same group.
For example, the adjoint representation tells us how the group acts on its own Lie algebra. The
fundamental representation, on the other hand, is the most basic irreducible representation. For
SU(n) it is n-dimensional and acts on n-dimensional complex vectors [12].

2.2 Quantum field theory and the Standard model

Our main focus will be on the interactions among elementary particles. These are described by their
respective quantum fields and treated in the context of quantum field theory (QFT).

A system is described by its Lagrangian density, which is in a field theory a function of fields
and their derivatives: L(x,d,x). Here four space-time derivatives are combined into 9, = (0, V)
to allow for Lorentz invariance of the theory. Corresponding equations of motion are derived by
varying the action S = [ daL.

The particles in the Standard model (SM) are presented in Figure 1. Lagrangians of non-
interacting scalar (¢), fermion (¢) and vector (B,) fields are listed below:

1 1 1 1
e Rscalar: L= 3 (Ou0) (0" @) — §m2¢>¢), e Ruvector: L= _ZFWFW + ngBMB#,

e Cscalar: L= (9,0)(0"¢") — m*pp*, o fermion: L =iy —mai).
(1)
We introduced the Feynman slash notation: @ = v#0,, where v# are the Dirac v matrices. The
field strength tensor F),,, will be defined in the next section. The terms quadratic in fields which
include derivatives are kinetic and those that do not are the mass terms. These are the free field
Lagrangians and do not contain interaction terms.

Here, fields were introduced as complex-valued functions of space-time coordinates, following the
classical field theory approach. In the full quantum field theory, these classical fields are promoted
to operators with canonical commutation relations, and particles emerge as discrete excitations of
these quantized fields with specific energy eigenvalues.

2.3 Introduction to gauge theories

In the Standard model, every fundamental interaction arises from requiring that the Lagrangian
remains invariant under local transformations. This gauge invariance can only be achieved by the
introduction of spin-1 gauge fields, which mediate the forces. Without gauge invariance, a theory
becomes nonrenormalizable [14], meaning the infinities which arise in the calculations cannot be
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cancelled out, thereby stripping the theory of its consistency.

Abelian gauge theories: U(1) example. Let us first consider a theory of a free complex scalar field
¢. It is described by the Lagrangian given in (1), which is manifestly invariant under global U(1)
transformations. It is not invariant under local U(1) transformations, however, as derivatives in
the first term act on the spacetime-dependent parameter £(z#). To achieve gauge invariance we
introduce a gauge-covariant deriative D,,, defined by:

Do = (au - iEAu) o, (2)
where A, is a gauge field which transforms as: 1
A# — A,LL + gay,g . (3)

After promoting the derivatives J,, in the Lagrangian (9) to the gauge-covariant derivative defined
earlier, all of the terms that arise because of the spacetime-dependence of € cancel out and such
a Lagrangian has a local U(1) invariance. In addition, the theory now contains a gauge field A,
which is coupled to the scalar field. We have therefore generated interactions.

Non-abelian gauge theories: SU(2) example. The concept of gauge invariance can be extended to
non-abelian gauge groups. If a complex scalar field ¢ transforms under a certain representation of
SU(2) as ¢(x) — w(z)p(z), then gauge invariance of the Lagrangian is again achieved by introducing
the covariant derivative like we did in (2), except that now A, transforms as A, — AL =wAw 1+
wd,w™t and is matrix-valued. It can then be written in the basis of the group generators in
the appropriate representation: A, = » T*Af [13], where we denoted by Af a number-valued
field associated with the generator 7. In all future instances the sum over repeated indices will be
omitted. For the fundamental representation of SU(2), the generators are normalized Pauli matrices:
T* = 0/2, which means we can write the covariant derivative as:

A
D, = <8M — zngM> o. (4)
When introducing a new field into the theory we must also include its kinetic term, written as:
1
Egauge, kinetic — _ingFéLll? F;j]/ = 8;#13 - 8VAZ + gfabcAZAyc/ . (5)

In the case of abelian gauge groups, the structural constants are zero, hence the third term in the
definition of F},, vanishes. For non-abelian gauge fields, however, the presence of this term leads
to triple and quartic self-interactions of the fields. For SU(2), the structural constants f,;. are the
components of the Levi-Civita symbol €.
Moreover, a mass term for the gauge fields is prohibited by the gauge invariance. Considering
again the abelian example, a mass term is not invariant under the U(1) transformations:
12AAM EQA 13 AH 13# 12AAM
5l — 5ma ,ﬂreue +e € #QmAu , (6)
and therefore cannot be included ad hoc in a gauge-invariant Lagrangian. However, some of the
gauge bosons in the Standard model are massive. A fascinating solution to this problem lies in the
spontaneous breaking of the gauge symmetry through the Higgs mechanism.

2.4 Spontaneous symmetry breaking (SSB)

Consider a Lagrangian, invariant under some symmetry group, with a kinetic part 7" and a potential
V: L =T —V. If terms that violate the invariance are added to the Lagrangian, the symmetry
becomes only approximate. This is known as explicit breaking.
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On the other hand, if £ is invariant under the symmetry and the minimum of the potential, i.e.
the vacuum, does not respect the symmetry of the Lagrangian, its symmetry group can be broken
spontaneously by expanding £ around the minimum. According to the Goldstone theorem, if the
spontaneously broken symmetry of a Lorentz-invariant theory is continuous and global, this results
in the appearance of massless scalar states in the spectrum of the theory — the Nambu-Goldstone
bosons (NGBs) [15], one for each spontaneously broken generator. An example of a spontaneous
breaking of a global symmetry is available in the Appendix. If the spontaneously broken symmetry
is local, however, the NGBs can be thought of as absorbed by the gauge bosons, which as a result
acquire mass [12]. This mathematical procedure is called the Higgs mechanism and will be discussed
in the following section.

3 Electroweak theory in the Standard model

We are now set to construct the proper electroweak theory of the Standard model. As the name
implies, electromagnetic and weak interactions are treated within the same unified theoretical frame-
work. In order to ensure its renormalizability, we require a certain gauge invariance of the theory,
which will have to be spontaneously broken to generate the masses of the weak bosons W+ and Z.

3.1 Gauge group of the electroweak theory

For simplicity we will consider only the first generation of leptons: left- and right-handed electrons,
er,er, and the left-handed electron neutrino, vz. The interactions of these particles are governed
by the gauge group of the theory. In order to accommodate both self-interacting Wiﬁ bosons as well
as the photon field A, the gauge group must consist of a non-abelian and an abelian part. A valid
choice is SU(2) ® U(1), which has 34 1 = 4 generators. The explicit connection between the group
generators and the vector boson fields is not obvious and is shown in the Theoretical Appendix 7.

Since the weak interaction violates parity, fermion fields of different chirality must transform
under different representations of SU(2). We therefore take the left-handed leptons to form a SU(2)
doublet and treat the right-handed one as an SU(2) singlet:

<V >
) R'
eL

From now on, the SU(2) part of the gauge group will be denoted as SU(2), to convey this informa-
tion. Transformations of the fields under U(1) are indicated by their U(1) quantum number — weak
hypercharge Y. The gauge group of the electroweak theory is then written as:

SU2), @ U(1)y - (7)

3.2 Spontaneous symmetry breaking: the Higgs mechanism

Besides fermions and gauge fields we want the theory to also include scalar fields with a potential
that allows for SSB (see Appendix 7). More specifically, we need to break both the SU(2), and
U(1)y parts of the gauge group. This is achieved by introducing scalars that transform non-trivially
under both groups. The simplest option is a doublet of two complex scalar fields ¢; and ¢o:

o= (1), ©)

with hypercharge Y;, = 1/2, as derived in Appendix 7. We now write the gauge-invariant Lagrangian
for the scalar part of the theory:
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Lutiges = (Do) (D'6) = V(9), V(g) = —12¢Tp + A (¢T¢)2 , piA>0. (9

It follows from Section 2.3 that gauge invariance is ensured by defining the covariant derivative as:

Dy = (0 +igT Wi +ig'YyBy) ¢, (10)

where T are the three generators of SU(2),, W are the real number-valued gauge fields associated
with them, while B,, corresponds to the U(1), gauge field. We introduced two coupling constants,
g and ¢, as well as the U(1),, quantum number of the scalar doublet, Y. Differentiating V' (¢) with
respect to ¢1 and ¢o, we obtain the following condition for the possible minimas:

1
[p1]? + 2| = §U2, vt =1 (11)

Choosing one of the solutions and expanding the scalar fields around it, we get:

() [ O B wt B wt
@ = <<¢2>> - <ﬁ> — =+ (\}5 (h+iz)> = <\}§(v+h+iz)> L (12)

where w is the perturbation around the vev of ¢, while (h+iz)/v/2 is the perturbation around the
vev of ¢o, split into its real and imaginary parts denoted by relatively suggestive notation. Fields
z, wT and its complex conjugate w™ are the would-be Goldstone bosons [16], which are unphysical
and can be shown to be absorbed by the massive gauge bosons by fixing an appropriate gauge [12].
The theory predicts the existence of a massive neutral scalar h — the Higgs boson. After inserting
the expansion of ¢ as defined in Equation (12) into the Lagrangian (9), its initial symmetry is
spontaneously broken and we obtain appropriate mass terms for the weak bosons. The interesting
intricacies of the electroweak SSB, including the derivation of the mass terms and the pattern of
the SSB, are discussed in the Theoretical Appendix 7, which the reader is kindly encouraged to
consider.

3.3 Feynman rules for the electroweak theory

So far, we have only discussed the first term of the electroweak Lagrangian, Lyiggs, given in Equation
(9). The entire electroweak theory, however, can be separated into the following sectors [17]:

‘C]éjl\\;}/ = L‘Higgs + Lo+ LE 4 Lyukawa + ng + 'Cghost- (13)

gauge fermion

We are mainly concerned with the calculation of the h — 7~ decay. The electroweak Lagrangian
contains instructions for that in the form of particle couplings and propagators — the Feynman
rules, which are collected in Summary 3.1. Some further remarks on their derivation are provided
in Appendix 7.

When quantizing gauge theories, redundant field configurations stemming from the gauge in-
variance must be removed by introducing the gauge-fixing terms [12]. This allows us to properly
derive the propagators, which consequently depend on an arbitrary gauge parameter £, as seen in
3.1. Our calculation of h — ~7v decay will be performed in the unitary gauge, obtained by setting
¢ — o0. In this limit, the unphysical degrees of freedom, such as the would-be Goldstones, are
eliminated, which simplifies the calculation significantly. The W boson propagator defined in 3.1
then becomes:

—1 Pubv
Pro = = — . 14
Pw p2 — m{%{/ (g;w m%/[/ > ( )
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Summary 3.1. Summary of relevant vertices and propagators. A more comprehensive
collection of the Feynman rules can be found in [17].

Higgs interactions Gauge - fermion interactions
wt f f
. _;9 mf .
p====s==== Ymw Gy  hos 2 mw il —Zle’y“
W 7 7
o Gauge - gauge interactions Propagators
P+ .
NV Prog, — LB+ my)
A —ie (gop (P— — P+) + Gpu (P+ — @) + Guo (¢ — p-)) Py = P2 — m;
N f

w;

—ie? (2gapguu — 9ouGpv — go'l/gp,u)

oA
p:

Wi W,

4 Testing the electroweak theory

4.1 Experimental measurement

Since its detection in 2012, the properties of the Higgs boson have been studied extensively by
ATLAS and CMS Collaborations [18, 11]. Higges are produced in proton-proton collisions predom-
inantly through gluon fusion involving a top quark loop. The SM lifetime is 7, ~ 1.6 - 10722 s,
meaning the Higgs boson decays rapidly into lighter states. The branching fractions of the decay
channels are visualized in figure 2b. Although the h — 77 is a relatively rare decay, it was one of
the main discovery channels, the other being the ’golden’ four-lepton channel, with an even smaller
branching ratio. The reason lies in their extremely clean signatures with low background.

Unlike for the dominant bb channel with overwhelming quark background from QCD processes,
the only background for the diphoton channel comes from quark annihilation, gluon-gluon fusion
and jet or particle misidentification. This background forms a smooth distribution which can be
modelled and taken into account during data analysis. The photons are detected in electromag-
netic calorimeters, where they produce electromagnetic showers after interacting with the detector
material.

The invariant mass of the two photons is then calculated from the measured energies and their
directions of detection. The photons originating from Higgs boson decays create a bump in the
background spectrum, as seen in Figure 2a. This peak is centered at the mass of the decaying
particle and is approximately Gaussian due to the detector resolution effects, which completely
mask the true Breit-Wigner resonance shape. Current experimental value of the Higgs boson mass
obtained from such measurements is mj = 125.38 +0.14 GeV (mj, = 125.17 + 0.14 GeV) as found
by CMS [11] (ATLAS [18]).
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(a) (b)
Figure 2: a) Diphoton invariant mass distribution with background (dotted blue line) and fit (red
line). Source: [18]. b) Branching fractions of the h decay channels. Data was obtained from [19].

4.2 Standard model predictions for i — ~y decay width

The Higgs boson cannot couple to photons directly. Since it has zero electric charge, this can be
understood from electrodynamics. Fittingly, there are no h-v interaction terms in the electroweak
Lagrangian. Moreover, the Higgs boson only couples to massive particles, and ~ is massless.

The h — 77 decay therefore occurs at higher orders of the perturbative expansion, with the
lowest non-trivial order being at one-loop. Particles that can enter in the loop must be charged
(coupling to ) and massive (coupling to h). In the SM, that leaves us with charged fermions and
the W boson. Higgs coupling is proportional to the mass of a particle, so we can assume the main
contributors will be the top quark and the W, with masses m; ~ 173 GeV and my ~ 80 GeV [19].

p © vy
k1+k/\>/
B

h------
NN
p—ki— ks~ v

(2) (b) (c)
Figure 3: a), b) Feynman diagrams with indicated momentum assignements for the SM h — ~+ decay
with the W boson in the loop. We refer to the one on the left as the triangle diagram and the one
with the quartic vertex as the bubble. ¢) Feynman diagram with a charged fermion in the loop.

In unitary gauge, there are two Feynman diagrams involving the W boson and one diagram
corresponding to the fermion loop which contribute to the SM decay width. They are presented
in Figure 3. We can use the Feynman rules listed in Section 3.3 to write down the appropriate
amplitudes. However, there are a few other considerations to be made. The particles in the loop
are virtual or off-shell, which means they do not satisfy the classical equations of motion and can
have arbitrary momenta, as long as energy and momentum are conserved at each vertex. We must
therefore integrate over all possible loop momenta p. In general, such loop integrals are not finite
and need to be dealt with using a certain regularization method. Here, we employ dimensional
reqularization, which means promoting a 4-dimensional integral to d-dimensions and evaluating it,
after which we set d = 4 — ¢, where ¢ — 0. This helps us to isolate the divergent terms, which
cancel out after considering all of the contributing diagrams, since the observables must be finite.
For additional comments on renormalization, see Appendix 7.1.

Evaluating the loop integrals is not exactly trivial. The results were computed in Mathematica
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using Package-X [20], with the corresponding code available in Appendix 8.1. In the present section
we outline the final results, which match those in the literature [21].

Adding together the expressions for the W and the fermion amplitudes and summing over all
possible fermion states in the loop leads to the total Standard model amplitude for the h — ~y
decay at one-loop order, which can be compactly written as:

e2

e Fsan (k1 kag™ — K{K) 2k (ko). (15)

=t Y=
f

We defined Fsy as Fay = Fwy + Zf Nfoch with

2
Fw =2+3Bw +3 (26w — Biy) f(Bw) and Fp=—=28;(1+ (1 -8y f(By)), Bi= Z;lm; . (16)
h

Here @y is the electric charge of the fermion in units of e and Ny is the color factor, which is 1 for
leptons and 3 for quarks. The function f(5) is defined as:

arcsin? (6‘1/2) , B>1,
1(6) = —% (ln T_”/ﬁ —i?T)Q, B <1.

Using the masses my, m; and myy given earlier, and knowing N; = 3 and @Q; = 2/3 for the top
quark, we can compute the dimensionless constants Fy and Fy:

Fy ~ 8.3, Fi~—-14 — NQF ~-18. (17)

The top quark therefore interferes destructively with the W loop, which gives the dominant con-
tribution, as Fyy > N;Q?|F}|. After some algebra, provided in Appendix 8.1, we arrive at the SM
prediction for the h — v decay width at one-loop:

3G o\ 2
M, = 22 () Fsul? 18
W= b= |Fsm|” |, (18)
where Gr and « are the Fermi constant the fine-structure constant, which are defined as:
8G 2 2
=F = gT and a=—. (19)
V2 miy 47

Additional terms in the perturbative expansion would be surpressed by higher powers of the coupling
constants. Expression (18) agrees with the result in [21]. We note that the divergencies cancelled
out and the observable I' is indeed finite.

5 Search for the evidence of physics beyond the Standard model

Since it occurs at one-loop order, the h — 7~ decay is especially interesting as a probe for BSM
phenomena. Many SM extensions predict the existence of additional particles that would couple
to both the Higgs boson and the photon, which means they would contribute to the process as
virtual loop states. Such are for example charged Higgs bosons, which are present in but not
limited to the following models: Type-II See-Saw [22], Left-Right Symmetric Model (LRSM) [23],
Minimal Supersymmetric Standard Model (MSSM) [24]. Typically, these additional scalars are
doubly charged at most. For the purposes of this paper, we therefore consider the contributions of
arbitrary charged scalars AT(+) and modify our previous results accordingly.
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(a) (b)
Figure 4: Feynman diagrams for the h — v decay with charged scalars A* or AT in the loop. The
momenta assignements are identical to those in Figure 3.

5.1 Charged scalar contribution to h — vy decay width

To account for the effects of the hypothesized charged scalars, we evaluate the invariant amplitudes
given by two additional Feynman diagrams, shown in Figure 4. The explicit computation is available
in Appendix 8.1. When writing the total amplitude for the h — v decay, Mgm+Bsm = Msm +
Mpgswm, the factor Fgyr defined in the previous section as (16) must be replaced with:
CrhanvQimwy
Fsm —  Fosmssm =Fsu + mngFA, FA =Ba (1= Baf(Ba)), (20)
A

which now includes the contributions of a scalar particle with mass ma and charge Qa. The triple
scalar coupling in the units of vev v is denoted by Chaa.

5.2 Constraining the parameters of BSM models

The contributions of a singly or doubly charged scalar AT to T h—~~ depend on two parameters:
the mass ma and the dimensionless coupling Cpaa. Knowing the experimental values of observables,
we can determine the constraints on these parameters.

Signal strength p is defined as the ratio of the observed events to the theoretical SM prediction.
For the h — vy decay, the most recent experimental value is estimated at fiexp, = 1.10+0.06 [19]. We
define the predicted signal strength accounting for the BSM effects, which were calculated earlier:

I'smiBsMm

Tan (21)

Hpred =
Comparing it to pexp for various combinations of parameters ma and Cpaa using reduced X2
statistic, we obtain the constraints on the parameter space displayed in figure 5. The doubly
charged scalar shows stronger constraints compared to the singly charged due to the QQA enhance-
ment in (20). In both cases there is a preference towards negative couplings. It is important to
emphasize that the apparent preference for nonzero Cpaa does not exceed 1o and therefore carries
no statistical significance. Current ATLAS and CMS global fits of Higgs properties report diphoton
signal strengths consistent with the SM within uncertainties [25]. As the mass of the hypothetical
scalar increases, the constraints on the coupling loosen. Brief discussion on statistics as well as
additional plots are available in the Phenomenology Appendix 8.2.

6 Conclusions

We demonstrated some of the essential features of the electroweak theory of the Standard model,
with the key ingredient being the concept of the spontaneous breaking of the gauge symmetry
— the Higgs mechanism — as the mathematical procedure which allows for the generation of the
vector boson masses. The Higgs boson, predicted by the theory, decays to two photons through
a loop-induced process with predominant contributions coming from the W boson and the top
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Figure 5: Likelihood of combinations of parameters for singly (left) and doubly charged (right) scalars
with the darkest shaded area being the most likely. The contours represent the 1o and 20 confidence
levels. Values outside the shaded regions can be considered excluded by experimental data.

quark. Although a rare decay, this channel presents a sensitive experimental probe into both the
SM physics, as well as the potential BSM contributions.

We computed the SM prediction for the decay width and emended it by considering additional
loop diagrams with arbitrary charged scalars. These arise in BSM models with extended Higgs sec-
tors, such as the Type-II See-Saw, the LRSM and the MSSM. The loop calculations were performed
using Package-X. The obtained results are in agreement with those found in the literature [21, 26].

Comparing the analytical expression for the signal strength of the h — ~v decay width to its
experimental value, we constrained the parameter space for the mass and the coupling of the hy-
pothesized BSM Higgses. The results show a slight preference for negative couplings at 1o statistical
significance. This effect should not be interpreted as evidence of new physics. Rather, it illustrates
the present experimental sensitivity of the diphoton channel to possible BSM contributions.

7 Theoretical appendices

Appendix A: Additional preliminaries

Here we provide some additional comments on the concepts introduced in the main part of this
seminar, which the reader is assumed to be familar with or are not crucial for the understanding of
the subject, but can offer some informative insight.

Ad: Group representations.

e In the language of group theory, scalar, vector and fermion fields transform under different
representations of the Lorentz group.

e The gauge fields are algebra-valued, which means they transform under the adjoint represen-
tation of the gauge group.

Chirality of fermions. Chirality is an intrinsic property of a particle, which is said to be either left-
or right-handed, depending on its eigenvalue of the chirality operator. The latter is defined as the
fiftth Dirac v matrix: 75 = iy1v27374. For massless particles, chirality and helicity — projection of
spin onto the direction of its momentum — coincide. A Dirac spinor ¢ can be decomposed into its
left- and right-handed components using projection operators Pr, and Pg:

Y = Py + Pry = + g, Prr= % (1F7s) . (22)
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Weak interaction and parity violation. Parity transformation is defined as the reflection of spatial
coordinates: P : & — —%, t — t. Under parity transformation, chirality flips the sign. Unlike
strong and electromagnetic interactions, processes induced by weak interactions are not symmetric
under such transformation. Weak interaction therefore violates parity as it couples exclusively left-
handed particles and right-handed antiparticles. Since neutrinos only interact weakly, hypothetical
right-handed neutrinos have not (yet) been observed and are not considered in the SM.

Appendix B: Spontaneous breaking of a global symmetry

We will illustrate spontaneous breaking of a global symmetry with a concrete example. The following

Lagrangian of n real scalar fields ¢;:

A
L= % 00" P — V(9), V(p) = _%NQ(@)Q + Z(¢z)47 i=1,.n, (23)

is invariant under rotations among the fields ¢;: ¢; — R;;¢; ,RTR =1, and is therefore symmetric
under the group of all orthogonal n x n matrices O(n), which has n(n — 1)/2 generators. The
potential V(¢) depends on two R parameters: p? and A, where ) is taken to be positive in order to
ensure a lower bound for the energies of the theory [27]. For u? < 0, the minimum of the potential is
symmetric under rotations, which can be seen in Figure 6. For p? > 0, however, there are infinitely
many degenerate vacua which do not remain invariant under O(n), allowing for SSB.

V) \ Vit) |

Figure 6: The shape of the potential V for u? < 0 (left) and for u? > 0 (right). Source: [28].

We choose one of the minima, for example ¢g = (¢}, ..., #Y) = (0,..,v), with v = /A as the
vacuum expectation value (vev). Expanding the fields around it, we obtain:

¢:(Wk(x)’v+0($))v k=1,..,N -1, (24)
where 73, and o are the perturbations around the vacuum. The Lagrangian (23) becomes:
1 2 1 2 A 2 4
L= 3 (Qﬂrk) + 3 (8u‘7)2 — 120 — Vo —Vapu (ﬂ'k) o— 204 —3 (ﬂ'k) o? — % <Wk> , (25)

and the initial O(n) symmetry is no longer apparent. The Lagrangian is now invariant under the
rotations among the 7y, fields, which means the symmetry group has been broken down to O(n —1).
The number of broken generators corresponds to the difference in the number of symmetry generators
before and after the SSB. In this case, this means: npg =n(n —1)/2—(n—1)(n —2)/2 =n —1,
which is precisely the number of the massless scalar fields 7 that appeared in the Lagrangian and
are interpreted as the NGBs [12]. Notice that the o field acquires a mass m, = V2pu. Tt is also worth
noting that in a Lorentz-invariant field theory, only scalar fields can have non-zero vevs, which is
crucial for SSB.

What we have just shown was a spontaneous breaking of a global symmetry. When breaking a
local symmetry, the procedure is very similar, with the main difference being in the implications of
the resulting massless scalars. For a spontaneously broken local symmetry these would-be Goldstones
are unphysical and become the longitudinal polarizations of the massive vector bosons [12].
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Appendix C: Electroweak theory in the Standard model

The treatment of the electroweak theory in the main part of this article was limited to a rather
conceptual description of its construction from group theoretical considerations and the subsequent
procedure of the electroweak symmetry breaking. A more detailed analysis is available in the present
section.

Masses of the weak bosons. By using the explicit definition of SU(2) generators in terms of Pauli
matrices 0%, the covariant derivative defined in (10) can be rewritten in a convenient matrix form:

) 9”73 + 29’Y¢B g (”71 _ ’6”72)
M¢ H¢ + u‘bv K ( (”71 + ZVVQ) _gnrg 4 2le¢>Bu

Knowing the mass terms are quadratic in gauge fields and are not coupled to any of the scalars, we

(26)

extract them by investigating the following term:

g (WL —iw?) )

(Gt (G (6. where 6 (o) = 2 (300 ) 1)

which leads to:

(G (o) (G (0)) = 100" = (W = IW2) < (W4 W) + o (—aWji + 20%,B,)° . (29)

Defining a linear combination W/jt = \ﬁ (Wﬁ F ZW&) the first term becomes:

1 PPWIW T = L, mass » (29)
For a charged vector field, the factor of 1/2 in the normalization of the mass term in the Lagrangian
defined in (1) is omitted, analogously to how a Lagrangian of a complex scalar field is defined. We
therefore read off the mass of the W boson: myy = gv/2. Finding the mass of the Z boson is slightly
less straightforward. The key is to find two orthogonal linear combinations of real vector fields Ws’
and B,, for which the mass matrix is diagonal [16]. Computing the determinant of the mass matrix,
we find:

Lo g® —gg 2 2 Lao 1
M=—v < ,2>, det M =0 — m3 =0, myz=TrM = —v°(¢°+4~). (30)

4 \—99 g 4

Summary 7.1. The physical fields let, Z, and A, — the photon field — can be written as
linear combinations of the gauge fields we encountered in Equation (10):

1 1
+ _ 1 2 _
° Wu_\ﬁ(wu:'”wu)’ mw = 59V,
1
e Z,=cos 9WW3 — sin Oy By, myg = 3 (92 + 9'2)1/21), (31)
o A, = sinﬂWWi + cos Oy By, ma =0.
Here we introduced a new parameter — the weak mizing angle Oy [16], defined as:
g/
tan by = = . (32)
9

The fields Wﬁc are complex and therefore charged, while Z,, and A, are real, hence neutral.
The photon remains massles after SSB, which is consistent with observations.

Matrika 12 (2025) 2 13



Lara KraSovec

Mass of the Higgs boson. The mass of the Higgs boson is derived by investigating the Higgs potential
given in (9) after the spontaneous symmetry breaking:

2 w
(9) = —20to+ A (610) ol SR (33)
We want to isolate the terms that are quadratic in field h:
1 1
. ¢T¢:§(v+h)2+...: 5h2+...

2 1 1 3
e (¢T¢> = Z ('U + h)4 +...= 16’1)2}7/2 +...= 5’1}2}12 + ...
Putting it all together and keeping in mind that the parameters of the potential are related to the
vev v through Equation (11), we get:

1 1 1
V(g) 25 (30X — p?) h? = 3 (302X — M?) h? = §2Av2h2 - mp=V2\w.

Residual symmetry and the pattern of symmetry breaking. What exactly has happened to the
symmetry group of the Lagrangian? The non-zero vev of the scalar doublet (¢) has non-zero
eigenvalues of the SU(2); generators, which means the latter are spontaneously broken as 1" (¢) # 0.
The same goes for the U(1), invariance. However, the photon is a gauge boson and it is massless,
so there must be some residual U(1) symmetry after the SSB. Looking at the definition of A, in
(31), we are inspired to construct a linear combination of 7% and Y, called the electric charge Q:

Q=T*+Y, (34)

for which the lower component of the ¢ doublet has a zero eigenvalue, meaning the U(1) o Symmetry
is not broken by the vev of ¢. This requirement fixes the hypercharge of the doublet. First we realize
that the eigenvalue of the T generator for the lower component of an SU(2) doublet is t3 = —1/2.
We find Y, = +1/2 and note the electroweak symmetry group has been broken down to U(l)Q:

SU2), ® U(1)y — U(1),. (35)

The electroweak Lagrangian. We will discuss the terms relevant to the calculation of the h — ~+y
decay, presented in Figure 7. The corresponding Feynman rules, which are summarized in 3.1, will
not be derived explicitly. What follows is a brief outline of some of the key points.

The second term in (13) corresponds to the kinetic terms for the gauge fields. We know from
Section 2.3 that these are of the form: [,g;lﬁze = —%BWB’“’ — %WﬁVW(ﬁW , where

By = 0B, —9,B,, and W, =9,WS— 0,W5 + gearc WIW . (36)

These fields first need to be mapped to the physical fields defined in (31). Their interactions can
be derived from the terms that are cubic or quartic in the fields. For the propagators, we need to
consider also the gauge boson mass terms in Lyiges. Moreover, because of the gauge invariance, the
propagators cannot be defined unless we introduce the gauge-fizing terms [16] into the Lagrangian:
1 2 1 2

—_— (auZM + szzz) - — (6MA“) s (37)
28z 2¢

with &, & and £z as the arbitrary gauge parameters [16]. The propagators of the gauge and would-
be-Goldstone bosons are then £-dependent. A possible choice of gauge is the unitary gauge, obtained

1 .
Lyf = —?Wmm/ﬁ + iy Myyw, |* —

by setting & — oco. In this limit, the propagators of the would-be-Goldstones vanish and the number
of possible diagrams decreases significantly. For this reason, the calculation of the h — vy decay
width was performed in the unitary gauge.
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In addition to gauge-fixing terms, quantization of non-abelian gauge theories requires adding
anticommuting scalar fields to the Lagrangian in the form of Lgy,0t. These Fadeev-Popov ghosts are
unphysical fields which are introduced through a mathematical procedure alongside Lyt and restore
unitarity of the S-matrix [12]. After SSB, they aquire a mass and their propagators are of the form:

1
Propghost = 3 (38)

p? —Em?’
which means in unitary gauge, they decouple and do not contribute to the amplitudes. A more
detailed discussion on gauge-fixing and ghosts is available in [12].

Gauge boson propagators: Propy,

Higgs — fermion interactions:
Gauge — gauge interactions: WW-~, WW~~ hif
/ Fermion mass terms: my
EW pure pure
ESM — EHiggs + ﬁgauge + Efermion + EYukawa + ng + Eghost
Higgs and gauge mass terms: Fermion propagators: gauge-fixing unitarity
My, Mz, My Propf
Higgs — gauge interactions: Fermion — gauge interactions:
hWW ikl

Figure 7: The structure of the electroweak Lagrangian.
The Yukawa sector describes the scalar-fermion interactions and after SSB includes the fermion
mass terms. From the principles of gauge invariance we can construct the following [16]:

/:'Yukawa, leptons — — Z (hﬂ;l,L(ﬁ ZR + hC) ) (39)
l

where 9 1, is a SU(2) doublet of [-generation leptons with hypercharge Y = —1/2, ¢ is the scalar

doublet introduced in (12) and [y is an SU(2) singlet with Y = —1. It follows that both terms in (39)

are SU(2), as well as U(1)y singlets. After SSB, we obtain the lepton masses: m; = hjv/v/2 [16],

as well as Higgs-lepton couplings. The introduction of quarks into Lyykawa 1S analogous, although

a bit more intricate, since there are two SU(2)y singlets for each generation, e.g. ugr,dr. Unlike

right-handed neutrinos, right-handed down-type quarks are observed in the strong interactions.
The third term in the electroweak Lagrangian can be written as

ﬁgilrrﬁion, leptons — Z (TZJLLZ"YHDMwl,L + zRiVHDulR) (40)
!
for leptons and similarily for quarks. The covariant derivatives are defined as:

0_(1

Dy = (8“ +ig 9 Wy + i9/Y¢B“> L s Dylp = (au + ig,YlRBu) IR, (41)

where Y, = —1/2 and Y;,, = —1. This leads to the kinetic terms, which combined with the mass
terms in Lyukawa give the fermion propagators, as well as the fermion-gauge interactions.

7.1 Comments on higher-order renormalization

We mentioned in Section 4.2 that loop calculations generally lead to divergences, which need to be
treated carefully in order to obtain finite results for the computed observables. This is achieved
through renormalization.
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Because there is no tree-level amplitude contributing to the diphoton decay of the Higgs boson
and the theory is renormalizable, the process is already finite at 1-loop after considering all of the
diagrams. Hence, beyond the usual regularization of loop integrals, no additional counterterms
specific to this vertex are required. To illustrate the underlying workings of renormalization, we
first consider a more general case.

We begin with a bare Lagrangian of the theory, £, written in terms of the bare fields (¢;) and
parameters («;), which are not yet renormalized. Loop diagrams evaluated using the Loop diagrams
evaluated with the bare Feynman rules obtained from £ diverge in general. These infinities can be
absorbed by introducing renormalized quantities: ¢ = Z;s/ ng R, O = u°Zya, and splitting the bare £
into a renormalized Lagrangian L£r, and the counterterm Lagrangian, LcT, containing divergences:

L( i, Outis i) — L = Lr(F, 8,05 af) + Lot . (42)

Here QSZR and af are the renormalized fields and parameters. From L we extract the renormalized
Feynman rules, while the counterterms in § Lot are fixed by imposing renormalization conditions,
depending on the chosen renormalization scheme. One common choice is the on-shell renormaliza-
tion scheme, where the parameters are fixed to the experimental values of physical observables.

In general, an N-loop amplitude receives contributions from the genuine N-loop 1-particle-
irreducible (1PI) diagrams, as well as from lower k-loop diagrams with counterterm insertions of
total order m, such that k +m = N. This ensures that all UV divergences cancel order by order:

M(O) _ M(tree),

ren

1 1
M) = MY +5Mer,

) _ @ 4 @ @) (43)
MG, = My + ML o s TOMer,
3) _ A3 (3) (3) (3)
M@ = M) + My sy + M s +OMG
with MI(\II\B denoting the genuine N-loop contributions, while the additional terms represent lower-

tree) exists, there is a contribution

order diagrams with counterterm insertions. If a tree amplitude M
proportional to M () with order-N counterterms; otherwise this pure-CT term is absent.

Now, let’s apply this to the calculation of the h — ~7 decay. In renormalizable theories (such
as the SM), all counterterms are of the same form as operators already present in the Lagrangian.
Due to the gauge structure, there is no tree-level hvyvy vertex, and therefore no counterterm for
it. Consequently, there is no CT insertion at 1-loop order. The divergences in the genuine 1-loop
contributions cancel amongst themselves, which is a direct consequence of the gauge symmetry and
renormalizability. At 1-loop, there is no need to compute any counterterms explicitly. Implicitly,
we used the renormalized Feynman rules when evaluating the diagrams, with the parameters be-
ing renormalized rather than bare. A renormalization scheme must still be chosen for the input
parameters, but the 1-loop UV finiteness is scheme-independent. Throughout the calculations we
adopt the on-shell renormalization scheme: the parameters (mj, mw,a,g,...) are identified with
their physical, experimentally measured values.

At 2-loops, things would get more interesting. Besides the genuine 2-loop 1PI diagrams, one
must also include (i) 1-loop diagrams with insertions of 1-loop counterterms in propagators or
vertices, and (ii) external-leg field renormalizations multiplying the 1-loop amplitude. Still, since no
tree-level hyy operator exists in the SM, there is no pure counterterm diagram contributing directly
to the vertex at any order.
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8 Phenomenology appendices

8.1 Appendix A: Computation of i — v~ decay width
Here we derive the results presented in Sections 4.2 and 5.1.
W loop. We begin by evaluating the invariant amplitude for the W loop. In unitary gauge, there are

two Feynman diagrams contributing to this process, which are presented in Figure 3. The triangle
diagram corresponds to the following amplitude:

d’p —i pop?
; =9 1 o Qy
ZMl /(27T)d (ngWg ,3) <p2 — m%/[/ <g m12/V

- (—ie) (9'y>\ (2p — kl)u + 9o (2k1 — P)7 — Gy (k1 —i—p))\) et (k1)
Alp —

(ommr= (=5 ))

- (—ie) (gpa (2p — 2k1 — k2),, + gsu (2k2 + k1 — p) , + gup (k1 — k2 — P)a) -e¥(k2)

, <(p—k;1 —_k;i)2—m%v (gga_ (p—Fk1 —kgz;(j—k:l _k2)6)> _

[ A N}, o
=G G G R ) (G R R) )

Diagram 3a is symmetric under the interchange of the two gauge boson vertices, which is accounted
for by having included a factor of 2 in (44) [21]. Next, we write down the amplitude for the bubble:

d‘p —i pep?
; — T (s - ay
iMs /(%)d (igmw gas) <p2 - (9 m?, ))

: (—i€2) (2976g;w — Gyu9év — gdug'yu) - el (k1)e” (ko)

(44)

. —t 55 (P— k1 —k2)P(p— k1 — ky)° (45)
((pklkzgvmgv <9 m, ))

ddp N21/ } )
Ry (e UL

We also note the on-shell conditions for initial and final states, as well as the Ward identities:

(ky + ko)? =2k; - kg = m3 k2 =k3 =0, eu(k)kl = ey (ko) kY. (46)
Simplifying the two numerators Nﬁf by hand requires a lot of error-prone algebra and perform-
ing the subsequent integration is anything but trivial. Alternatively, it is straightforward to use
a Mathematica package suitable for loop calculations. The results below were computed with

Package-X [20]. The corresponding Mathematica code is available in 2. For the total W boson-
induced amplitude we get:

My =M1+ My =
e?g
- (4m)2m2my
(Mg = 2k5KY) ep(kr)ew (k2),
which is in agreement with the result obtained in the 2012 paper by Marciano et al. [21]. In equation
(47) we encounter a scalar Passarino- Veltman function Cp, which is defined in [29] as

(m,% + 6m%/v — Gm%,v (mi — 2m%V) Cp(0,0, m;%, m%,v, m%v, m%/V)) (47)

d?q 1
Co(p2,p2,p2,m2,m2,m2) = 167r2i/ (48)
P BT T T (2m)* (¢ = m?) ((q+p1)? = m3) ((a+ p1+ p2)* = m3)
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for p+ p1 + p2 = 0 and can be evaluated analitically given the expression in the paper [21]:

<2 (p—1/2
4m arcsin (6 ) 6>1,
Co(mj,, 0,0, miy, miy, miy) = 2f < W) F(B) = L /TP 2 (49)
my —*<1 - ﬁ—m) , B<1.

Using (49) and defining Sy = 4m‘2/v / m%, we rewrite our W-loop amplitude as:

629

Mw = (4m)2my

(2438w + 3 (28w — Biy) f(Bw)) (k1 - k2)g"” — K5y ) ep(kr)en (k). (50)

Remark 8.1. When comparing the result (47) to (49), the following property of the Passarino-
Veltman function Cy was used: C(0, 0, m,%) =Cy (m%, 0,0), which holds if all of the propaga-
tor poles are equal. In general, Cj is symmetric under cyclic permutations of its arguments.

The individual integrals corresponding to the triangle (M;) and bubble (M) diagrams contain di-
vergences when evaluated in dimensional regularization. However, these divergences cancel exactly
in the sum, so that the total W-boson contribution My is finite.

Fermion loop. There is only one diagram for the fermion loop, see Figure 3c. It is symmetric under
the interchange of the two photons, which again yields a factor of two. Since we are dealing with
a closed fermion loop, we take the trace of the propagators and vertices and include a factor of —1
[12]. The corresponding invariant amplitude is then:

(_ig my > i (p+my)

5 (—1eQpyp)

o d"p

2mw ) p*—m;
i(p-btmg) o i(p— b= Kt my)
Rt O Gy e |0 ) G1)
dnp Ngy
=) @y (k)eu (k).
/ (m) <p2 - m?”) ((P — k1) — m?) ((p — k1 — ko)2 — m?”) e

where @) is the electric charge of the fermion in units of e and Ny is the color factor, which is 1 for
leptons and 3 for quarks. The on-shell conditions and the Ward identities are the same as defined
n (46). The result was again computed using Package-X (see 3) and is the following:

Q gN ¥ m2 $

—5 ( 2+ ( 4m3c) CO(O,O,m%,m?c,mfc,mfc))

My = (47?)2mw mi

(Mg — 2kVKY) eu(kr)en (ko) (52)

62
:mm@? (=285 (1+ (1= Bp)£(By))) (k1 - kag” — KVEL) €,4(K1)ey (ko)

where we defined 8 = 4m?c /m3. This amplitude is finite.

Scalar loop. When considering BSM models with charged scalars, two additional diagrams, shown in
Figure 4, contribute to the total amplitude. The Feynman rules are in principle model-dependent,
however the overall vertex and propagator structure can be generalized by considering arbitrary
couplings and masses. The rules can therefore be deduced from the MSSM Lagrangian or found in
the paper [26]. We denote the triple scalar coupling in the units of vev v by Cpaa and write the
amplitudes for the two diagrams:
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oA b _ .
Mg = / (271')” ( ’LChAAU) p2 — mQA ( ZQA@(QP k?l)u) (p _ k1)2 _ mQA

. i .,
< (—iQae(2p — 2k — k2)y) 1 = k:?)Q m——y et (ky)e” (ko) ,

. . d"p . i ) ? L v
ZMb_/(Qﬂ-)n( ZChAAv) piZ_mZ (2ZQA6 g/“,) (p—kl—kj2)2—m2A e (k1)5 (k2) (54)

Here ma and Qa correspond to the mass and the charge of At(+). The factor of 2 in Equation (53)

(53)

accounts for the symmetry of the first diagram. Using Package-X (see Appendix 8.1) and imposing
the conditions specified in (46) we obtain the finite scalar contribution to the amplitude:

QChAAUQQA€2 9
=M, = ———""5 v — 2k1,k

Mpsm = Mg + M, (4m)2m? (mAgu whkay) (55)

- (14 2mA Co(0,0,mj;, mi, mA, ma)) e (kr)e” (ka)

which can be rewritten as:

C vQ% €e? Am?2
Mpsy = %BA (1= Baf(Ba)) (k1 - k2) g — kivkoy) - e (k1)e" (ko) Ba = —=2 . (56)

(47)2m3 my

1= << "XT"

Package-X v2.1.1, by Hiren H. Patel
For more information, see the guide

in(21:- onshell = {ki.k1- 0, k2.k2 - 0, ki.k2 - mh~2/ 2}
ward = {k1, » 0, k2, » 0}

in[4]:-= diagramScalarl =
LoopIntegrate[ (-I ChDD v) I (-IQe (2p -k1),) I (-IQe (2p -2kl-k2),) I,
p, {p, mH}, {p‘klx mH}, {p ‘kl‘kzx mH},
Cancel » True] /. onshell /. ward // FullSimplify

out4- 4 ChDD e2 Q% v
(k1, k2, (PvC[e, @, 1, @, @, mh?, mH, mH, mH] + PVC[@, @, 2, @, @, mh?, mH, mH, mH| +
PVC[@, 1, 1, @, @, mh?, mH, mH, mH] ) +g, , PVC[1, @, @, @, @, mh?, mH, mH, mH])

infel:- diagramScalar2 =
LoopIntegrate[(-I ChDD v) I (2Ie”2Q"2g,,,) I, p, {p, mH}, {p - k1l-k2, mH},
Cancel » True] /. onshell /. ward // FullSimplify

outlsl- -2 ChDD e* Q* v g,,, PVB[@, @, mh?, mH, mH]
in[7]:- bothDiagramsScalar = 2diagramScalarl + diagramScalar2
in(e]:- LoopRefine [bothDiagramsScalar, Part -» UVDivergent]

out[8]= @

in[o]:- LoopRefine [bothDiagramsScalar, ExplicitC®@ » None] // DiscExpand // FullSimplify
2chbDe? Q*v (-2k1, k2, +mh?g, ) (1+2mH? ScalarC@[@, @, mh?, mH, mH, mH])

out[9]= 5
mh

Mathematica Code 1: Computation of the scalar loop amplitude.
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Remark 8.2. It is important to note that when using Package-X for evaluating loop integrals,
an overall factor of i/(4m)? is omitted from the displayed final results. Furthermore, the
combination of terms 1/ — g + log(47) which arises after the dimensional regularization of
divergent integrals is abbreviated to 1/ [30].

= << "X°"

Package-X v2.1.1, by Hiren H. Patel
For more information, see the guide

in(2]:= onshell = {k1.k1- 0, k2.k2 -» 0, ki1.k2 - mh~2/ 2}
ward = {k1, >0, k2, > 0}

in[4:= Wnumeratorl =
Contract[(I) gq,p (-I) (Ta, = Pa Py / MW"2) (-I) (gp,x (2P -K1), +gx,, (2kl-p),-
Gu,6 (kK1 +p);) (-I) (gx,,- (P-k1), (p-k1),/mW"2) (-I)
(9p,6 (2p-2k1-Kk2), +gs5,y (2k2+kl-p),+gy,, (k1-k2-p)s) (-I)
(gs,6 - (P-k1-k2), (p-k1l-k2),/mW~2)] /. onshell /. ward // FullSimplify

in[5:= Wnumerator2 =
Contract[ (I) g4, (-I) (Ga,6 ~PaPg / MW"2) (-I) (294,56 Gu,v — Uo,u Gs,v — Us,u Ug,v) (-I)
(gs,s- (P-k1-k2)5 (p-kl-k2),/mW”~2)] /. onshell /. ward // FullSimplify

inle]:- Wdiagraml = LoopIntegrate[Wnumeratorl, p, {p, mW}, {p-ki, mW},
{p -k1-k2, mW}, Cancel » True] /. onshell /. ward // FullSimplify

in(7:- Wdiagram2 =
LoopIntegrate [Wnumerator2, p, {p, mW}, {p -kl1-k2, mW}, Cancel » True] /. onshell /.
ward // FullSimplify

ins]:- Wbothdiagrams = (2 Wdiagraml + Wdiagram2 ) // FullSimplify

1
outlgl: —— (8 m? k1, k2, (4mW* PVC[@, @, @, @, @, mh?, mW, mW, mW] +
2 mW

(mh?*+2 (-1+4) mW*) (PVC|@, @, 1, @, @, mh?, mW, mW, mW] +
PVC|@, @, 2, @, @, mh?, mW, mW, mW] + PVC[@, 1, 1, @, @, mh®, mW, mW, mW])) +
g,y (~mW? PVA[@, mW] +4 PVA[1, mW] - mh* PVB[@, @, mh?, mW, mW] -
2 (2mW? (mh?+ (-1 +d) mW®) PVB[@, @, mh?, mW, mW| +mh?
((mh*+2mW?) PVB[@, 1, mh?, mW, mW] + 8 mW* PVC[@, @, @, @, 8, mh?, mW, mW, mW])) +
8m’ (mh?*+2 (-1+4) mW?) PVC[1, @, @, 8, @, mh®, mW, mW, mW]))

info]- LoopRefine [Wbothdiagrams, Part - UVDivergent]

out[9]= 0

in[10]:- LoopRefine [Wbothdiagrams, ExplicitC@ - None] // DiscExpand // FullSimplify

Oout[10]=

(2k1, k2, -mh?g,,,) (-mh*-6mW* + 6 mW> (mh? - 2 mi?) ScalarCe[e, @, mh?, mW, m, m])

mh? m?

Mathematica Code 2: Notebook with evaluated amplitude for the W loop.

Remark 8.3. In the case of copying any of the provided code into Mathematica, subscripted
indices will not be treated properly due to the limitations of Mathematica code listing in
LaTeX. Subscripts should therefore be inserted manually.
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= << "X
Package-X v2.1.1, by Hiren H. Patel

For more information, see the guide

in2]:- onshell = {k1.k1- 0, k2.k2 - 0, k1.k2 » mh~2/ 2}
ward = {k1, >0, k2, > 0}

in[4}:= FNumerator = 2Spur[(-I) I (p.y+mfl), (-Ivy,),
I(p.y -kil.y +mf1), (-Ivy,), I (p.¥ - kl.y - k2.y + mf1)] // FullSimplify

outlal- 8mf (k1, (k2,-4p,) -2p, (k2,-2p,) +
ki, (2k1, +k2,-2p,) + (mf? - k1.k1-k1.k2+2k1.p-p.p) g,,)

in[s]:-= Fdiagram = LoopIntegrate[FNumerator, p, {p, mf}, {p-kl1, mf},
{p - ki1-k2, mf}, Cancel » True] /. onshell /. ward // FullSimplify

outfsl= 8 mf k1, k2,
(pvcle, @, @, @, @, mh?, mf, mf, mf| + 4 (PVC[e, @, 1, 0, @, mh?, mf, mf, mf| + PVC|e,
e, 2, @, @, mh?, mf, mf, mf| +PVC[0, 1, 1, 0, 0, mh?, mf, mf, mf])) -
4amfg,, (2PvB[0, @, mh?, mf, mf] + mh?PVC[@, 0, 0, 0, 8, mh?, mf, mf, mf| -
8PVC[1, @, 0, 0, 0, mh?, mf, mf, mf])

infe]:- LoopRefine [Fdiagram, Part - UVDivergent]

out[6]= O

in[7]:= LoopRefine [Fdiagram, ExplicitC@ - None] // DiscExpand // FullSimplify
amf (2k1, k2, -mh*g,,,) (-2+ (-4mf*>+mh?) Scalarce[e, @, mh?, mf, mf, mf])

mh?
Mathematica Code 3: Mathematica notebook for the fermion loop.

Decay width. We wish to calculate the decay width for an unpolarized two-body decay given by:

|P| =
IERDES 327T2fm124/|/\/l|2d9. (57)

First, we recall the expression for the invariant amplitude (15) and compute its complex conjugate:

629 v v
) M = mF (kl . k2.gu - kl kg) 8N(k1)€V(k2) (58)
629
e T E* (k- kogP? — kKLY X (k)et (K
* M (47)2myy (k1 - kag 1k5) ep(k1)eg (k) ,

which leads to the sqared amplitude averaged over all photon polarizations:

M% = iw\? milgﬂ”—k“k'f m—?‘gp"—k”k" N erkn)en(kn) Y ex(ko)en (ka) . (59)
(47)4m?, 2 2 2 2 = # -7 vAmE
pol. pol.

Here we recalled the on-shell relation ki -ky = m% /2. We can replace the sums over external photons:

Z 5Z<€V — —Guv (60)

pol.

which after expressing the prefactor in terms of the Fermi and fine-structure constants leads to
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V2 \ 2
2 8G m:  m?
=177 (4 7 (f—ﬁ’“"‘“k?kg): (61)
28Gpm4 (% 24GF
(e =R g2 (XN EEE 4
|7 <47r> V2 2 [ (477) \/ﬁmh

Now we can use equation (57) to calculate the decay width. Since the squared amplitude has no

- a2 8Gp m? v v m; o o
|./\/l\2 = \F\g <E> <h9“ - kgkl) <2hgp — kbET ) (=gpu) (—9ov) =
«

angular dependance, it is trivial to integrate it over the solid angle:

/dQ|M|2 - WI% dr. (62)

We need to be careful to include a factor of 1/2 which arises due to the fact that the two final states

are identical. The integration limits are therefore

w/2 2m T 2
/ do / dé and not / do / dé. (63)
0 0 0 0

sy = ——2— 27| M2 (64)
a 327r2m%

Hence we get:

Lastly, the magnitude of the massless final state momentum |p,| can be expressed in the center-of-
mass system as |py| = my /2. We arrive at the final result:

m3Gr / a\2
T — (—) F|?.
h—>'y'y 8\/§7T 47T | | (65)

8.2 Appendix B: Finding the parameter constraints

1.2 1 Chan = +1v Chan = —1v
2.25 ——
1.0‘ A++
2.001 data
0.81 1.75
< 3
0.61 1.50 1
— A+
0.4 — At 1.251
data 1.00
0.2 L ad .
103 103
log ma [GeV] log ma [GeV]

Figure 8: Predicted signal strengths at different values of mass ma in the case of positive (+1) and
negative (—1) coupling for the singly and doubly charged scalars. The gray shaded area represents
the experimental value.

The parameters were constrained by evaluating the following function for the each set of parameters:

(66)

g

XQ(mA ChAA) _ (Oexp - Opred(mA,ChAA)>2
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where Oeyp and Opreq are the measured and the predicted values of an observable and o is the
experimental uncertainty. Expression (66) corresponds to the reduced x? statistic, which is used in
goodness-of-fit testing. The lower the value of y?2, the better the fit. For a two-parameter fit like in
our case, 1o confidence level (68.3% probability) equals to x? = 2.30. This means that for the sets
of parameters in the darker shaded regions in figure 5, the value of x? is lower than that.

Some helpful insight into the behaviour of BSM corrections can be gained by examining Figure
8. As the mass increases, BSM effects become negligeable for these values of the coupling. Again,
negative coupling seems to be in better agreement with the data.
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