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SYNOPSIS

The discovery of the 125 GeV Higgs boson at the Large Hadron Collider (LHC) [1,2] ushered
in a new chapter in the study of fundamental structure of particle interactions. On one hand
it gave a sound footing to the Standard Model (SM) of particle physics by completing the
puzzle of ”What gives masses to fermions and gauge bosons 7”7, at the same time raising
new questions, for example, about the stability of mass scales (naturalness problem). SM
in its own right is a consistent theory, but still there are many questions which are left
unanswered within its framework—no dark matter candidate, neutrino masses, naturalness,
baryon asymmetry etc. to name a few. With the data collected from Run-I of the LHC
and the ongoing Run-II, efforts have been directed towards shaping a better understanding
of the couplings of the 125 GeV scalar to the other SM gauge bosons and fermions, to
allow one to constrain the possible regions of the parameter space of the various viable
scenarios, where in the signatures of new physics may be lurking. Such studies have been
targeted both in a model-dependent framework (eg. SUSY, 2HDM, Higgs-portal, extra
dimensions etc. ) as well as in model-independent studies using higher-dimension gauge-
invariant operators [3—13].

In the first study taken up during my PhD work, we consider the most general set of
SU(2) x U(1) invariant CP-violating operators of dimension-six, which contribute to VVh
interactions (V = W, Z,~ and h is the 125 GeV Higgs boson). The effects of new physics are
encoded within the Wilson coefficients of the higher-dimension operators (HDOs), suppressed
by the powers of the cut-off scale, where the new physics is assumed to set in. The inclusion
of these HDOs within the Lagrangian description results in a modification of the tensor
structure of the gauge-Higgs couplings. These modified couplings can bring about deviations
not just in the total signal rates, but also in the features of the kinematic distributions of the
various observables constructed out of the spin and momenta of the final state particles, which
can serve to hint at the kind of beyond Standard Model (BSM) scenario one is confronted
with. Our aim is to constrain any CP-violating new physics above the electroweak scale via
the effective couplings that arise when such physics is integrated out. For this purpose, we
use, in turn, electroweak precision data, global fits of Higgs data at the Large Hadron Collider
and the electric dipole moments of the neutron and the electron. We thus impose constraints

mainly on two-parameter and three-parameter spaces. We find that the constraints from the



electroweak precision data are the weakest. Among the existing Higgs search channels,
considerable constraints come from the diphoton signal strength. We note that potential
contribution to h — ~Z may in principle be a useful constraining factor, but it can be
utilized only in the high energy run. The contributions to electric dipole moments mostly
lead to the strongest constraints, though somewhat fine-tuned combinations of more than
one parameter with large magnitudes are allowed. We also discuss constraints on gauge
boson trilinear couplings which depend on the parameters of the CP-violating operators .

In a follow-up study we consider the observable effects of CP-violating anomalous ZZh
interaction arising from the above mentioned gauge-invariant dimension-six operators at the
Large Hadron Collider (LHC), with the purpose of distinguishing them from not only the
standard model effects but also those of CP-even anomalous interactions of similar nature.
The postulation of a gauge-invariant origin makes various couplings of this kind interrelated.
The updated constraints from the LHC as well as limits from neutron and electron dipole
moments are used in selecting the benchmark interaction strengths. We use some asymmetry
parameters defined over the kinematic distributions of CP-odd observables that have no
contribution from standard or CP-even anomalous interactions. This is important since
the differences in signal rates only cannot distinguish between the CP-even and CP-odd
operators. Parton showering and detector level simulation is included to make our analysis
as realistic as possible. On the whole, we conclude that gauge invariant interaction of strength
> 40/TeV? can be successfully isolated using integrated luminosities in the 1.5—3.0 ab™!
range.

Subsequently, within the model-independent framework, we study the rare decay of the
Higgs in the channel h — bby using the anomalous hbby coupling and attempt to isolate the
regions of phase space to maximize the discovery potential at the LHC as well as a future
ete collider. A three body decay, as against a two body h — bb decay is targeted with a
view to capture more interesting features in the decay kinematics. The decay kinematics for
h — bb is difficult to use to one’s benefit. This is because the two-body decay is isotropic
in the rest frame of Higgs, a spinless particle, and moreover the b-hadrons mostly do not
retain information such as that of the polarization of the b-quark formed. Such information
could have potentially revealed useful clues on the Lorentz structure of the hbb coupling,
where a small deviation from the SM nature could be a matter of great interest. The
study also addresses the question of distinguishing the effects of anomalous hbby coupling
from the anomalous hbb vertex which might contribute to similar final states. We construct

observables which contrast the effects of the two scenarios. The study shows that within



the allowed range of the parameter space, satisfying the constraints on the invisible Higgs
decay width [14], one can still see the signatures of anomalous hbby interaction within the
luminosity reach of the 14 TeV LHC. We conclude that the anomalous hbby coupling can be
probed at the LHC at 14 TeV at the 30 level with an integrated luminosity of ~ 2000 fb~!,
which an ete™ collider can probe at the 30 level with ~ 12(7) fb™! at /s = 250(500) GeV.

Finally, within the context of a model-dependent BSM search we have investigated the
detectability as well as reconstructibility of a light pseudoscalar particle A, of mass in the
50—60 GeV range, which is still allowed in type X (lepton-specific) two-Higgs doublet scenario
[15-17]. Such a pseudoscalar can be pair-produced in the decay h — AA of the 125 GeV
scalar h . The light pseudoscalar in the aforementioned range, helpful in explaining the
muon anomalous magnetic moment, has not only substantial branching ratio in the 777~
channel but also one of about 0.35% in the putpu~ final state. We show how to faithfully
reconstruct the A mass using the u*p~ mode, and establish the existence of a pseudoscalar
around 50—60 GeV, using the process p p —+ h — AA — pu*pu~ 7777, The point emphasized
in this work is that even though the decay of a light pseudoscalar prevents one from using the
collinear approximation [18] to reconstruct the invariant mass of the tau-lepton pair directly,
one can still bypass this requirement using suitable cuts on the phase space of the decay
products, to reveal information about the mass of the pseudoscalar. The analysis reveals the
discovery potential of this channel to be well within the high luminosity reach of the Run-II
at LHC (i.e. 50 discovery at ~ O(100 fb™') ).
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Chapter 1

Introduction

1.1 The Standard Model

The Standard Model (SM) is a theoretical framework that successfully describes the three
fundamental interactions in nature i.e. the strong, weak and electromagnetic interactions
among elementary particles [31-35]. The first step in this direction was to provide an in-
tertwined quantum description of weak and electromagnetic forces, based on the principle
of gauge invariance. Once the gauge group for strong interactions too is incorporated as a
direct product, the symmetry group that defines the theory is SU(3)c x SU(2), x U(1)y.
Here C' stands for colour, L for left-handed chiral fields and Y for the hypercharge quan-
tum number respectively. Within the direct product group mentioned above, the SU(3)¢
part is responsible for generating strong interactions, whereas the group SU(2), x U(1)y is
accountable towards all the electromagnetic phenomena and the processes involving weak
interactions, for example, beta-decay [31] of nuclei.

Over the years, the SM has stood tall, moving through the discovery of the W and Z
gauge-bosons at CERN in 1983 [36-39] , the top quark discovery at Fermilab in 1995 [40,41]
and finally celebrating the discovery of the Higgs boson at the Large Hadron Collider (LHC)
in 2012 [1,2].

In the following sections we review the particle content of the SM and the Lagrangian

construct of the theory.
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1.2 SM: The Particle Directory

SM is a chiral theory of the matter fields (fermions), the gauge bosons (W=, Z bosons and the
photon) and the Higgs boson (k). The fermions include the leptons ( electron (e), muon(pu)

and tau (7) along with their corresponding neutrinos - v, v, v;) and three families of quarks:

() C)-C)

where u = up, d = down, ¢ = charm, s = strange, t = top and b = bottom respectively.
The fermionic fields are arranged into the doublet and singlet representations of the SU(2)y,

given as:

Leptons : (

145

) €R, (V = Ve, Vy, Vr ; € = €, UL 7—)
€r

Quarks : <ZL> ugp dg  (u = u, ¢, t; d = d, s, b)
L

Here, the subscripts L and R refer to the left-handed and right-handed chiral fields
respectively. This splitting of the chiral fields into doublets and singlets is because only the
left-chiral fields transform non-trivially under SU(2), (hence the name) and carry the weak
isospin charge (T"). Note that there is no right handed neutrino within the SM. The electric
charge () carried by a particle is related to the third component of the weak isospin T3 and

hypercharge Y by the following relation:

Q:R+§ (1.2.1)

The charge assignments for the various fields are given in Table 1.1.

After having assigned the various quantum numbers to the fermions we proceed to de-
scribe the SM Lagrangian constructed out of all possible renormalizable terms respecting
the SU(3)c x SU(2)r x U(1)y gauge invariance.

13



Chiral fields SUB)e | SUQ2), | Ts Y |Q=T:+7%
v 1 2 3 -1 0
er 1 2 -2 | -1 -1
er 1 1 0 —2 ~1
L 3 AN
P 3 2 | -1 3 -4
Up 3 1 0 : 2
dr 3 1 0o | -2 —2

Table 1.1: Charges of the SM chiral fields . 1,2, 3 denote if the field belongs to the singlet,
doublet or triplet representation of the corresponding group respectively. Ty is the third com-

ponent of weak isospin, Y s the hypercharge quantum number and () is the electric charge.

1.3 SM Lagrangian
The SM Lagrangian can be broken into three parts :
Lsyy=Lc+Lr+ Ly (131)

where L is the pure gauge sector, L denotes the fermionic (+ gauge) part and Ly is

the scalar sector (including Yukawa interactions) of the of the Lagrangian.

1.3.1 The Gauge sector

The gauge sector of the Lagrangian is comprised of four electroweak gauge bosons, W,
(¢ = 1..3), which couple to the weak isospin and B, which couples to the hypercharge. In
addition, the strong force is mediated by eight gluons GY, (a = 1..8), carrying the colour

charge. The gauge-sector of the SM can be expressed as,

1 028 ni} 1 v 1 apv a
£G = _ZF“ F,u,zx - ZB“ B;w - ZG K GMV (132)
where F, is the SU(2),, field strength,
F, = 0,W. — 0,W, + ge?"Wiw; (1.3.3)
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and By, is the U(1)y field strength,
B, =90,B, —0,B, (1.3.4)
The gluonic field strength tensor G}, is
G, = 0,G, — 0,G, + gsfabCGZGf, (1.3.5)

Here the non-abelian field strengths F ﬁy and G}, are characterized by their respective cou-
plings, g, g, and the completely antisymmetric structure constants €% and ¢ respectively.
These structure constants enter into the defining equations of the Lie algebras of the corre-

sponding groups :

(7%, 79] = ik TP (1.3.6)
[T, T = i f*e1° (1.3.7)
where 7%, T are the generators of the SU(2) and SU(3) algebras respectively. 70 = %ai,

o' (i = 1,2,3) being the Pauli matrices and T* =

Gell-Mann matrices.

A%, A% (a = 1,..8) being the eight

1.3.2 The Fermionic sector

The fermionic sector is broken down into left chiral fields and right chiral fields and can be

expressed as
Lp= Z Yrid, + Z Vri Pbp (1.3.8)
YL YR

Here, 7 = v*D,,. Since the left chiral fields couple to weak isospin but the right chiral ones
do not, the action of the covariant derivative is different on them, i.e.
/

Dy = (0= iV By = i20G2 o, (1.3.9)

¢ being the U(1)y coupling constant and,

! =
. . O = - IS\ a,va
Dty = (1(8,~ Z%YBH) — i W~ Z%)\ Ga ) (1.3.10)

where I, & are the identity and the Pauli matrices respectively. The terms proportional to

gs, of course, arise for quarks only.
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1.3.3 The Scalar Sector

The short-ranged nature of the weak forces requires one to break the SU(2);, x U(1)y gauge
group to an unbroken U(1)gy corresponding to the electromagnetic interaction. This can
be done consistently with renormalizability via the mechanism called spontaneous symmetry
breaking (SSB), where some fundamental scalars with non-zero vev are required. The scalar
sector in SM is constructed out of a complex SU(2) doublet ® of spin -zero Higgs fields with

the electric charge assignments as shown below

o* 1 [+ gy
o= = — 1.3.11
<¢0> V2 <¢3 + Z¢4> ( )

Eq. 1.2.1 dictates the hypercharge of the scalar doublet to be equal to 1.
The scalar Lagrangian can be separated into a gauge-Higgs part Ly, constructed out of
only the scalar doublet and its covariant derivatives and a Yukawa sector Ly yrawa, involving

the interactions of the Higgs doublet with the fermions. These are given as,

Ly, = (D,®)!(D'd) — V(D) (1.3.12)
where
D@ = (1(0, - i%,YBH) = igg. V. )@, (1.3.13)
and V(®) is the Higgs potential,
V(®) = 1010 + \(DTD)? (1.3.14)
with p? < 0 and A > 0.
The Yukawa sector Lagrangian is,
Lyukawa = =y Gy Pufy =y §.0d}, — gl 0, + hec.. (1.3.15)

In Eq. 1.3.15, yfﬁd’e denote the Yukawa couplings (complex in general) for the up-type,
down-type quarks and leptons respectively. ¢; and [;, stand for the SU(2) quark and lepton
doublets within a given generation. The indices 2, 7 run over the three generations of quarks
and leptons. Here, ® = ioy®* is again an SU (2)1, doublet with Y = —1. The up-type
quarks couple differently than the down type quark. The quadratic and quartic terms in the
scalar potential determine the mass and self-interaction strength of the Higgs boson. they

get related by the electroweak symmetry breaking scale.
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1.4 The Higgs Mechanism: Giving them masses

Looking at equations 1.3.12, 1.3.13, 1.3.14 and 1.3.15 one can infer that there is no explicit
mass term for the gauge-bosons or the fermions within the SM. This is because such a
mass would violate gauge-invariance. However the masses for the electroweak gauge bosons
(W#,Z) and fermions are generated by what is known as the Higgs mechanism [42-44],
which involves spontaneous breaking of the SU(2) x U(1) symmetry of the SM Lagrangian
owing to the fact that the Higgs field acquires a non-zero vacuum expectation value. This
can be understood as follows: For u? < 0 in 1.3.14 minimization of V(®) gives us the ground

-state Higgs configuration as,

V(@) =0 = |®|(*+2)\|®]*) =0 (1.4.1)

where |®| = /< ®T® >, /< ®T® >( being the vacuum expectation value of the Higgs field.
This admits of two solutions, i.e.

|®| = 0, which is the trivial solution and the non-trivial solution,

D] = \/—g = % (1.4.2)

where v is the Higgs vacuum expectation value (vev). A nontrivial vacuum Higgs configura-
tion which spontaneously breaks the SU(2), xU(1)y symmetry and respects the conservation

of electrical charge @@ (U(1)q is unbroken) is,

0
<P>=1 y (1.4.3)

V2
Thus one can reparameterize the complex Higgs doublet as,
0(x).7
O = exp(i (:28) T) v+ h (1.4.4)
v
V2

—

with the 4 ¢; s in 1.3.11 being replaced by 3 real fields 8(x) and the physical Higgs field h.

One can get rid of the exponential factor in 1.4.4 by a finite SU(2),, transformation, i.e.

0(x).7
P
20 )

This is the unitary gauge, where the Higgs doublet becomes,

1 0
() i
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1.4.1 Gauge boson masses

Using the above definition of the Higgs in the unitary gauge (1.4.4), we can rewrite the the

1 0
V2 \v+h

gauge covariant derivative for the Higgs field as,

D.&= |19, —i? W Wo—aWi\ ¢ (B. 0O
g o2\l w3 2\ 0 B,

_ z p | -
. Ou — 5(9W,‘:’ +9'By) —Zé(W,} —iWz) 0
== D, ®=— 1.4.6
h® =5 | (1.4.6)
9. l , ) v+ h
I _Z§(Wu — W) Oy + §(gWu —g Bu)_
Redefining the fields as,
1
+ 1 1172
W, = E(W# FiW,;) and,
Z, = Wj cos by — B, sin Oy,
A, = Wj’ sin Ow + B, cos Oy (1.4.7)

where the weak mixing angle (or Weinberg angle) 6y is given as,

/

tan Oy = L (1.4.8)
g

and W=, Z are the physical electroweak gauge bosons and A is the photon. Using these

redefinitions the gauge covariant derivative becomes,

. 9
8# — ZE(ZN Cow + A,’L Sgw) _ZEW: 0
. DD =
V2
g g v+ h
1—W O+ Z,

! IRVo R 2w

g
—i—=(v+ h)W;
1 Z\/ﬁ(v ) g

— D,®=— 1.4.9
2= (1.49)

)
_@Jl +ig CW(U + h)Zu_

Here cy = cos Oy, sy = sin Oy, copy = cos 20y, Sopy = sin 20yy.
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Gauge boson masses can be seen to arise from the term (D,®)T(D#®) (ignoring the terms

with h),

2,2 2,2

g-v _ 1g%v

(D,®)"(D'®) — TW;W Pt ST D
W
From which one can read off,
v v g v 9

Mo = — dM,=--2L = 2 ! 1.4.10
w=ggand My =o-=2/g'+g ( )

It is in the unitary gauge that the degrees of freedom corresponding to the Goldstone bosons
get absorbed as the longitudinal components of the W and Z fields. Notice that the photon
(A,) remains massless. Also within the standard model the ratio,

M2,

= —— =1 14.11

p

This p parameter being unity is a consequence of a global custodial symmetry which protects

the mass relation of the W and Z gauge bosons [45-48].

1.4.2 Fermion Masses

The mass terms for quarks and leptons can be seen to arise from the Yukawa terms in 1.3.15

after plugging in Eq. 1.4.5 for the Higgs doublet,

__y_zj i Ji vth J _ﬁ T 7i 0 J
Louarks = /2 (uL dL>< 0 )uR 3 (uL dL> ot dip +he  (1.4.12)

u . 4 0 ,
£leptong - _y_\/ei (D}/ ézL) <U " h> 6312 + h.c.. (1413)

where we have substituted (fﬂL JlL) for ¢ and (DzL éiL) for I}
Looking at the quarks first we have for the mass terms

v .
mass  __ 17 5% ,,J
— s Yy ULy —

quarks — \/§

Rewriting this in matrix notation,

Yd &%, + h.c. (1.4.14)

v
NoRd

(% v

mass ~
= —— ULYUUR — \/§

quarks \/§ JLYddR +h.c. (1415)
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where 4; = (ﬂL e EL>,JL = (JL = BL) and

UR dr
ugp = |cp|,dr = | sp | with Y, and Yy being the 3 x 3 matrices (complex in general)
tr bR

corresponding to y¥ and ¢4 respectively. Since we need to diagonalize the matrices Y, and Yy
to get the mass terms for the quarks, we proceed as follows: Consider two unitary matrices

U, and W, which diagonalize the hermitian matrix Y, via
Y, = UM, W], (1.4.16)

with M, being a diagonal matrix with real positive entries. Similarly for the down-type

quarks we have,
Yy = UMW, (1.4.17)

Substituting for Y, and Y, in Eq. 1.4.15 we get

s = —% Uy MW g, — % DL UMW dp + hic. (1.4.18)

Now transforming the fields as,

o = [t o — W,
u; = Ulup,  up=Wug

L =Uldy,  djy=W,dg (1.4.19)

Eq. 1.4.18 becomes

mass L /J/LMUUIR _ L CZ/LMdle + h.c. (1420)

quarks — \/5 \/5

where the diagonal entries of the matrices M, and M; are related to quark masses as

Y Ui (1.4.21)

= M ,
u \/ﬁ u \/§ d

Thus in the mass diagonal basis we can rewrite the quark terms in the Yukawa sector as

my =

o h L h
Equarks = _mZLU,LU%(l + —> - mfid/Ld%(l + —> + h.c. (1422)
v v
Similarly for the leptonic part, we have for the mass term,

mass  _ _LyéjéiLeg%_f_ h.c. = _LELY;QR-k h.c.. (1.4.23)

leptons \/5 \/5
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can define the diagonalizing unitary matrices U, and W, such that Y, = Ue.MeI/VeT , where

M, is a 3 x 3 diagonal matrix. Again redefining the fields in the mass basis,
ey =Uley, v, =Ulvy, éy=Wleg (1.4.24)
we can rewrite the leptonic Yukawa terms as
it h
Lieptons = —mié e R(l n ;) +hee (1.4.25)

where m; = -5 M" are the charged lepton masses.

Notice that here we are making the same unitary rotation on both the components of the
SU(2) doublet I, = (v er). This results in the leptonic sector having CP conserving
interactions and also lepton number in each generation is conserved separately. This is

different from the quark sector as we shall see in the following section.

1.5 SM: The interactions

After having written the SM Lagrangian in terms of the physical scalar h, and having
diagonalized the various mass matrices corresponding to the gauge bosons and fermions we
can see the resulting interactions among the physical fields i.e. between fermions and gauge
bosons (electroweak currents), fermions and Higgs (Yukawa interactions) and between gauge
bosons and Higgs ans also the self interactions between gauge bosons themselves and the

Higgs.

1.5.1 Electroweak currents

The interaction terms between the fermions and gauge bosons arise from the gauge covariant
derivative terms in Eq. 1.3.8. If we rewrite the covariant derivative for the left chiral fermions

in terms of the physical gauge bosons,

Doty = (a# . i%(WJTJF +WT) - i%(Tg —Q $2)Z, - z’eQAM)wL (1.5.1)

where T* = (o' £ 0?), Q=13+ ¥. From here we can also identify,
e=gsw=4¢g cw, (1.5.2)

e being the clectromagnetic coupling constant.
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Similarly for the ¢y fields we get,

g (Y .Y
au“‘la <§ ‘512/V> ZN_ZGEAH

Using these two equations 1.5.1 and 1.5.3, the gauge-fermion interactions can be expanded

DN’L/)R = ’l/)L (153)

in flavor basis as,
Lint = (W, TF + W TG + Z,05) + €A iy, (1.5.4)
with the charged W boson currents given by,

1
J{/IL/JF = —(51:”/“61: + Q_LL’}//“LdL)

V2

_ 1 -
Jh = %(éL’Y“VL + dpytur)
(1.5.5)

From the above form of the charged currents one can relate the Fermi constant Gz of
the 4-Fermi theory to My, and v by,

GF g2 1

= 1.5.6
Also, the neutral currents corresponding to the Z boson and photon are
m 1 _ 1 _ 1 2 — 2
Jy = — | s |ve+ ey — s + s |er +ErY(siy)er
Cw 2 2
1 2 2
+apy" <§ + -3 s%) uy, + upy" ( -3 s%) Up
s 11, = a1
—|—dL’7 — 5 + 5 SVV dL + dR’)/ g SW dR (157)
" _ _ 2 - 1

JEM=efy“(—l)e—l—u“/“(—irg)u—l—dfy“(—g)d (1.5.8)

One can see from Eqgs. 1.4.19 and 1.4.24 in section 1.4.2 that the unitary rotations of the
quarks and leptons from the flavor to the mass basis would still keep the neutral currents
JY and Jp,, diagonal. But such is not the case for the charge currents. For the leptonic
charged currents one would still get

1 - 1 -
JE(leptons) — —= v/ UINU.€, — —= v/ 4"} and,

V2 V2
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1 - 1 -
Ji (leptons) — — /L UINUY, — — eyt (1.5.9)

V2 V2
where the Unitary matrices U, and U] can move through v* since they act on flavor basis
while v* are in spinor space. But when one considers the charged current corresponding to
quarks, for example,

1 - 1 -
JhF(quarks) — — W/, UlUd), — 7 u' 1y, Vokmd), (1.5.10)

V2

where the quark mixing matrix Vogm = UJU,; being product of two unitary matrices is
also a unitary matrix. The matrix elements of Voxnm cannot be theoretically calculated
within SM, but are phenomenologically extracted from experiments. For the two generation
case, Vokm reduces to the Cabibbo matrix [49] and for the three generations it is called the

Cabibbo-Kobayashi-Maskawa matrix [50] given as,

Vud Vus Vub
Vekm = | Voo Vo Vi (1.5.11)
Via  Vis Vi

This 3 x 3 unitary matrix can be expressed in terms of four parameters, i.e. three angles and
a complex phase. The presence of this complex phase brings in CP violation within the SM.
Associated with this CKM matrix there is a phase convention independent measure of CP
violation, the Jarlskog invariant. J is defined as J = Im(V;Vj,V;;Vy;) where Im stands for
the imaginary part. From the experiments, the magnitudes of the various CKM elements

and the Jarlskog invariant J are constrained to be [24],

0.97434700001% 0.22506 + 0.00050  0.00357 + 0.00015
Vekm = | 0.22492 +0.00050  0.97351 4+ 0.00013 0.0411 +0.0013 (1.5.12)
0.008751 000032 0.0403 +0.0013  0.999915 = 0.00005

and the Jarlskog invariant J = 3.047035 x 107°.

1.5.2 Higgs couplings in SM

Using the Eq. 1.4.5 in the Higgs potential V(®) (Eq. 1.3.14) we can write the scalar self

interaction terms as

4 A
e = —V(®) = =\v’h* — Ah® — Zh! (1.5.13)

scalar 4
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from where we can read the Higgs mass,

M), = 2)\v° (1.5.14)
Rewriting £, " in terms of M,
int 1 27,2 Ml% 3 ]\L% 4
Cscalar - _V((I)) = _§Mhh %) —h 81J2h (1515)

from where we can read off the interaction vertices for the cubic and quartic terms,

3M?
h3 vertex : —i—"
v
3M?
h* vertex : —i Uzh (1.5.16)

The gauge-Higgs interactions come from the term (D,®)T(D*®) and using the form in Eq.
1.4.9 we get the three and four point gauge-Higgs vertices to be

M M?2 2M? M?
(D, @) (D"®) — ZZ“Z h+ Z“Z,Jz2 —WWHW, h+ WW+“W R*. (1.5.17)

(%

Thus for the generic V{*V/h and V{'VYh? vertices the Vertex factors are,

2M2
VIV h

guu

VIVEIR? 2M2

v (1.5.18)

with g, being the Minkowski metric, g, = diag(1, —1, —1, —1).
Lastly, the interactions of the fermions with Higgs can be read off from Egs. 1.4.22 and
1.4.25 to have the form

L = —%ffh (1.5.19)

Y ukawa

where my is the mass of the Dirac fermion f.

Having reviewed the theoretical construct of the SM, in terms of the interactions between
the clectroweak gauge bosons, fermions and the Higgs, we now take a look at how over the
years, various experiments have corroborated the same. This has led to stronger foundations
for the SM to be realised as a consistent theory not just at the tree level but also incorporating

the quantum effects that come into play as corrections to the tree level predictions.
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1.6 Experimental validation of the SM

Theoretical framework of the SM has been tested and verified in a series of experiments
spanning over almost five decades involving various international collaborations. These ex-
periments have tested the robustness of the predictions of the SM, not only at the tree level
but also incorporating the quantum corrections to the various observables and parameters

within the theory. Here we look at some of the high points of this experimental journey.
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Figure 1.1: The proton structure function F, vs Q? at fixed x showing scale invariance.
The data are from the H1 and ZEUS experiments at the HERA ep collider [19], the muon-
scattering experiments BCDMS [20] and NMC [21] at CERN, E665 at FNAL [22] and SLAC
[23]. Figure taken from [24].
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1.6.1 Deep Inelastic Scattering and the parton model

A series of inelastic scattering experiments were carried out at SLAC around late 1960s,
which had high energy electrons bombarding on proton targets [51,52]. The aim of these
experiments was to probe the structure of the target nucleons. The scattering is mediated
by a photon or Z boson with a momentum transfer Q? accompanied by a energy loss v
carried by the scattered electron. The experiments confirmed that the structure functions
associated with the amplitude of such scattering are essentially independent of Q? for a fixed

Q2
2Mv>?

tors associated with deep inelastic scattering (DIS)(Fig. 1.1), known as Bjorken scaling [53]

value of © = M being the proton mass. This approximate independence of the form fac-
signals towards proton being a composite object made of essentially free constituents (par-
tons) [54,55]. These and subsequent experiments [56-58] validated the spin-half nature of the
constituent partons and also that they carry fractional electrical charges. Moreover, it was
also confirmed that the charged partons carried only about 50% of the proton momentum,

giving way for the gluons to enter the scene.

1.6.2 Discovery of gluon jets

Gluon was theoretically a strong contender to account for the missing fraction of the momenta
other than carried by the electrically charged partons but its direct evidence came from the
ee™ collisions in the PETRA collider at DESY in 1979 [59-62]. The physics of these collision
events involves an ete” pair annihilating into a quark-antiquark pair, with a gluon emitted
from the final state quarks even before they hadronise and form collimated jets. These gluons
can result into a separately identifiable third jet if there is a large angular separation of the
same from the quark-jets. Such three-jet final states served as a strong evidence for the

gluon as the missing parton.

1.6.3 Asymptotic freedom of QCD

Quantum Chromodynamics QCD has the essential feature of being asymptotically free
[63, 64], which implies that the strong coupling constant becomes smaller (or more per-
turbative) at large momentum transfers (~ O(100 GeV — 1 TeV)). A series of experimental
measurements of the strong coupling constant at various energy scales have led to a confir-
mation of the above stated behaviour (Fig. 1.2). These include measurements of ag(my)
from ete” colliders (in particular LEP), from deep inelastic scattering and from the hadron
Colliders (Tevatron and LHC) [24,65].
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Figure 1.2: Summary of measurements of ag as a function of the energy scale ). Figure

taken from [24].

The data on the ag firmly establishes QCD as a perturbative formulation at higher energy
scales of the order of a few hundred GeV to 1 TeV.

1.6.4 Neutral currents and the Photon - Z interference

Neutral current (NC) interactions were first experimentally observed at CERN in 1973 in
the elastic scattering of v, and 7, from nuclear targets [66,67]. The reactions involved were
of the kind,

vu(7,) + N = v,(7,) + hadrons, in addition to the leptonic interactions v,(7,) + e~ —
vu(7,) + e~ (via scattering off atomic electrons). Thus one could calculate the ratio of the

hadronic neutral current interactions to the charged current (CC) ones of the kind,
vu(7,) + N — p~ (ph) + hadrons

and the ratio turned out to be

¢ 0.21+0.03 ¢ 0.45 £+ 0.09
@ = U. Uo, @ _— 45 .

In addition to the above data, the observation of a single event in the channel 7, +e~ —
v, + e~ confirmed the presence of the weak neutral current. Also, from the hadronic inter-

action sin? Ay was constrained between 0.3 — 0.4 whereas in the leptonic mode due to poor
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statistics the constraint was looser, i.e. 0.1 < sin? 8y < 0.6 at 90% confidence level.

The effects of such neutral current interactions, noticed first in the deep inelastic scat-
tering of neutrinos, can also be investigated through the interference effects they have on
the process like ete™ — ff, where f can be a charged lepton or quark. The interference
between the vector and the axial vector interactions in such processes can be noticed in the
observables constructed via integration of the differential cross section over selected regions
of the phase space. Thus one can construct a forward backward asymmetry, non-vanishing
value of which is a smoking gun signal of the neutral current interactions of the above kind,
where the presence of the Z is essential . One of the earliest measurements of the inter-
ference effects between the weak and electromagnetic amplitudes was made in the inelastic
scattering of polarized electron beams from unpolarized deuterium target around 1978 at
SLAC [68,69]. Further experiments which made observations to this effect were done at
DESY around 1983 involving annihilations of ete™ to a pair of muons or 7 leptons [70, 71].

These led to an experimental determination of sin® y in the range sin® @y, = 0.27 £ 0.08.

1.6.5 Discovery of W and Z bosons and the top quark

The discovery of the W and Z at the UA-1 and UA-2 experiments at CERN [36-39] was an
important step in validating the gauge structure of the GSW model. The masses obtained in
these experiments were close to the predictions from the neutrino deep inelastic experiments
[72]. For example the W and Z masses from the UA-2 experiment were reported to be,
My =807 GeV and M, = 91.9+ 1.3+ 1.4 GeV.

In addition to the discovery of the massive gauge bosons, the top quark discovery by the
DO and CDF experiments in 1995 [40,41] completed the validation of the three generation
picture of the quark sector of the SM.

1.6.6 Precision tests of the standard model

The work of Veltman and 't Hooft [73,74] had established SM as a renormalizable QFT.
This implied that one could calculate the loop induced corrections to the various tree level
observables and all such finite corrections could be matched against the experimental results
to test the theory at the quantum level. The precision measurements at 7 resonance in the
channel ete™ — ff at LEP and SLC [25] led to the determination of the properties of the

Z boson, i.e. its mass, width, the couplings to fermions etc. with unprecedented accuracy
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that allowed for testing of the SM predictions at loop level. For example the mass and width
were measured to be,

My, = 91.1875 £ 0.0021 GeV, TI'z = 2.4952 4+ 0.0023 GeV. From the contribution of the
invisible decay of the Z to its total width, one could restrict the number of neutrino flavors
to be,

N, = 2.9840 + 0.0082 , in agreement with the SM.

Thus in addition to the above, a number of other EW observables were measured, eg.
forward backward asymmetries, predictions for My, and M; etc. These measured values
when pitted against the loop corrected calculations within the SM, tested the robustness
of the predictability of SM. Fig. 1.3 shows a comparison of the values of the various EW
observables compared to their SM best fit values. Note that for the observables involving

hadronic final states, QCD corrections play a significant role in such estimates.

Measurement Fit  |O™*_QfM|/gmees
0 1 2

Ao (m,)  0.02758 +0.00035 0.02767
m,[GeV] 91.1875+0.0021 91.1874
I,[GeV]  2.4952+0.0023  2.4965
o Inbl  41.540+0.037  41.481

R, 20.767+£0.025  20.739
AY 0.01714 +0.00095 0.01642
A(P) 0.1465+0.0032  0.1480
R, 0.21629 + 0.00066 0.21562
R, 0.1721£0.0030  0.1723
AYP 0.0992 +0.0016  0.1037
AY° 0.0707 +0.0035  0.0742
A, 0.923 + 0.020 0.935
A 0.670 +0.027 0.668

C

A(SLD) 0.1513+0.0021  0.1480
sin®eP(Q,) 0.2324+0.0012  0.2314
my [GeV]  80.425+0.034  80.389
Iy [GeVl  2.133%0.069 2.093
m, [GeV] 178.0 + 4.3 178.5

Figure 1.3: Comparison of the measurements with the expectation of the SM for the various

EW precision observables. Figure taken from [25].
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Departures from the standard model behaviour can be probed quite effectively in the
so-called oblique electroweak observables or the Peskin-Takeuchi parameters [75]. They are

functions of the corrections to the gauge boson two point functions and are given as [76],

T —

- 2 - 2 )
Qe My, M7 Qe

1 <H%(0> H%?’(t))) -1

4 [ (M)~ IBO) G — S IBy(E) (s
o M2 Cw Sw M M3 7
_ Asty | I (MZ) — Ty (0) _w oy (M3) B I (M3) g (16.1)
e M, sw M2 M2 >

with ae = ae(My). The superscript “new “ stands for the fact that S, T and U are defined
after subtracting out the SM contribution. Thus in all such cases where new physics can
potentially give contributions to the gauge boson two point functions, experimental bounds
on the oblique parameters would be pivotal in constraining the corresponding parameter
spaces. Current experimental values of these are [24]: S = 0.03 £0.10, T = 0.01 £ 0.12,
U = 0.05+0.10. The parameters S and 1" are able to provide constraints on the new physics
beyond the SM. S gets contributions from a new generation of fermions and 7" being equiva-
lent to p signifies the extent of isospin violation ¢.e. the mass splitting between the members
of the new doublet. As an example, the Technicolor theories became strongly disfavoured
as the contributions to the S parameter were in conflict with the experimental data [76].
Similarly, the existence of additional sequential fermion families have been constrained by

the precision observables.

1.6.7 Higgs discovery

The discovery of the Higgs boson at CERN in 2012 [1,2] with a mass in the range 125-
126 GeV was a much awaited moment as it cleared a lot of dust on the mass generation
mechanism in the SM. With this discovery, the spontaneous symmetry breaking mechanism
got singled out as the one responsible for generating masses of the weak gauge bosons and
the fermions.

The discovery of the Higgs has been followed up by a series of investigations into the CP
properties of the scalar and its couplings to the fermions and gauge bosons. The purpose of

such studies has been to get a better and detailed understanding of the electroweak symmetry
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Figure 1.4: Observation of Higgs as a bump in the invariant mass distribution of the diphoton
system in the h — ~+ channel at ATLAS detector at CERN. Figure taken from [1] where
the 125 GeV scalar has been denoted as “H” .

breaking mechanism and also seek any lurking hints on the physics beyond the SM. We will

have more to say on this in the following chapter.
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Chapter 2

The Quest for New Physics

2.1 Why Beyond the Standard Model ?

The standard model (SM) over decades has successfully stood against experimental scrutiny
and its predictions have been verified by the data collected from various experiments. This
has resulted in increased faith in the predictive power of the theory even at the quantum
level. With the discovery of the Higgs in 2012 [1,2] the missing link was discovered explaining
particle masses in terms of spontaneous symmetry breaking mechanism. With all these
experimental successes in sight, SM seems to be a consistent framework, working well within
the ambit of present-day experimental precision.

However, there still are a lot of questions from a theoretical and experimental point of
view which SM fails to answer. These issues motivate one to search for scenarios beyond the

standard model (BSM) which have SM as their low energy limit in the electroweak scale.

2.1.1 Theoretical motivations for BSM

e Lack of unification: Although SM incorporates the strong, weak and electromagnetic
forces in a gauge invariant framework, the theory has three different coupling constants
gs, g and ¢’ which seem to have no common origin. SM has no way to embed these
three different couplings into the gauge-invariant description of a bigger symmetry
group with a single coupling constant i.e. a Grand Unified Theory (GUT) [77-80]. In
other words, assuming only SM dynamics, the renormalization group running of these
couplings does not lead them to converge at a higher scale (GUT scale), where one could

have hoped for a unification [81-85]. In addition, SM still is incapable of incorporating
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gravity in a renormalizable framework with the other fundamental forces. This is an
obvious statement of its shortcoming as a unified theory if one seeks a description all
the way up to the Planck scale i.e My ~ 10" GeV, where quantum effects of gravity

become relevant.

e The naturalness or fine tuning problem : When one computes loop corrections to
mass squared of the Higgs, one is confronted with the problem of quadratic sensitivity
to the masses of the heavier scales [86,87]. This drives the corrections away from the
observed scale of ~ 125 GeV towards the heavier scales in the problem. Thus if one

assumes SM to have a cut-off at scale A, the corrections to M} scale as,
SM} oc A?

To tame the corrections to the order of the electroweak scale then one requires a delicate
cancellation or fine tuning among the parameters involved. This is known as the fine
tuning problem. It is evident that higher the mass scales entering in the loop correction,
more acute is the fine tuning required. Moreover, one has to fine-tune parameters at
every perturbative order. The desirability of avoiding such fine tuned cancellations is
one of the reasons towards motivating new physics to arrive at TeV scale. One has
to further ensure that the new physics introduced does not lead to further divergent
contributions. Supersymmetry, or boson-fermion symmetry, is an elegant solution to
the fine tuning problem. It helps in controlling the scalar mass corrections via exact
cancellations between the quadratically divergent bosonic and fermionic contributions

to the loops [88].

e Strong CP problem : The gauge sector of the SM lagrangian allows for the inclusion

of a CP and P violating term of the form,

Ly = 0P po [° (2.1.1)

prt o

where @ is known as the strong C'P phase. One of the most problematic consequences

of this is an unacceptably large contribution to the neutron electric dipole moment
(EDM).

The current experiments [89] put an upper limit on the magnitude of the neutron EDM at,

|d,| < 2.9 x 107%e cm (90% C.L.).
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From this, @ is constrained to be, § < 107 [90,91]. However there is no symmetry in the
SM which forces 6 to be so tightly constrained. This smallness of 8 is known as the strong
CP problem.

Apart from these theoretical considerations, there are experimental observations which

hint towards fundamental physics beyond the SM.

2.1.2 Experimental hints towards BSM

e Neutrino masses and mixing: The experimental evidence of neutrino oscillations
points towards neutrinos being massive [24,92,93]. Various experiments have measured
the parameters that determine the mixing between the flavor states and the mass
splittings amongst the physical states in the mass diagonal basis. Mixing requires non-
degenerate masses for three sequential neutrinos. However, within SM the absence
of a right handed partner does not allow the existence of a dirac mass term for the
neutrinos. On the other hand, AL = 2 Majorana masses, too, are not forbidden by any
fundamental consideration, but will take one beyond the SM. There are scenarios like
SO(10) GUTs [94,95] and left-right symmetric models [96] incorporating heavy sterile

neutrinos, where one can give mass to the light neutrinos using the seesaw mechanism.

e Hierarchy of fermion masses and mixings : The masses of fermions in SM range
from O(1073) GeV for electrons to O(100) GeV for the top quark. Also for the quarks
and leptons we see a successive gradation in the masses of the three generations. Apart
from the masses, within the quark sector, the CKM matrix reveals a nearly diagonal
structure, with the magnitudes of the in-family CKM elements being close to 1, and
the off-diagonal ones being only significant for the first two quark families. There is

no inherent explanation in SM for this hierarchy of masses and the CKM mixings.

e No dark matter candidate : From the data on the rotation curves of the galaxies,
first set of evidence was collected towards the presence of a non-interacting “dark”
matter in and around the visible matter in the galaxies [97-99]. The data collected
from Planck [100] and WMAP [101] suggest that cold dark matter constitutes about
23% of the matter content in the universe. SM has no such dark matter candidate

within its particle spectrum.

e Matter-antimatter asymmetry : The present universe seems to be comprised es-
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sentially of matter. The net baryon asymmetry is given by the ratio [101],

np —Ngm
ng = n—B ~ 6x 10710 (2.1.2)
v

where npg and ng are the baryon and anti-baryon number densites and n., is the photon
number density. The are three necessary conditions for successful baryogenesis, given
by Sakharov [102] : I) baryon number violation, II) C' and C'P—violation and III)
a deviation from thermal equilibrium. SM and cosmology in principle fulfill all three
Sakharov conditions [103,104], but the magnitude of C'P—violation in SM, contributed
by the complex phase of the CKM matrix [50] is not sufficient to generate the observed
baryon asymmetry. Thus one needs to go beyond the SM to answer for the observed

matter-antimatter asymmetry.

e Muon g-2 discrepancy : The experimental determination of the anomalous magnetic
moment of the muon reveals a ~ 3o level of discrepency from the SM estimate of the
same [24,105,106], i.e.,

Aa, = ™ — ;™ = 268(63)(43) x 10" (2.1.3)

¥ w

where the errors from experiment and theory are combined in quadrature. This has
invited attention towards possible new physics scenarios which may give additive loop
contributions to the muon g — 2 and answer for the discrepancy. For example SUSY
particles in the loops [107] or a light pseudoscalar in leptophilic two-Higgs doublet
models (L2ZHDM) [16] are some of the plausible candidates.

The above observations provide a compelling argument in favor of new physics beyond
the SM framework. In the rest of this thesis we will indicate how the discovery of the
Higgs boson at the LHC has triggered investigations on possible traces of new physics in the
newly available data. Such investigations have led to better insights into the possible new
physics scenarios and regions in the corresponding parameter spaces that qualify as potential

solutions to the problems of the SM.

35



2.2 Hunting new physics at LHC

As everybody knows, the Large Hadron Collider (LHC) is yet to unravel any signal for new
physics. However, what looks very similar to the SM Higgs boson has been discovered. This
has given impetus to new physics searches using the discovered scalar as a probe, through
attempts to answer the question: “Is it the Higgs or a Higgs?” Since the discovery of
the Higgs boson at the LHC, the ATLAS and CMS experiments have embarked upon a
dedicated program to further investigate the C'P properties of the Higgs and its couplings
to the other SM particles. These efforts can improve our understanding of spontaneous
symmetry breaking and also narrow down new physics scenarios. In what follows we discuss
the various production and decay modes of the Higgs and how the data on the same has led

to insights on the possible signatures of new physics.

2.2.1 Higgs production at the LHC :

The main Higgs production channels at the LHC are the following [24, 108] (Fig. 2.1):

e Gluon fusion (ggF): g9 —h + X
e Vector Boson Fusion (VBF) : q7 — qgh, yielding a pair of forward jets.
e Associated production with a gauge boson (Z,W) : q7 — Vh

e Associated production with a top-antitop pair (tth): gg — tth

The scattering cross section for the scattering of two hadrons (protons) A and B to a
given final state Y can be written as a sum over the sub-process cross sections from the

constituent partons:

O'(AB — YX) = Z/dl)adJbea/A(ﬂ?a, Qg)fb/B(.”Eb, QQ)(A)'((I{) — Y) (221)
a,b

where x, and x; are the momentum fraction of the constiutent partons a and b in the protons
A and B. The functions f,/a(z4, Q?) and fy/5(xs, Q*) are the parton distribution functions
corresponding to a and b partons. The scale Q? is the factorization scale of the parton-level
hard scattering process. The cross section for this can be calculated perturbatively in QCD,
while the parton distribution functions parameterize the non-perturbative part.

The dominant production mode is ggF', followed by VBF, associated V' h production and

then the tth mode. Table 2.1 lists the SM cross sections for the various production channels
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at various collision energies of the proton-proton scattering. Fig. 2.2 shows the same for a 125
GeV Higgs. Gluon fusion is the dominant mode of production despite being a loop induced
process as Fig. 2.1 (a) shows. This is because of the large gluon flux at low momentum

fraction of the proton momentum (Fig. 2.3).

q (c) q

Figure 2.1: Higgs production channels: (a) Gluon fusion, (b) Associated Higgs production,
(¢) Vector Boson Fusion (VBF) and (d) Associated top quark production.

Vs (TeV) | Higgs Production cross section (pb) M, = 125 GeV
ggl VBF Wh 7h 7h

7 15.3710% | 1.2472% | 0.58+5% | 0.3479% | 0.0975%

8 19.5139% | 1.6072% | 0.7015% | 0.4272% | 0.1375%

13 44107 | 37820 | 13728 | 0.88T5E | 0.51T0%,

14 [ 49.7H0% 1 428727 | 1514272 10,9973 | 0.6179%,

Table 2.1: Higgs production cross section at LHC at various collision energies (1/s). The

numbers are from [24].
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Figure 2.2: Higgs production cross section vs. /s for M), = 125 GeV. Figure taken from [24]
where the 125 GeV scalar has been denoted as “H”.

2.2.2 Higgs Decay Channels:

The dominant decay modes are h — bb and h — WW |, followed by h — gg, h — 717,
h — cc and h — ZZ* . Because of loop suppression, Higgs decays into h — vy, h — ~vZ
with much smaller rates. This is followed by h — p* i~ owing to the small Yukawa coupling
because of the small p mass. Since the decays into gluons, diphotons and vZ modes are loop
induced, they can provide information on the Higgs couplings to WW, ZZ and tt which enter
into the loops for the above decays. Table 2.2 lists the branching ratios (BRs) for the SM 125
GeV Higgs into various final states. The variation of the Higgs BR with Higgs mass is shown
in Fig 2.4. The total width of a 125 GeV SM Higgs boson is I';, = 4.07 x 10 GeV, with
a relative uncertainty of fg:g;ﬁ. The h — vy and h — ZZ* — 40 channels, even with their
modest BRs have the advantage that the final state particles can be precisely reconstructed

wuth an excellenet mass resolution of 1 — 2%. It is because of this reason that these two

final states were very crucial to the Higgs discovery [24]. For the h — WW ™ — 0T vl by
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The corresponding polarized parton distributions are shown (c,d), obtained in NLO with
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NNPDFpoll.1 [27]. Figure taken from [24].

the mass resolution is poor owing to the presence of neutrinos in the final state. The h — bb
and the h — 777~

channels have to compete against large backgrounds and a rather poor
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mass resolution of 10 — 15%.

Table 2.2: The branching ratios and the relative uncertainty for a 125 GeV SM Higgs boson.

Numbers are taken from [24].

Decay mode | Branching Ratio | Relative Uncertainty
h— vy 2.27 x 1073 oo
h—Z7Z* | 262x 1072 i
h—WW* |214x 107! it
h— 1™ ] 6.27 x 1072 o
h — bb 5.84 x 107! R
h—~Z 1.53 x 1073 oo
h— ptp~ | 218 x 1074 o0

LHC HIGGS XS WG 2013

Higgs BR + Total Uncert
= =

—
e
w

-4 1 1 1 I 1 1 1 I 1 1 1 i 1 1 1 I 1 1 1 1 1
1080 700 120 140 160 180 200
M, [GeV]

Figure 2.4: Higgs BR as a function of Higgs mass. Figure is taken from [24].

40



vy A WW* | 7t~ | bb
geF | 1.101035 | 1.137057 | 0.847547 | 1.058 | —
VBF | 1.3%92 | 01fbt 12704 1394 | —
Wh | 053 | — 16752 | —1.4FM | 10792
Zh | 0530 | — 59726 | 22722 | (4704
tth | 2.2%18 | — 50718 [ 19737 | 11719

Table 2.3: Best fit values of p;; for each specific channel i — h — f, using the combined
ATLAS and CMS data for /s = 7 and 8 TeV. The results are shown together with their
total uncertainties (statistical and systematic combined). The entries labelled with a “—”
are either not measured with a meaningful precision and therefore not quoted (for h — ZZ*
decay channel for the Wh, Zh, and tth production modes), or not measured at all and
therefore fixed to their corresponding SM predictions(h — bb decay mode for the ggF and
VBF production processes).

2.2.3 Signal strength measurements at LHC

Given the values of the production cross section and branching ratios of the Higgs within
the SM, the data collected by the ATLAS and CMS experiments in various production and
decay channels can be used to quantify the deviations from the SM expectations. One such

measure is the signal strength ratio defined for a channel i — h — f by

(i — h) x BR(h — f)
Hif = osa(i — h) X BRgm(h — f)

(2.2.2)

where o (i — h) is the production cross section for Higgs in the i*® channel (i = ggF, VBF,
Wh, Zh, tth) and BR(h — f) is the branching ratio for Higgs to final state f (f = ZZ*,
WW*, 7577, 47, bb). The denominator is the product of the corresponding quantities in
SM. Table 2.3 lists the signal strengths (also shown in Fig.2.5) for the various production
and decay channels corresponding to the combined ATLAS and CMS data for /s = 7 and
8 TeV [28].

One can also fit the signal strength data by assuming that there is no new physics in the

BR(h — f)

Higgs decay , i.e. ————
B85 AL % BRaw(h — )

= 1. This can then be interpreted as the limits on the ratio
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Figure 2.5: Signal strengths corresponding to the channels in Table 2.3. The error bars
indicate the 1o intervals. The green bands indicate the theoretical uncertainties in the SM

predictions. Figure is taken from [28] where 125 GeV scalar is denoted as “H”.

o(i— h)

1 = ——— — from the signal strength measurements. Fig. 2.6 lists the signal strengths
osm(i — h)
for the five main Higgs production channels i.e., figer, UvBr, Uwh, fzn and fg.

A similar approach towards the Higgs decay allows one to establish limits on the ratio

BR(h — f)
I e S
77 BRsu(h — f)
2.7 lists the signal strengths corresponding to the five Higgs decay modes, iy, fizz+, fww=,

assuming there is no new physics in the Higgs production channels. Fig.

ortr— and figp.

The above data on the signal strength measurements can be translated into limits on
the deviations of the Higgs couplings to SM particles from their SM values. To this end,
one can at first go assume that the new physics is such that the couplings are modified only
by a constant scaling and no modification is introduced to their Lorentz structure. In the

following subsection we discuss how these constraints look like for the case when

e One assumes that there is no new decay mode coming from the new physics, i.e.
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Figure 2.6: Best fit results for the production signal strengths for the combined ATLAS
and CMS data. Results from both experiments are also shown separately. The error bars

correspond to 1o (thick lines) and 20 (thin lines) intervals. Figure is taken from [28].

BRgsm = 0.

e One allows for BRgsy > 0.

2.2.4 New physics in scaled Higgs couplings

7532
7

For a given Higgs production or decay channel denoted by “i”, a scaling factor or coupling

modifier corresponding to that channel is given by [28]

ag; i

Ko = ST (production) or k? = M (decay). (2.2.3)
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Figure 2.7: Best fit results for the signal strengths in Higgs decay channels for the combined
ATLAS and CMS data. Results from both experiments are also shown separately. The error

bars correspond to 1o (thick lines) and 20 (thin lines) intervals. Figure is taken from [28].

These coupling modifiers are basically associated with the scaling of the SM Higgs couplings
to the SM gauge bosons or fermions. Thus we have kw, Kz, ki, Ky, and kK, at tree level
corresponding to the WWh, ZZh, tth, bbh and hrr couplings. Since the Run-I LHC data
are insensitive to the coupling modifiers ., and k,, and have limited sensitivity to &, it is
assumed that k. varies as ky, ks as K, and K, as k£, . Other coupling modifiers (£, kq, and
Ke) are irrelevant provided they are of order unity. Apart from the tree level scalings of the
Higgs interactions we also have two effective coupling modifiers, x4 and k-, corresponding to
the loop induced hgg and hyy couplings. This is under the assumption that BSM particles
that might contribute to these effective couplings are not expected to significantly modify
the kinematics of the corresponding processes involving these vertices. Thus the gg —
h production and h — 77 decay can be studied, either through these effective coupling
modifiers, or through the coupling modifiers corresponding to the SM particles that enter
into these loops.

The above scaling of the Higgs couplings will result in a variation of the Higgs boson
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width. Thus we define the scaling of the overall Higgs width as

kp = BRM&? (2.2.4)

When only the SM decay modes of the Higgs boson are allowed (BRgsy = 0), we have

Ky = ?h,SlM If instead deviations from the SM are introduced in the decays (BRggy > 0),

the modified Higgs width I'j, becomes

2 SM
&y Iy

r,=_—~"*

(2.2.5)

where BRpgsy is the total branching fraction into BSM decays. Such BSM decays can be of
three types:

e Decays into BSM particles that go undetected because of their feeble interactions with

ordinary matter.

e Decays into BSM particles that go undetected because they are associated with the

final states that are not searched for.

e Decays involving modification of the branching fractions into SM particles in decay

channels that are not directly measured, such as h — cc.

Fig. 2.8 shows the fits to the scaling factors kw, Kz, K¢, kb, K7, kg and K assuming either
lky| <1 (V =W,Z) and BRpgy > 0 or BRgsyy = 0. In the former case, an upper limit
of BRpsy = 0.34 at 95% CL is obtained, compared to an expected upper limit of 0.39. For
details see [28].

2.2.5 New physics in modified Lorentz structure of Higgs cou-
plings

Other than the possibility of Higgs couplings being modified by just constant scaling of the
couplings, one can also consider the case where new physics can invite modification to the
Lorentz structure of the Higgs couplings. In the previous case the total rates of production
and decay channels can differ from their SM counterparts, but the kinematic properties of the
Higgs boson in each channel are unchanged. But when new Lorentz structures are allowed,

this can lead to modified kinematics which can be probed in the differential distributions
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Figure 2.8: Fits for the coupling modifiers for the two cases: (a) Where we consider BRggy >
0 and |ky| < 1 (V = W, Z), and (b) With BRgsy = 0. Combined as well as individual
results of ATLAS and CMS are shown along with with their uncertainties. The hatched
areas show the non-allowed regions for the x; parameter, assumed to be positive without
loss of generality. The error bars indicate the 1o (thick lines) and 20 (thin lines) intervals.
For parameters with no sensitivity to the sign, only the absolute values are shown. Figure

is taken from [28].

of the various kinematic observables constructed out of the spin-momenta of the particles
involved in a given production and decay channel.

The second possibility has been investigated by the ATLAS collaboration [109] in a model-
independent framework using effective field theory (EFT) approach [3,12, 108, 110-112],
whereby the SM Lagrangian is modified by addition of CP-even and CP-odd gauge-invariant
operators of dimension six. The SU(2) x U(1) gauge-invariance is postulated because these
operators are obtained by integrating out physics above the scale of electroweak symmetry
breaking. These result in new tensor structures for the interactions between the Higgs boson
and the SM particles, which lead to modified Higgs boson kinematic distributions as well as

those of the associated jets. The presence of higher dimension operators [3,12,108,110-112]
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leads to gauge-Higgs couplings with a generic tensor structure of the form
2 -
EVVh = ;[CLM‘%QMV + b(klykg'u — g“”kl.kg) + bélwa,gk?kg] V“(le”(kg)h(k) (226)

where the ‘a’ term is just the scaling of the Higgs coupling, ‘0’ term is contributed by
the higher dimension CP-even operators and the ‘b’ term arises out of CP-odd operators.
Similarly for the Yukawa couplings, we have an admixture of the CP-even and odd terms in

the form
L = fle+idvys)fh (2.2.7)

Here ‘¢’ is the scaling of the SM Yukawa coupling and ‘d’ term is the CP-odd contribution.
From the data on the Higgs decays to diboson final states the pure CP-odd resonance has
been ruled out at 99.98% CL [113] but an admixture of CP-even and odd states still is
allowed with a dominant CP-even component. We will explore the above mentioned higher
dimension operators and their effects on the kinematics of the various production and decay

channels in further detail in the following chapters.
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Chapter 3

Higher Dimensional Operators: The

Gauge-Higgs Story

3.1 Introduction

As we have already mentioned, although the discovery of “a Higgs-like boson” at the Large
Hadron Collider (LHC) has been a refreshing development [1,2], there is no clear signal yet
for physics beyond the standard model (SM). It is therefore natural that physicists are trying
to wring the last drop out of the Higgs sector itself, in attempts to read fingerprints of new
physics.

One approach to that end is to examine all available data in terms of specific new models,
such as supersymmetry or just additional Higgs doublets. In the other approach, one can take
a model-independent stance, parametrize possible modifications of the interaction terms of
the Higgs with pairs of SM particles, and examine them in the light of the available data. Such
modifications can again be of two types. In the first category, they are just multiplicative
modifications of the coupling strengths, the Lorentz structures remaining the same as in the
SM. Constraints on such modifications have already been derived from the available Higgs
data [28,114-118]. In the second class, one considers additional operators with new Lorentz
structures satisfying all symmetries of the SM [3,12,112,119-122]. Gauge-invariance of such
operators in their original forms may be expected, since they are obtained by integrating
out new physics that arises at scales higher than the electroweak scale. Sets of such higher-
dimensional operators contributing to the effective coupling of the Higgs to, say a pair of

electroweak vector bosons have been studied extensively. Here it makes sense to include
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only SU(2) x U(1) invariant operators in one’s list to start with, because the yet unknown
new physics lies at least a little above the electroweak symmetry breaking scale. With the
inclusion of such higher-dimensional operators the effective Lagrangian at the electroweak

scale can be given as
Lesy = .CSMJrzAd - (3.1.1)

where d is the dimensionality of the operator ol? and féd) is the Wilson coefficient corre-
sponding to that operator. The scale A is the heavy scale at which new physics has been
integrated out. An exhaustive list of dimension-six terms can be found in [3,12].

A host of such gauge-invariant higher-dimensional operators have been, and are being,
analyzed with considerable rigor, and now there exist limits on them, using data ranging
from electroweak precision measurements to global fits of LHC results [4-11,13,113,123-143].
Most of such analyses include higher-dimensional operators that conserve charge conjugation
(C), parity (P) and time-reversal (T). However, there is evidence of C, P and CP-violation
in weak interactions [24], and there are speculations about other sources of CP-violation as
well, especially with a view to explaining the baryon asymmetry in our universe [102, 144].
The possibility of CP-nonconservation cannot therefore be ruled out in the new physics
currently sought after. Thus one may in principle also obtain higher-dimensional interaction
terms involving the Higgs and a pair of gauge bosons. The constraints on such terms,
and identification of regions in the parameter space where they can be phenomenologically
significant, form the subject-matter of this chapter.

The CP-violating effective couplings, interestingly, are not constrained by the oblique
electroweak parameters at one-loop level up to (’)(%), where A is the cutoff scale of the
effective theory. The leading contributions to self-energy corrections to electroweak gauge
bosons at one-loop level occur at O(3z). Therefore, electroweak precision (EWP) data are
not expected to provide severe constraints on CP-odd parameters. In addition to this, Higgs-
mediated event rates in various channels receive contributions from these couplings at O(5z).
Thus they can also be constrained from global fits of the LHC data. The strongest limits on
them, however, arise from the contributions to the electric dipole moments (EDMs) of the
neutron and the electron, both of which are severely restricted from experiments. As we shall
see in the following sections, a single CP-violating operator taken at a time may in certain
cases be limited to a very small strength from the above constraints, while two or three such
operators considered together can have relatively larger, but highly correlated coefficients.

Some of these operators can have interesting phenomenological implications, especially in
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the context of the LHC. A study in similar lines can be found in Refs. [123,128,134,140].
In the following section we analyse the set of dimension-six gauge-Higgs operators that
contribute to the modification of the VVh (V = W, Z v) couplings and the relationship

between the Wilson coefficients and the various CP-odd vertices.

3.2 Morphology of Gauge-Higgs Operators

In the effective Lagrangian approach that has been followed here, the effects of new physics
at the low energy can be described by the Lagrangian Log in Eq.(3.1.1) comprising only of the
SM fields. The information about the high scale theory is encoded in the Wilson coefficients
of the operators, suppressed by the powers of the cut-off scale A. The operators constructed
out of the Higgs doublet and the SU(2) x U(1) gauge fields are of even dimensions, and
at the leading order they have mass dimension d = 6. The dimension-six CP-even gauge
invariant operators constructed out of the Higgs doublet (®) and the electroweak gauge fields

(B, W), that modify the gauge-Higgs couplings are given as follows:

Ow = JZZ(D o)W (D,®); Op = f\B(D o) B (D, ®);
Opp — fBB (I)TBW/BM,,(I) Oww = fX;/V 1 MI/VAVMV(I);
f DUVTT
Opw = %(I)TB“ W,,®. (3.2.1)

In the above, we have defined EW = i%/BW and WW =i T“W“

- g and g’ are the electroweak

coupling parameters corresponding to SU(2) and U (1) gauge groups respectively, and 7%(a =

1,2,3) are the three Pauli matrices. We define the gauge covariant derivative as D,, = 0, —
/

iaTaW/f — iEYBu» where Y is the hypercharge quantum number. With this choice of the
definition of gauge covariant derivative, field strength tensor W, is given by, Wj, = 9,W;—
IWi+ g(—:abCWSWf. The constraints on CP-even parameters and their colllder 11nphcat10ns
have been studied extensively in the literature [4,9, 126,129, 131, 136, 143]. Here we are

interested in the corresponding CP-violating dimension six gauge-Higgs operators. These

are
O —fWD@TWWDcp O fBDcpTBWD@
Opy = fBBcI»*BWé ;. Oww = fuw
BB — A_ uy ww — A2 N
Opw = Fow TBW ot By, o, (3.2.2)

A2
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where, W = %e/“’aﬁl/f/ag and B = %e“”aﬁBag, "% being the four-dimensional fully

antisymmetric tensor with €023 = 1.

However, all five of these CP-violating operators are not independent, and are related by

the following constraint equations, which arise from using the SM equations of motion: *

2@3 = :f_BéBB + ~f—BO~BW’
ijB BW
~  _ fw ~ fw A
QOLV = ~—OWVV + ~_OBW (323)
fww BW

The above set of constraints in Eq.(3.2.3) entails only three of the five operators in Eq.(3.2.2)
to be independent of each other. For the purpose of our study we take Op, Ow and Oyw
to be comprising an independent set of CP-violating gauge-Higgs operators. In principle,
the CP-even operators [Eq.(3.2.1)] could have been assumed to exist simultaneously with
the CP-odd ones considered here. However, such an approach generates far too large a set
of free parameters, where the signature of the CP-violating effective couplings would be
drowned. Moreover, the CP-even operators are independent of the CP-odd ones (and vice
versa); therefore, setting them to zero is a viable phenomenological approach. We therefore
postulate that the new physics above scale A is such that only CP-violating dimension
six effective operators are appreciable, and the corresponding CP-conserving ones are much
smaller. Such a “simplified approach,” we reiterate, is unavoidable for unveiling CP-violating
high scale physics, as has been recognized in the literature [128,145-147]. Studies focusing
exclusively on the generation of CP-violating terms in specific new physics frameworks can
also be found, an example being those in the context of extra space-time dimensions [148,149].

After electroweak symmetry breaking, these CP-odd operators contribute to following

three-point vertices of our interest?

m ~ ~
Lo = =0 (o 2fown ) koWt (k)W (k2)h(k), (3.2.4)
2 7 2 7
gmw [Cy fw + sy [ 2 7
Lozn = — A2 [ 2 +2CWfWW]
Pk o kop 7, (k1) Z, (ko) h(K), (3.2.5)

'We thank Wouter Dekens and Jordy de Vries for helpful comments on this matter.
2 The CP-odd operators considered here also contribute to four-point and five-point vertices like VV hh,

VVVh and VVVhh. However, as we will see in following sections, all the observables used in our analysis

are sensitive to only three-point vertices at the leading order.
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m ~
Loyn = _2(9 W>5i24/ Jww

A2
Bk akos AL (k) A, (k) h(E), (3.2.6)
Lyzn = <g2TX‘;V)tW [(—fw + fz) — 4Cx24/fWW]

B k) akos AL (k1) Z, (ko) h(k), (3.2.7)

2

Lww~ = <ng>SW(fvv+fB)

2A2
P RgW, (k)W (k2) Aa(k), (3.2.8)
2
m x x
Lwwz = _(ngLQV)SWtW(fW + fB)
P lgWE (k)W (k2) Za (k). (3.2.9)

In the above equations sy = sin Oy, ¢y = cos Oy, tyw = tan Oy, and coyy = cos 26y, where
Ow is the Weinberg angle. Here ks are the four-momenta of the fields that enter the vertex.
We have taken all momenta to be inflowing toward the three-point vertex in establishing the
Feynman rules. From the list of CP-odd interaction vertices shown above, one can observe
a general tensor structure of the form e*’k ko5 in VVh vertices and a general tensor
structure of the form e#**k4 in trilinear gauge boson couplings (WWV). Because of this
the CP-odd couplings are linear combinations of the parameters f;. Note that we have not

included the CP-odd operator involving gluon-Higgs coupling,
- fac s 2 LA
Oca = F(I)*G“ G ®. (3.2.10)

This operator introduces a Ogcp term [150, 151], and it is severely constrained by the ex-

perimental measurement of neutron EDM [24]. In Table 3.1, we list various couplings and

mw ~
their effective strengths ignoring the overall dimension full factor of e in Cyyp, and the
my
dimensionless factor of e in Cywy couplings. Note that only ZZh and yvZh couplings

receive contribution from all three CP-odd operators. The operators which contribute to
W W~ also contribute to WW Z and these couplings are related by, Cwwz = —twé’wwv.
Having discussed the Lorentz structure of the anomalous three-point VVh and WWV
vertices, we now move on to discuss the constraints on these CP-odd couplings arsing from
the precision electroweak data, the LHC data on the Higgs production and decay and finally

from the experimental bounds on the fermionic electric dipole moments.
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Coupling | Effective coupling strength
Chwwn (—fw — 2fww)
- 1 ~ ~ ~
Czzn —CT[CIZ/VfW + 8% 5 + 2¢i fww
2
Con —25% (fww)
N tw _ _ N
Cizn 7[(—fw + fB) — 4C%vfww]
- Sw . -
Cwvy 7(f w+ fB)
_ switw . _
Cwwz — (fw + fB)

Table 3.1: CP-odd VVh and WWYV coupling factors and their effective strengths.

3.3 Constraints from Electroweak Precision (EWP) Data

We note that unlike some of the CP-even (d = 6) operators, the CP-odd operators do not
contribute to the gauge boson propagator corrections at tree level, hence are not expected to
receive severe bounds from the electroweak precision data. This is due to the antisymmetry
of the epsilon tensor which is present in all CP-odd operators. In fact, because of the same

reason, all quantum corrections to gauge boson two-point functions up to O(ﬁ) vanish 3

3These corrections are proportional to e“”o‘ﬁpapg (p being the four-momentum of gauge boson) which is

7ero.
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Figure 3.1: One-loop self energy corrections to electroweak vector bosons (oblique correc-
tions) in presence of CP-odd operators. The blobs show the effective CP-odd vertices. These

corrections are of O(1/A%).

and first nonzero contributions due to CP-odd operators appear at O(ﬁ) As we will see
in section 4, the CP-odd couplings contribute to observables related to LHC Higgs data at
this order. It would be interesting to discuss the implications of the electroweak precision
measurement constraints on the parameters of CP-odd operators.

It is well known that the dominant effects of new physics can be conveniently parametrized
in terms of Peskin-Takeuchi parameters [75]. These are related to the gauge boson two-point

functions as

2 2 / / 6124/_3{2/[/ /
asS = 4chW<HZZ(O)—H,W(O)—mﬂ,yz(o» (3.3.1)
ol = HWVZ(O)—HZZQ(O) (3.3.2)
My, mz
U = 45%V<H’WW(O)—cWH'ZZ(O)—s?,VHfW(O)—QCWSWnyZ(O)) (3.3.3)

where, ITy,1,(p?) and IIj, . (p*) are the coefficients of g"” in the two-point function and its
derivative with respect to p?, respectively. The relevant one-loop Feynman diagrams are
shown in Fig. 3.1. We have regularized ultraviolet (UV) singularities of these diagrams in
dimensional regularization (DR). The expressions for IIy,y, (p?) in terms of standard one-loop
scalar functions are given in Appendix A.1. We find that II,,(0) = IL,z(0) = 0 which is
expected due to the transverse nature of the photon. The renormalization of UV singularity
is carried out in MS scheme which introduces scale dependence in these expressions. We have

identified the renormalization scale with the cutoff scale A. Thus the gauge boson two-point
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Figure 3.2: Constraints from electroweak precision data keeping two parameters nonzero at

a time and for A =1 TeV.

functions also have In(A) dependence apart from the overall 1/A* dependence coming from

CP-odd couplings. Because of this an explicit choice of A is necessary in deriving the EWP

constraints on f;s.

For A =1 TeV, the Peskin-Takeuchi parameters due to CP-odd couplings are given by,

S=(-336C2, —1.28C2,, +4.64C}y,
—4.49 C 1 Cozn — 6.21 CoznCrzn) x 107° (3.3.4)
T =-9.74x10° Cy, (3.3.5)

U= (-0.960 C2.,, — 4.69 C2,, — 4.64 C} 4, + 5.67 iy, + 2.76 Ciyy.,

— 3.59 é’y’yhéth — 4.96 CN',YZhC'ZZh) X 10_5. (33())

We can also express them in terms of fis using their relation with Cjs given in Table 3.1. The
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experimental limits on S,7T and U parameters are obtained by fitting the data on various

electroweak observables with these parameters. The limits are [24] 4
S =-0.03+0.10, T = 0.01 £0.12, U = 0.05 = 0.10. (3.3.7)

In Egs. (3.3.4), (3.3.5) and (3.3.6) the coefficients of various couplings are ~ 1077 suggesting
that the EWP constraints cannot be very strong. Therefore, we only consider the case where
any two out of three parameters are nonzero. In Fig. 3.2, we display the allowed range for CP-
odd parameters which satisfy the above limits on S, T and U parameters for all combinations
of two parameters taken together. Here we have varied parameters freely to ensure that we
obtain a bounded region. As we turn on other parameters, these constraints become weaker.

Also, for a larger cutoff scale the allowed parameter space grows as one would expect.

3.4 Constraints from LHC data

The presence of CP-odd operators introduces modifications in the strength of the gauge-Higgs
couplings, and hence changes the Higgs production and decay rates in channels involving
these couplings. Since we are interested in CP-even observables, the SM VVh couplings
which are CP-even, do not interfere with the CP-odd V'V h couplings. Hence the lowest

order (tree level) modifications to the decay widths (I') and production cross sections (o)

L
A%

decay and production channels,

are of the order To quantify these changes we define the following ratios for various

IBSM(p - Y)

= == ) 41

o Ml = Y) (8:4.1)
oPM(X 5 1)

- L =Y 3.4.2

T SN(X S ) (34.2)

where Y and X are used to label the final state and initial state particles in the Higgs decay

and production channels respectively.

3.4.1 Higgs decay channels

In the SM, the 126 GeV Higgs boson predominantly decays into bb and WW* followed by
g9, 777 ,cc and ZZ*. Tt also decays to vy, vZ and ptpu~ with much suppressed rates.
Out of these, h — gg, h — vy and h — yZ are loop-induced decay modes and hence are

4These limits have been updated in the latest version. The numbers presented here are from PDG 2014.
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sensitive to new physics. The decay channels which are affected by the CP-odd operators
are h = vy, h = ~vZ, h - WW?* and h — ZZ*. The expressions for the ratio of the decay

widths, ay; in various two body Higgs decay channels are as follows °:

02
oy = 1+284( KZ") (3.4.4)
ay = 1+ 0.856(%) (3.4.5)
awwe = 1+3.35x 10‘%%) (3.4.6)
oz = 14 3.56 x 10—6<%) (3.4.7)
azze = 1+1.40x 10—6(%) (3.4.8)
ay = 1+1.54x 10‘%%) (3.4.9)

Since the set of gauge-Higgs operators considered in our analysis do not alter the Higgs cou-
pling with gluons (g) and fermions (f), we have a;y = ayg = 1. The ratios agpm, [Eq.(3.4.7)]
and oy [Eq.(3.4.9)] correspond to the h — WW* — 202y and h — ZZ* — 4{ respectively.
Here ¢ stands for electron and muon, and v for corresponding neutrinos. The ratios ayy -«
and azz+« which include both leptonic and hadronic decays of W and Z bosons are used in cal-
culating modified total Higgs decay width. As mentioned earlier, the modifications to Higgs
partial decay widths at leading order are O(1/A%). Tt is in contrast to the case of CP-even
dimension six gauge-Higgs operators where such modifications occur at O(1/A?%). Unlike
WWh and ZZh couplings, the vyh and yZh couplings are loop-induced in the SM. In the
presence of CP-odd operators these vertices receive contributions at tree level. This explains
the relatively large coefficients in the expressions for ., [Eq.(3.4.4)] and a,z [Eq.(3.4.5)] as
compared to the other decay width ratios. This would imply most stringent constraints on

the parameters contributing to these decay channels.

> We disagree with the CP-odd part of the analytic expression for a7 in Eq. (3.17) of Ref. [134]. The

correct expression for CP-odd term in the notations of Ref. [134] turns out to be,

4\/571’2&2 2
GFA2S%V(AF + Aw) ’

ayz =1+ (3.4.3)

where a9 can be identified with the factor %C’A, 25 in our notation.
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3.4.2 Higgs production channels

As discussed before, at the LHC, the dominant mode to produce Higgs boson is gluon-gluon
fusion (ggF) mediated by a top quark loop. The other major production channels include:
vector boson fusion (VBF), associated production with a weak boson (Vh) and associated
production with a pair of top quark (¢th). Except ggF and ¢th production channels, all other
channels are affected in presence of anomalous gauge-Higgs CP-odd vertices. Like the decay
width ratios, the production cross section ratios also receive leading order modifications at
O(1/A"). The ratios of the Higgs production cross sections, yx in various channels at /s =
8(7) TeV LHC are given below.

~2
Yopsw = 1+ 5.61(5.37) x 10—4(%) (3.4.10)
CNQ
VopsWhoshty = 1 + 5.67(5.16) x 10~ (%Wh) (3.4.11)
< — C%Zh = —4 ~’§Zh
Yopszn = 1+ 4.09(3.92) x 10 ( 2 ) +2.45(2.32) x 10 ( =
_ CN’ZZh ~"Zh
4
+ 2.55(2.44) x 107 (=21 ) (32 (3.4.12)

2
yver = 1+ 7.02(5.62) x 10°° (“/’;B) 4 1.50(1.44) x 10 (—W)

Al
'72 ~
_a fww _ fefw
+6.98(6.75)><10~ ~<A4) 1.32(1.14) x 10~ ( o )
5.06(5.03) x 1077 Jofww 6.22(5.98) x 10~* Ju Fuvw 3.4.13
~5.06(5.03) x 107 () +6.22(5.98) x 107 (FE ) (34.13)
Vpp—tth = VGGF = 1. (3.4.14)

These expressions have been obtained by computing the SM and BSM cross sections at tree
level using Madgraph [152] under the assumption that the K-factors (due to higher order
corrections) are same in the SM and BSM cases. For that we have implemented our effective
Lagrangian in FeynRules [153] and used the generated UFO model file in Madgraph. The
cross sections have been calculated using cteg611 parton distribution functions [154] and

with default settings for renormalization and factorization scales.
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We would like to point out that there is an additional diagram other than the one involving
the ZZh coupling, which contributes to pp — Zh production. This is due to the tree level
CP-odd vZh coupling. Similarly, in VBF channel additional diagrams appear besides the
one involving WWh and Z Zh vertices due to the contributions from the anomalous vyh and
~vZh couplings. Because of a different parametrization, this information is not explicit in the
expression for VBF. We find this parametrization more convenient in terms of evaluating the
coefficients in Eq.( 3.4.13). Also, the VBF coefficients reported above do not have any Vh
contamination and this can be ensured in Madgraph at the process generation level. One can
notice that the modifications induced by the CP-odd operators are relatively weak because
the SM cross sections are already tree level effects in the modified production channels.

One important fact in relation to these production cross section ratios (vs) is that the
numerical coefficients present in these expressions are very much cut dependent. This is
associated with the fact that the anomalous couplings induced by the gauge-Higgs operators
have a different Lorentz structure (therefore, different kinematic dependence) than their SM
counterparts. Hence in general the SM and BSM cut efficiencies are not the same for a given
process. The differences between the two become more pronounced for higher values of the
CP-odd couplings. But for reasonably low values of the same one can still work under the
approximation that the two cut efficiencies are the same. In this work we have taken this
approximation into consideration, and taken only default cuts in Madgraph to simulate any
production or decay channel. Since we have taken data only from individual production
channels and not from combined channel data (e.g. V'h combined channel) in our chi-square

analysis, this approximation finds a stronger footing.

3.4.3 Global analysis
The quantitative measure of the difference between the Higgs data from the LHC, and its

corresponding SM predictions is given by what we call the signal strength, defined as,

xy _ 0PM(X = h)BRPM(h - Y)
 oM(X = R)BRM(h = Y)

" (3.4.15)

where, BR(h = Y) = F(F]Z_:}z/) is the branching ratio for Higgs decaying into Y final state,

and Ty is the total Higgs decay width. For 126 GeV Higgs boson I'*M = 4.2 MeV. The

tota

total Higgs decay width in the BSM construct I'B3™ can be expressed in terms of the SM
total Higgs decay width I') by,

tota.
Tiotar = Stotatl potar- (3.4.16)

29



Stotar 18 given in terms of the various branching fractions of the Higgs in the SM as,
St~ BR' +BRE! + BRI + BRI +a,2BRY)
+ aww+BRYy- + azz-BRY). + agBROY (3.4.17)
which becomes on solving,
Stotar ~ 0.736 4 0.0023 v, + 0.00160v, 7z + 0.23aw+ + 0.029a 7+ (3.4.18)

The SM branching fractions for 126 GeV Higgs are taken from [29]. The signal strength in
Eq.( 3.4.15) can be rewritten in a compact form using the decay and the productions cross

section ratios defined above,

XY =y SO‘Y . (3.4.19)
total
Production channel | 8 TeV cross section (pb) | 7 TeV cross section (pb)
ggF 18.97 14.89
VBF 1.568 1.211
Wh 0.686 0.563
Zh 0.405 0.327
tth 0.1262 0.0843
bbh 0.198 0.152

Table 3.2: Higgs production cross section in the SM [29] .

To perform the global fit of our CP-odd parameters, we use the standard definition of

the chi-square function,
XY .
X2 _ Z (”th - ﬂgg;/)Q

(3.4.20)
SRy

XY
where ,uf,i’y is the theoretical signal strength expected in presence of CP-odd operators, and
,u,ffn;,/ is the experimental signal strength reported by the LHC experiments. Xxy is the

experimental uncertainty in ,ug;’;/ .

The experimental data reported generally has unsymmet-
rical uncertainties X%y and Xy . The Xy y that we use symmetrizes these uncertainties in

quadrature through the following definition [126,131],

Sxy = \/(E}’Y)Q - Exy ) (3.4.21)

2

60



Since the LHC data that we use includes data from both 7 and 8 TeV LHC runs, the
theoretical signal strength in Eq.( 3.4.20) is obtained after combining the signal strengths
calculated for 7 and 8 TeV LHC. For that we have used following formula [126],

SM XY _SM
LAY :Uth 808 Ls + pip, 707" Lq
" oMLy + oM Ly

(3.4.22)

where £7 and Lg are the luminosities at 7 and 8 TeV, respectively, and oM and o™ are the

SM cross sections at those energies. These cross sections are listed in Table 3.2.

Production channel Decay channel | Signal strength Energy in TeV
(Luminosity in fb=1)

ggF (ATLAS) h — vy 1.32+0.38 [155] 7(4.5) + 8(20.3)

VBF (ATLAS) h — vy 0.8+£0.7 [155] 7(4.5) + 8(20.3)

Wh (ATLAS) h — yy 1.0£1.6 [155] 7(4.5) + 8(20.3)

Zh (ATLAS) h — vy 0.1737  [155] 7(4.5) + 8(20.3)

tth (ATLAS) h — vy 1.673%  [155] 7(4.5) + 8(20.3)

ggF (CMS) e 1.127557  [156] 7(5.1) + 8(19.7)

VBF (CMS) h — vy 1.587028 [156] 7(5.1) + 8(19.7)

tth (CMS) h — vy 2.697231  [156] 7(5.1) + 8(19.7)

geF + tth + bbh (ATLAS) | h — ZZ* — A L7505 [157] 7(4.5) + 8(20.3)

geF + tth (CMS) h— Z2* — 44 0.87035  [158] 7(5.1) + 8 (19.7)

geF (ATLAS) h— WW* — 202v | 1.017537  [159] 7(4.5) + 8(20.3)

VBF (ATLAS) h— WW* — 2020 | 1.287032 [159] 7(4.5) + 8(20.3)

geF (CMS) h— WW* —202v | 0.74752  [160] 7(4.9) + 8 (19.4)

VBF (CMS) h— WW* = 202v | 0.6705  [160] 7(4.9) + 8 (19.4)

Wh — hiv (CMS) h— WW* = 202v | 0567520 [160] 7(4.9) + 8 (19.4)

Table 3.3: LHC data used in the global analysis.

In our analysis we have taken altogether 15 data points as listed in Table 3.3. Note that
due to large uncertainty, we do not include Higgs data in h — vZ decay channel [161, 162]
from CMS and ATLAS. Since the LHC observables have an overall cutoff scale dependence,
the ratio ﬁ JA? can be taken as the effective parameter to be constrained. In other words,

the constraints from global analysis can be easily predicted for any value of A of interest.
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Figure 3.3: Global fits of the CP-odd parameters keeping two parameters nonzero at a time.
The point (0,0) corresponds to the SM point and the (*) represents the best fit point. The
green region corresponds to the 68 percent confidence interval and the red region to the 95

percent confidence interval, respectively. The best fit point is doubly degenerate up to a sign

flip of the best fit point coordinates.
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Figure 3.4: Marginalized global fits of the CP-odd parameters fB, fW and fww.

We organize the constraints on CP-odd parameters from global fit of LHC data in the

following two parts.

e In the first case, we consider any two of the CP-odd parameters ( fB, fW and fWW)
to be non-zero and put limits on them. The allowed parameter space with 68% and
95% confidence levels are shown in Fig.3.3. In generating these plots we have varied
parameters freely. We can see that in all cases the allowed parameter space is bounded.
The parameter which enters the vvh vertex i.e., fWW is in general more constrained
than those which do not enter the yyh vertex i.e., fz and fyr. This is exemplified by
Fig. 3.3b and 3.3c¢ where we find that fyy is much tightly constrained and allowed
values are of O(1). The nature of slope in these figures is related to the relative sign

among the parameters enetring into the coupling definitions in Table 3.1. We also note
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that out of fB and fW, fW is always more constrained. For example, the maximum
allowed value for fB is ~ 100 while the allowed values of fiy are less than 60, see
Fig. 3.3a. This observation can be attributed to the relative size of their coefficients

in various observables.

e In the second case we consider three parameters at a time in the global analysis.
The allowed parameter space for the three parameters are shown in Fig. 3.4. The
two-parameter constraint planes here are obtained after marginalizing over the third
parameter. As compared to two-parameter plots (see Fig. 3.3), the allowed region here
is more diffused due to the presence of the third parameter. We find that fyyw being
present in all V'V h couplings gets stronger bounds. Here also, as in two parameter
fit, fWW being the only parameter contributing to the yvyh vertex, is very tightly
constrained as shown by the plots in Figs. 3.4b and 3.4c.

It is also found that the constraints on CP-odd parameters from the direct and indirect
measurements of the Higgs total width [158,163] are weaker than those obtained from the
global analysis. On the whole, since fyy contributes to the yvh vertex at tree level, thus is
constrained rather tightly compared to fz and fy. The fact that one has SM contribution
at the one-loop level only is responsible for this. fB and fy are relatively loosely constrained
since they contribute to vertices which have a CP-even SM contribution at the tree level.
Also there is lack of sufficient data on the channel h — vZ, to which they contribute.

The constraints on the parameter space of the CP-violating operators, as obtained from
global fits of the (7 4+ 8) TeV data, are expected to be improved in the high energy runs.
A tentative estimate of such improvements, as also that in a linear ete™ collider, can be
found, for example, in [164]. Going by the estimates of [164], the uncertainty in the signal
strength measurements in the next run can be reduced to 33% of the present uncertainties
as obtained by both ATLAS and CMS for the vy and WW* final states in the gluon fusion
channel. A precise answer on the improvement of these limits, however, depends also on
any possible shift in the central values of the measured signal strengths in different channels.
This in turn is also a function of the various systematic uncertainties in the new run, and
therefore we have to wait for more data before some precise conclusions can be drawn. A
similar consideration applies to a linear collider; precision in coupling measurements down to
1% is expected there in principle [164], but the available statistics as well as the systematics

need to be known before concrete estimates emerge.
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3.5 Constraints from EDMs

The fermionic electric dipole moment receive an additional contribution from these new CP-
odd higher-dimensional operators involving Higgs and pair of gauge bosons. Nonobservation
of any fermionic EDMs puts severe constraints on the parameters f;s. The fermion EDM

operator is defined as,
1 7 - 5 _uv
=5 A7 P(p2) i7" ) (p1) Flu. (3.5.1)

where, ot = %[7“,71’] and dy is known as the fermion EDM form factor. Nonvanishing
EDMs provide clear hint of CP-violation [165,166]. In the standard model, CP violation
occurs due to quark mixing and it is quite weak (1 part in 1000) [24]. On top of that the
first nonzero contribution to EDM operator in the SM appears at three loop level in quark
sector, while, for leptons it arises at four loop level. The present upper limits on electron
and neutron EDMs are much larger than the values predicted by the SM [167]. In presence
of CP-odd gauge-Higgs operators yyh, vZh and W W+~ couplings are modified, because of
which the leading contribution to fermion EDMs appears at one-loop level. Due to this the
fermion EDM measurements can provide stringent bounds on the CP-odd parameters. Note
that the contribution to the fermion EDMs from CP-odd WWh and ZZh vertices can result
only at two-loop level. Since the two-loop effects are expected to be subdominant, we will
derive constraints on the CP-odd parameters from one-loop fermion EDM calculations. The

diagrams that contribute to the fermion EDM at one-loop level are shown in Fig.3.5.

!
Figure 3.5: One-loop diagrams contributing to fermion EDMs. The blobs show the effective

vertices arising out of the CP-odd operators.

The expression for the fermion EDM form factor dy at one-loop due to the yyh, vZh and
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WW ~ vertices is given by the following equation®:

meo . 3 _
d = 2L [alKl(A,mh)+a2K2(A,mZ7mh)+a3K1(A7mW)] (3.5.2)
where,
1 2
~ Qf (§If - QfSW) ~ 5 Iy o
ay = 45W th, ay = fors2 Cyzn; a3 = _45W CWW*y (3.5.3)

Here, v is the electroweak symmetry breaking scale, « is the fine structure constant, I is
the third component of the fermion Isospin and @y is its electric charge quantum number.
We have neglected the fermion masses (my) with respect to other mass scales in the loop.
The one-loop factors K; and K, are calculated in dimensional regularization (d = 4 — 2¢).
Since these loops are UV divergent, we renormalize them in MS scheme and identify the

renormalization scale with the cutoff A. The expressions for K; and Ky are given by,

1. A% 3
KA z) = A2 [ In=; + Z]’ (3.5.4)
2 21, A2
1x Ind> =Y hl? 3
KMoy = [ — 2] (3.5.5)
The latest experimental bounds on the electron and neutron EDMs are [168, 169],
ld.| < 87x107* ecm
d,| < 2.9x107° ¢ cm. (3.5.6)

Note that the EDM contribution is (’)(ﬁ) in the cutoff scale, therefore, it is expected to
provide stronger bounds on CP-odd parameters than those obtained from EWP and LHC
data. Like the electroweak precision observables calculated in section 3, the EDMs also
have explicit dependence on A. Due to this, we provide EDM constraint equations for three
different choices of cutoff scale A = 1, 5 and 10 TeV.

e A=1TeV

d.| = [233.86f5 + 260.45fy — 337.72fww| < 1
d,| = |7.02f5 + 13.81fw + 4.66 firw| < 1 (3.5.7)

6We have observed a relative sign change in the contribution of the WW+~ diagram to the EDM, for the
v and d quarks, which is taken care of by the factor Iy in as. It was unaccounted by Ref. [134] where a

similar calculation is done.
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o A =5TeV

lde| = [13.87f5 4 15.63fw — 21.08fyw| < 1
|d,| = 10.40f5 +0.85fi + 0.33fww| < 1 (3.5.8)
e A =10 TeV
d| = [3.95fp +4.47fw — 6.08fyww| < 1

|| 0.11f5 4 0.24fw + 0.10 fyrw| < 1 (3.5.9)

The neutron EDM form factor (d,) is calculated in terms of constituent quark EDMs using
the relation d,, = %dd — %du, from the chiral-quark model [170]. In calculating the above
constraints on the EDMs we take o« = 1/137 and My = 126 GeV. Because of a stronger
experimental limit on electron EDM, the coefficients of parameters in d, are larger than
those in d,,. The constraint equations for electron EDM form factor differ by an order of
magnitude from those obtained in Ref. [134] mainly because the most updated experimental
bound on electron EDM [169] has been considered.

We first consider the case when only two of the three parameters are kept nonzero. In
this case, we freely vary the parameters. The constraints on the parameters are shown in
Fig 3.6 for A = 1,5 and 10 TeV respectively. In all combinations we get bounded regions.
The inclinations of the constraint regions can be understood from the relative sign between
the parameters in the expressions for the EDMs. As expected, the constraints for A = 1
TeV are tighter than those for A = 5 and 10 TeV and this is corroborated by the size of
the coefficients entering in EDM expressions. In A = 1 TeV case, the allowed values for
parameters can reach O(1) values at maximum. As we push the cutoff scale higher, the
allowed range for parameters also increases. For example, for A = 10 TeV the allowed values
can become O(10) or larger in some cases.

When three parameters are taken to be nonzero at a time, the parameters are scanned
in the range -200 to 200. Fig 3.7, shows two dimensional projection plots of the three
dimensional constraint region for A = 1 TeV. We can see that with three parameters present,
the constraints are more relaxed than when only two of them are nonzero. However, the
parameters are still quite correlated. In fact it is very difficult to obtain closed boundaries.
As we increase the range for parameter scan the allowed values for CP-odd parameters
become very large [>> O(100)]. However, it is important to note that for too large values
of parameters, the two-loop EDM constraints may become relevant and, therefore, should

also be taken into account.
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Figure 3.6: EDM constraints keeping two parameters nonzero at a time for three represen-

tative values of A = 1(blue), 5(green) & 10(red) TeV.

From the experimental perspective, a number of new EDM experiments promise to improve
the level of sensitivity by one to two orders of magnitude in the coming years. For example,
The Institut Laue Langevin (ILL) cryogenic experiment and the Spallation Neutron Source
(SNS) nEDM experiment [171-173] aim at improving the upper limit on neutron EDM by
two orders of magnitude, i.e down to O(107?®)e.cm. This would imply that the numerical
coefficients in the constraint equations for d,, in Eqgs. (3.5.7), (3.5.8) and (3.5.9) would
become stronger by almost two orders of magnitude and thus the allowed parameter space
for fs will be even more severely constrained, unless, of course, there is direct evidence of

neutron EDM in the aforesaid experiments.
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Figure 3.7: EDM constraints for non-zero fg, fw and fyyw with A = 1 TeV. Parameters are

varied in the range between -200 to 200.

3.6 Discussion

We now highlight the important features of the analysis presented in sections 3.3, 3.4 and
3.5. We try to draw a comparative picture and address some of the issues relevant to the

analysis.

e In the two parameter case, among all the constraints, the EWP constraints on CP-odd
parameters are always the weakest while EDM constraints are the strongest. In general,

the correlation among parameters is stronger in EWP and EDM cases as compared to
the LHC case.

e In case of global fit of LHC data whatever contributes to h — ~7 receives stronger
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constraints, since here the “tree level” contributions from the dimension six operators

are essentially at the same level as the “one-loop” SM contributions.

The same should apply to parameters contributing to h — vZ channel which also
includes fB and fyr. However the limits based on current data are rather weak there
and are not considered in this analysis. The global fit puts some limits on fz and
fu as the vZh coupling modifies the Zh and VBF production channels and the total
Higgs decay width.

The channels dependent on the WWh and ZZh couplings yield relatively weak con-
straints from the global fits as a whole, since the higher dimensional interactions are

inadequate to override the tree level SM contributions.

In three parameter case, the bounds from LHC data are stronger than those obtained
from EDMs. However, the parameters constrained from EDMs still display a tight

correlation.

If we allow dimension-6 CP-even operators to coexist with the CP-odd ones, the EWP
and LHC observables would receive contributions at O(1/A?) (as a result of interference
with the SM) as well as at O(1/A*). Since there is no interference between CP-odd
and CP-even operators in total rates, the CP-odd interactions analyzed here should
contribute to signal strengths at O(1/A*) . For the sake of consistency, at O(1/A%)
the contribution from dimension-8 CP-even operators via its interference with the SM
should also be considered. Thus, in the presence of CP-even operators, the constraints
from LHC and precision data can be relaxed. However, under the assumption that the
effect of CP-conserving new physics is not significantly large, the constraints obtained
on CP-odd operators here are in a way the most conservative estimates of the allowed
parameter space. Of course, the limits from EDM analyses remain the same in all the

cases.

A comparison between the relative strengths of the EDM and LHC constraints is most
transparent only when the CP-violating operators alone are considered, since the CP-
conserving ones have no role in EDMs. Their inclusion, albeit via marginalization in
the LHC global fits, will serve to relax the corresponding limits beyond what have been
obtained. But then, it ceases to be a one-to-one comparison between the two kinds of

constraints, something that was intended from the beginning.
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Couplings LHC data EDM
2P case 3P case 2P case 3P case
|Cwwhl 0—60|0—260| 0— 017 0 — 55
1Czm) 25 — 80|25 — 80| 0.11 — 0.20 | 0.15 — 33
Coml 0—08]0—-08| 0— 016 | 0.02 — 52
|Coan] 15 — 25|15 — 25 [0.03 — 0.25 | 0.05 — 110
ICww~| | 0 — 40 |15 — 40| 0 — 0.15 | 0.02 — 47

Table 3.4: Limits on CP-odd coupling strengths from LHC data and EDM measurements for
A=1 TeV. 2P and 3P stand for two parameter nonzero and three parameter nonzero cases

respectively.

We have already seen that the Lorentz structure of anomalous CP-odd couplings is unique
and these are just some linear combinations of the CP-odd parameters (see Table 3.1). Since
in all the observables these couplings enter directly, it is instructive to know the kind of values
these couplings can take as a result of the analysis presented above. In the calculation of S, T
and U parameters all the CP-odd couplings directly enter. In the global analysis only Cy vy
couplings participate, therefore, constraints on Cywy from the LHC data are indirect. In
EDM calculations only C’wh, C’A,Zh and C~’WW7 enter directly and therefore limits obtained on
é’WWh and é’ZZh are also indirect. The limits on the strengths of the anomalous couplings are

listed in Table 3.4. Since electroweak precision bounds on ﬁ are the weakest 7, in the table we

" Although the EWP constraints are weaker in general, we find that the limits on Cwwy from EWP and

LHC data are comparable in 2P case.

71



compare bounds on couplings due to LHC data and EDMs. The comparison is presented for
both the two parameter (2P) and three parameter (3P) cases. Since Cyyyyz is proportional
to C’WW77 the limits on C~’WW7 can be easily translated to limits on C’WWZ. Looking at the
LHC limits on the couplings we find that C’Wh is the most constrained coupling. Also, the
LHC limits in 2P and 3P cases are comparable. On the other hand the EDM limits on
couplings in 2P case is always stronger than in 3P case.

The triple gauge boson couplings (TGCs) WW+~ and WW Z can also be constrained
using the collider data on gauge boson pair production. Data from Tevatron and LHC are
used mainly to constrain the CP-even anomalous couplings as the observables used are not
sensitive to CP-odd couplings [174-179]. On the other hand, the experimental analyses at
LEP which studied the angular distribution of final state particles are sensitive to CP-odd
TGCs. A comparison between the CP-odd sector of TGC Lagrangian [146,180,181] and our

effective couplings ( 3.1) implies

C~’WW7 Swo .
= Wi (3.6.1)
~A2 m2,
Cwwz Cw .
= Y . (3.6.2)
A? mi
Using the relation between C~’WW7 and Cywy we get, Ry = —t%- K. At 68% CL, the

combined LEP limits on iz are [182]
~0.14 < Ry < —0.06. (3.6.3)

These limits when translated on C’WW z and é’ww7 become,

CVWWZ _
—0.19 < —5= [TeV~—2] < —0.08,
OWW —
015 < —5 1 [TeV~?] < 0.36. (3.6.4)

Note that these limits are comparable to the limits obtained from EDMs in 2P case, however,
information on the sign of the couplings is also available.

Other than the V'V h vertices considered in our analysis, quartic V'V hh vertices also arise out
of gauge invariant CP violating operators. One can thus expect some correlated phenomenol-
ogy from the trilinear and quartic interactions, since the former arise essentially on replacing
one Higgs by its vacuum expectation value in the quartic terms. In the analysis presented
in this work, the production and decay channels considered are not affected at tree level by

such quartic VVhh vertices. Thus in the context of the present analysis, any constraints on
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such quartic vertices from observed data are likely to be weaker than those obtained from the
VVh(V =W, Z, ) effective interactions, since the quartic couplings would entail Higgs pair
production. For example, the V'V hh vertex may contribute in addition to the hhh vertex
toward a di-Higgs final state. However, one needs to wait for a large volume of data on
Higgs pair production to see such correlated phenomena. In general, limits stronger than
what we have obtained are not expected. Also, the contributions from such VVhh CP-odd
vertices to EDMs and EWP observables come at higher loop levels and thus are expected to
be substantially weaker than what we have obtained for the trilinear terms.

It is a well-known fact that the observed baryon asymmetry in our universe cannot
be explained by just the CP-violating phase of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix in the SM. The presence of additional sources of CP-violating operators arising from
the anomalous V'V h interactions may in principle explain the observed baryon asymmetry
of the universe. However, a more careful scrutiny of this picture reveals that these CP-
violating operators are not sufficient to trigger strongly the first order electroweak phase
transition required for the baryogenesis. For this, one has to extend the Higgs sector of
the SM by introducing new particles which couple to the Higgs boson and thus modify the
Higgs potential such that it leads to a strongly first order electroweak phase transition [183].
The phenomenological implications of the operators under study, however, continue to be
of considerable interest, especially in a bottom-up search for new physics starting at the

electroweak symmetry breaking scale.

3.7 Summary

We have analyzed CP-odd VVh(V =W, Z,v) and WWV(V = Z,v) interactions in terms
of gauge-invariant dimension-six operators, obtained as the artifacts of physics beyond the
standard model. Constraints on the coefficients of such operators have been investigated
using electroweak precision data, LHC data on Higgs and limits on the electric dipole mo-
ments of the neutron and the electron. With A as the scale suppressing the CP-violating
operators, precision parameters as well as LHC observables receive contributions ~ 1/A%
from the CP-odd couplings, while contributions ~ 1/A% to EDM observables are expected.
The constraints obtained from the S, T and U parameters are the weakest, while the bounds
from EDMs are the strongest with two non vanishing operators. The global analysis of
Higgs data from the LHC puts stronger constraints on those CP-odd effective couplings

which contribute to h — 77, as compared to those which do not. We also indicate situations
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where large values of certain couplings are allowed by all constraints, when they appear in
combination. The constraints coming from LEP on CP-odd couplings CWW7 and Chywz
are consistent with the limits obtained from EDMs in the case when any two out of three
parameters are nonzero. It may be of interest to find out new physics scenarios where, by
integrating out heavy degrees of freedom, one may arrive at large correlated values of such
operators.

In the next chapter we try to answer the question of how to see the signatures of the
anomalous vertices discussed here at the LHC, and the kind of correlations one has to look

for in digging out the CP-violating physics from the CP-conserving effects.
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Chapter 4

Distinguishing CP-odd couplings of

the Higgs boson to weak boson pairs

4.1 Introduction

Chapter 3 presented a detailed analysis of the constraints on the set of three CP-odd

dimension-six gauge-invariant operators, i.c. OB, OW and ()WW, coming from
e The electroweak precision data.
e The global fits of the signal strengths in Higgs production and decay channels.
e The upper limits on the neutron and electron EDMs.

Once we have the constraints on the CP-odd couplings, we can move on to ask how one can
see the signatures of such CP-violating vertices at the LHC. To put it more precisely, one
would like to disentangle the signatures of the high scale CP-violating physics from the CP-
even physics contributed by the SM along with the corresponding higher-dimension CP-even
operators. Such a quest is highly warranted in exploring any non-standard interactions of
the 125 GeV resonance discovered at the LHC. The confirmation of such deviations form
the SM expectations may bring into light some novel features of the underlying symmetries
of the high scale theory and may help us better answer the question as to whether what we
have found is “the Higgs” of the SM or “a Higgs” within a richer particle directory.

As pointed out in the previous chapter, since these CP-even operators can contribute

to the Higgs production and decays at (’)(ﬁ) via interference terms with the SM vertices,
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they are relatively more constrained than their CP-odd counterparts. However, if they are
present in conjunction with the CP-odd operators, they may have non-negligble contributions
via interference effects to certain kinematic observables that might serve to highlight the
CP-violating signatures against the background of CP-conserving effects. The role of such
observables constructed out of the spin/momenta of the final state particles is the focus
of this chapter. As a natural follow-up of the material reported in Chapter 3, this has
been analyzed here in the context of the associated Higgs production channel, pp — Zh,
where the anomalous C’ZZh and C’WZh couplings contribute. Many studies along similar lines
have taken place over the years, probing higher-dimensional WWh and ZZh interactions,
often taking them in isolation and predicting observable phenomena in terms of the new
operators [5,6,8,10,11,13,113,124,125,135-137,139, 141,142,146, 181, 184-215].

In the sections that follow, we present a brief review of the Lagrangian terms and the
CP-odd vertices that come about, along with a table of constraints on the CP-odd VVh
vertices, previously discussed in Chapter 3. With a view to make the analysis generic and
inclusive, the CP-odd terms are supplemented with a CP-even gauge-Higgs operator which,
as mentioned before, can contribute via interference effects.

This is followed up by collider analysis of the pp — Zh channel, in connection to which
we contruct some asymmetry observables which are shown to give non-vanishing contribu-
tions if and only if there are CP-violating terms in the Lagrangian. The contributions of
the CP-even operators to the suggested asymmetries at the LHC lie within the 1o error-
bars of the SM, while the CP-odd ones are shown to lead to values that steer clear of these
error-bars over extended regions of the parameter space. Since the prediction of observable
asymmetries is based on detailed event generation, including showering, jet formation and
detector simulation, it leads to comparatively realistic estimates of what can be observed.
The predictions of CP-violating asymmetries and suppression of the effects of CP-even op-
erators are projected for various luminosities, giving an idea of the luminosity required to

obtain useful conclusions.

76



4.2 CP-odd anomalous couplings and their constraints

The set of CP-violating gauge-Higgs operators of dimension-six that we have considered in
our analysis [216] is listed below :

Jw
A2

%(DMCI))TBW(D,,CI)); Oww = ] j\VW @TWWW,W@

(4.2.1)

Ow = == (D, )W (D,®); Op =
Here A is the cut-off scale above which the high scale physics sets in. For the purpose of
this study A is taken to be 1 TeV. Since for the LHC observables, fi/A? (i = B,W,WW )
is the effective parameter that gets constrained, the global fit constraints can be predicted
for any value of A, with the constraints on the parameters fl’s being appropriately scaled.
However, for the constraints coming from EDM measurements, one finds that EDMs have
an explicit cut-off dependence other than the one coming via the parameters f@'/AQ. This
dependence coming from loop contributions is logarithmic in nature [216].
These operators give rise to the CP-odd V'V h interaction vertices of following form,

~ mw
ﬁVVh = gAQ CVVh [ijaﬁkakz] V“(kl)V”(k‘g)h(k), (422)

where V = W, Z,~. The coefficients Cyv, denote the effective coupling strengths of CP-
odd V'V h couplings and, are listed in Table 4.1. The V'V h interaction vertices arising from
corresponding CP-even operators are derived in Ref. [4].

Our aim in the present work is to include scenarios where both CP-odd and-even oper-
ators are present, and to discriminate between them via appropriately defined asymmetry
parameters. We demonstrate this by turning on the CP-even operator,

Oww = L VAVQW STV, ®, (4.2.3)

which contributes to all the V'V h vertices. The additional interaction terms thus playing

a role in our analysis have the following form [4]:

gmw

EVVh = A2 C\/Vh []{71 kg _gl-“/(kl kg)] Vu(kl)V,,(kg)h(k:) (424)
The coupling strengths of CP-even VV'h couplings are given by
Cwwi = =2fww; Czzn = =26 fww; Coyn = =251y fww; Cyzn = —2cwsw fww, (4.2.5)

which are similar to the corresponding CP-odd couplings receiving contributions from Oy

operator.
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Coupling | Effective coupling strength
Chwwh (—fw — 2fww)
_ 1 . . .
Czzn —CT[C%/VfW + 8% 5 + 2¢i fww
2

Con —2s% (fww)

N tw _ _ ~
Cizn 7[(—fw + fB) — 4C%vfww]

Table 4.1: CP-odd V'V h coupling factors and their effective strengths.

In [216] we derived limits on the parameters of the CP-odd operators using the collider
data (from LEP and LHC) and measurements of electron and neutron EDMs. These limits
were obtained taking mainly two parameters (2P) and three parameters (3P) nonzero at a
time. The limits on parameters were further used to constrain the effective CP-odd V'V h
couplings which are listed in Table 4.2.

As has been already stated, these constraints can get relaxed when we keep a linearly
independent set of CP-violating gauge-Higgs operators to be non-zero at the same time
along with the other fermion-Higgs dimension-six operators (which contribute to fermionic
EDMs), and also include at least some of their CP-conserving counterparts. Such operators
can be obtained directly by extending those listed in [12] (Table 2). While the CP-violating
ones contribute to EDMs, they do not affect the phenomenology of V'V h interactions. The
consequent enlargement of the parameter space, however, relaxes the otherwise stringent
constraints from EDMs.

The allowed values of the coefficients of the dimension-six operators apparently threaten
perturbative unitarity in V,V, — V,V(V = W, Z) at scales of the order of few TeV. The

exact value of this scale depends on the specific choice of the operators involved and the
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Couplings LHC data EDM

2P case 3P case 2P case 3P case

ot
ot

|Cwwnl | 0 —60 | 0—60| 0— 017 0 —

ICrzml |25 — 80|25 — 80011 — 0.20| 0.15 — 33

Cool 0 -08|0—08| 0— 016 | 0.02 — 52

ICom| |15 — 25|15 — 25| 0.03 — 0.25 | 0.05 — 110

Table 4.2: Limits on CP-odd coupling strengths from LHC data and EDM measurements for
A=1 TeV. 2P and 3P stand for two parameter nonzero and three parameter nonzero cases

respectively.

corresponding anomalous couplings they generate [217,218]. However, the effective operators
are not reliable at such scales. There one has to include the actual heavy fields of mass O(A)
(for weakly coupled ultraviolet completion), which are integrated out to obtain the effective
coupling terms. These additional degrees of freedom are trusted to restore unitarity when
the full theory is switched on. In the context of the study presented here, the range of Cy
is varied up to O(70). Even though Cyzn is varied up to this range, the effective coupling
parameter that will decide the perturbativity of the loop expansion is given by [11],

gmpyv ~

b= ono Czzn (4.2.6)

Here, v = 246 GeV is the Higgs vacuum expectation value. Thus even for Cy < O(70),

b < O(1) and the loop expansion in terms of b remains perturbative.
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4.3 Isolating the effect of CP-odd couplings

In any elementary particle scattering process, the size and shape of certain kinematic dis-
tributions involving leptons and jets can change non-trivially with respect to the purely
standard model prediction in the presence of both CP-odd and-even higher-dimensional op-
erators. For generic observables like pyr and rapidity distributions which are affected by both
CP-even as well as CP-odd couplings, it may not be possible to separate the effect of the
two couplings with sufficient statistical significance. In other words, for values of anomalous
couplings, consistent with the available experimental data, it would require analyzing a huge
amount of data/events to confirm the effect of CP-odd couplings on top of the effect of
CP-even couplings using generic observables. Therefore, it is more economical to work with
observables which are unambiguously sensitive to the definite CP-property of the couplings.

In the present work, we are interested in CP-odd observables. The CP-odd observables
can be categorized as T-even or T-odd type !. CP-odd, T-even observables may arise only in
the presence of absorptive phases. The triple cross products constructed using the particle
momenta/spin on the other hand, are T-odd observables and they genuinely reflect CP
violating interaction [219]. In this section, we quantitatively establish such characteristics of

the chosen observables after a realistic simulation of a suitable process at the LHC.

4.3.1 Signal and backgrounds

With the above considerations in view, we take up the analysis of the process, pp — Zh —
(t07bb with ¢ = e, 1. We consider the decay of Higgs to bb final state to ensure sufficient
event rates. The final state is required to have two opposite sign leptons and exactly two
b-tagged jets. The proton-proton collisions are simulated at the center-of-mass energy of
14 TeV. In presence of dimension-six operators, this process also receives contribution from
a tree-level diagram involving vZh vertex, which is not present in the SM. Thus there
is an interference of the two s—channel diagrams involving the ZZh and vZh vertices at
the amplitude level. This is because the same gauge-Higgs operators that give rise to the
anomalous Cy;, coupling also give rise to the C~’7Zh interaction [Table 4.1 |.

Throughout our analysis we consider M, = 126 GeV. We implement the anomalous
couplings in Madgraph [152] using the package FeynRules [153]. The cross sections are

calculated using nn231o1 [220] parton distribution functions with default settings for renor-

1 7" is the naive time reversal transformation that flips the sign of the particle spin and momenta, without

interchanging the initial and final states.
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malization and factorization scales. While the parton level events are generated in Madgraph,
the Pythia [221] switch is turned on to incorporate showering, hadronization and initial and
final state radiation (ISR/FSR) effects. The HEP file obtained from this interfacing is passed
to Delphes-3.1.2 [222] which gives a ROOT [223] file as output. Jets are formed using the
anti-kt algorithm in Delphes with a cone size of 0.6. A pr dependent tagging efficiency is
employed for b-jets, namely, 0.7-0.5 for p; in the range 20-500 GeV. We also use a mis-tagging
efficiency of 0.001 for light jets and a pr dependent mis-tagging efficiency for c-induced jets,
which varies from 0.14-0.08 for 20 < py < 500 GeV. The ROOT file thus obtained is fed to

the analysis code to generate the distributions.

We start with following basic cuts on the transverse momentum, rapidity and separation
of leptons (¢) and jets (J), where J = j,b; j being the light quark jets and b corresponds
to the b-induced jets.

L. pr,, > 20 GeV and |5, < 2.5 : We demand that our final state leptons and jets
should lie in the central rapidity region each with a minimum transverse momentum
of 20 GeV.

2. ARj; 0 > 0.4 : We demand that both the jets should be well separated from each

other as well as from leptons.
3. ARy > 0.2 : There will be sufficiently large opening angle between the two leptons.

The SM cross section for the signal after the generation level cuts is 12.4 fb.

The major background to the signal comes from the following SM processes:
1. pp — bb (T¢~ (QCD)

2. pp — tt — bb (H0~ v

3. pp— jj (7€~ (QCD)

4. pp — Z £H0~ = bb (0~ (EW)

To suppress the above sources of the background, we employ the following additional

selection cuts :
1. pr, > 50 GeV

2. 105< M;; < 130 GeV
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3. |Mll — Mz| < 15 GeV
4. The py of the reconstructed Z boson is taken to be > 150 GeV

The asymmetrical cut on the invariant mass of the two b-tagged jets (M) in the final
state around the peak ( approximately 116 GeV) is helpful in suppressing backgrounds from
pp — bb (T0~ and pp — Z ¢~ — bb (T~ processes. We have taken such a window for
the invariant mass of the two b-tagged jets because owing to the effects of hadronization and
showering, the peak of the invariant mass distribution shifts from M} to about 116 GeV.
Thus we gain in terms of signal events by choosing such an invariant mass cut. Further,
requiring exactly two b-tagged jets in the final state significantly reduces the background
coming from pp — 75 €10~

In order to suppress the tf backgrounds, use has been made of the fact that our signal
events are hermetic in the ideal situation. In contrast, similar final states from the ¢t back-
ground will be necessarily associated with missing-Fr. Thus we propose to distinguish the
signal by also demanding £ < 20 GeV [11].

4.3.2 Observables

Next, we discuss two CP-odd, T-odd quantities used in the rest of the analysis to isolate
the effect of CP-odd couplings from the CP-even ones. These observables are constructed
using the 3-momentum information of the final state particles. The first one, also discussed
in Refs. [11,199] is given by,

(P X ). 2

O]. = — —
D} X p-|

sign[(7. — 7). 7] (4.3.1)

Here p, and p’ are the 3-momenta of ¢ and ¢~ respectively, and 2 is the unit vector along the
incoming quark(or anti-quark) direction or the collision axis. The factor sign[(p, — p_). 2]
is the sign of the difference of the momentum projections of the outgoing leptons along
the 2z axis. Since the dot product with the Z unit vector occurs twice in the definition of
the observable, the observable is rendered independent of the choice of the direction of the
incoming quark momentum. This is important in the context of LHC, as there is ambiguity
associated with the momentum direction of the initial quark with respect to which proton it
is from. The definition of O; removes this ambiguity and makes it uniquely measurable.
The second observable that we consider uses pj, and pj,, the three-momenta of the two

b-tagged jets in addition to the oppositely signed leptons in the final state and is given as:
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0y = Wi ¥ 0) X B = P2 Gy i) 5 (4.3.2)
(75, + 0j) < (P4 — P-)]

These observables are CP-odd and T-odd, and thus generated from the dispersive part of
the amplitude. It should also be noted that, since the in-state partons from the two colliding
proton beams do not always carry equal momenta, the lab frame and the center of mass (cm)
frame for the colliding partons are in general different. Thus, except for the cm frame i.e.
when the two initial partons come with the same z-value, where p;, +p;, + p4 + p— = 0, the
observables O; and O, are distinct. Also, due to the showering effects, an exact momentum
balance between the final state b-jets and leptons does not hold true. The difference in the
observables is evident from their distributions. By definition, each of them ranges from -1.0
to +1.0.

The distinguishability of the CP-odd operators is quantified more effectively in terms of
the asymmetries A; defined as:
~0(0;>0) — 0(0; <0)

Ai = O'(Oi >0) + U(Oz <0)

(4.3.3)

We show in Figs. 4.1 and 4.2 histograms of the differential cross section distributions
corresponding to observables O; and O, respectively. In both the figures, to tune in the CP-
even Lagrangian, we have taken the benchmark value fyy = —3.0 [224] which corresponds
to Czzn, = 4.62 and C, 2z, = 2.53. As for the CP-odd terms, we take the benchmark point
as fp = fW = —30.77 such that Cyz, = 40.0 and CN'VZh = 0.0 [Table 4.1 ]. Both of these
benchmarks are consistent with existing constraints [216,224]. The histograms in the two
figures are indicative of the induced asymmetry in the distributions for both O; and O,
when the CP-violating coupling is turned on. It is important to note that unlike total
rates and other CP-even observables which depend on CP-odd couplings quadratically, a
comparison of distributions in second and third panel confirms that these observables have
linear dependence on Czz;, coupling in the numerator of the expression for the asymmetry
[Eq. 4.3.3]. The qualitative features of the histograms remain similar when the CN’7 7z coupling
is also taken to be non-zero and interference effects of both éZZh and C'VZh couplings are

considered.

4.3.3 Asymmetries vs couplings

To assess the possibility of seeing the signatures of CP-violating physics in isolation, we

need to calculate the statistical significance at which one can establish the existence of
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Figure 4.1: Differential cross-section distributions for O; at /s = 14 TeV. (a) SM vs SM
+ CP-even case with Cyz, = 4.62 and C,z, = 2.53. (b) SM vs SM + CP-odd case with
Cyzn = 40.0 and éth = 0.0. (c) We reverse the sign of the CP-odd coupling with Cyan =
—40.0 and C.,z;, = 0.0.

non-vanishing asymmetry over and above the CP-conserving effects coming from the SM
background. If Ng is the number of signal events and Ng the number of background events,
then the observed asymmetry A" corresponding to observable O; at the detector is related
to the theoretical asymmetry in the signal distribution i.e. A;, given in Eq. (4.3.3) by the

following relation:

Ng
AP = A, (—) 4.3.4
! Ng + Np ( )
The statistical error in the observed asymmetry is given by,
1 1
AAS = (4.3.5)

~ VN5 + Np N VN’
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Figure 4.2: Differential cross-section distributions for O, at /s = 14 TeV. (a) SM vs SM
+ CP-even case with Cyz, = 4.62 and C,z, = 2.53. (b) SM vs SM + CP-odd case with
Cyzn = 40.0 and éth = 0.0. (c) We reverse the sign of the CP-odd coupling with Cyan =
—40.0 and C.,z;, = 0.0.

where N = Ng+ Np is the total number of signal and background events. Using the above
information, the significance S, associated with an observed asymmetry is given by [10],
Ng

VN

With this in mind, we plot the variation of the asymmetry against the value of the

S = AVN = A, (4.3.6)

coupling parameter Cyz, as shown in Figures 4.3 to 4.6. Figures 4.3 and 4.4 show the
variation of asymmetry for observables O; and O, respectively. For both of them we vary
Cyun keeping C~’7 zn = 0.0, wheres Figures 4.5 and 4.6 show the asymmetry plots for the same
observables, although this time we fix the C~’7 zn coupling at 1.5. For each of the Figures 4.3 to

4.6 we present the error bars on the asymmetries for the various benchmark points. We have
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not included any specific values of systematic uncertainties which can in principle change
the asymmetries by a few percent.

Our calculations yield near vanishing asymmetry for SM and CP-even cases, which are
consistent with zero within 0.5¢0 for the chosen integrated luminosities. Looking at Figures
4.3 to 4.6 one can infer that the statistical significance improves as we go from a luminosity
reach of 1 ab™! to 3 ab™!. For example, in Fig. 4.3, we see that for Cyzn = 40.0, the
sensitivity improves from 20 to about 40 in going from 1 ab™! to 3 ab™!. Another important
feature to notice is that the asymmetry does not monotonically increase as we increase
the magnitude of the coupling parameter. This is due to the fact that for higher values
of couplings, the higher order term (quadratic in C’ZZh) in the total cross section starts
competing with the SM contribution in the denominator of Eq. 4.3.3. This is corroborated
by the marginal decrease in the asymmetry curve beyond Cyz, = 40.0 in Figures 4.3 and
4.4. The analysis done here agrees at the parton level to the work presented in [11], but
once we fold in the ISR/FSR and detector effects, the statistical significance gets lowered in

comparison to what one gets for the parton level analysis.
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Figure 4.3: The asymmetry vs. coupling plot for the variable @ at Luminosities 1 ab™',

1.5 ab~! and 3 ab™!, plotted for varying Cz,. The benchmark points are chosen such that

Cyzn = 0.0. Statistical uncertainties are shown as error bars for different benchmark points.

The zero line is shown to illustrate the offset of the non-vanishing asymmetry against the

SM and CP-even case, for which a CP-odd observable has no asymmetry.
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4.4 Summary

We have looked for experimentally realizing the effects of dimension-six CP-violating gauge-
Higgs operators that give rise to anomalous V'V h couplings. Values of the couplings con-
sistent with global fits of the LHC data are taken. We have studied Higgstrahlung process
(pp — Zh) in presence of both CP-even and CP-odd couplings. The effects of parton showers
and detector simulation have been included to make our estimates as realistic as possible.
The presence of non vanishing asymmetries over and above the statistical errors is seen
as the litmus test for testing the presence of CP-violating new physics. This was demon-
strated by the construction of CP-odd and T-odd observables from the momenta of the final
state particles. The presence of CP-violating gauge-Higgs operators is seen to give rise to
non-vanishing asymmetries for such observables, thus clearly demarcating the presence of
CP-violating high scale physics. It is observed that for a benchmark value of Cy, = 40.0,
asymmetry can be established at about 40 level with 3 ab™! in the 14 TeV run of the LHC.
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Chapter 5

Exploring anomalous hbb and hbby
couplings at the LHC and an ete™

collider

5.1 Introduction

A fairly generic parameterization of non-standard couplings in the gauge-Higgs sector has
been exemplified in Chapters 3 and 4 using the set of dimension-six CP-odd and even op-
erators. A model-independent approach has been taken in exploring non-standard Lorentz
structures of the couplings of the Higgs to the gauge bosons and the kind of kinematic ob-
servables that are sensitive to the new physics in this sector have also been discussed. Along
similar lines, one may hope to seek new physics in Higgs decay channels which are “rare”
within SM. Such rare or suppressed decays are expected to be sensitive to any new physics
that may have distinct signatures in select regions of the phase space of the corresponding
decay channels. One such rare decay of the higgs within SM, i.e. h — bby is discussed here,
the underlying purpose being the search for anomalous hbby interactions.

One can argue for such a three body decay to be a viable probe candidate because
as much as the (effective) couplings of the ‘Higgs’ to gauge boson pairs are being probed
with increasing precision (largely because of either the abundance or the distinctiveness of
the resulting final states), the measurements of Higgs couplings to fermion pairs, especially
those to bb and 77~ pairs, still exhibit considerable uncertainty. For hbb interaction, in

particular, the measurement of total rates of two-body decays (as reflected in the so-called

92



signal strength, namely, u = 0/0g)s) remains the only handle, and is beset with a big error-
bar. The decay kinematics for h — bb is also difficult to use to one’s benefit. This is because
(a) the two-body decay is isotropic in the rest frame of h, a spinless particle, and

(b) the b-hadrons mostly do not retain information such as that of the polarisation of the
b-quark formed.

Such information could have potentially revealed useful clues on the Lorentz structure of
the hbb coupling, where a small deviation from the SM nature could be a matter of great
interest. This is what stonewalls investigations based on model-independent, gauge-invariant
effective couplings, of which exhaustive lists exist in the literature [3,12].

Under such circumstances, one line of thinking, where one may be greeted by new physics,
is to look not for effective couplings involving the Higgs-like object and a bb-pair, but those
which lead to three-body decays of the h rather than a two-body one. We investigate this
possibility by considering the hbby effective interaction. This interaction should exhibit
departure from the SM character as a result of new physics in the sector comprising the
h and the bottom quark, contributing to the three-body radiative decay h — bby. Just
like the hbb effective coupling, the anomalous ‘radiative coupling’, too, can be motivated
from dimension-six gauge-invariant effective operators. However, the coefficients of such
operators are much less constrained from existing data. This immediately implies possible
excess/modification in the signal rate for pp — hX — bbyX. The signal, however, can be
mimicked by not only SM channels but also radiative Higgs decays where anomalous hbb
interactions play a part. We show that current constraints allow such values of the effective
hbby coupling strength, for which the resulting three-body radiative Higgs decays can be
distinguished from standard model backgrounds at the LHC as well as high-energy ete™
colliders. Furthermore, they lead to excess bby events at a rate which cannot be faked by
anomalous hbb interaction, given the existing constraints on the latter.

In section 5.2 we discuss the effective Lagrangian terms sourcing the above mentioned
couplings parameterising the BSM contribution to the Higgs interaction terms. In this
section, we also discuss the higher-dimensional operators which can give rise to such terms,
and show the constraints on the new parameters using Higgs measurement data at the LHC.
In section 5.3, we present the collider analyses for the two BSM scenarios (those involving
anomalous hbby as well as hbb couplings) we consider here in the context of both the LHC
and ete™ colliders. A kinematic variable is also proposed which can help to distinguish
between a two-body and a three-body Higgs decay giving rise to similar final states. We

summarise and conclude in section 5.4.
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5.2 Higgs-bottom anomalous coupling

5.2.1 Parameterization of the interactions

As has already been stated, we adopt a model-independent approach, parameterizing the
anomalous hbby vertex in terms of Wilson coefficients that encapsulate the effects of the
high scale theory entering into low-energy physics. Such interaction terms follow from d > 4,
SU(2) x U(1) gauge-invariant operators. This is consistent with the assumption that their
origin lies above the clectroweak symmetry breaking scale.

The anomalous interactions relevant for our study are as follows:
e The hbby vertex of the form

1 _
Ly = PFWbUW(Ch + idyys)bh (5.2.1)

Such an effective coupling can arise out of dimension-six operators of the form [12]

1 — v
OdB ~ P(Qpaﬂ dr)(I)B;u/ (522)
and X
Ogw ~ F(%O'“Vdr)Ti(I)WﬁV (5.2.3)

where ®, ¢ and d are the scalar doublet, left-handed quark doublet and right-handed
down type quarks respectively, and B, and W, are the U(1) and SU(2), field strength

tensors respectively. A is the cut-off scale at which new physics sets in *.

e An hbb anomalous vertex modifying the SM coupling strength, can be a potential
contributor to the process h — bby. The modification to the SM hbb coupling may be

written as

My \ 7 :
Ly = (2“0m;7)b(cl + icoys)bh. (5.2.4)

where my and my are the b-quark and W-boson mass respectively. Again, such inter-

actions may be generated from dimension-six fermion-Higgs operators of the kind [12]

C
Ogp ~ F(@@)(cjpdr@) +h.c. (5.2.5)

'Throughout this work, we have assumed A = 1 TeV
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for a complex C. It should be noted that both the sets {d,ds} and {c1, ¢z} include the
possibility of CP-violation, a possibility that cannot be ruled out in view of observations such
as the baryon-antibaryon asymmetry in our universe. Thus both of the paired parameters in
each case should affect event rates at colliders, irrespectively of whether CP-violating effects
can be discerned.

Note that only the contribution from the third family in Eqs. 5.2.2, 5.2.3 and 5.2.5 have
been included in the present study. While all possible higher-dimensional operators are
in principle to be included in an effective field theory approach, the proliferation of terms
(and free parameters) caused by such universal inclusion will make any phenomenological
study difficult. Keeping in mind and remembering that our purpose here is to look for non-
standard Higgs signals based on b-quark interactions, we have assumed that only the terms
with p=r=3 are non-vanishing in Eqgs. 5.2.2, 5.2.3 and 5.2.5.

Fig. 5.1 illustrates how the anomalous couplings affect the three-body decay of the Higgs
boson into bby in the two scenarios described above. As has been mentioned in the intro-
duction, our interest is primarily on the first set of anomalous operators, as they have not
yet been investigated. However, any observable effect arising from them can in principle be
always faked by interactions of the second kind, and therefore the latter need to be treated

with due merit in the study of the final states of our interest.

Figure 5.1: h — bby via anomalous couplings hbb and hbby.

5.2.2 Constraints from Higgs data and other sources

The addition of a non-standard Higgs vertex or having the standard interaction terms with
modified coefficients will change the Higgs signal strengths (i = o/0gy). The Higgs-related
data at the LHC already put strong constraints on such deviations, the measured values of
1 being always consistent with unity at the 2o-level. The non-standard effects under consid-
eration here will have to be consistent with such constraints to start with. In applying these

constraints, we have taken the most updated measurements of various p-values provided by
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ATLAS and CMS so far [30,155-158,160,225-230]. These values and their corresponding 1o
error bars, based on the (748) TeV data, are shown in Table 5.1. The non-standard effective

Decay channel ATLAS+CMS
ekl 1.167939 [155, 156)
p?z 1.31%927 [157,158]
v 1.117913 [160, 226, 229]
wr 1.12+522 [228, 230]
e 0.6970:29 [225,227]

Table 5.1: ATLAS and CMS 4/s=7 and 8 TeV combined p values along with their total
uncertainties for different Higgs boson decay channels as quoted in Table 11 of Ref. [30].

interaction terms in Eq. 5.2.1 and 5.2.4 have been added to the existing SM Lagrangian
using FeynRules [153,231] modifying the CP-even coupling coefficient in the hbb vertex in
the latter case to (1+c1)ge. )

First consider the effective hbby vertex scenario. This vertex does not contribute to any
of the standard Higgs decay modes and gives rise to the three-body decay h — bby. This
invites an additional perturbative suppression by a.,, within the framework of the SM, and
also in presence of the anomalous couplings {ci, c}. However, the dimension-6 operators
shown in Eq. 5.2.2 and 5.2.3 can in principle boost this decay channel, depending on the
values of d; and d,. To the best of our understanding, no dedicated search for h — bby has
been reported so far. We therefore depend on global fits of the LHC data which yield an
upper limit of about 23% [14] on any non-standard decay branching ratio (BR) of the 125
GeV scalar at 95% confidence level. This includes, for example, invisible decays as well as
decays into light-quark or gluon jets. In our case, the same limit is assumed to apply on
BR(h — bby), which translates into a bound on the couplings |d;|, |ds| < 10 for d; = d.
However, such a large BR for h — bby might affect the event count for a h — bb study if the
photon goes untagged. Also, it might come into conflict with the predicted two-gluon BR for
the Higgs, if the invisible decay width gets further constrained by even a small amount. In
view of this, this analysis incorporates a relatively conservative choice, namely, |d;|, |ds| < 5.
It is found that, even with such values, the contribution to BR(h — bby) is about one order
higher than what could come from purely SM interactions. Thus the effects of such additional

couplings are unlikely to be faked by SM effects. The new physics parameters d; and dy are
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not constrained from any other experimentally measured quantities. In principle, ds could be
constrained from neutron electric dipole moment (nEDM) measurement [165, 167, 168, 232]
since the presence of the hbby vertex can lead to contribution to the up quark EDM at

one-loop level as shown in Fig. 5.2. The contribution to the up quark EDM (d,) coming

w

Figure 5.2: Contribution to the up-quark EDM arising from the anomalous hbby vertex at

one loop.

from this anomalous vertex is given as

dy _dy  mymyp |Viwlg 2 ( v
e 3 mw?2—mp? \ 2V2 A2
where K (A, my,my) = 1 [g + %m(mA;z) - ln(ﬁ—;)]

Here m, is the up quark mass, my is the mass of W boson, my is the b-quark mass and

) K (A, my, my) (5.2.6)

v is the Higgs vacuum expectation value respectively. As is evident from Eq. 5.2.6, the
contribution to nEDM from such a diagram is proportional to the amplitude squared of the
quark mixing element i.e., |Vy|?. The smallness of |Vi|(~ 4 x 1072) results in a suppressed
nEDM contribution and thus the constraint on dy becomes much more relaxed as compared
to that derived from non-standard Higgs decay branching ratio constraint.

The situation is different for the anomalous effective hbb vertex scenario. Since this
vertex directly affects the most dominant Higgs decay mode, i.e h — bb, the existing Higgs
data impose a much more severe constraint on the non-standard couplings in this case,
since even a small change in the BR(h — bb) can alter the other SM Higgs signal strengths
significantly. In order to ascertain the consequently allowed values of {c;, ¢}, we compute
the corresponding pu-values within our effective theory framework. Non-vanishing ¢y, co are
assumed to keep the Higgs production rate unaffected, and all other Higgs couplings are
assumed to be SM-like for simplicity of the analysis. The allowed regions thus obtained at
the 95.6% C.L. are shown in Fig. 5.3.
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Figure 5.3: The light blue, red, blue, cyan and black points indicate the regions of the
parameter space excluded from the signal strength (1) measurements of 77, bb, vy, WW*

and ZZ* decay modes of the Higgs at 20 level. The blank space is the allowed region.

The white annular region in Fig. 5.3 represents the allowed 95.6% C.L. parameter space
in the ¢;-co plane. The light blue, red, blue, cyan and black regions are excluded by the
measurement of 77, u%, 17, p"W and p?? respectively. Note that large positive values of

¢, will be disfavored since it tends to enhance BR(h — bb) beyond acceptable limits.

5.3 Collider Analysis

Collider signatures of possible anomalous Higgs vertices have been studied both theoretically,
see e.g. [4,5,13,116, 135,136, 141,193, 200-203, 206, 233-239], and experimentally [109,240].
However, as has been already stated, none of these studies include three-body decays such
as h — bby and their possible signals at colliders.

Keeping collinear divergences in mind, we have retained the b-quark mass. In addition,
we make sure that the photon is well-separated from the b-partons at the generation level.
The non-standard effective Lagrangian terms have been encoded using FeynRules in order
to generate the model files for implementation in MadGraph [152,241] which was used for
computing the required cross-sections and generating events for collider analyses. The Higgs
branching ratios are calculated at the tree-level.

We have put a minimum isolation, namely, AR > 0.4, between any two visible particles
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in the final state while generating the events at the parton level. Additionally, we have
put minimum p thresholds on both the b-jets and the photon, namely, p4. > 20 GeV and
p%’e > 10 GeV. These cuts ensure that a certain angular separation is maintained among
the final state particles, thus avoiding the infrared and collinear divergences in the lowest
order calculation. For the effective hbby scenario, MadGraph treats h — bby as just another
non-standard decay of the Higgs at the tree level. However, for the effective hbb scenario,
the v has to be radiated from one of the b-partons originating from h. The cancellation of
the already mentioned infrared/collinear divergences in such a case calls for a full one-loop
calculation. We have checked using MadGraph that the one-loop corrected Higgs decay
width in the framework of the SM differs from that at the leading order by a factor of ~ 1.1.
Hence with such loop-corrected Higgs decay width the relevant branching ratio (= 10~%)
does not differ by more than 1-2%. We have thus retained the tree-level branching ratio for
h — bby.

After generating events with MadGraph, we have used PYTHIA [221] for the subsequent
decay, showering and hadronization of the parton level events. For the LHC analysis we have
used the nn23lol [26] parton distribution function and the default dynamic renormalisation
and factorisation scales [242] in MadGraph for our analysis. Finally, detector simulation was
done using Delphes3 [222]. The b-tagging efficiency and mistagging efficiencies of the light
jets as b-jets incorporated in Delphes3 can be found in [243,244] . Jets were constructed
using the anti-kT algorithm [245]. The following cuts were applied on the jets, leptons and
photons at the parton level in Madgraph while generating all the events throughout this

work:

e All the charged leptons and jets including b-jets are selected with a minimum transverse
momentum cut of 20 GeV, pl}z > 20 GeV. They must also lie within the pseudo-rapidity
window |n|»* < 2.5. For ete™ collider analysis, the lepton pr requirement is changed
to pf > 10 GeV following [246].

e All the photons in the final state must satisfy pJ. > 10 GeV and |n|” < 2.5.

e In order to make sure that all the final state particles are well-separated, we demand

2b-tagging efficiency used in the context of the LHC: 0.8 x tanh(0.003 p%) x % and that in
. .

the context of eTe™ collider: 0.85 x tanh(0.002 p4) x H(fg’—égp%. Mistagging efficiency of a c-jet as a

b-jet in the context of LHC: 0.2 x tanh(0.02 pS.) x and that in the context of eTe™ collider:

0.25 x tanh(0.018 p%

1.0
140.0034 pl,.
) X W. The mistagging efficiency of the other light-jets as b-jets is ~ 0.2% and

N T

~ 1% at the LHC and eTe™ colliders respectively.
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AR > 0.4 between all possible pairs.

Note that the hardest photon in the final state has been tagged in order to reconstruct
the 125 GeV Higgs mass. In the signal process we always obtain one such hard photon
arising from Higgs decay. However, for the background processes, events can be found with
an isolated bremsstrahlung photon or one coming from 7% decay. In general, photons from
showering as well as initial state radiation do constitute backgrounds to our signal, and the

selection cuts need to be chosen so as to suppress them.

5.3.1 Effective hbby scenario

LHC Search

To start with, we are concerned with bb-pairs (along with a photon) being produced in Higgs
decay. Existing studies indicate that, in such a case, Z-boson associated production, with Z
decaying into an opposite-sign same-flavor lepton pair, is the most suitable one for studying

such final states [227]. We thus concentrate on
pp — Zh.h — bby, Z — (10~ (5.3.1)

leading to the final state ¢T¢~bby, with £ = e, u. One can also look for associated Wh
production where W decays leptonically to yield the £ + bby final state (¢ = e, ). However,
the signal acceptance efficiency is smaller compared to that for the Z-associated production
channel [227], where the invariant mass of the lepton-pair from Z-decay can be used to
one’s advantage. Higgs production via vector boson fusion (VBF') can be another possibility
which, however, is more effective in probing gauge-Higgs anomalous vertex [6,195]. Higgs
production associated with a top-pair has a much smaller cross-section [247] and hence is not
effective for such studies. Finally, the most dominant Higgs production mode at the LHC,
namely, gluon fusion, can give rise to a bby final state which is swamped by the huge SM
background.

The main contribution to the SM background comes from the following channels:
1. pp = Zhvy,h — bb, Z — (+(~

2. pp > tty, t = bW, W~ = (v

3. pp — (T~ bby

4. pp = 00 jjv
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Let us re-iterate that the radiative process can in each case be faked by the corresponding
process without the photon emission but with the photon arising through showering. Such
showering photons, however, are mostly softer than what is expected of the signal photons,
since the latter come from three-body decays of the 125 GeV scalar, and thus their p, peaks
at values close to 40 GeV.

We use the following criteria (CO) for the pre-selection of our final state:
e The number of jets in the final state: N; > 2.

e At least one, and not more than two b-jets: 1 < N, < 2.

e Omne hard photon with Er > 20 GeV.

e Two same-flavor, opposite-sign charged leptons (e, ).

Such final states are further subjected to the following kinematical criteria:

e C1: ET < 30 GeV.

e C2: An invariant mass window for the invariant mass M), (see Fig. 5.4): 105 GeV <
Mg, < 135 GeV. When two b-jets are tagged, both are included. When only one
b is identified, it is combined with the hardest of the remaining jets together with the
hardest photon.

e C3: An invariant mass window for the associated lepton pair: (myz — 15 GeV) <
M+~ < (myz + 15 GeV).

e C4: Finally, the Z and h are produced almost back-to-back in the transverse plane
for our signal process. This, along with the fact that the Higgs decay products are
considerably boosted in the direction of the Higgs, prompts us to impose an azimuthal
angle cut between the photon and the dilepton system ( Fig. 5.5): A¢(vy,£1(~) > 1.5.

Among the selection criteria listed above, we have checked that C2 and C4 are effective in
reducing the contamination from showering photons.

We present the results of our analysis for \/s = 14 TeV. Signal events were generated for
d, = dy = 5.0 which results in BR(h — bby)~ 5%.

Tables 5.2 and 5.3 show the signal rates and the response of signal and background events

to the cuts mentioned above. Since the production cross-section is small to start with, one
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Figure 5.4: Normalized distribution for My, for the signal process (d; = 5.0, dy = 5.0)
and various background channels : “bkgdl” refers to pp — Zhvy , “bkgd2” to pp — ttv,
“bkgd3” to pp — (0~ bby and “bkgd4” to pp — (T~ jj~v respectively.

depends on the high luminosity run of the LHC. As seen from Table 5.2, the 8 TeV run has
understandably been inadequate to reveal the signal under investigation. Hence any hope of
seeing the signal events lies in the high-energy run (14 TeV). A detailed cut-flow table for
both the signal and background events is shown in Table 5.3.

As we can see, contributions to the background from pp — Zh~ is reduced by the cuts
rather significantly, whereas pp — ¢*¢~jj~ contributes the most. Demanding two b-tagged
jets in the final state would have significantly reduced this background, given the faking
probability of a light jet as a b-jet (as emerging from DELPHES). However, that would have
reduced our signal events further, since the second hardest b-jet peaks around 30 GeV, and
thus the tagging efficiency drops. The next largest contributor to the background events is
the process pp — £t~ bby. The invariant mass and A¢ cuts play rather important roles in
reducing both this background and the one discussed in the previous paragraph. The tty
production channel, too, could contribute menacingly to the background. However, the large
missing transverse energy associated with this channel allows us to suppress its effects, by
requiring K7 < 30 GeV. Further enhancement of the signal significance occurs via invariant

mass cuts on the bby and £T¢~ systems. In principle, one may also expect some significant
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Figure 5.5: Normalized distribution for A¢(~y, £1¢7) for the signal process (d; = 5.0, dy = 5.0)
and various background channels : “bkgdl” refers to pp — Zhvy , “bkgd2” to pp — tt,
“bkgd3” to pp — (0~ bby and “bkgd4” to pp — (T~ jj~v respectively.

contribution to the background from the production channels t#W*v and W+W =~ + jets.
However, these channels are associated with large ;. We have checked that the our X'

and My(;), requirements render these background contributions negligible. On the whole,

gl
the background contributions add up to a total of 165 events compared to 29 signal events
at 1000 fb~! for our choice of d; = dy = 5.0, which amounts to a statistical significance 3 of
2.20 for the (T~ bby final state. Hence a 3¢ statistical significance can be achieved for such
a signal at 14 TeV with a luminosity~ 1900 fb™'. Such, and higher, luminosities should be
able to probe the signature of the the hbby effective interaction with strength well within

the present experimental limits.

Search at an ete™ collider

It is evident from the previous section that the scenario under consideration can be probed

at least with moderate statistical significance at the LHC at high luminosity at the 14 TeV

3The statistical significance (S) of the signal (s) events over the SM background (b) is calculated using
S = \/2 x [(s+b)In(1 4 £) — s].
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Process Vs =8 TeV | /s =14 TeV
o (pb) a(pb)
op — Zhoh — by | 1795 % 10~ | 3.332 x 10

Table 5.2: Cross sections at LHC for our signal processes at /s =8 TeV and 14 TeV.

Process Vs =14 TeV

o (pb) NEV (£ =1000 fb™ ")

Co | C1 |[C2|C3|C4
pp — Zh,h — bby | 3.332 x 107* | 83 70 (41 | 39 | 29

pp — Zhy 4765%x10° | 17 | 13 | 1 | 1 | -
pp — thy 0.03144 | 5214 | 586 | 31 | 5 | 4
pp — (07 bby 0.01373 | 3149 | 2507 | 345 | 98 | 54
pp — L0y 3.589 5355 | 4523 | 427 | 213 | 107

Table 5.3: Cross-sections for the signal (corresponding to d; = dy = 5.0) and various back-
ground channels are shown in pb alongside the number of expected events for the individual
channels at 1000 fb~! luminosity after each of the cuts C0-C4 as listed in the text. NEV =

number of events.

run. We next address the question as to whether an electron-positron collider can improve
the reach.

An eTe” machine is expected to provide a much cleaner environment compared to the
LHC. Here the dominant Higgs production modes are the Z-boson mediated s-channel pro-
cess and gauge boson fusion processes, resulting in the production of Zh and hvv respec-
tively [248]. The Zh mode has the largest cross-section at relatively lower center-of-mass
energies (y/s), peaking around /s = 250 GeV. However, as /s increases, this cross-section
goes down, making this channel less significant while the W-boson fusion production mode
dominates. Hence we include both these production modes in our analysis and explore our
scenario at two different center-of-mass energies, namely, /s = 250 GeV and 500 GeV. For

Vs = 250 GeV, we consider two possible final states depending on whether Z decays into a
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pair of leptons or a pair of neutrinos. For the latter final state, there is also some contribution
from the W-fusion diagram, which is small but not entirely negligible. For y/s = 500 GeV,
however, most of the contribution comes from the hvv production via W fusion along with a
small contribution from Zh production. The production channels we consider are therefore
ete” = Zh,Z — (70", h — bby (5.3.2)

ete™ — vih, h — bby (5.3.3)

resulting in the final state £T¢~bby or bby + E. Let us first take up the £t¢~bby final state,

which is relevant for /s = 250 GeV. The major SM background contributions are:
1. ete™ — Zhv,Z — (0~ h — bb
2. ete™ = (T bby
3. efe” — (T4~ jjv. with at least one j faking a b-jet.

After passing through the pre-selection cuts CO, the signal as well as the background events

are further subjected to the following kinematical requirements:

e D1 : Since we have two same-flavor opposite-sign leptons in the event arising from Z-
decay, their momentum information can be used to reconstruct the Higgs boson mass

irrespective of its decay products via the recoil mass variable defined as

Myec = \/(\/g - E€+£—)2 - ﬁ?Jre— (534)

where Eyi,~ and py+,- are the net energy and three-momentum of the £/~ system or
that of the reconstructed Z-boson. This variable is free from jet tagging and smearing
effects and shows a much sharper peak at the Higgs mass (M}) compared to Mgy as
shown in Fig. 5.6. This variable is thus more effective in reducing the SM background.
We demand 122 GeV < my... < 128 GeV.

e D2 : As before, we select an invariant mass window for the associated lepton pair:
(mz — 15 GGV) < Mg+g— < (mz + 15 GeV)

We summarise our results for our signal and background analysis in the subsequent
Tables 5.4 and 5.5. As evident from Table 5.5, variable m,.. is highly effective in reducing
the background events resulting in a statistical significance of 30 and 50 at ~ 85 th™! and

~ 250 fb~! integrated luminosities respectively.
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Figure 5.6: Normalized distribution for m,.. for the signal process (d; = 5.0, dy = 5.0) and
the backgrounds at /s = 250 GeV. “bkgdl” refers to ete™ — Zhy, Z — (F{~ h — bb,
“bkgd2” to ete” — £T¢~bby and “bkgd3” to ete™ — (0~ jj~ respectively.

Although the ¢+ ¢~bb~ final state is capable of probing the dy, dy couplings at a reasonable
luminosity, it is at the same time interesting to explore the invisible decay of the Z, which
has a three times larger branching ratio than that of Z — ¢*¢~. In addition, the vbby final
state can get contribution from the W-fusion process as mentioned earlier. This additional
contribution becomes dominant at higher center-of-mass energies (1/s = 500 GeV) and hence
for this analysis, we present our results for /s = 250 GeV and 500 GeV. The major SM

backgrounds to this final state are as follows:
1. efe™ = vohy, h — bb
2. ete™ — vibby
3. efe” — vjjvy. with one j faking a b-jet.
4. etem =ttt =W, W~ = (v
We use the following criteria (I0) to pre-select our signal events:
e We impose veto on any charged lepton with energy greater than 20 GeV.
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Process Vs =250 GeV
o (pb)
ete™ = Zh,Z — (Y0~ h — bby 2.79 x 1074

Table 5.4: Cross-section for the signal process (d; = 5.0, dy = 5.0) presented at /s = 250
GeV, before applying the cuts CO, D1 and D2.

/5 =250 GeV
Process o (fb) | NEV (£ =250 fb ')
Co | D1 D2
ete” — Zh 0.279 | 13 | 11 11

7 — (0=, h — bby

ete” = Zhy 0.079 | 1 - -
Z —0t0~ h — bb
ete” — (H0=bby | 0990 | 19 | 3 1
ete” — 0T 55~ 3.059 | 8 1 1

Table 5.5: Cross-section and expected number of events at 250 fh™" luminosity for the signal
and various processes contributing to background at /s = 250 GeV. We have used d; = ds
= 5.0, with A =1 TeV.

e Since we are working in a leptonic environment, the presence of ISR jets is unlikely.

Hence we restrict the number of jets in the final state, demanding N; = 2.
e Taking into account the b-jet tagging efficiency, as before, we demand 1 < N, < 2.
e We restrict number of hard photons in the final state: N, = 1.

Further, the following kinematic selections are made to reduce the SM background con-

tributions:

e I1: Given the fact that the signal has direct source of missing energy (¥'), and that
one can measure the net amount of Z at an ete™ collider, we demand £ > 110 GeV
for /s = 250 GeV and £ > 280 GeV for y/s = 500 GeV. For illustration, in Fig. 5.7 we
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have shown the Z distribution for both the signal and background events at /s = 500
GeV.

0.1
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Figure 5.7: Normalized distribution for X for the signal process and the backgrounds at
V5 = 500 GeV. “bkgdl” refers to ete™ — vihy,h — bb, “bkgd2” to ete™ — vibby and
“bkgd3” to ete™ — vijjvy respectively.

e I2: Invariant mass reconstructed with the two hardest jets after ensuring that at least
one of them is a b-jet, and the sole photon in the event should lie within the window
(see Fig. 5.8): 90 GeV < M5, < 126 GeV.,

e I3: Moreover, the invariant mass of the jet pair with 1 < N, < 2 should lie within the
window (see Fig. 5.9): 20 GeV < M5y < 70 GeV.

Note that the charged lepton veto as well as the restriction on the number of jets together
with the demand of a photon in the final state suppress the ¢t background. In addition I1,
12 and I3 turn out to be quite effective in killing the background. Once more the inclusion
of I2 plays an effective role in reducing the contribution from showering photons.

We summarise the results of our analysis in Tables 5.6 and 5.7. Table 5.6 shows the
individual contributions of the Z-associated and W-fusion Higgs production channels to the
total cross-section of e*e™ — vbby for /s = 250 and /s = 500 GeV.

108



100 ¢

1/o(do/dMyp(5)~)

10—4 | | | | | |
80 90 100 110 120 130

Figure 5.8: Normalized distribution for My, for the signal process and the backgrounds

at /s = 500 GeV.

In Table 5.7 we present the numerical results for /s = 250 GeV and /s = 500 GeV for
ete™ — vh,h — bby and the corresponding SM backgrounds subjected to the cuts (I0 -
I3). It is evident from the cut-flow table that the cuts on the missing energy (I1) and the
invariant mass of the bby system (I2) are highly effective in killing the SM background, so
that a 30 significance can be achieved with an integrated luminosity of ~12 fb™' and ~7 fb™!
for /s = 250 GeV and /s = 500 GeV respectively. Thus the vbby final state is way more
prospective compared to £¢bby final state and can be probed at a much lower luminosity at
an ete” collider.

Let us also comment on the CP-violating nature of the couplings {d;, ds} and any such
observable effect it might have on the kinematic distributions. Let us, for example, consider
looking for some CP-violating asymmetry in the process efe™ — Zh — (T¢~bby. New
physics only appears at the Higgs decay vertex and since the Higgs is produced on-shell, the
decay part of the amplitude can be factored out from the production process. Evidently,
CP-violating nature of any observable can arise out of interference terms linear in ds in the
squared matrix element resulting from the interference of the CP-violating term in the La-
grangian with the CP-even terms (coming from the SM or the new physics vertex). However,

for our case, all terms linear in dy vanish, either because of the masslessness of the on-shell
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Figure 5.9: Normalized distribution for M;) for the signal process and the backgrounds at

V5 = 500 GeV.

photon or due to lack of more than three independent momenta in the Higgs decay. Al-
though the terms proportional to |ds|? are non-zero, they do not lead to CP-asymmetry. At
the same time photon-mediated contributions to ete™ — bbh, too, fail to elicit any signature
of CP-violation. This is again because the terms linear in dy in the squared matrix element
multiplies the trace of four y-matrices times 75, which vanishes due to the absence of four

independent four-momenta in the final state.

5.3.2 Effective hbb scenario

As mentioned earlier, the final state discussed so far may also arise for the h-b-b effective
vertex scenario where the 7 is radiated from one of the b-jets. For this analysis, we choose
values of ¢; and ¢y from their allowed ranges as indicated in section 5.2.2 to obtain the
maximum possible signal cross-section, the choices of the parameters being ¢; = —2.0 and
¢y = 0.5, which corresponds to BR(h — bby) = 10~*. The generation level cuts on the
partonic events remain same as mentioned in the beginning of section 5.3.

As discussed earlier, the existing constraints on the hbb anomalous coupling values do

not allow BR(h — bby) to be significant. In practice it turns out to be smaller than what we
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Process Vs =250 GeV | /s =500 GeV
o (fb) o (fb)
ete™ = Zh,Z — v, h — bby 0.997 0.261
W-fusion: ete~ — vih, h — bby 0.169 1.618

Table 5.6: Individual cross-sections of the contributing production channels for the signal
process ete™ — vivh, h — bby presented at /s = 250 and /s = 500 GeV, before applying
the cuts I0 - I3. We have used d; = dy = 5.0, with A =1 TeV.

allowed in hbby anomalous coupling scenario by about two orders of magnitude. Hence the
signal event rates expected at the LHC will be negligibly small even at very high luminosities.
We therefore discuss the possibility of exploring such a scenario in the context of ete™

colliders.

Search at eTe™ colliders

Similar to the analysis with d; and ds, the choices for the final state are £*¢~bby and bby+ K.
However, here we consider only the latter channel, since the former suffers from the branching
suppression of the leptonic Z-decays in addition to the small value of BR(h — bby), thus
being visible at very high luminosities only.

In this case, since the new physics effect shows up in the bbh vertex, the radiatively
obtained final state involving the Higgs passes off as signal. Therefore, in addition to the

process in Eq. 5.3.3, the following processes also contribute to the signal now:
(a) ete” — vhy,h = bb  (b) ete™ — vih,h — bb (5.3.5)

where the photon is produced in the hard scattering in (a), while in (b), it may arise from
initial-state or final-state radiation 4. Other SM processes not involving the Higgs giving rise
to the same final state including a photon generated either via hard scattering or through
showering will contribute to the background. The SM background contributions that we

have considered here are:
1. (a) efe” — vibby (b) eTe™ — vibb

2. (a) ete” = wvjjy  (b) ete” = vigj

4Note that, these two processes were contributing to the background in the hbby effective vertex scenario.
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V5 =250 GeV V5 =500 GeV
Process o (fb) | NEV (£ =100 tb™") || o (fb) | NEV (£ =100 tb™")

10 | I1 | I2 13 10 | I1 | I2 13

ete™ — vih 1.17 | 41 ] 37 | 36 31 1.86 | 70 | 57 | 53 46
h — bby

ete” s wvohy | 036 | 4| 2 | 1 - 1.76 | 62|25 | 3 1
h — bb

ete” — vobby | 1.22 24|19 14 ) 216 |76 124 9 4
ete —wvojjy | 487 |10 7 | 5 1 840 |34 |10 3 1
ete™ — it - -l -] - - 548.4 | 40 | 11 | 2 -

Table 5.7: Cross-section and expected number of events at 100 fb™" luminosity for the signal
and various processes contributing to background at /s = 250 and /s = 500 GeV . We
have used d; = dy = 5.0, with A =1 TeV.

Here also the background events are categorised in (a) and (b) depending on whether the
photon is produced via hard scattering process or generated via showering. Here because
of the choice of new physics vertex (unlike in hbby case), the showered photons may have
a small contribution to the total background. The analysis has been done for two different
center-of-mass energies, /s = 500 GeV and 1 TeV®.

One needs to avoid double-counting of the signal and background events by separating
the ‘hard’ photons from those produced in showers. Thus, for events with photons produced
in the hard scattering process (including three body Higgs decay) we demand pJ. > 20 GeV.
On the other hand, photons that arise as a result of showering are taken to contribute to
final states with p). < 20 GeV.

We use the same event selection (I0) cuts as the previous e
F cut (I1) of 280 GeV and 750 GeV for /s = 500 GeV and 1 TeV respectively. We have
used the same invariant mass (My;),) cut (I2) for the bb(j)y system. Here j is the hardest

*e~ analysis. We use the same

jet in those cases where only one b is tagged. However, the cut (I3) on the invariant mass of

SOur analysis with /s = 250 GeV reveals that, in order to probe such a scenario at an eTe~ collider one
needs a luminosity beyond 1000 fb™'. Such a high luminosity is improbable for the 250 GeV run and hence

those results are not discussed here.
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bb(j) system has to be different in this scenario. One of the reasons for this is the fact that
the radiative decay is enhanced for p, ~ m,, the emitted photon being thus often on the
softer side. This can be understood in terms of the enhancement of the cross section under
low momentum transfer, owing to the presence of a b-quark propagator in the radiative Higgs
decay diagram. In Fig. 5.10 we have shown the two My ;) distributions corresponding to the
two scenarios considered here for the signal process ete™ — vh, h — bby. The distribution
corresponding to the hbby anomalous coupling peaks at a lower invariant mass value as
compared to the hbb vertex , signaling that the photon is relatively harder in that case, as
compared to that for the hbb anomalous vertex where it is produced in a radiative decay,
hence is relatively softer. Accordingly, we modify I3 to demand 50 GeV < M;) < 110 GeV.

0.2

signal: di =5.0,dy = 5.0 =—
signal: ¢1 = —2.0,c3 = 0.5 =sausas

0.15

0.1

0.05

o L= | | | hoees
20 40 60 80 100 120

Figure 5.10: Normalized distribution for My for the signal process ete™ — voh, h — bby

corresponding to the hbby and hbb effective vertex scenarios at /s = 500 GeV.

In Tables 5.8 and 5.9, we present our results corresponding to the signal and background
processes analysed at /s = 500 GeV and 1 TeV. The production cross-sections listed in
Table 5.8 indicate that the rate for ete™ — voh, h — bby is small due to the suppression
of BR(h — bby). However, this scenario can still mimic the signal obtained in the hbby
effective vertex scenario due to the large contributions to the signal process arising from the

other two channels®.

6Note that an anomalous hbb vertex can be probed more effectively by studying the h — bb decay solely.
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Process Vs =500 GeV | /s =1 TeV
o (pb) o (pb)
ete™ — voh, h — bby 9.98 x 107 0.00023
ete™ — vohy,h — bb 0.0017 0.00523
ete™ — vih,h — bb 0.058 0.14042

Table 5.8: cross sections for various processes contributing to signal at /s = 500 GeV and

1 TeV. Here ¢; = —2.0 and ¢y = 0.5.

As indicated in Table 5.9, these other signal contributions are significantly reduced due
to our event selection and kinematic cuts which have been devised in a way such that the
three-body decay of the h is revealed in the signal events more prominently. Table 5.9
shows the number of signal background events surviving after each cuts at £ = 500 fb™ .
As before, in this case also the most dominant contributions to the SM background arise
from ete” — vobby and ete” — vjjy production channels. The cuts on # and Mgy~
particularly help to reduce the background events. The Higgs-driven events in Table 5.9
come overwhelmingly (96-97%) from SM contributions, thus demonstrating that the {c, co}
couplings are unlikely to make a serious difference.

Since there are multiple channels contributing to signal process, it would be nice if one
could differentiate among the various contributions by means of some kinematic variables or
distributions. For this purpose we propose an observable Ag(7, E( ) which can be distinctly
different for the process where the v is generated from h decay or produced otherwise.
We show the distribution of A¢(~, E( ) for the two most dominant production channels for
comparison in Fig. 5.11.

The figure clearly shows the difference in the kinematic distribution between the two
most dominant signal processes. For the process ete™ — vDh, h — bby, there is a sharp
peak at larger A¢ as expected since the 7 is always generated from the h decay. This feature
can be used further in order to distinguish between the events arising from a two-body or a
three-body decay of the Higgs.

Thus our study indicates that only the hbby coupling can be probed at a relatively

smaller integrated luminosity at an e*e™ collider. So far, in this section, we have discussed

Such analyses have already been performed in the context of ete™ collider [234]. Here we only study the

production channels listed in Table 5.8 as complementary signal to our hbby effective vertex scenario.
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Vs =500 GeV Vs =1 TeV

Process o (pb) | NEV (£ =500 fb~") || ¢ (pb) | NEV (£ =500 th™")
I0 | 11 |12 | I3 I0 | 11 |12 | I3
ete” = voh [998x107°| 9 | 8 | 7| 6 [ 000023 21 | 16 | 14| 12
h — bby
ete” — vihy 0.0017 | 297 | 120 | 17 | 16 || 0.00523 | 1003 | 362 | 40 | 37
h — bb
ete” — vih 0.058 8 | 7 | 6| 5 |0.14042| 20 | 17 |15 14
h — bb
ete” — wobby | 0.00216 | 381 | 122 | 47 | 44 || 0.00494 | 983 | 329 | 95 | 91
ete™ — vibb 0.058 4 | 3 | -] - | 010880 | 7 6 | 1|1
ete” = vojjy | 0.0084 | 169 | 48 | 15| 14 || 0.01851 | 398 | 124 | 34 | 32
ete” = wvjj | 0.21376 7004 | - | - 039883 11 | 8 | 2|2

Table 5.9: Cross-section and expected number of events at 500 fb ™! luminosity for the signal
and various processes contributing to background at /s = 500 GeV and 1 TeV. The Higgs-

driven events include both the SM contributions and those due to non-vanishing {ci, co}.

the discovery potential of such a scenario for d; = dy = 5.0 in two possible final states,
£bby and bby + E corresponding to two different centre-of-mass energies, /s = 250 GeV
and 500 GeV. Out of these, the latter final state at /s = 500 GeV turns out to be most
advantageous. Table 5.10, lists the required integrated luminosities in order to attain 3o
statistical significance for different values of d; and ds for the bby+ K final state at Vs = 500
GeV.

5.4 Summary

We have studied the collider aspects of possible anomalous couplings of the 125 GeV Higgs
with a bb pair and a photon. Such couplings have been obtained from gauge-invariant
effective interaction terms of dimension-six. The new effective coupling parameters have

been constrained from the existing Higgs measurement data at the LHC. In order to study
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Figure 5.11: Normalized distribution for A¢(v, £) for the signal processes (¢; = —2.0, cp =
0.5). “signall” and “signal2” correspond to e*e™ — vh, h — bby and e*e™ — vizhy, h — bb

respectively. The plot has been done with events generated at /s = 500 GeV.

the collider aspects of these new couplings we have concentrated on the three-body decay of
the Higgs boson, h — bby. We have carried our analyses for the two different cases in the
context of both LHC and a future e*e™ collider.

The hbby effective coupling can be probed at the LHC with an integrated luminosity
of the order of 2000 fb™' with /s = 14 TeV. At an e*e™ collider, on the other hand,
such couplings can be probed at a low luminosity at /s = 500 GeV. Both results, as
presented here, have been derived assuming BR(h — bby) = 5% for d; = dy = 5.0, which
is allowed from the existing constraints on such non-standard couplings. With anomalous
hbby interaction strengths consistent with the present constraints, integrated luminosities of
the order of 7 fb™! are sufficient to attain 3o statistical significance. On the other hand,
even smaller values of d; and d, can be probed at an eTe™ collider. However, with the same
centre-of-mass energy, in order to probe dy, dy with values below 1, one has to go beyond
1000 fb™! of integrated luminosity. In contrast, hbb anomalous couplings are much more
constrained from the Higgs measurement data and thus events driven by them give rise to
smaller signal excess.

The radiative decay h — bby with potential contributions from anomalous hbb interac-
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Process Required Luminosity (fb™1!)
at \/5 =500 GeV
(Final State: bby + K

di =dy =5.0 6.79

Table 5.10: Required integrated luminosities to attain 3o statistical significance correspond-
ing to the final state bby + & at the centre-of-mass energy, /s = 500 GeV for different values

of hbby anomalous couplings, {d;,ds}.

tions also contributes to similar final states and hence has been studied separately. Our
analysis reveals that the expected event rates from three-body Higgs decay driven by hbb
anomalous couplings, are unlikely to be statistically significant. It was found that the pos-
sible enhancement in the signal rates over the SM predictions because of the presence of the
non-standard couplings {¢i, ¢o}, consistent with their existing constraints, can be at most by
a factor of 1.12. In such cases the final state arising from the three-body decay of the Higgs
boson can also be mimicked by its two-body decay if a photon generated via hard scatter-
ing (contributed by processes involving ¢-channel W exchange, and not photon from Higgs
decay) is tagged after the cuts. Hence we have proposed a kinematic variable (A¢(7, 4 )
(Fig. 5.11) that can be used to differentiate between these final state events.
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Chapter 6

Two-Higgs doublet models

In the quest for new physics at colliders, especially in the electroweak symmetry breaking
sector, we have adopted a model-independent approach in Chapters 3-5, using effective
operators. The power of this approach lies in the fact that one can be unbiased about UV
completion, and build from low-energy features manifest through effective operators and the
corresponding Wilson coefficients. However, it is often instructive to simultaneously focus on
specific renormalizable scenarios, with specific issues in view, and see which features of these
models address some particular questions. Such a model-dependent study will be discussed
in this and the next chapter. We concentrate in particular on one of the simplest possible
extensions of the SM Lagrangian, where we extend the scalar sector of the SM by adding
another scalar doublet. Such an extension, as we will argue in what follows, has wide-ranging

phenomenological implications, out of which we shall discuss a chosen few.

6.1 Two-Higgs doublet models (2HDM) : Motivation

The extension of the scalar sector of the SM to incorporate two Higgs doublets can be
motivated in various ways. One of the reasons stems from the fact that some popular
theories like supersymmetry (SUSY) require at least two Higgs doublets.

Furthermore, though not in SUSY, a 2HDM can be make the scalar sector the source of extra
CP violating phase(s), thus raising hopes for an explanation of baryon asymmetry [249-255].
People have also been interested to make the scalar sector a repository of dark matter
particles, for example, through the formulation of ‘inert doublet’ models [256-266]. It has

also been shown recently that the addition of just one doublet may make the electroweal
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vacuum stable all the way to the Planck scale [267,268]

2HDMs with a richer scalar sector offer new collider signatures, like decays of charged
Higgs bosons, that can be verified at the LHC or future ete™ colliders. Such signatures offer
a window to the elementary particle spectrum around the TeV scale.

In any extension of the electroweak symmetry-breaking sector, one has to ensure that

the expeimentally measured value of the p-parameter [24] defined as

M3,

= — 6.1.1
M?Z cos?Oy ( )

p

is very close to 1. In a SU(2) x U(1) gauge theory with n scalar multiplets of weak isospin 7;
and hypercharge Y; and corresponding vacuum expectation value of the neutral component

being v;, the p parameter at tree level [269] is given by

3 [11+ 1) — 42
p= =1

(6.1.2)

The tree level constraint of p = 1 in an extended Higgs sector can be satisfied with having
additional SU(2) singlets with Y = 0 and also with SU(2) doublets with Y = £1. This is
due to the fact that in both cases one has T;(7T; + 1) = %YQ. The loop contributions to p do
not impose any appreciable restriction on the scalar sector. There are other scalar extensions
which can in principle also lead to p = 1 but these are more contrived than a minimalistic
2HDM scenario. Overall, any 2HDM emerges unscathed by this crucial constraint.

Another constraint that restricts the allowed possibilities in the Higgs sector is provided
by the severe limits on the flavor-changing neutral currents (FCNCs). Within SM, the
FCNCs do not pose a problem because the process of diagonalizing the fermion mass matrix
also results in diagonal Yukawa couplings. This is because there is only one Higgs doublet
to which the fermions couple. However, within a 2HDM scenario the situation is different.
Consider a general coupling of the down type quarks to the 2 scalar doublets ®; and ®,
given by

Ly = yidrdp®y + y;ddr®s (6.1.3)

The indices 1 and 2 on %1]2 index the correpsonding doublet to which the quarks couple and
1, j are the generation indices. The resulting mass matrix becomes
1 U1

j = yij%
119
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In general, the Yukawa matrices will not be simultaneously diagonalizable and thus the
Yukawa couplings will not be flavor diagonal. This could result in flavor off-diagonal inter-
actions of the kind ds¢. The presence of such flavor changing interactions have phenomeno-
logical consequences. Such a term if present, can lead to K — K mixing at the tree level.
If one assumes such a coupling to have strength of the order of b-quark Yukawa coupling
in SM, then the mass of the scalar mediating the oscillation is pushed to scales greater
than 10 TeV [270-272]. This is slightly an undesirable situation from a phenomenological
point of view. Another way to avoid tree level FCNCs comes from what is known as the
Paschos-Glashow-Weinberg theorem [273,274]. This theorem tells that one can avoid tree
level FCNCs if all fermions of a given electric charge couple to the same Higgs doublet. This
constrains the possible ways of coupling the fermions to the two doublets where the FCNCs
are avoided by imposing certain discrete symmetries. Thus we have the following four 2HDM

models with natural flavor conservation:
e Type I 2HDM : All quarks and leptons couple to just one doublet (®s).

e Type II 2HDM : Up-type quarks (ug) couple to ®5 and down-type quarks and

leptons couple to ®;.
e Lepton-specific (type X) 2HDM : Quarks couple to @, and leptons to ®.

e Flipped (type Y) 2HDM : Up-type quarks couple to @5, down-type quarks to &,
(like in type II case), and leptons couple to .

The discrete symmetry transformations that ensure flavor-diagonal currents in the above
2HDMs are different. For example, in type I 2HDM demanding the invariance of the La-
grangian under ®; — —®; does the trick. For type II 2HDM symmetry is demanded under
d;, — —P; and d% — —dﬁé. Thus one can find a discrete Zy symmetry which ensures natural
flavor conservation in the above models. The four possibilities are tabulated in Table 6.1.
Having discussed the various possible 2HDM scenarios that respect tree level flavor con-
servation, we turn now to discuss the scalar sector of these models and the couplings of the

scalar sector to gauge bosons and fermions.
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Model | ut di, et
Typel | @y 0, O
Type I | &, D, O3]
Type X | &, 0, o,
Type Y | Oy P, P,

Table 6.1: Models which lead to natural flavour conservation. The superscript 7 is a gener-

ation index.

6.2 The scalar potential in 2ZHDM models

The most general form of the 2HDM scalar potential comprising of doublets ®; and ®, is
2 gt 2 gt 2 g 1 i) o L 5. )
‘/QHDM = mHCI)lCI)l + m22CI>QCI>2 — [mm@l@g + hC] + 5)\1 (@1@1) + 5)\2 (@2@2)
i i i i 1 TRE i
g (@1@1) (@2%) + (¢1q>2) (cI>QcI>1) + {5/\5 (@@) + [Aﬁ (@1@1)
s (@;@2)] (cp{cpz) + h.c.}, (6.2.1)
In general, the coefficients m?2,, A5, A\¢ and A; can be complex. For models respecting
tree level flavor conservation, \¢s = A7 = 0 is ensured via enforcing the Zs symmetry under
®, — —®&,. This would dictate m%Q also to vanish. But we allow a soft breaking of Z,
symmetry by this quadratic term. In the study to be presented next, we restrict ourselves
for simplicity to a CP-conserving 2HDM scenario, implying that all the coefficients in FEq.

7.2.2 are real. Under spontaneous symmetry breaking the neutral components of the two

doublets acquire vacuum expectation values

(D)) = % (7?1) (Do) = % <i> (6.2.2)

With this vacuum structure, the two scalar doublets can be parameterized as

HF
P, = v; + h; +1A4; | i1=1,2 (623)
V2

The mass matrices for the various fields are diagonalized using
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H Ca Sa ]’Ll
<h> - <—Sa ca> <h2> (6.2.4)

where H and h are the neutral CP-even scalars and ¢, s, = cos «, sin o where « is the

<GO> _ < 6 Sﬁ> <A1> (6.2.5)
A —Sg g Ay
(Gi> - ( . 85) ( f) (620
H* —sg  cg) \HF

where G°, G* are the neutral and charged Goldstone bosons, A is the pseudoscalar and

diagonalizing angle.

Also we have

and

H?* are the charged scalars. The neutral and the charged Goldstone bosons are absorbed
to give masses to Z and W*. Thus we are left with five physical scalars h, H (CP-even),
A (CP-odd) and H®, the charged Higgs bosons. Conventionally we take My > M. The

second diagonalizing angle 3 is related to the vacuum expectation values via

tan = e (6.2.7)
Vs

The coupling constants of the scalar potential can be expressed in terms of the physical

mass states via the relations

2 2 2.2 2
_ Mpc;, + Mj's;, — miytan

At

v ’
\ M} s% + MEc2 —mi,y cot 8
2 - 2 2 Y
V255
As = (Mj; — mj)casa +2Mp.s5c5 —mi,
v2sges ’
= (M3 — 2M 74 )spcs + mi,
V28504 ’
2 2
miy — Mysgc
Ag = —12_APFH (6.2.8)

v2spcs
where v = \/v? + v3 ~ 246 GeV.
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6.3 Couplings to gauge bosons and fermions

The phenomenological consequences of 2HDM models are dictated by the couplings of the
scalars to gauge bosons and fermions. The couplings of the Higgs bosons to gauge bosons
are the same for the above listed 2HDM models. But owing to different Z, symmetries, the
Yukawa couplings are model specific.

Three point vertices involving the scalars and the gauge bosons are [275-277]

m’ m>
hZ,Z,: 2i—2sin(B — a)gu, HZ.,Z,: 2i—Zcos(B — a)gu,
v v
m3 m?
MWW, 2i—Lsin(f — a)gu, HW W, @ 2i—% cos(f — a)gu (6.3.1)
v v

and

hAZ, 932 cos(8—a)p+p),, HAZ,: —QEZ sin(8 — a)(p+p'),,
H*H Z,: —‘%Z cos20w(p+p),, HTH 7,: —ie(p+1p),,

H*hW[ - ZFi‘q?W cos(B—a)(p+p).. H HW]: :I:zq7w sin(8 — a)(p +p')us

HEAW?T - %W(p + 1), (6.3.2)

where p,, and pL are outgoing four-momenta of the first and the second scalars, respectively,
and g, = gy / cosfy,. For a more exhaustive list one can refer to [275].

Notice that the couplings of the pseudoscalar A to gauge boson pairs vanishes due to
CP invariance z.e. gayy = 0 . From the above list of gauge-Higgs couplings one can see
that gpyy = sin(8 — a)giy and gpvy = cos(8 — a)gih,. In the limit when § — o — %
(alignment limit), the couplings of the lighter CP-even Higgs approach that of the SM Higgs
while ggyvy — 0. Also, if a vertex involves atleast one gauge boson and exactly one of the
non-minimal Higgs (H, A, H¥), it is proportional to cos(8 — ) and thus the corresponding
coupling vanishes in the alignment limit.

The general Lagrangian for the Yukawa sector of the 2HDMs can be written as

EQHDM — _QLYu(iuuR — QLYJ(I)ddR — [_/LYZ(I)EER + h-C-, (633)

Yukawa

where the suffixes R and L denote right-and left-handed fermions, respectively. Subscripts
u, d, and [ refer to the up-type quarks, down-type quarks, and charged leptons, respectively.
The choice of ®y—, 4, from ®; or @, is done so as to keep the interaction terms Z, invariant,

according to the Table 6.1. The Lagrangian in 6.3.3 written in terms of physical Higgs states
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becomes
sica. m rd - T
Lot = = 37 ZL (el Tnf + el FHT — i€ FrsAS )

f=u,d,¢
V2m
v

o2V,
— { fv da (mu&4 P, + ma€4Pr) Hd +

ELH p + h.c.} , (6.3.4)

The multiplicative factors of the Yukawa couplings, i.e. 5,’:, 5{1 and ff; for the different
2HDM models [272] are given in Table 6.2. For sin(f — «) & 1 the Yukawa coupling with
the SM-like Higgs (h) are similar to that of the SM.

& & & St & 3% €4 &4 &4
Type-1 || ca/sp | ca/sp Ca/Sg | Sa/S8 | Sa/Ss | Sa/sp | cot B | —cot B | —cot

Type-I1 || ca/ss | —=Sa/cs | —Sa/Cs | Sa/Ss | Ca/Cs | Cajcs | cOt S| tanf | tanp
Type-X || ca/ss | Ca/Ss | —Sa/Cs | Sa/Ss | Sa/Ss | Cajcs | cOt B | —cot B | tanp
Type-Y || ca/Ss | —Sa/Cs | Ca/Ss | Sa/Ss | CalCs | Sa/Ss | cOtB | tanf | —cot /3

Table 6.2: The multiplicative factors in each type of Yukawa interactions in Eq. (6.3.4)

Let us proceed next to discuss the constraints on various 2HDM parameter spaces.

6.4 Constraints on 2HDM parameters

The parameter space of any 2HDM gets constrained from theoretical considerations of per-
turbativity and vacuum stability. In addition, the observed discrepency in the muon g — 2
limits the parameter space of type X and type II models due to their Yukawa structure.
Since the scalar sector of these models can contribute towards the two-point functions of
the gauge bosons, EWP data also provides correlations between the allowed masses of the
heavy Higgs bosons and the pseudoscalar. There are model specific constraints from direct
searches at colliders and B-physics observables for the neutral and charged Higgs bosons. In
what follows, we shall review these constraints and try to correlate them with the coupling
structures in different 2HDMs.
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6.4.1 Constraints from perturbativity and vacuum stability

The various couplings in the quartic terms \; (i = 1..5) have an upper bound from the

requirements of the theory to be perturbative in those couplings, i.e.
A <Am (6.4.1)

The vacuum stbbility requires the scalar potential to be bounded from below. Thus there
should be no directions in the field space of the two doublets where Vopy — —o0. To ensure
this we need to consider the quartic terms in the potential as the field values become very

large. Realising this condition for the following directions gives us three constraints [272]:

The direction |®;] — oo and |®s| = 0 implies

A > 0, (6.4.2)
o |Dy| — oo and |P| = 0 gives

Ao > 0, (6.4.3)
e The direction with |®,] — oo and |®,| — co but ®{d, = 0 implies

)\3 > —v/ A Aa. (644)

Another constraint comes from the field direction for which v/A;|®1|> = v/A2|®,|? and
|®[2|®y|? = |@]d,]? which leads to

A3+ Ay — ’)\5’ > —1/ M. (645)

In [278,279] it was argued that when one has A\g = A7 = 0, these are actually necessary and
sufficient conditions to ensure the positivity of the quartic potential along all directions. In
addition, the requirement of the existence of global minimum imposes the following constraint
[280]:

miy(miy — m3yv/Ar/A2)(tan B — (A1/A2)"/") > 0 (6.4.6)

The constraints on the coefficients listed above correspond to the requirement of a stable
vacuum rather than a metastable one. The evolution of these coefficients under the renor-
malization group flow however can lead to these parameters becoming non-perturbative or

the vacuum stability criteria being violated beyond a certain cut-off scale. Requiring that
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Figure 6.1: M-Mp+ plane in 2HDMs with 8 — a = 7/2 and M,, = 126 GeV. The darker to
lighter gray regions in the left panel correspond to AM = My — My+ = {20,0,—-30} GeV
and \; = v/4mw. The allowed regions in the right panel correspond to A\; = {\/E, 27, 4m}
and vanishing AM. Both plots are obtained for tan § = 50, but the change with respect to
values of tan § € [5, 100] is negligible. Figure taken from [16].

the couplings satisfy perturbativity and vacuum stability up to a given high scale (for ex-
ample the GUT scale or the Planck scale) constrains the 2HDM parameter space. Studies
exploring these issues have been taken up in [267,268].

We can translate the above constraints into those on the scalar masses. The equations
for Ay and A5 in Eq. 6.2.8 yield

1
M7 = Mj; + 5112()\5 — ). (6.4.7)

Notice that the difference A5 — A4 has to satisfy 6.4.5 from vacuum stability. If one
assumes the alignment limit, then for tan 8 >> 1 the parameters Ay, A3 and m2, can be

expressed in terms of physical masses and \; [16] through
\ov? = M7 + M\v?/tan* 3,
Av? ~ 2M72 . — 2M7 + M7 + M\v?/ tan® B,
miy ~ Mz /tan B+ (M — A\jv?)/ tan® B (6.4.8)
Using the above relations coupled with the perturbativity bounds on Ay, the constraints

on the mass plane M4 — My+ have been derived in [16] and are shown in Figure 6.1.

One can observe that for a light pseudoscalar of M, < 100 GeV, the charged Higgs mass
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has an upper bound of My+ < 200 GeV. Also, for heavier charged Higgs boson, My is

bounded from below.

6.4.2 EWP constraints

The contributions of the extended Higgs sector to the electroweak precision observables have
been analyzed in [16, 281, 282]. The resulting constraints on the allowed mass splittings
between the heavy Higgs bosons are shown in Figure 6.2. From Figure 6.2 it is clear that
for degenerate masses of My+ and My, a wide range is allowed for M,. But for a larger

splitting of My — Mpy+, M, is required to be almost degenerate with Mp=+.

100

100 100

M+ =600 GeV
B—a=05m

% 50[ 50[ 50|

=
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Figure 6.2: Allowed region in the M, vs. AMy = My — My+ plane from EWP constraints
for different values of My+ = 200, 400 and 600 GeV. Plots are benchmarked for f—a = /2
and M, = 126 GeV. The green, yellow, gray regions correspond to 68.3, 95.4, and 99.7%
confidence intervals respectively, of a chi-square fit to the EWP data. Figure taken from [16].

6.4.3 Flavor constraints on My+ and tan

Experimental data on flavor observables provides constraints on the allowed values of M+
and tan §. This is due to the contributions of the charged Higgs to the same at the tree
or loop level [277]. Since these contributions are a function of the Yukawa structure, flavor
physics constraints depend on the specific 2HDM scenario in context. Flavor constraints
on couplings have been interpreted in terms of limits on My+ vs. tan 8 for the various
2HDM Yukawa couplings in [283-286]. The branching of B — X,v [287] provides a tan
independent lower bound of M+ = 380 GeV [288,289] for type II and type Y 2HDM models.
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In a more recent analysis by BELLE collaboration the lower bound has been tightened to
Mpy+ 2 580 GeV [290]. For type I and type X 2HDMs tan 5 < 1 is ruled out for My+ < 800
GeV, but there is no lower bound on Mpy+. This can be inferred from the fact that in type
I and type X models the charged Higgs coupling to quarks is proportional to cot 8 whereas
in type II and type Y 2HDMs a part of the vertex is proportional to tan § and the other
to cot 8. From BY — BY mixing, regions for which tan 8 < 1 and My+ < 500 GeV are
excluded [277,287] for all the four 2HDM scenarios. Upper bounds on tan § from leptonic
meson decays i.e. B — 7v [291] and Dy — Tv [292] exist for only type II 2HDM because
here £4¢4 = tan? 3, whereas for type I, the product £4¢% = cot? 3 and for type X and type
Y it is equal to -1.

6.4.4 Collider constraints

Searches for the additional Higgs bosons in their leptonic or hadronic decay modes have
been performed at LEP, Tevatron and LHC. These have led to constraints on the parameter
spaces of the 2HDM models in terms of the allowed mass thresholds and tan £ limits. The
extent of the constraints is a reflection of the sensitivity of the probed channel to the 2HDM
parameters. From neutral Higgs searches at LEP the value of My + M, < 185 GeV has been
excluded at 95% confidence level [293,294]. Assuming that BR(H* — 77v) + BR(HT —
¢5) = 1 combined searches for H* give the mass bound of My« > 80 GeV [295-297] , which
is independent of the branching ratios into individual fermionic modes. Searches at Tevatron
by CDF and DO collaborations in the channel pp — bbH/A, H/A — bb or H/A — 77~
have put limits on tan 5 vs. My in type II and type Y models [298-300]. The constraints
arise owing to the sensitivity of the 777~ (bb) decay mode for type II (type II and type Y)
models. For the 7+7~ (bb) mode, upper bounds of tan 3 have been obtained from around
25 — 80 (40 — 90) for M4 in the range 100 — 300 GeV, respectively.

Charged Higgs searches at Tevatron have been performed in the production channel
involving decay of the top quark ¢ — bH™ and subsequent decay modes of H* — 7v
and H* — ¢s [301-303]. Upper bounds on the branching ratio BR(t — bH*) have been
obtained, which can be translated into the bound on tan 3 in various scenarios. In the type
I 2HDM, for ]\/Iﬁ > my, upper bounds on tan # have been obtained in the range 20 — 70
for Mp+ from 180 — 190 GeV, respectively [301].

In Run I, CMS experiment has searched for H and A decaying to the 777~ final state,
and upper limits on tan 8 have been obtained for the MSSM scenario or the type II 2HDM
from 3.8 to 52.7 for M, from 140 GeV to 900 GeV, respectively [304]. Similar searches by
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ATLAS collaboration [305] provide exclusion limits in the M, vs. tan § plane within the
context of MSSM. CMS search in the pp — bbH/A, H/A — bb channel within type II and
type Y 2HDMs, [306], provides exclusion limits on tan 3, i.e., tan 8 2 16 (28) is excluded at
M4 =100 GeV (350 GeV).

In the charged Higgs searches, ATLAS has reported exclusion of an extended parameter
region in the 7+jets final state [307,308] in the mass range 90 GeV < My+ < 150 GeV with
tan 8 2 1. For 200 < Mpy+ < 250 GeV, higher values of tan 5 > 50 are excluded.

6.4.5 Constraints from muon g-2

An attempt to reconcile the observed ~ 3¢ discrepency in the anomalous magnetic moment
of the muon (a,) provides a compelling argument in favour of 2HDM models. As discussed
in Chapter 2, the gap between the theoretical and experimental values i.e.

Aay = a; " — a3 = +262(85) x 1071 (6.4.9)

can be potentially reconciled via contributions from the extended Higgs sector [15,309-312].
It is obvious that a positive contribution from the new physics sector is desirable. At one-
loop, the contributions from the neutral Higgs bosons h and H are positive and those from A
and H* are negative [313-315]. These scale as the fourth power of the muon mass [16]. Apart
from these, there are two-loop contributions from the Barr-Zee diagrams [309,316] involving
couplings of the neutral scalars to fermions that can give substantial positive contributions
in certain regions of parameter space that can become larger than those at one loop (see
Figure 6.3).

I

Figure 6.3: Two-loop contribution to muon g — 2 from a Barr-Zee diagram with a light A

and a fermion loop.
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m2

L a0 i .
This is aided by the fact that the two loop contribution scales as — relative to that at
m

one-loop. At two-loop the form factor corresponding to the CP-even s?:alars h and H has
negative sign and that corresponding to A has positive sign, 7.e. opposite to the one-loop
behaviour. The negative sign of H contribution would make a heavier H a preferred choice
to enhance Aa,. The above arguments are suggestive to the fact that a sufficiently light
pseudoscalar in a two-loop diagram can generate a large positive correction to Aa,. One
can see from Table 6.2 that Yukawa structures of type II and type X 2HDMs, both have a
leptophilic A (¢4 = tan 3). Thus one can expect an enhanced contribution to muon g — 2
from a 7 loop, coupled with a light A, that is proportional to tan® # (m2/m?) in the large
tan (3 limit. On the other hand for type I and type Y models since £§ = —cot 3, the two-loop
contribution is proportional to cot? 8 and thus is weakened strongly at high tan 5. We have
seen in section 6.4.1 (Figure 6.1) that for a light A of M4 < 100 GeV, My+ has an upper
bound of ~ 200 GeV. But flavor constraints require My+ to be 2 580 GeV for type II and
type Y models (see section 6.4.3). For type X models, there are no such strong bounds from
flavor observables, and so they can accomodate a viable parameter space with a light A and
high tan f to reconcile muon g — 2. Figure 6.4 shows the allowed region in M, vs. tan
B plane for My = 126, 200 GeV. The constraints coming from the electron g — 2 (a.)
are also shown. The present gap between the experimental value and SM prediction for a,
stands at 1.30 [16] where

EXP _gSM = —10.5(8.1) x 10713 (6.4.10)

Aa, = a, .

6.5 Summary

In this chapter we overviewed the four possible types of naturally flavor conserving 2HDM
models and analyzed the couplings of the scalar sector to gauge bosons and fermions. It is
seen that while these HDMs have a universal gauge-Higgs sector, the Yukawa couplings are
dependent on the kind of Zy symmetry imposed to avoid FCNCs at the tree level.
Constraints on these models from electroweak precision tests, vacuum stability and per-
turbativity, direct searches at colliders, muon and electron g — 2, and those from B-physics
observables were interpreted in terms of allowed range of the masses of the additional Higgs
bosons and tan . In these models, becuase of the universality of the gauge-Higgs couplings,

the electroweak constraints (along with the perturbativity and vacuum stability ones) are
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Figure 6.4: The lo, 20 and 30 regions allowed by Aa, in the Ms-tan 3 plane taking the
limit of f — a = /2 and M) = 126 (200) GeV in type X 2HDM. The regions below the
dashed (dotted) lines are allowed at 30 (1.40) by Aa.. The vertical dashed line corresponds
to My = M,/2. Figure taken from [16].

common to all of them, while the rest of the constraints, being dependent on the Yukawa
structure, vary from model to model. Using a stringent set of precision electroweak measure-
ments it is seen that, in the limit (8 — a) — 7/2 consistent with the LHC results on Higgs
boson searches, all values of M, are allowed when My and My+ are almost degenerate.

It was shown that a light pseudoscalar with Yukawa couplings proportional to tan £ could
be a possible solution to reconcile the muon g — 2 problem. This is only feasible in type
IT and type X models because of a leptophilic pseudoscalar. In contrast, type I and type
Y models cannot accommodate Aa,, because for them ¢4 = —cot B. But a stringent lower
bound on the mass of the charged scalar (My+ = 580 GeV) in type II scenario coming from
B — X7, coupled with the constraints from vacuum stability and perturbativity, leaves no
room for a light pseudoscalar in type II model.

The above observations leave us with only type X as the favoured scenario to bridge
the muon g — 2 discrepancy while at the same time satisfying all the other constraints. In
the next chapter we shall explore the possibility of searching for these light pseudoscalars
within the context of type X 2HDM at the 14 TeV run of the LHC and explore the discovery

potential in the region of the parameter space for which M, < My, /2 and tan 8 ~ 50.
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Chapter 7

Reconstructing a light pseudoscalar in

the type X Two-Higgs doublet model

7.1 Introduction

In Chapter 6 we have argued that extension of the electroweak symmetric sector of the
standard model (SM) to two or more Higgs doublets is well-motivated. Out of these, the
two-Higgs doublet models (2HDMs) occupy the centre stage. We have seen that such models
in general suffer from the flavour changing neutral current (FCNC) problem. To avoid tree
level FCNCs, a discrete symmetry (or something that effectively leads to it) is imposed,
which restricts the Yukawa interactions of the two doublets. Based on the nature of such
symmetry, four types of 2HDM were tabulated, namely, type I, type II, type X (or lepton
specific) and type Y (or flipped) [272,275,276].

Of the four types of 2HDM models quoted above, only type X 2HDM emerges as a
possible choice to reconcile the muon g — 2 discrepancy, while respecting the constraints
from vacuum stability, EWP data, Flavor physics and collider data. It is seen to have an
allowed region in its parameter space with a light pseudoscalar coupled with a high value
of tan § that can give sufficiently high and positive contribution to Aa, [15,312,317-319]
through the Barr-Zee two-loop diagram (see section 6.4.5).

As listed earlier, in this scenario, one scalar doublet in the flavour basis has Yukawa
couplings with quarks only, while the other one couples to leptons alone . The physical
states other than the SM-like 125-GeV scalar, obtained on diagonalizing the mass matrices,

have very small coupling with quarks compared to those with leptons, once all constraints
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including those from the Large Hadron Collider (LHC) are taken into account. This consid-
erably relaxes the lower bounds on some of the physical masses. In particular, it has been
found [16,17,320] that the neutral pseudoscalar A in type X 2HDM can be as light at 40-60
GeV or even lighter in certain regions in the parameter space, thanks to its generally low
direct production rate at the LHC and other colliders that have run so far. ' It is there-
fore important not only to look for LHC signals of this scenario [17], but also to actually
reconstruct the mass of the light A. We suggest a method of doing precisely that.

The light pseudoscalar, for large tan 3, has a 777~ branching ratio close to unity, and
a up~ branching ratio on the order of 0.35%. Signals have been suggested in the multi-
tau channels like pp — HA — 777~ 777~ [17,324-326]. However, the taus cannot be
reconstructed in the collinear approximation [18] since there are four neutrinos in the final
state. Besides, even if only one A decays into a 7-pair, the visible 7-decay product (like
a T-induced jet) cannot be treated in the collinear approximation at such low energies as
that possessed by the 7 produced from an A as light as 50 — 60 GeV. Therefore, we cannot
reliably obtain M4 using the 7-pair(s). We find that the p*p~ pair can come to one’s rescue
here. With pp — hX — AA — 777~ p*pu~, one may reconstruct M, from the muon pair, in
association with a pair of tau-jets. We show after a detailed simulation that such a strategy,
combined with that for suppressing SM backgrounds, isolates the signal events carrying clear
information on the pseudoscalar mass. It is thus possible to achieve discovery-level statistical
significance with an integrated luminosity of about 100 fb™! or less at 14 TeV.

In what follows, in section 7.2 we briefly review the generic features of the type X 2HDM
with respect to the structure of the Yukawa and gauge couplings of the physical scalars
and point out how the parameter space of the model gets constrained by the muon g — 2
and precision observables. Section 7.3 is devoted to the the LHC analysis of our signal
that identifies the pseudoscalar resonance, detailing the event selection criteria that helps in
suppressing the backgrounds. Section 7.4 includes a discussion of the results in the context
of the efficacy of the analysis scheme used for our signal. We summarize and conclude in

section 7.5.

'Such light pseudoscalars may also occur in further extensions of the SM [321-323].

133



7.2 The type X 2HDM Model and Constraints

The type X 2HDM with @, 5 as the two doublets is characterised by the following Yukawa
structure:

CY = —YUQ_L&)QUJR + YdQL(I)QdR + ngl_-/L(I)lgR + ]’L.C.7 (721)

where family indices are suppressed and ZIV)Q = 109®5. This Yukawa Lagrangian is the result
of a Zy symmetry [273] which prevents tree level flavor changing neutral current. Under
Zy, the fields transform as &5 — P, and &, — —P; combined with £ — —f; while the
other fermions are even under it. Thus ®5 couples only to the quarks whereas ®; couples

exclusively to the leptons. The most general form of the scalar potential is
2 &t 2§t 2 gt 1 T 21 Ii ?
Vaon = m2, 1@, + m2,dbd, — [m12q>1<1>2 v h.c.] 5N <<I>1<I>l) + 5% (@2@2)
i i i i 1 o) i

+2 (@]@,) (0,) + A (@]0,) (2fe,) + {§A5 (2l@,) + [ (ofa)

Ay (@;@2)] (qﬂ%) n h.c.}, (7.2.2)
where all the couplings are assumed to be real. The Z, symmetry implies A\ = A\; = 0.
However, the term proportional to m?,, which softly breaks Z, can be non zero to keep the

quartic coupling \; below perturbativity limit. This can be appreciated from the fact that

for m2, = 0, the expression for \; in Eq. 6.2.8 reads

2 2 2.2

B Mic;, + My s,

- 2.2
vicy

A1

which in the limit of tan 8 >> 1 and for My >> M) becomes
M2
A~ —2H tan?3
v
which can threaten perturbativity of A; in the limit of large tan § [17,275,327]. Parameter-
Ht

7

izing the doublets as ®; = | 4. + h, +iA; |, We obtain the five physical massive states A, h,

V2

H, H* in terms of the two diagonalizing angles o and f3:

A = —85A1+CBA2, H+:—SﬁHi’_+C,3H;,
h = —Sa h1 + Cqo hg, H= Ca hl + Sa hg, (723)

where s, and cg stand for sina and cos 3, etc. The CP-even state h corresponds to the

SM-like Higgs with mass M, = 125 GeV. Furthermore we look for the mass hierarchy M, <
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&h & € Sho | &h | & | & 3 3
Type-X || ca/Ss | Ca/Ss | —Sa/Cs | Sa/S5 | Sa/Sp | Ca/cp | cOtB | —cot B | tan

Table 7.1: The multiplicative factors of Yukawa interactions in type X 2HDM

My, < My ~ Mg+ which can be realised by setting Ay + A5 =~ 0. The SM-like Higgs couples
to the pseudoscalar with strength Apaa = —(A3 + Ag — As)v, where v = 12 + 152 = 246
GeV.

The Yukawa Lagrangian of Eq.(7.2.1) can be rewritten in terms of the physical Higgs
bosons, h, H, A and H*:

copel = = 30 EL(lns + e FHf - ighfrAf)

f=u,d,l
{\/_Vud_ \/_ml

(mu€4 P+ ma€4 Pr) H d + o, H g +he. }(7.2.4)
where f runs over all of the quarks and charged leptons, and u, d, and [ refer to the up-type
quarks, down-type quarks, and charged leptons, respectively. The multiplicative factors of
the Yukawa couplings, i.e. E,J:, 5}; and Ef, are given in Table 7.1. For sin(f — o) ~ 1 the
Yukawa coupling with the SM-like Higgs (k) are similar to that of the SM. In any type of
the 2HDM, the couplings of scalars with a pair of gauge bosons are given by [275-277]:

gy =sin(8 — a)gmhv, grvy = cos(B — a)gmhv, gavy =0, (7.2.5)
where V = Z, W*. The couplings of Z boson with the neutral scalars are,
hAZ, ? Z cos(ff — a)(p+ P HAZ,: _% sin(f —a)(p +p')p (7.2.6)

where p,, and p;,l are outgoing four-momenta of the first and the second scalars, respectively,
and g, = gy / cos Oy,

For reasons already stated, we are concerned with the region corresponding to tan g =
vo/v1 > 1. Constraints on 2HDM parameter space coming from (g —2),, have been analyzed
in Refs. [15-17,311,312,315,328-333] and it was shown in the updated analysis [320] that
light A in type X 2HDM can explain (g —2), at 20 while evading collider as well as precision
data constraints. As stated previously in section 6.4.5, type II 2HDM also has a leptophilic
pseudoscalar, but there the charged Higgs mass is bounded from below Mg+ > 580 GeV
from the B — X7 measurement [290]. Such a heavy charged Higgs is not compatible with
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the requirement of a light pseudoscalar [16] because of vacuum stability and perturbativity
requirements. Also, in type I and type Y 2HDM, pseudoscalar is leptophobic (£ = —cot j3)
and its enhanced coupling with the muon and tau would also imply comparably strong
coupling to at least one type of quarks (proportional to cot 3, see Table 6.2). This would
lead to unacceptably large A production at hadron colliders. Besides, those models where the
A couples to muon and tau proportionally to cot 8 cannot explain (g — 2),, since tan 5 <1
is disfavoured by a number of considerations (see section 6.4.3). It is only in the type X that
a light A can have enhanced coupling to the p and the 7, concomitantly suppressed coupling
to all quarks, and all phenomenological and other theoretical constraints (vacuum stability,
perturbativity etc.) duly satisfied [334]. Keeping this in mind, we proceed to find a strategy
for reconstructing M, at the LHC.

7.3 Signal of a light A : An analysis for the LHC

The light pseudoscalar in type X 2HDM can be produced at the LHC via associated produc-
tion along with the SM Higgs and also via the decay of the SM like Higgs. The associated
production is proportional to cos?(8 — a) and is suppressed for (8 — a) ~ 7/2, leaving
h — A A as the dominant production mode for the pseudoscalar. The pseudoscalar is lepto-
philic and almost exclusively decays to 7 lepton for large tan § with a very small branching
ratio to di-muon (BR(A — pp) ~ (m,/m;)* ~ 0.35%). This will lead to copious production
of four-7 events (AA — 777 7777), the characteristic Type-X signal which was analyzed in
detail in Refs. [17,324-326]. Since the decay of the 7 involves neutrinos, full reconstruction
of the four-7 system is not possible which rules out any possibility of identifying a resonance
peak. On the other hand if we consider the decay AA — ptpu~™ 7577 it is straightforward
to identify the events owing to clean di-muon invariant mass (A,,) peak at M4 which will
be the ‘smoking gun’ signal for a light spin-0 resonance. We show later that, in spite of the
limited branching ratio for A — pu™pu~, the 2u 27 final state can identify the A peak well
within the luminosity reach of the 14 TeV LHC.

The signal we are exploring contains a pair of oppositely charged muons with exactly two

T-tagged jets produced via :
pp—=h—=AA—=p 'y vt = ptu gi+ Er, (7.3.1)

where j, is a 7-tagged jet as a result of hadronic 7-decay. The NNLO cross section for the
Higgs production via gluon fusion at 14 TeV LHC is 50.35 pb [335].
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Parameters | My (GeV) | tan | cos(f — a) | Apaa/v

BP1 50 60 0.03 0.02
BP2 60 60 0.03 0.03

Table 7.2: Benchmark points for studying the discovery prospects of light pseudoscalar in
Type X 2HDM model at 14 TeV run of LHC. A\, 44 is in units of v = 246 GeV.

The Type-X 2HDM model have been encoded using FeynRules [153,231] in order to
generate the model files for implementation in MadGraph5_aMC@NLO [152,241] which was
used for computing the required cross-sections and generating events for collider analyses.

We have chosen the benchmark points (BP) given in Table 7.2 for our analysis. As
we have explained in the previous section, we want a light pseudoscalar which can explain
the muon g — 2 anomaly at 20. The benchmark points in the parameter space used here,
corresponding to M, = 50,60 GeV, are consistent with all phenomenological constraints.
They also satisfy theoretical constraints such as perturbativity and a stable electroweak
vacuum [16]. The signal of a light A, which is our main focus here, does not depend on My
or My=. For both of our benchmark points, each of these masses is 200 GeV. For the chosen
benchmark scenarios, the branching ratio of Higgs to AA is BR(h — AA) ~ 15% which
is well below the upper limit of about 23% [14] on any non-standard decay branching ratio
(BR) of the SM-like Higgs boson. The choice of tan 8 ensures that the lepton universality

bounds originating from Z and 7 decays are satisfied [320].

7.3.1 Backgrounds

The major backgrounds to our signal process : pu*u™ j, j, come from the following channels
(A) pp = pru= + jets, (B) pp = VV + jets(V = Z, W,~*) and (C) pp — tt + jets. All the
background events are generated with two additional partons and the events are matched up
to two jets using MLM matching scheme [336,337] using the shower-kT algorithm with py
ordered showers. We use NNLO production cross section for u* u¥ jj [338] and ZZ [339),
whereas ¢ ¢ production cross section is computed at N3LO [340].

Apart from these three backgrounds there exist other SM processes like VVV, ttV and
W*Z which in principle could fake the proposed signal (2u27) [341]. However lower cross-

section and the requirement of exactly two muons and two tau-tagged jets satisfying a tight
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Figure 7.1: The invariant mass of the 2 tau-tagged jets for M4 = 50 and M, = 60. The
figures illustrate how the higher py(j,) threshold leads to more precise reconstruction of the

peak at My.

invariant mass window around the pseudoscalar mass effectively eliminates the contribution

from these additional channels.

7.3.2 Simulation and event selection

After generating both signal and background events with MadGraph5_aMCONLO, we have
used PYTHIA6 [221] for the subsequent decay, showering and hadronization of the par-
ton level events. Decay of 7 leptons is incorporated using TAUOLA [342] integrated in
MadGraph5_aMC@NLO. Both one- and three-prong 7 decays have been included in our analysis.
For event generation we have used the NN23L01 [26] parton distribution function and the
default dynamic renormalisation and factorisation scales [242] in MadGraph5_aMC@NLO. Fi-
nally, detector simulation was done using Delphes3 [222]. Jets were reconstructed using the
anti-kT algorithm [245] with R = 0.4. The 7-tagging efficiency and mistagging efficiencies
of the light jets as 7-jets are incorporated in Delphes3 as reported by the ATLAS collab-
oration [343]. We operate our simulation on the Medium tag point for which the tagging
efficiency of 1-prong (3-prong) 7 decay is 70% (60%) and the corresponding mistagging rate
is 1% (2%).

The hadronic decays of the 7 are associated with some missing transverse energy in the
events. For the signal events the 7 leptons originate from the decay of a light pseudoscalar
(A) with mass 50 or 60 GeV. Hence, if the pr of the 7-tagged jet has to be very close

to ma/2, the corresponding missing energy in the final state is suppressed. The invariant
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Figure 7.2: The invariant mass of the 2u and 2 tau-tagged jets for M4 = 50 and M4 = 60.
The figures illustrate how the higher py(j,) threshold leads to more precise reconstruction

of the peak at M), = 125 GeV.

mass of the T-tagged jets will thus peak very close to the parent mass. In Figure 7.1 we
substantiate this claim by plotting the invariant mass of the j, j, system for two different
jet pp thresholds. One can clearly see that for py(j,;) > 25 GeV the invariant mass peaks
at the parent pseudoscalar mass, whereas M (j.j,) is peaking at a lower value than My for
pr(j-) > 20 GeV. Also the invariant mass peak is sharper for the higher p; threshold. The
four-body invariant mass Ma,9; also shows the same features and peaks close to M}, = 125
GeV as depicted in Figure. 7.2. It is evident that these variables can be very efficient in
minimizing the background events.

We use the following selection cuts to select our signal and reduce the accompanying

backgrounds:

e Preselection Cuts: We require the final state to have two oppositely charged muons
of minimum py > 10 GeV and |n| < 2.5. We also require two tau-tagged jets (j,) of
minimum pr, pr(j.) > 20,25 GeV within |n| < 2.5.

e The invariant mass of the di-muon system (M,,,,) satisfies the window,

|M,, — M| < 7.5 GeV.

e The invariant mass of the two tau-tagged jets (M, ;. ) satisfies:

— for pr(j,) > 20 GeV : (My —20) < M;.; < (M + 10) GeV

— for pr(j;) > 25 GeV : | M, ;. — Ma| < 15 GeV.

TjT

139



e The invariant mass of two muons and two taujets (Ms,0;, )lies within the range :

— for pT(jT) > 20 GeV : (Mh — 20) < M2u2j-r < (Mh + 10) GeV.
— for pT(]T) > 20 GeV : |M2/"'2j7' — Mhl < 15 GeV.

Notice that we have taken asymmetric cut-windows with respect to M, for M; ; and
Moyya;, for pr(j-) > 20 GeV and symmetric ones for py(j;) > 25 GeV. This has to do with
the fact that for lower pr(j;) cut, the invariant mass peaks at a lower value compared to the

parent mass.

7.4 Results and Discussion

In Table 7.3, we present the cut flow for the signal and the various backgrounds for the
benchmark points BP1 (BP2) where the number of events are calculated at the integrated
luminosity of 3000 fb~*. Note that some of the background events are estimated as upper
bound (marked by an asterisk), as the number of simulated events passing the cuts drop down
to very small values at some point in the cut flow table, even after simulating with 2 x 107
events for the background analysis. Since we adopt the Medium Tag point for tau-tagging,
the mistagging rate for a pair of light jets is ~ 107*. This, along with a tight invariant
mass window around M, helps to get rid of a major fraction of the various background
channels. Demanding that [M,, — M| < 7.5 GeV should take care of the Z contribution
in pp — ptp~ + jets and pp — V'V + jets . After the cut on M, only a feeble contribution
from the photon (and partly off-shell Z) continuum can contribute in the pp — p*p~ + jets
channel.

We compute the statistical significance by using the formula

S = \/2 [(S + B)ln (1 + %) — S] (7.4.1)

where S(B) are number of signal (background) events which survive the cuts. This is a

more general formula to calculate the significance, which for S << B reduces to S ~ S/ VB.
In Figure 7.3 we have plotted the significance & as a function of integrated luminosity
for both the benchmark points where BP1(BP2) corresponds to M, = 50(60) GeV. For
BP1 it is possible to reach 50 sensitivity at integrated luminosity of 70(400) fb' with
pr(j-) > 20(25) GeV. For BP2 the 50 sensitivity is achievable at 40(125) fb™" integrated

luminosity. Increasing the minimum py(j,) from 20 GeV to 25 GeV results in better invariant
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Cuts Signal pp — ptp~ pp = VV pp — tt

+jets +jets +jets

pr(j-) > 20 GeV

Preselection 858 (1480) | 41041 (41041) | 107890 (107890) | 14486 (14486)
|M,, — M| <7.5GeV | 836 (1430) | 909 (779) 1189 (1325) 1637 (1697)
M, >My—20& | 760 (1336) | 130 (390) 307 (654) 330 (419)
M; ;. < Ma+10 GeV
Myoj. > My, —20 & | 698 (1283) | < 130 (< 390)x 81 (109) 65 (51)

MQMQJ‘T < Afh + 10 GeV

pr(j) > 25 GeV

Preselection 277 (493) | 28833 (28833) | 75209 (75209) | 11629 (11629)
|M,, — M| <7.5GeV | 269 (475) 649 (390) 794 (924) 1324 (1396)
|M(j.j,) — Ma| < 15 GeV | 228 (420) | < 649 (130) 112 (416) 182 (196)
| Moy — My| < 15 GeV | 211 (410) | < 649 (< 130)= 20 (15) 27 (27)

Table 7.3: Cut flow table for signal BP1(BP2) and different background processes with two
different set of pr(j,) cuts as described in Section 7.3.2. The number of events are computed
with integrated luminosity of 3000 fb~*. The number of background events also depends on

benchmark points as M, changes.

mass peaks but provides fewer number of events which decreases the discovery prospect of
the model. However the luminosity requirement is well within the reach of high luminosity
run at the LHC.

The benchmarks chosen in this work allowing for the BR(h — AA) ~ 15% are close to
the borderline of the exclusion limit on o(h) x BR(h — AA) x BR(A — pup)® [344, 345),
when this is translated for A — 2u27. However, one can still allow for a lower branching
ratio for h — AA, for example, close to 10%, which keeps one well within the exclusion
limit, satisfying all the other constraints. This would entail the required luminosity for a 5o
discovery to be nearly double the values quoted above.

If A were a scalar instead of a pseudoscalar, then it would also have decays into W*W*
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Figure 7.3: Discovery potential of the light pseudoscalar decaying to di-muon and di-tau
channel using invariant mass variables for BP1(left panel) and BP2(right panel) at 14 TeV
LHC.

and Z*Z* competing with the g™~ mode. The non-observation of such final states, even
with accumulating luminosity, should act as a pointer to the C' P-odd nature of A. Secondly,
the presence of such channels eats into the branching ratio of the A, and suppresses the u* ™~
channel rate, reducing it below detectability. The fact that we can reconstruct the A via
the pp peak (which is the main point we make in this work) owes itself to the non-negligible
branching ratio for this mode, which would not have been possible if it were a scalar instead
of a pseudoscalar.

On the other hand, if A were a superposition of a scalar and a pseudoscalar field (i.e.
if CP were violated), then the taus coming from the decay of the other A would consist
of unequal admixtures of right-and left-polarised states (both for 7=~ and 71). In principle,
suitable triple products of vectors constructed out of the tau-decay products would have
asymmetric distributions if CP-violation had taken place. However, the construction of such
CP-asymmetric triple products would have required us to reconstruct the taus fully. This
would warrant the so-called collinear approximation, where the 7, the decay product jet and
a neutrino would all move along the same straight line. This approximation is valid if the
tau has an energy of at least about 40 GeV. In our case, for a light (50 — 60 GeV) A this
energy is not possessed by the taus, and thus their reconstruction is not reliable. Therefore,
while one can distinguish a pure pseudoscalar from a pure scalar in this channel, identifying
a CP-admixture is difficult.

It is possible to search for the heavy scalar H and the pseudoscalar using the pp —

Z — HA production channel. In principle, this enables one to reconstruct the H mass.
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However, this associated production rate will be two orders of magnitude smaller than the
rate for pp — h — AA, principally due to the large Higgs production rate from gluon fusion.
Nevertheless, if one notices a low-mass u = peak from A, one can look for a tau-pair peak
simultaneously in such events. It is relatively easy to reconstruct tau-leptons from the tau-
jets in such a case, since these taus are quite energetic and the collinear approximation [18]
will work for them. Thus, in association with a light A constructed in the way suggested in
our paper, a heavy H can also be looked for, albeit at higher luminosity.

In addition, a light A may of course be responsible for 47 final states. Some channels
leading to such a final state have been analyzed in [17,325,326]. We observe that the > 37
final state fares better in terms of the statistical significance owing to the dominant branching
ratio of A — 7777 as compared to the much smaller branching ratio of A — p*u~. For
instance, for a Ho discovery of M4 = 60 GeV with My = 200 GeV, the required luminosity
is approximately 70 fb~! as against 218 fb~! for the 2u27 final state. However, the di-muon
pair is a lot cleaner to reconstruct, and gives an accurate handle on the mass determination
for the parent pseudoscalar. Thus the 2u27 state is more informative when it comes to

“identifying” the pseudoscalar.

7.5 Summary and Conclusion

While the type X 2HDM admits of a light pseudoscalar, the explicit reconstruction of its
mass is a challenging task. We propose to meet this challenge by making use of the small
but non-negligible branching ratio for A — p* ™, especially in the region of the parameter
space, which best explains the muon anomalous magnetic moment. We have studied the
channel pp — h — AA — ptp~ 7777, with the taus decaying into a jet cach. The p*p~
pair shows a conspicuous invariant mass peak at M 4. Besides, an appropriate py cut on the
tau-tagged jets also creates a j,j, mass distribution that has a peak in the neighbourhood of
M 4. A proper window demanded of the latter invariant mass helps the effective tagging and
background reduction for the putp~ peak. We find that, for My between 50 and 60 GeV,
M4 can be reconstructed in this manner, with statistical significance of 4-5 ¢ well within

the luminosity reach of the 14 TeV run.
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Chapter 8

Summary and conclusions

The works included in this thesis incorporate both the model-independent and model-
dependent approaches towards seeking new physics at colliders. While the two methods
have a different formulation, the unifying feature that has been the empasis of all the studies
taken up here, is the role of kinematic observables in bringing out the signatures of new
physics over and above the SM background. We summarise below the key points addressed
in various chapters.

In Chapter 1, we surveyed the SM particle directory and reviewed the various couplings
and interactions resulting from the gauge symmetry of the SM Lagrangian. We also reviewed
the various experimental findings that established the SM as a well defined perturbative QFT.

This was followed up in Chapter 2 by arguing for why SM, despite its long standing
succesful experimental validation cannot be the full story. Several theoretical considerations
and experimental inputs were summarized that strongly point towards the need for new
physics beyond SM.

Chapter 3 addresses the issue of parameterizing new physics in the gauge-Higgs sector
using effective field theory approach. The emphasis is on the CP-violating sector, motivated
by the need to bring in extra CP violation needed to explain the baryon asymmetry in the
universe. Here we considered a set of independent SU(2) x U(1) invariant CP-violating
operators of dimension-six, which contribute to V'V A interactions (V = W, Z ~). Our aim
is to constrain any CP-violating new physics above the electroweak scale via the effective
couplings that arise when such physics is integrated out. For this purpose, we have used elec-
troweak precision data, global fits of Higgs data at the Large Hadron Collider and the electric
dipole moments of the neutron and the electron. Constraints were analyzed mainly on two-

parameter and three-parameter spaces. We find that the constraints from the electroweak
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precision data are the weakest. Among the existing Higgs search channels, considerable
constraints come from the diphoton signal strength. We note that potential contribution
to h — vZ may in principle be a useful constraining factor, but it can be utilized only
in the high energy run. The contributions to electric dipole moments mostly lead to the
strongest constraints, though somewhat fine-tuned combinations of more than one parame-
ter with large magnitudes are allowed. We also discussed constraints on gauge boson trilinear
couplings which depend on the parameters of the CP-violating operators.

After constraining the parameter space of the CP-odd gauge-Higgs operators , in Chapter
4 we consider the observable effects of CP-violating anomalous ZZh interaction arising from
gauge-invariant dimension-six operators at the Large Hadron Collider (LHC). The purpose
is to distinguish them from not only the standard model effects but also those of CP-even
anomalous interactions of similar nature. The postulation of a gauge-invariant origin makes
various couplings of this kind interrelated. The role of CP-odd and naive Time reversal
odd (T-odd) observables in singling out the CP-odd effects was pointed out. We used the
asymmetry parameter constructed out of such observables, since it has no contribution from
standard or CP-even anomalous interactions. Parton showering and detector level simulation
was included to make the analysis as realistic as possible. On the whole, we concluded
that gauge invariant interaction of strength > 40/TeV? can be successfully isolated using
integrated luminosities in the 1.5-3.0 ab™! range.

Continuing within the ambit of EFT, Chapter 5 includes the study of the h — bby decay
via effective hbby interaction terms arising out of gauge-invariant dimension-six operators,
as a potential source of new physics. Their role in some detectable final states have been
compared with those coming from anomalous hbb interactions. We have considered the
bounds coming from the existing collider and other low energy experimental data in order to
derive constraints on the potential new physics couplings and predict possible collider signals
for the two different new physics scenarios in the context of 14 TeV LHC and a future e*e™
machine. We conclude that the anomalous hbby coupling can be probed at the 14 TeV LHC
at 30 level with an integrated luminosity of ~ 2000 fb™!, which an ete~ collider can probe
at 30 level with ~ 12(7) fb™! at /s = 250(500) GeV. It is also found that anomalous hbb
interactions, subject to the existing LHC constraints, can not compete with the rates driven
by hbby effective interactions.

In Chapter 6, we switch from model-independent to model-dependent approach. We
discuss the construct of two-Higgs doublet models and list the constraints on their param-

eter space from theoretical requirements of vacuum stability and perturbativity and from
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experimental inputs from electroweak precision data, Flavor physics and collider searches.
It is seen that out of the four possible choices of 2HDMs (type I, II, X and Y), only type
X (lepton-specific) 2HDM can accomodate the reconciliation of muon g — 2 discrepency,
satisfying all the above constraints.

Following this, in Chapter 7 we investigate the detectability as well as reconstructibility
of a light pseudoscalar A of mass in the 50 — 60 GeV range, which is still allowed in a type X
two-Higgs doublet scenario. Such a pseudoscalar can be pair-produced in the decay h — AA
of the 125 GeV scalar h. The light pseudoscalar in the aforementioned range, helpful in
explaining the muon anomalous magnetic moment, has not only substantial branching ratio
in the 777~ channel but also one of about 0.35% in the p*pu~ final state. We show how
to faithfully reconstruct the A mass using the p*p~ mode, and establish the existence of a
pseudoscalar around 50 — 60 GeV, using the process pp — h — AA — ptp~ 7777, This is
found to be a reliable way of reconstructing the light A mass, with a statistical significance
that amounts to discovery, with a few hundred fb~! of integrated luminosity.

In conclusion, in the light of studies mentioned here and the wealth of data that is going
to accumulate in the Run-II of the LHC, we can say that kinematic observables will play an
ever-increasing role in collider searches. The need would be not just to compare a new physics
signal against the SM background, but also to differentiate between two or more competing
scenarios leading to the same final state. In this regard we might need to carefully analyze

new corners of the phase space, which are yet unexplored.
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Appendix A

Higher Dimensional Operators: The
Gauge-Higgs Story

A.1 Gauge boson two-point functions in presence of
CP-odd couplings
We define the two-point function for electroweak gauge bosons Vi and V5 as,
4, (0°) = g™ y,v, (0°) + 90" Ty, (7). (A.1.1)

In electroweak precision observables only ITy,y,(p?) contribute. Below we give their expres-

sions due to CP-odd couplings in terms of one-loop scalar functions Ay and By.

L, (p?) = 918”3 (3° (c (27, = %) Bo(p™.0,m3) = 203y, (2miy +97) Bolw?, miyy, miy)
ZhAD(m ) +4CTw, Ao(miy)) — 3C3 iy, Bo(p?, 0,my) — 3C5 5, (my, — 2mj, (m7 + p°)
2) o(p®,mz,my) +3A0(miy) (CF,y, (mi, + %) + Clyy, (my —miy +p?))
3CthA0(mz) (m7 —mi) +p* (TCL, (P = 3mi) + TC4, (p° = 3 (my, + m7))
+ 2Ch - (12my, + 79%))) (A.1.2)

2m2
I,z (p*) = g18A‘2/ (—30wh072h (mj — p2)2 Bo(p*,0,m}) — 3C,z,Czzn (my, — 2mj, (m3, + p°)

147



+ (m% = p%)") Bolp®mmi) = 6CwwnCovwzp® (2miy +p%) Bo(p*, miy,my)
+ 3Cyz0A0(m;) (Coon (my + p°) + Crzi, (my — m% +p%)) + 3C,20C 720 A0(m3)
(—m,2I +my + pz) + 12C’WWWCWWZp2AO(m€V) + p? (7p2(C'yZh(C’y'yh + Cyzn)
+ 2Cww~Cwwz) — 21C, 2 (mi(ny'yh +Cyzn) + OZthQZ) + 24CWW70WWZm{2/[/)) ;
(A.1.3)
2

2
g’m
Mzz(r") = Tgar

+ 4C3w 7 Ao(miy) + C%ZhAO(m%)) 3C~22hthO(p 0,m;) —3C% (mh 2mj (mz +p )

3p* (C2,,, (2mi — p°) Bo(p®,0,m}) — 2C5 v 7 (2miyy + p°) Bo(p®, miy,, miy)

+ (m% —p2)2) Bo(p?, my, my) + 3A¢(m}) (CVZh (mi +p°) + Cz (i, — mZ +p?))

+ 3C5Au(my) (my —mi) +p° (TC34, (p° — 3m}) 4+ 2C3y, (12m3, + p?)

+ 70z (P = 3 (mi +m3%)))) . (A14)
2
Myw(p?) = 18A ‘Z ( ( OWW'y my, —p ) (miv +P2) Bo(p®, miy, 0) + Cryp(—p?) (m;lz
- 2mh ( +p ) + (mw p ) ) Bo(p2, m12/V7 mi) - CEVWZ (mgv - mév (szz +P2)
+ miy (m + SmEp? — (52)%) + p* (m% = °)°) Bo(p®, iy, m3) — Gz Ao(m) (my, + p?)

(m%V - m2Z - pz)) + 3A0(m124/) (vaw (mw 10me + (P ) ) + Cgvvwlp2 (—mle + me/V +P2)
+ Civwz (mév —miy (mzz + 10p ) +p? (p mz))) + 3CHwnp Ao (m}) (mi% miy + pz)
+p’ (Cng*y (87mév — 14miyp” + 7(172)2) + 7Chwap? (p -3 (mh + mw)) + Chvwz

(=7p* (2miy + 3m3) + 8Tmyy, (miy, +my) +7(p%)?))) . (A.1.5)

Out of these, II,.,IL,7 and I, vanish at p* = 0. Note that in Iy there is an overall
1/p? dependence. We would like to mention that both Iy and its derivative converge
smoothly in p? — 0 limit. The one-loop scalar functions in n = 4 — 2¢ dimensions are given
by,

d™l 1
Ao(mg) = /(27r)n E

_ oL 2
620 L +1—1In(mg)|, (A.1.6)
d"l 1
B 27 27 2 — /
olp”s Mg, i) Gry ([ —md) ((+p) =)
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— 1 1 2 2 2
= 1677‘2 [E — A(p ,mo,ml) s (Al?)

where,

1
A(p®, mg,m}) = / dz In[—z(1—z)p” +z(m] —m{) + mg] . (A.1.8)
0

This form is suitable for computing By and its derivative with respect to p* at p?> = 0, which

we require to calculate S,T and U parameters discussed in section 3.
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