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Chapter 1
Introduction

Since the end of 2009, the Large Hadron Collider started producing colli-
sions. The machine will provide access to physics at the highest scale ever,
with a center of mass energy for the colliding proton-proton system of 7
TeV in the preliminary stage of running, that will be increased further in-
creased in the second stage, starting in 2012.

One of the main goal of the different experiments (in particular ATLAS
and CMS) will be to find evidence for the Higgs boson, the last missing
piece of the Standard Model picture. The particle has yet eluded all prece-
dent searches, but the LHC should give the final answer to the question of
its existence. The machine will also search for new exotic physics, seeking
possible extensions to the Standard Model. In particular, a big effort has
been devoted in the hunt for the supersymmetric partners of the Standard
Model particles. Since the Higgs sector is heavily modified by the presence
of SUSY, studying Higgs phenomenology has a twofold importance.

1.1 Semi Inclusive Bottom Higgs Production

The associated bottom-Higgs production could be a very relevant channel
for the discovery of the elusive boson. In the Minimal Supersymmetric
Standard Model (MSSM), the nature of the Yukawa couplings should en-
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hance the Higgs production in association with a bottom quark, in partic-
ular in a high tan 3 scenario. In addition, the single b quark in the final
state can be tagged in the data analysis, making it easier for the experi-

mentalists to identify the process.

The possible relevance of the associated bottom-Higgs production in
the experimental search of the Higgs at the LHC gives a strong motiva-
tion to this study. The process has already been studied in the literature
(proper references will be given later), but a computation of the full MSSM
one-loop electroweak effect has never been performed. This is what we
calculated, including the overall QED contribution and the SUSY QCD ef-
fect.

The calculation has been performed in two different renormalization schemes,
the so-called DR and DCPR. The final result should be scheme-independent,
barring higher order corrections: should this property hold to be true, this
will provide also an important check of the validity of our calculation. We
will check if this is indeed the case, and provide some suggestions about

the best scheme to use once the data begin to arrive from the LHC.

Having computed the full result, we will then compare it with two
possible approximation schemes (one of common use and one of our cre-

ation), and discuss their accuracy in reproducing the exact one loop result.

Finally, we will study the case of a Two Higgs Doublet Standard model,
computing the one loop corrections in different scenarios, and comparing

them to the corresponding SUSY results.
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Overall view of the LHC exeriments.

Figure 1.1: A very famous picture of the LHC [1]

1.2 This Thesis

In this work the process of the calculation will be illustrated in detail, in-
cluding all the obtained results and their discussion. Our main goal will
be to see if the electroweak one loop effects are negligible, or if instead
they are relevant, and have to be taken into account in a dedicated experi-
mental analysis.

This thesis wil be organized as follows:

e Chapter 2 gives a brief introduction to the Standard Model and the
MSSM

o Chapter 3 describes some of the methods employed in the calcula-

tion

o Chapter 4 illustrates in full details the process of the calculation and

discusses the results we obtained
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e Chapter 5 contains a brief summary about the most important con-

clusions

e Appendix A and Appendix B contain some techincal details about
the renormalization of the MSSM Higgs sector, the contribution of
the counterterms and the cancellation of the UV divergences arising

in different sectors



Chapter 2

The Higgs in the Standard Model
and in the MSSM

This chapter presents a brief review of the Higgs mechanism and the Min-
imal Supersymmetric Standard Model, to provide a reference for the no-
tation to be used in the following chapters and motivations for the main

work.

2.1 The Standard Model

The Standard Model it’s a gauge theory that provides a precise descrip-
tion of the interaction of all the known particles. The gauge group is
SU(3)srrong % SU(2), x U(1)y, and the electroweak gauge lagrangian

can be written as:

1

N 1 —_, —
4WﬁuWWV - ZB#VB/JU + iy Dybr + ViV DR, 2.1)

Lew = —
where:

Wi, = 0W.—=0,W,+ geuW)W,

n

B, = 8,B,—0,B. (2.2)

nZ
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W, B are the SU(2), x U(1)y gauge bosons, 1,/ are the left and right

handed fermion fields, defined as:

Yr = PrY), = Ppi, (2.3)

Pr = (1£+°)/2, (2.4)

and D, is the covariant derivative, defined as:

. i Ti .
Dqu = (au - ZQWM§ - Zg/yLB,u)wL
DuwR = (au - iglyLBu)wRa (25)
where g and ¢’ are the SU(2) and U(1) coupling constants, 7; are the

generators of SU(2) and y;, is the U(1) quantum number.

The QCD piece of the lagrangian can be written instead as:
1 a apy oh (4
Locp = _ZG‘“’G M= " 1h (i7" Dy )by, (2.6)
q

where 1), are the quark fields and

G, = 0,G}, — 0,G} + 1o, |G, Gy, (2.7)

D,q = (0, — i G} Ta)g. (2.8)

The index a is the SU(3) index and goes from 1 to 8, G are the gluon
tields, T, are the generators of the gauge group and «; is the strong cou-

pling constant. Under the gauge symmetries of the group, the fermionic

content of the model has the following structure:
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Fermions (SU(2) structure) | U(1) charge | SU(3) structure

er = (er') 2 1
u[
QI = ( d! ) 3 3
L
dh = (@) 3
Up = (Ui)c —% 3

2.2 The EWSB Mechanism in the SM

In the SM Lagrangian written before, all the particles involved are mass-
less. It’s in fact impossible to naturally include mass terms (of the type
miy) in the Standard Model Lagrangian, since those terms would
break the gauge symmetries of the model. If one wishes to preserve those
symmetries, explicitely breaking terms are not allowed to appear. The
mechanism for the generation of the fermions” and bosons” masses is called
spontaneous Electro-Weak Symmetry Breaking (EWSB), and involves the

introduction of a scalar doublet in the model, the so called Higgs Boson:

¢:($) 29)

With a potential (only the pure Higgs part):

V(9) = —1*0¢ + Ay(d9)” (2.10)

This boson will couple with the fermions in the Standard Model through

a Yukawa-type interaction:

Lyuie = —AOpétbn + H.C., (2.11)

10



2.2. The EWSB Mechanism in the SM

THE STANDARD MODEL

*¥et to be confirmed

Figure 2.1: The particle content of the Standard Model[2]

were )\, is the coupling constant associated to the fermion species.

The covariant derivative of the Higgs doublet will be

. i Ti .
Du¢p = (0u = igW,i5 — ig'yrBy)o. (2.12)
Simmetry breaking occurs when the Higgs acquires a vacuum expec-

tation value different from zero, and we have, in the Unitary Gauge:

¢=¢o+ ¢ (2.13)
with

$o = ( § /(1/5 ) (2.14)

¢ = ( 0 ) , < 0|plo>=0. (2.15)
P

and

We have then for the fermion masses:

Laass = —N\—=(eren + erer) — NQLodh, — NiQLduk, + H.C., (2.16)

V2
11
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The quark mass matrices are not diagonal, giving rise to the phenomenon
of quark mixing.
After the symmetry breaking, three degrees of freedom of the Higgs dou-
blet are absorbed to become the longitudinal component of the gauge

bosons. For those bosons one has that the physical states are:

w2 - Wl _ 2
Wr=Ww,+iW; W, =W, —iW;, (2.17)

with mass My, = g%, while B, e W mix to give Z, e A:

7z cosf, —sinb, w3 v
= , My =gcosf,—= 2.18
( A ) ( sinf, cosf, ) ( B ) z=9 2 ( )

The fourth field is a mass eigenstate, the Higgs boson.

2.3 The MSSM

While the Standard Model did an excellent job in explaining the phe-
nomenology of high energy physics up to now, there is more than one
hint that points to the necessity of an extension of the model.
The two most compelling reasons to extend the model are the Dark Matter
puzzle and the so-called hierarchy problem. Cosmological observations
point to one or more stable, relatively heavy and weak interacting parti-
cle(s) contributing to more than 20% to the value of (2, for which there is
no account in the Standard Model. On the other hand, the main theoretical
motivation for an extension of the SM is the Higgs” hierarchy problem. In
the Standard Model, the Higgs mass is very sensitive to loop corrections.
From indirect observations, we expect the Higgs mass to be roughly of
the order of 100 GeV. This value, however, receives huge corrections from
loops containing Dirac fermions which couple to the Higgs, of the type:
Amy, = NA?]V + O(log Ayv ), (2.19)

82

12



2.3. The MSSM

where f is a fermion with a Yukawa type coupling —\;H f f, and Ay
is a cutoff energy scale. For the nature of the Yukawa couplings in the
Standard Model, the biggest contribution should arise from diagrams in-
volving top quarks, since |\;| ~ 1. If we take the value of Ay to be the one
of the Planck scale (10'® GeV), then the one loop correction to the value of
the Higgs mass turns out to be 30 orders of magnitudes bigger than the
mass itself.
It looks then reasonable to pick a smaller cutoff, meaning that some new
theory could arise to keep the corrections in check at an energy scale well
below the Planck one.
The most compelling extension to the Standard Model is obtained adding
a new space-time symmetry to the theory, called Supersymmetry (SUSY).
The effect of this symmetry is to introduce a superpartner for each of the
particles appearing in the Standard Model. These superpartners have the
same quantum numbers of their corresponding standard particles, but the
spin is shifted by 3, making the superparticle a boson if the “original” par-
ticle was a fermion and vice versa. Since none of these superparticles can
be identified with an object already observed, SuperSymmetry implies the
existence of a whole new spectrum of particles to be discovered.
SUSY does indeed solve the hierarchy problem: since particles and sparti-
cles have the same couplings and quantum numbers, the divergence aris-
ing in the top loop would be canceled by an identical divergence coming
from a loop involving the superpartner of the top, that will come with an
opposite sign since the stop is a scalar, while the top is a fermion.
The simplest supersymmetric extension of the Standard Model is the Mini-
mal Supersymmetric Standard Model (MSSM). The particle content of the
model includes the Standard Model particles and their partners, and no
other particle is added to the model. One other condition is usually re-
quired: that barion and lepton numbers are conserved. This requirement is
driven by the absence of observations of proton decay, and can be achieved

imposing the so-called R-parity conservation. R-parity is a new discrete Z,

13
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symmetry, and is defined by a conserved multiplicative quantum number

as follows:
R = (_1)L+3B+25, (220)

where L is the lepton quantum number, B is the barion quantum number,
and S is the spin quantum number. The conservation of lepton and bar-
ion numbers is then obtained imposing that each term appearing in the
supersymmetric lagrangian has a total value of R = +1, thus prohibiting
renormalizable interactions that violate those numbers.

It is important to notice that, according to the definition above, all the
old Standard Model particles have R = 1, while the superpartners have
R = —1. This implies that if R-parity is conserved, superparticles can
be produced only in pairs in collider experiments, and cannot decay into
Standard Model particles. This means that each decay chain of a super-
symmetric particle should end with an odd number of the so-called LSPs
(Lightest Supersymmetric Particle) and that this particle should be stable.
The LSP turns out to be, then, a natural candidate for the solution of the

Dark Matter puzzle, provided that it is neutral and weakly interacting.

2.3.1 SUSY spectrum

If SUSY was an exact and conserved symmetry of nature, the masses of
the particles and their superpartners should have been the same. Unfortu-
nately, this appears not to be true in nature, since we have yet to observe
a superpartner candidate for any of the SM particles.

We expect, then, that SUSY is broken at some high enery scale. The de-
scription of the SUSY breaking is still an open question. In the MSSM
the problem is solved with a phenomenological approach, introducing by
hand in the lagrangian the SUSY breaking terms.

These terms are often called “soft”, since they should not not reintroduce
quadratic divergences in the theory. The allowed terms, then, are all the

gauge invariant operators of positive (2 or 3) mass dimensions. From a

14
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theoretical point of view, these new terms of the lagrangian represent an
effective theory, parameterizing at a lower scale the unknown process of
the SUSY breaking. These terms are:

1. Mass terms for the scalar fields

2 1x 171 2 2% 172 2N\IJ 17 IxT17J 2\1J pIx pJ
_mHlHi H; _mHgHi H} — (m$)" Li*Lj — (m%)"R™R

~(m3)QIQ! — (m) DD — (mEURUY @21)

2. Mass terms for the gauginos
1 1 |
iMl)\B)\B + 5M2)\f4)\f4 + §M3)\%)\% + H.c. (222)

3. Bi- and trilinear couplings of the scalar fields corresponding to the

Yukawa terms in the superpotential

miyei HH H; + €Al H LI R’ + €;; A H} Q] D7 +
e A H?QIUY + Hec. (2.23)
Higgs sector Differently from the Standard Model, in the MSSM two dif-
ferent Higgs doublets are needed. Since the superpotential is holomor-
phic, one can’t use the doublet’s conjugate to account for the down type
(s)quarks masses, since terms like dQ H;) break holomorphy, and are there-

fore prohibited. A second doublet is then needed, and the Yukawa part of

the lagrangian has this form:
Lyukawa = —N5QLH A}, Q + NQT eHauf, (2.24)

The two MSSM Higgs doublets H; and H, can be decomposed as:

1 (40 0 +
- ( v+ ﬁ(gbl_ iX1) ) . Hy= ( 1 ¢20 y ) ‘ (2.25)
— 07 U + ﬁ(¢2+ZX2)

Electroweak symmetry breaking happens like in the SM, but now both

Higgses can acquire a v.e.v.:

15



2.3. The MSSM

<H1>:\}§(13) <H2>:12(:2) (2.26)
With
v+ V3 = Ve, (2.27)
and
e 9, 2\3
My = 5 (vf +v3) (2.28)
My = 2:W (v + vg)% (2.29)

The Higgs mass eigenstates can be obtained rotating the scalar fields ap-

pearing in equation [2.25

H° cosa  sina o
( h° - —sina cos&) (qﬁg )
G° cos 31 sinf3 XY
( A° - —sinB; cosf ) ( X5 )
( G* _ cos B sin fy ) ( o ) ‘ (2.30)
H* —sin By cos By oF

Written in terms of the mass eigenstates the linear and bilinear terms of

the Higgs potential reads:

1 M2 M? Lo
VvV = —Thoho _TH0H0+ 7< KO FO ) Ko hO FO
2 M}%OHO Mfz‘lo HO

+ 1(140 Go) Mo Moo AP
2 Miogo Mo G"

M? MZ, - H*
+ (HG ) = G . (2.31)
Mé_ H+ Méi G+
This potential depends on seven parameters. Beside the Standard model

parameters, e, My, Mz, we have four new parameters, namely:

Tho, Trgo, Mo, tanp, (2.32)

16



2.3. The MSSM

where T}0 and Tyo are the tadpole terms for hy, Hy and

tan 3 = 2 (2.33)

U1
In terms of the new parameters, the non-diagonal entries of the mass

matrices describing the mixing between Higgs bosons are given by

MPopo = —;Mg sin2(a+ ) + ;Mio sin2(a — 3)/ cos*(B — (1)
+ MEWCWTHO sin(a — B) sin®(a — 31)/ cos®(B — Bi)
~ SiEema T cosa = §) cos*(a— )/ cos?(5 ~ )

Moo = —Mjotan(B — By) — WTHO sin(a — 1)/ cos(8 — B1)
- 2]\4Z§VVCVVT}ZO cos(a — B1)/ cos(B — B1) ,

Mp-g+ = —Mjps tan(8 — B2) — 2]\42«;/CWTHO sin(a — 82)/ cos(8 — B2)
i T cos(a = B)/ cos(5 — ). (2.34)

where sy and ¢y denote the sine and cosine of the weak mixing angle,
respectively. The condition that M3o50, M7 -+ and the tadpoles vanish
(to minimize the three level potential) yields 5, = 35 = 3, while M7 0 = 0
fixes the mixing angle a. « is given by:

2 2
tan 2a = tan 23 H —g <a<0. (2.35)
From the initial two complex doublet, we obtain a total of 8 degrees of
freedom. Three of them give origin to the Goldstone bosons G°, H3 (= G*)
(like in the SM, in the Physical gauge they are “eaten” and become the
longitudinal components of the Z and W bosons) and five to the physical
Higgs bosons.
The relations between the gauge and physical Higgs states are given be-

low.

1. Charged scalars
Mys = My, +miy, +miy, + 2|uf’ (2.36)

17



2.3. The MSSM

Hl* H+
( . ) = Zy ( 1+ ) (2.37)
Hl H2
ZH:Qﬁ+@f’(? _?) (2.38)
1 2

2. Neutral scalars ”Scalar” particles (CP even Higgses) H? ,i=1,2,de-

fined as:
V2RH] = ZJH? + v; (no sum over i)

The matrix Z and the masses of H} can be obtained by diagonaliz-

ing the M3 matrix

2 v e? v1 2 62’1)11)2
7T 121)1 + 452, c2, mis — 452 c2 7 —
R 2 eg‘l/)z R =
m _ efvivg _m2 v + 2
12 43%/‘,(:%‘/ 12 4 452 C%/V
M? 0
HO
v (2.39)
0 M

“Pseudoscalar” particles (CP odd Higgses) A? , i =1, 2:
V2SH] = Z A (no sum over 1)
AY(= A°) has mass
M3 =my, +mi, +2|ul?, (2.40)

while AY(= G) is the massless Goldstone boson which disappears
in the unitary gauge. The Zy matrix is the same as in the case of the

charged Higgs bosons.

18



2.3. The MSSM

Neutralinos and Charginos The fermionic superpartners of the Higgses
and gauge bosons are not mass eigenstates. They undergo a mixing pro-
cedure to obtain the physical particles, called Neutralinos and Charginos.
The Neutralinos originate from the neutral higgsinos and gauginos. The
mixing of the four spinors is governed by the Z matrices:

Ml 0 —evy evo

2w 2ew M, 0
X1

0 ]\42 evy —evy
2s 2s _
w w Z]V

—evy evy 0 —p

Zy

2CW 28W
€2 —evy _ 0 0 ng
2cw 2sw H

(2.41)

where \?, X9, X%, and x{ are the four Neutralinos.

The Charginos are originated instead from the charged component of
the Higgsinos and the charged gauge bosons (called Winos). Their mixing
generates two mass eigenstates, the Charginos x1, x2. This mixing is gov-

erned by two unitary matrices called Z, and Z_

M eva M 0
(Z_)" 2o VEw | g = | T (2.42)
Voo M 0 My,

Gluinos The superpartners of the gluons are called Gluinos. They com-
pose an octet, like their counterparts, and are only subjected to strong in-

teractions. Therefore, there is no mixing in this sector.

Squarks and Sleptons The SUSY particles corresponding to quarks and
leptons are the scalar sfermions, Squarks and Sleptons.

The superpartners of the left-handed and right-handed components of the
standard model fermions mix to give rise to the physical eigenstates. In

the most general situation of full mixing, one should diagonalize a single

19



2.3. The MSSM

3 x 3 matrix for the sneutrinos, and three 6 x 6 mass matrices for charged

leptons, up and down squarks instead.

Fields L] and R’ mix to give six charged sleptons L;, i = 1...6:

Lh =zl - R' = Z™9ipy (2.43)
(M), (M) Wi o0
7z} e (2.44)
M% LR (M%)RR
0 M3,
2(,,2 2 2 2V/2
2 ¢ (v — ) (1 —2¢) » | V7Y 2N\T
(ML)LL - 852,¢2, L+ 9 + (m7) (2.45)
2(,,2 2 2V/2
2 _ e’(vi —v3): V1Y) 2
(M2),. = - i L+ =00+ mpy (2.46)
2 1 * ’
(Mi),, = NG (va(Yipr — A)) + 11 4)) (2.47)
Fields Q! and U’ turn into six up squarks U;.
Q! = zZhiu} Ul = z{ U (2.48)
(M3),, (M3) W
z; ( M) M ) Zj = (249)
UJLR UJRR 0 M2
2,2 _ 2 2 2172
2 _ ¢ (vi —v3)(1 —dcjy) - | v3Y5 2 1 ANT
(M), = 2452,C%, L+ =57+ (KmgKT)
(2.50)
2(,,2 2 212
2 v —vy)s | vy 2
(M), = Gz 1+ =gt m (2.51)
2 1 ! *
(ME),, = =5 (s + Vo) +024,) (2.52)
Six down-squarks D; composed from fields Q) and D’:
q p 2
Qb= ZH* Dy D! =zt pi (2.53)

20



2.3. The MSSM

M2 0
(M), (Mb),p .
Zh : Zp = (2.54)
(MD)rr (Mb)gg
0 M3,
2(,,2 2 2 22
2 _ _¢ (v — ) (1 + 2¢) » V7Y 2N\T
(M3),, = S )T (25)
e2(v? —v2),  v¥Y?
. A 236)
1 :
(MB),, = E(vg(ydu*—,ag,)+le€,) (2.57)

Three complex scalar fields L! form three sneutrino mass eigenstates

! with masses given by diagonalization of a matrix M? :

Lt =z’ (2.58)
M2 0
ZIM2Z, = (2.59)
0 M2,
2(,,2 2
2 e’(vi —v3) 2 2
— 1L 2] 2.60
Mu 85124/0%4/ + my, ( )

21



2.3. The MSSM

Photon F,
Gauge bosons Z0, W
Charginos Xirt=1,2
Neutralinos Xi=1,...,4
Gluons gpoa=1,...,8
Gluinos “,a=1,...,8
Neutrinos vi,i=1,...,3
Electrons e,i=1,...,3
Charged Sleptons | L, i=1,...,6
Sneutrinos v,i=1,...,3
Up Quarks u,i=1,...,3
Down Quarks d,i=1,...,3
Squarks Ut Dfi=1,...,6
Higgs particles HO h° A%, H*

22

Table 2.1: The particle spectrum of the MSSM



Chapter 3

Analytical and Numerical
Methods

This brief section will be dedicated to illustrating some of the tools used

in the computation, to introduce some notation and discuss some choices.

3.1 Analytical Methods for One Loop Calcula-

tions

To compute the different one loop integrals appearing in a next to leading
order calculation, it is convenient to decompose the results of the different
Feynman diagrams in terms of the so called Passarino-Veltmann functions.
This will allow us to use some standard precomputed libraries when we
proceed to the numerical evaluation of the result. The general form of the

1,2,3,4 point function in D dimension can be written:

Aofa) — /de: 1

in2 N,
APk (1, Ky, Fouki)
T oY% _ y Ry Koy
[Bo, B, B (ab)] / in? NN,
APk (1, k. ki)
m 7% — y vy vp vy
[Co, €, €™} (abe) / 2 NN, N,

23



3.1. Analytical Methods for One Loop Calculations

By 3
Figure 3.1: Convention for the masses and momenta in the PV functions

APk [1, kyy, ey, k)

[Dy, D", D D) (abed) = / o 3.1)
Where the denominators N, are of the form:
Ny = k> —mi+ic
Ny = (k+p1)?—m3+ie
Ny = (k+pi+p2)”—mj+ie
Ny = (k+pi+p2+ps) —mj +ie, (3.2)

the p; indicate the external momenta (all incoming in this convention),
the m, are the masses of the particle running in the loop ( see figure 3.1| for
the labeling convention), and k is the free loop momentum.

The tensorial integrals can be re-expressed as a linear combination of
tensorial objects built with the momenta k%', the metric g, , and the scalar
Passarino-Veltman functions [3]. Following the standard decomposition

we obtain

B(12) = pl B1(12)
B(12) = gt Bn(12) + g B (12)

24



3.1. Analytical Methods for One Loop Calculations

Bj(12) = Bj(p%; my, m2) = Bj(Pg; m1>m2) (3.3)

C*(123) = pi C11(123) + ph C12(123)
CH"(123) = pipyCs1(123) + phpy Cao(123)
+(pipy + phpY)Ca3(123) + g Cay(123)

CP(123) = 3 Cooi(123)(g"p? + g"7p! + g""p}) +
1=1,2

> Con(123)pplpy,
i,5,k=1,2

C;(123) = C;(p3, p3, p3; M1, ma, m3) (3.4)

D*(1234) = p4D11(1234) 4 phD12(1234) + p5D13(1234

D" (1234) = pl'p! Dy (1234) + phph Das(1234) + phpt Dy3(1234)
+(Pips + phpy) Daa(1234) + (php5 + phpy) Das(1234)
+(phps + psph) Dos(1234) + g Do7(1234)

DHr(1234) = Z DOOi(1234)(9Wpf + gyppf + guppiy) +
i=1,2,3
> Diy(1234)p)pipy
i,5.k=1,2,3
Dj(1234> = Dj(pf,pg,pﬁ,pi, (pl +p2)2, (pz —i—p3)2; my, Mg, ms, m4)

(3.5)

Many of this functions have divergent parts, one should be very care-
ful in the calculation to cancel them in the end.
The analytical calculation of the PV decomposition of the various dia-
grams has been performed by hand first, and then cross-checked with
a Mathematica notebook written for this purpose. The same has been

done to check the analytical cancelation of the divergences.

3.1.1 Numerical methods

For the numerical evaluation of the cross sections of the process, a C++

code called lepre has been written. The results from the code have been
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3.1. Analytical Methods for One Loop Calculations

cross-checked at the parton level with the output of the Mathematica
notebook. The code calculates the results for the one-loop cross sections in
the MSSM, with some simplifying assumptions for the MSSM parameters.
First of all, a minimal flavour violation scenario is chosen for the sfermion
sector. This means that the mixing between squarks and sfermions is only
possible between members of the third generation, first and second gener-
ation members are not allowed to mix. The physical sfermion states come

from a mixing of ¢, and Gp:

AP (G,) = RanAFR(G,) (3.6)

with
RlL = RQR = COS Hq RlR = —RQL = gin 0(1 (37)

where ¢ are the third family squark 7, b. An analogous equation holds for

the stau sleptons, while for the first two generations we assume:
0F =0, (3.8)

which means
fi2 = fur (3.9)

with f is a squark or a slepton of the first two families. This choice is mo-
tivated by the expectation of a very small mixing in the sfermion sector
correspoding to the light fermions, due to the small Yukawa couplings.

In addition, the mixing matrices for the charginos and the neutralinos are
taken to have real elements, and we don’t allow mixing between CP even
and CP odd Higgses (i.e. our calculation is performed in the so-called
rMSSM).

For the evaluation of the one-loop integrals (both in the code and in the
Mathematica notebook), the LoopTools [4] package has been emplyed. This
package can be used to evaluate the tensorial and 1-, 2-, 3- and 4-point

scalar integrals once they have been decomposed to scalar PV functions.
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3.1. Analytical Methods for One Loop Calculations

In LoopTools the ultraviolet divergences are treated with dimensional regu-
larizations, using two parameters A and p.. A is the proper divergent part,
A =2/(4 —n)+ g + log4n, while i is a dimensionful parameter used to
keep the integral mass dimension identical for all values of the dimension
n. In the full calculation, the Dimensional Reduction (DRED) scheme has
been employed. In this scheme, only the g*” coming from the PV decom-
position have dimension n = 4 — 2¢; vector propagators and Dirac matrices
have dimension n = 4[1

It is then straightforward to check the presence of Ultra Violet (UV) diver-
gences in the code, in any expression. Since UV-finite expressions should
be independent of A and p, comparing two numerical values where the
parameters have been changed, one can see the presence of UV diver-
gences if those values are different.

There is another source of possible divergences, that can arise in diagrams
involving a virtual photon running in the loop. These divergences are reg-
ularized by the package assigning an infinitesimal A\ mass to the photon,
and then keeping the only relevant terms, which are the ones proportional
to the logarithm of the parameter.

This divergences should be canceled with the ones arising from the soft
photon emission, and the final result should not depend on the fictitious
photon mass. The full details of this procedure are given in the following

chapter.

! As opposed to Dimensional Regularization (DREG), where all g* and Dirac matrices
have dimension n = 4 — 2¢. This scheme, however, doesn’t preserve Supersymmetry, as

the bosonic and fermionic degrees of freedom don’t match anymore
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Chapter 4

bH" production at the LHC

In this chapter we will focus on the description of the associated vH° pro-
duction at the LHC, where a neutral Higgs is produced through Yukawa
interaction with a bottom quark in the final state.

We will provide a full description of the electroweak corrections at the
one loop level in the MSSM, discuss the behaviour of the cross section in
the two different renormalization schemes DR and DCPR, provide two
possible approximations to the full calculation, and compare the results
obtained in the MSSM with the ones for a Two Higgs Doublet Standard
Model. Finally, we will have a brief look at the Standard Model case.

4.1 Introduction and Previous Literature on the

Process

In the last few years the associated bottom-Higgs production has been ex-
tensively studied in the literature. Depending on the choice of the flavour-
scheme in the partonic description of the initial state and on the identified
final state, one can consider a number of different partonic sub-processes
for H° + b;e1s production: while the choice of the 4 versus 5 flavour scheme

is mainly theoretically motivated, resulting in a reordering of the pertur-
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4.1. Introduction and Previous Literature on the Process

bative expansion [5], the requirement of a minimum number of tagged b
in the final state is physically relevant in the signal extraction. In a four-
flavor-number scheme, there are no no b quarks in the initial state, and
they're originated from a gluon splitting into bb pairs. Thus, the lowest or-
der process in the scheme is gg — bbH°. In the five-flavor scheme, instead,
one resumms the collinear logarithms through the use of a b quark parton
distribution. The two schemes are equivalent to all orders in perturbation
theory, but the results do not match exactly at finite order. It has however
been shown in [6] that the two schemes should producle compatible re-
sults at NLO for bbH production at the LHC. A detailed description and
comparison of the two schemes can also be found in [7], [8], and [9]. Five-
flavor scheme has also been employed in [10].

Assuming the 5-flavour scheme (which ensures a better convergence of
the perturbative series resumming large logarithms in the bottom PDF),
one can consider three different types of production processes, depending
on the required final states: the exclusive one where both bottom jets are
tagged (bbHO final state), the semi-inclusive one where only one bottom
quark is tagged (bH"), and the inclusive one where no bottom quark jets
are tagged. While the inclusive process has a larger cross section [8]], [10],
the semi-inclusive with a high p;, r bottom in the final state is experimen-

tally more appealing [11].

The relative weights of the partonic processes (bb — H°, bg — bHC,
gg — bbH) are analyzed in [8], where also the a, corrections (NLO) to
the leading sub-process bb — H’ are computed. The NNLO order in QCD
(a?) for the same sub-process is calculated in [8], while the electroweak
(SM and MSSM) and SUSY-QCD NLO corrections have been computed
in [12], showing that the size of electroweak corrections can be compara-

ble, for large tan 3, with that of the strong ones.

The associated semi-inclusive production process (VH" final state) is
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4.2. Kinematics

analyzed at the NLO in QCD in [11] and [9], while the effect of the SUSY
QCD is given in [13]. Very recently, Dawson and Jaiswal have also com-
puted, for the Standard Model process bg — bhgy, the one-loop weak

corrections [14].

Finally, the exclusive process, where two bottom jets are tagged in the
final state, is considered at the NLO in QCD in [5], [7], [15] and [6]. The
leading Yukawa corrections for this partonic process are considered in [16]
and SUSY QCD effects have also been computed in [17].

A more detailed summary of the results of the previously cited calcula-

tions can be found in [18].

4,2 Kinematics

Focusing then on the semi-inclusive process, and having chosen the five-
flavour-number scheme, at lowest order there is only one partonic® chan-

nel to be considered for bottom-Higgs production:

b(pe) 9(pg) — b(py) H' (pro) (4.1)

where H" is one of the three MSSM neutral Higgs bosons (h°, H°, A%). One
could furthermore distinguish two subprocesses, depending if the virtual

bottom quark is exchancged in the u-channel or in the s-channel (see figure

4.1).

Choosing the partonic center of mass frame, the momenta of the particles

!One should in principle also consider the photon induced process by — bH°. The
photon-induced process needed to subtract the collinear photon emission and absorb
the divergence into the pdf. For this reason, the size of these processes depends on the
factorization scheme, and it is in general small for MS or DIS schemes. Further discussion
on the QED contributions can be found in sections 4.6 and 4.8; for the moment it is only
important to aknowledge that, since the main goal of this work is the calculation of the
NLO electroweak effects for bH production, and the by — bH° can be safetly computed
at the LO, we do not take into account the photon induced production in the following.
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4.2. Kinematics

Figure 4.1: Tree level processes for semi-inclusive bottom-Higgs associ-
ated production at the LHC: on the left the s-channel subprocess, on the

right the u-channel subprocess.

can be written as:

mw = (Ep;0,0,p),
pg = (»;0,0,-p),
p, = (Ep;p'sinf,0,p cosh)
pro = (Exo;—p'sinf,0,—p' cosb). 4.2)

In the following, it will be often useful to employ the Mandelstam vari-

ables, that are as usual defined as:

s = (pg + pb)2
t = (pb - Pé)z
u = (pg—pp)° (4.3)

In addition, it will also be convenient to define two auxiliary momenta

g and ¢ as follows

q=py+Dg ¢ =D, — Dy

31



4.3. The Amplitude

4.3 The Amplitude

4.3.1 Born and one-loop amplitudes

We denote the O(a%a’) contribution to the amplitude (differential cross
section) of the process X as M%P (o). The Born terms result from the s-
and u-channel b quark exchange of Figure[4.1} The color stripped tree-level
amplitude reads as follows
Mot = == (0 [ (BbH") Py (BHO) P (g-+ms)g ) us (o)
—my
— TR () e (GO P+ (O6HO) Prfus ()
(4.4)

where )\, ()\}) is the helicity of the initial (final) bottom quark while y is
the polarization of the gluon. wu(\y) [w,(A;)] is the spinor of the initial
[final] bottom quark, €,(x) = (0; 1/v/2, — i/+/2,0) is the gluon polarization
vector and Pr; = (1 & +°)/2 are the chirality projectors. The first piece
comes from the s-channel subprocess, while the second piece is due to the
u-channel subprocess.

The relevant couplings ¢ (bbH®) (n = L, R) are defined as

c"(beO) _ ( emy, > Cos «v c”(bbho) _ ( emy, ) sin «

2sw My /) cos 3’ 2syw My, /) cos 3
F(BHAY) = —i ( e ) tanf,  P(BAY) = F(BAY) .  (45)
QSwMW

We factorize out of the gluon couplings the colour matrix element \*/2.

The sum over colors leads to a factor
8 )\a )\a
M G 4.
> otr { 5 3 } (4.6)
that multiplies the squared amplitude.

The generic helicity amplitude can be decomposed on a set of eight forms
factors J* (n = L, R) as follows

4
M2V = (N (Z JEN bgabw) ws (M), (4.7)
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4.3. The Amplitude

where

compositions of invariants.

e From Jy,;:

e From Jy,:

Jig = Pdr) By,
Jon = (eg(p)-ph) P,
Jag = d4pn) by,
Ji = (eg()-Ph)Pely-

The Helicity amplitudes are F) , », and one obtains them from Dirac de-

(
(

(

(

(RN 1+ =+ ) cos
B L+ = -+ ) cos
plfji;e)(l 1y + 740 + 1) sm§
_(p,];ji;e)(l +nry +ry(n+ 1)) sing
(IR0 0 ity s
B = = rn = ) sin
_(p,];\s/i;e)(l —nry +1,(n —1p)) cos Z
pl];j;le)(l —nry +ry(n —1p)) cosg

pR

P )+ - ) sin

V2

pR

)W+ n) (1 )1+ ) cos s

V2

pR

PR+ (1= m)(1 4+ cos

V2
pR

33

BN+ )L = )1 = r})sin

(4.8)

(4.9)
(4.10)
(4.11)

(4.12)

(4.13)
(4.14)
(4.15)
(4.16)
(4.17)
(4.18)
(4.19)

(4.20)



4.3. The Amplitude

o From Jy:
Fevo = ~(ptni(sm)sing @2
Froo = ~(ptn—n(+m)ess  422)
P = ()=t rj(1 = ) cos (423)
oo = ~(p—rn—n(l—m)sing 424
o From Jy,:
Fo,, = —(p/pQR\/S;Q)(l+rb)(1+n)(1+r,’,)cosz (4.25)
Frow = PR n e os] @26
F, :-4“f§?%u+nx1+mu—¢ﬁmg 427)
Fro = CEEED0m@ep- g @29
P = (B0 m) 0= - sy @29)
P = PRS- p - sl @30
Fl. :-%Mfy?%ﬂ+mM1—MG+%ﬁmg 431)
P = @%igwx1+mmpwm1+%n%§ 432)

In the previous formulae R, r, and 7}, stand for:

R = \/(By +my) (B}, — my)

P 2

= = 4.33
"o Eb =+ my Tb El/y + my ( )
The only non-zero scalar functions at the tree level are N;g"_}bHo and
N, bz g’LbHo. They read as follows
1 c"(bbHO) c(bbHO) 2 ¢ (bbHO)
Nb;7—>bH0 = —9s s _ m% — Us w— m% ) Nb;—»bHO = _QQSW (4.34)
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4.3. The Amplitude

The one-loop electroweak virtual contributions arise from many different
type of diagrams. We divide the large number of diagrams appearing in

the following classes:

e Vertex corrections or “Triangular” diagrams

Four legs one-particle irreducible diagrams, or”“Boxes”

Self energies

Counterterms (for the various bottom quarks lines, for the HY line,

and for the bbH" coupling constants)

Real photon radiation

The corresponding generic diagrams, where virtual particles running in
the loops are left unspecified except for their spin, have been produced
with FeynArts[19], and can be read off from Fig

All these contributions have been computed using the usual decomposi-
tion in terms of Passarino-Veltman functions and the complete amplitude

has been implemented in a C++ numerical code called Lepre.
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4.3. The Amplitude

Triangle diagrams (part )

Figure 4.2: Diagrams for the vertex corrections, of triangular shape.
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Box diagrams

Figure 4.3: Four legs one-particle irreducible diagrams, or “Boxes”
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4.3. The Amplitude

b quark self energy

S \%
///—\\\ b b
b N__“ b i ;
F F

h0 self energy
S %
PEN F S
& & N
DD SO AN VS S S S -
ho v ho ho ho th ho .\\
E
U v v
h° h° he
B G- {:} ,,,,,,,, T
hO hO hO N Pid
U v S

internal self—energy diagrams

Figure 4.4: Bottom quark self energies, higgs self energies (only the diago-

nal case) and internal self energies.
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4.4 Self Energies and Counterterms

To obtain the full one loop electroweak corrections, as well as for canceling
the divergences arising from some triangular diagrams, the counterterms
for the various bottom quarks lines, for the H° line, and for the bbH" cou-
pling constants should be computed. To obtain them, one should calculate
the self energy function for the various particles appearing, taking all the
contributions in the loops.

With reference to the amplitude decompositions into different form fac-
tors detailed in the previous section (4.7), one has that the counterterms
contributes to the different scalar functions can be written in the following

way:

(Z > JMN, bg%o) up(Ab), (4.35)

k=1n=L,R
The various N*" functions are explicitely written below. More details

on the origin of the counterterms will be given in Appendix B.

Total s-channel c.t. terms

. 3
Nif = = o {S6Zpch (bbHY)

s —mj
1
+§(5Zg)cL(be0)

+6ck(bbHY) + Zaz* L (4.36)

ﬂ]

Ngpe= -2 {“;’MgcR(be?)

2
S_mb

+;(5Z§)cR(beE)

]13

1
+6cR(bbH?) + 3 > 6725l (4.37)
J

1 1
Ngb o= = rszh §5Z§’%)CR(be?) + 5(523)03(1)19119)

S_mb
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4.4. Self Energies and Counterterms

1
+0c (b H}) + 5 Z 8Z5elt } — my Ny

Jv J
_ mpgs (5ZR . 6ZL) (438)
s —m}
(& S m gs 1 1
Nt == e ((02h + 02 OOHY) + (62t ()
1
+ock (BHY) + 5 D2 0Z5ck } — myNif?
J
mpgs

From the b self energies one gets (7 = +1, —1 means R, L):

se c1(bbH?
Mt = g L0 4 02+ (2 )+ 02,
1 )
+2mi (S4(s) = 5 (6Zy +062°,) — o) (4.40)
mp
b s.e (beO) b b b b b 5mb
= 0z’ + X — (02 +027 ) — —
Ng, 98 (s —m2) [E()"‘ + 3g(s) ( + ) mb]
(4.41)
Total u-channel c.t. terms
ct u ]- 3 ]_
le = —gsm{(iéﬁ’% + 5622)CL
1
+ock 453 0755 (4.42)
J
ct u 1 3 ].
lez = —gsm{(§622+§6zg)cR
1
+0c + 53 0Z5cf (4.43)
J
1 3 1
NQCEU = —QQsm{(iéz%WLﬁéZg)cL
b
1
+oct + 53025 (4.44)
J
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1 3 1
thu - 92— 75217 7521) R
2R gs(u—m%){(2 Lty R)C
1 *
J
ct u mbcL b b
Ngp* = gsm{523 — 071} (4.46)
ct u mbcR b b

From the b self energies one gets (n = +1, —1 means R, L):

C
NE o gsm[u(zb_ o) + 628 )+ mp (S0 (u) + 620)
1 om
+2mi (S (u) — 562y +62°,) ~ W:)] (4.48)
Nj =& = 2Nj > (4.49)
1 om

Nb se. CnMp Eb Zb Eb _ = Zb Zb _ 2%

3n gS<u_mz)[ n(u)+5 77+ S’(u) 2<5 n+5 *77) mb]
(4.50)

The explicit expressions for the various counterterms in term of the self

energies are, for the gauge boson part:

217(0)
w_ w_ _—Z ‘7 4.51
62\ — 67, -y (4.51)
, 2. oM SM?
W_ v 2 ‘w Yz ‘w Z _ W 4.52
SMZ, = ReXVW (M3, 0M3E = ReX?4(M3) (4.53)
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4.4. Self Energies and Counterterms

We will use

5
29— 5z - ;’522W (4.54)
g

The counterterms for the bottom quark will be detailed and discussed

in a following section.

4.4.1 Higgs sector

As anticipated we performed the calculation using two different renor-
malization schemes: the DR scheme [20] is defined by the following renor-

malization conditions

(52}271‘1 = —lRe%\w:M@W:aL
52y = —[Reazg)l{@|ktho,a0]
5Ty = —Tho "
§Tyo = —Tyo
M3 = ReXo(M3o) — MY 0 (M3o)
§tan B% = ;(5zg—5zg)tanﬁ. (4.55)

077 define the wave function renormalization costant of the Higgs field
H;, the third and fourth line fix the tadpole renormalization and the last
one the tan 3 renormalization constant. [A],, means keeping the UV di-
vergent part of A, discarding the finite contribution. In this scheme, as
one can see from the previous formulae, there is no finite contribution to

d tan 8°%: only divergent part are kept, and one has explicitely:

dtanf,  « A m? m3
( tanﬁ ) = _(E)(M) faw%ies NCOI(SiHQﬁ - C0826) (456)
with )
A= i_p F + logdrm (4.57)
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4.4. Self Energies and Counterterms

In the DCPR scheme [21, 22] the independent parameters are the same,

and the renormalization conditions of the Higgs wavefunctions change as

follows

aon(/{?2> 1 2

02" = “Re—pa—le-n, = oogar, RePaz (M)
aon(l{}2> tanﬁ

(522{(;1’1{ — _ReW’kQZMiO—i_ My, ReEAOZ(Mio)

8T = —Tho

5TH0 = —Tyo

5Mio = RGEAO(Mio>—Miozf,40(Mio)

1
5 tan B> = 5(52%2”‘—5213?’1*) tan 3 (4.58)

Differently from DR, in this scheme § tan 5°® receives also finite correc-
tions. It is important to notice that because of this, one should then expect
to have scheme independence violated at born level, and then restored
at Next to Leading Order. The convertion procedure for translating tan 3
from one scheme to another is [12]:

1 in
{tan B}pz = {tan B} pcrr + QMZC%EQOZ(mi) (4.59)

We choose to impose on-shell (OS) condition for the mass of CP-odd

A® Higgs in both schemes. This means imposing the following conditions:

Sao(M2) = 0 (4.60)
(M) = 0 (4.61)
SM3o = X p0(M30) — M30Y 40(M30) (4.62)

The renormalization constants of the Higgs bosons wavefunctions and
of the ¢"(bbH") couplings can be written in terms of the of the renormal-

ization constants defined above. Their explicit expression is given in Ap-

pendix
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4.4.2 Bottom sector

The mass of the bottom and its wavefunction renormalization function is

fixed in the on-shell scheme:

omy® = ;mb [Rey, (m7) + ReSy, (m7) + 2ReX, (m3)] | (4.63)
SZE = —ReSy, (m3) — miUoRe [Dy, (K) + 5y () + 255, ()] o
SZE = RSy, (m) — mi oRe [Dy, () + Tay () + 253, ()] e
where the bottom self energies are defined according to following Lorentz
decomposition:
So(p) = P P13, (P°) + PPrS0, (P%) + M X (p7) - (4.64)

Resummation of large logarithms from the running of the bottom mass
suggests to trade the on-shell bottom mass appearing the couplings with
the DR bottom mass, m* [23]. The resummation of the («a,tan 5)" con-
tributions can be achieved modifying the tree level relation between the
bottom Yukawa coupling and the bottom mass. This kind of approach
should be accurate to the few percent level in taking into account SQCD
corrections [13]. The (DR) bottom mass of the couplings - which is related

to the bottom Yukawa coupling - is replaced by an effective mass

BR
my,

miR — N = 1A, (4.65)
where A, is given by
2(13
Ay, = 3 Mg i tan 3 (Mgl,M52,Mg) (4.66)
—1 227 @ 1o g0 U ¢’
I(a,b,c) = =)0 — )& — ) ablnb +b*c’In — —i—caln? :

Moreover, the bbH,; coupling is dynamically generated at O(a;) and can
be enhanced if tan 3 is large. This effect can be included modifying the
c(bbH®) couplings. The actual effect of this modification and of the bottom
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mass resummation, Eq: (4.65), is to substitute the ¢7(bbH°) couplings in
Eq. (4.5) as follows

Ul 0 o
ont) — O (1_Ab>

my tan (3 tan a

Ul 0 o
opHY) — AT (1 . Abtana>

L tan 3

nBhAY) A
(b A° MBAY) o (D) rer
A’ — I ( o wen

4.5 Vertex and Box Corrections

This class of diagrams involves the triangle-like vertex corrections and the
four leg box-like loops. Schematically we can further subdivide them as
follows (¢ stands for quarks, f for a generic fermion particle V for v, Z, W,

S for any scalar particle, x for chargino or neutralino):

e S-channel “Left” Triangles: (V qq), (Sqq), (x4q)

e S-channel “Right” Triangles: (¢SV), (Vd'q), (¢V'S), (Sf'f), (fSS"),
(VVq)

e U-channel “Up” Triangles: (ffV), (ffS), (SSf)

e U-channel “Down” Triangles: (V.Sq), (¢'q¢V), (SVq), (f'fS), (S'Sf),
(VVq)

e “Direct” Boxes: (gq9V), (qq9S5), (43q'x)

e "Crossed” Boxes (qqV'5), (qaSV), (4qxix;), (qaSS"), (qgV'V)

e “Twisted” Boxes: (qqqV), (qqqS), (Giq'x)

The notation corresponds to the clockwise ordering of the internal par-
ticles inside the diagrams, and each of the subclasses contains many dif-

ferent diagrams depending on the exact particles running in the loops.
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All the one-loop corrections have been computed using the Passarino-
Veltman functions formalism: the obtained analytical results have been
tested checking analytically and numerically the cancellation of the UV di-
vergent terms. Divergent terms appear in the self energy functions $(k?),
(and so in the various counterterms) and in the various triangles. Box cor-
rections are convergent (as one can simply see by power counting). We
checked the cancellation when summing all of these terms, both analyti-
cally and numerically in the program. This cancellation occurs in several
independent sectors (gauge, Higgs, SM, SUSY), and further details about
it can be found in Appendix

4.6 QED Radiation

As previously anticipated, diagrams involving an internal photon in the
loops can give rise to divergences.
The infrared (IR) singularities affecting the virtual contributions are can-

celled by those arising in the bremsstrahlung of real photons at O(asa?),

b(ps) 9(pg) — blpy) H(preo) ¥(p4) (4.68)

arising from the diagrams in Figure This contribution has been com-
puted using FeynArts [19] and FormCalc [24]. The integral over the
photon pase space is IR divergent in the soft-photon region, i.e. for p — 0.
The IR divergences are regularized within mass regularization, giving a
small mass m,, to the photon. The phase space integration has been per-
formed using the phase space slicing method. This method introduces a
fictitious separator AE and restricts the numerical phase space integra-
tion in the region characterized by p, > AFE. The integral over the region

py < AE is performed analytically in the eikonal approximation [25]].

Large collinear logarithms containing the bottom mass can be re-absorbed

into the redefinition of the parton distribution function (PDF) of the bot-
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Yy emission

Figure 4.5: Bremsstrahlung of a real photon .

tom fy(z, ). In the MS (DIS) factorization scheme this is achieved per-
forming the substitution [26]
2

folz, ) — folz,p) {1 —%ez ll —Ind, —In (53 + (ln ds + i) In (,u2) - 1/\«:“1]}

my 4

B a2/1—5sclz C)1+z21 w1 1422 \
21 ), sz L m3 (1 — z)? 1= T

(4.69)

and setting A\ic = 0 (\ic = 1). p is the factorization scale, §s = 2AE/ /s,

while ¢, is the bottom charge. x; and x; are defined as follows,

2
Ky = 9+§7T2+31n55 —21n?4,,

14+22 /1- 1
gy = 7 m( Z) S Y (4.70)
1—2 z 21—z

The cancellation of IR divergences, the independence of our results on m,

(in the sum of the soft and virtual part) and on the fictitious separator AE

have been numerically tested. The results of those checks are illustrated in

the following Figures
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Figure 4.6: h” production: dependence of the O(«) soft+virtual, hard, and

total sum corrections on the separator AF (s'/2)
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total sum corrections on the separator AF (s'/2)
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Figure 4.8: A° production: dependence of the O(«) soft+virtual, hard, and

total sum corrections on the separator AE (s'/2)
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4.7. Total cross sections

4.7 Total cross sections

Including the finite wave function renormalization for the Higgs field we
obtain the following expressions for the tree-level differential partonic cross

section of the processes we are considering,

2

N B dcost 1/2,1/2

6y 0 = = 768750 Z ‘Mbgﬁmo
where § = 2p/ /s, ' = 2p'/+/s, and s is the Mandelstam variable defined
in Eq. (4.3); the NLO-EW contribution to the differential cross section reads

as follows

(4.71)

ﬂ’dcos@ { ‘1 o cosa‘2 ‘MI/Q’I/Q 2

do,” bg—b® T 7687 5 3 sin « bg—bh°
1/2,1/2 1/2,3/2\* ~11
+ 2 ReMbgthO (Mbg—»bh0> } do bg%bho’

~1,2 ﬁldCOSQ Sané 2 1/2,1/2 2
Wrg—site = 7637553 {‘1_21{%0 a‘ My

1/2,1/2 1/2,3/2 \* A
—+ 2 ReM g—>bH0 (Mbg%bHo) } d g—)bHO’

B dcost

1/2,1/2 1/2,3/2 \*
6y a0 = WZAo{z Re M2 /8 (M) } (4.72)

where the Z factors Z0, Zyo, Z g0, Zyopo, and Zgoyo in the two renormal-

ization schemes we are considering read as follows [20], 1

1
Zho = N 7 ’k2=M207
L Red 50(k2) — ( oppieel) '
h0 k2—M2 0+ o (k)
1
e = - o Y M
/ 2\ _ 040
e {00 ()
1
ZAO = AiykzzMio,

14 X0 (k?)

ZNote that this formulae hold for the case of the rMSSM where no mixing is allowed
between A° and h°,HO.
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4.8. Results

S pono (M)
Zomo =~ 2 : 2\’
Mho - MHO + 2Ho(jwho)
S propo (M
Zpow = —— HOZO( i) . (4.73)
MHO - Mho + EhO(MH())

4.8 Results

There are only two independent input parameters in the MSSM Higgs sec-
tor: the A” mass and tan 3. Regarding the behaviour of these parameters
in the two renormalization schemes, M 40 remains the same, since A° is
taken to be on shell in both cases, while this is not true for tan 3. At the
one loop level, the following relation should be used to relate the values

of tan 3 in the two schemes:

tan B°™® = tan S + ¢ tan B> — § tan F°F, (4.74)

The bottom masses m$® and m®(u) are calculated starting from the value

of my®(my,) = 4.2 GeV, and can be expressed following the procedure fully
detailed in from Section 3.2.2 of [23]. One has:

my® = my®(my o™, (4.75)
where ( 7)2
shift % % . mll\;/[s
phift = 14 . (3 In = B (4.76)
and, for mi*:

_ — |
() = o my )b~y (S8 ) + S mg?)) oy S22 . (477)

For the numerical evaluations we used the supersymmetric scenario
SPP; and a class of points of the parameter space SPP,, with variable
tan 3 = 10,20,30,40. The input parameters characterizing these scenar-
ios are summarized in Table The sparticle masses and mixing angles

have been obtained with the code FeynHiggs [28]. The one-loop Higgs
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4.8. Results

Scenario tan ﬂ MAO M('I' 1 Mq 2 ng’g M1 M2 Mg
SPP, 15 350 350 350 250 90 150 | 800
SPP, variable | 250 500 500 400 90 200 | 800

Table 4.1: Inputs parameters for the SUSY scenarios considered in our nu-

merical discussion. Mj ; is the common value of the breaking parameters

in the sector of the squarks belonging to the ;" generation. The dimen-

sionful parameters are given in GeV.

tan ﬁ O.ﬁ ,NLO Oﬁ LO PCPRNLO o PCPRLO DR JDCPR NLO ratio
10 1.367 1.281 1.371 1.253 1.067 | 1.093 0.997
20 5.040 4.784 5.060 4.278 1.053 | 1.182 0.995
30 10.601 10.295 10.785 8.505 1.029 | 1.268 0.98
40 17.118 17.125 17.615 13.038 | 0.999 | 1.350 0.97

Table 4.2: A° production, SPP, spectra: total cross sections [pb], K-factors

and NLO DR /DCPR ratio
tan B O.ﬁ JNLO Uﬁ LO o PCPRNLO o PCPRLO DR JDCPR NLO ratio
10 1.338 1.260 1.340 1.234 1.061 1.086 0.998
20 5.133 4.857 5.099 4.334 1.056 | 1.176 1.006
30 10.975 10.461 10.715 8.488 1.049 | 1.262 1.024
40 18.613 17.918 17.811 13.248 1.038 | 1.344 1.045

Table 4.3: H° production SPP, spectra: total cross sections [pb], K-factors

and NLO DR /DCPR ratio
tan 6 O.ﬁ ,NLO Uﬁ LO PCPRNLO g PCPRLO DR JDCPR NLO ratio
10 0.282 0.248 0.282 0.243 1.135 | 1.156 1.002
20 0.255 0.254 0.254 0.230 1.005 | 1.107 1.003
30 0.228 0.258 0.230 0.217 0.882 | 1.059 0.988
40 0.204 0.267 0.213 0.211 0.764 | 1.012 0.955

Table 4.4: h° production SPP, spectra: total cross sections [pb], K-factors
and NLO DR /DCPR ratio
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4.8. Results

masses are numerically computed by finding the zero of inverse one-loop

propagator matrix determinant
(k2 — MZo + S0 (B [K? — M2 4 S0 (k)] — $20,0(k2) = 0. (4.78)

Since we require semi-inclusive production (i.e. the bottom quark must
be tagged) we impose the following kinematical cuts on the bottom in the
final state, limiting the transferred momentum p, » > 20 GeV (due to reso-
lution limitations of the hadronic calorimeter) and the rapidity |y;,| < 2 (in
order to be able to perform inner tracking). The process we are consider-
ing is leading order in QCD. Therefore, analogously to [29]30,31], we use
a LO QCD PDF set, namely the LO CTEQ6L [32]. Our choice is justified
since the QED effects in the DGLAP evolution equations are known to be
small [33]. The factorization of the bottom PDF has been performed in the
DIS scheme, with factorization scale ;1 = Mo + my®. Finally, the center of

mass energy for the proton-proton collision, has been set to 14 Tev

In Figures(4.10| 4.11} 4.12| we show the total cross section for h°, H° and
A° production in the class of supersymmetric scenarios SPP,, as functions
of tan 3. We present both the results in the DR and in the DCPR schemes.

The numerical values and the K-factors in the two schemes (defined as

usual as the ratios cV*© /oL9; note that the LO is computed with the re-
summed /modified SUSY QCD coupling, so our K-factors account of the
pure electroweak NLO effect), as well as the ratios of the NLO cross sec-

tions in the two scheme are reported in Table

As one sees, the values of the total cross sections do coincide in the
overall range, apart from small differences of the few percent size for very
large tan 3 values. This result is twofold important, confirming the equiv-
alence of the calculations done in the two different schemes at Next to
Leading Order, and providing also a reassuring check of the reliability of

our results.
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K-Factors, DR
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Figure 4.9: K-factors for the production of the three neutral Higgses in the
DR scheme

Having verified the realistic one-loop equivalence of the two schemes,
we have decided to perform our analysis in the DR scheme. The main
theoretical reasons of our choice have been fully illustrated in [34]. In
particular this scheme is known to be generally more stable numerically:
our results confirm mainly this expectation but it is worth to note that
for h" production both schemes can produce (in different tan 3 regions)
relatively large effects; nevertheless the good agreement between the two
schemes leads to suppose that the perturbative expansion is well behaved,

and NNLO effects are well under control.

Figure shows the K-factors for the three Higgs bosons in DR as
function of tan $ while Figures [4.15| [4.14] [4.13] show, for the scenario SPP,
tan 0 = 30, the invariant mass distribution and the relative NLO effect. In
the next Figures 4.16| 4.17 4.18 we again plot the differential distributions
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h,, production, total cross sections DR - DCPR schemes

0,3 T

0,28 .
0,26 [~ ]

= L ,
S L ,
— 0,24 — —
[%] L ]
c L ,
e - -
© 0221 —
] - ]
2] - ,
A o2 .
<} L ]
© C i
© 018 —
=3 L ]
= C =5 i
0,16 - @®—@ 1-loop DRi ]

[ | —— treelevel DR ]

- | O~ -0 1-loop DCPR .

014 —| . —

L tree level DCPR i
0121 \ \ \ \ \ L

10 15 20 25 30 35 40
tanp

Figure 4.10: Values of the Born and one loop cross sections in the two

renormalization schemes for h°

HO production, total cross sections DR - DCPR schemes
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Figure 4.11: Values of the Born and one loop cross sections in the two
renormalization schemes for H°
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A, production, total cross sections DR - DCPR schemes
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Figure 4.12: Values of the Born and one loop cross sections in the two

renormalization schemes for A°

for the SPP; scenario; the total cross sections for this scenario are reported

in Table

HO O.DR, NLO DR ,LO

g

KD7R

A0 0.768 0.724
HO 0.769 0.727
hY 0.213 0.222

1.060
1.056
0.961

Table 4.5: SPP; spectrum: total cross sections [pb] for the three Higgs and

DR K -factors

From inspection of the figures, one can draw the following main con-

clusions:

1. For all the three Higgses the one loop correction to the cross section
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h, production - differential distribution - DR scheme
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Figure 4.13: Invariant mass distribution, ho production, DR scheme.
M40 =250 GeV, tan 8 = 30 p, 1+ > 20 GeV, |y,| < 2.

is roughly independent of the final state invariant mass

2. The K-factors for H°, A? are systematically small for large tan 3, and
would reach a larger size (roughly, 8 %) for small tan § values around
10.

3. The K-factor for h° varies drastically with tan 3, changing from pos-
itive values of about 15 % for tan  around 10 to negative values of
about 25 % for tan 3 around 40. These extreme negative and positive
values are of a size that cannot be ignored in a dedicated experimen-

tal analysis.

This last feature follows from the Two Higgs Doublet structure of the
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H, production - differential distribution - DR scheme
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Figure 4.14: Invariant mass distribution, H° production, DR scheme.
M40 =250 GeV, tan 8 = 30 p, 1+ > 20 GeV, |y,| < 2.

model, resulting in an A° — H° mixing, similar to the B’ — 1¥* mixing in the
Standard Model . Recalling one can see how the mixed self energy
appears in the Z-factors, leading to corrections to the one loop cross sec-
tion, as shown in In the decoupling limit, in which our choice for the
mass of A° falls, « is close to 3 — 7/2; this leads to a tan 3 enhancement in
the h” case but to a 1/ tan 3 suppression in the H° cases, since <2 ~ tan (3

sin «

and 22 ~ _L_in this limit. Table illustrates the contribution of the

cos tan 3

relevant factor in the h° case.

In conclusion, what we believe to be the main message of our calcula-

tion is the fact that, as it was to be expected from the analysis of Dittmaier
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A, production - differential distribution - DR scheme
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Figure 4.15: Invariant mass distribution, A° production, DR scheme.
M40 =250 GeV, tan 8 = 30 p, 1+ > 20 GeV, |y,| < 2.

et al. [12], the one-loop electroweak contribution in the semi-inclusive

bottom-Higgs production processes can’t be a priori discarded as negli-

tan 3 |1—Zh0H0%2
10 1.10
20 1.01
30 0.93
40 0.84

Table 4.6: SPP, spectrum: value of the Z depending factor in the h° pro-

duction
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h, production, differential distribution - DR scheme
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Figure 4.16: Invariant mass distribution, h° production, DR scheme.
M40 =350 GeV, tan 8 = 15 pp 1+ > 20 GeV, |y,| < 2.

gible, and a careful evaluation of such contribution is needed.
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H, production, differential distribution - DR scheme
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Figure 4.17: Invariant mass distribution, H° production, DR scheme.

MAO = 350 GeV, tanﬂ =15 Do > 20 GeV, \yb] < 2.
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A, production, differential distribution - DR scheme
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Figure 4.18: Invariant mass distribution, A° production, DR scheme.

MAO = 350 GeV, tanﬂ =15 Do > 20 GeV, \yb] < 2.

63
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4.9 Possible Numerical Approximations

After having performed the full calculation for the one loop effect, we con-
sidered testing the validity of some possible approximations involving a
lesser amount of computations. A simpler approximation that reproduces
the full result well enough could be useful for Monte Carlo Generators
or in case of a wide parameter space scan, to reduce the otherwise huge

machine-time required to compute the full one loop result.

Following this considerations, we tried at first the so-called “improved
Born Approximation” (IBA in the following), which has been already suc-

cessfully applied in similar cases in the past, e.g. in [12].

In this case the IBA approximation is obtained following these pre-

scriptions:

o A, (see eq.|4.65) should be computed including also the electroweak

contributions

e The mixing angle a should be replaced with an effective angle oy,
whose value is derived by the diagonalization of the one loop Higgs

mass matrix appearing in eq. 2.52 of [12]), which we reproduce here:

( mZo — Spo(mio) —Shomo (5(mis + mo))

—ihOHO(%(miO + m3o)) M3 — o (M)

) (4.79)

The effect of the this redefinition of a turns out to be negligible for

H" and A° but is instead significant for h°.

As one can see from the plots (Figures 4.21)) this version of IBA
gives a reliable approximation of the total cross section for H°, A" only for

sufficiently small tan 3, while it fails to reproduce the cross section for A°,

that turns out to be underestimated in the whole range.
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4.9. Possible Numerical Approximations

Having noticed the unsatisfactory behaviour of the IBA, we decided to
try a second kind of approximation, that we would call RVA (“Reduced

Vertex Approximation”).

In this second attempt, we approximate the complete NLO by keep-
ing only the one loop corrections to the “final” Yukawa bbH" vertex (all of
them), plus the subset of counterterms needed to cancel the divergences
arising in those diagrams and get a UV-finite result. We don’t include
any QED radiation, and regulate (somewhat arbitarily) the photon mass
as M, = My As for the Higgs sector, we keep the one loop values for
the Higgs masses in the kinematics as well as the Z-factors in the
definition of the cross section. All the other diagrams appearing in the full
computation (Boxes, Initial and Up Triangles, Self Energies) are neglected.
As a check we computed the cross section in this approximation in both
schemes (the subset of diagrams, with the right choice of counterterms,
should be scheme independent). As one can see from the updated figures
our RVA turns out to provide very efficient description of the total NLO
cross sections; the difference between the NLO and the RVA is of order

of the 1%, 3.4% in the worst case. This is numerically summarized in Ta-

bles 4.7]4.8/4.9]and Figure

No thorough tests have yet been made on the dependence of the results on the arbi-
trary regulator. This investigation will be interesting to perform if one wants to properly

check the validity of this approximation
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Total cross sections [pb]
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h, production, total cross sections, NLO DR and approximations
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Figure 4.19: Values of the cross section in the two approximations and at

full one loop for h"

tanB | oPRNO | RVAuy | o/RVAus IBA | o/IBA
10 1.338 1.32623 1.00888 | 1.34087 | 0.997861
20 5.133 5.08324 1.00979 | 5.48397 | 0.936
30 | 10975 | 10.8433 101215 | 12.6044 | 0.87073
40 | 18613 | 18.3461 1.01455 | 22.6229 | 0.822749

Table 4.7: H° production: comparison between the complete NLO pre-

diction and the two approximations:

DR NLO
o /T avp.-
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H,, production, total cross sections, NLO DR and approximations
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Figure 4.20: Values of the cross section in the two approximations and at
full one loop for H°

tanB | oPRNO | RVAuy | o/RVAus IBA o /IBA
10 0282 | 0277157 1.01747 | 0.268161 | 1.05161
20 0255 | 0.250495 1.01799 | 0.238459 | 1.06936
30 0228 | 0221673 1.02854 | 0.211275 | 1.07916
40 0204 | 0.197159 1.0347 0.164874 | 1.23731

Table 4.8: h° production: comparison between the complete NLO pre-

diction and the two approximations: total cross sections and ratios

DR NLO
o /T avp.-
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Total cross sections [pb]

A, production, total cross sections, NLO DR and approximations

@—@ 1-loop DR

@---0 RVA (bbH vertex) DR
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25
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Figure 4.21: Values of the cross section in the two approximations and at

full one loop for A°

tanB | oPRNO | RVAuy | o/RVAus IBA | o/IBA
10 1.367 1.35328 1.01014 | 1.36737 | 0.999729
20 5.04 4.98026 1.01199 54543 | 0.924042
30 | 10601 | 10.4581 1.01366 | 12.2948 | 0.862232
40 | 17118 | 16.8292 1.01716 | 21.7326 | 0.787663

Table 4.9: A° production: comparison between the complete NLO pre-

diction and the two approximations:

DR NLO
o /T avp.-
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4.10. bhy production in a Two Higgs Doublet Model

4.10 bhy production in a Two Higgs Doublet Model

The Two Higgs Doublet Model (2HDM in the following) is a minimal ex-
tension of the Standard Model, where a second Higgs doublet is added to
the field sector.
The Higgs particle spectrum is totally analogous to the MSSM one (in fact
the MSSM is a Two Higgs Doublet Model theory), and thus consist of the
two newtral CP even states H? and h', the neutral CP odd state A°, and the
two charged states H*. However, no other SUSY contribution is present,
the rest of the model is identical to the usual Standard Model except for
the Higgs sector.
It is rather straightforward to tweak the calculation made for the MSSM
case to obtain the results for 2HDM,; it is sufficient to kill all the diagrams
including supersymmetric particles. The divergences arising from the cal-
culation cancel separately in the Standard Model and Susy sector, with the
exception of the Higgs renormalization sector (because of the Hierarchy
Problem, see section[2.3).

The treatment of h° and H" in the renormalization sector should then
be different, and they should now also be treated in the on-shell scheme,
like A°. This means one should write ijhh, g pp N terms of Xy, gunn

(without the squark and inos), of §Z;; and of 0m; (i, j stay for h° or H° ):
S (k%) = Si;(k?) + k6 Zy; — om3, (4.80)

Then impose the on-shell constraints like it’s been done for the MSSM case
for A° (REF):
$u(M2) = 0 (4.81)

Si(MP) =0 (4.82)

which give 6Z;; and dm?, fori = h, H:

§Z; = —S(M?) (4.83)
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4.10. bhy production in a Two Higgs Doublet Model

om? = B(M?) — MZSj,(M?). (4.84)

For the mixed self energy one has:
Sarr (k%) = Sy (k) = S (k?) + k20 Zny — omiy. (4.85)

We can then impose the two demixing conditions:

S (M2) = 0 (4.86)
Sn(M3) = 0 (4.87)
giving , ,
571 — EhH(]\X/h[I%__?\f[g(MH) (4.88)
Sy = it EhH(A@I - %’?W(Mé ) (4.89)

Finally, the SUSYQCD corrections to the bottom mass and to the cou-
plings have of course been set to zero.

The input for the code have then been generated with FeynHiggs for
twelve different scenarios (three different values of M40 and four differ-
ent values of tan 3, see table). For the purpose of comparison with the
MSSM results (i.e. of determining the effect of the pure SUSY virtual cor-
rections), the six free parameters in the 2HDM potential (corresponding to
Mo, Myo, Mo, My=, 3 and «) are set to the values of the corresponding
MSSM scenarios. The procedure has been therefore to run first the code
for the MSSM scenarios, and then take parameters calculated in this way
as an input for the 2HDM runs.

The code has been run for three different values of M 40 (150, 250 and 350
GeV) and four values of tan § ( 10, 20, 30 and 40 GeV). The values of the
other parameters can be found in tables 4.11} |4.12} 4.13], all the other rele-

vant settings are the same of the previous sections.
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Scenario | tanp Myo | Mg | Mo | Mgz | My | My | Mj
SPP, | variable | 250 500 500 400 90 | 200 | 800
SPP, | variable | 150 500 500 400 90 | 200 | 800
SPP, | variable | 350 500 500 400 90 | 200 | 800

Table 4.10: Inputs parameters for the SUSY scenarios considered in our nu-
merical discussion. Mj ; is the common value of the breaking parameters
in the sector of the squarks belonging to the j" generation. The dimen-

sionful parameters are given in GeV.

tanﬁ (0 MHO Mho MHi
10 —0.2068 | 152.20 | 114.4 | 170.2
20 —0.1072 | 149.8 | 115.5 | 170.2

30 —0.07199 | 148.3 | 115.8 | 170.2
40 —0.05413 | 146.8 | 115.9 | 170.2

Table 4.11: 2HDM inputs parameters for the corresponding SUSY scenario

SPP,. The dimensionful parameters are given in GeV.

tan 3 « Mgo | Myo | Mpy=
10 —0.1291 | 250.8 | 114.8 | 262.6
20 —0.06513 | 249.1 | 115.7 | 262.6
30 —0.04350 | 247.1 | 115.9 | 262.6
40 —0.03264 | 244.4 | 116. | 262.6

Table 4.12: 2HDM inputs parameters for the corresponding SUSY scenario
SPP2. The dimensionful parameters are given in GeV.
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tan (8 Q@ Mgo | Myo | Mpg=
10 —0.1137 | 351.1 | 115.6 | 359.1
20 —0.05717 | 349.3 | 116.4 | 359.1
30 —0.03815 | 347.0 | 116.6 | 359.1
40 —0.02863 | 500 | 344.0 | 116.7

Table 4.13: 2HDM inputs parameters for the corresponding SUSY scenario

SPP,. The dimensionful parameters are given in GeV.

The results are shown in Tables to and Figures to

It is evident that in the 2HDM the pure electroweak effect is very small,
negligible for all practical purposes. The ratio between the cross sections
in the two models R, := %, however, is very sensitive to the variation
of the two parameters M 4 and tan 3, and can reach values very far from
1.

The first thing one can notice is that the ratio R, is much more sensitive
to tan 3, and in general can vay in a broader range for smaller values of
M 40. In particular, one can see from the figures for M40 = 150 GeV, that
for AY and H" the values of the cross sections in the two models are rather
close for low tan 3, while, for tan 3 = 30 — 40, R, grows significantly,
reaching values higher of 1.5. The case is even more interesting for h°,
were the huge correction coming from the Z factors in the MSSM case
plays a big role in enhancing the sensitivity of R, to the value of tan 3.
Figure 4.8/shows cleary the behaviour of the one loop effect for h" for M 4o
(as already remarked previously, the correction is large and negative for
low tan 3 and then becomes positive for high tan 3). For M40 = 150 GeV
this effect is even bigger, and combines to the tendence already apperaring
in the case of the other two Higgses making R, vary roughly from 0.65 to
1.5. This huge sensitivity to the parameters could make this process a very
good candidate not only for discriminating the case for a 2HDM from the

case for MSSM, but also for constraining the values for the parameters
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4.10. bhy production in a Two Higgs Doublet Model

themselves.

For higher values of M 40, the described behaviour is still present, although
its magnitude is partially suppressed.

The origin of this big difference between 2HDM and MSSM is to be located
mostly in the corrections due to SUSY QCD, not present in the 2HDM case.
The pure electroweak corrections to the 2HDM cross sections can be, for
all practical purposes, safely neglected (but they should still be taken into
account for the MSSM results, if one wants to discriminate between the

two scenarios).
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hO Production
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— 2HDM
--- MSSM

act
'_\..._..
w

T T T T T T T

|t

/
T T T T

=
o
=
(6]
nNy
o
N
ol
w
o
w
a1
I
o

Figure 4.22: Comparison between the MSSM and 2HDM cross sections for

h? in the scenario SPP,,.

tanf | R,
10 0.66
20 0.90
30 1.16
40 1.45

Table 4.14: Results for h° in the scenario SPP,. The dimensionful parame-

ters are given in GeV.
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H0 Production
M,, = 150 GeV
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Figure 4.23: Comparison between the MSSM and 2HDM cross sections for

HP in the scenario SPP,,.

tanf | R,
10 1.06
20 1.19
30 1.39
40 1.58

Table 4.15: Results for H° in the scenario SPP,. The dimensionful parame-

ters are given in GeV.
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A0 Production
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Figure 4.24: Comparison between the MSSM and 2HDM cross sections for

A" in the scenario SPP,.

tanf | R,
10 1.03
20 1.20
30 1.31
40 1.59

Table 4.16: Results for A° in the scenario SPP),. The dimensionful parame-

ters are given in GeV.
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hO Production
M, =250 GeV
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1’2f ---- MSSM 7
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Figure 4.25: Comparison between the MSSM and 2HDM cross sections for

hY in the scenario SPP,.

tanf | R,
10 0.97
20 1.14
30 1.35
40 1.55

Table 4.17: Results for 1° in the scenario SPP2. The dimensionful parame-

ters are given in GeV.
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H0 Production
M, = 250 GeV
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Figure 4.26: Comparison between the MSSM and 2HDM cross sections for

HY in the scenario SPPs.

tanf | R,
10 1.03
20 1.19
30 1.32
40 1.50

Table 4.18: Results for H in the scenario SPP2. The dimensionful param-

eters are given in GeV.
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AO Production
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Figure 4.27: Comparison between the MSSM and 2HDM cross sections for

A% in the scenario SPP,.

tanf | R,
10 1.06
20 1.17
30 1.38
40 1.59

Table 4.19: Results for A° in the scenario SPP2. The dimensionful parame-

ters are given in GeV.
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hO Production
M,, = 350 GeV
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Figure 4.28: Comparison between the MSSM and 2HDM cross sections for

h? in the scenario SPP;.

tanf | R,
10 0.96
20 1.02
30 1.10
40 1.19

Table 4.20: Results for h° in the scenario SPP,. The dimensionful parame-

ters are given in GeV.
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H0 Production
M,, = 350 GeV
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Figure 4.29: Comparison between the MSSM and 2HDM cross sections for

HP in the scenario SPP;.

tanf | R,
10 0.99
20 1.10
30 1.25
40 1.33

Table 4.21: Results for H° in the scenario SPP,. The dimensionful param-

eters are given in GeV.
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A0 Production
M,, =350 GeV
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Figure 4.30: Comparison between the MSSM and 2HDM cross sections for

A" in the scenario SPP,,.

tanf | R,
10 1.00
20 1.11
30 1.20
40 1.36

Table 4.22: Results for A° in the scenario SPP,. The dimensionful parame-

ters are given in GeV.
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411 Standard Model Higgs

For the sake of completeness we quickly review the pure SM case, that has
been extensively studied in [14]. Like we did for the 2HDM case, the SM

Higgs is taken to be on shell, such that there is no external self energy, and:

(SZHS]M = _E/I{(Mésjw) (4'90)

All supersymmetric contributions are now neglected, as well as those
coming from the different Higgses (except, of course, the SM one itself),

and the Higgs-bottom coupling is now:

(b0 = (2;”}\2W> (4.91)

Our results appear to be consistent with those of [14]. The SM one loop
corrections are rather small, as it was for the 2HDM case. It is interesting
to notice, looking at the bottom-Higgs coupling, that at the born level the
SM Higgs behaviour should approach the one of h° in the case were 3 —
a = 3, but there is a big difference at the one loop level. Even if the
small cross section makes the SM process uninteresting to study per se (the
inclusion of the QED effects doesn’t change the picture of [14]), it could
still be interesting to look at this channel as a way to discriminate between

a SM Higgs and a supersymmetric one.
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hg,, production, total cross section
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Figure 4.31: Integrated cross sections and K-factors for SM Higgs produc-

tion, for different values of the Higgs’ mass
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Chapter 5
Conclusions

In this thesis we report our results for the first complete calculation of
the one-loop electroweak corrections for the semi-inclusive b+’ produc-
tion process at the Large Hadron Collider. Our calculation includes all SM
and MSSM electroweak contributions, QED radiation and SUSY QCD cor-
rections to the bottom mass and the bottom-Higgs coupling for the two
CP-even particles h° and H" and the CP-odd one A°. As our computa-
tion shows, one loop electroweak corrections to the process cross section
can’t be always considered negligible, and can reach sizable dimensions
for some regions of the parameter’s space, in particular for h°. A scan of
the pMSSM [?] parameter’s space could be needed to further investigate
this property, and it’s already under work.

Moreover, the prediction that the one loop results for the two different
renormalization schemes, On-Shell and DR are in good agreement is con-
firmed, even if the bigger one loop correction emerging from the calcula-
tion with the On-Shell scheme suggest that DR is employed when the first
input for the parameters will come from the LHC.

We have also compared our complete results with two possible approx-
imations, and shown that while the IBA fails to reproduce correctly the
results, the RVA is in good agreement with the full calculation.

Finally, we have provided a comparison between the results for some
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SUSY scenarios and for the corresponding 2HDM set of parameters, and
shown that the difference in the cross section can be big, and can be used

to discriminate between the two cases.
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Appendix A

Renormalization in the Higgs

sector

The independent parameters are split into renormalization constants and

renormalized parameters as follows,
Tho — Tho + (SThO y THO — THO + 5THO y tanﬁ — tanﬁ + 5tanﬁ y (Al)

The actual effect of the renormalization is to substitute every mass matrix
M appearing Eq. (2.34) by M + 6M, i.e,,

i (MM g (M MR (Mg, oz,
ME, M, Mgy g, )\ g, onig,

(A2)
Notice that the mixing angle o do not need to be renormalized, and the
tree-level relations, Eq. (2.35), still hold. §M/?; can be obtained by differen-

tiation

1 1
SMpogo = —§5M§ sin2(a + B) + 55]\/[30 sin 2(a — f3)
+ MEVVCVV[(STHO sin®(a — 3) — 0T o cos® (o — )]

— dtan B cos® B[M7 cos2(a + B) + M3 cos 2(a — 3)]
SM7, = 6Mgsin®*(a+ 3) + 6M3o cos®(a — )
e

- 0 S J—— 11 2 J—
+ 2MZSWCW[5TH cos(a — (3) sin®(a — f3)
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+ 0Ty sin(a — B)(1 + cos*(a — )]
+ dtan Bcos® B[Mzsin2(a + ) + M3 sin2(a — 3)],
SMpo = 6Mjcos*(a+ 3) + 6 M7o sin®(a — )
O §Te _ in2(a —
AT P— [0T o cos(a — B)(1 + sin*(a — 3))
+ 6Ty sin(a — B3) cos?(a — )]
— StanBcos? B{MZsin2(a + ) + M3 sin2(a — 3)] ,
s e o
IMioco = SNy sen (0T go sin(a — 3) + 6T o cos(a — B)]
— §tanBcos® BM3o ,
My = - 5T cos(a— §) — §Tiesin(a —
IME ST P— [0T o cos(aw — B) — 0T o sin(a — ()],
, e o
IMp—er = Iy [0T o sin(ae — 3) + 0Tpo cos(a — 3)]
— §tanfcos? M7
N T
IMé: = I [0T o cos(a — B) — Tho sin(a — B)] . (A3)

The renormalization constant for M%Ii is given by
SM?. = M3, + 6 M3, . (A.4)

In order to have finite Green functions, the fields have to be renormalized

as well. We renormalize the unrotated Higgs doublets /; and H..
1 1
Hy — (1 + 252,%) H, H,— (1 + 25ZH2) H, . (A5)

and their vacuum expectation value is renormalized as follows:

1 1 v

v1T <1+25ZH1> (’01—51)1> = U1 <1—|—2(5ZH1 _1)1> s
1
2

1
Vy — <1 + 26ZH2> (Ug — 51)2) = VU9 <1 +

=07, — ‘5”2> . (A6)
V2

Note that the freedom of field renormalization allows to impose the con-

vy __ Ovg
v1 vy °

dition

The CP-even Higgs bosons fields are therefore split into renormalized fields
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end wavefunction renormalization constants,
WO\ (143020 50Zu0m0 R\ (A7)
HO %62[_]0]10 1—|— %(5ZHOHO HO

—sina  cos« 1—|—%5ZH1 0 —sina  cos« h°
cosa  sina 0 1+ 302y, cosa  sina HO )

giving rise to

§Zpopo = sin®adZy, + cos’ adZy, |
0Zwogo = 0Zgopo =sinacosa(6Zy, —02y,) ,
§Zpogo = cos® adZy, + sin® adZy, (A.8)
One has:
cot
02im = Sl (Mi) = S 02 (M3) (A9)
, 9 tan 3
5ZH2 - _EAOAO<MAO)+ M EAOZ(MAO) (A10)

where ¥;;(k?) is the self energy function of the particles ¢, j evaluated
at a squared momentum £?, and
d¥;;
¥ = dk; (A.11)
One should also defined the renormalized self enery functions. These

functions are UV finite, and are, for the CP even sector:
Spopo(k?) = Spopo(k?) + k2 (cos? ad Zy, + sin? ad Zy,) — 6 Mo

Shono(k2) = Spopo (k) + k*(sin? ad Zy, + cos? adZy,) — M2
Spono(k2) = Spopoo(k?) + k* cos arsin (6 2y, + 6 Zp,) — Moo

(A.12)
Finally, one also has that:
(SZ;_IEOHO = HOHD(MI%IO) (SZhoho = hOhO (M;?o) (A13)
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25050 (M) 2500 (M)

8 Zffop0 = — ——g— 2§75 0 = — Al4
HORO M}%O _ M?_IO hOHO MI?IO _ M}%O ( )
For the CP odd sector one has (remembering that A° is renormalized

on-shell):

Sao(Mi) =0 ¥0(M3) =0 (A.15)
SM3o = S 40(M30) — M3eX 40 (M30), (A.16)
and:
87 % 40 = sin? 36 Z g1 + cos? B8 Z o (A.17)
620 40 = cos Bsin B(0Zge — 0 Z ) (A.18)

The explicit expressions for the self energies functions can be found in
[35].
The renormalization constants for the ¢(bbh") and for the ¢ (bbH") cou-

plings are obtained differentiating the tree-level expressions in Eq. (4.5),

dg omy OM3Z,  Jdcosf
Sc1(bbh%) = | = - _ "(bbh”
¢"(bb7) <g + my  2M3,  cosf <"(bO7),
dg Omy OMZ  dcosf

nbbHY) = (2 - = _
Oc (b HT) <g + my  2M3,  cosf

) A(bbH®).  (A.19)

dcos 3, SM3,, §M% and §g, read as follows

ScosfB = —sin?p
SMj, = ReXy (M),
SMZ = ReXz(M3)

dg 2,2(0) 1 ‘w ‘w
g swew M2 2 swM?2 sty

ML §ME ,
(5 ) =)
(A.20)

The ¢"(bbA°) couplings depends only on the angle 5. When computing the
the renormalization constant §¢"(bbA"), one has to distinguish between the

[-dependent factors originated by the H;, H, mixing and the - dependent
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factors from the H,, H, couplings. Only the latter have to be renormal-
ized. In particular the factor sin 3 [1/ cos (] entering the ¢"(bbA°) coupling
is originated from the H;, H, mixing [couplings], and thus dc"(bbA°) reads

dmy OM3E  dcosf
my  2M3  cosf

¢ (bbA°) = ((sj + ) " (bbAP). (A.21)
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Appendix B

Contributions of the counterterms

In this appendix we will detail the origin of the counterterms contribution,
as well as the cancelation of the divergences in the UV sector.

For the s-channel subprocess, the following contributions shall be con-

sidered:

1. 2307} p, from (gbb) vertex, leading to

a(V)[c" (Db HY) Py + c™(bbH]) Pr)(d + my)¢f 1) u(b) —
a(b)[c"(bbHY) Py, + ™ (bbH}) Pr)(d + my)¢f 1) [0 Z2 Pp, + 6 2% Prlu(b) —
d§ )02 " (bbH}) Pr, + 6 Z ™ (bbHY') Pr)
+mpdf 1) [6 28 B (bbHD) Pp, + 6 Z% " (bbHY) Pr)
(B.1)

2. 107} i from (bbH?) vertex, leading to

a(V)[e" (ObHY) Py + ™ (b0H]) Pr)(f + my)df 1) u(b) —
a(b)[cE(bH?) Py + cR(be?)PR][;éngL + ;522{133] (¢ + ma) ¢ p)u(b) —

1 1
4§10) 074 (ODHY) Py + 5 Zhe (B IH?) P
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g 507k (OOHY)) Py + S 7L (BbHD)) Pr)
(B.2)

. 307}  from (bbHY) vertex, leading to

A(0)[cH(BH?) Py + M (OBH?) Pyl (f -+ ma)gfp)u(t) —
(1) (OZR)HBOHD) Py + 3 (074)c" (B HY) Prl(d + ) )u(h)

(B.3)
. 6cB T from the Yukawa couplings in the (bbHY) vertex,
ﬂ(b'){[ch(be?)]PL
+[0cr(bOH])| Pr} (g + my) ¢ pe)u(b)
(B4)

. 30Z5 for HY line of (bbHY) vertex, (j = 1,2 either for H°, h® case or
for A%, G%), leading to

(6)[c" (0 HT) Py + ¢ (bbH}) Pr] (4 + m)df 1)u(b) —
> a(b)[ej 025 Py + ¢ 025 Pr)(d + ma)¢f p)u(b)

N = S

(B.5)

. 3077 due to external H) line residue , only for type H° h° case

(none for A” which is taken on shell), leading to

(6)[c™ (00 H) P, + ¢ (b0 H}) Pr](d + ) ¢f p1)u(b) —
> a(b)[ej 025 Pr, + ¢ 0 255" Pr)(g + ma) ¢ p)u(b)

N = S

(B.6)
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The counterterms arising in the u-channel subprocess are instead the

followings:

1. 07} p from (gbb) vertex, leading to

a(0) g ) (df + mo) " (B H}') Py + ¢ (bbH') Prlu(b) : 7 ™

u_mb

AV )\ (6Zp)c" (0D H]) P, + (621 )™ (b0 H]) Pr]

1
Hd)mu|(627)c" (B H]) P+ (623)c"™ (W0 H]) Pr}]u(b) — 2
(B.7)
2. 107} p from (bbH?) vertex, leading to
1
(V') g4 ) (' + o) " (W) Py + ¢ (B0 H]) Prlu(b) —— —
—m
St g+ o) 5 Zhe (OB HD) Py + 525 (b0HY) Pelu(b) —
— M
(B.8)
3. 307}  from (bbHY) vertex, leading to
a(b)¢f ) (d' + mo)[c" (ObHT) Pr + ™ (bbH}) Prlu(b) —
A 41024 (BOH?) Py + 07 (b0HY) P
+¢9(u)mt[;6chL(bef)PL + ;5chR(be?)PR]}u(b)
(B.9)
4. §ct® from the Yukawa couplings in the (bbH?) vertex,
(V) ¢f ) (d' + mo){oc" (b0 H ) Pr
+6cR(bbH?) P Yu(b)
(B.10)
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5. 30Z¢* for HY line of (bbH}) vertex, (j = 1,2 either for H°, h° case or
for A%, GY), leading to
a(b)dfp) (g + my)= Z 0Z {CJLPL + cfPR}u(b)
(B.11)

6. 30Z7¢° due to external HY line residue , only for type H° h° case

(none for A” which is taken on shell) leading to

a(b)ggp) (d' + my) 5 Z 5 Z5°{c} P, + ¢} Pr}u(b)

(B.12)

The ultra violet divergences arising in the counterterms sector should
cancel with the similar ones arising in the vertex corrections. In fact, the

cancelation should happen in four separate subsectors.
1. In the s-channel, terms coming with a factor = N[ A:
e Left-side diagrams: 62% +(V qq)+(Sqq)+(xqq)
1+26c¢%,  m2+m?

36s7,ch,  Ash, M3,

1+ 26¢?
)+ (G- + (
36siy-chy

2
Y 1 + 26¢y,
3653,y
m; + mj
4%, M2,

)+ (
m2 + mj
4%, M3,

)

+( ) =0

(B.13)

e Right-side diagrams: 02} +302p+° -0plw e _0cos)
myp  cos
+3 % c%(stz' +HqSV)+(Vaq)+(qVS)+(Sf'f)
1+26c$v)_(m§+mg)_( 1 )
3653, c3y 4%, M3, 9c,

—(
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~ 9
o 5 1 1
2sz) " G )t () - G
1+ 20%,[,) 3(m? +mj) (1 + 26¢%,
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)
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) =0
(B.14)

2 2 2 2 2 2
12s3ycqy iy 6ciy 2siyCyy

2. In the s-channel, factorize = N[ A:

o Left-side diagrams: 62%+(V qq)+(Sqq)+(xqq)

2 i 1 2 1 i
)_(SIQ/VM‘%V>+( )+(2312/VMI%V)+( +<2S%/VMI%V

—( )—0

2 2 2
iy ey ey

(B.15)

e Right-side diagrams: 02}, +562)+°0 -%0w 4 0w _0<os)

mp cos 3
cff / /
+3 35 1025 +H(gSV)+(Vqq)+(qV S)+(Sf'f)

1 m? 1+ 26¢,
92)_<22M2)_(3622)_(
Cyy Sw My Swlw
5 1 1 1+ 2c3,
E) + (£> (ZC%V) + ( 48%‘,0%,[,
1+ 26¢3 1 1+ 2c2
363%ch/v)+ = W>+<
3 2 2, .92 3m;
- _ t - v
To, g, M T Mt 9) = 4e T e
1 4 1 3 1+ 22,
— 0
) (180%/V)+(120%/V+4SI2/V)+<25%/VC%/V)—)
(B.16)

m? + mg)

452, M3,

)+ 3(mi +mj)
453, M3,

m; + 3mg)

452, M3,

—(

—(

+(

2 2 2
3ciy 2siyC

+(60%,[,

3. In the u-channel, factorize & NJ"A:
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4.11. Standard Model Higgs

e Upper diagrams: 6 Z4+(f fV)+(f fS)+(SS[)

2 2 1 2 1 2
s T )+ Gz )+ (g

—(

2 2
iy ey

dg _oMw | dmy _dcosf

- L1S7b L 1s7b
e Lower diagrams: ;025 +5027+7 -5+ -S05

L
<

+3 55 2025 +(V S+ qV)+H(SV)+(f' fS)

1 mi 1+ 26¢},
9c? >_(252 M >_(3652 ct )=
w w My wew
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)+ ()~ (G ) T ()
Cw Swew Sw M
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1 2 1+ 8¢ 14 2c3
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—(
+(

2 2
365y chy

+(

+(

)—0

2 2 2 2
6ciy Iciy 12s3 ¢y

(B.18)

4. In the u-channel, factorize & N7 A:

e Upper diagrams: §Z2+(f fV)+(f fS)+(SSf)

2(1+26c%v m$+m§)
36s¥,ch,  4sh, M3,
1+26c%, . m2+m?

+( 2 .2 ) 2 2 )
3657y Ciy 4sy Mg,

1+ 26c%V> mi + mj
36s%,c3, 452, M3,

+( )

—0
(B.19)

dg _oMw | dmy _dcosf
g My my cos (3

+1Y, 025 +(VSq)+d qV)+HSV)+(f £S)

e Lower diagrams: 302 +162%+
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4.11. Standard Model Higgs

1+ 26¢, m? +m; 1 m3
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3653y cy siy M, Iciy siy M,
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283y Siy 2ciy 4syciy 4sy My,
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+( 2 2W)+( 2)_( 2 QW)+( tQMQb)
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98



Bibliography

[1] http://atlas.ch/

]
[2] http://cdn.physorg.com/

[3] G.Passarino and M. J. G. Veltman, Nucl. Phys. B160 (1979) 151.

[4] T. Hahn, M. Perez-Victoria, Automatized One-Loop Calculations in 4 and
D dimensions, Comput. Phys. Commun., 118 (1999) 153 [arXiv:hep-

ph/9807565].

[5] J. M. Campbell et al., Higgs boson production in association with bottom
quarks [arXiv:hep-ph/0405302].

[6] Stefan Dittmaier, Michael Kraemer, and Michael Spira. Higgs radiation
off bottom quarks at the tevatron and the LHC,Phys. Rev., D70:074010,
2004.

[7] S. Dawson, C. B. Jackson, L. Reina and D. Wackeroth, Higgs production
in association with bottom quarks at hadron colliders, Mod. Phys. Lett.
A 21, 89 (2006) [arXiv:hep-ph/0508293].

[8] D. Dicus, T. Stelzer, Z. Sullivan and S. Willenbrock, Higgs boson pro-
duction in association with bottom quarks at next-to-leading order,
Phys. Rev. D 59, 094016 (1999) [arXiv:hep-ph/9811492].

[9] S. Dawson, C. B. Jackson, L. Reina, and D. Wackeroth. Higgs boson pro-
duction with one bottom quark jet at hadron colliders,Phys. Rev. Lett.,
94:031802, 2005.

99



BIBLIOGRAPHY BIBLIOGRAPHY

[10] R. V. Harlander and W. B. Kilgore, Higgs boson production in bottom
quark fusion at next-to-next-to-leading order, Phys. Rev. D 68, 013001
(2003) [arXiv:hep-ph/0304035].

[11] J. M. Campbell, R. K. Ellis, E. Maltoni and S. Willenbrock, Higgs boson
P 88
production in association with a single bottom quark Phys. Rev. D 67
(2003) 095002 [arXiv:hep-ph/0204093].

[12] S.Dittmaier, M. Kraemer, A. Muck and T. Schluter, MSSM Higg¢s-boson
88
production in bottom-quark fusion: Electroweak radiative corrections,
JHEP 0703, 114 (2007) [arXiv:hep-ph/0611353].

[13] S. Dawson and C. B. Jackson, SUSY QCD Corrections to Associated
Higgs-bottom Quark Production, Phys. Rev. D 77, 015019 (2008)
[arXiv:0709.4519 [hep-ph]].

[14] S. Dawson and P. Jaiswal, Weak Corrections to Associated Higgs-Bottom
Quark Production, [arXiv:hep-ph/1002.2672].

[15] S. Dawson, C. B. Jackson, L. Reina and D. Wackeroth, Phys. Rev. D 69
(2004) 074027 [arXiv:hep-ph/0311067].

[16] F. Boudjema and L. D. Ninh, Leading Yukawa corrections to Higgs pro-
duction associated with a tagged bottom anti-bottom pair in the Standard
Model at the LHC, Phys. Rev. D 77, 033003 (2008) [arXiv:0711.2005

[hep-phl].
[17] G.Gao, R.]. Oakes and J. M. Yang, Heavy supersymmetric particle effects

in Higgs boson production associated with a bottom quark pair at LHC,
Phys. Rev. D 71, 095005 (2005) [arXiv:hep-ph/0412356].

[18] LHC Higgs Cross Section Working Group: S.Dittmaier et al,
Handbook of LHC Higgs Cross Sections: 1. Inclusive Observables,
[arXiv:hep-ph/1101.0593v2]

[19] J. Kublbeck, M. Bohm and A. Denner, FeynArts: Computer algebraic
generation of Feynman graphs and amplitudes Comput. Phys.

100


http://arxiv.org/abs/hep-ph/1002.2672

BIBLIOGRAPHY BIBLIOGRAPHY

Commun. 60, 165 (1990).

[20] M. Frank, T. Hahn, S. Heinemeyer, W. Hollik, H. Rzehak and G. Wei-
glein, The Higgs boson masses and mixings of the complex MSSM in the
Feynman-diagrammatic approach JHEP 0702 (2007) 047 [arXiv:hep-
ph/0611326].

[21] A. Dabelstein, The One loop renormalization of the MSSM Higgs sector
and its application to the neutral scalar Higgs masses Z. Phys. C 67
(1995) 495 [arXiv:hep-ph/9409375].

[22] P. H. Chankowski, S. Pokorski and J. Rosiek, Complete on-shell renor-
malization scheme for the minimal supersymmetric Higgs sector Nucl.
Phys. B 423 (1994) 437 [arXiv:hep-ph/9303309].

[23] S. Heinemeyer, W. Hollik, H. Rzehak and G. Weiglein, High-precision
predictions for the MSSM Higgs sector at O(alpha(b) alpha(s)) Eur.
Phys. J. C 39 (2005) 465 [arXiv:hep-ph/0411114].
T. Hahn, Generating Feynman diagrams and amplitudes with FeynArts 3
Comput. Phys. Commun. 140, 418 (2001) [arXiv:hep-ph/0012260].
T. Hahn and C. Schappacher, The implementation of the minimal super-
symmetric standard model in FeynArts and FormCalc Comput. Phys.
Commun. 143, 54 (2002) [arXiv:hep-ph/0105349].

[24] T. Hahn and M. Perez-Victoria, Automatized one-loop calculations in
four and D dimensions Comput. Phys. Commun. 118, 153 (1999)
[arXiv:hep-ph/9807565].

T. Hahn and M. Rauch, News from FormCalc and LoopTools Nucl. Phys.
Proc. Suppl. 157, 236 (2006) [arXiv:hep-ph/0601248].

[25] V. N. Baier, V. S. Fadin and V. A. Khoze, Quasireal electron method in
high-energy quantum electrodynamics, Nucl. Phys. B 65, 381 (1973).

[26] U. Baur, S. Keller and D. Wackeroth, Electroweak radiative corrections
to W boson production in hadronic collisions Phys. Rev. D 59, 013002
(1999) [arXiv:hep-ph/9807417].

101


http://arxiv.org/abs/hep-ph/0611326
http://arxiv.org/abs/hep-ph/0611326
http://arxiv.org/abs/hep-ph/9409375
http://arxiv.org/abs/hep-ph/9303309
http://arxiv.org/abs/hep-ph/0411114
http://arxiv.org/abs/hep-ph/0012260
http://arxiv.org/abs/hep-ph/0105349
http://arxiv.org/abs/hep-ph/9807565
http://arxiv.org/abs/hep-ph/0601248
http://arxiv.org/abs/hep-ph/9807417

BIBLIOGRAPHY BIBLIOGRAPHY

[27] S. Dittmaier, A general approach to photon radiation off fermions Nucl.
Phys. B 565, 69 (2000) [arXiv:hep-ph/9904440].

[28] S. Heinemeyer, W. Hollik and G. Weiglein, FeynHiggs: a program for
the calculation of the masses of the neutral CP-even Higgs bosons in
the MSSM Comput. Phys. Commun. 124 (2000) 76 [arXiv:hep-
ph/9812320].

[29] J. H. Kuhn, A. Kulesza, S. Pozzorini and M. Schulze, Electroweak cor-
rections to hadronic production of W bosons at large transverse momenta
Nucl. Phys. B 797, 27 (2008) [arXiv:0708.0476 [hep-ph]].

[30] M. Beccaria, G. Macorini, E. Mirabella, L. Panizzi, F. M. Renard and
C. Verzegnassi, One-loop electroweak effects on stop-chargino produc-
tion at LHC [arXiv:0812.4375 [hep-ph]].

[31] M. Beccaria, G. Macorini, L. Panizzi, F. M. Renard and C. Verzeg-
nassi, Associated production of charged Higgs and top at LHC: the role
of the complete electroweak supersymmetric contribution Phys. Rev. D
80 (2009) 053011 [arXiv:0908.1332 [hep-ph]].

[32] J. Pumplin, D. R. Stump, J. Huston, H. L. Lai, P. M. Nadolsky and
W. K. Tung, New generation of parton distributions with uncertain-
ties from global QCD analysis JHEP 0207 (2002) 012 [arXiv:hep-
ph/0201195].

[33] M. Roth and S. Weinzierl, QED corrections to the evolution of parton
distributions Phys. Lett. B 590, 190 (2004)

ee A. Freitas and D. Stockinger, Gauge dependence and renormalization

[34] See A. Frei d D. Stockinger, Gauge depend d lizati
of tan 3 in the MSSM Phys. Rev. D 66, 095014 (2002) [arXiv:hep-
ph/0205281], and references therein.

[35] M. Beccaria, A. Ferrari, EM. Renard and C. Verzegnassi,
Complete electroweak one loop contributions to the pair production cross

section of MSSM charged and neutral Higgs bosons in e*e collisions
Linear Collider Note LC-TH-2005-005

102


http://arxiv.org/abs/0708.0476
http://arxiv.org/abs/hep-ph/0205281
http://arxiv.org/abs/hep-ph/0205281

BIBLIOGRAPHY BIBLIOGRAPHY

[36] MSSM Working Group Collaboration, A. Djouadi et. al., The Min-
imal supersymmetric standard model: Group summary report, hep-
ph/9901246.

103



	Introduction
	Semi Inclusive Bottom Higgs Production
	This Thesis

	The Higgs in the Standard Model and in the MSSM
	The Standard Model
	The EWSB Mechanism in the SM
	The MSSM
	SUSY spectrum


	Analytical and Numerical Methods
	Analytical Methods for One Loop Calculations
	Numerical methods


	bH0 production at the LHC
	Introduction and Previous Literature on the Process
	Kinematics
	The Amplitude
	Born and one-loop amplitudes

	Self Energies and Counterterms
	 Higgs sector
	 Bottom sector

	Vertex and Box Corrections
	QED Radiation
	Total cross sections
	Results
	Possible Numerical Approximations
	bh0 production in a Two Higgs Doublet Model
	Standard Model Higgs

	Conclusions
	Renormalization in the Higgs sector
	Contributions of the counterterms

