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Wepresent the next-to-leading order supersymmetric-QCDcorrections to the production of a light neutral

minimal supersymmetric standard model Higgs boson with a pair of supersymmetric scalar partners of the

top quark at next-to-leading order at theLHC.We study the dependence of the lowest order total cross section

on both the renormalization/factorization scale and the Higgs mass in the framework of minimal super-

gravity, taking the point SPS1a as a benchmark, for the numerical calculations. The renormalization/

factorization scale dependence of the lowest order total cross section is strong. Including the next-to-leading

order supersymmetric-QCD corrections significantly reduces and stabilizes the dependence of the lowest

order total cross section on the renormalization/factorization scale.
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I. INTRODUCTION

One of the major objectives of future high-energy
experiments is to search for scalar Higgs particles and
investigate the symmetry breaking mechanism of the elec-
troweak interactions. In the standard model (SM) [1], one
doublet of complex scalar fields is introduced to sponta-
neously break the symmetry, leading to a single neutral
Higgs boson. But there exists the problem of the quadrati-
cally divergent contributions to the corrections to the Higgs
boson mass. One of the hopeful models which can solve
this problem is the supersymmetric (SUSY) extension to
the SM. In this extension model, the quadratic divergences
of the Higgs boson mass can be canceled by loop diagrams
involving the supersymmetric partners of the SM particles
exactly. The most attractive and simplest supersymmetric
extension of the SM is the minimal supersymmetric stan-
dard model (MSSM)[2,3]. In this model, the Higgs sector
consists of three neutral Higgs bosons, oneCP-odd particle
(A0), two CP-even particles (h and H), and a pair of
charged Higgs bosons (H�). Supersymmetry predicts the

existence of scalar partners ~fL, ~fR to each SM chiral

fermion, which mix to produce two mass eigenstates ~f1
and ~f2, and spin-1=2 partners to the gauge bosons and to
the scalar Higgs bosons. In the MSSM, the genuine SUSY
particles, neutralino/charginos, and sfermions could have
masses not too far from the electroweak symmetry break-
ing scale. In particular, the lightest neutralino, which is
expected to be the lightest SUSY particle (LSP), could
have a mass in the range of �100 GeV. Another particle
which could also be light is one of the spin-zero partners of
the top quark, the lightest stop ~t1. Indeed, because of the
large mt value, the two current stop eigenstates could
strongly mix [4], leading to a mass eigenstate ~t1 much
lighter than the other squarks (which are constrained to
be rather heavy [5] by the negative searches at the
Tevatron) and even lighter than the top quark itself.
Similar features can also occur in the sbottom sector.

These particles could therefore also be easily accessible
at the next generation of hadron colliders.
In this paper we study the production of neutral Higgs

particles in association with a stop pair at the LHC in the
MSSM assuming a minimal supergravity (mSUGRA) sym-
metry breaking scheme. Theoretical predictions are im-
proved by calculations of the next-to-leading order
(NLO) SUSY-QCD corrections with the final-state squarks
restricted to ~t1. This paper proceeds as follows. In Sec. II
we present the calculations of the leading order cross
sections. We also introduce some basic notations used
throughout the paper. In Sec. III we present the calculations
of the NLO SUSY-QCD corrections. The contributions are
classified into virtual and real corrections with the treat-
ment of soft and collinear singularities. The numerical
results and discussions are presented in Sec. IV. Finally, a
short conclusion is given.

II. LOWEST ORDER CROSS SECTIONS

The associated production of Higgs bosons with scalar
quark pairs has been studied in [6,7]. The cross sections for
the production of squarks in association with Higgs bosons
in hadron collisions have already been calculated at LO
quite some time ago [8,9]. The production mechanism
at the parton level contributing to the hadronic process

pp ! ~t1
�~t1h involves q �q annihilation and gluon-gluon

fusion channels

qðp1Þ þ �qðp2Þ ! ~t1ðp3Þ þ �~t1ðp4Þ þ hðp5Þ; (1)

gðp1Þ þ gðp2Þ ! ~t1ðp3Þ þ �~t1ðp4Þ þ hðp5Þ; (2)

where p1, p2 and p3, p4, p5 are the four-momenta of the
incoming partons and the outgoing particles, respectively.
The Feynman diagrams of these subprocesses are plotted in
Figs. 1 and 2 respectively.
According to the different topologies of Feynman dia-

grams, it is convenient to rearrange the amplitudes in
terms of their color structure. Therefore, for the subprocess

PHYSICAL REVIEW D 83, 074002 (2011)

1550-7998=2011=83(7)=074002(8) 074002-1 � 2011 American Physical Society

http://dx.doi.org/10.1103/PhysRevD.83.074002


q �q ! ~t1
�~t1h the corresponding LO and NLO amplitudes

can be expressed in the form

M q �q
LO;NLO ¼ Cq �qAq �q

LO;NLO; (3)

where Cq �q is the only color factor involved in the LO
amplitude, which can be written as

Cq �q ¼ �c � �c: (4)

The first 3� 3 SUð3Þ Gell-Mann matrix �c arises from the
q �q color state, and the second Gell-Mann matrix �c arises

from the ~t1
�~t1 color state. Similarly, the LO amplitude of the

subprocess gg ! ~t1
�~t1h can be expressed as

Mgg
LO ¼ ð23Cgg

1 þ Cgg
2 þ Cgg

3 ÞMgg
1

þ ð23Cgg
1 � Cgg

2 þ Cgg
3 ÞMgg

2 ; (5)

with

Cgg
1 ¼�c1c21; Cgg

2 ¼ ifc1c2c�c; Cgg
3 ¼dc1c2c�c; (6)

M gg
1 ¼ Mgg

q̂ þ 1
2M

gg
ŝ þMgg

t̂
; (7)

M gg
2 ¼ Mgg

q̂ � 1
2M

gg
ŝ þMgg

û ; (8)

where cnðn ¼ 1; 2Þ are the color indices of incoming
gluons, fabc and dabc are the SUð3Þ antisymmetric and

symmetric structure constants, respectively, and matrices

1 and �c arise from the ~t1
�~t1 color state. The amplitudes

Mgg
q̂ ,Mgg

ŝ ,Mgg
t̂
, andMgg

û represent the quartic channel,

s channel, t channel, and u channel, respectively.
These amplitudes are given in terms of the leading order
Feynman amplitudes, MLo

i , i ¼ 1; . . . ; 10, corresponding
to the Feynman diagrams in Fig. 2, as

Mgg
q̂ ¼ X2

i¼1

MLO
i ; Mgg

ŝ ¼ X4
i¼3

MLO
i ;

Mgg
t̂

¼ X7
i¼5

MLO
i ; Mgg

û ¼ X10
i¼8

MLO
i :

(9)

The squared amplitude for the LO can be written as

jMgg
LOj2 ¼

256

3
ðjMgg

1 j2 þ jMgg
2 j2Þ

� 32

3
� 2ReðMggy

1 �Mgg
2 Þ: (10)

The lowest order cross sections for the subprocesses

q �q, gg ! ~t1
�~t1h in the MSSM are obtained by using the

following formula:

d�ij
LO ¼ kijav

2ŝð2�Þ4
�ðs34; m2

~t1
; m2

~t1
Þ

8s34

�ðŝ; s34; m2
hÞ

8ŝ

��ðs34 � 4m2
~t1
Þ�ð ffiffiffî

s
p � 2m~t1 �mhÞ

��ð½ ffiffiffî
s

p �mh�2 � s34Þ
� X

spins;colors

jMij
LOj2ds34d��

t d cosð�CMh Þ; (11)

with

ŝ¼ðp1þp2Þ2; sij¼ðpiþpjÞ2; i;j¼3;4;5; (12)

and

�ðx; y; zÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2 þ z2 � 2xy� 2xz� 2yz

q
: (13)

The labels ij indicate the specific initial state of the par-
tonic process. The factor kabav results from the average over
the initial-state spins and colors. The LO total cross section

of pp ! ~t1
�~t1h can be expressed as

�LO ¼ X
ij

Z
dx1dx2F

p
i ðx1; �ÞF p

j ðx2; �Þ�̂ij
LO; (14)

where the F p
i ’s are the LO parton distribution functions

(PDF) with parton i in a proton.

III. NLO SUSY-QCD CORRECTIONS

The NLO SUSY-QCD corrections consist of both virtual
corrections to the tree-level processes and one-parton real
radiation from both the initial and final states. The NLO
SUSY-QCD partonic cross section reads

FIG. 2. The LO Feynman diagrams for the gg ! ~t1
�~t1h

subprocess.

FIG. 1. The LO Feynman diagrams for the q �q ! ~t1
�~t1h

subprocess.
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�̂ NLO
ij ¼ �̂LO

ij þ ��̂NLO
ij ; (15)

where �̂LO
ij denotes the LO partonic cross section

and ��̂NLO
ij describes the corrections to �̂LO

ij . The NLO

corrections, ��̂NLO
ij , receive contributions from q �q, gg, qg,

and �qg initiated processes and can be decomposed in the
following way:

��̂NLO
ij ¼

Z
dðPS3Þ �

X
2ReðMy

LOMvirtÞ

þ
Z

dðPS4Þ �
XjMrealj2

	 �̂virt
ij þ �̂real

ij ; (16)

where the term integrated over the phase space measure
dðPS3Þ corresponds to the virtual one-loop corrections with
three particles in the final state, while the one integrated
over the phase space measure dðPS4Þ corresponds to the
real tree-level corrections with one additional emitted par-

ton. The sum �P indicates that the corresponding ampli-
tudes squared have been averaged over the initial-state
degrees of freedom and summed over the final-state ones.

The calculation of the NLO SUSY-QCD corrections
has been performed in the framework of the MSSM. We
adopt the ’t Hooft-Feynman gauge, and use the dimen-
sional regularization method in D ¼ 4� 2� dimensions to
isolate UV, IR, and collinear singularities. The masses
have been renormalized in the on-shell scheme.
Renormalization and factorization are performed in the

modified minimal subtraction (MS) scheme. The
Feynman graphs and the relevant amplitude have been
generated by using FEYNARTS [10]. These amplitudes
have subsequently been reduced in terms of the standard
model extension with the help of MATHEMATICA and FORM

[11]. The algebraic output of the calculations has been
implemented in the FORTRAN program for numerical evalu-
ation. The phase space integration is implemented by using
the Monte Carlo technique. We adopt the definitions of
one-loop integral functions as in Ref. [12]. Following
standard techniques of one-loop calculations, the tensor
integrals are algebraically reduced to scalar integrals. The
numerical calculations of the IR-infinite integral functions
are implemented by using the methods described in
Ref. [13]. The FF package [14] has been used to check
some of the IR-finite scalar and tensor integrals.

A. Virtual one-loop corrections

The virtual corrections consist of self-energy, vertex,
box, and pentagon diagrams. For the virtual particles inside
loops, we use the complete supersymmetric QCD spec-
trum: gluons, gluinos, all quarks, and all squarks. Self-
energy and vertex diagrams contain both IR and UV
divergences. Box and pentagon diagrams are ultraviolet
finite, but have infrared singularities. The IR poles in the
virtual corrections are eventually canceled by analogous

singularities in the real corrections to the tree-level cross
section. The UV divergences are renormalized by introduc-
ing a suitable set of counterterms for the renormalization of
the coupling constants and the renormalization of the
external wave functions of the gluons, of the light quarks,
and of the stop quark. Since Higgs-squark interaction in-
volves the squark mixing angles and the trilinear squark
couplings, a counterterm for each of these parameters will
be needed. We perform the renormalization programme in
the on-shell scheme, where the quark and squark masses
are defined as the poles of their respective propagators. The
renormalization of the strong gauge coupling constant gs is

carried out in the MS renormalization scheme.
The Feynman rules for the counterterms can be ex-

pressed in terms of the field renormalization constants of
quarks, squarks, gluons, and gluinos. We express the bare
quantities by the renormalized ones,

�bare
qa ¼�ren

qa ð1þ 1
2�ZqaÞ; �bare

~Q;a
¼�ren

~Q;a
ð1þ 1

2�Z ~Q;aÞ;
Gbare

� ¼Gren
� ð1þ 1

2�ZGÞ; �bare
~g ¼�ren

~g ð1þ 1
2�Z~gÞ; (17)

together with the renormalization constants for the strong
coupling, for the strong Yukawa coupling, and for the
squark masses, which are defined according to

gbares ¼ grens ð1þ �ZgÞ;
ĝbares ¼ ĝrens ð1þ �ZĝÞ;

m2bare
~Q;a

¼ m2ren
~Q;a

þ �m2
~Q;a
:

(18)

The field renormalization constants of the quarks are
obtained via the on-shell conditions

�Zqa ¼ �Ref�qaðm2
qÞg �m2

q Re

�
@

@p2
ð�qLðp2Þ

þ �qRðp2Þ þ 2�qSðp2Þ
�
p2¼m2

q

ða ¼ L; RÞ; (19)

with the scalar coefficients in the Lorentz decomposition of
the self-energy,

�qð6pÞ ¼ 6p!��qLðp2Þ þ 6p!þ�qRðp2Þ þmq�qSðp2Þ;
(20)

and the renormalization constants of the squark sector are
fixed by the on-shell conditions

�Z ~Q;a ¼ �Re

�
@�~Q;aðp2Þ

@p2

�
jp2¼m2

~Q;a

;

�m2
~Q;a

¼ Ref�~Q;aðm2
~Q;a
Þg:

(21)

Also in the gluino sector, we determine the renormalization
constants by the on-shell conditions
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�m~g ¼ 1

2
Refm~gð�~gLðm2

~gÞ þ�~gRðm2
~gÞ þ 2�~gSðm2

~gÞÞg;

�Z~g ¼ �Ref�~gLðm2
~gÞtg �m2

~g Re

�
@

@p2
ð�~gLðp2Þ

þ �~gRðp2Þ þ 2�~gSðp2Þ
�
jp2¼m2

~g

: (22)

The full set of virtual corrections is UV finite after
including the proper counterterms for squark triple and
quartic vertices, quark vertices, and self-energies. The
actual expressions of the counterterms are

where k, k0 denote the momenta of top squarks, a, b, and c
are the gluonic color indices, Tc and fabc are the color
factors, and!� ¼ ð1� 	5Þ=2 are the projection operators.

The SUSY-QCD virtual corrections of the cross section
to the subprocesses q �q, gg can be expressed as

�̂ðq �q;ggÞ
virtual ¼

Z
dðPS3Þ �

X
2ReðMðq �q;ggÞ

tree Mðq �q;ggÞy
virtual Þ; (23)

whereMðq �qÞ
tree andMðggÞ

tree are the Born amplitudes for q �q, gg

subprocesses, and Mðq �qÞ
virtual and MðggÞ

virtual are the renormal-

ized amplitudes of all the NLO SUSY-QCD Feynman
diagrams involving virtual gluons/quarks and gluinos/
squarks for q �q annihilation and gg fusion processes, re-
spectively. Then the �̂virtual is UV finite, but still has IR
divergence.

B. Real corrections

The real corrections result from processes where an
additional massless particle is radiated in the final state.
It is possible to radiate either an additional gluon gðp6Þ
from any initial- or final-state parton in the LO diagrams

qðp1Þ þ �qðp2Þ ! ~t1ðp3Þ þ �~t1ðp4Þ þ hðp5Þ þ gðp6Þ;
gðp1Þ þ gðp2Þ ! ~t1ðp3Þ þ �~t1ðp4Þ þ hðp5Þ þ gðp6Þ; (24)

or to add an additional final-state quark qðp6Þ or antiquark
�qðp6Þ,

ðq; �qÞðp1Þ þ gðp2Þ ! ~t1ðp3Þ þ �~t1ðp4Þ þ hðp5Þ þ ðq; �qÞðp6Þ:
(25)

We have extracted both soft and collinear IR singularities
by implementing a phase space slicing method with two
cutoffs [15]. We introduce an arbitrary small soft cutoff �s

to separate the phase space into two regions, according to
whether the energy of the emitted gluon is soft or hard.
Consider the case when parton 6 is a soft gluon. The soft
region S is defined in terms of the gluon energy E6 in the
p1 þ p2 rest frame by 0 
 E6 
 �s

ffiffiffiffiffiffi
s12

p
=2. The hard re-

gion H is the complement: E6 > �s
ffiffiffiffiffiffi
s12

p
=2. Furthermore,

we introduce an arbitrary small collinear cutoff �c to
decompose �̂hard into a sum of hard/collinear HC and
hard/noncollinear H �C terms to isolate the remaining col-
linear singularities from �̂hard, i.e.,

�̂ hard ¼ �̂HC þ �̂H �C: (26)

The soft, HC, and H �C parts of the cross section all depend
on the cutoffs, but their sum is cutoff independent. The
partonic real cross section is given by

�̂ real ¼ �̂soft þ �̂hard: (27)

In the soft limit, the gluon radiation is described by an
eikonal current [16]. For the q �q collision channel the
parton-level soft cross section can be written as

�̂ soft ¼ �̂LO � 
s

2�

X4
i;j¼1

ðTi � TjÞgijðpi; pjÞ; (28)

where Ti are the color operators [17,18], and gij are the

soft integrals defined as

gijðpi; pjÞ ¼ ð2��Þ2�
2�

Z
E6
�E

dD�1p6

E6

�
2ðpipjÞ

ðpip6Þðpjp6Þ

� p2
i

ðpip6Þ2
� p2

j

ðpjp6Þ2
�
: (29)

Using the definitions of color operators, we get the
expressions of �̂soft [18,19] for the q �q annihilation channel,

�̂q �q
soft ¼ � 
s

2�

�
1

6
ðg12 þ g34Þ � 7

6
ðg13 þ g24Þ

� 1

3
ðg14 þ g23Þ

�
�̂q �q

LO; (30)

and for the gg collision channel,
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�̂gg
soft ¼


s

12�

Z
d�3

�X��
256

3
ð9g12 þ 9g13 þ 9g24 � g34Þ þ 96ðg12 � g14 � g23 þ g34Þ

�
jMgg

1 j2

þ
�
256

3
ð9g12 þ 9g23 þ 9g14 � g34Þ þ 96ðg12 � g13 � g24 þ g34Þ

�
jMgg

2 j2

� 2

�
32

3
ð9g12 þ 9g13 þ 9g24 � g34Þ � 96ðg12 � g14 � g23 þ g34Þ

�
ReðMggy

1 Mgg
2 Þ

�
; (31)

where Mgg
1 and Mgg

2 have been expressed in Eqs. (7) and
(8), respectively.

The contribution from the H �C region, �̂H �C, is finite, and
we compute it numerically by using standard Monte Carlo
integration techniques. The H �C real corrections have been
checked using MADGRAPH [20]. In the HC region, the
initial-state parton i (i ¼ q, �q, g) is considered to split
into a hard parton i0 and a collinear gluon g, i ! i0g, with
pi0 ¼ zpi and p6 ¼ ð1� zÞpi. The matrix element squared

for q �qðggÞ ! ~t1
�~t1hg factorizes into the Born matrix ele-

ment squared and the Altarelli-Parisi splitting function for
i ! i0g, i.e.,

�XjMHCðij ! ~t1
�~t1hgj2 !collinearð4�
sÞ

�X
i

�X jMLOði0j ! ~t1
�~t1hÞj2 2Pii0 ðz; �Þ

zð2pi � p6Þ :
(32)

Using the approximation pi � p6 ’ zpiði ¼ 1; 2Þ, the in-
tegral over the collinear gluon degrees of freedom can then
be performed separately, and this allows us to explicitly
extract the collinear singularities of �̂hard. �̂HC turns out to
be of the form [15,21]

�̂HC ¼
�

s

2�

�ð1� �Þ
�ð1� 2�Þ

�
4��2

m2
t

�
�
��

� 1

�

�
���
c

�
Z 1��s

0
dz

�ð1� zÞ2
2z

s0

m2
t

���
Pii0 ðzÞ

� �̂LOði0j ! ~t1
�~t1hÞ þ ði $ jÞ; (33)

where s0 ¼ 2pi0 � pj. These initial-state collinear divergen-

ces are absorbed into the parton distribution functions. In
the calculation of the hard light-quark emission subpro-
cesses, we adopt a method similar to that for hard gluon
emission.

C. NLO SUSY-QCD corrected cross section

The final result for the NLO QCD corrected cross sec-
tion is obtained by convoluting the parton cross section
with the NLO parton distribution function F p

i ðx;�Þ ði ¼
q; gÞ, thereby absorbing the remaining initial-state singu-
larities into the PDFs. The NLO SUSY-QCD corrections of
the total cross sections contributed by q �q annihilation and
gg fusion subprocesses in the initial-state collinear phase
space region are obtained as [18,22]

�qq
NLO ¼

Z
dx1dx2F

p
q ðx1; �ÞF p

�q ðx2; �Þ½�̂qq
LOðx1; x2; �Þ

þ �̂qq
virtualðx1; x2; �Þ þ �̂qq

softðx1; x2; �Þ þ ð1 $ 2Þ�
þ �qq

HC þ
Z

dx1dx2½F p
q ðx1; �ÞF p

�qðx2; �Þ
� �̂qq

H �C
ðx1; x2; �Þ þ ð1 $ 2Þ; (34)

and the NLO QCD corrected cross-section part for the gg
fusion subprocess has the expression

�gg
NLO ¼ 1

2

Z
dx1dx2F

p
g ðx2; �ÞF p

gðx2; �Þ½�̂gg
LOðx1; x2; �Þ

þ �̂gg
virtualðx1; x2; �Þ þ �̂gg

softðx1; x2; �Þ þ ð1 $ 2Þ�
þ �gg

HC þ 1

2

Z
dx1dx2½F p

gðx1; �ÞF p
g ðx2; �Þ

� �̂gg

H �C
ðx1; x2; �Þ þ ð1 $ 2Þ�: (35)

The cross section of ðq; �qÞg ! ~t1
�~t1hþ ðq; �qÞ (q ¼ u, d)

can be written as

�qg
NLO ¼ �qg

HC þ X
i¼q; �q

Z
dx1dx2½F p

i ðx1; �ÞF p
gðx2; �Þ

� �̂qg

H �C
ðx1; x2; �Þ þ ð1 $ 2Þ�; (36)

with the H �C partonic cross section given by

�̂ ij

H �C
¼

Z
H �C

�XjMðij ! ~t1
�~t1hgðq; �qÞÞj2dðPS4Þ: (37)

Finally, the NLO QCD corrected total cross sections for

pp ! ~t1
�~t1h can be obtained by using the formula

�NLO ¼ �qq
NLO þ �gg

NLO þ �qg
NLO: (38)

IV. NUMERICAL RESULTS AND DISCUSSIONS

A. LO total cross sections

In the following we discuss in detail our results for the

LO total cross section for pp ! ~t1
�~t1h. As a numerical

demonstration, we choose the point SPS1a as a benchmark
for our numerical study [23]. SPS1a is a typical mSUGRA
point with an intermediate value of tan� ¼ 10, �> 0. It
has a model line attached to it, which is specified by
M0 ¼ �A0 ¼ 100 GeV and M1=2 ¼ 250 GeV. Starting

from the five mSUGRA parameters M0, M1=2, A0, tan�,
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and signð�Þ, we have generated the spectrum of masses,
widths, couplings, and mixings relative to squarks and
Higgs particles by running the MSUGRA program contained
in the package ISAJET [24], version 7.69. The value of the
top mass we used was 175 GeV. Note that typical electro-
weak parameters, such as 
em and sin2�W , were also taken
from this program, as they enter the renormalization group
equations of the SUSY theory. The stop masses in this
scenario are given by m~t1 ¼ 377:39 GeV and m~t2 ¼
571:62 GeV. The numerical analyses of the hadronic cross

sections have been performed for the CERN LHC with a
pp center of mass of

ffiffiffi
s

p ¼ 14 TeV. The hadronic cross
sections are obtained by convoluting the partonic cross
sections with the parton distribution functions of the
initial-state hadrons as specified in Eq. (14). The LO
numerical results are based on the one-loop evolution of

s and the CTEQ6L1 PDFs [25]. By default, we set the
renormalization scale �R and the factorization scale �F to
the common renormalization/factorization scale �.
Figure 3 shows the total LO cross sections as a function

of the renormalization/factorization scale for mh ¼
100 GeV and 120 GeV. The renormalization/factorization
scale dependence of the LO cross-section prediction is
indicated by bands resulting from varying the central scale
�0 ¼ m~t1 þ mh

2 up and down by a factor 2. The variation of

the scale shows that the LO prediction for the total cross
section is plagued by scale uncertainty of about 44% and
therefore cannot provide a reliable prediction. This under-
lines the need for NLO. Figure 4 shows the dependence of
the total LO cross section on the Higgs mass. For the Higgs
mass between 90 GeV and 130 GeV, the cross section
varies between about 0.4468 fb and 0.283 fb, if the central
scale �0 is chosen for the renormalization and factoriza-
tion scales. For � ¼ 0:5�0, the cross section increases
and varies between about 0.6036 fb and 0.3843 fb.

FIG. 3. Variation of the LO cross sections for the pp ! ~t1
�~t1h

at the LHC with the renormalization/factorization scale �.

FIG. 4. Variation of the LO cross section for the pp ! ~t1
�~t1h at

the LHC with the Higgs boson mass mh.

FIG. 5. Dependence of �gg
soft þ �gg

HC, �
gg

H �C
and their

sum (real) on the soft cutoff �s for mh ¼ 120 GeV
and � ¼ �0.

FIG. 6. Dependence of �gg
soft þ �gg

HC, �
gg

H �C
and their sum (real)

on the collinear cutoff �c for mh ¼ 120 GeV and � ¼ �0.

FIG. 7. The total cross sections �LO and �NLO for the process
pp ! ~t1

�~t1h as functions of the renormalization/factorization
scale with mh ¼ 100 GeV.
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But for � ¼ 2�0, the cross section decreases and varies
between about 0.3394 fb and 0.2146 fb.

B. Total NLO SUSY-QCD corrected cross sections

In our numerical calculation, we adopt the CTEQ6M
PDFs [25] and the two-loop evolution of 
s to evaluate the
hadronic NLO SUSY-QCD corrected cross section.
Figures 5 and 6 show the cancellation of the �s and �c

dependence between �gg
soft þ �gg

HC and �gg

H �C
, respectively,

for gg fusion. Similar plots could be obtained for the other
subprocess, q �q.

In Figs. 7 and 8 we show the renormalization/
factorization scale dependence of the LO and NLO total
cross sections. We observe a significant reduction of the
renormalization/factorization scale dependence and the
stabilization of the theoretical predictions for the cross
section upon going from LO to NLO. We estimate the

size of the remaining scale uncertainties to be about 10%
at NLO when the central scale is varied up and down by a
factor of 2.
In Fig. 9 we depict the LO and NLO total cross sections

with the renormalization/factorization scale set to
� ¼ 0:5�0, � ¼ �0, and � ¼ 2�0 as a function of mh.
Figure 10 demonstrates that the main contributions are

coming from the subprocess gg ! ~t1
�~t1h, which receives

positive NLO corrections in the domain of the central
renormalization/factorization scale. For the hard collinear
quark emission (qg), the NLO SUSY-QCD corrections are
small.

V. CONCLUSIONS

In this paper we have calculated the NLO SUSY-QCD
corrections to the production of neutral Higgs bosons in
association with a lower mass stop quark pair at the LHC in
the MSSM assuming a mSUGRA symmetry breaking
scheme. Our interest in such a reaction comes from the
fact that it constitutes a production mechanism of Higgs
bosons and also because it carries a strong dependence on
the five inputs of the SUSY model, so that it can possibly
be used to constrain the latter.
We have analyzed the dependence of the NLO SUSY-

QCD corrected cross section on the renormalization/
factorization scale and Higgs boson mass. We have found
that the NLO SUSY-QCD corrections significantly reduce
the dependence of the total cross section on the renormal-
ization/factorization scale. This then reduces the theoreti-
cal uncertainty of the cross section from 44% at LO to 10%
at NLO when the renormalization/factorization scale is
varied between half and twice the central scale.
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