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Higgs-boson production associated with a bottom quark at hadron colliders
with supersymmetric QCD corrections
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The Higgs boson productionpp(pp̄)→bh1X via bg→bh at hadron colliders, which may be an important
channel for testing the bottom quark Yukawa coupling, is subject to large supersymmetric quantum corrections.
In this work the one-loop supersymmetric~SUSY! QCD corrections to this process are evaluated and are found
to be quite sizable in some parameter space. We also study the behavior of the corrections in the limit of heavy
SUSY masses and find the remnant effects of SUSY QCD. These remnant effects, which are left over in the
Higgs sector by the heavy sparticles, are found to be so sizable~for a light CP-odd Higgs boson and large
tanb) that they might be observable in future experiments. The exploration of such remnant effects is impor-
tant for probing SUSY, especially in the case that the sparticles are too heavy~above TeV! to be directly
discovered in future experiments.
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I. INTRODUCTION

Searching for the Higgs boson is the most important t
for the Fermilab Tevatron collider and the CERN Large Ha
ron Collider ~LHC!. Among various Higgs production
mechanisms, those induced by the bottom quark Yuka
coupling are particularly important because in some ext
sions of the standard model~SM! such a coupling could be
considerably enhanced and thus the production rates ca
much larger than the SM predictions. The minimal sup
symmetric standard model~MSSM! @1# serves as a good ex
ample of such extensions, where the coupling of the ligh
CP-even Higgs boson~denoted byh) to the bottom quark is
proportional to tanb @2# and thus can be significantly en
hanced by large tanb.

In the production channels of the Higgs boson via its c
pling to the bottom quark, the processpp(pp̄)→bh1X via
bg→bh was recently emphasized in Ref.@3#. The advantage
of this process over the production viabb̄→h @4#, the domi-
nant production channel via the bottom quark Yukawa c
pling, is that the final bottom quark can be used to red
backgrounds and to identify the Higgs boson product
mechanism@5#. Compared with the production viagg,
qq̄→hbb̄ @6#, the production rate ofpp(pp̄)→bh1X is one
order of magnitude larger. So the productionpp(pp̄)→bh
1X may be a crucial channel for testing the bottom qu
Yukawa coupling.

If the MSSM is indeed chosen by nature, then the pred
tion of the cross section for the productionpp(pp̄)→bh
1X @7# must be renewed with the inclusion of supersymm
ric ~SUSY! quantum corrections because, like the proces
the charged Higgs boson productionpp(pp̄)→tH21X
@8,9# and the relevant Higgs decays@10–12#, the SUSY
quantum corrections to this process may be quite large
this work we study the one-loop SUSY-QCD corrections
this process, which is believed to be the dominant part in
SUSY corrections.
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It is well known that the low-energy observables in t
MSSM will recover their corresponding SM prediction
when all sparticles as well asMA ~the mass of theCP-odd
neutral Higgs boson! take their heavy limits. If only some o
the masses take their heavy limits, e.g., all sparticles
heavy butMA is light, then large remnant effects of SUS
may be left over in the physical observables of the Hig
sector. The study of these remnant effects will serve as
important probe for those heavy SUSY particles@11#. This
kind of study will be performed for the processpp(pp̄)
→bh1X in this work. After deriving the SUSY-QCD cor
rections to this process, we will examine the behavior of
corrections in the limit of heavy SUSY masses. WhenMA is
light and the sparticles take their heavy limits, we find t
large remnant effects left over by the SUSY-QCD in such
Higgs production process.

This paper is organized as follows. In Sec. II we pres
our strategy for the calculation of the one-loop SUSY-QC
corrections to the processpp(pp̄)→bh1X. In Sec. III we
scan the parameter space of the MSSM to estimate the
of the SUSY-QCD corrections. In Sec. IV we study the b
haviors of these corrections in the limit of heavy SUS
masses. The conclusion is given in Sec. V and the deta
formulas obtained in our calculations are presented in
Appendix.

II. CALCULATIONS

At high energy hadron colliders, the incomingb quark is
generated from gluons splitting into nearly collinearbb̄
pairs. When one member of the pair initiates a ha
scattering subprocess, its partner tends to remain at lowpT
and to become part of the beam remnant. Hence the fi
state typically has no high-pT b quarks. When the scale o
the hard scattering is large compared with theb-quark mass,
the b quark is regarded as part of the proton sea@13#. How-
ever, unlike the light quark sea, theb-quark sea is perturba
©2003 The American Physical Society12-1
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FIG. 1. Feynman diagrams ofgb→bh with
one-loop SUSY-QCD corrections:~a,b! are tree
level diagrams;~c–e! are one-loop vertex dia-
grams for thes channel;~f–k! are one-loop ver-
tex diagrams for thet channel;~l–n! are the box
diagrams;~o–r! are the self-energy diagrams.
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tively calculable. If the scale of the hard scattering ism̃ ~for
the scale we usem̃ to distinguish from the SUSY paramete
m), the b-quark distribution functionb(x,m̃) is intrinsically
of orderas(m̃)log(m̃/mb). As m̃ approachesmb from above,
b(x,m̃)→0; while as m̃ becoming asymptotically large
as(m̃)log(m̃/mb) approaches order of unity and one needs
sum terms of orderas

n(m̃)logn(m̃/mb) into theb-quark distri-
bution function to yield a well-behaved perturbation expa
sion in terms ofas @13#. In this case, theb-quark distribution
function becomes of the same order as the light partons.
main uncertainty of theb-quark distribution function come
from that of the gluon distribution function which is abo
10% @14#.

The subprocessgb→bh occurs through both the
s-channel and thet-channel shown in Fig. 1~a,b!. The spin-
and color-averaged differential cross sections at tree-leve
given by

dŝ0

d t̂
52

as~m̃ !

24
S gmb~m̃ !

2mW
D 2S sina

cosb D 2 1

ŝ2

mh
41~ ŝ1 t̂2mh

2!2

ŝt̂
,

~2.1!

whereŝ and t̂ are the usual Mandelstam variables,as(m̃) is
the running strong coupling, andmb(m̃) is the running bot-
tom quark mass@4#. a represents the mixing angle betwe
the two CP-even Higgs boson eigenstates andb is defined
by tanb5v2 /v1 with v1,2 denoting the vacuum expectatio
values of the two Higgs doublets@2#. In Eq. ~2.1! we use the
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MS running mass of theb quark rather than the pole mass
take into account large QCD logarithm corrections to t
vertex hbb̄ @15#. The SM prediction of the cross section
recovered when settingusina/cosbu51 @3#. Throughout the
calculations we neglect theb-quark mass except in th
b-quark Yukawa couplings.

The one-loop Feynman diagrams of SUSY-QCD corr
tions are shown in Fig. 1~c–r!. In our calculations we use
dimensional regularization to control the ultraviolet dive
gences in the virtual loop corrections. For the renormali
tion of strong coupling constantgs , we employ theMS

scheme@16#. As to thehbb̄ Yukawa coupling, at one-loop
level to O(as) it is given by

ḡhbb5ghbb1dghbb
QCD1dghbb

SQCD, ~2.2!

whereḡhbb denotes the one-loop coupling,ghbb is tree-level
coupling,dghbb

QCD is the radiative correction from pure QCD
@15#, and dghbb

SQCD is the one-loop SUSY-QCD contributio
@11#. In determiningdghbb

QCD1dghbb
SQCD, one needs the coun

terterm of the vertexhbb̄, whose general from is given b
ghbb@(dmb

QCD/mb)1(dmb
SQCD/mb)# with dmb being the

counterterm of theb-quark mass defined bymb
05mb1dmb

(mb
0 is the bare mass!. dmb is determined by requiringmb to

be the pole of the one-loop correctedb-quark propagator
@15,11,17#. One major difference betweendghbb

QCD and
dghbb

SQCD is that the former contains large logarithm

aslog(m̃/mb) of O(1) and thus one needs to introduceMS
2-2
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running mass mb(m̃) to absorb leading logarithm
as

nlog(m̃/mb)
n @15#. An extensive discussion about this iss

in the MSSM was provided in Ref.@17#.
The one-loop SUSY-QCD contribution to the amplitu

of gb→bh can be written as

dM5
igs

3Ta

16p2

gmb

2mW

sina

cosb
ū~p2!~C1gmPL1C2gmPR

1C3gmk”PL1C4gmk”PR1C5p1
mPL1C6p1

mPR

1C7p1
mk”PL1C8p1

mk”PR1C9p2
mPL1C10p2

mPR

1C11p2
mk”PL1C12p2

mk”PR!u~p1!em~k!, ~2.3!

where PL,R[(17g5)/2, Ta[la/2 with la being the Gell-
Mann matrices, andk, p1 and p2 are the momentum of the
incoming gluon, incomingb-quark and the outgoingb-quark,
respectively.gs andmb should be understood as the runni
ones in Eq.~2.1!. The coefficientsCi arise from the loops
and are given explicitly in the Appendix. We have check
that all the ultraviolet divergences canceled as a resul
renormalizability of the MSSM.

The differential cross section ofgb→bh with one-loop
SUSY-QCD corrections is given by

dŝ

d t̂
5

dŝ0

d t̂
1

d~Dŝ!

d t̂
, ~2.4!

where the first term is the tree-level result given in Eq.~2.1!
and the second term is the one-loop SUSY-QCD correcti
given by

d~Dŝ!

d t̂
52

as

48

as

4p S sina

cosb D 2S gmb

2mW
D 2

3
1

ŝ2 F2~C31C4!mh
21~C51C6!

mh
2~ ŝ1 t̂2mh

2!

t̂

1~C91C10!
2~ ŝ1 t̂2mh

2!2

ŝ
G . ~2.5!

The cross section ofgb→bh is then given by

ŝ~ ŝ!5E
t̂min

t̂max
dt̂

dŝ

d t̂
, ~2.6!

where t̂max50 and t̂min52 ŝ1mh
2 with mh denoting the

Higgs boson mass. In order to avoid collinear divergence
Eq. ~2.6! and to enable the outgoingb jet to be tagged by a
silicon vertex detector at the Tevatron and the LHC, we
quire the transverse momentum of the outgoingb jet to be
larger than 15 GeV and apply a rapidity cutuhbu,2.5 for the
LHC and uhbu,2.0 for the Tevatron.

The total hadronic cross section forpp(pp̄)→bh1X can
be obtained by folding the subprocess cross sectionŝ with
the parton luminosity
07501
d
of
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-

s~s!5E
t0

1

dt
dL

dt
ŝ~ ŝ5st!, ~2.7!

wheret05mh
2/s and s denotes thepp(pp̄) squared center-

of-mass energy.dL/dt is the parton luminosity given by

dL

dt
5E

t

1dx

x
@ f g

p~x,Q! f b
p~t/x,Q!1~g↔b!#, ~2.8!

wheref b
p and f g

p are theb quark and gluon distribution func
tions in a proton, respectively. In our numerical calculatio
we used the CTEQ5L parton distribution functions@18#. We
did not distinguish the factorization scaleQ and the renor-
malization scalem̃, and assumedm̃5Q5mh . The scale de-
pendence of our results will be briefly discussed in the p
ceeding section.

The processpp(pp̄)→bh1X has been extensively stud
ied @3# in the framework of the standard model. Its cro
section is found to be at the order of 1 fb for the Tevatr
and 100 fb for the LHC, and the next-leading-order~NLO!
QCD correction can enhance the production rate by 5
;60% for the Tevatron and 20%;40% for the LHC@3#,
depending on the applied cuts and the Higgs boson mass
will incorporate such QCD corrections in our calculations f
the production rates/sSM .

III. NUMERICAL RESULTS

In this section we will perform a scan over the SUS
parameter space to show the possible size of the SUSY-Q
corrections. Before performing numerical calculations,
take a look at the relevant parameters involved. For the
parameters, we tookmW580.448 GeV,mZ591.187 GeV,
mt5174.3 GeV,m̄b(m̄b)54.2 GeV@19#, sin2uW50.223 and
as(mZ)50.118. We used the one-loop QCD runningas(m̃)
andmb(m̃).

For the SUSY parameters, apart from gluino mass,
mass parameters of sbottoms are involved. The sbot
squared-mass matrix is@2#

Mb̃
2
5S mb̃L

2
mbXb

mbXb mb̃R

2 D , ~3.1!

where

mb̃L

2
5mQ̃

2
1mb

21mZ
2~ I 3

b2Qbsin2uW!cos~2b!, ~3.2!

mb̃R

2
5mD̃

2
1mb

21mZ
2Qbsin2uWcos~2b!, ~3.3!

Xb5Ab2m tanb. ~3.4!

Here mQ̃
2 and mD̃

2 are soft-breaking mass terms for the le

handed squark doubletQ̃ and the right-handed down squa
D̃, respectively.Ab is the coefficient of the trilinear term
H1Q̃D̃ in soft-breaking terms andm the bilinear coupling of
2-3
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the two Higgs doublets in the superpotential.I 3
b521/2 and

Qb521/3 are the isospin and electric charge of theb quark,
respectively. This mass square matrix can be diagonalize
a unitary rotation

S b̃L

b̃R
D 5S cosub 2sinub

sinub cosub
D S b̃1

b̃2
D , ~3.5!

and consequentlyub and the masses of physical sbottom
b̃1,2 can be expressed as

tan 2ub5
2mbXb

~mb̃L

2
2mb̃R

2
!
, ~3.6!

mb̃1

2
5mb̃L

2 cos2ub12mbXbcosubsinub1mb̃R

2 sin2ub ,

~3.7!

mb̃2

2
5mb̃L

2 sin2ub22mbXbcosubsinub1mb̃R

2 cos2ub .

~3.8!

From Eqs.~2.1!, ~2.5!, ~2.6! we know that the cross sectio
also depends on the Higgs boson mass,a andb, which can
be determined at tree level by tanb and theCP-odd Higgs
boson massMA @2#. Noticing the fact that both the mass an
the mixing angle receive large radiative corrections when
SUSY scale is high abovemt @20#, we used the loop-
corrected relations of Higgs boson masses and mixing a
@21,22# in the computation of the cross section. In our calc
lation, we used the program SUBHPOLE2 @21#, where two-
loop leading-logarithm effects of the MSSM are incorpora
in the Higgs boson masses and the mixing angle, to gene
mh anda needed for our computation. The input paramet
for this program are the mass parameters in the top sq
and sbottom sector, andMA , tanb and the heavier chargin
massmx̃ .

We found that the usage of the loop-corrected relation
Higgs boson masses and mixing angles is indeed neces
Comparing with the results obtained by using tree-level
lations for Higgs masses and mixing angles, the size
SUSY-QCD corrections by using the loop-corrected relatio
is generally magnified from 30% to 200%.1 We also checked
that this conclusion is also valid for the SUSY-QCD corre
tion to the Higgs partial widthG(h→bb̄).

Now we know the relevant parameters are

mQ̃ ,mŨ ,mD̃ ,At,b ,mg̃ ,mx̃ ,m,MA ,tanb, ~3.9!

1The main reason for such an enhancement is that for a l
SUSY scale, the dominant term of the SUSY-QCD correction
proportional to cota1tanb @see, for example, Eqs.~4.2!, ~4.4!,
~4.6!, ~4.9! in the proceeding section#, whose value obtained by
using the loop-corrected relations of the Higgs boson masses
the mixing angle is generally larger than that by using the tree-le
relations.
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where MŨ
2 is the soft-breaking mass term for the righ

handed top squark andAt the coefficient of the soft-breaking
trilinear termH2Q̃Ũ. To show the main features of SUS
effects inpp(pp̄)→bh1X, we performed a scan over thi
ten-dimensional parameter space. In our scan we make
assumptions about the relations among these paramete
keep our result model independent, but we restrict the
rameters with mass dimension to be less than 2 TeV. In
dition, we consider the following experimental constraints

~1! m.0 and tanb in the range 5<tanb<50, which
seems to be favored by the muong22 measurement@23#.

~2! The LEP and CDF lower mass bounds on Hig
bosons, gluinos, stops, sbottoms and charginos@24,25#

mh>114 GeV, mt̃ 1
>86.4 GeV, mb̃1

>75.0 GeV,

mg̃>190 GeV, mx̃
l ight

>67.7 GeV, ~3.10!

wheremx̃
l ight is the mass of the lighter chargino.

It would be interesting to first scan over the allowed p
rameter space to figure out how large the production rat
enhanced in the MSSM. In Fig. 2 we present the tree-le
cross section relative to the SM prediction with the sa
Higgs boson mass. This ratio is independent of collider
ergy, but is dependent on the SUSY mass parameters s
we use the loop-corrected relations of the Higgs bos
masses and the mixing angle~see the second paragraph
Sec. II!. From Fig. 2 one sees that the production rate in
MSSM can be significantly larger than the SM prediction f
a light MA , while for a heavyMA the MSSM prediction
approaches the SM value. This character was first notice
@26# and, as a result of this character, distinguishing the lig
est MSSM Higgs boson from the SM Higgs boson in t
largeMA limit will be very difficult. When SUSY-QCD cor-
rections are added, this character remains unchanged
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heavy sbottoms~see the following discussions!. From Fig. 2
one also finds that there exists the possibility~although very
rare! that the MSSM cross section is suppressed to be be
the SM value@27#. In this case, the SUSY-QCD correction
will play a more important role in Higgs boson phenomen
ogy at colliders@28#.

Now let us scan over the allowed parameter space to s
the possible size of the SUSY-QCD corrections relative
the tree-level value. In our numerical evaluation, we fou
the relative correction is insensitive to collider energy. T
difference of the results between the LHC and the Tevat
is at the level of parts per mill. In Fig. 3 we present t
SUSY-QCD corrections to the cross section.

Figure 3 manifests three features of SUSY-QCD corr
tions for large tanb. The first one is that the correction siz
is enhanced by tanb and thus can be quite large. The seco
one is that forMA lighter than 500 GeV, the correction tend
to be negative. The third one is that for largeMA , the cor-
rection may be positive and the maximum value seems to
independent of the value ofMA . These features can be e
plained as follows.

For the correction size larger than 2%, the dominant c
tribution of the SUSY-QCD correction is from the loop co
rections to the vertexhbb̄ and the contribution of the box
diagrams is much smaller for the parameters satisfy
the constraints in the paragraph following Eq.~3.9!.2 As a
result, the correction behaves like~which is similar to the
SUSY-QCD correction to the vertexhbb̄ in case of heavy
bottoms@11#!

2In the large limit of SUSY mass parameters discussed in
proceeding section, we have checked that, even for the corre
size far smaller than 1%, the dominant contribution still comes fr

the corrections to the vertexhbb̄.

-1.5
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-0.5

0

0.5

1

1.5

0 400 800 1200 1600 2000

▲

●

✚

tan β=  8

tan β = 30

 tan β = 50

MA (GeV)

∆σ
/σ

0

FIG. 3. The scatter plot of the SUSY-QCD correctionDs/s0

versusMA for the Tevatron. The difference of the results betwe
the LHC and the Tevatron is at the level of parts permillage.
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Ds

s0
;C1

MEW
2

MA
2

1C2

MEW
2

Mb̃
2 , ~3.11!

where MEW and Mb̃ denote the electroweak scale and t
typical mass of sbottoms, respectively.C1 andC2 are func-
tions ofmb̃1

, mb̃2
, mg̃ , m, andAb , but independent ofMA .

It is found that in generalC1 is negative andC2 is positive
and eitherC1 or both C1 and C2 are enhanced by larg
tanb. For a light MA compared withmb̃ , the first term of
the right-hand side~RHS! in Eq. ~3.11! is dominant and
hence the cross section tends to be negative. While fo
largeMA , the second term is dominant and the cross sec
tends to be positive. So the behavior of Eq.~3.11! can ex-
plain the features of Fig. 3.

From Fig. 3 we noticed that in some corners of parame
space the one-loop SUSY-QCD contributions to the cr
section are comparable or even larger than the tree-leve
sult and consequently, one must consider higher order
rections. In such cases, it is important to sum over the te
as

n(m/MSUSY))
n to all orders of perturbation theory by usin

an effective Lagrangian approach@17,29#.
Next we study the dependence of the SUSY-QCD corr

tion Ds/s0 and the cross section normalized by the S
prediction,s/sSM , on the mass of the produced Higgs b
son, which can be directly compared with experiment res
and hence is much informative. In such a study we assum
a common value (MSUSY) for all input SUSY mass param
eters and, considering the fact thatmh is insensitive toMA
for MA.150 GeV @22#, we fixed the value ofMA . Then
through varying the value ofMSUSY, we obtain the different
mass value of the Higgs boson.

The dependence onmh is illustrated in Fig. 4 for tanb
550. ~Note thatmh can vary only in a small range since it
stringently upper bounded in the MSSM.! In this figure and
also in the following figures showings/sSM , we also incor-
porated the conventional QCD corrections@3# into both the
MSSM and the SM cross sections. As pointed out earlier,
SUSY-QCD correctionDs/s0 is not sensitive to collider
energy. The difference of the results between the LHC a
the Tevatron is too small to be visible, as shown in the up
part of Fig. 4. But fors/sSM the difference between th
LHC and the Tevatron is visible since the QCD correctio
are significantly different for these two colliders@3#.

We also studied the dependence of the production rate
the renormalization scalem̃. ~As pointed out earlier, we as
sume that the factorization scale is equal to the renormal
tion scale.! We found that such a scale dependence is sign
cant in some parameter space. For example, for the L
with MA5300 GeV and mh5120 GeV, the ratio
s(m̃)/s(mh) is 0.93 for m̃5mh/2 and 1.03 form̃52mh .
Such an uncertainty is comparable with the uncertainty fr
the b-quark Yukawa coupling@m̄b(m̄b)54.260.2# and the
partron distribution function~about 10%!.

IV. BEHAVIORS OF SUSY-QCD CORRECTIONS
IN DECOUPLING LIMITS

To study the behaviors of the SUSY-QCD correction
the large limit of SUSY mass parameters, we consider f

e
on
2-5
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typical cases as in Ref.@11# where the decoupling property o
SUSY-QCD correction to the coupling ofhbb̄ is analyzed.
To qualitatively understand the feature of each case,
present the approximate formula in the limits, but in practi
numerical calculations we use the complete one-loop exp
sions.

About the inputs of the SUSY parameters, there are s
eral differences between our work and Ref.@11#. The first
one is that in@11# the tree-level relations for the Higgs boso
masses and the mixing angle were used, but in our calc
tions we use the loop-corrected relations. As discussed
lier, using the loop-corrected relations leads to a significan
different correction. The second one is that in our analy
we considered the experimental bounds in Eq.~3.10!. This
will rule out some parameter space which has been con
ered in Ref.@11#. The third one is that in cases B and D w
also requireAt,b to be large since largeAt,b is favored by the
Higgs boson mass bound.

~1! Case A. All SUSY mass parameters exceptMA are of
the same size~collectively denoted byMS) and tend to
heavy, i.e.,

mQ̃;mŨ;mD̃;Ab;At;mg̃;m;MS . ~4.1!

In this case the SUSY-QCD correction behaves like

-1

-0.5

0

0.5

105 110 115 120

 tan β = 50

 M
A = 500 GeV

300 GeV

200 GeV

0

1

2

3

4

100 105 110 115 120 125

tan β =50

 MA = 200 GeV

200 GeV
300 GeV

500 GeV

FIG. 4. The SUSY-QCD correctionDs/s0 and the cross section
s/sSM versus the mass of the produced Higgs boson. Solid cu
are for the LHC and the dashed curves for the Tevatron.
Ds/s0, each solid curve overlaps with the corresponding das
one due to the tiny difference.
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Ds

s0
;

2as

3p F2~ tanb1cota!2cotaS mh
2

12MS
2

1
mb

2tan2b

2MS
2 D

1
tanb

3

cosb sin~a1b!

sina

mZ
2

MS
2G , ~4.2!

where the first term in the RHS corresponds to the first te
in Eq. ~3.11!3 and the rest corresponds to the second term
Eq. ~3.11!. The striking feature of this case is that for ve
largeMS , the correction approaches a nonzero constant,
this remnant effect of SUSY-QCD corrections is enhanced
large tanb. This feature is illustrated in Fig. 5. From Fig.
one also finds that the SUSY-QCD correction in this case
negative and sizable4 for a light MA and a large tanb.

In Fig. 6 we show the loop corrected cross section n
malized by the SM prediction. From this figure we see th
for MA of several hundred GeV, although the tree-level cro
section in the MSSM can be reduced by large SUSY-Q
corrections, an enhancement of several times over the

3In the MSSM the tree-level relation for Higgs boson masses
the mixing angle predicts the following relation: cota52tanb
2(2mZ

2/MA
2)tanb cos 2b1O(mZ

4/MA
4) and at loop level, the gap be

tween cota and2tanb is generally enlarged.
4If the correction is too sizable~say exceeds 50%!, higher order

corrections are also important and need a proper treatment@17,29#.
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Case A
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-0.02

0

800 1100 1400 1700 2000

MA =200 GeV

MA= 500 GeV

MA =   MS

MA= 300 GeV

tan β = 8

FIG. 5. The SUSY-QCD correctionDs/s0 versusMS in case A.
For each fixed value ofMA , the solid curve~for the LHC! overlaps
with the corresponding dashed one~for the Tevatron! due to the tiny
difference.
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HIGGS-BOSON PRODUCTION ASSOCIATED WITH A . . . PHYSICAL REVIEW D68, 075012 ~2003!
prediction can still be expected due to the fact that the tr
level b-quark Yukawa coupling in the MSSM is significant
enhanced by large tanb for light MA . This large enhance
ment shows a very weak dependence onMS . So we can
conclude that up to the next-leading order, a lightMA is still
able to make the MSSM cross section larger than the
prediction.

~2! Case B. MQ̃ , MŨ , MD̃ , and At,b ~collectively de-
noted asMS) are much larger thanm, mg̃ , andMA ~collec-
tively denoted asM ), i.e.,

MQ̃,Ũ,D̃;At,b;MS@mg̃;m;MA;M . ~4.3!

In this case the SUSY-QCD correction behaves as

Ds

s0
;

2as

3p H 22M2

MS
2 ~ tanb1cota!2

mh
2M2

6MS
4 S MS

M
1cot a D

2
mZ

2

2MS
2

cosb sin~a1b!

sina F12S MS

M
2tanb D2M2

MS
2 G J .

~4.4!

From this expression we see that in the largeMS limit, the
SUSY-QCD corrections decouple rapidly asM2/MS

2 and the
decoupling behavior is slowed down by large tanb. The
characters of this case are shown in Fig. 7. So we see
even with a fixed lightMA , the process still does not hav
remnant SUSY-QCD effects if the gluino mass andm are
also kept light.

1

1.5

2

2.5

3

3.5

500 800 1100 1400 1700 2000

mA = 200 GeV

200 GeV

500 GeV

MA =  MS

300 GeV

Case A
tan β = 50

0.5

1

1.5

2

2.5

3

800 1000 1200 1400 1600 1800 2000

MA =200 GeV

300 GeV

MA =   MS

500 GeV

tan β = 8

FIG. 6. s/sSM versusMS in Case A for the LHC~solid! and the
Tevatron~dashed!.
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~3! Case C. Only the gluino mass gets much larger th
other SUSY parameters~collectively denoted asMS),5

mg̃@MQ̃,Ũ,D̃;At,b;m;MA;MS . ~4.5!

In this case the SUSY-QCD correction behaves as

Ds

s0
;

2as

3p F2MS

Mg̃

~ tanb1cota!S 12 log
Mg̃

2

MS
2D

2
MScota

3Mg̃

mh
2

MS
2

1
MStanb

Mg̃

mZ
2

MS
2

cosb sin~a1b!

sina

2
mb

2tan2b cota

Mg̃MS
G . ~4.6!

The main character of this case is that as the gluino mass
large, the correction drops very slowly lik
(1/mg̃)log(mg̃

2/MS
2), which was also observed in Refs.@11,12#.

Again, like other cases, the size of the correction is enhan
by large tanb. In Fig. 8 we show the dependence of th
SUSY-QCD correction ands/sSM on the gluino mass. Note
that in this case we found that tanb58 cannot satisfy the

5In this case the Higgs boson mass bound requiresMS to be much
larger than the electroweak scale.
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-0.09

-0.06

-0.03

0

400 800 1200 1600 2000

 ta
n 

β 
= 

50
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Case B

MA= Mg = µ =200 GeV˜

2.5

3

3.5

4

400 800 1200 1600 2000

 tan β =  50

 tan β =  30

 tan β =  8

FIG. 7. The SUSY-QCD correctionDs/s0 and s/sSM versus
MS in case B. The solid curves are for the LHC and the das
curves for the Tevatron. ForDs/s0, each solid curve overlaps with
the corresponding dashed one due to the tiny difference.
2-7



i

u
ise

t
.e

e
o
t
a

nd

like
d

he

ize

th

c

d-

CAO et al. PHYSICAL REVIEW D 68, 075012 ~2003!
experimental bounds in Eq.~3.10! for MS5600 GeV. In Fig.
8 the correction size is significantly smaller than those
cases A and B. The reason is that here a largeMA is chosen
so that tanb1cosa is suppressed~see footnote 3!.

Let us explain the origin of the slowness of the deco
pling in this case. Such slowness of the decoupling ar
from the first term in Eq. ~4.6!, i.e., 2m/Mg̃(tanb
1cota)logMg̃

2/Mq̃
2

~note that theMS in the factor 2MS /Mg̃

is m and the one in the logarithm is squark massMq̃). As Mg̃
gets much larger thanMq̃ and m, 2m/Mg̃ decreases bu
logMg̃

2/Mq̃
2 increases. For the example shown in Fig. 8, i

Mg̃ is changing from 1 TeV to 5 TeV with fixedMq̃5m
5600 GeV, the factor 2m/Mg̃ is decreased by 1/5 but th
factor log(Mg̃

2/Mq̃
2) is increased by 4.16. Thus the slowness

the decoupling as the gluino gets heavy is caused by
enlarged mass splitting between the gluino and the squ
Of course, since tanb1cota is proportional to
(2mZ

2/MA
2)tanb cos 2b ~see footnote 3!, the contribution of

the first term in Eq.~4.6! will be decoupled rapidly ifMA
gets large.

~4! Case D. One of the sbottoms andAt,b become heavy
while other mass parameters~denoted as M! are fixed. We
choose

MD̃;MŨ;At,b@MQ̃;mg̃;m;MA;M@MEW
~4.7!
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Case C
MQ=MU=M D=At,b=µ=MA = 600 GeV˜˜˜

1.13

1.15

1.17

1000 2000 3000 4000 5000

 tan β = 50  tan β = 30 

 tanβ=30 tan β=50 

FIG. 8. The SUSY-QCD correctionDs/s0 and s/sSM versus
the gluino mass in case C. The solid curves are for the LHC and
dashed curves for the Tevatron. ForDs/s0, each solid curve over-
laps with the corresponding dashed one due to the tiny differen
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or equally

mb̃2
;mt̃ 2

;At,b@mb̃1
;mt̃ 1

;mg̃;m;M@MEW ,
~4.8!

wheremb̃1,2
andmt̃ 1,2

are the masses of bottom squarks a
top squarks, respectively.

In this case the SUSY-QCD correction behaves as

Ds

s0
;

2as

3p F 2M2

mb̃2

2 ~ tanb1cota!S 11 log
M2

mb̃2

2 D
1

mZ
2

mb̃2

2

cosb sin~a1b!

sina S 211
2

3
sW

2 D
3S mb̃2

mb̃1

2tanb D G . ~4.9!

The main feature of this case is the correction decouples
(1/mb̃2

2 )log(M2/mb̃2

2 ) and this decoupling behavior is slowe

down by large tanb. Figure 9 shows the dependence of t
correction and the cross section onmD̃ (;mb̃2

). Comparing
with the results in case B, we see that the correction s
decreases more slowly asmD̃ gets heavy.

e

e.

-0.09

-0.06

-0.03

0

400 800 1200 1600 2000

 tan β = 50

 tan β = 30

 tan β = 8

Case D

MQ=Mg=µ=MA = 600 GeV˜˜

1.14

1.16

1.18

400 800 1200 1600 2000

tanβ =50 

 tan β = 50 

 tan β = 30

 tan β = 8

˜

FIG. 9. The SUSY-QCD correctionDs/s0 and s/sSM versus
MD̃ in case D for the LHC~solid curves! and the Tevatron~dashed
curves!. ForDs/s0, each solid curve overlaps with the correspon
ing dashed curve due to the tiny difference.
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From the above analyses we see that whenMA is fixed
and all other SUSY mass parameters get large, the SU
QCD left over some remnant effects in the Higgs boson p
duction processpp→bh1X at the hadron colliders. Note
that for the remnant effects to be left over,m and the gluino
mass must be comparable with or larger than the masse
the sbottoms. The fundamental reason for such a behavi
that the couplings likehb̃i b̃ j are proportional to SUSY mas
parameters.

We conclude this section by making a few remar
Firstly, in our analysis we assumedmg̃ ,m.0 and, as a re-
sult, all four cases have negative values of the correction
the anomaly-mediated SUSY breaking scenario@30#, a nega-
tive mg̃ is predicted and in this case, the sign of the corr
tion may be reversed. Secondly, it should be noted that in
calculations of such Higgs boson processes it is necessa
use the loop-corrected relations of the Higgs boson ma
and the mixing angle since such relations can significa
affect the results. Thirdly, in case of a lightMA , although the
SUSY-QCD corrections tend to reduce the cross sections
verely, the MSSM cross section can still be several tim
larger than the SM prediction. If the cross section of t
process is measured in the future and found to be sev
times larger than the SM prediction, a lightMA is favored.

V. CONCLUSION

In this work, we studied the one-loop SUSY-QCD qua
tum effects in the Higgs boson productionpp(pp̄)→bh
1X at the Tevatron and the LHC in the framework of t
MSSM. We found that for a lightMA and large tanb, the
corrections can be quite sizable and cannot be neglected
performed a detailed analysis on the behaviors of the cor
tions in the limits of heavy SUSY masses and found t
when MA is fixed and all other SUSY mass parameters
large, the SUSY QCD left over some remnant effects in
Higgs boson production processpp→bh1X. Such remnant
effects can be so sizable for a lightMA that they might be
observable in the future experiment. The exploration of s
remnant effects is important for probing SUSY, especially
the case that the sparticles are too heavy~above TeV! to be
directly discovered in future experiments.

Note added. While we were improving this manuscript,
paper by Hou Hong-Shenget al., Phys. Rev. D68, 035016
~2003!, has appeared in which both the SUSY-QCD corr
tions and the conventional QCD corrections to the proc
pp→bh1X are calculated. We noticed that when they c
culated the full one-loop SUSY-QCD corrections to thehbb̄
coupling ~as shown in their Fig. 3 and Appendix B!, they
used the so-called effectiveb-quark massmb /(11Dmb)
@see their Eq.~4.7!#, which, however, has already incorpo
rated the leading SUSY-QCD effects on thehbb̄ coupling
@17#. It is unclear from their presentation how they avoid t
double counting of the SUSY-QCD effects on thehbb̄ cou-
pling in their calculations.
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APPENDIX: EXPRESSIONS OF FORM FACTORS

Before presenting the explicit form ofCis, we define the
following abbreviations:

ŝ5~p11k!2, t̂5~k2p2!2, ~A1!

a1,25
1

A2
~sinub7cosub!, b1,25

1

A2
~cosub6sinub!,

~A2!

AI
L5~aI2bI !

2, AI
R5~aI1bI !

2, AI5aI
22bI

2

~ I 51,2!, ~A3!

AIJ
L 5aIaJ1bIbJ1aIbJ1bIaJ ,

AIJ
R 5aIaJ1bIbJ2aIbJ2bIaJ , ~A4!

BIJ
L 5aIaJ2bIbJ2aIbJ1bIaJ ,

BIJ
R 5aIaJ2bIbJ1aIbJ2bIaJ , ~A5!

cc152
mZ

cosuW
S 1

2
2

1

3
sin2uWD sin~a1b!, ~A6!

cc252
mZ

cosuW

1

3
sin2uWsin~a1b!,

cc35
mb

2mWcosb
~Absina1m cosa!, ~A7!

Q115cc1 cos2ub1cc2 sin2ub12cc3 sinubcosub ,
~A8!

Q125~cc22cc1!sinubcosub1cc3~cos2ub2sin2ub!,

~A9!

Q215~cc22cc1!sinubcosub1cc3~cos2ub2sin2ub!,

~A10!

Q225cc1 sin2ub1cc2 cos2ub22cc3 sinubcosub ,
~A11!

Bi
I5Bi~p,mg̃ ,mb̃I

!up25m
b
2, ~A12!

Bi
sI5Bi~p,mg̃ ,mb̃I

!up25 ŝ ,

Bi
tI5Bi~p,mg̃ ,mb̃I

!up25 t̂ , ~A13!

Ci j
aI5Ci j ~p1 ,k,mb̃I

,mg̃ ,mg̃!,

Ci j
b I5Ci j ~2p1 ,2k,mg̃ ,mb̃I

,mb̃I
!, ~A14!
2-9
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Ci j
cI5Ci j ~2p2 ,k,mb̃I

,mg̃ ,mg̃!,

Ci j
dI5Ci j ~2p2 ,k,mg̃ ,mb̃I

,mb̃I
!, ~A15!

Ci j
eIJ5Ci j ~2p2 ,2ph ,mg̃ ,mb̃I

,mb̃J
!,

Ci j
f IJ5Ci j ~2p1 ,ph ,mg̃ ,mb̃J

,mb̃I
!, ~A16!

Di j
gIJ5Di j ~2p1 ,2k,ph ,mg̃ ,mb̃J

,mb̃J
,mb̃I

!,

Di j
hIJ5Di j ~2p1 ,ph ,p2 ,mg̃ ,mb̃J

,mb̃I
,mg̃!, ~A17!

Di j
kIJ5Di j ~2p2 ,k,2ph ,mg̃ ,mb̃I

,mb̃I
,mb̃J

!, ~A18!

whereBi , Ci j , andDi j are loop functions defined in@31#.
After gs

2/16p2 is factored out, the renormalization con
stant of theb quark can be expressed as

dZL5CF(
I 51

2

AI
LB1

I , dZR5CF(
I 51

2

AI
RB1

I , ~A19!
07501
dmb

mb
5CF(

I 51

2 S mg̃

mb
AIB0

I 2
1

2
AI

LB1
I 2

1

2
AI

RB1
I D ,

~A20!

where CF54/3. The contributions of the self-energy dia
grams of theb-quark propagator can be written as

SL
s5CF(

I 51

2

AI
LB1

sI2dZL , SL
t 5CF(

I 51

2

AI
LB1

tI2dZL ,

~A21!

SR
s 5CF(

I 51

2

AI
RB1

sI2dZR , SR
t 5CF(

I 51

2

AI
RB1

tI2dZR .

~A22!

Ci that appeared in Eq.~2.5! are given by
C35(
I 51

2 H 2
3

2 S ŝC12
aI1 ŝC23

aI12C24
aI2

1

2
2mg̃

2
C0

aIDAI
L/ ŝ1

1

3
C24

bIAI
LY ŝ2

3

2 S t̂C12
cI1 t̂C23

cI12C24
cI2

1

2
2mg̃

2
C0

cIDAI
R/ t̂

1
1

3
C24

dIAI
RY t̂ J 2dZL / ŝ2dZR / t̂2SL

s / ŝ2SR
t / t̂2S 1

2
dZL1

1

2
dZR1

dmb

mb
D S 1

ŝ
1

1

t̂
D

1
2mWcosb

mbsina (
I ,J51

2

QIJH 4

3
mg̃C0

eIJBIJ
L Y ŝ1

4

3
mg̃C0

f IJBIJ
L / t̂1

3

2
mg̃D0

hIJBIJ
L J , ~A23!

C45(
I 51

2 H 2
3

2 S ŝC12
aI1 ŝC23

aI12C24
aI2

1

2
2mg̃

2
C0

aIDAI
RY ŝ1

1

3
C24

bIAI
RY ŝ2

3

2 S t̂C12
cI1 t̂C23

cI12C24
cI2

1

2
2mg̃

2
C0

cID
3AI

LY t̂1
1

3
C24

dIAI
LY t̂ J 2dZR / ŝ2dZL / t̂2SR

s / ŝ2SL
t / t̂2S 1

2
dZL1

1

2
dZR1

dmb

mb
D S 1

ŝ
1

1

t̂
D

1
2mWcosb

mbsina (
I ,J51

2

QIJH 4

3
mg̃C0

eIJBIJ
R / ŝ1

4

3
mg̃C0

f IJBIJ
R / t̂1

3

2
mg̃D0

hIJBIJ
R J , ~A24!

C55(
I 51

2 H 2
3

2
~24C24

aI1112mg̃
2
C0

aI!AI
L/ ŝ2

1

3
~ ŝC12

bI1 ŝC23
bI12C24

bI!AI
L/ ŝJ

12dZL / ŝ12SL
s / ŝ1S dZL1dZR12

dmb

mb
D Y ŝ1

2mWcosb

mbsina (
I ,J51

2

QIJH 2
8

3
mg̃C0

eIJBIJ
L / ŝ

1
1

3
mg̃~D0

gIJ1D11
gIJ2D13

gIJ!BIJ
L 13mg̃~D11

hIJ2D12
hIJ!BIJ

L 1
1

3
mg̃D13

k BIJ
L J , ~A25!
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C65(
I 51

2 H 2
3

2
~24C24

aI1112mg̃
2
C0

aI!AI
R/ ŝ2

1

3
~ ŝC12

bI1 ŝC23
bI12C24

bI!AI
R/ ŝJ 12dZR / ŝ12SR

s / ŝ

1S dZL1dZR12
dmb

mb
D Y ŝ1

2mWcosb

mbsina (
I ,J51

2

QIJH 2
8

3
mg̃C0

eIJBIJ
R / ŝ1

1

3
mg̃~D0

gIJ1D11
gIJ2D13

gIJ!BIJ
R

13mg̃~D11
hIJ2D12

hIJ!BIJ
R 1

1

3
mg̃D13

k BIJ
R J , ~A26!

C95(
I 51

2 H 2
3

2
~24C24

cI1112mg̃
2
C0

cI!AI
R/ t̂2

1

3
~ t̂C12

dI1 t̂C23
dI12C24

dI!AI
R/ t̂ J 12dZR / t̂12SR

t / t̂

1S dZL1dZR12
dmb

mb
D / t̂1

2mWcosb

mbsina (
I ,J51

2

QIJH 2
8

3
mg̃C0

f IJBIJ
L / t̂1

1

3
mg̃D13

gIJBIJ
L 13mg̃~D12

hIJ2D13
hIJ!BIJ

L

1
1

3
mg̃~D0

k1D11
k 2D13

k !Bi j
L J , ~A27!

C105(
I 51

2 H 2
3

2
~24C24

cI1112mg̃
2
C0

cI!AI
L/ t̂2

1

3
~ t̂C12

dI1 t̂C23
dI12C24

dI!AI
L/ t̂ J 12dZL / t̂12SL

t / t̂

1S dZL1dZR12
dmb

mb
D Y t̂1

2mWcosb

mbsina (
I ,J51

2

QIJH 2
8

3
mg̃C0

f IJBIJ
R / t̂1

1

3
mg̃D13

gIJBIJ
R 13mg̃~D12

hIJ2D13
hIJ!BIJ

R

1
1

3
mg̃~D0

k1D11
k 2D13

k !Bi j
RJ . ~A28!

Since we have neglected theb-quark mass throughout this paper,C1,2,7,8,11,12are irrelevant to our result and we do n
present their explicit forms here.
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