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Supersymmetric QCD corrections to Higgs-b production: Is the A, approximation accurate?
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The associated production of a Higgs boson with a » quark is a discovery channel for the lightest
MSSM neutral Higgs boson. We consider the supersymmetric QCD contributions from squarks and

gluinos and discuss the decoupling properties of these effects. A detailed comparison of our exact O(a)

results with those of a widely used effective Lagrangian approach, the A, approximation, is presented.
The A, approximation is shown to accurately reproduce the exact one-loop supersymmetric QCD result to
within a few percent over a wide range of parameter space.
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I. INTRODUCTION

Once a light Higgs-like particle is discovered it will be
critical to determine if it is the Higgs boson predicted by
the standard model. The minimal supersymmetric standard
model (MSSM) presents a comparison framework in which
to examine the properties of a putative Higgs candidate.
The MSSM Higgs sector contains five Higgs bosons—two
neutral bosons, & and H, a pseudoscalar boson, A, and two
charged bosons, H*. At the tree level the theory is de-
scribed by just two parameters, which are conveniently
chosen to be My, the mass of the pseudoscalar boson,
and tanf, the ratio of vacuum expectation values of the
two neutral Higgs bosons. Even when radiative corrections
are included, the theory is highly predictive [1-3].

In the MSSM, the production mechanisms for the Higgs
bosons can be significantly different from those in the
standard model. For large values of tanf, the heavier
Higgs bosons, A and H, are predominantly produced in
association with b quarks. Even for tan8 ~ 5, the produc-
tion rate in association with b quarks is similar to that from
gluon fusion for A and H production [4]. For the lighter
Higgs boson 4, for tanB4 = 7, the dominant production
mechanism at both the Tevatron and the LHC is production
with b quarks for light M, ( < 200 GeV), where the bbh
coupling is enhanced. Both the Tevatron [5] and the LHC
experiments [6] have presented limits for Higgs production
in association with b quarks, searching for the decays
h— 757~ and bb." These limits are obtained in the con-
text of the MSSM and are sensitive to the b-squark and
gluino loop corrections which we consider here.

The rates for bh associated production at the LHC and
the Tevatron have been extensively studied[9—19], and the
next-to-leading order (NLO) QCD corrections are well
understood, both in the four-flavor and five-flavor number
parton schemes (4FNS and SFNS, respectively) [10,12,16].

'The expected sensitivities of ATLAS and CMS to b Higgs
associated production are described in Refs. [7,8].
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In the four-flavor number scheme, the lowest order pro-
cesses for producing a Higgs boson and a b quark are
gg — bbh and gg — bbh [9,13,18]. In the five-flavor
number scheme, the lowest order process is bg — bh
(bg — bh). The two schemes represent different orderings
of perturbation theory, and calculations in the two schemes
produce rates which are in qualitative agreement [4,12]. In
this paper, we use the five-flavor number scheme for sim-
plicity. The resummation of threshold logarithms [20],
electroweak corrections [21,22], and supersymmetric
(SUSY) QCD corrections [23] have also been computed
for bh production in the five-flavor number scheme.

Here, we focus on the role of squark and gluino loops.
The properties of the SUSY QCD (SQCD) corrections to
the bbh vertex, both for the decay h — bb [24-27] and the
production bb — h [13,27-29], were computed long ago.
The contributions from b squarks and gluinos to the light-
est MSSM Higgs boson mass are known at two loops
[30,31], while the two-loop SQCD contributions to the
bbh vertex are known in the limit in which the Higgs
mass is much smaller than the squark and gluino masses
[32,33]. The contributions of squarks and gluinos to the on-
shell bbh vertex are nondecoupling for heavy squark and
gluino masses, and decoupling is only achieved when the
pseudoscalar mass M, also becomes large.

An effective Lagrangian approach, the A, approxima-
tion [25,26], can be used to approximate the SQCD con-
tributions to the on-shell bbh vertex and to resum the
(o, tanB/Mgygy)" enhanced terms. The numerical accu-
racy of the A, effective Lagrangian approach has been
examined for a number of cases. The two-loop contribu-
tions to the lightest MSSM Higgs boson mass of O(«a,a;)
were computed in Refs. [30,31], and it was found that the
majority of these corrections could be absorbed into a one-
loop contribution by defining an effective b-quark mass
using the A, approach. The subleading contributions to the
Higgs boson mass (those not absorbed into A,) are then of
O(1 GeV). The A, approach also yields an excellent ap-
proximation to the SQCD corrections for the decay process
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h— bb [27]. Tt is particularly interesting to study the
accuracy of the A, approximation for production processes
where one of the b quarks is off shell. The SQCD contri-
butions from squarks and gluinos to the inclusive Higgs
production rate in association with b quarks have been
studied extensively in the 4FNS in Ref. [34], where the
lowest order contribution is gg — bbh. In the 4FNS, the
inclusive cross section, including the exact one-loop
SQCD corrections, is reproduced to within a few percent
using the A, approximation. However, the accuracy of the
A, approximation for the MSSM neutral Higgs boson
production in the SFNS has been studied for only a small
set of MSSM parameters in Ref. [23]. The major new result
of this paper is a detailed study of the accuracy of the A,
approach in the SFENS for the bg — bh production process.
In this case, one of the b quarks is off shell and there are
contributions which are not contained in the effective
Lagrangian approach.

The plan of the paper is as follows: Sec. II contains a
brief review of the MSSM Higgs and b-squark sectors and
also a review of the effective Lagrangian approximation.
The calculation of Ref. [23] is summarized in Sec. II. We
include SQCD contributions to bh production that are
enhanced by my, tanf3, which were omitted in Ref. [23].
Analytic results for the SQCD corrections to bg — bh in
the extreme mixing scenarios in the b-squark sector are
presented in Sec. III. Section IV contains numerical results
for the \/E =7 TeV LHC. Finally, our conclusions are
summarized in Sec. V. Detailed analytic results are rele-
gated to a series of appendixes.

I1. BASICS

A. MSSM framework

In the simplest version of the MSSM there are two Higgs
doublets, H,, and H,, which break the electroweak sym-
metry and give masses to the W and Z gauge bosons. The
neutral Higgs boson masses are given at tree level by

1
Mj = E[Mf\ + M5 \/(Mf\ +M3)* — 4MﬁM%cos22,8],

)
and the angle « which diagonalizes the neutral Higgs
mass is

2

M3 + M7,
tan2a = tan23< A Z)

M} — M)

In practice, the relations of Egs. (1) and (2) receive large
radiative corrections which must be taken into account in
numerical studies. We use the program FEYNHIGGS [35-37]
to generate the Higgs masses and an effective mixing
angle, a.s, which incorporates higher order effects.

The scalar partners of the left- and right-handed b
quarks, b; and bg, are not mass eigenstates, but mix
according to
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Ly = — By By ( ) 3)
be

The b-squark mass matrix is

=2
X
= ( ™™ b)’ 4

b (mth l/lﬁ;l%g ( )

and we define

X, = A, — ptang,

w3 = M+ m} + M2 cos2B(I — Q,sin’0y), ©)
~2 _ MD + mb + MZcos2,8Qbsm Ow.

M, p are the soft SUSY breaking masses, 15 = —1/2, and
Q, = —1/3. The parameter A,, is the trilinear scalar cou-
pling of the soft supersymmetry breaking Lagrangian and
o is the Higgsino mass parameter. The b-squark mass
eigenstates are b, and b,, and they define the b-squark
mixing angle 6,

b, = cosébl;L + sinébl;R,

. . o (6)
b, = —sinf,b; + cosO,bg.
At tree level,
~ 2my (A, — ot
sin2d, = 2t b — 4 tanf ) )
Mj — M;
1 2

and the sbottom mass eigenstates are

M; ;= 7[;71% + g F \/(nﬁ% — m)* + 4m§X,§]. ®)

B. A, approximation: The effective
Lagrangian approach

Loop corrections which are enhanced by powers of
a,tanB can be included in an effective Lagrangian ap-
proach. At tree level, there is no ¢, bxH, coupling in the
MSSM, but such a coupling arises at one loop and gives an
effective interaction [25-27],%

A,
wnp )bR +He (9

Equation (9) shifts the b-quark mass from its tree-level
value®

Lot = — A %ZfL(Hd

Abvl
NG

and also implies that the Yukawa couplings of the Higgs
bosons to the b quark are shifted from the tree-level

(1+ Ap), (10)

my —

The neutral components of the Higgs bosons receive vacuum
L]

expectation values: (H9) = £, (H9) = %&.
USM = (\/EG ) 1/2 ,» Ul = Usm COSB‘ﬁ
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FIG. 1. Feynman diagrams for g(q;) + b(g,)— b(p;) + h(p;).

predictions. This shift of the Yukawa couplings can be
included with an effective Lagrangian approach [26,27],

my, 1 sina Ab )—
L= ——2 - 1———" )pbh
et Vsm (1 + Ab)( cos,B)( tan3 tana
(11)

The Lagrangian of Eq. (11) has been shown to sum all
terms of O(a, tanB)" for large tanB [25,26].* This effec-
tive Lagrangian has been used to compute the SQCD
corrections to both the inclusive production process
bb — h and the decay process h — bb, and yields results
which are within a few percent of the exact one-loop
SQCD calculations [27,34].

The expression for A, is found in the limit m;, << M,
Mz < Mj, Mg, M;. The one-loop contribution to A,
from sbottom/gluino loops is [25,26,38]

2a,(ps)
A, = TSMgM tanfBI(M;, Mj, My), (12)
where the function I(a, b, c) is

1 a
(@®> = b¥)(B? — *)(a® — ) {a2b2 log(ﬁ)

b? c?
+ b%c? log<—2) + c%a? 10g<—2)}, (13)
c a

I(a,b,c) =

and a,(ug) should be evaluated at a typical squark or
gluino mass. The two-loop QCD corrections to A, have
been computed and demonstrate that the appropriate scale
at which to evaluate A, is indeed of the order of the heavy
squark and gluino masses [32,33]. The renormalization
scale dependence of A, is minimal around w(/3, where
to = (Mg + mj; + mj )/3. In our language this is a high
scale, of order the heavy SUSY particle masses. The
squarks and gluinos are integrated out of the theory at
this high scale, and their effects are contained in A,. The
effective Lagrangian is then used to calculate light Higgs
production at a low scale, which is typically the electro-
weak scale, ~100 GeV.

Using the effective Lagrangian of Eq. (9), which we
term the improved Born approximation (or A, approxima-

“It is also possible to sum the contributions which are propor-
tional to A, but these terms are less important numerically [27].
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tion), the cross section is written in terms of the effective
coupling,

SR A EL R Y R
Eboh = Ebbh 1+A, tan tana)’

where

_ _(sina\ m,(pg)
oo = (G ) L (1)

We evaluate 7,(ug) using the two-loop MS value at a
scale up of O(M;), and use the value of . determined
from FEYNHIGGS. The improved Born approximation con-
sists of rescaling the tree-level cross section o by the
coupling of Eq. (14),

2
gbbh) 7. (16)

OIBA = (g
bbh

The improved Born approximation has been shown
to accurately reproduce the full SQCD calculation of
pp — tbH* [39,40].

The one-loop result including the SQCD corrections for
bg — bh can be written as

osqcp = all + Agoep)s (17)

where Aggep is found from the exact SQCD calculation
summarized in Appendix B.

The improved Born approximation involves making the
replacement in the tree-level Lagrangian,
— i

1+A,°

(18)

my

Consistency requires that this substitution also be made in
the squark mass matrix of Eq. (4) [41,42],

(e
1T A b)Xb ’ﬁ%

The effects of the substitution of Eq. (18) in the b-squark
mass matrix are numerically important, although they gen-

erate contributions which are formally higher order in «;.
Equations (12) and (19) can be solved iteratively for M by

M; , and A, using the procedure of Ref. [41].°

M — (19)

C. SQCD contributions to gb — bh

The contributions from squark and gluino loops to the
gb — bh process have been computed in Ref. [23] in the
my = 0 limit. We extend that calculation by including
terms which are enhanced by m,, tan8 and provide analytic
results in several useful limits.

This is the approximation used in Ref. [4] to include the
SQCD corrections.
We use FEYNHIGGS only for calculating M, and sina.g.
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The tree-level diagrams for g(q,) + b(g,) —
b(pp) + h(p,) are shown in Fig. 1. We define the following
dimensionless spinor products:

i(pyp)g, + 42)y*u(q,)

MY =
s
ME — w(pp)y*(pp — g41)u(q,)
tr t ]
Mf, _ qg ”_‘(ph)u(Q2)’
u
e — By v u(gy) (20)
2 - —)
nmyp
MY = pl M(Pb)ﬂl“(‘]z)’
mbt
ME = g ﬁ(l’b)ﬁlu(ﬂlz)’
mbs
where  s=1(q; +¢,))% t=(p,—¢q)% and u=

(pp — g2)*. In the m;, = 0 limit, the tree-level amplitude
depends only on M%" and M}, and M{" is generated at one
loop. When the effects of the b mass are included, Mﬁ‘ ,
MY, and M} are also generated.

The tree-level amplitude is

Adslo = —8s8oon(Tap€n(q)IMs + MY}, (21)

and the one-loop contribution can be written as

o, (1)
Ay =~ g 0 (T X X MY €, (q1). (22)
J

In the calculations to follow, only the nonzero X I coeffi-
cients are listed and we neglect terms of O(m3/s) if they
are not enhanced by tanj3.

The renormalization of the squark and gluino contribu-
tions is performed in the on-shell scheme and has been
described in Refs. [23,32,43]. The bottom quark self-
energy is

3,(p) = p(Z)(p?) — 2p(pP)ys) + mp25(p?).  (23)

The b-quark fields are renormalized as b — 4/Z}b and

zZ) = ‘/1 + 8Z). The contribution from the counterterms
to the self-energy is

Sen(p) = 2,(p) + 63,(p),

(24)
82(p) = p(8Zy — 8Zyys) — mySZY — Smy,

Neglecting the s contribution, the renormalized self-
energy is then given by

Sin(p) = (p — mp)(3) (p?) + 8Z))
omy

(350 + 3H ) - 228) - 25)

b
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The on-shell renormalization condition implies

S50 ()], = O, (26)
lim <w> = 0. 27
p—m\ P — my

The mass and wave function counterterms are’

om
— = =[5 + T (P)] oo
my,
ax(luR) 2[ Mg ] > )
= —1)' —L5,;By — B, |(0; M2, M2),
3 g( )mbszbo (3 ;)

(28)
0
8Zy = =2} (PP ez — 2mga—p2(zg(p2) +35(P D s

as(/'LR) Z i
=Ti:zl[31 +2m3 B, — (—1)'2m,Mys,;B}]

X (0: M2, M2), (29)

where we consistently neglect the b-quark mass if it is
not enhanced by tanB. The Passarino-Veltman functions
Bo(0; M3, M?) and B,(0;M3; M7) are defined in
Appendix A. Using the tree-level relationship of Eq. (7),
the mass counterterm can be written as

8mb 2aS(IL’LR)
m—b = TMgAbI(Mb"I, Mgz, Mg) - Ab

2
> B(0: M, Mgi). (30)

i=1

_ aS(ILLR)
37

The external gluon is renormalized as gy — /Z3g% =
J1+ 67, gﬁ and the strong coupling renormalization is
gs — Z,8, with 6Z, = —5Z5/2. We renormalize g, using
the MS scheme with the heavy squark and gluino contri-

butions subtracted at zero momentum [44],

as(/«LR)[ Iy (4m§)e +2(47m%>5]i1“(1 +e).

87y = — .
3 ar L6™M\ M2 M2

€19

In order to avoid overcounting the effects which are

contained in gﬁﬁh to O(«a,), we need the additional counter-
term

(SCT = Ab(l + (32)

1
tanB tana)'

The total contribution of the counterterms is

T = g
Sy = sin26),.
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9]
ocr = O-IBA(26Z[‘7/ + 623 + 252g + 2% + 25CT)
b

= ZO'IBA((SZX + % + 5CT)' (33)
mp

The tanB enhanced contributions from A, cancel between
Egs. (30) and (32). The expressions for the contributions to
the X;, as defined in Eq. (22), are given in Appendix B for
arbitrary squark and gluino masses, and separately for each
one-loop diagram.

III. RESULTS FOR MAXIMAL AND MINIMAL
MIXING IN THE 5-SQUARK SECTOR
A. Maximal mixing

The squark and gluino contributions to bg — bh can be
examined analytically in several scenarios. In the first
scenario,

my
1+A4,

72

m; — mpl <K | X (34)

=2 =2
We expand in powers of % In this case the sbottom

Xy
masses are nearly degenerate,

1
My =S[M2 + M2 ]
M2 — M2 | = (2’””'X”')(1 L U — mg)*(1 + Ab)z)
b, b,

< M. (35)

This scenario is termed maximal mixing since

(mg — mp)*(1 + A,)°
8m; X7

sin26, ~ 1 — (36)

We expand the contributions of the exact one-loop SQCD
calculation given in Appendix B in powers of 1/Mjg, keep-

Aﬁ:’) and assuming Mg ~ Mz ~ u ~ A, ~
my ~ fg > My, Mz, M), ~ Mgy. In the expansions, we
assume the large tanB limit and take my, tan8 ~ O(Mgy).
This expansion has been studied in detail for the decay
h — bb, with particular emphasis on the decoupling prop-
erties of the results as Mg and M; — oo [28]. The SQCD
contributions to the decay, h — bb, extracted from our
results are in agreement with those of Refs. [28,42].

The final result for maximal mixing, summing all con-

tributions, is

ing terms to O(
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=
l

_gsTAgbthf{l + fo}
dar

1)
= _gsTAgbthf{l + (M)
8bbh /max

>
Il
|
B
~
oQ
g
>
<
xR
Ay
—_
+
>3
—_—

1)
= _gsTAgbhhM;u{l + (—gbbh) }
8bbh /max

A= _gsTAghhhM#{l + MX;}
dar

(pg)u
= —g,T* M“(—L )6 . 37
85 8bbh 1 27TM§ Kmax ( )

The contribution, which is a rescaling of the bbh
vertex, is

1) 1) (1) 1) ()
( ghbh) =( gbbh) +( gbbh) , (38)
8bbh /max 8bbh /max 8bbh /max

where the leading order term in Mgy /Mg is O(1),

1 M a(ug) Mz(X, —Y,)
( 8bbh> _ aglug) Mgl i o) ¢ (R), (39)
8bbh /max 37 MS
with ¥, = A, + ucota and R = M;/Mj. Equation (39)
only decouples for large Mg if the additional limit
M, — oo is also taken [23,28]. In this limit,

2uM? M;,
X,—Y,— ’;42 Z tanB cos2B + @(ﬁ). (40)

A A

The subleading terms of O(MZy,/M?) are®

Sgpon\? _ a(up) [ MY, [ M
- - ) 2f3 (R)
8bbh /max 3w MS IZMS

L — (R)]
201+ A,)2mi"?
2 2
mbXbe 1 MZ Cﬁsa+ﬁ b
— bbb prl(R) 4 L
2(1+Ab)2M§f3 B 3ME s,

X [3f1(R) + (21‘32)(17 _

N

l)fz(R)]}. (1)

The functions f;(R) are defined in Appendix C.
The M% Mi§ terms in Eq. (37) are not a rescaling of the
lowest order vertex and cannot be obtained from the effec-
tive Lagrangian. We find

8We use the shorthand cp = €083, Sqrp = sin(a + B), etc.
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"w—_

FIG. 2 (color online). Contribution of &k, defined in
Eq. (42) as a function of R = M;/M.

_l e g [ 1
ks =3 SR+ 51 | R | p3(R) + a0 ]

(42)

The Ok term is O(1) in Mpw /Mg and has its largest
values for small R and large ratios of Y;,/Mg, as can be seen
in Fig. 2. Large effects can be obtained for Y,/Mg ~ 10
and M; < M. However, the parameters must be carefully
tuned so that A,/Mg < 1 in order not to break color [45].

The amplitude squared, summing over final state spins
and colors and averaging over initial state spins and colors,
including one-loop SQCD corrections, is

2 2+ M )
Wa;(MR)g%bh[(” h>|:1+2< gbbh) ]
st 8bbh /max

S(ILLR) Mh Sk :|
2 M2 Kmax

|ﬂ|max =

(43)

Note that in the cross section, the Ok, term is not
enhanced by a power of s and it gives a contribution of

O M),

Mg
Expanding A, in the maximal mixing limit,

Ab — — as(/‘LS) Mé

3r M tn,Bfl(R)-i-@(M

) (44)

4
S

By comparison with Eq. (14),

27a(wg) u? + M}
|ﬂ|max == % ﬁ£11)2{<—]>[1
t
) () M
+2( gbbh) :|+ a,(ug) Mi 5. max}
8bbh / max 2m My

co([5e]’ at).
Mg 1

(45)
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Note that the mismatch in the arguments of «, in Egs. (44)
and (45) is higher order in «, than the terms considered

here. The (8g,u1/8oon) e and Sk, terms both corre-
spond to contributions which are not present in the effec-
tive Lagrangian approach. These terms are, however,
suppressed by powers of M2y, /M%, and the nondecoupling
effects discussed in Refs. [27,28] are completely contained

in the gﬁgh term.

B. Minimal mixing in the b-squark sector

The minimal mixing scenario is characterized by a mass
splitting between the b squarks, which is of order the
b-squark mass, IMIZ; - M% | ~ M%. In this case,

1 2

my| X

N2 — | > ——2,
I = el > xS

(46)

and the mixing angle in the b-squark sector is close to zero,

- 2m; X3 ( 1 )2
Mz =Mz )P\l +4,)°
1 2

The nonzero subamplitudes are

cos26, ~

(47)

1)
Ay = —g T gppM¥ {1 +( gbbh) + as(MR)itsKmin},
min

8bbh 4t 1‘7@
1)
A, =—g,T gbthﬂ{l +( gbbh) }
8bbh /min
ag(pg)u
A= _gsTAgbth{L<_ﬁ)3Kmin' (48)
g

Expanding the exact one-loop results of Appendix B in the
minimal mixing scenario,

R2=2R1
T T T T T T T T T T T T T T . . . i '

14 — :

V - Yh/M—l ]

L g A
12f 7]

’ —-- Yb/M =5\~ 1

L B A
b ol ]

-~

L /// A
i 7 ]
3 E P |
65 - i

L , A

L // A
45 , i

L 7 A

L S ]

2' / RUTTTEE ]
b7 A
0’.‘/4-~ i P N RSN RIS

0 2 4 ° 8 10

R

FIG. 3 (color online). Contribution of &k, defined in
Eq. (49) as a function of R; = M;/M .
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1 1
OKmin = 3 ,2=1<Rl2|:§f§1(Ri) + f3(Ri)])
Y, RR? 8
A <3h1(R1, Ry, 1)+ 3 (R, Ry, z)),
(49)
where R; = M;/M 5, and the functions f;(R;) and

h;(R;, Ry, n) are defined in Appendix C. The 8k, func-
tion is shown in Fig. 3. For large values of Y,/ M gz itcanbe
significantly larger than 1.

As in the previous section, the spin and color averaged

PHYSICAL REVIEW D 83, 115007 (2011)

with

1) 1) (1 1) 2
( gbbh) :( gbbh) +( gbbh) .G
8bbh /min 8bbh /min 8bbh / min

The leading order term in Mgy /Mg is O(1),

_ 2p2
amplitude squared is (5gbbh)(1) = 2a,(pg) (X — 1) §1R2 5 1 (Ry, Ry, 0).
2 () M+ ) 5 8bbh /min 3w M; Ry —R;
|A|2mm_ et a2 W(gibh){ il B [1+2< gbbh) ] (52)
3 st 8bbh /min
as(/'LR) Mﬁ}
Sk —h
o KmmM% , (50)
2 )
|
<6gbbh)<2> _a {_ 8MY, [hz(Rl,Rz)Mi N myX; {2S<fl(R)) LRy, Ry, 0)”
&bbh / min dar 3AM2~ AMIZ;IZ (AMZZ;IZ)Z(I + Ab)Z MIZ; AM%]Z
4 CpSatp 1§M2[8(3f1(R) _2f2(R)) B 2Mgv§(h ﬂ(fl(lj))]
T3 3M2 AM? M2
12
4 cpSatp 2 2[ (3f1(R) _fz(R)> 2MgXb{ (fl(R)) hi(Ry, Ry, O)H
+ = I Mz A - S +
3 SwM; 3M2 Av2 1°\'m2 AM?
12 12
8  miX,Y, 3f1(R) = f2(R)
S AL ) ;
3AM: (1+A,) 3M? (53)
12

The symmetric and antisymmetric functions are defined as
S(f(R My) =3[f(R\, My) + f(Ry, M),
A(f(R, M) = %[f(Rb M) = f(Ry, Mj)]

and AMi = M; — M . The remaining functions are
defined in Appendlx C

By expanding A, in the minimal mixing limit, we find
the analogous result to that of the maximal mixing case,

54)

1 = 2% e[ M (O ]
t 8bbh /min
a M? Mew T4
+28 '—h}+(9([ EW], 3). 55
277_ Kmm M% MS aS ( )

The contributions which are not contained in oz, are
again found to be suppressed by @([MTE;”]Z).

IV. NUMERICAL RESULTS

We present results for pp — b(b)h at \/s = 7 TeV with
prp > 20 GeV and |n,| < 2.0. We use FEYNHIGGS to gen-
erate M, and sina.; and then iteratively solve for the

b-squark masses and A, from Egs. (12) and (19). We
evaluate the two-loop MS b mass at ug = M,/2, which
we also take to be the renormalization and factorization
scales.” Finally, Figs. 4-7 use the CTEQ6m NLO parton
distribution functions [46]. Figures 4—6 show the percent-
age deviation of the complete one-loop SQCD calculation
from the improved Born approximation of Eq. (16) for
tan = 40 and tanf = 20 and representative values of
the MSSM parameters.'® In both extremes of b-squark
mixing, the improved Born approximation is within a
few percent of the complete one-loop SQCD calculation
and so is a reliable prediction for the rate. This is true for
both large and small M. In addition, the large Mg expan-
sion accurately reproduces the full SQCD one-loop result
to within a few percent. These results are expected from the
expansions of Egs. (45) and (55), since the terms which
differ between the improved Born approximation and the
one-loop calculation are suppressed in the large M limit.

gAb is evaluated using a,(My).
'OFigures 4-6 do not 1nclude the pure QCD NLO corrections
[18].
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Maximum Mixing Scenario, LHC 7
tan =40, u=200 GeV, M, =Mg=1 TeV

A——

r — Exact SQCD B
r — — Large M expansion B

600 800 1000 1200 1400
M, i (GEV)
FIG. 4 (color online). Percentage difference between the im-
proved Born approximation and the exact one-loop SQCD
calculation of pp — bh for maximal mixing in the b-squark
sector at /s = 7 TeV, tanB = 40, and M, = 1 TeV.

Figure 7 compares the total SQCD rate for maximal and
minimal mixing, which brackets the allowed mixing pos-
sibilities. For large Mg, the effect of the mixing is quite
small, while for Mg ~ 800 GeV, the mixing effects are at
most a few fb. The accuracy of the improved Born ap-
proximation as a function of mp is shown in Fig. 8 for fixed
My, n, and m;. As mp is increased, the effects become
very tiny. Even for light gluino masses, the improved Born
approximation reproduces the exact SQCD result to within
a few percent.

Maximal Mixing, LHC7

tanB=20, M, =250 GeV p=1 TeV, m =m =2M M,

aluino 'S

4 T T T T T T T T T T T T

— Exact SQCD
— — Large M Expansion

(G_GIBA)/ Oiza (%)
[\ )
T

T T
400 500 600 700 800 900
M (GeV)

FIG. 5 (color online). Percentage difference between the im-
proved Born approximation and the exact one-loop SQCD
calculation of pp — bh for maximal mixing in the b-squark
sector at /s = 7 TeV, tanf = 20, and M, = 250 GeV.
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Minimal Mixing, LHC7
p=1TeV, Mg=m =2M_ . m =2 M

4 ; : ; : ; : , ‘ :

— tan =40, M, =1 TeV
—— tan =20, M, =250 GeV

(0-6p /0 (%)

FIG. 6 (color online). Percentage difference between the im-
proved Born approximation and the exact one-loop SQCD
calculation for pp — bh for minimal mixing in the b-squark
sector at /s = 7 TeV.

In Fig. 9, we show the scale dependence for the total
rate, including NLO QCD and SQCD corrections (dotted
lines) for a representative set of MSSM parameters at
/s =7 TeV. The NLO scale dependence is quite small
when wur = up ~ M,. However, there is roughly ~5%
difference between the predictions found using the
CTEQ6m parton distribution functions (PDFs) and the
MSTW2008 NLO PDFs [47]. In Fig. 10, we show the
scale dependence for small wy (as preferred by [17]),
and see that it is significantly larger than in Fig. 9. This
is consistent with the results of [4,29].

7 TeV LHC, bg—bh

tan 3=40, u=M,=1TeV, M;=2M m,

eluino L

o (fb)

600 800 1000 1200 1400 1600 1800 2000
M (GeV)

FIG. 7 (color online). Comparison between the exact one-loop
SQCD calculation for pp — bh for minimal and maximal mix-
ing in the b-squark sector at /s = 7 TeV and tang = 40. The
minimal mixing curve has mg = ~/2Mg and 6, ~ 0, while the
maximal mixing curve has mz = M and 6, ~ T
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7 TeV LHC, bg—bh
tan B=40, 1=1000 GeV, M, =500 GeV, m =700 GeV

2 ————

T

T T

— M
—- M

gluino

gluino

=350 GeV ||
=700 GeV ||

700 800 900 1000 1100
m, (GeV)

FIG. 8 (color online). Percentage difference between the im-
proved Born approximation and the exact one-loop SQCD
calculation for pp — bh as a function of my at /s =7 TeV
and tanS = 40.

7 TeV LHC, bg—bh, M, =121 GeV

tan =40, Mg, =1 TeV, p=200 GeV
o———————————————————7——
r — CTEQ6m PDF, SQCD+LO QCD 1
| — - CTEQ6m, SQCD+NLO QCD |
— MSTW?2008 (nlo) PDF, SQCD+LO QCD
L — - MSTW?2008 (nlo) PDF, SQCD+NLO QCD i
60 — —

o (fb)

20 1 L 1 L 1 L 1 L 1 L

0.5 1 1.5 2 2.5 3
He/M =1 /M

FIG. 9 (color online). Total cross section for pp — b(b)h
production, including NLO QCD and SQCD corrections (dotted
lines), as a function of the renormalization/factorization scale
using CTEQ6m (black solid line) and MSTW2008 NLO (red
dashed line) PDFs. We take M; = 1 TeV and the remaining
MSSM parameters as in Fig. 4.

i

16772

i
——Co(p2, p3. (py + p2)%s M3, M2, M3) =

1672

i
——Do(pd, p3. P3P (p1 + po)% (py + p3)% M3, M3, M3, M3) =

1672
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7 TeV LHC, bg—bh, M, =121 GeV
tan =40, Mg ¢, =1 TeV, p=200 GeV

w————

W/(M, /4)

FIG. 10 (color online). Total cross section for pp — b(b)h
production, including NLO QCD and SQCD corrections, as a
function of the factorization scale using MSTW2008 NLO PDFs.
We take M; = 1 TeV and the remaining MSSM parameters as
in Fig. 4.

V. CONCLUSION

Our major results are the analytic expressions for the
SQCD corrections to b Higgs associated production in the
minimal [Egs. (41), (42), and (45)] and maximal [Eqs. (49),
(53), and (55)] b-squark mixing scenarios for large tanf
and squark masses, M. These results clearly demonstrate
that deviations from the A, approximation are suppressed
by powers of (Mgw/Mjy) in the large tanfB region. The A,
approximation hence yields an accurate prediction in the
five-flavor number scheme for the cross section for squark
and gluino masses at the TeV scale. As a by-product of our
calculation, we update the predictions for b Higgs produc-
tion at \/s = 7 TeV.
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APPENDIX A: PASSARINO-VELTMAN
FUNCTIONS

The scalar integrals are defined as
i d'k 1

WAO(M%) = W N_O’

d'k 1

d"k 1
@m)" NyN\N,’

d"k 1
(2m)" NoN\N,N3’

Bo(pis M, M) =

(AD)
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where

Ny =k — M3,

Ny = (k+ py)* — Mj,

Ny = (k + p; + p,)* — M3,

N3 = (k+ py + py + p3)* — M3,

(A2)

The tensor integrals encountered are expanded in terms
of the external momenta p; and the metric tensor g#”. For
the two-point function we write

dk  k*
2m)" NoN,

! 2.2 12) —
1677 Mo, M) =

i
= Tom2 piBi(p3, M3, M3), (A3)

while for the three-point functions we have both rank-one
and rank-two tensor integrals which we expand as

CH(p3, p3,(py + pa) s M3, M3, M3) = p'Cy, + py Cpy,
CH¥(p2, p3. (p1 + pa)*s M2, M3, M3)

=PI PiCor + Py pyCop + (P 3 + pTpy)Coz + 847 Cos,
(A4)
where
i
> 3 0% (p1 + pa)* M3, M3, M3)
167
Ak k*(k*k”) AS)

(2m)" NoN\N,

Finally, for the box diagrams, we encounter rank-one
and rank-two tensor integrals which are written in terms of
the Passarino-Veltman coefficients as

DM(P%P%: p%r pzzlr (Pl + p2)2r (p2 + P3)2’M(%»M%’M%)
d"k k*
(27)" NN N2N3

i
1672

l
:W{p{ADH + pS Dy + pi D3}, (A6)

203,03 3 (p1 + P22 (pa + pa) % M3, M3, M3)
kKRR
(27)" NoN|N,N;

1672

= 161772 {g#¥ Dy + tensor structures not needed here}.
(A7)

APPENDIX B: ONE-LOOP RESULTS

In this appendix we give the nonzero contributions of
the individual diagrams in terms of the basis functions of
Eq. (20) and the decompositions of Eq. (22). The contri-
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b gAu b
b
~B ) [;
b T &;

"o

FIG. 11.

Self-energy diagrams S; and S,.

butions proportional to mtanB are new and were not
included in the results of Ref. [23]. Although we specialize
to the case of the lightest Higgs boson, &, our results are
easily generalized to the heavier neutral Higgs boson, H,
and so the Feynman diagrams in this appendix are shown
for ¢; = h, H.

The self-energy diagrams of Fig. 11 show

4 2
X5 =3 Z{

i=1

2 M
— (- I)IMBO}

(M)
(B1)
4 2 .mbM~S 0
X5 = =3 D= BO)
=

where we have used the shorthand notation for the
arguments of Passarino-Veltman functions, Boyl(M,%_) =

BO,I(t; M%, Miz;')

N 4 2
X§ =3 Z{

i=1

2mMygs
- (T b,

4 myM;s,; (B2)
Xg = =3 2OV B,
=

and By, (M} ) = By, (s; M3, M?).
The vertex functions of Fig. 12 are as follows.
Diagram V;:

2

s K 2mpM ;8,7

Xi/]) = 6 E {C12 + C23 - (_l)lib / 872 (CO + Cll)}
i=1

<),
(1) g
Xy, = — 3 D {(Ciy + Cp3) +2Cy
i=1
— (=1D)2m,Mgs,;(Cy + C]l)}(M,z;’_),
2 2mM s,
Xi/ll) Z{Cu + Oy — (— 1) T p £22(Cy + Cu)}

2 )

Xgl) = - §Z(—1)imbM§s25(Co + Cn)(Mi”,.)’

_M
3
X (M

(B3)

2= 2 2 A2
where Co,11,12,23,24(M ) = Co,11,12,23,24(0, 0, s Mg, My, M ).
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g b

FIG. 12. Virtual diagrams V; and V,.

Diagram V,:
(s) I < 2
Xy, =~ 3 Z} Cou(M),

2
u 2mpM ;57
Xi/lz) = _5 A_E]{Clz + C23 - (_1)17[7 B 82 (C() + Cll)}
X (M%),

1 )
ngz) = gz(_l)lmngszg(Co + Cll)(MIZ;I_); (B4)
1
where Co,11,12,23,24(M12;i) = Co,11,12,23,24(0,0, s;Mg,MIZ;i,M%’_).

The vertex functions of Fig. 13 are as follows.
Diagram V5:

g 3s¢ 2mM s,
X =3 e+ o= (0TG-
X (M2),

3¢ ‘
Xy = =3 2AMCo = 2(1 = ) Coy = (= 1)'2my Mys,;C}
i=1
2
X (M2)

2 2myM;s,;
ngls) = _3“Z{C12 TCxs— (_])l#(co +Cp)}

=1
2
X (M),
o 3¢ ‘
Xy, = —EZ(—l)lmhMgsﬂ;CO(M%i),

i=1

2
X%) = =32 (= 1)'m,Mgsy;{Co + Clz}(M}Q;’_), (B5)

i=1

2= 2 M2 M2
where Co,11,12,23,24(M3 ) = Co,11,12,2324(0,0, £, Mz, Mz, M ).

R b
#
b
b T ¢
FIG. 13. Virtual diagrams V3 and V.
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Diagram V,:

B 3 -
Xg) = =5 FAMICo — 21 — Co = 5(C + Co)
+(

{
1
2 2m M-;S r
Xy = =3u Y {Cpp + Oy = (-1 =E22(Cy + Cp))
i=1

1

X (M2),
@ 3 < :
XV4 = — E Zl(_l)lmngsz};Co(Mlz;i),

2
Xy =33 (= 1)imyMgsy;{Co + Cro}(M2), (B6)
i=1

where C0,11,12,23,24(Mi~i) = Co,11,1223.24(0, 0, 5: M3, M3, M%‘_)-

The vertex functions of Fig. 14 are as follows.
Diagram Vs:

4 2
Xg/i) =3 "21 Cpij16:jmpCyy + aingCO}(Mz'i>M12;j),
L]=
4

3 (B7)

X%) =zMmyp Z Ch,ij‘siqu(Mlz;i:MIz;j)’

Q=12
here C (M2 M2)=C O, M2, 1 M2
where  Co p1,12,2324\M7 , M 0,11,12,23,24\Y;, M, I, M5,
i j
Mlz; , MIZ; ), the squark mixing matrix is defined as
;b

(all a12>=<s25 Cap )
az  axn Crp S5/
and the light Higgs-squark-squark couplings Cj;; are

normalized with respect to the Higgs-quark-quark
coupling [2],

(B8)

2MZ S, pC
Cpi1t + Chop = 4my, + Jlé’ﬂ, (B9)

my Sa

2M?2 S q+8C
Chi1 — Chop = 2Yp555 + —Z2 05 (15 — 2Qbs%v)aiﬁﬁ,
my, Sa
(B10)
gA;J, b
b
7
T
b R 4

FIG. 14. Virtual diagrams V5 and V.
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M2 SatgC
Chio = Chot = Yypoo5 — —Z505(I8 — 20°53)) Sl
ny, Sy
(B11)

s, =sinf?, = 1 — M3,/M%, and Y, is defined below
Eq. (41).
Diagram Vy:

g 4
ngﬁ) =2 D CiftdympCyy + aingCO}(Mz',-’ M%}_),

3i,j=l,2
4
Xg/i) _gmb Z Cht/(SUCIZ(Mer ) (B12)

i,j=1,2

() _ 30 _ ) _
Xy =xy) =x\) =0,

where Co,11,12,23,24(Mi~i, Mlz;j) =
2 A2

ME/ MEj)‘
The box diagram of Fig. 15 shows

2 2
Co,11,12,2324(0, M, 53 M7,

3M;s
Xl(;]) 28 Z al]Ch z]{DO + D13}(M2 ) M2 )
i,j=12
3M t
X(Bfi = 2 Z aleh ljD13(M2!M2)
i,j=1,2
X(Bll) = 3Mzu Z a;;Cpif{D11 — D13}(M2~i,M§~j),
ij=1.2
_3m
Xg‘) 2b Z 5,jCh,j{M2D0 2D00}(M2,M2)
i,j=12

(B13)

where DO(M2 ,M2 )=Dy(0,0,0,M3,s,1; M2 M2 M2 M2 )
The box d1agram B, of Fig. 16 shows

M
ng) = 6 Z at/Cht/{DO + Dll}(Mz,Mz)
i,j=1.2
Mt
ng = Z a;;Cyi{Dy + D“}(M%,-’ M,Z;/_),
y e (B14)
sU
ng) = Z a;Cp;ADy — Dlz}(M%[, Mﬁ-/_),
Q=12

@ _ _ ™
Xp, = _T Z Ch,ijDoo(Méi, M%j),

where Do(M2, M2 ) = Dy(0,0,0, M3, u, s; M%, M2, M2,
i j i J
2
M}).
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g i* b
" -
b b Oi
FIG. 15. Box diagram B;.

The box diagram Bj of Fig. 17 shows

Mgs

Xy = .

Z a;jCif{Do + DIZ}(M2 , M2 )
i,j=1,2

M
ng - Z;.zauch itDo + Dlz}(M2 , M2 )
ij

” (B15)
sU
nglf 3& ij — Dp}(MZ, M),
ij=1.2 b
_my
X)(Ei) 3 Z 6ljchljD00(M2’M2)
i,j=1.2

where  Dy(M?, M% ) = Dy(0,0,0, M2, u, t; M%,Mé, Mlz; ,
i J i J
2
M 5,)'
The vertex and external wave function counterterms,

Eq. (29), along with the subtraction of Eq. (32), give the
counterterm of Eq. (33):

b " i
FIG. 16. Box diagram B,
g b b
BETETTN === === === === ~

FIG. 17. Box diagram Bj;.
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4 5
u )[azg + M 5CT]
mp

aS(/"LR)
4
= g [2MngI(MI;1, Ml;g’ Mg)

() — vy _
Xer = Xer = (

2
+ Z(—(—l)izmbsz,;Bg + 2m2B1)(0; M2, Mf;[)].
i=1
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Note that the counterterm contains no large tan enhanced
contribution.

APPENDIX C: DEFINITIONS

In this appendix we define the functions used in the
expansions of the Passarino-Veltman integrals in the maxi-

mum and minimum mixing scenarios, where R = ¢ in the

(B16)  maximal mixing scenario, and R; = M—bs in the minimal
| mixing scenario:
fi(R) = 2 [1 — R* + R?1logR?] f2(R) = 0 [1 — R* + 2R*logR?]
(1 - R ’ (1 Ry ’
(R)——4 L+ 2R = 3R + 1RO 4 3R logR?
BB =a—rpE 112 2 R |
f(1€)=75 l—4R2+4R6—1R8—6R41 R2
T U -RrY L2 2 e ]
R? \n logR? R} \n logR3 j+2 : 4
kR = (12 ) 1o~ () T~ 2V — Ry - Ry
1-Ry) 1—Ry 1-R;] 1—R; = 2
R+ R2—2 1 R? + R2 — 2R? R?> + R2 — 2R}
hy(Ry, Ry) = —L—2 [' 2 LlogR? — L —2__ "2 210R2]. Cl
BB =T TRl a-rr R T g ek D
Further,
df;(x) fi(1/R) P 1 dfi(x)
/' R = : b '71 R = : ) I R =— ! . C2
nR=SE| e W= M= | ()
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