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ABSTRACT: Higgs-boson production in association with bottom quarks is an important
discovery channel for supersymmetric Higgs particles at hadron colliders for large values of
tan 5. We present the complete O(«) electroweak and O(as) strong corrections to associ-
ated bottom-Higgs production through bb fusion in the MSSM and improve this next-to-
leading-order prediction by known two-loop contributions to the Higgs self-energies, as pro-
vided by the program FeynHiggs. Choosing proper renormalization and input-parameter
schemes, the bulk of the corrections (in particular the leading terms for large tan 3) can
be absorbed into an improved Born approximation. The remaining non-universal correc-
tions are typically of the order of a few per cent. Numerical results are discussed for the
benchmark scenarios SPS 1b and SPS 4.
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1. Introduction

The Higgs mechanism is a cornerstone of the Standard Model (SM) and its supersymmetric
extensions. The masses of the fundamental particles, electroweak gauge bosons, leptons,
and quarks, are generated by interactions with Higgs fields. The search for Higgs bosons
is thus one of the most important endeavours in high-energy physics and is being pursued
at the upgraded proton-antiproton collider Tevatron with a centre-of-mass (CM) energy of
1.96 TeV, followed in the near future by the proton-proton collider LHC with 14 TeV CM
energy.

Various channels can be exploited to search for Higgs bosons at hadron colliders. Higgs
radiation off bottom quarks ([

pp/pp — bb ¢’ + X (1.1)

is the dominant Higgs-boson production mechanism in supersymmetric theories at large
tan 8, where the bottom-Higgs Yukawa couplings are, in general, strongly enhanced. With
#° = H, h° HY A° we denote the SM Higgs boson or any of the neutral Higgs bosons of the



Minimal Supersymmetric Standard Model (MSSM). Current searches for MSSM bottom-
Higgs associated production at the Fermilab Tevatron widely exclude values tan 3 2 50 for
light M Ao ~ 100 GeV [B, B}, depending in detail on the value of the Higgs mixing parameter
1h.

Two different formalisms have been employed to calculate the cross section for asso-
ciated bb¢° production. In a four-flavour number scheme (4FNS) with no b quarks in
the initial state, the lowest-order QCD production processes are gluon-gluon fusion and
quark-antiquark annihilation, gg — bb¢" and qq — bb ¢, respectively. The inclusive
cross section for gg — bb ¢ develops large logarithms ~ In(px/my,), which arise from the
splitting of gluons into nearly collinear bb pairs. The large scale pp ~ Mo corresponds to
the upper limit of the collinear region up to which factorization is valid. The In(up/mp)
terms can be summed to all orders in perturbation theory by introducing bottom parton
densities. This defines the so-called five-flavour number scheme (5FNS) []. The use of
bottom distribution functions is based on the approximation that the outgoing b quarks
are at small transverse momentum. In this scheme, the leading-order (LO) process for the
inclusive bb ¢¥ cross section is bb fusion,

bb — ¢°. (1.2)

The next-to-leading order (NLO) cross section in the 5FNS includes O(as) corrections to
bb — ¢% and the tree-level processes gb — b¢? and gb — be?.

To all orders in perturbation theory the four- and five-flavour schemes are identical, but
the way of ordering the perturbative expansion is different, and the results do not match
exactly at finite order. However, numerical comparisons between calculations of inclusive
Higgs production in the two schemes [J—F] show that the two approaches agree within
their respective uncertainties, once higher-order QCD corrections are taken into account.

There has been considerable progress recently in improving the cross-section predic-
tions for inclusive associated bb ¢" production by calculating NLO-QCD [f, [f] and SUSY-
QCD [f] corrections in the four-flavour scheme, and NNLO QCD corrections ([0, [[J] in
the five-flavour scheme. The inclusion of higher-order effects is crucial for an accurate the-
oretical prediction and, eventually, a determination of Higgs-boson parameters from the
comparison of theory and experiment. In this paper we further improve the cross-section
prediction and present the first calculation of the complete O(«) electroweak corrections
to associated bottom-Higgs production through bb — ¢ in the MSSM.

The complete one-loop QCD and electroweak corrections for the decay of MSSM Higgs
bosons to bottom quarks have been presented in ref. [[[2] more than a decade ago. While the
predictions for Higgs-boson decays have been improved and refined in recent years, super-
symmetric QCD and electroweak corrections to the production cross section have so far only
been investigated at the level of universal corrections for large tan 3 (see e.g. refs. [B, [J]).

In section R.1] we shall set the notation for the supersymmetric model. The calculation
of the NLO QCD and electroweak corrections is described in some detail in sections 2.3, B3,
and P-4, Numerical results for MSSM Higgs-boson production at the LHC are presented
in section . We conclude in section fJ. The appendices provide details on the scenarios of
the supersymmetric model under consideration and present further numerical results.



2. Radiative corrections

2.1 Tree-level Yukawa couplings and cross section

In the Standard Model, Higgs production from bottom-quark fusion is governed by the
interaction term
Loy = - MM bbH, (2.1)

where ) is the bottom-quark Yukawa coupling and H denotes the field of the physical
Higgs boson. The corresponding mass term for the bottom quark is generated by the
Higgs vacuum expectation value v, leading to the tree-level relation
my N emp

ASM - '

(2.2)
where e is the electromagnetic coupling constant, sy the sine of the weak mixing angle,
and My the W-boson mass.

For the MSSM we will follow the conventions of ref. [[4], where the two Higgs doublets

are denoted as

+ 1 0 iy 0
Hy = 1 hd0 0 7 H, = E(Uu + hu - 1Xu) ) (23)
75 (va +hg +ixg) ~hy

The bottom quarks couple to Hy, giving mass to the down-type quarks via the vacuum
expectation value vq. Masses for up-type quarks are generated by a second Higgs doublet
H, with vacuum expectation value v,. Considering the MSSM without CP-violating phases,
the CP-even neutral Higgs-boson fields h® and H° are linear combinations of hg and hY.

One conventionally defines the Higgs mixing angle o by writing

0 Ca —Sa 8
() - () () =

Here and in the following, we will frequently use the notation s, = sina, ¢, = cosa and
generalizations thereof. The vacuum expectation values are parameterized according to

vy = v sin 3, vqg = v cos [, i.e.

tﬁztanﬂzv—u and v? =02 +03. (2.5)
Ud
Taking the pseudoscalar Higgs mass Myo and tg as input parameters of the MSSM Higgs

sector, one finds the tree-level relation

M3 + Mj

t2a

with soq < 0. The fields of the physical neutral pseudoscalar Higgs boson A? and the

neutral would-be Goldstone boson G° are given by

A0 cg —S5 0
(&) (2) () &



Consequently, the bbh®, bbH?, and bbA® couplings read

h _ —SaMmp _ SM S

Moo= o = AN

HO _ CoMp SM €
NI = Cafih _ jSM (2.8)
A0 _ TSgMp SM

Hence, the Yukawa couplings are enhanced for large values of 3. Note that for large masses
of the pseudoscalar Higgs boson, h? is known to be SM like and s, — —cg.
The leading-order partonic cross sections are given by

T (}\SM)2 ng/c,%’ hO
63,0 s ]\]}2 (1 —1) cgé/c% for HY production, (2.9)
¢° t2 A°
B

where ¢0 = (h%, H°,AY), 7 = M;O/é, V/§ is the partonic CM energy, and the incoming
bottom quarks are treated as massless particles in accordance with QCD factorization.

2.2 SUSY-QCD corrections

The QCD corrections to the process bb — h? H? A® are known to NNLO , @], with a
small residual QCD factorization and renormalization scale uncertainty of less than ~ 10%.
If one chooses the renormalization and factorization scales as ur = My and up = My /4, re-
spectively, the impact of the genuine NNLO QCD corrections is typically less than 5% [[LT].
We have reproduced the NLO QCD result and extend previous analyses by including the
O(as) SUSY-QCD corrections from virtual squark and gluino exchange.

The MS scheme has been adopted for the renormalization of the bottom-quark mass
my, and for the factorization of initial-state collinear singularities. The renormalization of
the bottom-Higgs Yukawa coupling is fixed in terms of the bottom-mass renormalization. In
order to sum large logarithmic corrections o In(my,/ur) we evaluate the Yukawa coupling
with the running b-quark mass my(ug) [L3).

The O(as) SUSY-QCD corrections comprise self-energy and vertex diagrams induced
by virtual sbottom and gluino exchange, as shown in figure [I.

It is well known [[6-[lg] that the SUSY-QCD corrections are enhanced for large tg.
This important effect can be qualitatively understood as follows. Unlike down-type quarks,
which only couple to the down-type Higgs field at tree level, the down-type squarks also
couple to the up-type Higgs field via terms in the superpotential. The corresponding
coupling strength is proportional to the enhanced Yukawa coupling my,/vq times the Higgs
mixing parameter u. Hence, the vacuum expectation value v, of H, leads to a mixing term
in the sbottom mass matrix proportional to p1tg, which dominates the sbottom mixing

angle ©;,
2y, (A — pt
sin(20;) = mb2( b 2“5), (2.10)
mgl — mBQ

where Ap, denotes the soft-supersymmetry-breaking trilinear scalar coupling and 6172 are
the sbottom mass eigenstates. The factor sin(20;) directly enters the (scalar part of the) b-
quark self-energy, which in turn enters the Yukawa coupling renormalization via the b-mass



é
@
\

BN
¥

Figure 1: Self-energy (a) and vertex (b) corrections from gluino exchange. Sbottom mass eigen-
states are denoted as b; with i =1, 2.

counterterm dmy. The corresponding mass shift is usually denoted by —mAp with

C’F A

Ay = > mg ptgI(mg ,mg ,mg), (2.11)
Cr = 4/3, and the auxiliary function
—1 22, @ 9o Vg5
I(a,b,c) = )P~ )& =) <a b lnﬁ +b°c lnc—2 +c‘a lng . (2.12)

Here, mj is the gluino mass. As shown in ref. [20] by power counting in s tg, the contri-
bution of Ay can be summed by the replacement
mp
—
1+ Ab

mh (2.13)

in the bottom Yukawa coupling. As explained above, the loop-induced coupling of the up-
type Higgs to bottom quarks also involves a factor astz. The full contribution to the ¢"bb
vertex receives an additional factor {ca,Sa,cs} from the H, part in ¢ = {h% H? A®}.
Power counting in agstg shows Bd] that the tg-enhanced vertex corrections of the form
(s tg)™ are one-loop exact, i.e. they do not appear at higher orders (n > 2). Collecting all
tg-enhanced corrections to the bottom Yukawa couplings leads to the effective couplings
Xﬁo [0, 1], where

N sa 1= Ap/(tsta)

)\lS)M c3 1+ Ab ’

M 1+ Apta/t

e L (214

)\b cg 1+ Ab

— A0 B 9

A _ 1—Ap/t

)\lS)M p 1+ Ay

Note that XEO is still SM like for large Mo, independent of the large-t3 summation owing
to tgta — —1 in this limit. The summation formalism can be extended [RI] to include



corrections proportional to the trilinear coupling Ay, in (R.10). However, these corrections
turn out to be small and summation effects may thus safely be neglected for the MSSM
scenarios under consideration in this work.

To combine the features of the above effective treatment with the complete one-loop
SUSY-QCD calculation, we modify the renormalization scheme to absorb the above correc-
tions into a redefinition of the bottom mass in the Yukawa coupling. Hence, an additional

counterterm
Smb’ 1 Smit’ ¢ Smd’ 1
My Ay (14 ’ my Ay (122 my Ay (145 (2.15)
my tatg mp tlg mp t,@

is added for h®, H°, and A° production, respectively, to remove the tg-enhanced contri-
butions from the explicit one-loop result in order to avoid double-counting. We use the
convention of ref. [[J] where My, = My, + 0my,.

As we shall demonstrate in the numerical analysis presented in section B, the SUSY-
QCD radiative corrections are indeed sizeable at large t3. After summation of the tg-
enhanced terms, however, the remaining one-loop SUSY-QCD corrections are negligibly

small, at the level of per mille and below.

2.3 Electroweak SM corrections and calculational details

The electroweak corrections naturally decompose into a purely photonic, QED-like part
dqep and the remaining weak contributions dyweak: 0ew = 0QED + Oweak- Each of these con-
tributions forms a gauge-invariant subset of the O(«a)-corrected cross section. The photonic
corrections due to virtual photon exchange and real photon emission can be obtained from
the QCD results by appropriately adjusting colour factors and electric charges. For the
QED renormalization of the bottom mass we use the on-shell scheme, because electroweak
running effects beyond the one-loop level are negligible.

The divergences due to collinear photon emission from the massless b-quarks are re-
moved by mass factorization as in QCD, i.e. by a redefinition of the bottom parton densities
according to

@) = o)+ [ E g (o) @ {imate, (8 4mL) — e

HE

1 d 2
J“/m zZ I (%“F) 3Qk ;r {Pq”(z) <A+ln Z%) _qu(z)} ’
(2.16)

where A = 1/e — yg + In(47) is the standard divergence in D = 4 — 2¢ dimensions, g is
Euler’s constant, @1, = —1/3 is the electric b charge, and pr denotes the QED factorization
scale which is identified with the QCD factorization scale but is chosen independently of
the scale p introduced by dimensional regularization. The factor 3 in the second line stems
from the splitting of the photon into bb-pairs of different colour. Furthermore,

14 22
Paq(2) = 1—2

and Py (z) =22 + (1 — 2)? (2.17)



are the quark and photon splitting functions, respectively, and Cyq, Cyy the coefficient
functions specifying the factorization scheme. Following standard QCD terminology one
distinguishes MS and DIS schemes defined by

MS MS
Cy (2) = Cp°(2) = 0,

CPIS(z) = [qu(z) <1n ! —= - %) 49 Z5ZL : (2.18)

—Z

1
C(%IS(Z) = Pyy(2)In — 822 482 1.

The equivalent factorization procedure using fermion masses as regulators instead of di-
mensional regularization can, e.g., be found in ref. . In our numerical analysis we
employ the MRST2004qed parton distribution functions [R3], which include O(«) correc-
tions defined in the DIS factorization scheme [BJ]. The MRST2004qed parametrization
also provides a photon density necessary to compute the hadronic cross section for the
O(a) photon-induced processes yb — ¢"b and vb — ¢°b.

We have calculated the NLO QCD and QED corrections using dimensional regulariza-
tion and alternatively using a mass regularization for the collinear divergences, where we
employed the methods of refs. [23, R4] for the mass regulators.

Similar to the QCD case, the QED corrections are universal for the production of SM
and MSSM Higgs bosons. Their size is quite small since the potentially large correction due
to collinear photon emission is absorbed into the parton distribution function fy(x, pup).
We shall discuss numerical results in section .

Let us now turn to the remaining electroweak corrections dyeax. As we shall discuss in
more detail in section B.4, the small but finite bottom mass can induce sizeable corrections
in the electroweak sector of the MSSM due to additional (¢g-enhanced) bottom Yukawa
couplings in loops. Hence, while we neglect the b-mass at tree level and for the QCD and
QED corrections as required by QCD factorization, we keep the finite bottom mass my, in
the calculation of the relative one-loop weak correction dyeax. Thus, our result for dyeak
also contains kinematical my, effects that formally lie beyond the accuracy of the 5FNS-
calculation. However, these effects are small. Different choices for the numerical value of
the bottom mass used within the calculation of the relative one-loop correction lead to
results which formally differ by NNLO effects. Because the my-dependence is dominated
by the strength of the Yukawa coupling, we have chosen the running bottom mass (as
defined after summation of ¢g-enhanced terms) as input.

Both in the SM and in the MSSM, the one-loop electroweak corrections have been
calculated independently using two different approaches: In one approach, the Feynman-
diagrammatic expressions for all self-energies and one-loop vertex diagrams have been
generated using the program package FeynArts [P5. The calculations have then been
performed with the help of the program package FormCalc [Rf], and the loop integrals
have been evaluated numerically with LoopTools [2f]. In a second approach, also starting
from the amplitudes generated by FeynArts, all calculations, including the evaluation of
the loop integrals, have been performed with a completely independent set of in-house
routines. The two calculations are in mutual agreement. We note that the regularization



of the complete electroweak MSSM corrections has been performed using both constrained
differential renormalization as implemented in FormCalc as well as dimensional reduction.
Both regularization procedures are known to be equivalent at the one-loop level 2], and the
results of the two calculations are in agreement. We refrain from displaying the complete
analytic results and restrict ourselves to a discussion of the renormalization conditions and
the input-parameter schemes.

Using standard notation, the vertex counterterm at one-loop order is given by

5 6Zy  Omy,  OZP +06Zp  sw  OM
ool = 67 L r_=x W 2.19
or R T, T2 sw  2M%, (2:19)
Employing the on-shell renormalization scheme, this results in
5 0Z
set =67, + TH +X%(mi) — 2m} <2gb(m2b) + z’vb(mg)>
(2.20)

41 <C3v — sw Sw(Mg) iEZ(M%)>
2 52, M3, s3, M2 ’

where Egy denotes the scalar and vector part of the b-quark self-energy, respectively,
and Y’ refers to the derivative of the self-energy with respect to the external momentum
squared. The relation s2, = 1 — M3, /M2 is used to determine dsy. Here and in section .4
we only consider the real part of the self-energies and follow the conventions of ref. [27].
For compactness, the transverse parts of gauge-boson self-energies are simply written as
Yw, Xy, etc.

The different input-parameter schemes are specified by the choice of 6Z,.. In the «(0)-
scheme, using the low-energy fine-structure constant «/(0) as input, we have g]!
Sw Xiyz (M7)

1
Vel = 35O+ L0

(2.21)
In the a(0)-scheme, §Z, contains logarithms of the light fermion masses inducing large
corrections of the form o ln(m} /8), which are related to the running of the electromagnetic
coupling (@) from @@ = 0 to a high energy scale. In order to correctly reproduce the
non-perturbative hadronic part in this running, which enters via IL,(M2) — IL,(0) with
IL,(k?) = X,(k®)/k? denoting the photonic vacuum polarization, we adjust the quark
masses to the asymptotic tail of IT,(k?). In the a(Mz)-scheme, using a(My) as defined
in ref. B9 as input, this adjustment is implicitly incorporated, and the counterterm reads

1
5Z€‘o¢(MZ) = 526’04(0) - §AC¥(M%)7 (222)
where
Aa(Q?) = TI/7(0) — Re IT/7(Q?) (2.23)

'We follow the convention of Haber and Kane [@] to define the covariant derivative for SU(2)r, i.e. the
sign in front of ¥,z in ( differs from ref. [@]



and H,J;# denotes the photonic vacuum polarization induced by all fermions other than
the top quark. Hence, in the «(My)-scheme, the final result does not depend on the
above logarithms of the light fermion masses. In the G,-scheme, « is determined from the

muon-decay constant G, according to

_ \/EGHM\ZNS%V .
T

o, 0)(1 + Ar). (2.24)

The radiative QED corrections for muon decay in the framework of the effective 4-fermion
interaction are already encoded in the numerical value for GG,,. The additional corrections
from a full one-loop SM calculation are taken into account through Ar [B(] according to

1

Since Aa(M%) is explicitly contained in Ar, the large fermion-mass logarithms are also
absent in the G,-scheme. Moreover, since the lowest-order cross section is proportional to
af s%v for the production of all the three Higgs bosons, in G,-parameterization it absorbs
the large universal correction Ap from the p-parameter, which is o Gumf and represents
a part of Ar. Dividing eq. (R.24) by s%;, one easily sees that ag,/ s%; absorbs Ar and
thus also Ap. We will use the G,-scheme unless stated otherwise. We have also performed
two independent calculations for Ar in the MSSM, using either constrained differential
renormalization or dimensional reduction, and find agreement with the result of ref. [B1].
In the SM, the Higgs mass can be defined by an on-shell renormalization condition.
The wave-function renormalization of the Higgs-boson field is conveniently chosen in the
on-shell scheme,
67y = — S (MR), (2.26)

where Yy is the Higgs-boson self-energy.

2.4 Electroweak MSSM corrections

The photonic corrections in the MSSM do not change with respect to the SM case. For
the conventions and for the renormalization of the MSSM Higgs sector, which is more
involved, we essentially follow ref. [27].2 In particular, a proper renormalization scheme
has to be specified to determine the vertex counterterm 585TH, cf. (R.19), including the
renormalization of t3. The wave-function renormalization for the Higgs doublet fields is

usually defined by
1
H; — Z{’H; = H, (1 + 5 5ZHi> (2.27)

with ¢ = u,d. For the vacuum expectation values of the Higgs fields one defines

1 .
v; — ZIEI/Z.Z(UZ' — (51)2) =V (1 + 5 5ZHi — %) R (2.28)

i

2For clarity, we specify our conventions for some field-theoretic quantities where the conventions
of ref. [E] might be unclear. Explicit tadpole vertex functions for Higgs fields are denoted as r* = iT¢’07
i.e. 7% differs from ref. [ﬁ] by a global sign. The A°Z mixing self-energy is derived from the vertex function
Fﬁoz(k‘, —k) = kuX 04(k?), where k is the incoming A° momentum.



where the last equation is valid to one-loop order with Zy, = 1 + 6Zp,. The freedom of

wave-function renormalization can then be used to impose the condition

o o
OUu _ 9Ud (2.29)
Vu (]
leading to
ot 1
B = 262y, — 62w, - (2.30)
tg 2
Hence, for the MSSM Higgs sector the counterterm 67y in (R.19) reads
1 ot 1
02y = 5 5ZHd + S% t_: = 5 (C% 6ZHd + S% 5ZHu) . (2.31)

Note, that 6771 includes all parts of the vertex counterterm that are related to the Higgs

sector, i.e. 6tz as well as the wave-function renormalization counterterm §Zp,. The quan-

tity 2y should not be confused with the wave-function renormalization constants for the

physical Higgs fields. Since the counterterm 6Zy is universal for the production of h?, HO,

and A via down-type quarks, the whole vertex counterterm 5gﬁTH (R.19) is also universal.

We consider two renormalization schemes for ¢4:

i) Following Dabelstein [R7] and Chankowski et al. [3J], a vanishing on-shell A°Z-mixing

i)

can be used as a renormalization condition, i.e.
Spoz(M3a) = 0. (2.32)

where
ot 8

Sa0z(k?) = Spoz(k?) —Mzsmﬂ (2.33)

denotes the real part of a renormalized self-energy defined according to the con-
ventions in ref. [27). To fix the second wave-function renormalization constant, one
demands the on-shell condition

h0(MZ0) = 0 (2.34)
for the residue of the A%-boson propagator. From the last two equations, one finds

t
57w, = —X\o(M2,) + M—ﬁ Saoz(M2,),
. (2.35)

0Zm, = —Y)ho(M3o) — L Yoz (M3o),
gz,

which defines the DCPR scheme [27, B for the ¢5 renormalization [see (R.30)].

Alternatively, in the DR scheme, the counterterm for tg is proportional to A =
1/e — vg + In(47). Hence, one can convert (R.3§) to the DR scheme by setting the
remaining finite pieces of X0y to zero. Accordingly, tﬁDR is a renormalization-scale-

dependent quantity, i.e. the input for a given model has to be fixed at a given scale

,10,



pr. To one-loop order, the conversion of the ¢g input parameters from the DR scheme

to té)CPR in the DCPR scheme is given by

DCPR _

to+ 5 SR (M) | = 15T, (2.36)

1
2Myc 2
where 2" denotes the finite pieces of the self-energy in the DR scheme. In this work,
we always use the renormalization condition (R.34), also if we use DR to renormalize

tg.
In analogy, there are the DCPR and the DR schemes for the renormalization of the mass

M po of the pseudoscalar Higgs boson. The DCPR, scheme uses the on-shell renormalization
condition

Ya0(M3,) = 0, (2.37)

while the DR scheme is again defined by setting E o (M3 2 ) to zero in the mass counterterm
for the pseudoscalar Higgs boson. In this work, we use the on-shell scheme for the renormal-
ization of A°. Supersymmetric models are usually defined in terms of DR parameters [B3].
Hence, we have to calculate the on-shell A? mass from the corresponding scale-dependent
DR parameter. For a given parameter set, we determine M35 from the zero of the inverse
A° propagator?

(Mg5)? — (MQ3)? + =R (M35)*) = 0 (2.38)
which corresponds to a given DR mass for A°. Here, 241 (k?) is calculated from an MSSM
parameter set using M5 as input. We start with M5 = Mg? for the self-energy cal-
culation and iterate until self-consistency is reached. If tg is renormalized in the DCPR
scheme, (R.3€) is used to also find téDCPR self-consistently along with MRY5. The one-loop
shift of the numerical value of Mo is particularly important because it enters already at
tree level through the determination of the mixing angle [see (R.6)].

For completeness, we also state the remaining renormalization conditions for the tad-
poles,
Tho +5th0 =0 and THO +5tH0 =0, (2.39)

which ensure that v, and vgq correctly minimize the one-loop potential. As in the SM, the
masses for the W and Z boson are renormalized by on-shell conditions.

Including the corrections to the Higgs external legs, the partonic cross section to one-
loop order is given by

(1) _ tree Zho

Uho — Uh() )

Sa a

2
(1 — ZhoHoc—a> + 2 Re <1 — Zh0H0_> JANKY
S

(2.40)

1
O’I({O) = ol16® - Zppo

)

2
<1 - ZHOhOS—a> + 2 Re <1 - ZHOhO—> AHO
C

« Oé

U(Alo) = tree ZAO (1—|—2 RGAAO) 5

3In contrast to ref. [@], but in line with ref. [@], we assume that all tadpole contributions to the mass
of A® are absorbed in the definition of the DR mass MEUR.

— 11 —



where Ay denotes the relative one-loop vertex corrections including the corresponding
counterterms. Depending on the renormalization scheme, Ao also includes the contribu-
tions from ZA%-mixing and G?A%mixing. The Z factors are given by [[J]

Zpo = - &2 2 / ’
1+ 840(02) — (i)
h k2—m2 o +3g0 (k?) K22,
h
1 (2.41)
ZHO - &9 9 / )
1+ 50 (k) — <EH%—°(’”>
H k27m1210+2h0(k2) k2= M2
110
Tpo = —— 1.
L+ S0 () oy,

The mixing of the CP-even Higgs bosons is determined by

Z _ EHOhO(M}?O)
PR TN m2 S (M)
ho HO HO ho (242)
EHOhO(ZWI%o)
Zyopo =

M2y —m2y + Syo(M2)

where mgo denotes the tree-level masses and Myo the one-loop masses (¢° = h° HY), ie.
the zeros of the inverse one-loop propagator matrix determinant

(k:2 —m2 + Eho(k2)) </<:2 —mZo + EHO(W)) —$2,0(k) = 0. (2.43)
The renormalized Higgs self-energies in turn are given by

Sho (k%) = Sy (k%) + k* (62,2 + 6Zu,s2) — dmio
Sipo(k?) = Spo(k?) + k2 (0Zu, 82 + 6Zu,c2) — dm (2.44)
Srono (k) = Spopo (k2) + k2 saca (024, — 6Z1,) — 6mijopo
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where the Higgs mass counterterms read?

es%_QCB,a N esg_q (1 —|—c%_a)

Smipo = 5_q Xa0(M3o) + shyaSz(M7) — o ho

QMZSWCW 2]\4—ZSV\7CVV

C — C
= (MZo c§a + Mj 5514) Do (MRo) + My Tﬁ Spoz(M3o),  (2.45)

ecg_q (1+ 3%70{) T ec%fa S8—a T
H QMZSWCW b

dmin = 550 Bao(Mjo) + Ghraa(Mz) + —5 "

Con + C
— (Mi() 8%70{ + M% C[%+a) ,A()(Mi()) — MZ u EAOZ(MXQ) s (246)

Sgﬁ
2 52(8—a) o\ 52(B+a) ) esy_, ecd_,
dMmion0 = — 5 Yao(Mjo) — —5 Yz (M7) + STV Tyo + N sac Tho
wtw wCw

+% (MZo 83(3-a) + M 83(340)) Sao(MZo) + Mz Z—Z Saoz(Mio).  (247)
If t5 is renormalized in the DR scheme the finite parts of ¥ 505, have to be set to zero in the
above formulas. Note also that Mo is the on-shell A% mass in these formulas, because we
translate the Mo input always to the on-shell scheme before the actual loop calculation.
As mentioned before, in all the above equations we only consider the real parts of the
self-energies. Neglecting the imaginary part does not spoil the one-loop accuracy of our
calculation, since the imaginary parts formally only enter at higher orders.?
In complete analogy to SUSY-QCD in section P.3, there are tg-enhanced corrections in
the electroweak sector which can be numerically sizeable and which should be summed [R(]
to all orders. Higgsino-stop loops lead to a contribution to Ay of the form

. am2

Ht _ ) )
Ao _WAW% I(mg,,mg,, 1), (2.48)

where m denote the masses of the stop mass eigenstates, and Ay is the usual trilinear soft
breaklng parameter From wino-higgsino-stop and wino-higgsino-sbottom loops we find

AXV = [2 cos® O; I(mg,, p, Ma) + 2sin? ©; I(mg,, p, Ma)

«
2
BT (2.49)
+ cos? @B I(mgl J ey M) + sin? GB I(mBQ’M7 Mg)} ,

where My is the soft SUSY-breaking mass parameter for the wino, ©; denotes the stop
mixing angle, and the auxiliary function I(a,b,c) is given in (2.12). Finally, bino loops

4Up to some (known) sign errors in 5m§10h0, the Higgs mass counterterms can be also found in ref. [E]

SWhile an inclusion of such imaginary parts in mass determinations of unstable particles is straight-
forward, a consistent inclusion of such width effects in the description of particle reactions requires an
inspection of full resonance processes including production and decay of the unstable particles. This is
beyond the aimed level of precision of this work.
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contribute

«a
721,

[exlws]l

A

Miptg [3(1 + sin? ©p) I(mg, , p, My) + 3(1 + cos® ©p) I(mg,, pu, My)

+ QI(mgl, mBQ, Ml)] s
(2.50)

where M; is the soft SUSY-breaking mass parameter for the bino. The full result for Ay
is then given by B i i
Ap = AF + AP = AP + AT+ AN + AP, (2.51)

where A% denotes the gluino contribution of (R.11). We have recalculated these results and
find agreement with ref. [2Q]. In contrast to ref. [0] we also include the bino terms in the
summation. However, they are indeed numerically small.

To further improve the accuracy of the calculation, we also include two-loop contribu-
tions to the self-energies as provided by the program package FeynHiggs [BJ] (version 2.3.2).
As for the one-loop part of the self-energies we find perfect agreement between our calcu-
lation and the results obtained with FeynHiggs.’

In addition to using a properly defined b-mass, one often absorbs parts of the radiative
correction related to the Higgs external leg using an effective mixing angle a.g = a + da
at tree level. Here, we follow FeynHiggs and define da to be the angle which diagonalizes
the loop-corrected Higgs mass matrix, i.e.

mipe = B (ms)  —Shopo (Mo +mPe)/2) | sa (Mo O (2.52)
_EhOHO((mﬁQ + mIQ_I())/2) mIQ_IO - EHO (m%_lo) 0 MI?IO

where the renormalized Higgs self-energies are evaluated at the given momenta. We define
an improved Born approximation oiga which includes the leading higher-order corrections
through the running b-mass, the summation of ¢g-enhanced terms and the effective mixing

angle,
( 2

Sout (1= Db/ (tstaes)

c% 1+ A4y, ’ h°

2 2

211G, m 2 c 14+ Apta/t
OIBA = Vo 6!;\7;;;(#1%) 0(1—r7) z%ﬁ < 1_?&;/ ), for HO production,
2
2 1—Ay/th A0
B 1+ Ay

(2.53)
where 61pa denotes the partonic cross section, ¢° = (h%, HY, A?), 7 = M;O/ §, and V3 is
the partonic CMS energy. Here my(ug) is the running MS bottom mass in QCD, Ay,

Since FeynHiggs does not directly support our renormalization scheme ii) (the Higgs field renormal-
ization is different), we had to implement this scheme in FeynHiggs ourselves. For the leading two-loop
corrections included in FeynHiggs, neither tan 8 nor the Higgs fields are renormalized at the two-loop level.
Thus, it is consistent to add the FeynHiggs two-loop correction to the one-loop result in our renormalization
schemes.

- 14 —



comprises the ?g-enhanced terms of the supersymmetric QCD and weak corrections as
specified in (R.51]), and aeg is the effective mixing angle defined in (R.59). We will compare
our full result to this approximation in section .

3. Phenomenological analysis

3.1 SM input parameters

For our numerical predictions, we essentially use the SM input parameters [B4]

o = 1/137.03599911, a(Myz) = 1/128.952, G, = 1.16637 x 10~° GeV 2,
My = 80.403 GeV, My = 91.1876 GeV,
me = 0.51099892 MeV m,, = 105.658369 MeV m, = 1.77699 GeV,
my = 66 MeV, me = 1.2GeV, my = 174.2 GeV,
mq 66MeV, ms = 0.15GeV, mp(mp) = 4.2GeV.
(3.1)

Here, my,(my,) is the QCD-MS mass for the bottom quark while the top mass my is
understood as an on-shell mass. For the QED renormalization of the bottom mass we use
the on-shell scheme, as mentioned above, with an on-shell mass my, = 4.53 GeV calculated
from iy, (MM1,) to one-loop order in QCD. The masses of the light quarks are adjusted such
as to reproduce the hadronic contribution to the photonic vacuum polarization leading to
a(Mz) of ref. [B7. They are relevant only for the evaluation of the charge renormalization
constant 0Z, in the a(0)-scheme. The CKM matrix has been set to the unit matrix.
For the calculation of the hadronic cross sections we have adopted the MRST2004qged
parton distribution functions [ at NLO QCD and NLO QED, with the corresponding
as(Mz) = 0.11899. The top quark, squarks, and gluinos are decoupled from the running
of the strong coupling as(ur). We choose the renormalization and factorization scales as
ur = My and pp = Mg /4, respectively. As mentioned above, with this specific choice the
QCD NNLO radiative corrections are at the percent level [[[1].

3.2 The SM cross section

The NLO cross section predictions for associated bbH production at the LHC, including
QCD, QED and weak corrections, are shown in table [| for the three different input-para-
meter schemes introduced in section P.3.

The QED corrections are very small after potentially large contributions from collinear
photon emission have been removed by mass factorization as described in section .3 As
expected, the inclusion of the electroweak corrections reduces the scheme dependence. In
the following we will adopt the G,-scheme, where the value of the electromagnetic coupling
is derived from muon decay according to o, and where the influence of the light-quark
masses is negligible. Note that the relative O(a) QED corrections are evaluated with
a(0), irrespective of the chosen input-parameter scheme, because the relevant scale for the
bremsstrahlung process is set by the vanishing virtuality of the emitted real photon.
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o [pb] LO QCD | QCD+QED full SM
a(0)-scheme | 0.02309 | 0.02868 |  0.02863 | 0.02901 (25.6%)
G,-scheme | 0.02390 | 0.02968 |  0.02963 | 0.02924 (22.3%)
a(My)-scheme | 0.02453 | 0.03047 |  0.03042 | 0.02932 (19.5%)

Table 1:  The LO and NLO SM cross section pp — (bb)H+ X for a Higgs boson with
My = 300GeV at the LHC (y/s = 14 TeV). Results are presented for the three different input-
parameter schemes defined in section @ The MRST2004qed parton distribution function and
NNLO-QCD running for the b-mass have been adopted for the NLO as well as the LO cross sec-
tions, and the renormalization and factorization scales have been set to ug = My and pp = Myu/4,
respectively. “QCD” denotes the NLO QCD corrections only, “QCD+QED” also includes photon
exchange and emission as well as the initial state containing a photon. The “full SM” predic-
tion includes all O(ay) and O(«) corrections; the corresponding relative correction is indicated in
parentheses.

3.3 MISSM input

For our numerical analysis, we will focus on the benchmark scenario SPS 4 [Bg] which is cha-
racterized by a large value of t3 = 50 and a correspondingly large associated production
cross section bb — HY A® at the LHC. Results for the alternative benchmark scenario
SPS 1b with ¢3 = 30 will be presented in appendix B. Both the SPS 4 and SPS 1b input
parameters are specified in appendix [A]. Note that searches at the Fermilab Tevatron are
not sensitive to scenarios with H, A%-masses as large as the masses in SPS 4 or SPS 1b.

From the SPS DR input parameters we calculate M3R5 and, if we work in the DCPR
scheme, also tBCPR, as specified in section P.4. The corresponding renormalization scale
ur(DR) used in the electroweak part of the calculation is specified by the SPS scenario
(see appendix [A]). Note, that it differs in general from the renormalization scale in the
QCD part of the calculation which is set to the mass of the produced Higgs boson. The
MSSM tree-level relations are used to determine the sfermion and gaugino masses and
mixing angles that enter the one-loop corrections. The Higgs masses and the Higgs sector
mixing angle a [see (B.6)] which enter the calculation of the loop diagrams are also obtained
according to the tree-level relations.

While the bottom mass that enters the Yukawa coupling at LO is fixed by the require-
ment to account for dominant NLO corrections, different definitions for the bottom mass in
the relative NLO correction change the result only beyond NLO. As argued in section P.3,
we shall use the running bottom mass as defined after summation of ¢g-enhanced terms as
input”. The running mass is needed as an input for the determination of the MSSM pa-
rameters, but it also depends on these parameters through the QCD renormalization scale
pr = My and through the tg-enhanced corrections. The b-mass is thus calculated using
an iterative procedure, starting from some initial guess for its value, and using the resulting
b-mass as input for a refined determination of the MSSM parameters, until self-consistency

"While the electroweak corrections are calculated using dimensional reduction, we do not convert the
running MS bottom mass to the corresponding DR mass to define the input value for the relative one-loop
correction. The difference is of higher order.
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h° H° AY

o1BA[pb] 0.65 | 15.39 | 15.40
5qep|%] 36.25 | 21.48 | 21.48
SqED|%)] -0.13 | -0.23 | -0.23

dmssm—qen|%] | -0.03 | 0.08 | 0.07
IMSSM—weak|[70] | -1.22 | -1.57 | -1.60

Table 2: LO cross section in the improved Born approximation oigs as defined in (), as well
as corrections § relative to orpa, for pp — (bb)h®/H°/A%+ X at the LHC (y/s = 14TeV) in the
SPS 4 scenario. The MRST2004ged PDF's and NNLO-QCD running for myp, have been adopted, the
renormalization and factorization scales have been set to up = Myo and pp = Myo /4, respectively,
and tg has been renormalized in the DR scheme. “QCD” denotes the NLO QCD corrections only,
“QED” denotes all photonic corrections only, and “MSSM-QCD” and “MSSM-weak” comprise only
the QCD and weak effects in the MSSM, respectively, that remain after absorbing the large-¢g effects
in the LO cross section.

is reached. Note, however, that this running mass depends on the process under consid-
eration through the choice of scale and through the ¢g-enhanced corrections. In order to
avoid the proliferation of input masses, we adopt the running b-mass associated with H°
production in the relative corrections to all processes, e.g. my, = 2.24 GeV for SPS 4 in the
DR scheme.

We use the two-loop-improved Higgs masses for the kinematics, e.g. in the tree-
level cross section or when they appear as external momenta in the on-shell vertex-
correction. Using the two-loop self-energies from FeynHiggs [BF], these two-loop im-
proved on-shell Higgs-boson masses in the SPS 4 scenario are given by Mo = 115.66 GeV,
Mo = 397.72 GeV, and Mpo = 397.67 GeV for the renormalization scheme ii) introduced
in section P4 i.e. what we call DR scheme. (As described in section we only consider
the real part of the self-energies when we determine the Higgs masses, in contrast to the
default setting in FeynHiggs. Including the imaginary parts has no visible effect on Mo
and shifts Mo by only approximately 200 MeV.)

3.4 The MSSM cross sections

Within the MSSM, let us first focus on the radiative corrections and total cross sections in
the SPS 4 benchmark scenario using the DR scheme for the renormalization of ¢g.

In table f| we present the relative radiative corrections d defined with respect to the
improved Born approximation ojgs defined in eq. (2.53).

The full cross-section prediction including summations and the remaining non-
universal O(a;) and O(a) corrections is thus given by o = ompa x (14 dqcep + 0QeD
+OMSSM—QCD + OMSSM—weak ). Note that we have removed corrections from our full calcu-
lation that are taken into account through the use of aeg in orga to avoid double counting.
As can be seen from table [, the bulk of the MSSM-QCD and -weak corrections can indeed
be absorbed into the above definition of oiga. The remaining non-universal corrections
OMSSM = OMSSM—QCD + OMSSM—weak i the complete MSSM calculation turn out to be
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h° H AV

my[GeV] | olpb] | mp[GeV] | o[pb] | mp[GeV] | o[pb]
QCD 2.80 0.97 2.55 24.12 2.55 24.13
+QED 2.80 0.97 2.55 24.07 2.55 24.09
—i—Ag]; 2.72 0.92 1.95 14.14 1.95 14.15
—i—A‘];Veak 2.75 0.94 2.24 18.66 2.24 18.67
+sin(oerf) 2.75 0.88 2.24 18.66 2.24 18.67
full calculation 2.75 0.87 2.24 18.43 2.24 18.44

Table 3: The NLO MSSM cross section pp — (bb) h®/H?/A°+ X at the LHC (/s = 14TeV) in
the SPS 4 scenario including the cumulative corrections due to the different classes of corrections
(PDFs, scale setting, and ¢ renormalization as in table E) We also quote the effective bottom mass
entering the respective effective Yukawa coupling, to quantify the impact of the summation. “QCD”
denotes the NLO QCD corrections only, “QED” denotes the addition of all photonic corrections, Ag
and Ageak refer to the effect of summing ¢g enhanced terms in SUSY-QCD and the weak MSSM,
respectively, sin(aes) denotes the additional improvement of the Born cross section by using the
effective mixing angle aeg. Finally, we give the result for the full calculation in the MSSM where
all O(a;) and O(«) corrections are included.

quite small, below approximately 2%. We note, however, that the size of the corrections
ovssm depends quite sensitively on the numerical value of the input b-mass. We shall
discuss this point in more detail below.

In table |, we show the cumulating effect of the various higher-order correc-
tions on the effective b-mass (as defined after summation of ¢g-enhanced terms,
mp—mp(1 — Ap/(tsta))/(1 + Ap) for h® production, etc.) and the resulting cross sec-
tions.

As already observed within the SM, the QED corrections are generally very small
after mass factorization. The summation of the tg-enhanced MSSM-QCD and MSSM-
weak corrections, encoded in Ag]; and A‘]’Dveak, respectively, has a significant effect on the
cross sections for H? and AY production. The light Higgs boson h', on the other hand, is
SM-like in the SPS 4 scenario and the summation of terms o< t3 has thus no sizeable impact
on the cross section. Employing a loop-improved effective mixing angle aeg is numerically
relevant only for h® production because s, ~ —1 /t3 is small and even a small shift & — g
has a sizeable effect on s,. The cross sections in the last-but-one row of table B correspond
to the improved Born approximation dressed with QCD and QED corrections. The full
MSSM cross section including all summations and the remaining non-universal O(a;) and
O(«) corrections is displayed in the last row of the table. As discussed previously, the
non-universal supersymmetric corrections turn out to be small at a level of a few percent.
Note that the b-mass values in the last row of table [ have been used to calculate the cross
sections tabulated in table E (While myp, = 2.75 GeV and my, = 2.24 GeV have been used
to calculate o for h? and H°/A® production, respectively, mj, = 2.24 GeV has been used
as input for all relative corrections, as discussed before.)

In figure ] we show the impact of the complete supersymmetric O(a;) and O(a)
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Figure 2: Full MSSM corrections dmssm = dmssM—QeD + IMssM—weak defined relative to orga as
a function of the Mo pole mass in the DR scheme for ¢g. All other MSSM parameters are fixed to
their SPS 4 values.
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Figure 3: Full MSSM corrections dmssm = OmssM—QeD + IMSSM—weak 88 in figure E However,
here g (R.52)) in orpa is calculated from self-energies at p? = 0.

corrections, onssM = OMSSM—QCD + OMSSM—weak, defined relative to the improved Born
approximation oiga (R.59), for different values of the on-shell mass Myo.

All other MSSM parameters are kept fixed to the SPS 4 values. The size of the non-
universal corrections does not exceed 3% for H°/A® production except for special model
parameters, where the Higgs masses are close to the production threshold for pairs of
sparticles. The peaks in the corrections correspond to neutralino, chargino, or sfermion
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thresholds. Thresholds which are too narrow, however, are not displayed in figure fl. These
unphysical singularities can be removed by taking into account the finite widths of the
unstable sparticles (see e.g. ref. [BY]). Note that the peaks for h® production are induced by
the finite parts of the counterterms in (R.34). This proliferation of unphysical singularities
can be avoided by choosing the DR scheme for the A wave function renormalization, as
is default in FeynHiggs.

For small Mo when the masses of the neutral Higgs bosons are almost degenerate,
the effects from the loop-induced Higgs mixing become extremely large. To go beyond the
effective mixing angle approximation in this region, one would have to include corrections
to the off-shell bbh® /bbH® vertex for H /h® production, respectively. We will not address
this issue, which is part of a two-loop calculation, in this work. Therefore, we truncate
figure f at Myo = 150 GeV.

For very large Mo the relative corrections to h® production increase to up to 10%.
However, in this parameter region, the size of dyggm for h' depends very sensitively on
the definition of the effective mixing angle aeg employed in orpa. As defined in (2.53),
Qe inherits a distinct dependence on Mo because some of the self-energies are evaluated
at momentum scales of the order of Myo ~ Myo. This dependence is not present in the
complete result and, thus, has to be compensated by dngsv. Evaluating the self-energies
that enter a.q (R.59) at p? = 0, the peak structure for large Mo in figure [ is absent, and
the size of the correction is 2-3% for 300 GeV < Mo < 1000 GeV, as shown in figure B
However, this approximation breaks down at small values of Mjo where the corrections
due to Higgs mixing become large. Note that in any case h® is SM-like at large Myo so
that h® production is most likely of no phenomenological relevance.

The two-loop improvement of the self-energies of the CP-even Higgs bosons, as con-
tained in the Z factors of (£.41]) and (2.49), has a negligible effect on dyiggym for H? and A°
production. Only for h° production and Mo < 350 GeV the difference between a one-loop

and two-loop treatment is larger than 1% and can reach the 5% level for Mo ~ 200 GeV.
However, the two-loop improvement plays an important role for the precise determination
of the Higgs-boson pole masses entering the kinematics of the process [[i{].

It is important to emphasize that the size of the non-universal MSSM one-loop correc-
tions dyssm at large tg is quite sensitive to the choice of the bottom-mass input value. This
is caused by terms that grow as mzb t% but are not included in the summation of 3-enhanced
terms. For the SPS 4 scenario, the b-mass input sensitivity is shown in figure [§.

In the DR scheme for ¢5 (upper panel of figure ff) the absolute size of the non-universal
corrections varies between approximately zero and —6% for HY/A° production, depending
on whether a massless approximation, the running mass or the pole mass is chosen as b-
mass input. The sensitivity is even larger for the light Higgs h”. However, for h? production
ovssm depends very sensitively on the definition of e, as mentioned before. Although we
assume that the running mass including the summation of ¢g-enhanced terms is a sensible
choice, the sensitivity of the NLO correction to the b-mass input constitutes a theoretical
uncertainty which can not be resolved at the NLO level.

Comparing the DR and the DCPR schemes for the renormalization of tg, the size of
the corrections is accidentally very similar if the running b-mass is chosen as an input. The
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Figure 4: Full MSSM corrections dnssm = dmssM—QeD + IMssM—weak defined relative to orga as
a function of the my, input in the DR scheme (upper panel) and DCPR scheme (lower panel) for
tg. The corrections for H® and A° lie on top of each other.

same observation holds for the Higgs masses, which differ by less than 500 MeV. However,
because of the large my, dependence the corrections in the different renormalization schemes
can differ significantly in general. This can be seen by comparing the upper and lower
panels of figure [l For the Higgs masses we also find larger differences up to 4 GeV for
my, = 4.2 GeV. Of course, the large scheme difference of the relative correction is partially
compensated by the corresponding change in the DCPR input value for ¢3 to be calculated
from the DR value tg = 50. In the massless-b approximation, we find t3 = 51.78, while
tg = 47.00 for my, = 4.2 GeV. The resulting scheme dependence of the total cross-section
prediction for H? and A® production is thus moderate (below 1%) even for large my,. For
h° and large my, the residual scheme dependence can reach up to 3%. To compare the
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cross sections, we have used the on-shell mass for A as computed in the DR scheme as
input in both schemes.

We have verified that the size of dyggm for H? or AY production does not change
significantly when the input values of the soft breaking parameters for the sfermions or the
soft breaking parameters for the gauginos are varied around their SPS 4 values by up to a
factor of 2, unless some sparticles become unreasonably light.

Results for the alternative benchmark scenario SPS 1b with ¢g = 30 are presented in
appendix [B. The conclusions reached for the SPS 4 scenario essentially hold for SPS 1b as
well.

4. Conclusions

We have performed a complete calculation of the O(ay) and O(«) corrections to associ-
ated bottom-Higgs production through bb fusion in the MSSM. This next-to-leading order
prediction is improved by including two-loop corrections, as provided by FeynHiggs, and
by the known summation of #g-enhanced corrections. We have presented details of the
calculation and discussed numerical results for MSSM Higgs-boson production at the LHC
in two supersymmetric scenarios. The leading supersymmetric higher-order corrections, in
particular the ¢g-enhanced contributions, can be taken into account by an appropriate def-
inition of the couplings and the running b-mass in an improved Born approximation. The
remaining non-universal corrections are small, typically of the order of a few percent. The
quality of an improved Born approximation, however, can only be judged with a full O(«y)
and O(«) calculation. Although we assume that the running mass including the summa-
tion of ¢g-enhanced terms is a sensible choice for the input b-mass, alternative choices can
lead to non-universal corrections as large as 10%.

With the results presented, the impact of the complete MSSM corrections to neutral
Higgs boson decays into bottom quarks might also be updated.

Our results show that the difference between a properly defined improved Born approx-
imation and the complete NLO calculation, which is improved by leading NNLO effects,
is smaller than other theoretical uncertainties resulting from residual scale dependences,
errors on the b-quark mass, and parton distribution functions.
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A. SPS benchmark scenarios

For the SPS benchmark [BJ] scenarios discussed in this work we use the following input for
tg, the mass of the CP-odd Higgs boson Mo, the supersymmetric Higgs mass parameter ,
the electroweak gaugino mass parameters M 2, the gluino mass myg, the trilinear couplings
Ar ¢ b, the scale, at which the DR input values are defined pzr(DR), the soft SUSY-breaking
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h° H° AY

o1BA[pb] 059 | 1.88 | 1.88
5qep|%] 35.98 | 19.02 | 19.02
QD[ %] -0.13 | -0.26 | -0.26

dmssm—qep|%] | -0.06 | 0.11 | 0.11
IMSSM—weak | 70] 2.73 | -0.35 | -0.35

Table 4: LO cross section in the improved Born approximation oiga as defined in (), as well
as corrections § relative to orpa, for pp — (bb)h®/H°/A%+ X at the LHC (y/s = 14TeV) in the
SPS 1b scenario. See table ] for details.

parameters in the diagonal entries of the squark and slepton mass matrices of the first and
second generation Mjy; (where i = L, R refers to the left- and right-handed sfermions,
f = q,1 to quarks and leptons, and f = u,d,e to up and down quarks and electrons,
respectively), and the analogous soft SUSY-breaking parameters for the third generation

SPS 4 | SPS 1b SPS 4 | SPS 1b

ts 50.0 30.0 My[GeV] | 732.2 | 836.2
Mpo[GeV] | 4044 | 525.5 Mygr[GeV] | 713.9 | 803.9
u[GeV] | 377.0 | 495.6 Mygr[GeV] | 716.0 | 807.5
Mi[GeV] | 120.8 | 162.8 M;p[GeV] | 445.9 |  334.0
Ms[GeV] | 2332 | 310.9 M.g[GeV] | 4142 | 2483
mz|GeV] | 721.0 | 916.1 MZF[GeV] | 640.1 |  762.5
A;[GeV] | —102.3 | —195.8 M39[GeV] | 673.4 | 780.3
A[GeV] | —552.2 | —729.3 M3%[GeV] | 556.8 | 670.7
Ap[GeV] | —729.5 | —987.4 M3C[GeV] | 394.7 | 323.8
pr(DR)[GeV] | 571.3 | 706.9 M3¢[GeV] | 289.5| 218.6

B. Results for SPS 1b

In the SPS 1b scenario the two-loop Higgs masses are given by Mo = 117.67 GeV, Mo =
525.69 GeV, and Mpo = 525.66 GeV in the DR scheme for t3. Here, the masses in the
DCPR scheme also differ by not more than 500 MeV and the discrepancy does not increase
as drastically as in SPS 4 when the input value for the b-mass is changed with respect to
its default value mj, = 2.30 GeV. As can be seen from table [, the non-universal corrections
in the MSSM for AY/H%-production are even smaller than for SPS 4.

Because the masses of A°/H? are larger and t3 = 30 is smaller than in SPS 4, the total
production cross sections are also smaller. The cross sections including the cumulating
effect of the different higher-order corrections are shown in table fj.

The generic structure of dyisgy as a function of Mo with all other SPS 1b parameters
fixed, figure [, does not differ from SPS 4.
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h° H° AV

my[GeV] | olpb] | mp[GeV] | o[pb] | mp[GeV] | a[pb]
QCD 2.79 0.85 2.50 2.64 2.50 2.64
+QED 2.79 0.84 2.50 2.63 2.50 2.63
—i—Ag]; 2.76 0.83 2.08 1.82 2.08 1.82
—i—A‘];Veak 2.77 0.83 2.30 2.24 2.30 2.24
+ sin () 2.77 0.80 2.30 2.24 2.30 2.24
full calculation 2.77 0.81 2.30 2.23 2.30 2.23

Table 5: The NLO MSSM cross section pp — (bb) h/H?/A°+ X at the LHC (/s = 14TeV) in
the SPS 1b scenario. See tableﬁ for details.
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Figure 5: Full MSSM corrections dmssm = dmMssM—QeD + OMSsM—weak defined relative to orga as
a function of the Mo pole mass in the DR scheme for ¢g. All other MSSM parameters are fixed to
their SPS 1b values.
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