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Effects of supersymmetric QCD in hadronic Higgs production at next-to-next-to-leading order
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An estimate of the next-to-next-to-leading order~NNLO! supersymmetric QCD effects for Higgs production
at hadron colliders is given. Assuming an effective gluon-Higgs interaction, these corrections enter only in
terms of process-independent, factorizable terms. We argue that the current knowledge of these terms up to
NLO is sufficient to derive the NNLO hadronic cross section within the limitations of the standard theoretical
uncertainties arising mainly from renormalization and factorization scale variations. The supersymmetric con-
tributions are small with respect to the QCD effects, which means that the NNLO corrections to Higgs
production are very similar in the standard model and its minimal supersymmetric extension.

DOI: 10.1103/PhysRevD.68.111701 PACS number~s!: 14.80.Cp, 12.38.Bx, 12.60.Jv
fo

de
le
s

um
g
t
. I
lin
-

-
-

n-

n
o

cu

to

th
s

e
on
the

ef.
ich

top
avy

nt
avy
n-

w-
I. INTRODUCTION

Gluon fusion is the dominant production mechanism
Higgs bosons at the CERN Large Hadron Collider~LHC!
~for reviews, see Refs.@1,2#!. A feature of the gluon fusion
process is that it is loop mediated already at leading or
This makes it particularly sensitive to nonstandard partic
and couplings as they are predicted by extended theorie
very popular extension of the standard model~SM! is the
minimal supersymmetric standard model~MSSM! ~for a re-
view, see Ref.@3#!, with its five physical Higgs bosons.

We will focus on a scenario where the ratio of the vacu
expectation values of the two Higgs doublets is not too lar
tanb!Mt /Mb (Mt5top mass,Mb5bottom mass), so tha
the bottom is much smaller than the top Yukawa coupling
this case, the dominant effects on the gluon-Higgs coup
in the MSSM arise from the top quarkt and its scalar super
symmetric ~SUSY! partner, the top squarkt̃ . SUSY-QCD
corrections are induced by virtual gluonsg and their fermi-
onic SUSY partners, the gluinosg̃. These effects have re
cently @4# ~see also Ref.@5#! been evaluated at next-to
leading order ~NLO! in the limit where Mf
!$Mt ,M t̃ ,Mg̃%, wheref denotes either of the twoCP-even
Higgs bosons,h or H. This limit is expected to work ex-
tremely well, if the leading order~LO! dependence on
Mt ,M t̃ ,Mg̃ is taken into account exactly. This can be i
ferred from the NLO behavior in the SM@6–9#. In the effec-
tive Lagrangian approach, the evaluation of the hadro
Higgs boson cross section factorizes into the calculation
the effective gluon–Higgs boson coupling, times the cal
lation of the actual processpp→f1X as mediated by the
effective gluon–Higgs boson operator. For a full next-
next-to-leading order~NNLO! result in this approach, both
factors need to be evaluated up to NNLO. However, in
SM, the NNLO contribution of the effective coupling lead
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to a numerically negligible contribution, and we will argu
that this is true also in the MSSM. The NNLO Higgs bos
production cross section can therefore be evaluated from
NLO expression of the effective coupling, as taken from R
@4#, and the NNLO results for the process diagrams, wh
are identical to the SM case@10–13#.

II. THE APPROXIMATION

A. Definition and standard model case

We use the effective Lagrangian approach where the
quark and all supersymmetric particles are considered he
with respect to the Higgs boson, see Ref.@4#. In this case, the
hadronic cross sectionshk[s(hk→f1X) for Higgs boson
production can be written as

shk~z!5s0C2Shk~z!, ~1!

Shk~z!5(
i , j

E
z

1

dx1E
z/x1

1

dx2w i /h~x1!w j /k~x2!Ŝ i j S z

x1x2
D ,

z[
Mf

2

s
, ~2!

where i, j denote any partons inside the hadronsh, k, and
w i /h(x) are the parton densities;Mf is the Higgs boson
mass, ands is the hadronic center-of-mass~c.m.! energy. The
coefficient functionC, defined below, contains the remna
dependence of the gluon–Higgs coupling on the he
masses, ands0 is defined such that the leading order depe
dence on these masses ofshk(z) is exact. Its exact form is
irrelevant for our argument and shall not be given here, o
ing to space limitations~see, e.g. Ref.@4#!.

The partonic expression can be expanded in terms ofas ,

Ŝ i j ~x!5Ŝ i j
(0)~x!1

as

p
Ŝ i j

(1)~x!1S as

p D 2

Ŝ i j
(2)~x!1O~as

3!,

~3!
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FIG. 1. ~Color online! Individual NNLO contributions to the total hadronic Higgs production cross section. The notation is defin
Eqs.~6! and ~8!. The renormalization and factorization scalemR andmF are identified with the Higgs boson massMf .
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wherex[Mf
2 / ŝ, andŝ is the partonic c.m. energy. Here an

in what follows,as denotes theMS-renormalized strong cou
pling constant for five active quark flavors, evaluated at
renormalization scalemR.

For the coefficient function, we write

C~as!5
as

p
C(0)F11

as

p
k11S as

p D 2

k21O~as
3!G . ~4!

In the SM, thek i are known for i 51, . . . ,3 @14,15# (k3
contributes only at N3LO). In the MSSM,k1 has been evalu
ated only recently@4#. We now define

Shk
(n)~z!5(

i , j
E

z

1

dx1E
z/x1

1

dx2w i /h~x1!w j /k~x2!Ŝ i j
(n)S z

x1x2
D ,

nP$0,1,2%. ~5!

For theShk
(n)(z), n50,1,2, we assume that the parton den

ties w i /h are evaluated at NNLO.1 Thus, the NNLO expres-
sion for the hadronic cross section can be written as

sNNLO5s0S C(0)
as

p D 2FS (0)1
as

p
~S (1)12k1S (0)!

1S as

p D 2

~S (2)12k1S (1)1~k1
212k2!S (0)!G ,

~6!

where the indicesh,kP$p,p̄% have been dropped for sim
plicity. The basis of our estimate of the NNLO terms
SUSY will be that the numerical effect of the term propo
tional to k2 in Eq. ~6! is negligible compared to the theore
ical uncertainty of the NNLO prediction.

1We use the approximate NNLO parton densities of Ref.@16#.
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For that purpose, let us look at the relative magnitude
the S (n) in the case of Higgs boson production at the LH
Fig. 1~a!. We see thatS (0) is more than two orders of mag
nitude smaller thanS (2), which suggests that the effec
from k2 can be neglected, ifk2 is not too large. In order to
get a feeling for the magnitude ofk2, let us look at the SM
case. There we have@14,15#:

C(0),SM52
1

3
, k1

SM5
11

4
52.75,

k2
SM5

2777

288
1

19

16
l mt1nf S 2

67

96
1

1

3
l mtD

'

nf55

6.15312.854l mt , ~7!

with l mt[ ln(mR
2/Mt

2), wheremR is the renormalization scale
andMt is the on-shell top quark mass.

Using these numbers, we arrive at Fig. 1~b!. It shows the
relative size of the four terms that contribute to the cro
section in Eq.~6! at orderas

4 :

X15S (2), X252k1S (1),

X35k1
2S (0), X452k2S (0). ~8!

As expected from the numerical value ofk2
SM, Eq. ~7!, X4 is

indeed negligible with respect toX1: it is down by a factor of
30. But another remarkable observation is that the term p
portional toS (1), i.e. X2, amounts to around 30% of the fu
as

4 contribution. For comparison, the (2k1S (0)) term in
Eq. ~6! amounts to only 15% of the completeas

3 contribu-
tion.

To summarize, in the SM, theas
3 term k2 to the coeffi-

cient function of Eq.~4! gives a negligible contribution to the
NNLO cross section. In fact, we checked that the differen
1-2
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between the true2 and the approximate NNLO cross sectio
~i.e. with k250) is less than 1% at the LHC. This is muc
smaller than the theoretical uncertainty of around 15%,
estimated by the variation of the factorization and the ren
malization scale at NNLO. On the other hand, the knowled
of k1 is, relatively speaking, numerically more important f
the NNLO than for the NLO contribution to the cross se
tion, for which it was originally evaluated@4#.

B. Minimal supersymmetric standard model

In the MSSM we can parametrize the NLO corrections
the effective Lagrangian as

k1
SUSY5k1

SM1dk15
11

4
1dk1 . ~9!

In addition, the tree-level normalization of Eq.~4!, C(0),
changes, of course, but this is irrelevant for our discuss
dk1 was recently computed in Ref.@4#3 and was shown to be
negative, with

udk1u&1 ~10!

for relevant values of the SUSY parameters4 ~recall that we
restrict ourselves to tanb!Mt /Mb). It is thus reasonable to
assume that also the value ofk2 in SUSY-QCD will be of the
same order of magnitude as in the SM~or smaller!. Combin-
ing this assumption with the discussion of Fig. 1~see above!
leads us to the conclusion that the NNLO cross section
hadronic Higgs production in supersymmetry should be

proximated well by settingk2'k2
SM.

III. RESULTS

As in Ref. @4#, we will neglect squark mixing and set th
bottom Yukawa coupling to zero for simplicity. More de
tailed phenomenological studies have to be deferred t
forthcoming publication. Figure 2 shows the NLO and t
NNLO K factor,KX[sX/sLO (X5NLO,NNLO) in the SM
case~dashed!, and in the MSSM, forM t̃5Mt5175 GeV,
and Mg̃5500 GeV; sLO, sNLO, and sNNLO are evaluated
with LO, NLO, and NNLO parton densities andas evolu-
tion.

The NNLO result in the MSSM is given by the narro
~red! band, arising from the variation ofk2 between zero and
2k2

SM @see Eq.~7!#. This should serve as an estimate of t
theoretical uncertainty induced by the approximation int
duced in Sec. II. Within our approximations, theK factor in
Fig. 2 is valid for bothCP-even Higgs bosons of the MSSM

2Within the effective theory approach.
3In the notation of Ref.@4#, it is cSUSY5dk11O(as).
4The expression fordk1, as presented in Ref.@4#, is logarithmi-

cally divergent for large ratios among the SUSY particle mass
Such a case requires to resum these logarithms, which is the su
of future studies. It does not affect the arguments of this paper
11170
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since the Yukawa coupling cancels in the ratio of the LO
the higher order results.

As at NLO, the SUSY effects are small with respect to t
QCD effects at NNLO, so that the totalK factor in the
MSSM is very similar to its SM value. The theoretical u
certainties due to variation of the renormalization and fact
ization scales are almost identical to the SM case, since
only source of additional scale dependence in the MS
arises fromk2. For k25k2

SM, the mR dependence of the
NNLO prediction is indicated in Fig. 2 as the diagonal
shaded band; themF dependence is much smaller.

IV. CONCLUSIONS

We have discussed an approximation for the NNLO co
tributions to supersymmetric Higgs production in gluon f
sion. It was argued that the terms neglected from the
NNLO result should amount to only a few percent, which
much smaller than the theoretical uncertainty induced by
residual renormalization and factorization scale depende
as well as the anticipated experimental accuracy. For a g
set of SUSY parameters, and within the restrictions on th
parameters as discussed in the main text, the produc
cross section for a Higgs boson in the MSSM is thus kno
to a precision similar to that in the SM. More detailed stud
of the MSSM parameter space are clearly desirable and
be presented elsewhere.
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FIG. 2. ~Color online! K factor in the standard model~dashed,
blue! and the MSSM~solid, red! for the indicated set of parameter
The narrow~red! band in the NNLO MSSM curve corresponds
varying k2 between zero and 2k2

SM . The renormalization and fac
torization scales (mR ,mF) have been identified with the Higgs mas
in these curves. The diagonally shaded band~green! corresponds to
the variation ofmR between 2Mf and Mf/2 in the NNLO result
with k25k2

SM (mF5Mf).
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