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Pseudoscalar Higgs boson production at hadron colliders in next-to-next-to-leading order QCD
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We compute the total cross section for direct production of the pseudoscalar Higgs boson in hadron colli-
sions at next-to-next-to-leading order~NNLO! in perturbative QCD. TheO(as

2) QCD corrections increase the
NLO production cross section by approximately 20–30%.
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I. INTRODUCTION

Supersymmetry is one of the most popular extensions
the standard model~SM!. Generically, supersymmetric theo
ries predict a very rich spectrum of elementary particles
particular, the Higgs boson sector of the minimal supersy
metric standard model~MSSM! consists of two complex
Higgs doublets. After electroweak symmetry breaking, th
Higgs fields are absorbed by theW6 andZ bosons into their
longitudinal degrees of freedom; the remaining five degr
of freedom are physical Higgs bosons. In addition to
standard Higgs boson (h), a heavier neutral Higgs boso
(H), two charged scalar Higgs bosons (H6), and a neutral
pseudoscalar Higgs boson~A! appear in the spectrum.

The tree-level masses of the Higgs bosons in the MS
are usually described in terms of two independent par
eters: the mass of the pseudoscalar Higgs bosonmA and the
ratio of the vacuum expectation values of the two Hig
doublets, tanb5v1 /v2. Currently, these parameters are r
stricted by the experiments at the CERNe1e2 collider LEP
which set a lower boundmA.91.9 GeV and exclude the
values 0.5,tanb,2.4 @1,2#. Future searches for the pseud
scalar Higgs boson will be carried out at the Fermilab Te
tron and at the CERN Large Hadron Collider~LHC!. It is
therefore important to obtain a reliable theoretical estim
of its production cross section in hadron collisions.

The pseudoscalar Higgs boson does not couple to
gauge bosons at the tree level; the major mechanisms
producing it are the gluon-gluon fusion mechanismgg→A
and the associated production processgg,qq→Aqq. The
relative significance of the production channels depends
the mass of the Higgs boson and the value of tanb. For
larger values of tanb, the coupling of the pseudoscala
Higgs boson to up quarks,gup;mu /tanb, decreases while
the coupling of the Higgs boson to down quarks,gdown
;md tanb, increases. As a consequence, the phenome
ogy of the axial Higgs boson for large values of tanb is very
different from the phenomenology of the SM Higgs boso
For the (t,b) family, the Higgs boson interaction with bo
tom quarks dominates for values of tanb>10.

Gluon-gluon fusion through a quark triangle loop is t
dominant production channel of the light pseudoscalar Hi
boson in hadron collisions; there is no squark-loop contri
tion to theggA coupling. In this Brief Report we study th
gluon-gluon fusion cross section for small and moderate
ues of tanb. We can then neglect the contribution of botto
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quarks and focus on the production of the pseudosc
Higgs boson through the top-quark loop. In addition, we co
sider small values of the pseudoscalar Higgs boson m
mA<300 GeV. SincemA!2mt , wheremt is the mass of the
top quark, the interaction of the pseudoscalar Higgs bo
with gluons and light quarks can be described by the eff
tive Lagrangian@3#

L5
A

v tanb
@C̃1GmnG̃mn1C̃2]mJ5

m#, ~1!

whereGmn is the color field-strength tensor and

G̃mn5emnabGab, J5
m5(

i

nf

q̄igmg5qi .

The Wilson coefficientsC̃1 and C̃2 are given by

C̃152
as~m!

16p
,

C̃25S as~m!

p D 2S 1

8
2

1

4
LtD , ~2!

where as(m) is the modified minimal subtraction schem
(MS) coupling constant,nf is the number of massless qua
flavors, andLt5 log(m2/mt

2).
The renormalization in higher orders of the perturbati

theory of the effective Lagrangian in Eq.~1! is subtle. Be-
cause of the axial anomaly, the derivative of the axial curr
of light quarks,]mJ5

m , mixes under renormalization with th

operatorGmnG̃mn. The renormalization procedure must pr
serve the anomaly relation

]mJ5
m5

as~m!nf

8p
GmnG̃mn. ~3!

A detailed discussion of the effective Lagrangian and
renormalization can be found in Ref.@3#.

The Levi-Civitàtensoremnab and theg5 Dirac matrix are
four dimensional and their treatment in dimensional regu
ization is a delicate problem. For calculational convenien
we use the approach suggested in Ref.@4#. According to this
prescription the g5 matrix is represented asg5

5 i /24 emnabgmgngagb and the axial-vector current asJ5
m

51/2c̄(gmg52g5gm)c. With this substitution we can facto
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out the product of two Levi-Civita` tensors from the produc
tion cross section and evaluate it in terms
d5(422e)-dimensional metric tensorsdmn , using

em1m2m3m4
en1n2n3n452Udm1

n1 dm1

n2 dm1

n3 dm1

n4

dm2

n1 dm2

n2 dm2

n3 dm2

n4

dm3

n1 dm3

n2 dm3

n3 dm3

n4

dm4

n1 dm4

n2 dm4

n3 dm4

n4

U . ~4!

We have checked that the above prescription is consis
with the renormalization procedure of Ref.@3# by calculating
the decay rate of the pseudoscalar Higgs boson through n
to-next-to-leading order~NNLO!. Our results are in agree
ment with the expressions for the decay rate given in R
@3#, where a four-dimensional treatment of the Levi-Civ`
tensors was employed.

In this Brief Report we present the NNLO QCD corre
tions to the pseudoscalar Higgs boson production cross
tion in hadron collisions. Various partonic processes cont
ute to the cross section at this order. Specifically, we hav
compute ~a! virtual corrections togg→A, qq̄→A up to
O(as

2); ~b! virtual corrections to single real emission pr

cessesgg→Ag, qg→Aq, q̄g→Aq̄, qq̄→Ag up to O(as);
and ~c! double real emission processesgg→Agg, gg

→Aqq̄, qg→Aqg, qq̄→Agg, qq̄→Aqq̄. We evaluate the
above corrections using the method introduced in Ref.@5# for
the algorithmic evaluation of phase-space integrals.

II. PARTONIC CROSS SECTIONS

In this section we present analytic expressions for the p
tonic cross sectionsi 1 j→A1X, where i , j 5q,q̄,g. We
write

ŝ i j 5s0
(A)Ff i j

(0)1S as

p Df i j
(1)1S as

p D 2

f i j
(2)G , ~5!

where

s0
(A)5

p

256v2 tan 2b
S as

p D 2

. ~6!

The coefficientsf i j
(k) are very similar to the coefficientsh i j

(k)

of the perturbative expansion of the partonic cross sect
for the production of the scalar Higgs boson@5#. We can then
write

f i j
(k)[df i j

(k)1h i j
(k) . ~7!

For convenience, we present here the differencedf i j
(k)

5f i j
(k)2h i j

(k) . The h i j
(k) terms are listed in Sec. IV of Ref

@5#.
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We set the renormalization and the factorization sca
equal to the mass of the Higgs bosonmA . At LO we find

df i j
(0)50. ~8!

At NLO we obtain

dfgg
(1)5

1

2
d~12x! ~9!

and

dfqg,qq̄
(1)

50. ~10!

The NLO terms are in agreement with the results of Ref.@6#.
At NNLO the differencesdf i j

(2) are very simple. For both
f i j

(2) and h i j
(2) we find the same polylogarithmic terms; th

differences contain simple logarithms and the Riemannz2
constant. We obtain

dfgg
(2)5F S Lt

3
2

21

16D d~12x!1
2

3
x ln2~x!1x ln~x!

2
1

6
~10x21!~x21!Gnf1S 3z21

1939

144
2

19

8
LtD

3d~12x!16F ln~12x!

~12x! G
1

29x ln2~x!

26x~x22x12!ln~12x!

1
3

2
~2x424x3113x21x210!

ln~x!

~x21!

1
1

4
~x21!~11x2135x2154!, ~11!

dfqg
(2)5

2

3
~22x121x2!ln~12x!2

28

9
x ln2~x!

1F22

3
110x2

x2

3 G ln~x!1
17

6
x22

191

9
x1

337

18
,

~12!

dfqq̄
(2)

5F2
32

27
x ln~x!1

16

27
~x221!Gnf1

32

27
x ln2~x!

1
32

27
~318x!ln~x!2

16

27
~x21!~x2110x111!,

~13!

dfqq8
(2)

52
16

9
x ln2~x!1F16

3
x1

32

9 G ln~x!1
8

9
~x21!

3~x211!, ~14!
1-2
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and

dfqq
(2)52

64

27
x ln2~x!1F32

9
1

176

27
xG ln~x!1

8

27
~x21!

3~3x237!. ~15!

The above results are valid if the renormalization and fac
ization scales are equal to the mass of the Higgs bosonm f
5m r5mA . The complete functional dependence of the p
tonic cross sections on these scales can be easily restore
solving the Dokshitzer-Gribov-Lipatov-Altarelli-Paris
~DGLAP! equation and the renormalization group equat
and using the above expressions as the boundary condit
This procedure is outlined in Ref.@5#.

III. NUMERICAL RESULTS

We now discuss the numerical impact of the NNLO co
rections on the pseudoscalar Higgs boson production cr
section at the LHC and the Tevatron. To calculate the cr
section we must convolute the hard scattering partonic c
sections of Sec. II with the appropriate parton distributi
functions, according to the factorization formula

sA5x(
i j

$ f̄ i
(h1)

^ f̄ j
(h2)

^ @s i j ~z!/z#%~x!. ~16!

Here f̄ i
(h) is theMS distribution function of the partoni in the

hadronh, ^ denotes the standard convolution

~ f ^ g!~x![E
0

1

dydz f~y!g~z!d~x2yz!, ~17!

and x5mA
2/s, wheres is the square of the total center o

mass energy of the hadron-hadron collision.
The complete NNLO parton distribution functions are n

yet available. In Ref.@8# an approximate NNLO evolution

FIG. 1. The pseudoscalar Higgs boson production cross sec
at the LHC at leading~dotted!, next-to-leading~dash-dotted!, and
next-to-next-to-leading~solid! order. The two curves for each cas
correspond tom r5m f5mA/2 ~upper! andm r5m f52mA ~lower!.
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@9# was implemented in order to determine the NNL
Martin-Roberts-Stirling-Thorne~MRST! parton distribution
functions. We use these approximate solutions for the
merical evaluation of the pseudoscalar Higgs boson prod
tion cross-section keeping the same initialization parame
as in Ref.@5#.

To demonstrate the convergence properties of the pe
bative series for the hadronic cross section, we present
LO, NLO, and NNLO results for both the LHC and the Tev
tron. In order to improve upon the heavy-top-quark appro
mation, we normalize our results to the leading order cr
section with the exact dependence onmt .

The total cross section for the LHC is shown in Fig.
From this figure we observe that the scale dependence o
Higgs production cross section at NNLO is approximate
15%; this is a factor of 2 smaller than the NLO scale dep
dence and a factor of 4 less than the scale variation at
Despite the scale stabilization, the corrections are ra
large; the NLO corrections increase the LO cross section
about 70%, and the NNLO corrections further increase it
approximately 30%. TheK factor, defined as the ratio of th
NNLO cross section and the LO cross section, is appro
mately 2. In Fig. 2 we plot the values of the Higgs bos
production cross section at the Tevatron. The NNLOK factor
is approximately 3, and the residual scale dependence is
proximately 30%. TheK factors for the production of the
pseudoscalar Higgs boson and the scalar Higgs boson@5,7#
are comparable in magnitude; this is a consequence of
similarity of the corresponding partonic cross sections as
cussed in Sec. II.

In Ref. @5# we argued that, since the dominant contrib
tion to the integrated cross section for the scalar Higgs bo
comes from the region close to the Higgs boson produc
threshold, we should choose values of the scalem which are
smaller than the mass of the Higgs boson. This choicede-
creasesthe NNLO corrections and the Higgs boson produ
tion cross sectionincreasesas compared to the convention
choice of the scales,m r5m f5mH . The production cross

on FIG. 2. The pseudoscalar Higgs boson production cross sec
at the Tevatron at leading~dotted!, next-to-leading~dash-dotted!,
and next-to-next-to-leading~solid! order. The two curves for each
case correspond tom r5m f5mA/2 ~upper! and m r5m f52mA

~lower!.
1-3
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section for the pseudoscalar Higgs boson exhibits the s
behavior. In Fig. 3 we show an example, where we plot
production cross section formA5115 GeV. We equate the
renormalization and factorization scales and vary the fac
ization scale fromm525 GeV up to the mass of the pseud
scalar Higgs boson. The plot illustrates that for smaller v
ues ofm the NLO cross section increases more rapidly th
the NNLO cross section, and the difference between
NLO and the NNLO results becomes smaller. Therefore,
convergence of the perturbative series is improved
smaller values of the factorization scale.

IV. CONCLUSIONS

In this Brief Report we presented the NNLO QCD corre
tions for the production cross section of the pseudosc

FIG. 3. The pseudoscalar Higgs boson production cross sec
at the LHC at leading~dotted!, next-to-leading~dash-dotted!, and
next-to-next-to-leading~solid! order as a function of factorization
and renormalization scalem. The mass of the Higgs boson is 11
GeV.
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Higgs boson in hadron collisions. Our results are valid in
heavy-top-quark limit and for small to moderate values
tanb.

The analytic expressions which we presented here
those for the scalar Higgs boson@5# are very similar. In both
cases, the QCD corrections are large and important for qu
titative estimates of the hadronic cross sections at the Te
tron and the LHC. The size of the NNLO corrections for t
pseudoscalar Higgs boson indicates that the perturbative
pansion of the production cross section converges, al
slowly. A similar convergence behavior was observed for
SM Higgs boson hadronic production cross section@5,7#.

In order to verify the compatibility of the prescription o
Ref. @4# for the Levi-Cività tensor with the Wilson coeffi-
cients for the effective Lagrangian in Eq.~1!, derived in Ref.
@3#, we computed the pseudoscalar Higgs boson decay
through NNLO in QCD. Our results are in complete agre
ment with the expressions for the decay rate in@3#.

We note that the calculation reported in this Brief Rep
has been performed using the method of Ref.@5# which com-
bines the optical theorem with integration-by-parts reduct
algorithms to achieve a systematic evaluation of phase-sp
integrals. As our calculation demonstrates, the method
general and process independent. We are confident tha
same method will be very useful in studying other proces
of phenomenological interest.

Finally, as we completed this manuscript, we beca
aware of a similar calculation by Harlander and Kilgore@10#.
We have compared results for the partonic cross sections
find complete agreement.
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