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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 ord@NLO) in perturbative QCD. Thé)(ag) QCD corrections increase the
NLO production cross section by approximately 20—30%.
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[. INTRODUCTION quarks and focus on the production of the pseudoscalar
Higgs boson through the top-quark loop. In addition, we con-
Supersymmetry is one of the most popular extensions o$ider small values of the pseudoscalar Higgs boson mass,
the standard modéBM). Generically, supersymmetric theo- Mma=<300 GeV. Sincen,<2m,, wherem is the mass of the
ries predict a very rich spectrum of elementary particles. Ifop quark, the interaction of the pseudoscalar Higgs boson
particular, the Higgs boson sector of the minimal supersymWith gluons and light quarks can be described by the effec-
metric standard modelMSSM) consists of two complex tive Lagrangiar{3]
Higgs doublets. After electroweak symmetry breaking, three
Higgs fields are absorbed by thé* andZ bosons into their L=
longitudinal degrees of freedom; the remaining five degrees vtang
of freedom are physical Higgs bosons. In addition to the . .
standard Higgs bosonh}, a heavier neutral Higgs boson whereG,, is the color field-strength tensor and
(H), two charged scalar Higgs bosorid ), and a neutral 5 ngo
pseudoscalar Higgs bosdA) appear in the spectrum. Gu= eﬂ,,aﬁG“ﬂ, Jg:Z Qi Y, vsdi -
The tree-level masses of the Higgs bosons in the MSSM '
are usually described in terms of two independent para
eters: the mass of the pseudoscalar Higgs bospand the
ratio of the vacuum expectation values of the two Higgs
doublets, taB=uv,/v,. Currently, these parameters are re-
stricted by the experiments at the CERNe ™ collider LEP
which set a lower bounan,>91.9 GeV and exclude the (as(,u))z(l 1
,=

[C1G,,G*"+Cya,3t], )

Mihe Wilson coefficient€; andC, are given by

_ as(;“«)
1 167 '
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(@l
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values 0.5<tanB<2.4[1,2]. Future searches for the pseudo- g zbt
scalar Higgs boson will be carried out at the Fermilab Teva-

tron and at the CERN Large Hadron ColliddrHC). Itis  \\here o (4) is the modified minimal subtraction scheme

therefore important to obtain a reliable theoretical estimat?M—S) coupling constant is the number of massless quark
of its production cross section in hadron collisions. 9 o

The pseudoscalar Higgs boson does not couple to th&aVOrs. and_=log(u’/m). _
gauge bosons at the tree level; the major mechanisms fofw The renormahza’qon in hlghgr or_ders of_the perturbation
producing it are the gluon-gluon fusion mechanigg—A  theory of the effective Lagrangian in E) is subtle. Be-
and the associated production procegsqq—Aqq. The  Cause of the axial anorr_laly, the derivative of_ thg aX|a_I current
relative significance of the production channels depends ofif ight quarks,d, Jg', mixes under renormalization with the
the mass of the Higgs boson and the value of@arFor  operatorG,,G*”. The renormalization procedure must pre-
larger values of tap, the coupling of the pseudoscalar serve the anomaly relation
Higgs boson to up quarkg,,,~m,/tang, decreases while
the coupling of the Higgs boson to down quark®gun P Jﬂzas('“)”f G Gwr 3)

: 5 v .
~my tanB, increases. As a consequence, the phenomenol- H 8w "
ogy of the axial Higgs boson for large values of fars very ) ] . ) ) .
different from the phenomenology of the SM Higgs boson.A detalle'd d'ISCUSSIOH of the 'effectlve Lagrangian and its
For the ¢,b) family, the Higgs boson interaction with bot- rénormalization can be found in R¢8J. .
tom quarks dominates for values of {@r 10. Thg Levi-Civitatensore,,, and thgys Dirac matrix are

Gluon-gluon fusion through a quark triangle loop is thefOU( dlmensmngl and their treatment in d|men5|onal regular-
dominant production channel of the light pseudoscalar Higg&ation is a delicate problem. For calculatlonal_conven!ence
boson in hadron collisions; there is no squark-loop contribu¥e use the approach suggested in Réf. According to this
tion to theggA coupling. In this Brief Report we study the Prescription the ys matrix is represented asys
gluon-gluon fusion cross section for small and moderate val=i/24 €,,.57"y" vy’ and the axial-vector current ak
ues of tang. We can then neglect the contribution of bottom = 1/2¢/(y,, ys— vsv,) . With this substitution we can factor

™

0556-2821/2003/68)/0375014)/$20.00 67 037501-1 ©2003 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW D57, 037501 (2003

out the product of two Levi-Civitdensors from the produc-
tion cross section and evaluate it in

d=(4—2¢)-dimensional metric tensoig,, , using

We set the renormalization and the factorization scales
terms ofequal to the mass of the Higgs bosan . At LO we find

sp)=0. (8)
PR A A

M1 M1 M1 M1
5 82§ 5

M2 M2 M2 M2

At NLO we obtain

ViVovala—
€uqpomzng € D I R e I
M3 M3 M3 M3

sS85 g

Mg Mg Mg My

1
@ 5= o(1-x) ©

and

We have checked that the above prescription is consistent 5¢(1) ——0.
with the renormalization procedure of RE3] by calculating 99.499

the decay rate of the pseudoscalar Higgs boson through nexXthe NLO terms are in agreement with the results of R&¥.

to-next-to-leading ordetNNLO). Our results are in agree- At NNLO the d|ﬁerence§¢ are very simple. For both
ment with the expressions for the decay rate given in Ref¢(z) and 77(2) we find the same polylogarithmic terms; the

[3], where a four-dimensional treatment of the Levi-Civita dlfferences contain simple logarithms and the Riemégn

tensors was employed. .
In this Brief Report we present the NNLO QCD correc- constant. We obtain

tions to the pseudoscalar Higgs boson production cross sec-
tion in hadron collisions. Various partonic processes contrib-
ute to the cross section at this order. Specifically, we have to

compute (a) virtual corrections togg—A, qg—A up to

(10

5¢(2)_[(L__ 2_1) S(1—x)+ 2x In2(x) + X In(x)

O(a?); (b) virtual corrections to single real emission pro- - —(10x 1)(x—1) nf+(3§2 1939_ 19|_t
cessegg—Ag, qg—Ad, qg—AQg, qg—Ag up to O(ay); 144 8
and (c) double real emission processeg—Agg, g9 In(1—x) )
—Aqq, qg—Adqg, qq—Agg, qq—Aqg. We evaluate the X5(1=-x)+6 (1-x) —9xIn*(x)
above corrections using the method introduced in Fgffor *
the algorithmic evaluation of phase-space integrals. —6X(x2—x+2)In(1—x)

In(x)

II. PARTONIC CROSS SECTIONS

In this section we present analytic expressions for the par-

2x4— Ax3+13x%+x—10
( )( Y

-bll—\ I\)IUO

tonic cross sections+j—A+X, wherei,j=q,q,9. We (x—1)(11x2+ 35— 154), (11)
write
@A) 4 (0) 0 @] 2_2 > 28
0' =00 | ¢ij + ¢ + ¢> (5) Odgg ( 2X+2+X )In(l—x)—gxln (x)
22 x2 17 191 337
where f— _ 2
+ 3 +10x 3 In(x)+ 6x 9 X+ 18"
2 12
U-(A):# %) (6) (12
0 2 2 :
25@“tan<pg\ 7

The coefficients|’ are very similar to the coefficientg|’

of the perturbative expansion of the partonic cross sections

for the production of the scalar Higgs bodd&i. We can then
write

) 32 16 ,
5¢q§ 27xIn(x)Jr 7(x -1)

+32 In?
ng 2—7xn(x)

3238| 161210x11
+2—7( +8x) n(x)—2—7(x— )(X“+10x+11),

(13)
d’(k)_ ¢(k) (k)' 7)
‘ (2) 16 ) 16
For convenience, we present here the differents” Sy =~ g XIN*(X)+|zx+ 5 In(x)+ (X 1)
=¢{0— 7. The n{Y terms are listed in Sec. IV of Ref,
[5]. X (x—11), (14)
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FIG. 1. The pseudoscalar Higgs boson production cross section F|G. 2. The pseudoscalar Higgs boson production cross section
at the LHC at leadinddotted, next-to-leadingdash-dottell and 4t the Tevatron at leadingotted, next-to-leading(dash-dottel
next-to-next-to-leadingsolid) order. The two curves for each case and next-to-next-to-leadin¢solid) order. The two curves for each
correspond tqu, = u¢=mMma/2 (upped and u, = u=2my (lower). case correspond tqu,=u;=ma/2 (upped and w,=u;=2my

(lower).
and
[9] was implemented in order to determine the NNLO
32 176 8 Martin-Roberts-Stirling-ThorndMRST) parton distribution
—+ —x|In(X)+ ==(x—1) functions. We use these approximate solutions for the nu-
° 27 27 merical evaluation of the pseudoscalar Higgs boson produc-
X (3x—37). (15) tion cross-section keeping the same initialization parameters
as in Ref[5].
The above results are valid if the renormalization and factor- To demonstrate the convergence properties of the pertur-
ization scales are equal to the mass of the Higgs bogen, bative series for the hadronic cross section, we present the
=u,=m,. The complete functional dependence of the parLO, NLO, and NNLO results for both the LHC and the Teva-
tonic cross sections on these scales can be easily restored #9n. In order to improve upon the heavy-top-quark approxi-
solving the  Dokshitzer-Gribov-Lipatov-Altarelli-Parisi mation, we normalize our results to the leading order cross
(DGLAP) equation and the renormalization group equationsection with the exact dependence rop
and using the above expressions as the boundary conditions. The total cross section for the LHC is shown in Fig. 1.

64
Sp)=— 57X In?(x) +

This procedure is outlined in ReB]. From this figure we observe that the scale dependence of the
Higgs production cross section at NNLO is approximately
Il. NUMERICAL RESULTS 15%; this is a factor of 2 smaller than the NLO scale depen-

dence and a factor of 4 less than the scale variation at LO.

We now discuss the numerical impact of the NNLO cor-Despite the scale stabilization, the corrections are rather
rections on the pseudoscalar Higgs boson production crostarge; the NLO corrections increase the LO cross section by
section at the LHC and the Tevatron. To calculate the crosgbout 70%, and the NNLO corrections further increase it by
section we must convolute the hard scattering partonic crosgpproximately 30%. Th& factor, defined as the ratio of the
sections of Sec. Il with the appropriate parton distributionNNLO cross section and the LO cross section, is approxi-
functions, according to the factorization formula mately 2. In Fig. 2 we plot the values of the Higgs boson

production cross section at the Tevatron. The NNK@ctor
is approximately 3, and the residual scale dependence is ap-
TA=XD {Ti(hl)®Tj(h2)®[0'ij(Z)/Z]}(X)- (16)  proximately 30%. TheK factors for the production of the
N pseudoscalar Higgs boson and the scalar Higgs bsah
are comparable in magnitude; this is a consequence of the
similarity of the corresponding partonic cross sections as dis-
cussed in Sec. Il.

In Ref. [5] we argued that, since the dominant contribu-
tion to the integrated cross section for the scalar Higgs boson
comes from the region close to the Higgs boson production
threshold, we should choose values of the sgalghich are
and x=ma/s, wheres is the square of the total center of smaller than the mass of the Higgs boson. This chdiee
mass energy of the hadron-hadron collision. creaseghe NNLO corrections and the Higgs boson produc-

The complete NNLO parton distribution functions are nottion cross sectioimcreasesas compared to the conventional
yet available. In Ref[8] an approximate NNLO evolution choice of the scalesy,=u;=my. The production cross

Heref(™ is theMS distribution function of the partonin the
hadronh, ® denotes the standard convolution

1
(f®9)(X)Ef0 dydziy)g(z)6(x—y2), 17
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tan’ 8 o(pp =+ A + X) [pb] Higgs boson in hadron collisions. Our results are valid in the
200 heavy-top-quark limit and for small to moderate values of
180 tang.
160 The analytic expressions which we presented here and
110 L those for the scalar Higgs bosfi)] are very _similar. In both
120 e S cases, the QCD corrections are large and important for quan-
........................... e titative estimates of the hadronic cross sections at the Teva-
100 tron and the LHC. The size of the NNLO corrections for the
80 i pseudoscalar Higgs boson indicates that the perturbative ex-
1 R T s pansion of the production cross section converges, albeit
40 slowly. A similar convergence behavior was observed for the
20 S HE = V8 =14 TeV SM Higgs boson hadronic production cross secfio].
In order to verify the compatibility of the prescription of
3 40 50 60 70 8 90 100 110 Ref. [4] for the Levi-Civitatensor with the Wilson coeffi-
u, GeV cients for the effective Lagrangian in E@), derived in Ref.

[3], we computed the pseudoscalar Higgs boson decay rate
FIG. 3. The pseudoscalar Higgs boson production cross sectiothrough NNLO in QCD. Our results are in complete agree-
at the LHC at leadingdotted, next-to-leading(dash-dottefj and ~ ment with the expressions for the decay rat¢3h
next-to-next-to-leadingsolid) order as a function of factorization We note that the calculation reported in this Brief Report
and renormalization scale. The mass of the Higgs boson is 115 has been performed using the method of R&fwhich com-
GeV. bines the optical theorem with integration-by-parts reduction
algorithms to achieve a systematic evaluation of phase-space
section for the pseudoscalar Higgs boson exhibits the samategrals. As our calculation demonstrates, the method is
behavior. In Fig. 3 we show an example, where we plot thegeneral and process independent. We are confident that the
production cross section fan,=115 GeV. We equate the same method will be very useful in studying other processes
renormalization and factorization scales and vary the factorof phenomenological interest.
ization scale fromu =25 GeV up to the mass of the pseudo-  Finally, as we completed this manuscript, we became
scalar Higgs boson. The plot illustrates that for smaller val-aware of a similar calculation by Harlander and Kilgfté].

ues ofu the NLO cross section increases more rapidly thanye have compared results for the partonic cross sections and
the NNLO cross section, and the difference between théind complete agreement.

NLO and the NNLO results becomes smaller. Therefore, the
convergence of the perturbative series is improved for ACKNOWLEDGMENTS
smaller values of the factorization scale.
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