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We present the QCD corrections to the gluon fusion processes of the scalar Higgs particles h, H and the pseudoscalar 
Higgs particle A in the minimal supersymmetric extension of the Standard Model. These corrections are in general 
large and positive, increasing the production cross section up to factors of about 2. While they depend only weakly on 
the Higgs masses, they are strongly dependent on the parameter tg ft. 

Supersymmetric theories provide well-motivated 
scenarios for electroweak symmetry breaking [ 1 ]. 
These theories do not suffer from the naturalness (or 
hierarchy) problem of the Standard Model, and they 
can be extended up to the GUT scale while retain- 
ing the Higgs bosons as light elementary particles. 
In contrast to the Standard Model [SM], supersym- 
metric theories incorporate a spectrum of several 
Higgs particles. Five scalar states #1 are realized in 
the minimal version of the supersymmetric extension 
of the Standard Model [MSSM], one light and one 
heavy scalar particle h, H [CP-even], a pseudoscalar 
particle A [CP-odd], and a pair of charged Higgs 
particles. While the mass of the light scalar particle h 
is bounded - on general theoretical grounds - to be 
less than 150 GeV, the masses of the other particles 
are expected to be of the order of the electroweak 
symmetry breaking scale, i.e. below ~ 1 TeV. 

The dominant production mechanism for the neu- 
tral Higgs bosons h, H and A at proton-proton collid- 
ers is gluon-gluon fusion [2]. The Higgs bosons cou- 
ple to the gluons primarily through heavy quark t, b 
triangle loops. In this note we present the QCD cor- 
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rections to the cross sections tr(pp ~ h / H / A  + X )  
of these processes, 

g g - - , ~ ( g )  and g q - - . ~ q ,  q ~ - - . ~ g .  (1) 

Generic diagrams of these subprocesses are depicted 
in fig. 1. The proper control of these corrections is de- 
manded by the fact that rare 77 and z + ~- decays pro- 
vide most important experimental channels to detect 
these particles at proton colliders so that the precise 
knowledge of the production cross sections is crucial 
regarding the small number of  events in these chan- 
nels. This analysis extends previous work on Higgs 
production in the Standard Model [3 ] and prelimi- 
nary studies in the limit of large loop quark masses 
[4-6]. The QCD corrections to the ~'7 branching ra- 
tios of the Higgs particles have been calculated in ref. 
[ 5 ], in conjunction with earlier studies of the bb de- 
cay widths [ 7 ]. 

Top and bottom quark loops build up the domi- 
nant contributions to the couplings of Higgs bosons 
to gluons. To lowest order (LO), the cross sections 
for the production of Higgs particles in pp collisions 
are given by 

trLO(pp ~ ~ + X )  = troC T¢ d£gg dz~ ' (2) 

where d£gg/dz¢  denotes the gluon luminosity at 
z~ = m 2 / s  with x/s being the c.m. energy of the 
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Fig. 1. Genetic diagrams of the subprocesses for the production of Higgs particles at pp colliders: (a) lowest-order gg 
contribution; (b) virtual corrections; (c) real gluon radiation; (d) Higgs production in gq and q~ collisions. 

proton collider. The patton cross sections can be ex- 
pressed in terms of scalar/pseudoscalar form factors 
derived from the quark triangle diagrams in fig. 1 a, 

2 

Gec:, ~ F:;/" (TQ) , °2/"= 

V (3) 

The form factors are related to the scalar triangle in- 
tegral f ,  

Table 1 
The coefficients of the Higgs couplings to t, b quarks in the 
MSSM. a,p are mixing angles, with tgp = v2/vl being the 
ratio of the Higgs vacuum expectation values; a is given by 
the masses and tg p. Numerical values of the coefficients 
are presented in ref. [8], for instance. 

h cosa/sin/~ - s i n a / c o s p  
H sin a/sin p cos c~/cos P 
A l/tg p tg # 

f (zQ)  

{ ci + 1 
= -¼ log--- in , z Q > l ,  

1 ~-~ zQ 1 

in the following way: 

F~/~t(zQ) = ~z~. 1 [1 + ( 1 -  z ~ l ) f ( z a ) ] g ~ / " ,  

e~(,rQ) -~ A 
= za f ( r Q ) g a ,  (4) 

with zQ = m2/4m~ .  The coefficients g~ denote the 
couplings of the Higgs bosons normalized to the SM 
Higgs couplings to top and bottom quarks; they are 
recollected for the sake of convenience in table 1. The 
parameter tg p is generally assumed to vary between 
unity and ~ mt/mb. The leading radiative corrections 
are taken into account for the Higgs masses and cou- 
plings. 

For small values tg p ,,~ 1, the t couplings are dom- 
inant while b couplings are large for large tg/L The 
form factors are normalized such that for 
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mQ >> mo: F~ ---, gOQ , 

me << mo:  

F~/n_~6 m~ [1_  1 -4 ~ )2] log - in g~/n, 

m~ / m2 - i~t)2 F$ -m--~a ~log ~ _ g ~ .  - - - 4  

Both form factors approach zero in the chiral limit 
mQ --* O. The leading logarithmic terms also give 
rise to the same cross section in the scalar and pseu- 
doscalar case in the approach to the chiral limit. 

Characteristic diagrams of the QCD radiative cor- 
rections are shown in figs. lb to ld. They consist of 
two-loop gluon-quark and Higgs-quark vertex cor- 
rections, rescattering corrections and non-planar dia- 
grams. The renormalization program has been carried 
out in the MS scheme. The "physical" quark mass mQ 
is defined at the pole of  the propagator; this assures the 
correct [perturbative] threshold behavior of the tri- 
angle amplitude for mo ~ 2mQ [4]. The renormaliza- 

1 

tion of the scalar hQQ and HQQ vertices is connected 
with the renormalization of the quark mass and the 
quark wave-function, ZhQO. = ZQ - ~ mQ/mQ etc. [ 7 ]. 
For the 't Hooft-Veltman implementation of 75 in the 
dimensional regularization scheme [9 ] adopted in the 
present calculation, the renormalization ZaQQ of the 
pseudoscalar AQQ vertex must be supplemented by 
an additional term 8as/ (3n)  to restore chiral invari- 
ante in the limit rnQ ~ 0 and the correct form of 
the Adler-BeU-Jackiw anomaly [10 ]. In addition to 
these virtual corrections, the gluon radiation off the 
initial state gluons and the heavy quark lines must be 
taken into account. After adding up all these contri- 
butions, ultraviolet and infrared singularities cancel. 
Leftover collinear singularities are absorbed into the 
renormalized parton densities [ 11 ] which we define 

1 

in the MS scheme. Finally the subprocesses gq ---, Hq 
and q'# ---, H g  must be added, fig. 1 d. 

The results for the cross sections can be summarized 
in the following form: 

( o(pp ~ O + X)  = ao ~ 1 + C ° zo dzo 

The coefficients C ° denote the contributions from 
the virtual two-loop quark corrections regularized by 

the infrared singular part of the cross section for real 
gluon emission, 

33 - 2Nf #2 
- -  log 2 ' C°  = 7 t 2 + c ° +  6 m o 

Q 12 
(6) 

These coefficients split into the infrared term ~2, a 
term depending on the renormalization scale/t of the 
coupling constant, and pieces c ° which depend on the 
mass ratios zQ, averaged with proper weights over top 
and bottom loops. The coefficients c~ (TQ) have been 
reduced from 5-dimensional Feynman parameter in- 
tegrals to 1-dimensional integrals analytically. The re- 
maining integration has been performed numerically; 
it has been checked carefully that the results are stable 
up to values of order Zb "~ 10 4 corresponding to Higgs 
masses of order 1 TeV for a bottom mass of  5 GeV. 
In the limit of  large quark masses, these coefficients 
can be calculated analytically [4-6], 

mQ >> rap: c~/n ~ ~ , c~ --* 6 

For large Higgs masses but moderate quark masses the 
real and imaginary parts of c~ remain small, ¢ ±5 
for TQ ~ 10 4. However, the numerical results clearly 
indicate the onset of the asymptotic behavior Im c~ 
log zQ and suggest Re c~ ~ log 2 zQ for large log zQ 
[12 ]. Similarly to the LO form factors, the leading 
terms appear to approach a common value for h, H 
and A. 

The (non-singular) contributions from gluon radi- 
ation in gg scattering, from gq scattering, and q~ an- 
nihilation, figs. lc, ld, depend on the renormalization 
scale # and the factorization scale M of the parton 
densities, 

Ao~g = d£ ss as ¢ M 2 

T O  

- z [ 2 -  z (1  - z ) ] l o g ( 1  - z ) ]  ) ,  (7) 
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Fig. 2. K factors of the QCD corrected cross sections ~r(pp ~ h/H/A) for two values tgp = 1.5 and 30. For tgfl = 1.5 
the K factor is broken down to its individual contributions (the relative ratios for tg p = 30 are similar); Kvirt, regularized 
virtual contributions; Kas, real corrections (A, B = q, g); Ktot, ratios of the QCD corrected cross sections in next-to-leading 
order to the lowest-order cross sections. For LHC with v/~ = 14 TeV and SSC with v~ = 40 TeV pp c.m. energies. 

1 
/ d/:gq°ts ¢~f[ M 2 

= - ½log 

"t@ q ' q  

t- and b-loop contributions, have been reduced to 1- 
dimensional integrals which have been evaluated nu- 
merically. In the limit of  large quark masses, the co- 
efficients can be determined analytically [4-6];  they 
coincide for scalar and pseudoscalar Higgs particles, 

t @  q 

(7 cont'd) 
mQ >> m~: 

d~g ~ - ! ~ ( 1  - z )  3 , 

with z = r ~ / z  and Po being the standard Altarelli- 
Parisi splitting functions. Again, the coefficients 

~ and d~ ,  of  properly weighted d~g, dgq superpositions 

d ~ - I  + 2 z - ] z  2, 

z) 3. 
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Fig. 3. The dependence of the K factors on tg fl for a char- 
acteristic set of Higgs masses. 

Also in the chiral limit of small quark but large Higgs 
masses, these coefficients approach a common limit 
for scalar and pseudoscalar Higgs particles. 

The final results of our analysis are presented in 
figs. 2, 3 and 4. The on-shell quark masses have been 
chosen m b =  5 GeV and m t =  140 GeV. The cross 
sections have been evaluated for a set of parton distri- 
butions [l 3-15 ] that are compatible with the recent 
analyses of the proton structure functions at HERA 
[ 16]. The evaluation of the cross sections has been 
performed in the MS scheme with a ,4 value ,4~5~ = Ms 
131 MeV for Ne = 5 quark flavors. The QCD cou- 
pling constant as (/~2)~g is used in next-to-leading or- 
der with the standard matching condition at/~ = rot. 

The K factors which characterize the size of the 
QCD radiative corrections properly, are defined by 
the ratios Kt~ot = On~O/OL~O . The cross sections Onto in 
next-to-leading order are normalized to the cross sec- 
tions Otto, evaluated for parton densities and as in 
leading order. K~t split into contributions from the 
(regularized) virtual corrections K~, plus the real cor- 
rections K/~ = zlai~/a~o. [Note that K~rt + ~"~ K/~ ¢ 
K~t - 1 due to the different contributions from the 
subprocess (la) to the cross sections in the LO and 
HO approximations.] For both the renorrnalization 
and the factorization scale/~ = M = m~ has been 
Chosen. 

The K factors can be determined in the way defined 
above, by adopting the GRV parametrizations of the 
patton densities [ 13 ] for which separate LO and HO 

analyses have been performed #2 . As shown in fig. 2, 
K~rt and K~g are of similar size and of order 50%, in 
general, while K~  and Kq~ are quite small. Apart from 

the t7 threshold region, the K factors K~t are rather 
insensitive to the values of the Higgs masses. Near 
the threshold the present perturbative analysis, based 
on one-gluon exchange, cannot be applied anymore 
for the pseudoscalar particle A. In particular, since tt 
pairs at rest can form 0 -+ states, the A g g  coupling 
develops a Coulombic singularity for rna ~ 2rot. The 
range within a few GeV of the threshold mass must 
therefore be excluded from the analysis. 

Outside this singular range, the QCD corrections 
are in general large and positive with values up to ,-~ 2, 
except for the light neutral Higgs boson h and small 
values of mA for which the K factor is close to unity 
for large tgfl. As expected, the K factor for h coincides 
with the corresponding SM value if mh appoaches its 
maximum for a given tg ft. [In this limit the MSSM 
reduces effectively to the SM with one light Higgs bo- 
son and SM type couplings. ] The rapid change of the 
K factors near this limit corresponds to a rather grad- 
ual change if the SUSY space is parametrized by ma 
instead of mh. The K factors do not vary dramati- 
cally with the Higgs masses. The analytical results in 
the limit zQ ~ 0 provide in general a useful guideline 
for processes mediated by top loops. The dependence 
of the K factors on the parameter tg fl is more pro- 
nounced, shown for a few characteristic Higgs mass 
values in fig. 3. 

The variation of the cross sections o (pp --, h / H / A )  
in next-to-leading order, with the parton densities 
[ 13-15 ] is displayed in fig. 4. The rapid change of the 
cross section near the maximum of mh for tg fl = 30 
is due to the rapid changes of the Higgs-quark cou- 
plings near this limit. This is known already from 
the analysis of the Higgs cross section to lowest order 
[2 ]. By singling out a small set of parametrizations, 
the recent results from HERA [ 16 ] have reduced the 
spread in the cross sections considerably, to a level of 
less than about 15%, so that the predictions for the 

#2 We have repeated the analysis of the K factor for Higgs 
production in the Standard Model based on the GRV 
parametrization in ref. [ 13 ]. Differences to the DFLM 
results in ref. [3] are very smaU except for very small 
Higgs masses. 
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Fig. 4. The spread of the cross sections for Higgs production a(pp ~ h/H/A) at two representative values tg/~ = 1.5 and 30. 
Three parametrizations of the patton densities have been chosen that are compatible with the recent HERA measurements 
of the proton structure functions. 

production of Higgs particles at pp colliders appear 
quite reliable. 

We thank I. Hinchliffe for his critical reading of the 
manuscript. 
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