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Abstract

Gluon fusion is the main production mechanism for Higgs bosons with masses up to
several hundred GeV in pp collisions at LHC and SSC. We present the QCD corrections to
the fusion cross section for arbitrary Higgs and top mass values: gg — H(g), gg — Hq and
q — Hg. The QCD corrections are positive and they increase the cross section o(pp— H)
by about a factor 1.5 to 1.7. The analysis applies to the production of Higgs particles in the
Standard Model and also to the production of the CP-even Higgs particles in extensions of -
the Higgs sector as required for example by supersymmetric theories.

Most of the building blocks of the Standard Model have been tested to a very high precision
in recent years. However, the Higgs mechanism [1]; one of the cornerstones of this theory, has not
yet been proven experimentally to be the basic mechanism for the generation of the fundamental
particle masses. To accomodate the well-established electromagnetic and weak phenomena, this
mechanism requires the existence of at least one weak isodoublet scalar field of which one degree
of freedom manisfests itself as a real physical particle for small enough masses. The discovery of
the Higgs particle is the ezperimentum crucis for the canonical formulation of the electroweak
interactions. '
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Theoretical consistency restricts the mass of the Higgs boson in the Standard Model to
less than about 700 GeV [2]. Higher mass values may nevertheless be realized in extensions
of the [canonical] Standard Model. A lower limit of about 60 GeV has been set by the LEP
experiments [3]. Depending on the maximum energy LEP will reach, the search for Higgs
particles can eventually be extended up to masses of about 90 GeV. To continue the search
beyond this limit, new accelerators are needed. While ete~colliders with a c.m. energy of 500
GeV are ideal machines to investigate Higgs particles in the intermediate mass range below the
ZZ decay threshold, the multi-TeV pp colliders LHC and SSC can sweep the mass range up to
the theoretical upper limit [4).

For Higgs boson masses up to ~T00 GeV the dominant production mechanism in high-energy

. proton-proton collisions is gluon-gluon fusion {5). The Higgs bosons couple to gluons through

a heavy-quark triangle loop. In this note we present the QCD corrections to the cross section
o(pp—~H+X) of the fusion process,

gg— H(g) and gq—Hq, qg— Hg (1)

for arbitrary Higgs boson and [loop] quark masses, Fig.1. This analysis extends previous work of
Refs.[6] and [7] in which the Higgs boson mass was assumed to be much smaller than the loop-
quark mass. The analysis of the next-to-leading order QCD corrections to the Higgs production
cross section is required for two reasons: (i) The lowest order prediction of the cross section o(pp
— H) depends strongly on the renormalization and factorization scales. The next-to-leading
order stabilizes the prediction and leaves us only with a mild residual dependence on these
parameters. (ii) Since the QCD corrections turn out to be positive and large, the calculation
is a posteriori also of high experimental significance. The transverse momentum spectra of the
Higgs bosons have been considered at various levels of theoretical refinement in Refs.[8).

Heavy quarks Q provide the dominant contribution to the coupling of Higgs bosons to gluons.
Neglecting finite-width effects, the cross section for the production of Higgs particles in pp
collisions is given to lowest order (Flg 1a) by [5,6,7]

dces
oro(pp ~ H+X) = ootg —— (2)
TH
with
¢ 2
_ Faj i -1
© = Toayar|o e [1 +(1-13")f(a)]
arcsin? 1/1'Q <1
2
= 14+ /1-75"
f(TQ) _} [103 'Q —3'1!'] Q> 1 . (3)
1-,/1-151

and dL%/drg denoting the gluon luminosity. The scaling variables are as usual defined by
79 = m¥%/4m} and 7y = m}/s where /5 is the total c.m. energy of the proton collider.

The QCD corrections to the lowest order diagram (1a) consist of gluon-quark and Higgs-
quark vertex corrections, propagator corrections and the associated counter terms. An example
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is shown in Fig.1b. The renormalization program has been carried out in the MS scheme. The
mass mq of the heavy quark is defined at the pole of the quark propagator. The renormalization
of the Higgs-quark vertex is connected with the renormalization of the quark mass and the quark
wave function, Zggq = Zg — §mg/mq [9). In addition to these virtual corrections, the gluon
radiation off the initial state gluons and off the heavy-quark loop must be taken into account,
Fig.1lc. After adding up these corrections, ultraviolet and infrared singularities cancel. Left-over
collinear singularities are absorbed into the renormalized parton densities [10] which we define
in the MS scheme. Finally the subprocesses gq—Hq and g —Hg must be added, Fig.1d.

The result for the cross section can be cast into the following form:

dLee

pr + Doy + Doy, + Nogg. (4)

a(pp = H+X) = 00 [1 + C(TQ)%] TH

The coefficient C(rg) denotes the contribution from the virtual two-loop corrections regu-
larized by the infrared singular part of the cross section for real gluon emission. This coefficient
splits into the infrared term (7?), a term dependm,g on the renormalization scale 4 and a 7¢
dependent piece ¢(7gq),

33 - 2Nf logi.

‘Y — o3
Clra) = + clrq) + =g log -

(5)

The term ¢(7q) can be reduced analytically to a 2-dimensional Feynman-parameter integral
which has been performed numerically {11,12]. In the heavy quark limit 7 = m%/ «lmg2 < 1, the
coefficient approaches the value ¢(7q) — 3 [6,7].

The [non-singular] contributions from gluon radiation in gg scattering, from gq scattering
and qf annihilation depend on the renormalization scale u and on the factorization scale M of
the parton densities (Figs.1b-d),

' | 1 7 q, . 2
Doy = [ dr"j—:;ao{'—z&u(z)los%+d.w(z,ro) . ®)
+12 [(hgl(_ ‘)) ~ 2[2— 2(1 - 2)|log(1 z)] }

1 dl¥ a M?
Dogg = /;_ dry. = —'qo{ [—5105 =t log(1 — z)] 2Pg(2) + daq(z,-rq)}
¥ : :

1 dLed o
DNogg = / d‘rz o 'aodqq(z TQ) -
H q

with z = 7g/7. The renormalization scale enters through a,(u?) and o [a,(p?)]. Py, and Py,
are the standard Altarelli-Parisig —+ gand ¢ — g sphttmg functions (13]). F; denotes the usual
+ distribution such that F(z), = F(z) - §(z ~ 1) [y dzF(z). The coefficients d,y, d and dgg
can be reduced to 1-dimensional integrals which have been evaluated numerically [12] In the
heavy quark limit, the coefficients can be determined analytically [6,7], dgy — —31(1-2)3,dg, —
—1+42z- }2z% and dgz — 33(1 - 2)%.

The final results of our analysis are presented in Figs.2 and 3 for LHC [(/3=16 TeV] and
SSC [{/s=40 TeV] energies. They are based on a top quark mass of 140 GeV and, if not stated
otherwise, on the DFLM parametrization [14] for the parton densities. These parton densities
have been transformed into the MS scheme with a A value A%.: 207 MeV for Np=5 quark
flavors. The scale dependence of the QCD coupling a,(p’)m is used in next-to-leading order,
with the standard matching condition [15) at 4 = m,. The cross section is sensitive to gluon and
quark densities at z values of order 10~3-10~? so that subtle non-linear effects in the evolution
at small z need not be taken into account yet. More technical details will be described in a
forthcoming publication.

We introduce K factors in the standard way, Kot = ogo/oro. The cross sections in next-
to-leading order are normalized to the cross sections 010, evaluated for parton densities and
a, in leading order. K., accounts for the [regularized] virtual corrections, K 4p for the real
corrections, both defined in eqs.(4),(5),(6). The K factors are shown for LHC and SSC energies
in Figs.2 as functions of the Higgs mass. For both the renormalization and the factorization
scale 4 = M = myg has been chosen. Apparently K,;: and K,, are of the same size and
of the order of 50% while K, and Kz are quite small. Apart from the threshold region for
Higgs decays into tf pairs, Ko is insensitive to the Higgs mass. The absolute magnitude of
the correction is positive and large, mcreasmg the cross section for Higgs production at pp
colliders significantly by about a factor 1.5 to 1.7. Comparing the exact numerical results with
the analytic expressions in the heavy quark limit, it turns out that these asymptotic solutions
provide an excellent approximation even for Higgs masses above the top decay threshold. [For
Higgs masses below ~700 GeV, the deviations of the QCD corrections from the asymptotic
approximation are less than 15% .]

The [unphysical] variation of the cross section with the renormalization and factorization
scales is significantly reduced by including the next-to-leading corrections. While for mg=>500
GeV and /3=16 TeV, for instance, the ratio opo(p = %mg)/o’[,o(ﬂ = 2my) is found to be 1.63
[DFLM-LO {14] parametrization of the parton densities], this ratio drops to 1.32 in the next-to-
leading order approximation. For /3=40 TeV this ratio falls from 1.42 down to 1.23. Besides the
residual scale dependence, the main uncertainty in the prediction of the Higgs production cross

section is due to the gluon density. Adopting a set of representative parton parametrizations-:

[14,16], we find a variation of about 40% between the maximmm and minimum value of the cross
section for Higgs mass values above ~100 GeV. This uncertainty will be reduced drastically in the
near future when new data will become available from deep inelastic lepton-nucleon scattenng
experiments, in particular at HERA.

Though the analysis has been carried out in detail for the production of Higgs bosons in the
Standard Model, it is clear that the results can readily be transcribed, mutatis mutandis, to all
other CP-even Higgs bosons in extended Higgs sectors. A well-known example is provided by
the minimal supersymmetric extension of the Standard Model in which two Higgs doublets lead
to two neutral CP-even particles h, H and a CP-odd particle A. Depending on the Higgs-fermion
coupling, triangle b-quark loops may provide major contributions to the effective Higgs-gluon-
gluon couplings [17]. Since, apart from minor corrections, the K factors are determined by the
ratio of the Higgs to the quark-loop mass, the results in Fig.2 can directly be reinterpreted for
h, H production after renormalizing the mg axis by the factor my/m; for b loops. The cross
section for the Higgs boson A requires a careful reanalysis of the effective CP-odd vertex.
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Figure 1: Generic diagrams for the production of Higgs bosons in gluon-gluon, gluon-quark and 00 F soeeens serrnzmzzzznsssness e e -
quark-antiquark collisions: (a) lowest order gg contribution; (b) vertez corrections; (¢) real gluon [T nsns st mosens e s
radiation; (d) Higgs production in gq and qf collisions. 5 . n ) | .
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Figure 2: K factors of the QCD corrected cross sections o (pp — H); K yips: regularized virtual
corrections, K sp: real corrections [A,B=q,g], Kit: ratio of the QCD corrected cross section to
the lowest order cross section. (a) LHC with \/s=16 TeV, (b) SSC with \/3=40 TeV.
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Figure 3: The spread of the Higgs production cross section for various parametrizations [14,16]
of the parton densities. (a) LHC and (b} SSC for a top quark mass of 140 GeV.
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