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Abstract 

We calculate the QCD correction to the total cross section for the production 

of a Higgs boson in association with a W or 2 boson at the LHC/SSC. The 

QCD-corrected cross section is insensitive to the choice of factorization and 

renormalization scales. Setting these scales to the invariant mass of the VII 

final state, the QCD correction increases the lowest-order cross section by about 

17/15 percent in the DIS factorization scheme, and 12/10 percent in the m 

scheme, at the LHC/SSC. 
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The search for the standard-model Higgs boson is one of the most important 

experimental challenges for present and future colliders. LEP I has set a lower bound 

of 48 GeV on the Higgs-boson mass; @I it will ultimately extend the search to 55-60 

GeV. LEP II will be able to explore up to a Higgs-boson mass of approximately 80 

GeV. If no Riggs boson is found, we must await the completion of the LHC/SSC in 

order to explore larger Higgs-boson masses. 

If ma > 2Mz, it will be straightforward to detect a Higgs boson at the LHC/SSC 

decaying via H -t 2.2 + 4 leptons, up to a mass of at least 800 GeV. Less straight- 

forward is the intermediate mass region, 80 GeV < mu < 2Mz. The decay mode 

H --+ 22’ + 4 leptons 1~1 should all ow detection of a Higgs boson of mass 140 GeV 

S mu i 2Mz. Below 140 GeV, the decay H + 77 ~1 may yield an observable signal 

if excellent photon energy resolution and photon/jet discrimination are achieved. 

Recently, much progress has been made in the detection of a Higgs boson of mass 

80 GeV & mg & 140 GeV. The production of a Higgs boson in association with a W 

boson, I51 followed by H + 77 and W + !ii, provides a nearly background-free signal 

even with modest photon energy resolution and photon/jet discrimination.[s*‘l The 

number of events is rather small, however. Even more promising is the production 

of a Higgs boson in association with a top-antitop pair, [sl followed by H -+ 77 and 

t + b& or f -+ b&. [sell The rate for this process is roughly twice that of the WH 

process at the LHC, and roughly five times that of the WH process at the SSC. In 

both processes the signal is two photons and an isolated, high transverse-momentum 

charged lepton. 

The WH process depends on the HW+W- coupling, while the tEE process de- 

pends on the Yukawa coupling of the Riggs-boson to the top quark. Measuring these 

processes separately will determine the ratio of the HW+W- and HtT couplings, 
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making no assumption about the H -+ my branching ratio.[“‘] It may also be possible 

to detect other decay modes of the Higgs boson. 

Due to the modest number of signal events, it is important to calculate the produc- 

tion cross sections as accurately as possible. The calculation of any cross section at 

the LHC/SSC is plagued by uncertainty in the choice of the factorization scale in the 

parton distribution functions, as well as the uncertainty in the distribution functions 

themselves. The former uncertainty can be reduced by calculating at next-to-leading 

order in QCD; the latter will be reduced when data from HERA, and the LHC/SSC 

themselves, become available. 

In this paper we calculate the QCD correction to the total cross section for the 

production of a Higgs boson in association with a W or 2 boson at the LHC/SSC. The 

QCD-corrected cross section is insensitive to the choice of the factorization scale, and 

thus provides a more reliable estimate of the total cross section than the lowest-order 

calculation. The dominant remaining uncertainty in the cross section is the choice 

of parton distribution functions. The analogous calculation for the production of a 

Higgs boson in association with a top-antitop pair is also of interest, but is technically 

much more difficult. 

The production of a Higgs boson in association with a vector boson, V, proceeds 

at tree level via the subprocess qrf -+ V’ + VH. The QCD correction to this process, 

for a given mass of the virtual boson, is exactly the same as the QCD correction 

to the Drell-Yan process, as pointed out in Refs. [6,11]. To obtain the total cros.~ 

section, we must incorporate the decay of the virtual boson to VH and integrate over 

its mass. 

Consider the modulus squared of the amplitude for a, virtual vector boson of 

momentum q to decay to VH. Summing over the polarizations of the final vector 
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boson and integrating over the two-particle phase space, we obtain 

zw(qz) = d%M: IPI 
* 

z[-gql+w)+~(l+~!?&)] (1) 

where Ipi is the common momentum of the final-state particles in the V’ rest frame, 

IPI = l --x+(q”,M;,m&), 
w? 

with 

A(=, b, c) = a2 + b’ + c’ - 2ab - 2ac - Zbc, (3) 

The indices on the function Z refer to the polarization of the virtual boson.’ 

The current to which the vector boson couples is conserved to all orders in QCD 

(for massless quarks). The q’q” term in Z p therefore does not contribute to the cross 

section. The -gJ‘” terra replaces the sum on the polarizations of the virtual vector 

boson. Therefore 

do 
;i;;i 

.(~p~VH+x)=~(pp--,V’+X) 1 v'%M: IPI 
Zn(ql - M$)l ?r z(l+f$) 

(4) 

to all orders in QCD. The total cross section is obtained by integrating over qa. 

The O(as) correction to the total Drell-Yan cross section has been known for over 

ten years [la,131. Rather than reproducing the expressions here, we simply remind the 

reader that the cross section depends on the factorization scale p both in the parton 

distribution functions and explicitly in the matrix element at (?(a~). Since the explicit 

dependence is proportional to ln(p’/q*), the choice p = fl E MVE is natural to 

avoid large logarithms. The cross section also depends weakly on the renormalization 

‘1~” may also be regarded as twice the imaginary part of the vector-boson self energy due to an 

intermediate VH state. 
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scale in the running coupling as; for simplicity, we will set this scale equal to the 

factorization scale p throughout. 

To explore the p dependence of the QCD-corrected cross section, we set F = 

nM”a, and plot in Fig. 1 both the lowest-order and the QCD-corrected cross sections 

for pp + W*H + X versus n at the LHC/SSC, for ma = 100 GeV.” Also shown 

are the separate contributions of the gq + W’q subprocess and the real and virtual 

gluon corrections to the qq -+ W’ subprocess. Set Bl of the Morfin-Tung (MT) 

distribution functions[“l (A = 194 MeV) in the DIS factorization scheme have been 

employed. Although the lowest-order cross section is rather sensitive to n, the QCD- 

corrected cross section is much less so, varying by 5/13 percent throughout the range 

l/4 < n < 4 at the LHC/SSC. We will consider this variation to be an estimate of 

the theoretical uncertainty in the cross section due to higher orders. 

Figure 1 de ar y 1 d emonstrates that the size of the correction relative to the lowest- 

order cross section depends on the choice of the factorization scale ~1. Thus to claim 

a given QCD correction without specifying the factorization scale is meaningless. For 

,u = MVH, the correction amounts to a 17115 percent increase in the cross section at 

the LHC/SSC. This is much less than the 25-30 percent increase usually associated 

with the Drell-Yan process. However, that is the increase in the Drell-Yan process 

at the Sp@S/Tevatron; the increase at the LHC/SSC is much less, roughly 16/14 

percent.l”l The principal reason for the smaller increase at the LHC/SSC is the 

increased importance of the gq ---t W’q process. This process, which contributes 

only a (negative) few percent at the SppS/Tevatron, is negative g/10 percent at the 

LHC/SSC for Jo = MVH, as a result of the increased luminosity of gluons at smaller 

‘We have used GF = 1.166 x 1O-6 GeV-‘, MW = 60.14 GeV, Ma = 91.17 GeV, sin2BF = 

.2323,cos’Bc = .95, na, = 140 GeV, and interpreted the QCD scale given with the parton distribution 

functions as AF (two loop), and employed the tw&wp renormalization-group equation for as. 
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L. The emergence of the gq + W’q process at the LHC/SSC invalidates the use of 

the “approximate K factor”, K = 1 + ~$%r’, associated with the soft regions of the 

real and virtual gluon corrections to the qq + W’ subprocess. 

- 
In Fig. 2 we show the same set of curves, but using MT set Bl in the MS factor- 

iaation scheme. The QCD-corrected cross section is nearly invariant under the change 

in the factorization scheme, as expected. However, the size of the QCD correction 

relative to the lowest-order cross section is not. For p = MVH, the QCD correction 

is positive 12/10 percent at the LHC/SSC. Again, the use of the soft-gluon approxi- 

mate K factor, which in the MS scheme is K = 1+ fix’, is invalidated by the large 

(negative) contribution of the gq + W’q subprocess. 

To investigate the dependence of the cross section on the parton distribution 

functions, we present in Tables 1 and 2 the leading-order (LO) and next-to-leading 

order (NLO) total cross sections, with ,u = M VII, for WH and ZH production at the 

LHC/SSC for a variety of next-to-leading-logarithm parton distribution functions and 

Higgs-boson masses. The KMRS[“l sets (A = 190 MeV) are in the MS scheme, while 

the DFLM[17] sets (A indicated) are in the DIS scheme, and MT provide sets in both 

factorization schemes. The size of the correction relative to the lowest-order cross 

section depends only weakly on the parton distribution functions and the Higgs-boson 

mass. The KMRS(Bo) and DFLM(360) sets yield the smallest and largest QCD- 

corrected cross sections, respectively; the ratio is about 1.22/1.43 at the LHC/SSC 

for rn~ = 100 GeV, and decreases with increasing Higgs-boson mass. Since the DFLM 

sets do not contain the recent high-statistics BCDMS data, perhaps this is not a true 

measure of the uncertainty in the psrton distribution functions. Both KMRS and MT 

contain this data; of these sets, KMRS(B o and (B-) yield the smallest and largest ) 

cross sections, respectively, with a ratio of about 1.07/1.20 at the LHC/SSC for nz~ = 
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100 GeV. The uncertainty in the cross section due to the parton distribution functions 

is therefore larger than the uncertainty due to higher orders. 

We summarize our numerical results in Fig. 3 by presenting the total cross section 

for both WH and ZH production versus the Higgs-boson mass at the LHC/SSC, 

using three different parton distribution functions which span the range of values we 

have obtained. 

Recently, the complete 0(a:) correction to the Drell-Yan process has been completed.[‘51 

It will be worthwhile to include this correction as well once the uncertainty in the 

parton distribution functions is reduced. 

The subprocess gg -+ ZH, which proceeds via virtual quark loops, also contributes 

to ZH production at the LHC/SSC.[181 Alth ough formally U(ai), it is enhanced by 

the large gluon luminosity. Furthermore, it is independent of other 0(ai) corrections 

in the sense that it vanishes for B degenerate quark doublet.3 For ma = 100 GeV 

and mt = 140 GeV, this subprocess contributes about 5/10 percent of the lowest- 

order cross section at the LHC/SSC. For nz~ = 140 GeV and mt = 200 GeV, this 

contribution is increased to about 25/50 percent. Thus the gg -+ ZH subprocess 

may be as large, or even larger, than the O(Q) correction which we have calculated. 

There is no analogous process for WH production, of course, 

Since detectors are generally limited in their coverage, the question arises as to how 

sensitive our results are to cuts on the final-state particles. Since we have integrated 

over the final-state phase space, we cannot address this issue. However, we can restrict 

the rapidity of the parton CM frame with respect to the lab frame. Although this is 

not experimentally accessible, it gives us some idea of the effect of making cuts on 

3There are O(a:) corrections to the Drell-Yan process which also vanish for a degenerate quark 

doublet, hut they are very ~rnall.l’~] 



-7- FERMILAB-Pub-91/70-T 

the rapidities of the final-state particles. We found that our qualitative results are 

insensitive to making this restriction, indicating that they are applicable even when 

rapidity cuts are made on the final-state particles. We are presently calculating the 

QCD-corrected differential cross section to address this issue directly. 

To summarize, we have found that if we set the factorization scale equal to the 

invariant mass of the VH final state, the QCD correction to the total cross section for 

pp --t VX + X is about positive 17/15 percent in the DIS scheme, and 12/10 percent 
- 

in the MS scheme, at the LHC/SSC. The QCD-corrected cross section is insensitive 

to the choice of the factorization scale. The largest remaining uncertainty is due to 

the parton distribution functions. 
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Table Captions 

Table 1: Total cross sections (pb) for pp + W*H+X (sum of W+H and W-H) at 

the (a) LHC and (b) SSC, at leading order (LO) and next-to-leading order 

(NLO) in QCD, for several Higgs-boson masses (GeV). The factorization 

scale has been set equal to the WH invariant mass. 

Table 2: Total cross sections (pb) for pp + ZH+X at the (a) LHC and (b) SSC, at 

leading order (LO) and next-to-leading order (NLO) in QCD, for several 

Higgs-boson masses (GeV). The factorization scale has been set equal to 

the ZH invariant mass. 
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Table 1 (a) 

WH LHC MT KMRS DFLM 

ma Bl-DIS 
- 

Bl-MS Bo B- 160 260 360 

NLO 1.03 0.98 0.96 1.00 0.96 1.05 1.10 

Table 1 (b) 

NLO 2.83 2.66 2.52 2.89 2.52 3.02 3.44 
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Table 2 (a) 

NLO 0.58 0.55 0.53 0.54 0.54 0.58 0.61 

Table 2 (b) 
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Figure Captions 

Fig. 1: The total cross section for pp -+ W*H + X (sum of W+H and W-H) 

at the (a) LHC and (b) SSC, for mx = 100 GeV, as a function of the 

factorization-scale parameter n, where fi = nMw~. The lowest-order cross 

section, QCD-corrected cross section, and the separate contributions of 

the gq ---t W’q subprocess (gq order as) and the real and virtual gluon 

corrections to the q(r -B W’ subprocess (qp order as) are shown. Set Bl of 

the Morfin-Tung parton distribution functions in the DIS scheme has been 

used. 

Fig. 2: 
- 

Same as Fig. 1, but in the MS scheme. 

Fig. 3: The QCD-corrected total cross sections for pp + W+H + X (sum of W+H 

and W-H) and pp -+ ZH + X at the (a) LHC and (b) SSC versus the 

Hlggs-boson mass for three different sets of parton distribution functions. 
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