
VOX UMK 19, NUMBER 3 1 FEBRUARY 1979

Higgs-boson yroduction at large transverse momentum in quantum chromodynamics
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We estimate the Higgs-boson production cross sections dcrldy and. do.idydqT aty=Oin p(P)p collisions

by calculating the subprocess gluon+ gluon~Higgs boson+ heavy-quark-antiquark pair.

The problem of Higgs-boson (H) production was
studied earl. ier. ' 4 Because of the lower bounds
on the mass of H that have been proposed, ' it ap-
pears that the possibility of its production and de-
tection would be restricted to energetic e'e an-
nihilation'e and PP collisions of several hundred GeV
(Ref. 2) of the next-generation proton-storage-ring
facilities. In Ref. 3 the two-gtuon analog diagram
of the DreLL-Yan mechanism [Fig. 1(a}]arising
from the fusion of two gluons into H through the
quark triangle diagram is calculated. While this
subprocess obviously gives relatively large cross
sections, it only contributes at small transverse
momenta (qr) of the produced H, say (qr) ™800
MeV, in which kinematic region the background
problems are most severe. Therefore, we find it
desirable to investigate also other processes that
might give measurable cross sections in the 1~q~
+10-GeV region. The process that we have inves-
tigated in this work is the external. and internal
bremsstrahlung production of H off a heavy-quark-
antiquark pair from two-gluons in pp coll.isions.
The relevant diagrams are given in Fig. 2. The
resulting cross section is of order g,', same as
that of Ref. 2 [Fig. 1(a)]. To this order there are
other diagrams that can lead to nonvanishing q~,
such as that in Fig. 1(b}. However, because of the
small heavy-tluark contempt of the nucleon, these
are expected to be dominated by the process under
consideration (Fig. 2). In this paper we calculate
the differential cross sections do/dy and da/dydqr'
at y = 0, where y refers to the rapidity of H, for
p(P }+p -H+ anything arising from the subprocess
gl.uon+ gluon- H+ heavy-quark pair.

We assume the simplest spontaneously broken
gauge theory' involving one physical H. Its cou-
pling constant to quarks is given by

g =m 2'~'6'~'8 Q F

where m+ is the quark mass and G~ is the Fermi
coupling constant. The fact that g~ is proportional

to m determines that the couplings of H only to
heavy quarks c, b, and t are appreciable. The
ampl. itude corresponding to the diagrams of Fig.
2 for

g'(p, )+&p.) -&(q)+ Q(le, )+ Q(lt.)

is of the form

(2)

with

where g is the gauge coupling constant of quantum
chromodynamics (@CD}, tt and is refer to the octet
of gt.uons, T,= &X, with X, the Gell-Mann matrices,
and f,s, are the structure constants in [T„Ts]
=sf,~T,. It is straightforward to construct the
amplitudes A,"", ' ',A,""in accordance with the
diagrams in Fig. 2. These are given in the Appen-
dix.

Assuming on-shell gluons in the protons, the
stluare of the ampLitude (2} should be summed over
only the transverse poh, rizations of the gluons.

(b)

FIG. 1. Diagrams of order e~Gz for-H production
in hadron co11isions.
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obtained by convoluting the differential cross sec-
tion for g+ g H+ Q+ Q over the gluon distribution
functions according to

go= dg~dg~ g~ g2 do x~p~, g» hap k2, lf

where p, and p, are the c.m, momenta of the pro-
tons, and E(~) is the gluon distribution function
which is taken to be

~, )
3(1-x)'

(6)

7.~====-

FIG. 2. Diagrams for gluon+ gluon H+ heavy-quark-
antiquark pair.

Contrary to QED in which the photon is always
coupled to a conserved charge current, because of
diagrams (7) and (8) in Fig. 2 in which self-cou-
plings of gluons take place, the gauge-invariance
conditions familiar inQED, p»T,"~"=p,„Tf, =0, in
fact do not occur. As was pointed out previously, '
this has the consequence that the condition in the
Feynman gauge, Z" e"„c"„=-g„„,would introduce
spurious contributions coming from the longitudi-
nal polarizations. A method to circumvent the
complications resulting from this was proposed
previously, ' according to which the terms in A,""
and As" proportional to p," and p," are to be
dropped, since the difference between T,"," of (3}
and T,"," thus obtained is proportional to pf e„(P,}
and pte„(p, ) and the amplitude is unchanged for the
physical polarizations. It is then found that p»T,","
= P»T,"~"=0, allowing usage of the Feynman gauge
for physical gluons. The square of the amplitude
(2) should be averaged over the physical polariza-
tions and the octet degrees of freedom of the glu-
ons.

The coupling constant o,, (=g'/4v) of QCD should
depend upon Q', where Q is an appropriate mass
scale of the system. It may be approximated by'

corresponding to (@~i„„)=0.5.
The resulting cross sections do/dy (at y= 0) are

shown in Fig. 3 as functions of V s at two Higgs-
boson mass values m„= 5 and 10 GeV (Refs. 10and
11). Contributions fromthreequarkse, b, and f with
masses1, 5, 5, and 15GeV, respectively, are
summed. Of these, &and &quark contributions are
found to be approximately equal, while that of the
heaviestquarkisroughly5% ofthetotal. Thusaddi-
tional heavier quarks, if they exist, should increase

mH =5

l0 +

where A= 500 MeV. If one takes Q' to be equal to
the mass square of the three particles produced,
ot,(Q') is found to be in the range 0.2-0.3 for Q'
= 25-100 GeV'. Because of the considerable un-
certainty in assigning the value for Q' in (4) in the
present situation, we have adopted the value for
a, commonly used in QCD calculations, i.e. , n,
=0.3.'

The cross section for p+ p H+ anything is now

io-&

0 200
Ws {GeV)
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FIG. 3. The cross section do/dy at y = 0 in nb for
pp H+anything as a function of 4 g with Higgs masses
mH= 5 and 10 GeV, and 0., = 0.3. The dashed line shows
for m+=10 GeV the different quark contributions with
the quark masses 1.5, 5, and 15 GeV indicated.
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FIG. 4. The differential cross section dg/dydq z2 in
nb/GeV aty=0 for pp-&+anything at As=400 Gey
with m+=10 GeU and +,=0.3. The dashed line shows the
various quark contributions with the quark masses in
GeV indicated.

the cross section only slightly. The differential
cross sectiondo/dyqr'(at y =0) for m„=10GeVand
Ms=400 GeV is shown in Fig. 4.

A comparison of dc/dy obtained with that arising
from the triangl. e diagram' shows that the present
cross section for H production arising from the
bremsstrahlung off heavy quarks is smaller by one

or two orders of magnitude at all v s. This disad-
vantage may perhaps be compensated for by the
relatively large q~, as seen in Fig. 4.

As has been emphasized by the previous auth-
ors, ' the most serious problem in the search for
the Higgs boson is the. experimental signal for its
identification. Its decays into pairs of leptons,
hadrons, and photons have been discussed pre-
viously. ' ' An interesting situation arises if m~
~ 10 Geg. It is then expected that the Higgs boson
decays predominantly into a pair of bb jets. For
an appreciable qr, say qr & 5 GeV/c, these bb jets
will be accompanied by a pair of heavy-quark-anti-
quark jets with corresponding transverse momen-
ta. The structure of these events in momentum
space is noncoplanar. If the meson pairs from the
decay containing heavy quarks, i.e., bg, bu, etc. ,
are stable, then the signal for the Higgs boson is
expected to be relatively clean.

Finally, we would like to mention that our cross-
section values are sensitive to the largely un-
known gluon structure function. These uncertain-
ties are typically factors of 2 (sIluared in this
case).

In summary, it seems to us that the production
of the Higgs particle in multihundred-GeV proton
ri.ngs at large transverse momenta may possibly
provide another avenue for its search.
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Amplitudes A~ ", A,"", and A,""are given below. The corresponding amplitudes in which the two gluons
are crossed, A:,"", A,"", and A,"", respectively, are obtained by the simultaneous interchanges y, —v and
Pj. ~2

If+ 2mo -p,y~+ 2k~ 2k~ -y"p, fI —2mo' 2(q k, )+ '
2(P k,) '' ' ' 2(p, k, ) 2(q k,)+

2k~~ -y "p, p2y" - 2k2

A,""+A,""=
2 [(-P,+ P,)'g""+(2P, +P,)"g"'-(P,+ 2P,)"g"']

If+ 2mo 4 - 2mo
xsam k,),y -y

2(q'k, )+m„' ' '2(q'k, )+m„' 6(k, ) .
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OThe trace of the squared matrix element was obtained
by the computer program azDUcz ~ &The x&, x&, and
phase-space integrations were carried out by the
Monte Carlo program snzx .

ik We have approximated the numerators in the square
of the sum of the amplitudes by setting quark mass
m~=0. We checked the case for do/dy, (j=0) using
m~= 5 GeV at ~s= 400 GeV. The result was a 27%
increase of cross section compared to the m&= 0 case.
For other quark masses considered the effect upon
dg /dy was smaller.


