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Gluon final states in Higgs-boson decay
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W'e examine the decays of H ~2 gluons, H —+qqg, and H ~ff (f = some fermion) over an extended range
of Higgs-boson and t-quark masses. In particular, we show that the branching ratio for H ~2 gluons may
be sizable ( —10%) without requiring the existence of superheavy quarks. We calculate the diAerential

spherocity and thrust distributions as well as the values of (1 —T) and (S) for the H ~qqg decay.

I. INTRODUCTION

Since the recent model-independent determina-
tion of the neutrino-quark coupling constants
based on the work of Sehgal, Ecker, Hung and
Sukarai, Abbot and Barnett, and Langaeker and
Sidhu, ' as well as several other authors and the
recent results of the SLAC-Yale experiment on
parity violation in electron deuteron scattering,
the SU(2) x U(1) model has become the standard
model of weak and electromagnetic interactions.
Even though the "correct" gauge group for this
unification may be larger than SU(2) x U(1), this
larger group must contain SU(2) & U(1) as a sub-
group describing the interactions at present ener-
gies. I

In order to show that SU(2) x U(1) is the correct
group one must also find the 5' and Z gauge bo-
sons with the properties expected from the model.
Currently, plans are underway at CERN and at
Brookhaven ' to produce these particles in pp
and pp collisions, respectively, plans are also
being made to produce these particles in e'e using
LEP. Since the model gives explicit predictions
of their properties it can be tested in a straight-
forward manner.

Another important element of the standard
model is the existence of a neutral scalar particle
which couples to fermions and the gauge bosons
and is the "debris" of the spontaneous-symmetry-
breaking mechanism. Although its couplings are
well known, the mass of the Higgs boson remains
undetermined although reasonable bounds on the
mass do exist, say, 7-500 GeV (not quite a nar-
row range). The experimental discovery of a
Higgs boson would be necessary before one could
hope to conclude that the present scenario is cor-
rect; however, since the Higgs-boson mass is
unknown, looking for Higgs bosons will not be an
easy task.

In this paper we will examine two of the several
decay mechanisms of Higgs bosons which involve
gluons in the final state. In See, . II we discuss the
decay H-2 gluons and show that it may occur with

a significant rate (-10%) even though superheavy
quarks are assumed not to exist (the only contri-
bution being from the six "conventional" quarks).
Section DI summarizes our calculations of the
diff er ential spherocity and thrust distribution for
IJ -qqg. We also calculate the average values of
S and 1-T to lowest nontrivial order in &, and
compare our results with those found in three-jet
final states in e'e . A discussion of our results
and our conclusions can be found in Sec. IV.

II. THE DECAYH~ 2g

In order to search for the Higgs boson it is
necessary to have as much information as possi-
ble on its decay modes (lifetime, branching ratios,
etc.). Within the standard model, the decay H

-2g proceeds through a quark triangle as shown

in Figs. 1(a) and l(b); although this decay has
been discussed in the literature only the limit
where the mass of quark on the loop is very much

larger than the Higgs-boson mass has been ex-
amined. Except, possible, for the t quark, just
the opposite is true in the standard model using
current-algebra quark masses. Also, in this
same limit, the two calculations in the literature
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FIG. 1. Graphs contributing to II —2 gluons. m is
the mass of the quark propagating around the triangle.
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differ in their prediction of this decay by a factor
of 4; me hope to resolve this issue in this calcula-
tion as well. We will show that the decay rate
may be appreciable even though superheavy quarks
are not propagating in the fermion loop.

The amplitude for the process H-2g can be read
off directly from Fig. 1; denoting the amplitude

in Fig. 1(a) by T„„(p1,PZ) we see that the total
amplitude can be written as

&-(P P }=T..(P P2}+T,(PZ, P ) (2. 1)

Let us first consider the amplitude T„„(p1,p2);
we may write this as

( ) 21/4G 1/2 2 ~ I(
(av P1aP2 F As ( J (2&}4 kZ 2 (av (k p }2 Z (k+P )

Z

with m& being the mass of ith quark and

I,'„=Tr[(p+m, )y„(p-f1+m;)(/+$2+ m, )y,].

(2.2)

(2.3)

I,„=4m[4k„k„+ 2 (kvp„—k„p„)- (p„p„-p„p„)+gv „(m —k -p1 ' p2)],

where we have set p~ =p2 ——0 since the final-state gluons are on-shell. Note that I,„ is symmetric under
the interchange (p1, p) —(p2, ar); this implies that T„„(p1,p2) = T„,(p2, p1) and hence

(2.4)

The sum extends over all quark flavors; g, is the quark-gluon coupling constant. We have suppressed all
references to color in these expressions for simplicity, ' below we consider a single quark on the loop of
mass m and perform the sum over the various species at the end of the calculation. An explicit calcula-
tion yields

A ..(PZ, PZ} = 2T..(PZ, PZ) .
Introducing Feynman parameters and employing dimensional regularization we have

p
&-x

1/4 1/2 2 d"0
m)A'.

J
dx

J( dy
(2 ) (kE+2kq '}3,

(2.6)

(2.6)

where @=yp2 —xp1. A short calculation shows that
T„„is finite in the limit n-4 and is proportional
to &(3 —n/2). Introducing (z, =g, /41( and recalling
the factor of 2 from Eq. (2.5) we find

X/2

'[I,(p„'p„'-p' -p'A„„) —I, (p„'p„'}]

I

and &, =—m, /m„. (The sum is over the various
quark species which go around the triangle loop. )
Upon integration over y, I can be written as a
single integral of the form

I=+ 2X(+ X((4A( —1) —ln 1—
"dx x(1-x)(

with

(2.V)

&-x

dy(m —2xyp1 p2)(1 —4xy),
dp

(2.6a)

(2.11)
I is, in general, complex but takes on real values
for ~~ 4,'. for»&1, I canbe expanded in powers
of ~ . We find

(2.12)

3 ~)2
1'(II -2g) =

82' (W j
with (I=I1)— (2.9)

(2.10)

(2.6b)
Upon squaring A„„and multiplying by the gluon
polarization sum we see that only the integral
I~ contributes. Upon multiplying by phase space
and color factors we find

so that in the limit m» m„we find (for one

superheavy quark)

a=" " —*l a+ —'-'+o(Va'(). (a.aa(
v2x36v v ] 60 &

This confirms the result of Ellis et al. ' and dis-
agrees with that of Wilczek.

We are primarily interested in calculating I for
the known quarks (and a presumed t quark); we
mill take

m„=4.0 MeV, m„=7.5 MeV,

(2.14)m, = 150 MeV, m, = 1.5 GeV,

m~=5 GeV.
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%e will also assume that

15~m, &50 GeV,

10& m„& 100 GeV

(2.15)

l.8—
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Im I=g —im&;(1 —4&;) In(r~/ r'),
i

(2.16)

in the remainder of our calculation. For ~& 4

(which applies for the u, d, s, c, and probably b

quarks) the imaginary part of I can be calculated
in a straightforward manner. '

I.2—
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where

r,' = —,'[I + (1 —4&;) ] . (2.17)

I'(H 2g) = I' —'
~

(0.3-i).5),'
m&

where
3 3

= (6.51 && 10 MeV)

(2.18)

(2.19)

To estimate a branching ratio we must examine
the usual decay: H-ff (where f is a quark or
lepton); this decay rate is given by

r(H-ff) =(3)r, ™2(1 —4m '/m„')'"
mH

- (3)r, (O.O485) . (2.2o)

Figure 3 shows r(H-Q j,f;)/I p for the same
range of m, and mH as in Fig. 2; note that this

The real part of I must, however, be computed
numerically.

In Fig. 2 we have plotted ~l~ for various Higgs-
boson masses as a function of m„' as can be easily
seen, for a wide range of m~ and m, the values of
II~ lie in the range -0.2-0.5. We thus find
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FIG. 3. I (H Zff )/I'p as a function of m
p

for various
values of the Higgs-boson mass. Note that all the curves
become flat for m p~ mH/2.

ratio is bounded by =0.17. Hence we expect

&(H 2g) —(2—4%)( ./ )'=2-4%. (2.21)

The detailed results are shown in Fig. 4 where we
have plotted (&,/s) r(H-2g)/r(H-gf f ) as a
function of m, for various values of m„. Figure
4 shows that the curves for aparticular mH exhibit a
peaking as a function of m, for m, = ~ m„; the peaking
increases substantially as m„ is increased.

Figure 4 shows that the rate for the two-gluon
process may be larger than 10%; a not unlikely
possibility, for example, is m„= 10 GeV (Ref. 13)
and m, -20 GeV. This would give a branching
ratio close to 9%. If, however, m„= 100 GeV
and m, =50 GeV the two-gluon branching ratio
could be larger than 20%.

Our calculation clearly demonstrates that the
two-gluon final state may, indeed, be more im-
portant in Higgs-boson decay than might be naively
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FIG. 2. III as a function of m& for various values of
the Higgs-boson mass.
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FIG. 4. The ratio I'(H 2g)/I'(H Zjf ) scaled by
(e~/7I. )

2 as a function of m
&

for various values of the
Higgs-boson mass. Note the peaking that occurs for
m, = m~/2.
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expected in the absence of superheavy fermions
(rnid» m„). The gluon jets which materialize from
this decay should be wider and have a higher

'

multiplicity than quark jets due to the fact that
gluon-gluon coupling is stronger than quark-quark
coupling by a Clebsch-Gordon coefficient (9/4).
The final state into which the Higgs boson decays
may have substantially more light particles than
expected from the usual coupling proportional to
the mass of the coupled particle. Any excess ob-
served may be attributed to gluon-jet final states
which would tend to fragment into light (m's and
k's) particles.

Thus, a signal for Higgs-boson decay into two

gluons may be a large fraction of final states
having no heavy particles such as t's, b's, c's, or

s.

FIG. 5. Higgs-boson decay into qq and a gluon in low-

est.order. m is the mass of the quark or antiquark.

HI. JETS FROM HIGGS-BOSON DECAY

p p, =-,"(1-.,),
pg 0=-,'s(1 —x,),
p, l =-,'e(1 x,),

(3.2)

As is well known, the usual two-body decay of the
Higgs boson leads to qq jets in the final state,' in
this section we consider the decay &-qq+ gluon
and calculate the differential spherocity and thrust
distribution as well as the average values of S and

For two-body decays, apart from nonper-
turbative effects, 8=]., 7.' =0.

The detailed study of two- and three-jet final
states in e 8 reactions exists in the literature. '
The two diagrams leading to three-jet final states
in Higgs-boson decay are shown in Fig. 5. In our
calculation we will neglect the mass of the quarks
on the external lines to simplify our calculation.

The square of the matrix element is proportional
to

+8 (p1 ~) + (p2 ~) + 2pl (p2 + ~)p2 (pl + ~)

(p~ ~)(p2 ~)

(3.1)

In the usual notation we may write

x, ={28,/v s, 282/Ws, 2a/Wsj. (3.3)

Putting in numerical constants and phase-space
factors we find

dV (H-CM )G m„' ~',
~/m, , t'

dx, dx, 2v2m m (m„&

X
(1-x,)' + (1-x,)'+ 2x&x,

(1 x,)(1 x,)

or simply

1 dl"3 2o.', (1-x) +(1-x2) +2xgx2
I' dx dx 3m (1-xg)(1-x )

(3.4)

(3.6)

where I'2 is the two-body decay rate for H-qq to
lowest order in (m, /m„) which can be obtained
from Eq. (2.20). Following De Rujula et al. we
may rewrite this in terms of the variables' spher-
ocity (S) and thrust (T):

with s—= m„. The x; satisfy Q, x, =2 with the defi-
nition

1 dI'3 2n, m T ' (1 —T) +(1—x2+) +2x2+T (1 —T) +(I —x2-) +2x2- T
~

dS dT 3m 64(1 —T)[1—i' S/16(1 —T)] z (1—T)(1—x .) (1-T)(l —x2.)

(1 —x2+) + (T + x2+ + 1) + 2x2+ (2 —T —x2+)+ (1-x,+)(T+x,+ —1)

(1 —x2.) + (T + x2- + 1) + 2xm. (2 —T —x2-)+ (1-x2-)(T+x2- - 1)

(3.6)
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Using this distribution we can calculate (S) and

(1 —T) numerically; we find

(1 —6 = (1.68)(

These are comparable to the values found in
e 8

(3.8)

(S) = (1.64)
3
',

(3.9)

These expressions (3.8) depend on the value of
m„ through the Q dependence of o,:

12m

(33 —2N) ln(q'/A )
(3.1o)

Figure 6 shows a plot of (S) as a function of the
Higgs-boson mass for A =0.5 GeV and X=5.
We would expect nonperturbative effects to be
small for m„~ 10-20 GeV. (A plot of (1 —T)
would be simply obtained by scaling Fig. 6 by
-0.86.)

Equation (3.6) can be separately integrated over
S or T to give dN/dT or dN/dS; we will not do so
here.

We expect that the branching ratio for H-qqg to
be roughly -o,/v although a careful analysis,
paralleling that of Sterman and Weinberg, ' is
necessary to determine how this rate depends on
such things as jet vidth, etc.

0.02—
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FIG. 6. Plot of (S) as a function of ms, we have taken
A =0 5 GeV and%=5 for purposes of demonstration.

Higgs-boson decay in the standard model. Along
with the "conventional" decay', H-qq+ gluon,
which results from bremsstrahlung, we have also
considered the decay H-2 gluons through a quark
loop.

One might worry that if we are considering the
two final-state gluonp as jets we must be careful
in analyzing the infrared finiteness and possible
dangerous mass singularities associated with the
graphs of Fig. 1. These same problems arose in
our previous discussion of the Z-2g decay; we
will summarize those arguments here.

First, as was shown explicitly in Sec. II, the
graphs of Fig. 1 are ultraviolet finite and vanish in
the limit m-0; the finite terms which remain in
this limit will then behave no worse than -m ln(Q /
m') as m-0. When considering the infrared be-
havior of H-2g jets we must also consider H
-qq+2 gluons to the same order in &, with the
quark pair soft and the gluons hard. Since the
graphs of Fig. 1 are finite as m -0 and all the
ultraviolet divergences must cancel between the
two sets of graphs we conclude that the sum of
all graphs for H-qq+2 gluons is infrared finite
and free of dangerous mass singularities. Now,
although the graphs for 0-qq(soft) + 2 hard gluons
can contribute to the rate for H-2g (jets), they
are substantially suppressed by phase-space fac-
tors; in general, the four particles in the final
state H-qq+ 2g would prefer to have roughly equal
energies. We are thus able to conclude that the
absence of dangerous mass singularities which do
not factorize allows us to consider only the contri-
bution of Fig. 1 in our calculation.

Our results for the calculation of H-2g can be
found essentially in Fig. 4; with o,/m -0.1 we
see that this branching ratio may be larger than
10/o depending on the values of m, and m„. Thus,
without relying on superheavy fermions, we are
still able to obtain a large branching fraction for
this decay mode.

For the decay H-qq+ gluon we have obtained
, the differential distribution in spherocity and

thrust; the average values of S and T that we ob-
tain are comparable to those found for three-jet
final states in e'e reactions. We expect three-jet
events from Higgs-boson decay -10% of the time.

ACKNOWLEDGMENT

IV. DISCUSSION AND CONCLUSION

In this paper we have discussed mechanisms
by which gluons can appear in the final state of

This research has been performed under Con-
tract No. DE-AC02-76CH00016 with the U. S.
Department of Energy.



22 GLUON FINAL STATES IN HIGGS-BOSON DECAY 183

~L. M. Sehgal, Phys. Lett. 718, 99 {1977).
~G. Ecker, Phys. Lett. 728, 450 (1978);Nucl. Phys.

8151, 147 (1979).
3P. Q. Hung and J.J. Sakurai, Phys. Lett. 728, 208

{1977).
4L. F. Abbott and R. M. Barnett, Phys. Rev. Lett. 40,

1303 (1978).
5P. Langacker and D. P. Sidhu, Phys. Lett. 748, 233

(1978); Phys. Bev. Lett. 41, 732 (1978).
See, for example, E. Ma and S. Pakvasa, Phys. Rev.
D 17, 1881 {1978);J. Bernabeu and C. Jarlskog, Phys.
Lett. 698, 71 {1977);M. Gourdin and X. Y. Pham,
ibid. 818, 374 (1979); M. Roos and I. Liede, ibid.
828, 89 {1979).

VC. Y. Prescott et al. , Phys. Lett. 778, 347 (1978);
848, 524 (1979).

S. Weinberg, Phys. Rev. Lett. 19, 1364 (1967); Phys.
Rev. D 5, 1412 (1972);A. Salam, in Elementary Par-
ticle Theory: Relativistic Groups and Analyticity
(Nobel SymPosium No. 8), edited by N. Srartholm
(Almqvist and Wiksell, Stockholm, 1968), p. 367.

9See Proceedings of the 1976 Isabelle Workshops, Re-
port No. BNL-50611, 1976 (unpublished); Proceed-
ings of the 1977 Isabelle Summer Workshop, Report
No. BNL-50721, 1977 (unpublished).
Proceedings of the 1978 Summer Workshop, Report
No. BNL-50885, 1978 (unpublished).
See, Proceedings of the LEP Summer Study, Vols. I

and II, CERN Yellow Report No. 79-01, 1979 (unpub-
lished).
For reviews of Higgs-boson phenomenology see M. K.
Gaillard, Comments Nucl. Part. Phys. 8, 31 (1978);
J. Ellis, M. K. Gaillard, and D. V. Nanopoulos, Nucl.
Phys. 8106, 292 (1976); ECFA/LEP Specialized Study
Group, DESY Report No. DESY 79/27, 1979 (unpub-
lished).

3F. Wilczek, Phys. Rev. Lett. 39, 1304 (1977);J.Ellis,
M. K. Gaillard, D. V. Nanopoulos, and C. T. Sachra-
jda, Phys. Lett. 835, 339 (1979); H. Georgi, S. L.
Glashow, M. Machacek, and D. V. Nanopoulos, Phys.
Rev. Lett. 40, 692 (1978);J. Ellis, M. K. Gaillard,
and D. V. Nanopoulos, Nucl. Phys. 8106, 292 (1976).

~4S. Weinberg, in J estschrift for I.I.Rabi, edited by
L. Motz (New YorkAcademy of Sciences, New York,
1977).

~56. Sterman and S. Weinberg, Phys. Rev. Lett. 39, 1436
(1977);T. A. De Grand et al. , Phys. Rev. D 16, 3251
(1977);R. D. Field and R. P. Feynmann, Nucl. Phys.
8136, 1 (1978);J. Ellis, M. K. Gaillard, and G. G.
Ross, ibid. Bill, 253 (1976);A. De Rujula, J. Ellis,
E. G. Floratos, and M. K. Gaillard, ibid. 8138, 387
(1978); H. Georgi and M. Machacek, Phys. Rev. Lett.
39, 1237 (1977).
T. G. Rizzo, BNL Report No. BNL-27133, 1979 (un-
published).


