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Production of composite neutral Higgs bosons in photoproduction and e+e experiments
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We examine the consequences of a sizable tree-level coupling of a neutral Higgs boson to two pho-
tons, which could exist in composite models where the intermediate vector bosons and scalar Higgs
bosons are made of the same subconstituents. We find that for certain ranges of the coupling
strength and Higgs-boson mass, a neutral composite Higgs boson can be produced and detected in
photon-proton scattering and e+e annihilation at currently accessible energies. We also discuss
other processes that are not present in the standard model at the tree level, but may lead to observ-
able neutral-Higgs-boson production at, for instance, a pp collider.

I. INTRODUCTION

The Higgs particle, which is a crucial ingredient in the
formulation of spontaneously broken gauge theories, turns
out to be elusive, and perhaps experimentally inaccessible
at the present if the minimal standard model is the final
theory of electroweak interactions. ' The difficulties in an
experimental search for the Higgs particle are caused by
the following facts.

(1) Except for some loose theoretical bounds, the mass
of a Higgs boson is not known, making a systematic
search for its existence difficult. Unitarity requires that
mH has an upper bound in the hundred of GeV range.
The lower bound, which comes from the stability of the
vacuum of the Higgs potential, requires that at least one
of the Higgs bosons has a mass of no less than about 10
GeV.

(2) Its coupling to fermions is proportional to the ratio
of the fermion mass and the weak-boson mass. This
makes their production extremely improbable in the most
common experimental situations with electron or ordinary
hadron beams.

One strategy in dealing with the Higgs particle is to
push its mass as high as allowed by the unitarity bound.
The future generation of accelerator experiments will de-
finitely be able to search for heavy Higgs bosons through
its coupling to heavy quarks and the intermediate vector
bosons. However, the possibility of the existence of not-
so-heavy Higgs bosons should not be ignored. It is plausi-
ble, although not certain, that in the minimal standard
model, in which only one scalar neutral Higgs boson ex-
ists, the Higgs boson is heavy, i.e., of the order of the
weak-boson mass. In multi-Higgs-boson models, howev-
er, there are no compelling reasons for all the Higgs bo-
sons to be heavy; in fact, some of the Higgs bosons, espe-
cially the scalar one, may well be light.

Despite the observation of the Z and 8'+—bosons at
their standard-model mass values, it is very important
that the spontaneous-symmetry-breakdown mechanism as

given in the standard model is checked experimentally.
To find the Higgs particle and to investigate its proper-
ties, or to establish its absence below the unitarity bound,
will allow us to understand the real nature of the spon-
taneous symmetry breakdown of gauge theories. In fact,
it may be more desirable to have the electroweak-gauge-
symmetry-breakdown mechanism different from that in
the standard model, e.g., so that elementary scalar excita-
tions could be eliminated. In a more general situation,
Higgs-boson couplings may be different from those given
in the standard model; couplings which are absent at the
tree level in the standard model may or may not be
suppressed in the general case. An example of this is the
composite model in which Higgs bosons are composite
states of certain fermion pairs. In particular, it has been
suggested recently that such a neutral Higgs boson may
have a sizable coupling to two photons. In the standard
model the Higgs-boson —two-photon (II yy) coupling ex-
ists only through high-order processes and is therefore
exceedingly small.

In this article we assume the possibility of a sizable
H yy coupling and investigate its effects in experiments
which can be performed in the presently accessible energy
regime. We find that in certain ranges of the H yy cou-
pling and Higgs-boson mass, H can be produced and
detected in several types of experiments.

In Sec. II, we review briefly the H yy coupling in the
composite models of Higgs particles and compare it with
that in the standard model. We also discuss the Higgs-
boson —Z —photon coupling. Sections III and IV discuss
the production of an H in the photoproduction and
e+e collision experiments. For photoproduction we
concern ourselves with the energies available at the Fermi-
lab and CERN photo-beam facilities and in e+e col-
lisions in the SLAC PEP and DESY PETRA energy re-
gime. Possibilities at TRISTAN energies are discussed
briefly at the end of Sec. IV. Production in other process-
es, such as Pp, are discussed in Sec. V, including the effect
of the Higgs-boson —Z —photon coupling. A brief con-
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elusion is given in Sec. VI. In the Appendix, we discuss
some details of the three-photon signature of composite-
H production in e+e annihilation not presented in the
main text.

II. HIGGS-BOSON —TWO-PHOTON COUPLING

The H yy coupling in the standard model exists only
in high-order processes involving fermion and boson
loops, and has been discussed in the literature. A sum-
mary will be given below. The process through a fermion
loop will be discussed first. For a pseudoscalar Higgs
particle the loop diagrams are represented by convergent
Feynman integrals, while for a scalar particle the integrals
are superficially divergent. Dimensional' or Pauli-
Villars" regularization will render the integrals finite and
well defined. The decay width due to the fermion-loop
contribution is

where g/ is the H ff coupling constant. The summation
runs over all contributing fermions f, QI is the electric
charge off in units of e, and J/ is an integral defined by

1 1 —x $ 4~paJ= dx
1 —R xy —ie

2a (R —4a ) 2R
R R R —(R —4)'/

)fc

2A

R+(R —4)

(2.2)

where a =1 for scalar coupling, a =0 for pseudoscalar
coupling, R =m~/rnid, and Sp is the Spence function de-
fined in Eq. (A10). Special properties of the Spence func-
tion' in this case allow evaluation of Eq. (2.2) in terms of
elementary functions:
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where JI is defined in Eq. (2.2) above. The lepton and
quark contributions I~ and I~ are obtained from Eq. (2.5b)
by summing over contributions from all the leptonic and
quark intermediate states, respectively. The overall decay
width of I ~ zz is plotted in Fig. I as a function of m~.
The partial widths of individual two-body channels in the

Note that in the minimal standard model g//m/ is in-
dependent of fermion species and can be factored out of
the summation.

Another set of graphs is the boson-loop contributions,
involving the intermediate vector bosons 8'—+ and possibly
ghost fields. This class of diagrams has been evaluated in
Ref. 13.

The total width of the H into two photons in the stan-
dard model can be written as

I

standard model are listed in Table I for several values of
Higgs-boson mass. The results will not be significantly
modified in extended models of the electroweak interac-
tions if there is a single origin of the masses of all the
massive particles, as in the standard model. However, we
do expect some modification of the entries in Table I for
multi-Higgs-boson models where the leptons and quarks
receive mass from different Higgs multiplets. Modifica-
tions will also be necessary if the gauge bosons and the
fermions derive their masses from different Higgs multi-
plets. 4

In a composite model in which the Higgs particle is a
bound state of a fermion-antifermion pair, the H yy cou-
pling arises differently. Since the photon can couple to
the subconstituents in a pointlike way, the H yy coupling
can be substantially larger than the standard model value.
At the present time there exists a number of composite
models characterized by different composite scales, from
a few hundred CxeV ( —GF '~

) to the Planck mass
( —10' GeV). ' A unique prediction of the H yy cou-
pling, and therefore the rate for H ~yy, does not exist.
However, models with low-mass compositeness scales are
particularly interesting as they make predictions which al-
low tests of these models at the next generation of ac-
celerators or even at available machines. ' As sizable pro-
duction rates of H through its yy couplings are possible
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TABLE I. Partial widths for the leading two-, body decay modes of a neutral Higgs boson. The
gluonic and fermionic channels are calculated assuming standard-model couplings; the two-photon
mode is calculated in the standard model (SM) and the two WDM scenarios. Partial widths are given in
MeV, except for yy (SM) which is in eV.

m„(aeV)
5

10
15
20
25
30

0.0001
0.0007
0.0023
0.0053
0.010
0.018

CC

0.0038
0.013
0.021
0.029
0.036
0.044

0.0036
0.017
0.029
0.040
0.051
0.061

0.00
O. ao
0.21
0.32
0.41

6.4
13.0
19.0
26.0
32.0
38.0

yy (II)

0.0051
0.041
0.14
0.33
0.64
1.1

yy (SM)

0.29
4.4

16.0
39.0
76.0

130.0

in some of the models, existing accelerators might al-
ready produce Higgs bosons, especially with mass below
30 GeV. In any event, limits on the combined effects of
the Higgs-boson mass and H yy coupling strength can be
readily established.

A particularly interesting scheme of the H yy coupling
is the W-dominance model (WDM), an analog to the
vector-meson-dominance model which approximates
QCD well for low-energy hadronic physics. This ap-
proach treats the electroweak interaction as an effective
theory in the same manner as the vector-meson-
dominance model, current algebra, flavor SU(3) symme-
try, etc. , in QCD. There exists a large amount of litera-
ture on the possibility that the standard model is actually
an effective theory, starting with the work of Bjorken'
and Hung and Sakurai. ' See Ref. 18 for the current
status of this approach and for additional references.

We shall use two models of H yy coupling, proposed
in Ref. 8, to illustrate the sensitivity of the yy mode as a
means to search for low-mass Higgs bosons (&30 GeV).
The effective Lagrangian for H ~yy can be written in

lO

the gauge-invariant forms

Ls =farr0a 4 F„vF""

Lp farr0a ( E Fp~Fxp,
(2.6)

for scalar and pseudoscalar H, respectively, where F& is
the electromagnetic field tensor and Pa the Higgs field.
The H yy coupling farr and the H ~yy partial width
are related through the well-known formula

64m
farr = 3I'a rr

772~
(2.7)

In the following these two coupling schemes ' will be
sketched.

(a) WDM I. The H yy coupling is determined by the
derivative of the H wave function at the origin, where
H is considered as a nonrelativistic bound state of a
fermion-antifermion pair. Then

I ~~yy=Ccxpl~sln Ops, (2 8)

where 8@ is the Weinberg angle and C is of order unity
(C= —,

' and C= —,
' for pseudoscalar and scalar Higgs par-

ticles, respectively). This scheme gives a rather large yy
width, e.g., I a rr

——12.8 MeV for a scalar Higgs particle
of m~ ——10 GeV.

(b) WDM II. This is a double WDM in which H cou-
ples to two W 's, each of which in turn couples directly to
a photon. The model is similar to the vector-meson domi-
nance of m. —+yy, in which ~ couples to the vector
mesons p and co, and the p and co turn into photons
directly. Then

farr = sill 6 gr /pl p (2.9)

0-1

lO ~
0 IO

m~ (Gev)

40

FIG. 1. Partial width for H ~yy in the standard model
versus Higgs-boson mass.

which gives a width of H into two photons of
I ~ &&

——41.2 keV for m~ ——10 GeV, sint9~ ——0.233, and
mw ——83 GeV.

The examples given in models (a) and (b) above
represent a wide variation of the H yy coupling, and do
not lead to a unique prediction. On the other hand, they
represent a spectrum of subconstituent models which can
be tested experimentally.

A more intuitive scheme is to argue that the H yy cou-
pling is proportional to the size of the composite, i.e., in-
versely proportional to the composite-mass scale A,ff.
The H yy coupling strength is given by
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2
f&rr = +«t (2.10)

For a Higgs boson of mass 10 GeV, for instance, this
leads to a decay width of I ~ yy 0042 keV for A,ff—1

TeV and I ~ yy
——6.4 keV for A,~~

——m~. The I ~ yy in
the former case is similar to the standard model, and in
the latter case is similar to case (b), WDM II. We will not
consider this class of models as their predictions can be
inferred from cases (a) and (b), once furr is given.

The couplings of Higgs bosons to fermion-antifermion
pairs are expected to be the same in composite models as
in the standard model in order to reproduce the quark and
lepton mass spectra, and are therefore small for light fer-
mions. Hence the partial widths of the fermion channels
given in Table I are expected to be valid in composite
models. Comparing the yy width of the H in composite
models with the fermion-pair widths, we see that the yy
mode is dominant in &DM I and is no less than one-third
of the total width in WDM II. However, this general
feature has to be modified drastically if the subconsti-
tuents are colored objects. Then the Higgs boson would
couple strongly to the two-gluon channel, which would
dominate all other channels. This is again in contrast to
the case of an elementary Higgs boson, in which the
Higgs-boson —gluon —gluon (Hgg) coupling arises solely
through fermion loops, and therefore is not overwhelm-
ingly large.

Another coupling which does not exist at the tree level
iri the standard model, but may be present in composite
models, is the H Z y coupling. In composite models,
this coupling occurs through a simple electric (magnetic)
dipole transition for a scalar (pseudoscalar) H, which is
of the order of f&,r ——sin8ll /mls using WDM. It has
the same gauge-invariant form as the H yy coupling in
Eq. (2.6). We discuss its effects in Secs. IV and V.

III. PHOTOPRODUCTION

Particles which have a sizable coupling to two photons
can be produced in photoproduction experiments. The
production mechanism is indicated in Fig. 2. For very
light Higgs particles, say, m~ &1 GeV, and for elastic
scattering off the target, the reaction is dominated by the
well-known Primakoff effect. ' In the present case, H is
probably not too light, so that the virtual photon ex-
changed with the target will be highly off mass shell. We

I

FIG. 2. Diagram for photoproduction of a composite neutral
Higgs boson using a proton target.

shall assume a proton target and consider two cases: elas-
tic and deep-inelastic scattering. It turns out that for both
cases the differential cross section is suppressed with
respect to electron-proton scattering by additional
kinematic factors, and the photoproduction total cross
sections in the two cases are comparable. Because of the
proton form factor we expect that the production of a
high-mass Higgs particle through proton elastic scattering
will be suppressed in addition to the phase-space factor.
On the other hand, we found that production of a heavy
Higgs boson through deep-inelastic scattering is also
suppressed because it occurs at high Feynman x. Both
cross sections are strongly peaked in the forward direc-
tion, although it is more pronounced in elastic scattering
because of the proton form factor.

A. Elastic scattering

A(s, m~, m~ )

256lr s A,(s,m&, 0)
fA /', (3.1)

where the squared amplitude summed over spins is given
by

Here X in Fig. 2 is a proton. The cross-section formula
can be easily calculated. Using the notation of
Cxasiorowicz,

furr 2[F1(t)++F2(t)] t(~ 9) + Fl (t) ~'F2 (t) [(A: 9) + +tt2 yy 4m
(3.2)

We have used the definitions

q =k —p, t =q, E=p+p~,2

P(x,y, z) =(x +y +z —2xy —2xz —2+z)

and ~= 1.72 is the proton anomalous magnetic moment in
units of the Bohr magneton. The Dirac and Pauh form
factors F1(t) and Fz(t) are related to the electric and mag-
netic form factors GE(t) and G~(t) by

GE(t) =F1(t)+ 2 ~F2(t),
4m'

GE(t) = 1

1 —t/0. 71 GeV

G~(t)=(1+a)GE(t) .

GM(t) =F,(t)+aF, (t),
which are generally parametrized by the dipole forms

2

(3.3)

(3.4)
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The results of the integrated total cross section are plotted
in Fig. 3 as a function of the Higgs-boson mass for
incident-photon energies of E& ——100 and 150 GeV in the
laboratory frame. Note the increase in the cross section
with larger photon energies. The maximum Higgs-boson
mass that can be produced is constrained by kinematics to
be

io&

GeV

GeV

(mH), „=(2Eymz+ m~
)'~ m~—, (3.5)

which for Ez ——150 GeV is about 16 GeV.
The signal to look for is either the Higgs-boson —two-

photon decay mode or two-quark or two-gluon jets. As
discussed in Sec. II, if the constituent fermions do not
couple directly to gluons the two-photon mode of the H
will be significant, with a branching ratio of at least one-
third; The two-photon mode would then offer the best
possibility of looking for the neutral Higgs boson in pho-
toproduction experiments. An additional attractive
feature of this mode is that it allows a relatively accurate
determination of the mass of the Higgs boson. However,
if the constituent fermions couple strongly to the color
gluons, the H will decay almost exclusively into two-
gluon jets, which again offers a clean signature provided
that the recoil proton is tagged.

C

CL

b

IO

0

mH (GeV)

20

B. Deep-inelastic scattering

Here X in Fig. 2 can be anything. This is just normal
deep-inelastic scattering as far as the proton target is con-
cerned. We evaluate the cross section in the center of
mass:

FIG. 3. Photoproduction cross section versus Higgs-boson
mass for a composite neutral Higgs boson in elastic scattering
off the proton for incident photon energies E~=100 and 150
CieV. The upper and lower sets of curves are for WDM I and
WDM II, respectively.

do
I

dm~ coso,
(xfHyy A,(s,mx, mH )

2(Q +mH ) W)
64sk!mug

+ 4k!'Q' —2(Q'+mH') (mx'+Q' —m, ') —(g'+m ')' W,

(3.6a)

where ki is the photon incident energy in the laboratory, 0, is the angle of the Higgs boson with respect to the incident
photon in the center of mass, mz is the proton mass, and Q = —q . The integration ranges are

(mz+m ) &mx &(Vs —m~)

and

—1(cosO, ~1 .

To compare with the usual e-p deep-inelastic scattering, Eq. (3.6a) can be written in terms of laboratory variables

db ~fHyy k! p'! . z ()l . z ~l 01
4 sin 8'& +2 cos 8'2

dp, ' 4~mpk, g' 2
(3.6b)

in the limit mH~0, where EI and p~ are the energy and
momentum of the Higgs particle and 0I is the angle of the
Higgs boson with respect to the incident photon direction
in the laboratory. As alluded to before, Eq. (3.6b) differs
from the lepton-scattering cross section by a factor
fHyy Q /32m. a. (The same relationship also holds in the
elastic case for mH~O. ) The familiar inelastic structure

l

functions 8'& and 8'2 are defined as

Wz(g, x )—: Fz(x),

1
W&(g, x) =F&(x)= Fz(x),

2x
where

(3.7)
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mdiv—:pg 'q
(3.8)

ry frame. Using Eq. (2.6) to substitute for f~&z, the total
cross section is

6' ps
2 3

mII8m' ~a-yy0"
m~ s

(4.2)

Fq(x)—:x [—,
' u„(x)+ —,

' d„(x)+—', s(x)] . (3.9)

The proton distribution functions u„(x) and d, (x) are for
the up and down valence quarks; s (x) is the sea quark dis-
tribution function, assumed identical for up, down, and
strange sea quarks. The contributions of heavy quarks are
neglected. The explicit parametrizations of the quark dis-
tribution functions are taken from Ref. 24:

2 3

u„(x)= [0.594+0.461(1—x')'

+0.621(1—x 2)4],

1 —x
d„(x)= [0.072+0.206(1 —x')'

+0.621(1—x )"], (3.10)

s(x) =0.145x -'(1—x)' .

The parametrization of Ref. 25 gives almost identical re-
sults. The integrated cross sections for the deep-inelastic
process are very similar to those for the elastic one shown
in Fig. 3. The deep-inelastic cross sections tend to be
nearly the same to 50% smaller than the elastic cross sec-
tions. There are two reasons for the difference. First,'

the
elastic kinematic region extends to lower Q where the
cross section is the largest. Second, for large Higgs-
boson-masses, while the elastic cross section is suppressed
by the proton form factor, the inelastic Higgs-boson pro-
duction occurs at large Feynman x, e.g., for mrs ——10 GeV
the average x value is about 0.7. This suggests that the
search for H in photoproduction experiments can best be
performed with elastic scattering. The laboratory angle of
the recoil proton can approach 45' when m~ is small
compared to s, which will help in its detection. Also, tag-
ging a recoil proton in elastic scattering assures that a res-
onance, if produced, occurs at the photon vertex. Because
the Higgs bosons are not seen directly, their production in
the forward direction does not prohibit detection. Howev-
er, difficulties may arise from the fact that the two-
photon open angle may be small.

IV. e+- e ANNIHILATION

2 2 3
do' rrfIIyr mal-

a cosO 64 s
(1+cos 8), (4.1)

for either a scalar or pseudoscalar H, where 8 is the an-
gle of the H with respect to the e beam in thelaborato-

Another possible production mechanism for a compos-
ite Higgs boson utilizing the H yy vertex is
e+e ~y*~H y. The differential cross section for this
process, in the limit m, ~0, is

The subsequent decay of the H also depends strongly on
the value of frI&& and the properties of its subcon-
stituents, as discussed in the previous sections. If the sub-
constituents are colored objects, H ~gg dominates, so
that e+e ~y+2 gluon jets is more likely. Otherwise,
H ~yy will be a significant decay mode. Assuming that
the H couples to fermion proportional to their mass, as
in the standard model, H —+yy dominates in WDM I
and is roughly equal to the leading ff modes in WDM II.

The H ~yy decay gives a three-photon final state
with one monochromatic direct photon of energy

T

m~E = 1— (4.3)
2 S

and will provide a good way of detecting the H if
B(H +yy) is—significant. The dominant background
comes from QED production of two and three photons.
Since the QED processes are strongly peaked along the
beam, and the H y distribution is relatively flat, cuts can
be made which eliminate much of the QED background.
As a measure of this, we compare the H y and second-
order QED yy rates in the limit m, ~0,
d o./d Q(e +e —+yyy )rr &

do /dQ(e+e —&yy)QED

2 3
sI ~~yy mIJ1—
2am~ s

sin 8. (4.4)

For m~ ——10 GeV and assuming WDM I (II), this ratio is
about 60% (0.2%) at 8=90'. Furthermore, if the H is
reasonably massive, the two photons from the H will be
distinct in their spatial positions, so that a requirement of
three separated photons will further reduce the QED
background.

Alternatively, the acollinearity distribution of the com-
bined 'sample of two- and three-photon events can be used.
This technique has been applied in the experimental
analysis of the pure QED processes e+e ~yy, yyy.
The acollinearity angle is defined by

P& P2g=—arccos
pr I I p2 I

(4.5)

where p~ and p2 are the final-state photon three-momenta
in the two-photon case, or the two most collinear final-
state photon three-momenta in the three-photon case. For
the pure QED process the acollinearity distribution is
strongly peaked at /=0, and falls to roughly 1% of the
maximum value at /=0. 2. The acollinearity distribu-
tion of the three-photon events from H y production de-
pends critically on the H mass compared to the available
energy, and is shown in Fig. 4 for several values of
m&/v s for WDM II. For m~ &&s, the two photons
from the H decay are nearly collinear in the laboratory
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non-negligible width and the details of the acollinearity
analysis are presented in the Appendix.

At higher energies approaching the Z mass, the
H Z y vertex can contribute to H production via the
process e+e ~Z ~H y. The differential cross sec-
tion of Eq. (4.1) is then modified by the substitution

2 2
fHrr fHrr

2ufHy—yfHzys(s mz )—+fazy (U +& )s
2 2 2 2(s —mz ) +mz I-z 7

(4.7)

0.5

0.5
H

I.O

(radians)

FICx. 4. Acollinearity distributions for the process
e+e ~H y~yyy for several values of IH/Vs. The rela-

tive normalization assumes WDM II.

where v and a are the vector and axial-vector coupling of
the electron to the Z . Due to the small value of U, this
correction is only about l%%uo at PETRA and PEP energies.

The above analysis can be extended to the TRISTAN
energy region. Here the form factor effect in the H yy
coupling may not be negligible, as the virtual photon cou-
pling to the e+e initial state will be closer to the mass
shell of the neutral vector bosons. Therefore the cross
section formulas of Eqs. (4.1) and (4.2) have to be modi-
fied to include this affect. The form-factor effect here
would enhance the production rate of H .

V. OTHER PROCESSES

Another consequence of the Z H y vertex is that the
H can appear in Z decays for m~ &mz. The partial
w&dth for Z ~H y 1s

96sr gpss

Using the approximate partial decay rate to e+e in the
limit of vanishing electron-vector coupling to the Z,

g,„=arccos (4.6a)
S+Pl~ 2

frame, and therefore are nearly back-to-back with the
direct photon, resulting in a strong peak near /=0. For
mH -vs, the direct photon is very soft and the H +yy-
decay is nearly back-to-back in the laboratory frame,
again producing a strong peak near /=0. For values of
mH approaching Vs /V 3 from below there is a progres-
sively flatter distribution which cuts off at

' S —Pl~

At mH ——vs /V 3, the distribution is the flattest and ex-
tends to maximum value g,„=sr/3. For any value of
mH above V s /V 3 but below V s, there is a sharp peak
just below

o.mzI(Z ~e+e )=
48 sin O~cos 0~

valid for sin 0~—0.25, we find

(5.2)

8$m yy
2

(max =
2 2

1 0

(s+mH )
(4.6b) I (Z~H y) fHzy mw»n ~w

I (Z~e+e ) 2rra

2 '3
1—PlH

mz
(5.3)

I

We note that for WDM II the shape of the distribution is
completely determined by m~/V's and that the normali-
zation depends only on the factor (1 —mH /s) . For
WDM I the normalization is multiplied by a factor of
48rram~ /(sin8~mH); otherwise there is no change from
WDM II.

Simple detector cuts tend to skew the distribution to
higher acollinearity. For instance, a common requirement
is to have at least two photons be detected at more than a
given minimum angle from the beam. It is clear that
high-acollinearity, widely separated events are more likely
to survive this cut than events which are nearly back-to-
back. This may affect the position of the peak in the
acollinearity distribution and hence the determination of
the Higgs-boson mass by this method.

The above analysis is done in the narrow-width approx-
imation; this is valid as long as the Higgs-boson width is
very small compared to its mass. Exact formulas for

Thus, limits can be put on fHzr and mH from pp collider
data from the nonobservation of a hard photon. Assum-
ing WDM, fHzr is expected to be sino@/ms, in which
case the ratio in Eq. (5.3) is of order unity as long as mH
is not too close to mz. We would not expect this mecha-
nism to be the source of the anomalous Z —+e+e y
events seen at the pp collider if the Higgs-boson cou-
pling to fermion pairs is proportional to the fermion mass.
The most likely signatures are Z ~yyy, Z ~ffy, or
Z ~ggy where f is the most massive fermion allowed by
phase space. Potential limits on fHzr and mH are shown
in Fig. 5, assuming that the detection efficiencies for H y
and e+e decay modes are similar.

One well-known process for H production in the stan-
dard model is the Wilczek mechanism, the decay of a
quark-antiquark bound state vector meson to H and a
photon, V~H y. This decay can also occur with com-
posite Higgs bosons if the vector meson turns into a virtu-
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FIG. 5. Potential limits on the H Z y coupling in
composite-Higgs-boson models from Z production at a pp col-
lider, assuming roughly equal detection efficiencies for
Z —+e+e and Z —+H y. The dashed line shows the Wl3M
prediction.

er hand, composite Higgs particles could have a sizable
coupling to two photons. The experiments which have
been suggested in this article are of conventional types
and are accessible at the present time. Searches for the
signals provided by the two-photon mode, or perhaps the
two-gluon mode, wi11 allow one to at least establish
bounds involving mls and fHrz, and therefore set con-
straints on composite-Higgs-boson models.

In our discussion, we have ignored the possible form
factor effects of the H yy coupling for off-shell photons.
Since the 8' bosons which dominate the photon channel
are presumably heavy, of the order of 100 GeV, the varia-
tion in the four-momentum of the exchanged virtual pho-
ton in the photoproduction process will not be important.
In the e+e reaction the virtual photon is timelike, so
that the form factor is expected to enhance the H yy
coupling. Nevertheless, in the energy range concerning
us, the effect would be small. In the TRISTAN energy
region, however, the form-factor effects become impor-
tant, and must be taken into consideration.

al photon which then decays into H +y, as shown in Fig.
6. The decay rate can be computed by the same method
as the V~e+e decay mode, and gives

r

I ( V~y" ~a'y) fHyy rrtv
1

~H
I ( V~e+e ) 3&~rt m ~'

As in the case for the Wilczek mechanism, the prospect
is better as the mass of the V state increases. Even for the
Y, however, I (Y~H y)/I (Y~e+e ) is of order 10
for composite Higgs bosons in WDM II even for
m~&&m~. For toponium at 80 GeV, for instance, the
situation improves dramatically; we find

I (V(rr)~H'y)/I ( V(tT)~e+e -)-7%
for mH «mv.

VI. DISCUSSION

We have considered in some detail the production of a
light neutral Higgs boson with mass less than 16 GeV in
photoproduction experiments, and in e+e annihilation
with mH & ~s. The property which is crucial to these ex-
periments is the two-photon decay mode of the Higgs par-
ticle. In the standard model, minimal or extended, where
Higgs particles are elementary field excitations, the H yy
coupling will be very small; the neutral Higgs boson, even
if it were produced, could not be sorted out from the
overwhelming number of background events. On the oth-
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APPENDIX

In this appendix we discuss the exact e+e ~yyy
cross section and distributions from the H y intermediate
state, which arises from the diagrams shown in Fig. 7.
The differential cross section is

H4

e+, q

C1OSSey
&"PZ + &)ogro~s

FKJ. 6. Diagram for vector-meson decay V ~H y in
composite-Higgs-boson models.

FIG. 7. Diagrams for the process e+e —+H y —+yyy in
composite-Higgs-boson models.
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4(p p»'[(p Q)'+(p»'1

+2 Re l
[(P1 Q) (pz p) +(Pl p) (pz Q) 2P1 P3P2 P3PI ppz P

+4(p~ p3)'(Pz P3)'+sp, QPz Qp& Pz]+(1~2)+{1~3)

(A 1)

where Q=q~ —qz, P=q&+qz Djk =2pj'pk mH—+imH1 H, and x and y are defined as

2p2 p3 2p& 'p3
(A2)

The other vector products can be expressed in terms of x and y as

p& P= —(1—x), pz.P= —(1—y), p3 P= —(x+y),
2 ' ' 2

' ' 2

s
p ~.Q = ——(1—x )(cos8 cosa+ sin8 sina cosf3),

2
(A3)

s
pz Q= ——(1—y)cos8, p3 Q= —(p) —pz) q,2

sPi.pz= —(1—x —y) .
2

Here 8 is the angle of one of the photons with respect to the e beam, a and /3 are the polar and azimuthal angles,
respectively, of a second photon with respect to the first; the angle a is determined by x and y,

xy+x +y —1
COSA' =

(1—x)(1—y)
(A4)

The integration ranges are 0 & z & 1, 0 &y & 1 —x, 0 & P & 2~, and —1 & cos8 & 1. The azimuthal angle of the first photon
has already been integrated. The remaining angular integrations are easily done; we find

do
dx dp

H-rr'
mH'

x (1—x) y (1—y) (1—x —y) (x+y) X(y, l —x —y)y (1—x —y)
D (x) D (y)

+ + +D(1 —x —y) D(y)D(l —x —y)

X(x,y)x y X(x, l —x —y)x (1—x —y)+ ' +
D(x)D(y) D(x)D(1 —x —y)

(A5)

where we have made the definitions

2m~
X(x,y) = x— mH mH I a2 2 2

+
s s

D(x) =X(x,x) .

The first three terms in the large parentheses in Eq. (A5) are from the individual squared diagrams and the last three are
interference terms. After a suitable change of variables the cross section can be reduced to

2 2
SAS ~a rr

' ma mII ~II mH ma~aa= I) +I2 (A7)
mH s s s s



31 PRODUCTION OF COMPOSITE NEUTRAL HIGGS BOSONS IN. . . 1575

Defining p =mii /s and a =mH I H /s, the functions I
&

and I2 are given by

x (1—x)I (pa)=f dx f dy

2 2=
4
——p+ 2 p 4p— —,a—+4pa + —,(2p, —9p +12p —5p +3a —12pa +10p, a —a )ln

p+a

+—[p (1—p) +9pa —18p a +10p a —a +3a —5pa ] arctana
1 —p +arctan

a
(A8)

which comes from the direct terms, and

Iq(p, a ) = dx dy
X(y, 1 —x —y)y (1—x —y)

D(y)D(1 —x —y)
2 2= —,~ + —,p —p, —p, +2a —Sa p+ —,[p —p +Sa p —6a p —a +3a ]ln2 3 2 2 I 2 4 2 2 2 2 4 (1 p) +a

p +a

+2a(2p —1)(p+2a ) arctan
1 —p +arctanh

a
r

+2(p +a )Re Sp 2p —Sp (2p —1)
p 2 +a 2

p 2 +a 2 (A9)

which is from the interference terms, where Sp is the
Spence function defined by

I dr
Sp(z) = —f ln( 1 zr), —

0 y

(A10)

Xy+X+y —1

(1—x)(1—y)
X —y —Xy —X 2

(1—x)(x+y)
y —X —Xy —y

2

COS023 ——
(1—y)(x +y)

(A12)

and 0;J is the angle between photon three-momenta p; and

valid for complex arguments.
If the width I H is small compared to mH and v's, the

interference terms are generally small, except when

mH «s, in which case Iz I ~ /4. In ——the limit
I H «mH, ~s and mH & v s, I& reduces to m

mH (1—mH /s) /(2I Hs), which .gives the same total
cross section as Eq. (4.2) for a real H when the branch-
ing ratio for II ~yy is included.

The acollinearity angle is defined as

g=arccos[max( —cos8~2, —. cos8I3 cos8$3)], (Al 1)

where

D(x) =styx m„"s)m„—r„,
the three direct terms dominate and yield identical results
for the total cross section and acollinearity distribution.
This last property is a consequence of the identity of the
three final-state photons. Thus the x-y phase space for
the differential cross section can be reduced to the line de-
fined by x =mH /s, 0 (y ( 1 —x; the distribution is flat
along this line with normalization

2 2
dO 8&0,' ~H yy 1—

m~ ' s
&(H —+7 y) . (A13)

The acollinearity distribution shown in Fig. 4 is calculated
in this manner, with I H rr/mH ——64~fHrr a constant
as dictated by WDM II.

- There will also be interference between the pure QED
yyy production and the Higgs-boson-induced yyy pro-
cess. Because the QED cross section is strongly peaked
when the three photons are near the beam, this interfer-
ence should be small at angles away from the beam direc-
tion.

pz. The acollinearity distribution can be found using Eqs.
(Al 1) and (A12) weighted with the differential cross sec-
tion of Eq. (A5). In the narrow-width approximation
where
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