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We calculate the lepton distribution in the reaction e *e ~—(Higgs boson) + (dilepton) mediated by a neutral gauge
boson. Propagator effects favor a slow dilepton for which the study of the joint angular distribution of /* and / ~ is
an attractive experimental possibility. This distribution is found to be a sensitive probe of the ZZH vertex.

Neutral Higgs bosons are essential ingredients
in gauge theories of the weak and electromagnetic
interactions with spontaneous symmetry breaking.
The possible detection and study of these par-
ticles at the next generation of e*¢” colliding-beam
machines is of great experimental and theoretical
interest.!™ The direct detection of Higgs par-
ticles is expected to be difficult because they
couple most strongly to the heaviest available
channels which will cascade into complicated
multiparticle final states. Much attention has
thus been devoted to the indirect detection of the
Higgs boson as a peak in the missing-mass spec-
trum recoiling against the dilepton produced in
one of the following reactions mediated by real
(Z) and virtual (Z*) neutral gauge bosons:

e*e"~Z ~HZ*~HI'l", )
e*e"=Z*~HZ~HIT", @)
e*e"~ Z¥~HZ*~HI'T". (3)

These reactions were first investigated in the
Weinberg-Salam* (WS) model by Bjorken,® Ioffe
and Khoze,® and Jones and Petcov,” respectively.
Predicted cross sections are in the picobarn range
for M ,~10 GeV, and decrease substantially with
increasing M,. A study of rates and backgrounds
at LEP! indicates that reaction (1) will be ob-
servable up to M, =50 GeV and reaction (2) up to
M, ~100 GeV. The observation of a peak of the
predicted size in the missing-mass spectrum

of e*e” = 1""X would be strong evidence for the
existence of a Higgs boson. However, alternative
interpretations for such a peak exist,® and even
if elementary scalars are produced in this way
there may be several Higgs bosons and/or the
appropriate gauge group may be larger than
SU(2)®U(1) so that the rate turns out to be dif-
ferent from that of the WS model. It will be im-
portant to confront further characteristics of
such events with theoretical predictions. In addi-
tion to energy and mass spectra, which are par-
ticularly sensitive to propagator effects, one can
consider the angular distribution of the leptons,
which is directly sensitive to the nature of the

ZZH vertex.

A feature of processes (1)-(3) that is im-
portant for the measurement of the leptonic
angular distribution is the fact that propagator
effects favor a final state Z or Z* that tends to
move slowly in the laboratory so that the final
lepton momenta are not highly collimated. Cal-
culations of the dilepton-mass (M) distribution
for reaction (1) [Eq. (8) below with Vs =M ,] show
that the Z* is preferentially produced with a mass
close to the end-point mass, M, - M,.° For M,
<« M, the cross section for reaction (2) [Eq. (6)
below with M, =M,] peaks at® Vs ~M,+v2 M, and
for M, ~M, the cross section peaks at Vs ~2.2M,.
In the kinematic region where reaction (3) is of
possible interest, M, <M, <Vs, propagator ef-
fects similar to those encountered in reaction (1)
favor dilepton masses close to & — M,,.

Reactions (1)-(3) are all examples of the same
basic process, illustrated in Fig. 1, specialized
to three different kinematic regions.'® We assume
that the process is mediated by a single neutral
gauge boson (generalization to several Z’s is not
difficult). The relevant interaction Lagrangians
are £,,5=28, 2"Z,H and £,, =" (g v+ 2, ¥ WZ,.
We will frequently use the coupling-constant
combinations C,=g,°+g,% and C_=2g,g,. In the
WS model the coupling constants are g,=«M,,
gv=@G -x,), and g ,=—ix where x,=sin®9,, and
k =e/sinf cosb,. We refer to the c.m.-frame
angular distribution of the dilepton (equivalently,
the decaying Z or Z* in Fig. 1) as the “production”
angular distribution, and the distribution of 7* and
I” in the dilepton rest frame as the “decay” angular
distribution.

For unpolarized beams and vanishing lepton
masses the predicted production angular dis-

FIG.1. Feynman diagram for reactions (1)—(3).
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tribution, integrated over decay angles, is

dole*e"~HI') M, T,(M,) do(e‘e”~HZ*)
d(cos8)d(M ,?) 7D (M ) d(cosb)

@)

Here 6 is the dilepton production angle with res-
pect to the beam axis, I',(M)=C,M /127 is the
I'l” width for a Z* of mass M, and D(M?)= |M?
—M 2 +iT M, |2 where T'; is the total width of
the Z. Also,

do(e*e” ~HZ*) 24°C.Q Q%sin®0

~A(cos8) = T6mVs DG) (1 *ToME ) ®)
is the differential cross section for e*e” -~ HZ*
with a Z* of mass M, and three-momentum @
=a'/2(s,M ;% M,?)/2Vs. A relation equivalent to
Eq. (4), but for a ¢q initial state, has been given
by Finjord et al.'* Wherever possible we express
. our results in terms of M, and @ so that the
qualitative consequences of a slow dilepton, @
<M,, are apparent. Using Egs. (4) and (5) we
can make contact withprevious results onreactions
(1) and (2). The integrated form of Eq. (5),

*C,Q(BM,*+Q%)

+," . *) = gH
olee” = HZX) = M D)

(6)

reduces to the cross section of Ioffe and Khoze®
for e'e"~HZ when M =M ,. The corresponding
integration of Eq. (4) gives the cross section for
e*e”—HI'l” per unit M2,

dole*e™ = HI'lY)  127T,(/s) dTy,,

L) - D), @
where
alyy, ,gH2C+Q(3ML2+Q2) 8)
d(MLz)— 2881rssD(ML2)

is the differential width for the decay of a Z* of
mass Vs into HI*l". For Vs=M,, Eq. (8) is equiv-
alent to Bjorken’s expression® for the HI*l™ width
of an on-shell Z.

The Q2 factor multiplying sin® in Eq. (5) results
in a production angular distribution which is
rather flat. More pronounced structure is pre-
dicted for the decay angular distribution. We have
calculated this distribution in the Jackson frame
and in the helicity frame.'? In the Jackson frame
the initial ¢ momentum lies along the positive
z axis, and in the helicity frame the final Higgs-
boson momentum lies along the negative z axis.
The positive y axis in either frame is defined to
lie along the normal to the production plane,
PyXD,-. The two frames are thus related by a ro-
tation about the y axis, but the angle of rotation
depends on the c.m.-frame production angle so
that the final distributions in the two frames,
integrated over the production angle, are not
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simply related. We denote the polar and azimuthal
angles of the final state I” in either dilepton rest
frame as 6 and ¢ where F=J or H. The pre-
dicted distributions are

do
dﬂpd(MLgi'—' § oy, ReY (65, $5), 9)
where the nonvanishing terms in the sums are

gy QBfM(\/S_’ M)

F =
(s, Mp)= 3 x 28 x 17/2Vs D(s)D(M ?)’

B, =BE =4C 2(M >+ Q%/3),
Bi’o=2 EC-ZMLzy

B{L"’ -V3/27C? M,
Bao=(2C2NB)M ? - 2Q%/3),
By =-(/8mC2/V10)QM,,

B =V3/2 1C_2M (M, *+Q%)'/2,
BH =—(4C.2/3V5)Q%,

BE,=(2V2 C 2 NTB)M 2.

The integrated version of Eq. (9) is of more
direct experimental interest. This is

do f 2 do
ay L) dQzdM ?)’ (10)
where the integration limits depend on which
reaction is being considered. We denote do/

dQ , by an expression similar to Eq. (9) but with
af , replaced by of,,. For reaction (1), with a
beam-energy spread small compared to I'y,

r My H)® -
oF,= fo A(M 2ok, (M, M)

For reaction (2) we integrate over M;? in the neigh-
borhood of M;~M,. Only D(M.?) varies appreci-
ably within the resonance width so in this case,

of =mTeMzal (s , M),

For reaction (3) the integration limits are 0< M,?
< Ws = My)?. To display the relative size of the
various terms in do/dQ, we define the normalized
coefficients pf ,=of,/0&. In an analogous way
we can define an integrated production angular
distribution obtained by integrating Eq. (4) in the
manner of Eq. (10). This has the form

d(j—gse)oc (1+ V41 p55Y ),

where-one finds that p5f=p#. For reaction (1)
the coefficients pf, are functions of Myz/M;, and
for reaction (2) they are functions of @/M,. The
L =2 coefficients are independent of g4, gy, and
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FIG. 2. Angular-distribution coefficients for reaction
).

g4, but the smaller L =1 coefficients depend sen-
sitively on x,, since they are proportional to

(5 —xy)? times large numerical factors. For re-
action (1) there is also a parametric dependence
on I'y/My,, but this is only important for very
small Higgs-boson masses, Mys I'y. Calculated
values of pf, for reactions (1) and (2) are shown
in Figs. 2 and 3. For L=1 we have used x, =0.23.
For reaction (1) we have used I';/M; =0.03. In
Fig. 3 we give results up to Q/M, =1; for My<M,
the peak rate for reaction (2) is well within this
range. At @ =0 the Jackson frame angular distri-
bution of Eq. (9) is proportional to that for Z-
mediated e*e”~I*1", i.e.,
This accounts for the large values of pJ, and p#,
seen in Fig. 2 for small My, and in Fig. 3 for
small @.

In obtaining do/dQ, we have integrated over
production angles and dilepton masses, in effect
assuming uniform lepton acceptance. A realistic
calculation for a specific detector would require
these integrations to be weighted by the experi-
mental acceptance, and this will lead to (calcu-
lable) distortions in the angular distribution. In
particular, there are terms proportional to
C,’ReY,, and C.?Y,, which can contribute to the
decay angular distribution in the helicity frame
if the acceptance is nonuniform.

All of the above results apply to unpolarized
e* beams, It is expected that the SLAC Linear
Collider will have a polarized electron beam?!?
and there exist various possibilities for polarizing
both LEP beams.!* Longitudinal polarization in
either or both beams has the effect of replacing

C,*(1 +cos?8;) +2C 2cosb;,.

Q/My

FIG. 3. Angular-distribution coefficients for reaction
2).

the C, factors from the initial vertex by polari-
zation-dependent coupling constant combinations.
This affects the overall magnitude of the produc-
tion angular distribution and scales all of the
coefficients p¥, by a common factor, but leaves
the coefficients pf, unchanged. Simultaneous
transverse polarization in both beams induces

an azimuthal dependence in the production angular
distribution, but like the sin®¢ term it is propor-
tional to Q% and is correspondingly suppressed.
Transverse polarization has no effect on the decay
angular distributions of Eq. (9). The effect drops
out due to integration over the azimuthal produc-
tion angle.

After completion of this work we received two
reports dealing with related topics. Ali and Bég'®
have calculated the rate for Z- 7n'I*1” where 7’ is
a neutral hyperpion. This requires replacing
the tree diagram of Fig. 1 by a one-loop diagram
with a resulting suppression of order (/)% com-
pared to Z -HI*l". Only if the number of hyper-
quarks contributing to the loop is extremely large
will the decay Z - 7’'I*I" be observable. In this
case the HI'I” and 7' I*]" decay modes could be
easily distinguished by their dilepton mass spec-
tra; the virtual-photon contribution to Z - 7'1*1"
results in a peaking at low values of A/, in sharp
contrast to the Z—H1*" mass spectrum.

Ma and Okada'® have calculated the backgrounds
to e'e”— H 'y resulting from e'*e” — p*uete” and
e*e” - ff— u*u"X where f is a heavy quark or
lepton. They find that background dimuons of
both types tend to populate the lower end of the
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mass spectrum and can be effectively suppressed
by a cut which requires M,;?/s<3, at least for
Higgs-boson masses below about 20 GeV. Owing
to the peaking of the e*e” — Hp*u™ mass spectrum
at large M, this cut does not seriously reduce
the signal.
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