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A search was performed for the associated production of two different Higgs bosons via a virtual Z° in e*e” annihilation
(eTe™ - hW3h%) using the JADE detector at PETRA. This was motivated by the interpretation of the monojet events observed
at the CERN pp collider as anomalous Z° decays into two neutral Higgs bosons (h and h%), where hY is stable and escapes
detection while h% decays into hadrons. Single- or di-jet events with large momentum imbalance are then expected at PETRA
energies. No evidence for such events was found in our data; this excludes h°2 masses in the range of 1 to 21 GeV with 95% CL,
if the branching fraction for Z% — h3h% is larger than one half that for AR »,7,. The possibility that the monojets could
originate from supersymmetric higgsino production from Z° decay is also examined.
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Recently, the UA1 collaboration at the CERN pp
collider has reported the observation of monojet
events. These are events characterised by a single,
high transverse momentum jet and large missing trans-
verse momentum [1]. It has been suggested that such
events can be explained by the anomalous decay of
the Z0 into two neutral particles, one being long lived
and escaping the detector, and the other one produc-
ing a jet through its decay products. One possibility
is the decay of the Z0 into two neutral Higgs bosons
[2]. Another explanation would be the supersym-
metric alternative, namely the Z9 decay into two neu-
tral higgsinos [3,4]. All such models in which mono-
jets arise from Z0 decay have in common that they
also predict the occurrence of monojet events in e*e—
annihilation at high energies [2].

In this paper we compare the predictions of these
models with the ete— data taken with the JADE de-
tector at PETRA and give mass limits for the particles
proposed to explain the UA1 monojet events.

The decay of Z0 into two different Higgs bosons
(h(l) and hg), within the framework of a model with
two Higgs doublets, was proposed by Glashow and
Manohar [2] as an explanation of the UA1 monojet
events. Note that Bose statistics forbid Z0 decay into
a pair of identical spm zero particles. One of the pro-
duced Higgs bosons (h ) would have to be light
enough [M(hl) < 2M(u )] in order to have a reason-
ably long lifetime, whilst the other (hz) would decay
into hadrons and produce a jet. To be consistent with
the characterlstlcs of the observed monojets, the heav-
ier Higgs boson h2 would need a mass of several GeV
[2], and hence the dominant decay modes would be
h9 - ¢z and 77 (and bb if kinematically allowed).

The total and differential cross sections for the pro-
cess e*e™ > h{h) mediated by a virtual Z0 (fig. 1a)
are given in refs. [3,5]. The total cross section is 0.6
pb at+/s =45 GeV if h and h2 are sufficiently light.
For a heavy h2, the total cross section is decreased by
a factor 83, where § is the momentum of the Higgs
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Fig. 1. Diagrams for Higgs/higgsino production and decay. (a)
Associated productlon of nonminimal Higgs bosons h° and

h2 via a virtual Z® in e*e” annihilation. (b) Decay of h,2 into
a fermion pair. (c) Decay of hJ into a fermlon pau plus h.

(d) Associated production of higgsinos X x1 and X' Xz via a vutual
Z% in e"'e annihilation. (e) Decay of X Xz into a fermion pair
plus X9 1

bosons in the e+e— M system divided by the beam
energy. Since h1 and h2 are spin zero bosons, the an-
gular distribution is proportional to s1n20 where 8 de-
notes the polar angle. We assumed that hl is stable
and h2 decays either into fermion pairs ff (fig. 1b) or
into ffh (fig. 1c). For the analysis we fixed the mass
of the hght Higgs at M(hl) 0.2 GeV and kept M(h2)
free. The partial decay w1dth of the h2 - ff mode is
proportional to N mfﬁf, where N = 1 for leptons
and N = 3 for quarks, mf is the fermlon mass and 8¢
is the velocny of fin the h2 rest frame. However, the
absolute normalization of the partial width depends
on the vacuum expectation values of the Higgs bosons
which is unknown. The three- body decay mode h2
hOff is mediated by a virtual z° , as in the case of the
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production process ete™ - h(l)hg. Its partial width is
hence proportional to the Z0 ff coupling constant,
which is well known. Due to the unknown normaliza-
tion in ['(h§ > £F), the two-body decay branching
fraction

r= 2IT(hY > fT)
X ( 2 T(hY > £f) + 23 T(h) » h(l’ff))

-1
is arbitrary and chosen as a free parameter in our anal-
ysis.

The production and decay processes were simulated
by a Monte Carlo event generator using the differen-
tial cross section and decay matrix elements given in
ref. [3]. For the hadronic fragmentation of the qQ
system, the Lund model was used [6]. The parameters
in the Lund model were optimized to the multihadron
data [7], especially the charged multiplicity. Detector
effects were fully simulated in the Monte Carlo. In or-
der to calculate the detection efficiency, the Monte
Carlo data were passed through the same analysis
chain which was applied to the real data.

The data analysis was based on an integrated lumi-
nosity of 74 pb—1 for the CM energy range 27.00—
37.00 GeV and 20 pb—1! for the CM energy range
38.00—46.78 GeV. The details of the JADE detector
and the trigger conditions have been described else-
where [8].

The selection criteria for the ete™ h(l)hg events
were similar to those used previously in our search for
sin§le zino production associated with a photino (e¥e~
- Z7%), where the zino decays into qq7 or qqg [9].
Similar to the zino case, a heavy h2 [M(hz) 2Vs/2]
will appear as an acoplanar two jet event rather than a
monojet. For a light h [M(h3 9) < +/5/2], the hadrons
from the h2 decay form a monojet. We have studied
both these cases using the standard multihadron event
sample. For h2 masses below 2 GeV the multiplicity
of the monojet would be too low for the events to be
contained in the multihadron event sample. For this
case a special low muitiplicity event sample was inves-
tigated.

We started the event selection from the multihad-
ron data sample; the selection criteria for this sample
have been described elsewhere [10]. We applied all
the cuts in ref. {10}, except for the visible energy cut
and the longitudinal momentum balance requirement
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(cuts (8) and (9), respectively, in ref. [10]). The es-
sential requirement is that at least four charged parti-
cles come from the event vertex.

The monojet events were selected by the following
criteria:

(A1) The polar angle of the event thrust direction
had to satisfy |cos 64;,| < 0.65, where 8y, is the polar
angle of the event thrust axis relative to the positron
beam direction,

(A2) The missing transverse momentum Pp ... rel-
ative to the beam had to exceed 7 GeV.

(A3) The plane normal to the thrust axis defines
two hemispheres. The total visible energy Ey,, . of
all the particles in the backward hemisphere, i.e. op-
posite to the thrust axis, was required to be smail:
Eyack <1GeV.

(A4) In order to reject 7+7~ events with very aco-
planar charged tracks, no charged tracks were allowed
at all in the backward hemisphere, in addition to the
cut (A3).

(AS) Cuts (A1) to (A4) can be satisfied by events
with an energetic photon escaping through a gap be-
tween the leadglass blocks thus causing a high Pp .o
To avoid such contributions the following additional
requirements were added:

— Events were rejected if the innermost barrel
muon chamber exhibited hits within £10° of the miss-
ing transverse momentum direction which were con-
sistent with hits due to an electromagnetic shower.

— Events were rejected if the forward muon cham-
bers behind the gap between the barrel and endcap
leadglass counters showed hits.

— Runs with the muon chambers not in operation
were rejected and the corresponding integrated lumi-
nosity was subtracted in the calculations of the limits.

The scatter plot of Ky, versus Pp...., for the da-
ta with /5 > 38 GeV, is shown in fig. 2a, after apply-
ing the cut (A1). The cuts (A2) and (A3) are indicated
in the figure. The cuts (A4) and (A5) are not neces-
sary for the data with \/s> 38 GeV, as is shown in
fig. 2a. For the data with 27 < \/s_< 37 GeV, an equiv-
alent plot has been given in ref. [9] [see fig. 3(a) in
that paper]. No events survived after all the above
cuts. Fig. 2b shows the prediction for e*e™ = hf h2
events, with the subsequent decay h2 - ff, for M(h )
=0.2 GeV and M(h ) =8 GeV. Most of the h2 bosons
decay into cC or 77 in this case. The detectlon efficien-
cy for this case is about 75% at M(h }=5GeV. It
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Fig. 2. (a) Scatter plot of Epack versus Prmiss fOr the events (/s > 38 GeV) passmg cut (A1). The cuts (A2) and (A3) are indi-
cated by full lines. (b) The same plot for the Monte Carlo generated events e¥e™ — hoh2 with M(h(l’) =0.2 GeV, hg =8 GeV for

the decay h° — ff.

stays almost constant up to about M(hz) =10 GeV,
and decreases to 15% when M(hz) is increased to 20
GeV. For M(h2) below 2 GeV, the detection efficien-
cy is limited by the charged mu]tlphcxty cut and falls
sharply with decreasing M(h2) For the h2 - hoff de-
cay, the detection efficiency is about a factor of two
smaller than for the previous case at M(h }=5 GeV.
The two detection efficiencies are almost identical at
M(h9) = 15 GeV.

The selection criteria for the events with acoplanar
jets were the following:

(B1) The visible energy of the event £
quired to satisfy (2/5)/s < E, < <+/s, where Eis
was obtained by summing the momenta of the charged
tracks and the energies of the leadglass clusters.

(B2) The polar angle 8, of the event thrust axis
had to satisfy |cos 01,1 <0.65.

(B3) Two hemispheres were defined by the plane
perpendicular to the thrust axis. In each hemisphere
the particle momenta were summed vectorially. With
the two resultant momenta (p; and p,) the acoplanar-
ity angle Pacop between the plane defined by p; and
the beam direction and the plane defined by p, and
the beam direction was calculated: cos Pacop =

vis was re-

—(py X 2)*(py X 2)/(1py X £l*|py X Z[) where Z de-
notes a unit vector in the positron beam direction. On-
ly events with large acoplanarity were selected:

Pacop > 40° (1 + |cos B4]) -

(B4) Remaining very acoplanar 757~ events were
rejected by the requirement that the number of
charged tracks found in each thrust hemisphere was
not equal to one.

The scatter plot of |cos 0yl versus v, .o, is shown
in fig. 3a for those events with /s > 38 GeV which
satisfy the cut (B1). The cuts (B2) and (B3) are indi-
cated in the figure. For the data taken with CM ener-
gy between 27 GeV and 37 GeV, the equivalent plot
has been given in ref. [9] [see fig. 3(b) in that paper],
with a softer Ey;  cut [(1/3)vs < Eyis <+/5] applied.
Again no event surv1ved after all the cuts. The distri-
bution expected forete™ > hoh with M(hl) 0.2
GeV and M(h2) 20 GeV i 1s shown in fig. 3b. The de-
tection efﬁcxency for the h2 - ff decay is about 60%
at M(hz) 5 GeV and decreases slowl 8/ to 40% with
M(h2) increasing to 20 GeV. For M(h3) smaller than
2 GeV the efficiency decreases very rapidly due to
the charged multiplicity cut of four. In the case of
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Fig. 3. (a) Scatter plot |cos 64| versus acoplanarity angle for the events (\/_ > 38 GeV) passing cut (B1). The final cuts are indi-
cated by full lines. (b) The same plot for the Monte Carlo generated events ete™ — hoh,2 with M(h?) =0.2 GeV, M(hg) =20GeV

for the decay h0 — ff,

the h2 -> hoff decay, the efficiency is lower but ap-
proaches the hg - ff efficiency for large h2 masses
=15 GeV).

The search for monojets for the case of very light
Higgs masses was made in a special two prong event
sample. This sample contained events with two oppo-
sitely charged particles coming from the fiducial cyl-
inder of radius 20 mm and length £200 mm along z
and having momenta greater than 0.2 GeV. There was
no restriction on the number of photons but the to-
tal energy deposit in the barrel leadglass counters had
to be larger than 3 GeV. To select monojet events the
following cuts were applied:

(C1) All particle momenta were summed vectorial-
ly. The polar angle 0, of the resultant momentum
P, had to satisfy |cos 6,,,] < 0.65.

(C2) The total missing transverse momentum
(I1Pyo¢l Isin 0,4]) had to be larger than 7 GeV.

(C3) The total leadglass cluster energy outside a
cone around the P, direction with an opening angle
of 60° had to be smaller than 0.2 GeV.

(C4) No charged particle with momentum larger
than 0.08 GeV was allowed outside the cone.

(CS) The energy deposit in the forward tagging

292

counters was required to be smaller than 1 GeV in or-
der to reject ete— = e*e~ete~ events from the two
photon process.

Of a total of 887 000 events in the two prong sam-
ple, no events surv1ved the above cuts. The detection
efficiency for the h2 - ff decay was calculated to
vary from 10% to 15% forM(h ) in the range 0.7 to 3
GeV.

For the hg mass limit calculation the results from
selections A, B and C were combined. Since the sam-
ples selected by the cuts (A1)—(AS5) and by (B1)—-(B4)
are partially overlapping, the event selection (A or B)

yielding the higher efficiency was taken i 1n the combi-
nation. The detection efﬁc1ency for the h2 - ff case
(¢) and that for the h2 -> h ff case (¢') were calculated
separately for a given M(hz) The losses due to unseen
non-hadronic decay modes are taken into account in
€ and €'. The efficiencies were determined from a
Monte Carlo event sample generated with the theoret-
ical cross section within the range of CM energies con-
sidered, by taking into account the experimental lu-
minosity as a function of energy The total number of
events expected for a given M(h3) is Nexp =Nproaler
+€'(1 — )], where Nyrog denotes the total number
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of events expected from the theoretical cross section
in the CM energy range considered. Here r is the
branching fraction of the hg - ff decay summed over
all possible fermion pairs, as defined above. By com-
paring the theoretically expected number with the
95% CL limit, which is three events since zero events
were observed, the excluded region in the r—M(hg)
plane was obtained. This is shown in fig. 4a. The Higgs
boson hg can be excluded in the mass range from less
than 1 GeV to 21 GeV, almost independently of the
branching fraction r.

The above results are valid in the framework of the
Glashow—Manohar model. To make a more model in-
dependent analysis, we allowed the coupling constant
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Fig. 4. (a) Excluded region in the r-—M(hg) plane with 95%
CL, where r = £I'(h] ~ ff)/=T(h) — f) + £r(hg - W9fh)1,
(b) Excluded region in the M(hg)—g plane forr=0,r=0.5
andr = 1 with 95% CL, where £ = I(Z° ~ hdh9)/r(z° -

vy ¥y at the Z0 pole. The dashed curve denotes the predic-
tion of the Glashow—Manohar model. (¢) Excluded region in
M(X9)~¥ plane with 95% CL, where § = 1(Z° — X9xX9/r(z°
= vy vy) at the z0 pole. The dashed curve denotes the predic-
tion for maximum higgsino mixing within two doublet mod-
els.

of the Zohtl)hg vertex, which is fixed in the Glashow—
Manohar model, to be free. Thus the ratio ¢ = I“(Z0 -
h?hg)/I‘(ZO - v”ﬁ”) was chosen as a free parameter
so that our limit can be more generally compared with
results from the pp collider. In the Glashow—Manohar
model £ is equal to §3/2, where B is the momentum of
the Higgs bosons in the Z0 rest frame divided by
M(Z%)/2. For M(h9) < M(Z), B is close to one. In
this (%eneral case the total cross section of ete™ —»
h(l)hz via virtual Z is given by 8831830 e >
v,V,), where § has been defined previously (the mo-
mentum of Higgs bosons in the e*e— CM system di-
vided by the beam energy). The number of events ex-
pected was calculated as a function of £, r and M(hg)
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while M(h ) was fixed to 0. 2 GeV, as before. The ex-
cluded region in the .§—-M(h2) plane is shown in fig. 4b
for various values of r. For & larger than 0.5 the upper
and lower experimental mass limits are 1 GeV and 21
GeV, respectively, independent of r. A reduction of
M(ho) from 0.2 GeV to zero results in slightly better
limits only in the M(h2) mass region below 2 GeV.

An alternative explanation of the UA1 monojet
events is the supersymmetric version of the previous
models. Monojet events may anse from Z0 decay into
different hlggsmos AR X1X 3 (ﬁg 1d). One of the
higgsinos ¥ 1y ¥ would be light and stable whereas the
other one X 5 9 would decay into X7 Off (fig. 1e) [3]. In
the analysis we assumed a massless X(l)- In general, the
higgsinos can be mixed with each other and with pho-
tinos and zinos [11]. For definiteness and simplicity
we consider here only the case of pure higgsino mix-
ing. Since the vacuum expectation values for Higgs
fields and their mixing an§les are unknown, the cou-
pling constant at the z0 X 1)(2 vertex 1s not known,
For this reason the ratio £ = I‘(Z ->X )(g)/I‘(Z0
VMV“) was chosen as a free parameter in the analysis.
The production and decay processes were again simu-
lated by a Monte Carlo event generator using the dif-
ferential cross section and decay matrix elements giv-
eninref. [3]. The detection efficiencies with the A, B
orC selectlon crlterla are about the same as those for
the case h2 - hlff at the same mass, In fig. 4¢, the
excluded region in E—M(X 2) plane is shown. If £is
larger than 0.5, the excluded region for M(Xz) with
95% CL is from 1.3 GeV to 24.7 GeV. At large masses
the limit is slightly better than that for e*e™ - h$hJ
with 7 = 0 because suppression due to the threshold
effect is weaker. For small masses the limit is slightly
worse because of the different angular distribution.
The ratio £ is a function of the higgsino mixing an-
gle(s). Within two doublet models [4] £ is limited to
values smaller than 2. This upper bound, which is val-
id for maximum mixing, is also given in fig. 4c.

In summary, no evidence for monojets produced
by virtual Z® bosons was found in our data. The
Glashow—Manohar interpretation of the UA1 mono-
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jet events as anomalous Z0 decays into two different
Higgs bosons has been excluded if the mass of the
heavier Higgs boson lies between 1 and 21 GeV. Sim-
ilar mass limits were obtained for the case of Z0 decay
into two neutral higgsinos.
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