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Abstract

A search was performed for the associated production of two different
Higgs bosons via a virtual Z° in e*e” annihilation (e*e~ - h,°h;?} using the
JADE detector at PETRA. This was motivated by the interpretation of the
monojet events observed at the CERN pf collider as anomalous Z° decays
into two neutral Higgs bosons (h,® and h;%), where h,? 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.® masses in the
range of 1 to 21 GeV with 95% C.L., if the branching fraction for 2% - h,%hz?
is larger than one half that for Z° - v,D, The possibility that the
monojets could originate from supersymmetric higgsino production from
Z° decay is also examined.



Recently, the UAl collaboration at the CERN pf collider has reported the
observation of monojet events. These are events characterised by a single,
high transverse momentum . jet and large rmissing transverse
momentum I, It has been suggested that such events can be explained
by the anomalous decay of the 2° into two neutral particles, one being long
lived and escaping the detector, and the other one producing a jet through
its decay products. One possibility is the decay of the Z° into two neutral
Higgs bosons ®). Another explanation would be the supersymmetric alter-
native, namely the Z° decay into two neutral higgsinos ®. All such
models in which monojets arise from Z° decay have in common that they
also predict the occurrence of monojet events in e*e~ annihilation at high
energies @,

In this paper we compare the predictions of these models with the ete”
data taken with the JADE detector at PETRA and give mass limits for the
particles proposed to explain the UAl monojet events.

The decay of Z° into two different Higgs bosons (h,° and hy?), within the
framework of a model with two Higgs doublets, was proposed by Giashow
and Manohar @ as an explanation of the UAl monojet events. Note that
Bose statistics forbid Z° decay into a pair of identical spin zero particles.
One of the produced Higgs bosons {h;?) would have to be light enough
{(M(h,°) < 2M({u?)} in order to have a reasonably long lifetime, whilst the
other (hy?) would decay into hadrons and produce a jet. To be consistent
with the characteristics of the observed monojets, the heavier Higgs boson
hs® would need a mass of several GeV (), and hence the deminant decay
modes would be hz® » ¢€ and TF ( and bb if kinematically allowed).

The total and differential cross sections for the process e*e~ - h,’h,?
mediated by a virtual Z° (Fig.1a} are given in Refs.3 and 5. The total cross
section is = 0.6 pb at Vs = 45 GeV if h,° and hg® are sufficiently light. For a
heavy hp% the total cross section is decreased by a factor B3, where £ is
the momentum of the Higgs bosons in the ete~ C.M. system divided by the
beam energy. Since h,® and h:? are spin zero bosons, the angular
distribution is proportional to sin®g, where ¥ denotes the polar angle. We
assumed that h,® is stable and hy® decays either into fermion pairs ff
(Fig.1b} or into ffh,® (Fig.1c). For the analysis we fixed the mass of the
light Higgs at M(h,°) = 0.2 GeV and kept M(h;°) free. The partial decay
width of the hs® - ff mode is proportional to N.om.* g where N, = 1 for
leptons and N, = 3 for quarks, m, is the fermion mass and B, is the
velocity of f in the hp® 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 hp,® -+ h,%7f is
mediated by a virtual Z° as in the case of the production process ete™ -
h;"hy?. Its partial width is hence propotional to the Z%f coupling constant,

which is well known. Due to the unknown normalization in D(h;®+ff), the
two body decay branching fraction
r = L T(ha®18) / [ LI{b0-T) + 5(hth,fT) ]

is arbitrary and chosen as a free parameter in our analysis.

The production and decay processes were simulated by a Monte Carlo
event generator using the differential cross section and decay matrix ele-
ments given in Ref.3. For the hadronic fragmentation of the g{ system,
the Lund model was used ¥ The parameters in the Lund model were
optimized to the multihadron data (?, especially the charged multiplicity.
Detector effects were fully simulated in the Monte Carlo. In order 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 luminosity of 74 pb~! for the
C.M. energy range 27.00-37.00 GeV and 20 pb~! for the C\M. energy range
38.00-46.78 GeV. The details of the JADE detector and the trigger
conditions have been described elsewhere @,

The selection criteria for the e*e™ - h;"h;° events were similar to those
used previously in our search for single zino production associated with a
photino (e*e~ - Z7), where the zino decays into qF¥ or qdg . Similar to
the zino case, a heavy hy? (M(h®) 2 V5/2) will appear as an acoplanar two
jet event rather than a monojet. For a light hg® (M{(h;°} s Vs/2), the
hadrons from the hp® decay form a monojet. We have studied both these
cases using the standard multihadron event sample. For h.® 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
multiplicity event sample was investigated.

We started Lhe event selection from the multihadron data sampie; the
selection criteria for this sample have been described elsewhere (19, We
applied all the cuts in Ref.10, except for the visible energy cut and the
longitudinal momentum balance requirement (cuts (8) and (9),
respectively, in Ref.10). The essential requirement is that at least four
charged particles come from the event vertex.

The monojel events were selected by the following criteria:
(A1) The polar angle of the event thrust direction had to satisfy lecosdy,l <
0.65, where ¥y, is the polar angle of the event thrust axis relative to

the positron beam direction.

(A2) The missing transverse momentum Prg,,, relative to the beam had to
exceed 7 GeV.



{A3) The plane nermal to the thrust avis defines two hernispheres. The
total visible energy FEp.x of all the particles in the backward
hemisphere, i.e. opposite to the thrust axis, was required to be small:
Ebuok < 1 GeV,

{A4) In order to reject 7¥1~ events with very acoplanar charged tracks, no
charged tracks were allowed at all in the backward hemisphere, in
addition to the cut (A3). '

(A5) Cuts (Al) to {A4) can be satisfied by events with an energetic photon
escaping through a gap between the leadglass blocks thus causing a
high Prmiuss. To avoid such contributions the following additional
requirementis were added:

-Events were rejected if the ‘innermost barrel muon chamber
exhibited hits within +10° of the missing transverse momentum
direction which were consistent with hits due to an electromagnetic
shower.

-Events were rejected if the forward muon chambers 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 luminosity was subtracted in the
calculations of the limits.

The scatter plot of Ep,cx Versus FPrmias, for the data with Vs > 38 GevV, is
shown in Fig.2a, after applying the cut (Al). The cuts (A2) and (A3) are
indicated in the figure. The cuts (A4) and (AS) are not necessary for the
data with Vs > 38 GeV, as is shown in Fig.2a. For the date with 27 < Vs < 37
GeV, an equivalent plot has been given in Ref.8 {see Fig.3(a) in that paper).
No events survived after all the above cuts, Figure 2b shows the prediction
for e*e~ - h,%h,° events, with the subsequent decay hp® - ff, for M(h%) =
0.2 GeV and M(hz?) = 8 GeV. Most of the hy? bosons decay into ¢€ or 7% in
this case. The detection efficiency for this case is about 75 % at M(hs%) = 5
GeV. It stays almost constant up to about M{(h;%) = 10 GeV, and decreases
to 15 % when M({h;?) is increased to 20 GeV. For M(h:%) below 2 GeV, the
detection efficiency is limited by the charged multiplicity cut, and falls
sharply with decreasing M(h,®). For the hp® » h%f decay, the detection
efficiency is about a factor of two smaller than for the previous case at
M(hz*) = 6 GeV. The two detection efficiencies are almost identical at
M{h,%) = 15 GeV.

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

(B1)The visible energy of the event E,;, was required to satisfy

(2/5)Vs < Ey, < Vs, where E,, was obtained by summing the
momenta of the charged tracks and the energies of the leadglass
clusters.

(B2)The polar angle ¥, of the event thrust axis had to satisfy lcostui <
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 (B; and ;) the
acoplanarity angle @.., between the plane defined by $, and the
beam direction and the plane defined by P, and the beam direction
was caleulated:  co0S@uep = - (Bix2) - (Pex2) / (IP1x211Bx21}
where 2 denotes a unit vector in the positron beam direction. Only
events with large acoplanarity were selected:

Pacop > 40°( 1 + lcosPyl )

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

The scalter plot of lcos®yl versus gugqp is shown in Fig.3a for those events
with VS > 38 GeV which satisfy the cut (Bl). The cuts (B2) and (B3) are
indicated in the figure. For the data taken with C.M. energy between 27
GeV and 37 GeV, the equivalent plot has been given in Ref.9 {see Fig3(b) in
that paper), with a softer B, cut {((1/3)Vs < Ey, < Vs) applied. Again no
event survived after all the cuts. The distribution expected, for e*e™ -
h,%h.? with M(h%) = 0.2 GeV and M(hz®) = 20 GeV is shown in Fig.3b. The
detection efficiency for the h;® » ff decay is about 80 % at M{h;°} = 5 GeV
and decreases slowly to 40 % with M(hz®) increasing to 20 GeV. For M{h:%)
smaller than 2 GeV the efficiency decreases very rapidly due to the

charged multiplicity cut of four. In the case of the hy® + h,%f decay, the . *

efficiency is lower but approaches the hg® + ff efficiency for large hy’
masses {z 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 oppositely charged particles coming from the fiducial cylinder of radi-
us 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 total
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 vectorially . The polar angle Biet of
the resultant momentum Py had to satisfy lcosdal < 0.65.



(C2)The total missing transverse momentum ({Py.ilsind) had to be
larger than 7 GeV.

{C3)The total leadglass cluster energy outside a cone around the By,
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.

(C5)The energy deposit in the forward tagging counters was required to be
smaller than 1 GeV in order to reject ete™ - e*e~e*e™ events from the
two photoh process.

Of a total of 887,000 events in the two prong sample, no events survived the
above cuts. The detection efficiency for the hy® » ff decay was calculated
to vary from 10 % to 15 % for M(h,") in the range 0.7 to 3 GeV.

For the h,? mass limit calculation the results from selections A, B and C
were combined. Since the samples selected by the cuts (41)-(A5) and by
(B1)-(B4) are partially overlapping, the event selection (A or B) yielding the
higher efficiency was taken in the combination. The detection efficiency
for the h® -+ ff case {e) and that for the h,® -+ h,%F case (¢} were
calculated separately for a given M(h."). The losses due to unseen
nen-hadronic decay modes are taken inte account in ¢ end &'. The
efficiencies were determined from a Monte Carlo event sample generated
with the theoretical cross section within the range of C.M. energies
considered, by taking into account the experimental luminosity as a
function ‘of energy. The total number of events expected for a given M(hz?)
is Ngp = Npraa[er + £(1-r)] , where N,.: denotes the total number of
events expected from the theoretical cross section -in the C.M. energy
range considered. Here r is the branching fraction of the hg? » ff decay
summed over all possible fermion pairs, as defined above. By comparing
the theoretically expected number with the 95 % C.L. limit, which is three
events since zero events were observed, the excluded region in the r-M(h.")
plane was obtained. This is shown in Fig.d4a. The Higgs boson hs? 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 independent analysis, we allowed the
coupling constant of the Z%h,%h,° vertex, which is fixed in the
Glashow-Manohar model, to be free. Thus the ratic ¢ =
[(Z%+h,%h.") /T(Z%->v,P,) was chosen as a free parameter se that our limit
can be more generally compared with results from the pp collider. In the
Glashow-Manochar model ¢ is equal to 8°/2, where B is the momentum of

the Higgs bosons in the Z° rest frame divided by M(Z9}/2. For M{h;") <<
M(Z%, B is close to one. In this general case the total cross section of ete”
-+ h;%h° via virtual 2° is given by ¢(8%/B%) o{ete”-v,b,), where § has been
defined previously (the momentum of Higgs bosonsg in the ete” C.M. system
divided by the beam energy). The number of events expected was
calculated as a function of £ r and M(he®) while M{h,"} was fixed to 0.2 GeV,
as before. The excluded region in the £-M(h:?) 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{h,°} from 0.2 GeV to zero results in slightly better
limits only in the M(h:®) mass region below 2 GeV.

An  alternative explanation of the UAl monojet events is the
superymmetric version of the previous models. Monojet events may arise
from Z° decay into different higgsinos Z%»X%%¥% (Fig.1d). One of the
higgsinos ¥% would be light and stable whereas the other one ¥°; would
decay into ¥%ff (Fig.1e) ®. In the analysis we assumed a massless ¥*;. In
general, the higgsinos can be mixed with each others and with photinos
and zinos 1), For definiteness and simplicity we consider here only the
case of pure higgsine mixing. Since the vacuum expectation values for
Higgs fields and their mixing angles are unknown, the coupling constant at
the Z"')Eo&”g vertex is not known. For this reason the ratio E =
T(Z0-+%% X%}/ T(Z%+v,0,) was chosen as a free pararameter in the analysis.
The production and decay processes were again simulated by a Monte
Carlo event pgenerator using the differential cross section and decay
matrix elements given in Ref.3. The detection efficiencies with the A, B or
C selection criteria are about the same as those for the case h,° + h,%f at
the same mass. In Fig.dc, the excluded region in ¥-M(X°:) plane is shown.
If € is larger than 0.5, the excluded region for M({x%) with 95% C.L. is from
1.3 GeV to 24.7 GeV. At large masses the limit is slightly better than that
for e*e” - h,%:® with r = 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 angle(s). Within two doublet models ® ¥ is limited to values
smaller than 2. This upper bound, which is valid for maximum mixing, is
also given in Fig.4c.

In summary, no evidence for monojets produced by virtual Z° bosens was
found in our data. The Glashow-Manohar interpretation of the UAl
monojet events as anomalous Z° decays into two different Higgs bosons has
been excluded if the mass of the heavier Higgs boson lies between 1 and 21
GeV. Similar mass limits were obtained for the case of Z° decay into two
neutral higgsinos.
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FIGURE CAPTIONS

©FIG. 1

FIG. 2

FIG. 3

FIG. 4

Diagrams for Higgs/higgsino producticn and decay

{a) Associated production of nonminimal Higgs bosons h,? and h;®
via a virtual Z° in e*e~ annihilation

(b) Decay of hs° into a fermion pair

{c) Decay of he into a fermion pair plus h,°

(d) Associated production of higgsinos ¥*; and ¥°; via a virtual Z% in .

e'e” annihilation
(e) Decay of %ﬂa into a fermion pair plus ~x",

(a) Scatter plot of Epecc Versus Prmiss for the events (Vs > 38 GeV)
passing cut {A1). The cuts (A2) and (A3) are indicated by full lines.

(b) The same plot for the Monte Carle generated events ete~ -
h;"h.? with M(h,%) = 0.2 GeV, h® = 8 GeV for the decay hy® -+ ff.

(a) Scatter plot icos¥nl versus acoplanarity angle for the events (Vs
> 38 GeV) passing cut (Bl). The final cuts are indicated by full
lines.

(b) The same plot for the Monte Carlo generated events ete- i
h,%h,® with M(h;%) = 0.2 GeV, M{h.?%) = 20 GeV for the decay hp® » ff.

(a) Excluded region in the r- M(h°) plane with 95% C.L., where
r = 3, I(h%+f) / [ ZT(ho-f1) + TT(h,»h%T) ] .

(b} Excluded region in the M(hs?)-¢ plane for r = 0, r=05 and r=1
with 95% C.L., where £ = I(2%+h,%,?)/T(Z% v, V,) at the Z° pole. The
dashed curve denotes the prediction of the Glashow-Manchar
model.

{c) Excluded region in M(X%)-f plane with 95 %C.L.,

where § = [(Z°%%%:%%)/T{29-v,0,} at the Z° pole. The dashed curve
denotes the prediction for maximum higgsino mixing within two
doublet models.
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