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ABSTRACT

Using the Mark II detector at SLC, we search for decays of the Z boson to a
pair of non-minimal Higgs bosons (Z — HgH;f,)), where one of them is relatively
light (S 10 GeV). We find no evidence for these decays and we obtain limits on

the ZHSHI(,) coupling as a function of the Higgs boson masses.
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In the Standard Model, the Higgs sector is necessary to ensure the renormal-
izability of the model and to give mass to the weak gauge bosons (W% and Z)
as well as to the quarks and charged leptons. In the minimal Standard Model,
only one physical scalar Higgs boson is expected to exist, whereas in non-minimal
models there are additional physical neutral and charged Higgs bosons™ For two

. doublet models, which are the minimum extension of the minimal Higgs sector,
there are two physical neutral scalar (CP even) Higgs bosons Hf and HY, one
-neutral pseudoscalar (C'P odd) Hz? and two charged Higgs bosons Ht and H—. At
least two Higgs doublets are necessary for most supersymmetric models” In this
Letter, H denotes either HY or HJ. We also use the notation H} and H) for the
two Higgs bosons with opposite C'P eigenvalues, where H} is defined to be lighter
than H,?. For simplicity the models considered in this Letter are restricted to two

doublet models (not necessarily supersymmetric).

We consider in this analysism the decay of the Z into a scalar and a pseu-

doscalar Higgs boson (Z — HY H)). The decay width for two-doublet models is
given by

'Z - HSHS) = .—;—P(Z — vp) B3 cos®(a — b) (1)

where 8 = {[s — (Mo + Mpyo)?[s — (Mo — MHg)z]}%/s, I'(Z — vv) is the decay
width of Z into a pair of massless neutrinos (one generation), s = E2_, and a and
b are mixing a,ngles.[3] The angular distribution in the ete™ center-of-mass system
(c.m.s.) is do/dQ) o sin® 0, where 0 is the polar angle of H® momentum direction
in the ete™ c.m.s. Note that processes like ete™ — Z — Z*HI(,) — fng or
ete™ - Z* > ZH;,) are not allowed, since ZH;,]Z coupling is forbidden at the
tree level. These processes are allowed for H? but the rate is smaller than for the

minimal Higgs boson by a factor” of sin®(a — b). Therefore, as the decay width of
Z — Z*H? becomes smaller, the Z — HQHS width becomes larger (see Eq.(1)).

The interactions of Higgs bosons with fermions are determined from the fermion

mass term in the Lagrangian. The couplings differ from model to model and depend



on how each Higgs field contributes to each fermion mass. In principle, they are
expected to decay dominantly into the heaviest available fermion pair: HP — ff
(¢ = 1,2,p). If the scalar mass is more than two times the pseudoscalar mass,
H? — HSHI(,) is the dominant decay mode unless it is suppressed by the Higgs

N G
mixing.

The Mark II detector has been described in detail elsewhere.%” In this ana-
lysis, the main drift chamber, barrel and endcap electromagnetic calorimeters are
-used. Events are selected if they contain at least two charged tracks and the sum
of charged particle energy and shower energy (Eyis) is greater than 0.25./s. To
ensure that the events are well contained within the detector, the polar angle of the
thrust axis (y,) must satisfy the condition |cos 8| < 0.8. Events with charged
multiplicity of two to four are rejected if the kinematics is consistent with a back-
to-back ete™, utu™ or 77~ pair. The number of events in this sample is 455.
The background from beam-gas interactions is estimated to be smaller than 0.4

events.

The expected number of produced Z — H SHS events (before cuts) is normal-
ized to the total number of hadronic events (Npqq) that fulfill the hadronic event
selection criteria used for the event shape analysis described in Ref.6. The expected

number of produced Z — H?Hg events Ny, is given byls)

Nywedlen
€qqlqg + ennlnn

Nug =

where Iy is the partial width of the Z to u,d,s,c, and b (udsch) quark pairs,
€qg = 0.80 £ 0.02 is the efficiency for udschb quark pairs to pass the hadronic
event selection criteria, 'y is the partial width of the Z into HSHI(,), and ey
is the efficiency for the H? Hg events to pass the hadronic event selection criteria.
The data sample consists of Np,q = 394 events, corresponding to an integrated
luminosity of 19.7 & 0.8 nb~! accumulated on and near the Z peak. With this

luminosity, the expected number of HBHI? events is about 23 33 cos?(a — b).



We concentrate on the case in which one of the produced Higgs bosons (H 10 ) is
relatively light (less than 2Mj). We study four typical cases: [A] Myo < 2M,, [B]
2My < Myo < 2M; and H) decays into ff, and [C] 2M, < Mpygo < 2M; and H
decays into H) HY. We also investigate the case in which [D] 2M; < My < 2M,
and HIO decays into 777

I or TH77), HY is

/=

=}

case Al (7 — HOHO HO — ete™ or v~ ‘0 — sz
case |A]| (4 HyHy, YY, i1y

Ol

sufficiently long lived to escape detection If the heavier Higgs boson (H h) decays
“into a heavy fermion pair (bb, ¢ or 7777) and the mass is smaller than about
the beam energy, the signature of Z — HSHS events is a monojet topology. If
the mass of the heavier Higgs boson is about equal to or greater than the beam
energy, the momentum of the unseen H 10 is small and hence the event topology is
two jets with a large angle between their axes. The monojet events are selected
with the following criteria: (M1) | cos 6y,| < 0.7 and (M2) the sum of the charged
and neutral energy in the lower energy hemisphere (defined by the event thrust
axi.s), Fhack, 1s smaller than 3.0 GeV. The acoplanar two jet events are selected
by the following cuts: (P1) |cos 8| < 0.7, (P2) Pr of the event must be larger
than 15 GeV and (P3) the acoplanarity angle™” Pacop must be greater than 40 .
degrees. In Fig.l, Ep,qc distributions after the (M1) cut and ¢acop distributions
after the (P1-2) cuts are shown for data, the expected multihadron background
and Z — HSHS events. In order to increase the detection efficiency for the case
of Mpo =~ V/8/2, events satisfying either of the two criteria are selected. After
applying cuts ((M1-2) or (P1-3)), no events survive. The expected number of
background events from ordinary quark (udscb) production is estimated to be 0.3
to 0.7 using QCD-based Monte Carlo models.!1=13 If HY decays into bb or c& [r777]
with 100% branching fraction, the detection efficiency for the H,(:H? events is about
80% [55%] at Mo = 10 GeV and it decreases to 60% [31%] when Mo is increased
to 45 GeV.

Uncertainties in detection efficiency from Monte Carlo statistics (~~ 2%), de-

tector simulation and beam backgrounds (= 1%), and hadronization of H} decay



~4%) are estimated. The last one is estimated by switching on and off gluon
radiation (parton shower) in the H,? decay. The statistical error on Npoq and sys-
tematic error on €47 used to calculate the total expected number of signal events
(Npp) are 5% and 2%, respectively. The total error on the number of events ex-
pected to survive the selection procedure is calculated by summing the individual
statistical and systematic errors in quadrature. In obtaining the limits, the total

error is subtracted from the number of events expected. The same procedure is

-applied for other cases[B-D].

In Fig.3[A], the 95% C.L. contour for the excluded region is shown in the plane
of the suppression factor (cos?(a—b)) vs. My, assuming HY is light (Mpo < 2My)
and stable. As shown in the figure, if H} decays into bb or c¢ [t 7] Mpyp is ex-
cluded from 5 GeV [5 GeV] to 43 GeV [36 GeV] for cos?(a — b) = 0.5, and from
5 GeV [5 GeV] to 53 GeV [45 GeV] for cos?*(a — b) = 1. Similar searches were
done at PETRA, PEP and TRISTAN with virtual Z decays.'41%16 The limits
fror.n JADE™ and AMY" are shown in the figure. Also shown in the figure is
the limit from a search for the standard Higgs boson by the ALEPH collabora-
tion"interpreted as a limit on H?. The ALEPH limit is valid independent of the

Hg mass.

For case [B] (Z — HPH), HY — n%n~ or ptpu=, HY — bb,ce or 7+77), the
event topology is an isolated particle pair with opposite charge (for instance, u*u~,
77~ or K*K ™) which recoils against jets. We require that E.; be greater than
0.5/s and that there be at least one isolated particle pair with opposite charge. An
isolated pair of charged particles (7, 7) is defined as two oppositely charged particles
with momentum sum (|p; + p;|) larger than 20 GeV, individual momenta greater
than 2 GeV, and isolation parameter p;; > 4.0 GeVz. The isolation parameter p;;
is defined as follows: The Lund jet-finding algorithm is applied[m] to all charged

tracks in the event (except the candidate pair 77) and neutral tracks with energy



greater than 1.5 GeV. We then define

pij = min \ﬁEij(l — €OS XijJ)s
jets J

where Ej; is the pair energy assuming the pair to be 77~ and x;j;7 is the angle
between the pair momentum direction and the jet axis. The distribution of pevent,
the maximum value of p;; for all oppositely charged track pairs in an event, is shown
in Fig.2 for our data sample, for a five-quark QCD Monte Carlo and for a HBHI?
“Monte Carlo. For H) H] events, a peak is seen at |p; + 5| = (v/5/2)(1 — Mzg/s).
Events are selected if 0.75 (\/5/2)(1—M12{2/s) < |pi+p;| <1.25 (\/3/2)(1—]\/[;‘12/5)

for an assumed value for Mppo.

No events survive the selection criteria. The number of expected background
events increases with Mo from 0.1 (Myo =5 GeV) to 0.5 (Mpo = 60 GeV), and
is estimated using Monte Carlo models.!1~13 If H,? decays into bb, cé [r77] with
100% branching fraction, the detection efficiency for the Higgs events is about 50%
[about 45%)] in the region 5 GeV< Mpyo < 45 GeV for Myo = 0.5 GeV and H)
decaying into ptp~, 77~ and 7r97r0 with branching fractions of 34%, 44% and
22%, respectively. In general, the branching fraction of HY — 7%7% is between 0%
and 33%. If H is lighter than the muon pair threshold and the eeH} coupling is
sufficiently large, HIO decays into ete™ with short lifetime, Detection efficiency of
HngO events with HIO — eTe™ and H,(l) — bb or ¢ is typically about 40%. The
efficiency is lower than in the above case because of the misassignment of a shower

energy cluster to the corresponding electron track.

As shown in Fig.3[B], a region in the plane of cos?(a — b) vs Mo, similar to
case [A], is excluded for H) — bb,c¢ or HY — 7Fr~. The previous limit from
Mark IT at PEP (90% C.L. and only valid for H} — ;ﬁ,u_)[w] is also shown in the
figure, together with the ALEPH limit.

For case [C] (Z — HSHS — HSHSHS’ Hg — utp~), the event topology

is three pairs of oppositely charged particles. The HS — utp~ decay mode is



dominant since 77 or 777w modes are suppressed for the Hg decay.m] We require
that the total charged particle energy F, be greater than 0.5,/s and that exactly
three jets are found using the Lund jet-finding algorithm.[m We require for each jet
that the energy be larger than 4 GeV, the invariant mass be smaller than 4 GeV,
and the total charge of each jet be —1, 0 or 1. We further require that the maximum

charged multiplicity of the jets be either 2 or 3 and the minimum is either 1 or 2.

No events survive the selection criteria. The expected number of background
“events due to ordinary multihadron production is estimated to be about 0.1.11713
The detection efficiency for Z — H BHI? — 3Hg events is about 60-70% for Myo
between 10 GeV and 60 GeV assuming Myg = 0.5 GeV. It drops down to about
30% for Mpgo = 5 GeV with the same assumptions. The detection efficiency for
the case of HY — ete™ and Hp — bb, c¢ with much lighter H (0.05 GeV) is about

55-65%.

The excluded region is shown in the plane of Myo vs cos?(a — b) in Fig.3[C].
Mo is excluded from 5 GeV to 44 GeV for cos?(a — b) > 0.5. Also shown in the
figure is a previous Mark II limit and the interpretation of the ALEPH standard
Higgs limit.

For case [D] (Z — HPH) — 7+7~ + jets), the Lund jet-finding algorithm "™ is
applied. We select events with only two jets in either of the hemispheres defined by
the plane perpendicular to the event thrust axis. Further, we require that the two
jets be consistent with a tau pair (the invariant mass of each jet is smaller than
2 GeV, the number of charged particles in each jet is one, and charge of the two
jets is opposite). Since a 7% decay involves missing neutrinos, we cannot look for
an invariant mass peak of 7777, We look for the peak in the 717~ opening angle.
Events are selected between 75% and 150% of the Jacobean peak of the opening
angle (24 degrees at Mpyo = 10 GeV and 31 degrees at Mpyo =45 GeV). After the
cuts no events survive in the angular region and the expected number of background

events is 0.3-0.5, which is estimated from QCD Monte Carlo models.11-13



The detection efficiency for the Z — HBH]? events is about 30-25% for
Mpo =10 GeV to 30 GeV, where Myo = 10 GeV is assumed. The exclude re-
gion is shown in Fig.3[D] for the case that the H) decays into 7+7~ with 100%

branching fraction.

In conclusion, we have searched for the associated production of non-minimal
neutral Higgs bosons in Z boson decays (Z — HQH;,’) where one of the Higgs
bosons is relatively light (S10 GeV) using the Mark II detector at SLC. Event
topologies we have looked for are [A] monojet event or two acoplanar jets, [B]
isolated particle pair with opposite charge, [C] three pairs of oppositely charged
particles and [D] 777~ + jets. We find no evidence for these signals and we obtain
limits on the suppression factor of the decay process Z — HEHI? as a function of

the Higgs boson masses for generic two doublet Higgs models.
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FIGURE CAPTIONS

Fig.1 Distributions used in case [A] for data (points with error bars), QCD model
predictions (histograms) and predictions of H) H 19 events (shaded histograms)

normalized to the integrated luminosity.
(a) The Epacx distributions.
(b) The ¢acop distribution after the cut Pr(event) > 15 GeV.

-Fig.2 The distributions of the isolation parameter of particle pair of opposite
charges defined in the text in case [B] for the data (points with error bars), for
the QCD model predictions (histogram) and for the expected HSHS events
(shaded histogram).

Fig.3 The 95% C.L. contours for the excluded region in the plane of the suppression
factor (cos?(a — b)) vs Mpypo.

[A] The lighter Higgs boson (H}) is light (Mpgo < 2My) and stable. In the
figure limits from JADE,[M] AMY"™ and ALEPH"" are also shown.

[B] The lighter Higgs boson (H]) decays into a particle pair of opposite charges
and the heavier one (H}) decays into bb, c (solid curve) or 7+7~ (dashed
curve). We assume Mpyo = 0.5 GeV but the limit is valid for Mpyo smaller
than a few GeV as long as it decays dominantly into a particle pair of
opposite charges. The Mark II (PEP) limit ™" (90% C.L.) is only valid for
HY — phu.

[C] The case Z — HY — HyHJ — 3(utp™) or 3(ete™). Mo = 0.5 GeV is
assumed in the plot but the limit is valid for Mpgo smaller than a few GeV

as long as it decays dominantly into a particle pair of opposite charges.

The Mark II (PEP) limit"® is at 90% C.L.

[D] The lighter Higgs boson (H}) decays into 7+7~ with 100% branching frac-

tion; the heavier one (H}) decays into bb, c€ or 7H7.
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