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Search for Nonminimal Neutral Higgs Bosons from Z-Boson Decays
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Using the Mark II detector at the SLAC Linear Collider, we search for decays of the Z boson to a
pair of nonminimal Higgs bosons (Z — H'H}), where one of them is relatively light (<10 GeV). We
find no evidence for these decays and we obtain limits on the ZH?H,) coupling as a function of the
Higgs-boson masses.

PACS numbers: 14.80.Gt, 12.15.Cc, 13.38.+c

In the standard model, the Higgs sector is necessary to
ensure the renormalizability 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 stan-
dard model, only one physical scalar Higgs boson is ex-
pected to exist, whereas in nonminimal models there are
additional physical neutral and charged Higgs bosons. '
For two-doublet models, which are the minimum exten-
sion of the minimal standard Higgs sector, there are two
physical neutral scalar (CP-even) Higgs bosons HY and
H?Y, one neutral pseudoscalar (CP-odd) H), and two
charged Higgs bosons H* and H ~. At least two Higgs
doublets are necessary for most supersymmetric models.*
In this Letter, H? denotes either HY or HY. For the two
Higgs bosons with opposite CP eigenvalues, we also use
the notation H? and HJY, where H is defined to be
lighter than HP. For simplicity, the models considered in
this Letter are restricted to two-doublet models (not
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necessarily supersymmetric).

We consider in this analysis® the decay of the Z into a
scalar and a pseudoscalar Higgs boson (Z— HPH)).
The decay width for two-doublet models is given by

N(Z— HH))=+T(Z— vi)B3cos*a—b), (1)
where

B={ls — (Mo M o) s — (Myyo— Myo) 1} /s
I'(Z— vv) is the decay width of Z into a pair of mass-
less neutrinos (one generation), s =E2,,, and a and b are
mixing angles of Higgs bosons.* The angular distribution
in the e Ye ~ center-of-mass system (c.m.s.) is do/dQ
«sin26, where @ is the polar angle of the H? momentum
direction in the e te = c.m.s. Note that processes like
ete”—Z—Z*H)— ffH) or ete  —Z*— ZH)
are not allowed, since ZH,)Z coupling is forbidden at the
tree level. These processes are allowed for HQ but the
rate is smaller than for the minimal standard Higgs bo-
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son by a factor? of sin?(a—b). Therefore, as the decay
width of Z— Z*H becomes smaller, the Z— HYH}
width becomes larger [see Eq. (1)].

The interactions of Higgs bosons with fermions are
determined from the fermion-mass term in the Lagrang-
ian. The couplings differ from model to model and de-
pend on how each Higgs field contributes to each fer-
mion mass. In principle, they are expected to decay
dominantly into the heaviest available fermion pair: HP
— ff (i=1,2,p). If the scalar mass is more than 2
times the pseudoscalar mass, H?— HJH, is the dom-
inant decay mode unless it is suppressed by the Higgs
mixing.>

The Mark II detector has been described in detail else-
where.®” In this analysis, the main drift chamber, barrel
and end-cap 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 (E,;) is greater than 0.25v/s. To ensure
that the events are well contained within the detector,
the polar angle of the thrust axis (6,;,) must satisfy the
condition |cos@yn| <0.8. Events with charged multipli-
city of two to four are rejected if the kinematics is con-
sistent with a back-to-back e te ~, u*u ", or ¥ ¢ pair.
The number of events in this sample is 455. The back-
ground from beam-gas interactions is estimated to be
smaller than 0.4 event. With an integrated luminosity of
19.7+0.8 nb ™' accumulated on and near the Z peak,
the expected number of H_?H,? events is about 23[?3
xcos’(a—b).

We concentrate on the case in which one of the pro-
duced Higgs bosons (H[) is relatively light (less than
2M;). We study four typical cases: (A) M0 <2M,,
(B) 2M, < M;0<2M. and H}} decays into ff, and (C)
2M, <M s <2M. and Hj decays into HPHP. We also
investigate the case (D) in which 2M . < M0 < 2M) and
H decays into ¥ 7.

In case (A) (Z— HPHP, HP—ete™ or vyy,
HY— bb, c¢, or t717), HP is sufficiently long lived to
escape detection.® If the heavier Higgs boson (H}) de-
cays into a heavy-fermion pair (bb, c¢, or t*77) and the
mass is smaller than about the beam energy, the signa-
ture of Z— H2H) 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 un-
seen H/ is small and hence the event topology is two jets
with a large angle between their axes (acoplanar two-jet
events). The monojet events are selected with the fol-
lowing criteria: (M1) |cos@y,| < 0.7 and (M 2) the sum
of the charged and neutral energy in the lower-energy
hemisphere (defined by the event thrust axis), Epuck, IS
smaller than 3.0 GeV. The acoplanar two-jet events are
selected by the following cuts: (P1) |cosu| <0.7,
(P2) P; of the event must be larger than 15 GeV, and
(P3) the acoplanarity angle® ®.cop Mmust be greater than
40°. In Fig. 1, Ep.k distributions after the (M 1) cut
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and @,cop distributions after the (P1-2) cuts are shown
for data, the expected multihadron background, and
Z— HYH,) events. In order to increase the detection
efficiency for the case of My o= Vs/2, events satisfying
either of the two criteria are selected. After applying
cuts [(M1-2) or (P1-3)], no events survive. The ex-
pected number of background events from ordinary
quark (udscbh) production is estimated to be 0.3-0.7 us-
ing QCD-based Monte Carlo models.'*"'? If HY decays
into bb or ¢ (r* ) with 100% branching fraction, the
detection efficiency for the HPH_ events is about 80%
(55%) at Mo=10 GeV and it decreases to 60% (31%)
when M 0 is increased to 45 GeV.

Uncertainties in detection efficiency from Monte Carlo
statistics (= 2%), detector simulation and beam back-
grounds (==1%), and hadronization of HY? decay
(=4%) are estimated. The last one is estimated by
switching on and off gluon radiation (parton shower) in
the Hy decay. The statistical error on the number of
multihadron hadron events and systematic error on €,;
used to calculate the total expected number of signal
events are 5% and 2%, respectively. The total error on
the number of events expected to survive the selection
procedure is calculated by summing the individual sta-
tistical 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. 2(a), the 95%-C.L. contour for the excluded
region is shown in the plane of the suppression factor
[cos’(@a—b)] vs Myp, assuming H/ is light (M
<2M,) and stable. As shown in the figure, if Hj de-
cays into bb or & (r*17), M is excluded from 5 (5)
to 43 GeV (36 GeV) for cos’(a—b)=0.5, and from 5
(5) to 53 GeV (45 GeV) for cos’(a—b)=1. Similar
searches were done at the DESY, SLAC, and KEK
storage rings PETRA, PEP, and TRISTAN, respective-
ly, with virtual Z decays.'>"'> The limits from JADE
(Ref. 13) and AMY (Ref. 15) Collaborations are shown
in the figure. Also shown in the figure is the limit from a
search for the standard Higgs boson by the ALEPH Col-
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FIG. 1. Distributions used in case (A) for data (points with
error bars), QCD model predictions (histograms), and predic-
tions of H'H,) events (shaded histograms) normalized to the
integrated luminosity. (a) The Ep.x distributions. (b) The
.cop distribution after the cut Pr(event) > 15 GeV.
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FIG. 2. The 95%-C.L. contours for the excluded region in
the plane of the suppression factors [cos?(a—5)] vs M. ()
The lighter Higgs boson (H[) is light (M,0<2M,) and
stable. (b) The lighter Higgs boson (H) decays into a pair of
opposite charges and the heavier one (Hy) decays into bb, c&
(solid curve), or t* v~ (dashed curve). We assume MH,o=O.5
GeV but the limit is valid for Mo smaller than a few GeV as
long as it decays dominantly into a particle pair of opposite
charges. (c) The case Z— HY— HY)H)—3(u*u~) or
3(ete ). M,,,9=0.5 GeV is assumed in the plot but the limit
is valid for M0 smaller than a few GeV as long as it decays
dominantly into a particle pair of opposite charges. (d) The
lighter Higgs boson (H?°) decays into z* 7~ with 100% branch-
ing fraction; the heavier one (H?) decays into bb, c¢, or 177 ".

laboration '° interpreted as a limit on HO. The ALEPH
limit is valid independent of the H, mass.

For case (B) (Z— HPHY, H)— ntn orputu =, HY
— bb, ¢, or ¥t 7), the event topology is an isolated
particle pair with opposite charge (for instance, u "u ™,
n¥x~, or KTK ™) which recoils against jets. We re-
quire 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 (i,;) is defined as
two oppositely charged particles with momentum sum
(lpi+pj]) larger than 20 GeV, individual momenta
greater than 2 GeV, and isolation parameter p;; > 4.0
GeV'”2. The isolation parameter p;; is defined as fol-
lows: The LUND jet-finding algorithm is applied'” to all
charged tracks in the event (except the candidate pair ;)
and neutral tracks with energy greater than 1.5 GeV.
We then define

p,-,Eminv 2E,j(l —COSZ,'J'J) .
jetsJ
where E,, is the pair energy assuming the pair to be
z*n~ and g, 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. 3 for our data sample,
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FIG. 3. The distributions of the isolation parameter of parti-
cle pair of opposite charges defined in the text in case (B) for
the data (points with error bars), for the QCD model predic-
tions (histogram), and for the expected H2H, events (shaded
histogram).

for a five-quark QCD Monte Carlo model'® and for a
HH)) Monte Carlo model. For HYH, events, a peak is
seen at |pi+p;| = (Vs/2)(1 =MJo/s). Events are
selected if

MPo
0.75-‘/1_[1—-i
2 )

Mpo
< |pi+p;| < 1.25—\5 [l - ]

2 s
for an assumed value for M ;.

No events survive the selection criteria. The number
of expected background events increases with M0 from
0.1 (MH,?=5 GeV) to 0.5 (MH,9=6O GeV), and is es-
timated using Monte Carlo models.'%"'?> The detection
efficiency is typically 40%-50% taking into account the
losses due to the H?— n°z° mode.

As shown in Fig. 2(b), a region in the plane of
cos’(a—b) vs M o, similar to case (A), is excluded for
H{)— bb,cc or HY— t*t~. The previous limit from
Mark II at PEP (90% C.L. and only valid for H?
— u*u7)"® is also shown in the figure, together with
the ALEPH limit.'®

For case (C) (Z— HJH)— H)HJH), H)
— u*u 7)), the event topology is three pairs of opposite-
ly charged particles. The H,?—»,u+p ~ decay mode is
dominant since nr or zzxr modes are suppressed for the
H)) decay.'” We require that the total charged-particle
energy E . be greater than 0.5v/s and that exactly three
jets are found using the LUND jet-finding algorithm.?
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 re-
quire 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 multihad-
ron production is estimated to be about 0.1.'%'> The
detection efficiency for Z— H?H?— 3H events is
about 60%-70% for M. between 10 and 60 GeV as-
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suming M”p"=0‘5 GeV.

The excluded region is shown in the plane of Mo vs
cos’(@a—b) in Fig. 2(c). Mo is excluded from 5 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-boson limit.'®

For case (D) (Z— HPHP?— t* 1~ +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 t pair (the
invariant mass of each jet is smaller than 2 GeV, the
number of charged particles in each jet is one, and the
charge of the two jets is opposite). Since a = decay in-
volves missing neutrinos, we cannot look for an
invariant-mass peak of ¥t ”. We look for the peak in
the t¥ 7~ opening angle. Events are selected between
75% and 150% of the Jacobian peak of the opening angle
(24° at M, =10 GeV and 31° at M,o=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. '%-"2

The detection efficiency for the Z— HYH,) events is
about 30%-25% for M;;0=10-30 GeV, where M;,=10
GeV is assumed. The excluded region is shown in Fig.
2(d) for the case that the H? decays into 7~ with
100% branching fraction.

In conclusion, we have searched for the associated pro-
duction of nonminimal neutral Higgs bosons in Z-boson
decays (Z— HYH;) where one of the Higgs bosons is
relatively light (<510 GeV) using the Mark II detector
at the SLAC Linear Collider. 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) r* ¢~ +
jets. We find no evidence for these signals and we obtain
limits on the suppression factor of the decay process
zZ— H;OH,? as a function of the Higgs-boson masses for
generic two-doublet Higgs models.

This work was supported in part by Department of
Energy Contracts No. DE-AC03-81 ER40050 (Califor-
nia Institute of Technology), No. DE-AMO03-76SF00010
(University of California, Santa Cruz), No. DE-ACO02-
86ER40253 (University of Colorado), No. DE-ACO03-
83ER40103 (University of Hawaii), No. DE-ACO02-
84ER40125 (Indiana University), No. DE-ACO03-
76SF00098 (LBL), No. DE-ACO02-84ER40125 (Univer-
sity of Michigan), and No. DE-AC03-76SF00515
(SLAC), and by the National Science Foundation
(Johns Hopkins University).

A phenomenological review can be found, for example, in J.
F. Gunion, H. E. Haber, G. L. Kane, and S. Dawson, Universi-

2884

ty of California, Davis, Report No. UCD 89-4, 1989 (to be
published).

2J. F. Gunion and H. E. Haber, Nucl. Phys. B272, 1 (1986).

3This work differs from a recent search by the ALEPH Col-
laboration which assumed the minimal supersymmetric model,
ALEPH Collaboration, D. Decamp et al., CERN Report No.
CERN-EP/89-168 (unpublished).

4G. Pocsik and G. Zsigmond, Z. Phys. C 10, 367 (1981).

3Ying Liu, Z. Phys. C 30, 631 (1986).

6Mark II Collaboration, G. S. Abrams et al., Phys. Rev.
Lett. 63, 1558 (1989).

"Mark II Collaboration, G. S. Abrams et al., Nucl. Instrum.
Methods Phys. Res., Sect. A 281, 55 (1989).

81f H=H, and H\ decays into HH, and H_ is stable, the
events are invisible. This case can be studied by the neutrino-
counting method (measuring the width of the Z into invisible
final states). A special case in which H? decays into e Te ~ or
yy with intermediate decay length (a few centimeters to a few
meters) is not studied in this analysis.

9The acoplanarity angle ¢,c.p is defined in the following way:
Two hemispheres are defined by the plane perpendicular to the
thrust axis. In each hemisphere particle momentum vectors
are summed. The kink angle of the two resultant hemisphere
momentum projected on to the plane perpendicular to the
beam axis is defined to be the acoplanarity angle. If an event
has no particles in one of the thrust hemispheres, @.cop is
defined to be 180°.

10The LUND shower model is described in T. Sjostrand,
Comp. Phys. Commun. 39, 347 (1986); T. Sjostrand and M.
Bengtsson, Comp. Phys. Commun. 43, 367 (1987).

''G. Marchesini and B. R. Webber, Nucl. Phys. B238, |
(1984); B. R. Webber, Nucl. Phys. B238, 492 (1984).

12The LUND model (Ref. 10) based on the & matrix element
is calculated by T. D. Gottschalk and M. P. Shatz, Phys. Lett.
150B, 451 (1985); California Institute of Technology Reports
No. CALT-68-1172, and No. CALT-68-1173, 1985 (unpub-
lished).

13JADE Collaboration, W. Bartel et al., Phys. Lett. 155B,
288 (1985), and an updated result is in H. Hagiwara and S.
Komamiya, High Energy Electron-Positron Physics, edited by
A. Ali and P. Soding (World Scientific, Singapore, 1988), p.
804.

14Mark II Collaboration, G. J. Feldman et al., Phys. Rev.
Lett. 54, 2289 (1985); HRS Collaboration, C. Akerlof et al.,
Phys. Lett. 156B, 271 (1985); MAC Collaboration, W. Ash et
al., Phys. Rev. Lett. 54, 2477 (1985); CELLO Collaboration,
H. J. Behrend et al., Phys. Lett. 161B, 182 (1985).

ISAMY Collaboration, E. L. Low ez al., Phys. Lett. B 228,
548 (1989).

ISALEPH Collaboration, D. Decamp et al., CERN Report
No. CERN-EP/89-157, 1989 (unpublished). Strictly speak-
ing, the interpretation of the ALEPH result is valid if the de-
cay modes of H? are similar to those of the minimal standard
Higgs boson.

17T, Sjostrand, Comp. Phys. Commun. 28, 229 (1983). The
jet-forming cutoff parameter d,,n is changed from its default
value to dyin =0.5 GeV.

8Mark 11 Collaboration, S. Komamiya et al., Phys. Rev. D
40, 721 (1989).

19H. E. Haber (private communication).

20[n this case, the jet-forming cutoff parameter d o is set to
the default value of 2.5 GeV.





