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Searching for invisibly decaying Higgs bosons at CERN LEP II
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We study the potential of CERN LEP Il to unravel the existence of invisibly decaying Higgs bosons,
predicted in a wide class of models. We perform a model-independent analysis, focusing our attention on the
final state topologies exhibitingb or /*/~ (/= u or e) pairs and missing energy. We carefully evaluate the
signals and backgrounds, choosing appropriate cuts to enhance the discovery limits. Our results demonstrate
that LEP Il is capable of discovering such a Higgs boson for a wide range of masses and couplings.
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I. INTRODUCTION channel is likely to be “invisible™: e.g.,

The problem of mass generation constitutes one of the h—JJ, 1)
main puzzles in particle physics. It is believed that sponta-
neous breaking of gauge symmetry through the expectatiowhereJ denotes the Majoron field. This feature also appears
value of a scalar S(2)® U(1) doublet is the origin of the in variants of the minimal supersymmetric model in which
masses of the fermions as well as those of the gauge bosor3.parity is broken spontaneously]. Notwithstanding, our
The key implication for this scenario is the existence of thediscussion is not limited to Majoron models since invisibly
Higgs boson[1], not yet found. The first round of*e decaying Higgs bosons also appear in other mojdglsFor

collision experiments at th e CER& e~ collider LEP have InStance, in the minimal supersymmetric standard model
constrained the standard model Higgs boson mass t_yylth conserve parity, the Higgs boson can decay invisibly

m,=65 GeV[2]. The second phase of LEP will probe the u;}to the lightest neutralino pair depending on the choice of
electroweak-breaking sector in a new energy region and thits e parameters. )
is very interesting both from the point of view of the stan- The _|nv_|S|bIe Higgs boson decay leads to events with
. : large missing energy that could be observable at LEP Il and
dard modeI(SM) as well as Its extensions. affect the Higgs boson discovery limits. In particular, the
(A large variety of well-motivated extensions of the SM jisible decay could contribute to the signal of two acopla-
Higgs sector are characterized by the spontaneous violatign,, jets or leptons plus missing momentum. This feature of
of a global U1) lepton number symmetry by an 89  jnyisible Higgs boson models allows one to strongly con-
®U(1) singlet vacuum expectation valge) [3]. In general,  strain the Higgs boson mass in spite of the fact that the
these models contain additional Higgs bosons, as well as godel involves new parameters compared to the ones of the
massless Goldstone boson, called Majordj (vhich inter-  SM. In particular, the LEP | limit on the predominantly dou-
acts very weakly with normal matter, and has been postublet Higgs boson mass is close to the SM limit irrespective of
lated in order to give mass to neutrinos in various differenthe decay mode of the Higgs bost0,11].
contexts[4]. It is specially interesting for our purposes to  In the next section, we discuss the parameterization of
consider those models where such symmetry is broken at theiggs boson couplings relevant for their production at LEP.
electroweak scale or below, i.dg)=<1 TeV [5]. Although  Section Ill contains a detailed presentation of the expected
the interactions of the Majoron with quarks, leptons, andHiggs boson signals as well as SM backgrounds in the
gauge bosons is naturally very weak, as required by astrdramework of a two-doublet model, which contain both the
physics[6], it can have a relatively strong interaction with Zh as well asAh production channels. Sec. IV contains a
the Higgs boson. In this case the main Higgs boson decagliscussion of the Higgs boson discovery limits at LEP 1l for
the various topologies considered in Sec. lll and for different
LEP Il center-of-mass energies. In the last section we present
*Electronic address: fernando@flamenco.ific.uv.es a brief overall discussion of the phenomenological implica-
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doublets ¢;,) and a singlet ¢) under the SU(2¢ U(1) V5=175 GeV
group. The singlet Higgs field carries a nonvanishing global S0
lepton number charge. The scalar Higgs potential of the &

model can be specified as o

V=pul¢! g+ ula o+ Ni(df ¢i) 2+ Na(0T o) 2+ N plepy)
X(p3ha) T Mg bl (o) + Nog Py o) (0 0)
+8(plepo) (phh1) + 3 k[ (Bl epo)2+H.cl, (2)

where the sum over repeated indides=1,2) is assumed.

For appropriate choice of parameters, the minimization of
the above potential leads to the spontaneous breaking of the
SU(2)®U(1) gauge symmetry, as well as the global U(1)
symmetry. This allows us to identify a total of three massive
CP-even scalar$d;(i=1,2,3), plus a massive pseudoscalar .
A and the massless Majordn' For definiteness we assume \ " My=50
that at the LEP Il energies only three Higgs particles can be 20 20 80 80 100 120 140
produced: the lightest P-even scalah, the CP-odd mas- m, (GeV)
sive scalar\, and the massless pseudoscalar Majarddot-
withstanding, our analysis is also valid for the situation FIG. 1. Total cross section for the production of invisibly de-
where the Higgs bosoA is absen{12], which can be ob- caying Higgs bosons throughthe Bjorkeolid line) and associated
tained by setting the couplings of this field to zero. production(dotted ling mechanisms ay/s=175 GeV.

At LEP II, the main production mechanisms of invisible
Higgs boson are the Bjorken proce35+e__>hZ) and the parametersMy,, M,, ea, €g, andB. This parametrization
associated production of Higgs bosons pagsd — Ah), is quite general and very useful from the experimental point
which rely upon the couplinghZZ andhAZ, respectively. of view since limits oM, M, €, €, andB can be later
An important feature of the above model is that the Majorontranslated into bounds on the parameter space of many spe-
is a singlet under S@)®U(1) and possesses feeble cou- Cific models.
plings to the gauge bosons, thus evading strong LEP | con- The parameters defining the genem@Z andhAZ inter-
straints coming from the invisibl@ width. ThehZZ and  actions can be constrained by the LEP | data. In fact, Refs.
hAZ interactions can be expressed, without loss of general-10,13 analyze some signals for invisibly decaying Higgs

. M=20

ity, in terms of the two parametees, and eg : bosons, and conclude that LEP | excludég up to 60 GeV
provided thateg>0.4. In what follows we extend the analy-
Lnz7=€s(N2Gg)Y2M3Z,Z#h, (3)  sis to the energies that will be available at LEP II.
=— B Ill. SIGNATURES AND BACKGROUNDS
Lnaz= —€a COSHWZ hauA, (4

In this work? we focus our analysis in the following sig-
with e being determined once a model is chosen. Fomals for the production of invisibly decaying Higgs bosdins
instance, in the framework of the minimal SEA=0 and
eg=1, while a Majoron model with one doublet and one ete —(Zh+Ah)—bb+pr, )
singlet leads tee,=0 ande3=<1. In the framework of the
minimal supersymmetric standard modg|g, are functions . .
of the parameters defining this model. e'e”—=Zh—/"/"+pq, (6)

The signatures of the Bjorken process and the associated
production depend upon the allowed decay modes of th@here/ stands fore or . The signal(6) was previously
Higgs bosonsh andA. For Higgs boson masses, acces-  analyzed in Refs[10,17. At LEP Il energies thén-fusion
sible at LEP I ene_rgies the main decay modes for th%rocess é+e7_> VeV_eh) leads not 0n|y to a neg||g|b|e con-
CP-even statén arebb andJJ. We treat the branching frac- tribution to the Higgs boson production cross section but also
tion B for h—JJ as a free parameter. In most modBlds  to an unidentifiable final state, sinde—JJ, and conse-
basically unconstrained and can vary from 0 to 1. Moreoverquently, we will not take this reaction into account. We ex-
we also assume that, as it happens in the simplest models, thébit in Fig. 1 the total cross section for the production of
branching fraction foA— bb is nearly one, and the invisible Zh and Ah pairs before the introduction of cuts, assuming
A decay mode®\—hJ, A—JJJ, althoughCP allowed, do thatex=eg=1. It is interesting to note that the associated
not exist. Therefore, our analysis depends finally upon fiveproduction dominates over the Bjorken mechanism for

For simplicity, we assume throughout this paper @&t is con- 2Partial results of our analysjd4] appeared in the proceedings of
served in the scalar sector. the “Physics at LEP II" workshofd9].



1318 de CAMPOS,'IBOLI, ROSIEK, AND VALLE 55

Ma<Mg5. This effect is further enhanced by the large TABLE I. Expected number of background events in UET
branching fraction ofA going into b-quark pairs and oh channel before cuts for three values\& and integrated luminosity

going toJJ. L.
For the sake of completeness, we also include the cham .
.. . . - * * -
nels whereh decays visibly into &b quark pair Vs (GeV) L (pb™") ZIyZly Z*ly* evW W'W vy
— 175 500 105 5510 220 6.4<10° 2.2x1C°
+ A /+ o=
e’e"—Zh—/"/"+bb, M 190 300 200 2.810° 182 4.9<10° 1.4X10°
— — 205 300 295 2.x10* 237 5.1x10C° 1.5x10°
ete”—(Zh+Ah)—bb+bb, (8)
which allows us to obtain additional limits o&, and €. ticles making an angle smaller than 12° with the beam pipe

These channels were subject of many detailed analyses pefre not detected. The above reactions exhibit two sources of
formed in the framework of the SM or the two-Higgs doublet missing momentum: neutrinos and particles going down the
model. Thus, we do not repeat them fully here. Instead, we&eam pipe. Moreover, the final state jets can also lead to
adopt partially the results quoted in R¢15] and combine  missing transverse momentum since we perform a full simu-
them with our results on the invisible Higgs boson decayation of the event, allowing for meson and hadron decays
channels. that can produce neutrinos or undetected particles. The ex-
Our goal is to evaluate the limits ddy, M4, €a, €g, pected numbers of background events from the processes
and B that can be obtained at LEP Il from the above pro-(12)—(16), before applying the selection cuts, are shown in
cesses. In order to do so, we study carefully the signals anghe Table I.
backgrounds, choosing the cuts to enhance the former. We At this point the simplest and most efficient way to im-
analyze the signals and backgrounds usingPtfiHIA event  prove the signal-to-background ratio is to use the fact that
generator[16], and taking into account the QEDQCD)  the Higgs bosonsA and h decay into jets possessiry
initial and final state radiation, as well as fragmentation.quarks. So we require that the events contaitagged jets.
In order to reconstruct the jets we employ the subroutinavioreover, the background can be further reduced by de-
LUCLUS of PYTHIA. manding a larggyt. Having these facts in mind we impose
o the following set of cuts, based on the ones used by the
A. Topology bbp; DELPHI Collaboration for the SM Higgs boson seafds].
(1) Missing momentum cut$Ve require the following.

There are three sources of signal events with the topology The z component of the missing momentum is smaller

2 b jets+ pr: one due to the associated production of Higgs

. _ than 0.15< \/s.
bosons and two due to the Bjorken mechanism: The absolute value of the cosine of the polar angle of the
ete”—(A—bb)+(h—JJ) (9) missing momentum is less than 0.9. These two cuts are used
' to reject events whose missing momentum is due to undetec-
e*e —(Z—bb)+(h—JJ), (10) ted particles going down the beam pipe.

The transversal component of missing momentpm
should be bigger than 25 GeV fafs=175 and 190 GeV,
and 30 GeV fory/s=205 GeV.

In the framework of the SM, there are several sources of (2) Acolinearity cut.The cosine of the angle between the

ete”—(Z—wvv)+(h—bb). (12)

background for this topolog¥: axes of the two most energetic jets is required to be above
—0.8. This is equivalent to the requirement that the angle
e‘e —2ZlyZly—qquy, (12  between the jet axes is smaller than 145°. This cut reduces
the Z— qq background, where thg; originates from neutri-
ete " —=Z*/y*—qqlny], (13 nos and jet fluctuations, and consequently it is parallel to the
jet thrust axes.
ete  —[e]ye—[e]vW—qq'[e]v, (14 (3) Scaled acoplanarity cuAcoplanarity is defined as the
complement of the angle in the plane perpendicular to the
efe —=W"W —qq'[/]v, (15 beam between the total momenta in the two thrust hemi-
spheres. Scaling the acoplanarity by the minimum of
efe —[ete ]yy—[ete ]qq, (16)  singer; and s, [15] avoids instabilities at low polar jet

angles. We impose that the scaled acoplanarity is greater
where the particles in square brackets escape undetected agghn 7°.
the jet originating from the quar is identified (misidenti- (4) Thrust/number of jets cutWe require the event thrust
fied) as being &b jet. In our analysis, we assume that par-to be bigger than 0.8. However, this cut gives relatively
small signal efficiency for the proce$3) [or (11)] provided
M, (My) is in the range 45-80 GeV. Therefore, for this
3A similar analysis in the framework of supersymmetric modelsmass range, we demand that the two most energetic jets

can be found in pp. 65 and 66 of R¢€]. should carry more than 85% of the visible energy instead of
“We did not take into account the nonresonant contributions to th¢he thrust cut.
processe’e” —Zvv—qquv since they are small at LEP Il ener- (5) Charged multiplicity cutWe impose that the event

gies[17] compared with the resonant proce€sg). should contain more than eight charged particles. This cut
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TABLE Il. Suppression factors for the signal and various back-  TABLE Ill. Number of the background events in tmab_pT

grounds in thebbp; channel due td-tagging cut(based on Table channel after all cuts, but the invariant mass one.

5 of Ref.[15]).

Js (GeV) £ (pb™Y Ziyzly Z*¥1y* evW W'W~ yy Total

Signal ZlyZly Z* [ y* evW WwW-
175 500 0.79 0.76 046 0.29 0.00 2.31
68% 16% 14% 1.5% 3.0% 190 300 1.17 044 038 0.23 0.00 2.23
205 300 4.26 0.12 046 0.19 0.00 5.02

eliminates potential backgrounds from the production of
777 pairs. after the threshold for the production of on-shé&ls is

(6) b-tagging cut.We accept only the events containing reached. Notice that our cuts eliminate completely the large
two b-tagged jets. In the analysis, we adopt the efficienciedackground due tgy reactions.
for the b tagging directly from the DELPHI notgl5]: 68% The backgrounds can be further reduced introducing the
efficiency for the signal and the appropriate values for thevisible invariant mass cut. However, depending onttrend

backgrounds extracted from Table 5 of Rgif5] (see Table A masses, this cut also reduces the signal and weakens the
). limits on theZhA and ZZh couplings. Therefore, for each

(7) Invariant mass cutWe impose that the total visible mass combination four limits are calculated: with or without
invariant mass should be in the ranlye+10 GeV, where the invariant mass cut and with the thrust cut or the cut on
M is the mass of the visibly decaying particlg, (h, or A).  the minimal two-jet energy. The best limit is kept.

We exhibit in Fig. 2 the expected number of signal events
Na, Njj, andNgy, originating from the production processes B. Topology /* /"~ p+
(9), (10), and (11), respectively, iolr\/§= 175 GeV and an The events with the final state topology /'~ p; are gen-
integrated Iummosﬂy[_izSQO pb . We impose all the erated by the Bjorken process
above cuts, but the invariant mass one, and assume that
ea=eg=1 and that there is no suppression due to lthe ete = (Z—/"/")+(h—3J), (17
decay branching ratioB). Obviously, it is trivial to obtain
the number of signal events for arbitrary, eg, andB from  where/=e or u. In this case, the signature is the presence
this figure by rescaling our results with appropriate powersf two charged leptons with an invariant mass compatible
of these parameters; see Sec. Ill below. with the Z mass, plus missing energy. This topology is the

The number of background events after applying thetrademark of all models exhibiting invisibly decaying Higgs
above cuts, excluding the invariant mass cut, are shown iRosons with sizable couplings to tie Notice that the cross
Table Ill. The most important background after the cuts issection for this process depends only upgn My, andB.

the production of & pair (12), which grows substantially We consider only the®e™ andu™ u~ channels because
they are cleaner than the" 7~ one and their backgrounds

are smaller. The possible background sources for this topol-

v 175 CEV L=500pb7 ogy are
% ) . ete =ZlyzZly—/"/"vv, (18
° B | e'e —Z*y =/ /[y, (19
I ete” WW /" /vy, (20)
ete —seye—eWv—e /Ty, (21)
""'»....._yh=5o e'e —[e"e Jyy—[eTe ]/ /. (22

Notice that the backgroun@1l) is relevant just for”'=e.

The /" /" pr signal shares many features in common
with the bbp one. First of all, the presence of an invisibly
decaying particle leads to missing energy. Furthermore, the
] ] two leptons in the final state are either collinear nor in the
To0 "'150‘ — "40 same plane since this is not a two going into two process.

m, (GeV) Therefore, in order to enhance the signal, we introduce the
following cuts similar to the ones applied for thdp to-

FIG. 2. Expected number of signal events after cuts for thepology:
processesee” —(Z—bb)+(h—JJ) (N;;), eTe —(Z—wv) (1) We require the events to satisfy the same missing
+(h—bb) (Ngy), e'e"—(A—bb)+(h—JJ) (N,), ande*e~  momentum cuts employed in Sec. Il £2) we introduce an
—(Z—ete )+ (h—bb) (N), assumingea=ez=1 and no sup- acolinearity cut, imposing that the cosine of the angle be-
pression due td decay branching ratios in each case. Note thattween the leptons is larger than0.8; (3) we also demand
N, is given for three choices dfl , values. the scaled acoplanarity of the lepton pair to be greater than
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TABLE IV. Numbers of the background events in thée™ p; channel.(a) and(b) denote the number of
events before and after cuts, respectively. Since the number of events after cuts depehdswndisplay
the maximal values. The backgrounds for #éw~ pr channel are identical except for tleeW column,
which vanishes in this case.

ZlyZly Z* [ v* WHW- evW Total

Js (GeV) LEb™) @ (b) @ (b) @ (b) @ (b) (b)

175 500 6.4 0.01 4210° 0.00 74 2.47 232 0.01 2.49

190 300 14 0.14 2410° 0.00 57 1.03 189 0.02 1.19

210 300 20 1.25 1X10° 0.00 60 0.73 242 0.01 2.00
7°; (4) we require that the event should contain exactly two ete”—(Z—bb)+(h—bb), (25)
charged particles identified as electrons or mudbg;we
impose that the invariant mass of the lepton pair should be in e*e*—>(Z—>/+/*)+(hebb_). (26)

the rangeM ;=5 GeV. In addition, we require that the total
energy of the lepton pair should be in the range

E,(M,)+5 GeV, where Therefore, we must consider two new topologies: events

with four b-tagged jets §bbb) and events exhibiting two
leptons and twd jets (/" /" bb). These topologies were

(23) the subject of many extensive analyses within the framework
Vs of the SM and its minimal supersymmetric versidrb].

For the sake of completeness, we take into account the
These cuts are essential to reduce &/ background. No-  signal events originating from processesl)—(26). How-
tice that the invariant mass bin for the lepton pair in thisever, we only evaluate the total signal cross sections without
topology is smaller than the one used for the visible mass focuts using thePYTHIA 7.4 generator. In order to study the
the topologybbp; because the energy and momentum cartonstraints emanating from these processes we adopt the sig-
be better determined for leptons than those for jets. nal detection efficiencies and the estimated background val-

The expected number ef e p; signal events,) after ~ ues quoted in Ref.15].

cuts is also shown fofs= 175 GeV in Fig. 2. Notice that for ~Itis interesting to point out that the ratio of the number of
a wide range of masséd, and M, there are more signal events with topologybbbb to the ones with/""/ " bb is
events with the topologpbp;. We exhibit in Table IV the independent oB.
expected number of background events originating from the
processeq18)—(21), before and after applying the above
cuts. Notice that the most important irreducible background
after the cuts is due to proce&0). Two photon reactions, o
process(22), lead to a large number of ¥/~ pairs (3200, We deflng in Table V the sy_mbols used to denote the
2080, and 2230 at/s= 175, 190, and 205 GeV, respec- number of signal events for the different topologies analyzed

tively); however, it is completely eliminated by our cuts. in the previous section, after imposing the cuts and assuming
that ea=€eg=1 and that there is no suppression due to the

h branching ratio to each final state.
The expected numbers of signal events for the various
There are three signal processes where the amount fifhal state topologies can be expressed as simple combina-
missing energy should be small, up to initial state radiatiortions of the parameters,, eg, and B and the quantities
and jet fluctuations. They are defined in Table V, which, in turn, depend on the Higgs
boson massedM},,M,):

s+M3—M3
Ez(Mp) =

IV. BOUNDS ON INVISIBLY DECAYING
HIGGS BOSON COUPLINGS

C. Topologies without missing energy

ete —(A— bb_)+ (h— bb_), (24

, Nob(Mp,Ma)= €3[BNyj+ (1~ B)Ngyl + €2BNa,  (27)
TABLE V. Symbols used to denote the number of signal events
after cuts in the various channels.

Nii(Mp) = €gBNL, (28)

Symbol Process

— TABLE VI. Typical values of the 95% C.L. maximum number
Nys(Mp) ete = (Z—bb)+ (h—JJ) of signal events in each channel, assuming that the analysis is done
Nsu(Mp) ete”—(Z—vv)+(h—bb) for just one channel.
N (M) ete = (Z2—/"/")+(h—JJ) —
Nz (M) e*e”—(Z—bb)+(h—bb) Vs (GeV) L (pb™Y) bbp; 7T pr
Nz (Mp) e'e —(Z—~/"/")+(h—bb) 175 500 4.70 6.36
Na(Mp,Ma) e'e”—(A—bb)+(h—JJ) 190 300 4.73 4.68
Nar(Mp, M) e*e”—(A—bb)+(h—bb) 205 300 6.33 5.93
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Vvs=175GeV L=500 pb—1 Vvs=190 GeV L=300 pb_1
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FIG. 3. Bounds ore3 as a function oM, for three values of/s and the three center-of-mass energies combined. See text for further
details.

Nap(Mp,Ma)=€3(1—B)Nzy+€a(1—B)Npy, (29  to obtain bounds orea and €3 couplings without any as-
sumptions on thé decay modes by varyinB from 0 to 1
2 and taking the weakest limits.
Niop(M) = €(1=B)Nz., (30 In order to access the potentiality of LEP Il to unravel the
N existence of invisibly decaying Higgs bosons we assume that
where the quantitieNl,,, N, Ngp, andN;pp, stand for the  only the background events were observed in accordance
number of signal events after _cuts for the topolodié®+,  with the Tables Il and IV. Then, using Poisson statistics, we
/*/ " pr, bbbb, and /*/ " bb, respectively. We would evaluate the region of the five-dimensional parameter space
like to stress that it is important to consider all the above(M,,, M4, €A, €g, B) that is excluded by this result at 95%
topologies since the expected numbers of events in the varéonfidence level. Since this parameter space is quite large,
ous channels never vanish simultaneously for any value ove make some simplifying assumptions below. For each
B, as can be seen from expressi¢28—(30). This allows us channel, the general form of the constraintsegrand eg is
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Vs=175 GeV L=500 pb™ V5=190 GeV L=300 pb™'
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100} 4 100f .
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Vs=205 GeV L=300 pb™ 175+190+205 GeV combined
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€140 ] € ]
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Y
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| T R i P L 1 ]
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m, (GeV) m, (GeV)

N Vo
100

FIG. 4. Bounds orr:,"; as a function oM, andM , for B=1. The plots show the bounds obtained {&= 175, 190, and 205 GeV and
the constraints obtained by combining all three expected LEP Il runs. The allowed region of the parameter space is above the lines of
constante, .

CA(Mh,MA,B)GiﬂL CB(Mh,B)E§< no(Mp,M,), (31) semiaxes of this ellipse as a functionMt,, M, for the two
most interesting case®=1, i.e., fully invisible h decay,

where the functiong, g can be obtained from Eq¢27)—  and weakest limits, obtained by varyifgfrom 0 to 1.

(30) and n, is the maximally allowed number of signal For illustration, we exhibit in Table VI typical values of
events, which depends on the background cross sections aftée 95% C.L. maximum number of signal events in each
cuts and on the confidence level. It is clear from the abovehannel (), assuming that the analysis is done for just one
expression that the weakest limits @R (eg) can be ob- channel. These numbers should be taken with a grain of salt
tained assumingz=0 (ea=0). In fact, for given values of since they depend on the point of the parameter space due to
My, M,, B, andng the allowed region of the parameters the invariant mass cut.

en and eg is the interior of an ellipse with semiaxes In order to obtain constraints o#, (eg) combining the
Jno/ca and/ng/cg. Therefore, we present the limits on the different final state topologies, we calculate the appropriate
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FIG. 5. B-independent bounds ocf\ as a function ofM;, and M, . The plots show the constraints obtained f&=175, 190, and
205 GeV and the combined bounds from all three expected LEP Il runs.

exclusion confidence levels C,Lfor each channel sepa- doublet. We show in Fig. 3 the constraints on the coupling
rately, for a given value o, (eg). Then, we evaluate the €3 with the excluded region of the parameter space at 95%
multichannel exclusion confidence level using the formulasC.L. being below the lines in this figure. The dottehshed
line stands for the constraints stemming from I chan-
nel forB=0 (B=1), while the dot-dashed curve represents
the limits from the/ "/~ p; channel forB=1. We also

exhibit in this figure an absolute bound mé (solid line)

CL=1—(1—C.Ly)---(1—C.L,). (32

Finally, we choose as our limit foe, (eg) the value for . ! >0
which the combined C.L. is equal to 95%. based on all channels together, including the visibteecays

We start our analysis assuming thgt=0, that is, we (25 and(26). The absolute bound is obtained by varyiag
study the simplest model exhibiting invisibly decaying Higgsin the range between 0 and 1 and taking the lowest bound on
bosons, which is the one considered in REf€,11]. In this eé The strongest single-channel constraint originates from
model only one singlet scalar field is added to the SM Higgghe bbp final state since there are many more signal events
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with this topology, independently of the value of the branch-gest constraints on the parameter space come from the final

ing ratioB. Moreover, theZ* /'~ p; topology also exhibits a
relatively largeWW background. In fact, the analysis of the
final statebbp; allows us to extend the results of RELO].
Notice that forB=0 our limits are, in fact, on the SM Higgs
boson mass and on its coupling to thelndeed, our results
are compatible to the ones obtained in Réb].

The weakest and more solid constraints eqpare those
obtained assumingg=0. Including all the final state topolo-
gies and assumings=0 we obtain the bounds o which

statebbp. For masseM,, up to approximately 70 GeV, the
planned run at/s=175 leads to the strongest limits due to
its higher luminosity. On the other hand, the higher center-
of-mass energy runs are needed to expand the range of
masses that can be probed. The results of our complete
analysis for this case extend the previous results of [Réf.

We also analyzed the extreme cagg=0, in which the in-
visibly decaying Higgs boson does not couple to theln

this scenario, the strongest limits also come from the final

are shown in Figs. 4 and 5. Even with this simplifying hy- statebbp;. As a rule of thumb, the signal for the invisible
pothesis, we are still left with the three-dimensional param-Higgs boson being produced in association withcan be
eter spaceNl o, My, €4). The absence of an invisible Higgs detected providedM;+M,<150 (100 GeV for e,=1
boson signal excludes the region above the lines of constar0.1).

€p in Fig. 4, at 95% C.L. In this figure we exhibit the con-
straints onei obtained under the assumption thatecays
exclusively into the invisible final stateBE1). Figure 5
contains theB-independent bounds arf obtained, as in the

The invisibly decaying Higgs boson can also give rise to
signals at the LHC, such as* /"~ p; [18]. The invisible
decay has good advantages over the standard nhodely
decay mode in the intermediate Higgs boson mass region,

eé case, by varyingB in the range between 0 and 1 and since its branching fraction can be large. Unfortunately,

keeping the weakest bound.
In general, the topologie®7) and (29) are dominated by

however, the ability to reconstruct the invisible Higgs boson
mass is absent in the case of hadron collisions. This makes

the associated production, as long as they are not strongH€ signature of invisibly decaying Higgs bosonseine™
suppressed by smadl, couplings or by phase space. There-collisions especially important and a crucial check of any

fore, for a given value oM,,, the constraints on the associ-
ated production coupling, are stronger than those m@

signal that might be seen at the LHC. In this paper we have
shown that LEP Il will be able to unravel the existence of an

provided M, is not very large. Another general feature of invisibly decaying Higgs boson for a large fraction of the

our results is that the final stabdp, (27) leads to the stron-

ger limits one, coupling than those given by the other to-

pologies whereh is decaying visibly, especially bibbb
final state.

V. CONCLUSIONS

The Higgs boson can decay into a pair of invisible mass-

less Goldstone bosons in a wide class of models in which

relevant parameter space. As a final remark we note that
models with invisibly decaying Higgs bosons may lead to
other interesting physical effects that could be detectable ex-
perimentally[19].
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