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Abstract |

A search for events of the type ete~ — [t~ X°, where X°® can be any weakly interacting
particle which couples to the Z, has been performed with the ALEPH detector at LEP, by
searching for acollinear lepton pairs. Such particles can be excluded up to 2 mass of 7.0 GeV/c?
for a value of the ratio of branching fractions, Br(Z — X°I*17)/Br(Z — I*17), greater than
2.5 x 10~3 if the X° has third component of isospin, I3, greater than 1 and decays to a pair
of virtual gauge bosons. When this analysis is combined with the previous results of the Higgs
particle searches from ALEPH, this limit can be extended to an X % mass of 60 GeV/c?.
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1. Introduction -

Recent searches performed with ALEPH at LEP have excluded the existence of a Minimal
Standard: Model (MSM) Higgs boson [1] up.to 48,0 GeV/c? [2]. This paper presents a more
general search for a new particle which couples to the Z and whose productxon and deca.y couplmg
strengths are unknown. : :

Events considered in this a.nalysm ate from data correspondmg to a total 1um1n051ty of 7. 9
pb=? collected from a scan of the Z peak. The analysis procedure assumes that the X?° escapes
the detector before decaying and is mazimally stable, that is, it decays by the same mechanism
as it is produced, coupling to two virtual Z bosons (see Figure 1). For exa.mple, if X° has
third component of weak isospin, I3 greater than 1, then such a decay is required., Wlthm the
framework of the Standard Model, the X° can also decay to two W bosons which would reduce
further the X? lifetime. However, it will be shown in section 3 that a.]lowmg the X° to decay
this way does not aﬁ'ect the result The decay width for X 0 Z*Z* is given by Klelss [3] '

1 .61 MLg? : .‘
Tx = §31675 504 11?8 PIR sz(”ﬁ _+ )k +eh) )
- hf2 o
where o - .. | |
g = decay constant x Mz | ENT)

and vy, , and ay, , are the vector and axial vector couplings respectively of the virtual Z bosons
to the fermions, f, 3, and Cf,, = 3 for quarks and = 1 otherwise. The value of the ZZ*X
coupling which is excluded is then a function of luminosity, efficiency and Z* decay channel
used.

2 The ALEPH Detector

The ALEPH detector is described in detail elsewhere [4]. The parts of the detector relevant to
this analysis are the inner tracking chamber (ITC), the large time-projection chamber (TPC),
the electromagnetic calorimeter (ECAL) and the hadron calorimeter (HCAL). A 1.5 T axial
magnetic field is provided by the superconducting coil surrounding the ITC, TPC and ECAL.

The ECAL is a lead proportional tube sandwich with a total thickness corresponding to 22
radiation lengths with 45 read out layers. It is separated into three stacks corresponding to
4, 9 and 9 radiation lengths respectively. Anode wire signals are summed plane by plane for
each module. Cathode pads of approximately 3 x 3 ¢m? from consecutive planes are connected
together to form towers pointing to'the interaction region. The HCAL is an iron streamer tube
sandwich with 23 layers, segmented into 4800 projective towers. In both ECAL and HCAL,
objects are defined as groups of hit ce].ls topologlca.lly connected. The tngger condltlons are the
same as described in [5].

3 Procedure

ThlS a.na.lysm assumes the reaction ete™ ~ Z "‘X 0 where Z* — I*l~, and the X 0 escapes the
detector before decaying; ! refers throughout this text to either electrons or muons. Events of
this type will contain a pair of acollinear leptons and no energy (unassociated with the charged
tracks) deposited in the calorimeters. In order to cover the largest mass range possible for X it
is necessary to define two sets of cuts which are determined from investigation of Monte Carlo
events for the process ete™ — It~ X? at various values of Mxo. Such events are generated with



X° as a neutral, stable, scalar particle, and include both initial and final state radiation [6)].
The simulated events are processed by the same reconstructlon a.nd analysis programs as used
for data. :

For low Mxe, the leptons are moderately acollinear and very energetic, whereas for higher
Mxo, the events sare characterized by larger acollinearity and lower track energies. The crossover
point between high and low mass regions has been determined by a study of the simulated events.
For the lower mass range the background comes mainly from e*e~ — 7+7~ events while in the
higher mass range, the main background is from two photon scattering processes where the
initial ete~ escape down the beam pipe. It is necessary for both selections to ensure that no
photons accompany the two leptons and this is done by vetoing events with energy clusters in
the calorimeters.

3.1 Event selection

Events with two and only two oppositely charged tracks are selected. The tracks are then
required to have at least 4 ITC and 4 TPC coordinates. They must come within 0.2 cm of the
beam in the plane transverse to the beam and within 5 cm of the interaction point in the beam
direction. Furthermore, all tracks must have | cos® |< 0.95, where © is the polar angle between
the track and the beam axis, and have a x? per degree of freedom for the fit of less than 5. The
acollinearity, defined as m —  where % is the angle between the tracks, must be greater than
20 mr. The acollinearity of these remaining events can only result from radiated photons or
unobservable particle(s). The background processes at this point are:

A. ete s ete (2 1)

et

e — ptu= (> 17)
ete” — rtr=(> 0y)
ete” — (ete)ete
ete” — (ete Jutp~
ete” — (ete”)rtr™

mEY Qv

We define an event plane, from the momentum vectors of the tracks, with the normal vector
P;+ X P;-
| P+ x P- |

7

il

(3)

In the case of a three body final state, all three momentum vectors lie in this event plane. In
particular, for background processes A and B, if the radiated photon is an initial state photon,
then the event plane will contain the beam axis. Due to the hole in the acceptance around the
beam axis, such events are excluded by requiring { = 7'+ 73, the cosine of the angle between the
beam axis and 7, to be greater than 0.2.

The remainder of background processes A and B contain one or more photons, and therefore
a photon veto is required to exclude these events. The ECAL is read out by two independent
sets of electronics: one connected to the cathode pads and the other to the anode wires for each
sampling plane. For this analysis, ECAL clusters were divided into two categories. The first

category (type I objects) were photons that were identified using only the ECAL pad information
with the following criteria:

1. energy deposited must be greater than 700MeV

2. No electronics noise : the cluster does not overlap identified bad electronics channels;



3a. Object points to the origin: the transverse shower centroids (barycentre) in the two stacks
with the most energy point toward the origin within 300mr; :

4a. Depth profile of object: objects deposit energy among the ECAL stacks in a manner
consistent with being photons;

The second category (type Il objects) were photons that were identified by somewhat orthogonal
considerations in the ECAL based on the wire information. In addition to criteria 1 and 2 above,
the following requirements were deemed: necessary: - ‘ e g

3b. Ratio of pad a.nd wire energles for modules conta.mmg ob Jects must he between 0 5 and
1.5;

4b. Timing information from w-ires‘_roué't fall withjn +250ns of ;t_}re beam _croesing._- '

From a study of random trigger events, taken under the same running conditions as the data,
the fraction of these random events which have noise which fakes either type I or type II ECAL
objects is 3.5%. This has defined the veto inefficiency.: The choices of a type I or type II object
were made in order to maximize the efficiency for detecting photons (96% within the acceptance
of the ECAL) while minimizing the veto inefficiency. To veto events which contained a photon
which travelled between two ECAL miodules, the HCAL was searched in the event plane region
behind +4 c¢m of the ECAL cracks for any identified object. The region in the HCAL is hrmted
to minimize its veto inefficiency which is found to be 2.5% for this cut.

In order to simulate the background processes, Monte Carlo events of processes A to F ‘were
generated for 2.6 times the data and normalized to the luminosity. A study of these simulated
events led to the definition of two further sets of cuts, depending on the mass of X° For low
Mo (selection 1), the ete™ — It~ X?° events are characterized by a moderate acollinearity and
high track energies; a similar topology to events in the tail of the ete™ — r+r—— I+t~ + (4v)
event distributions. Figure 2 shows the distribution of %:“;‘:: for the Monte Carlo simulation of
the background processes A to Fafter the above cuts are made, where pirocr is the momentum
of the lowest momentum track. The data is overlayed and there is reasonable agreement. In
a.ddjtion, the predicted distribution for events with Myo = 200 MeV/c? is shown. A cut is made
requiring &=ak > (.67 because the signal (X° events) is peaked near 1 in this variable while the
background events are not. The a.co]hnea.nty cut has been purposely left loose up to this point
to allow a higher statistics check against the Monte Carlo background processes (see Table 1).
To optimize the sensitivity of the selectlon the aco]lmea.rlty cut is ra.xsed to 50 mr for the low
mass X? search. ‘

For a high Mxe (selectlon 2), the cut on Bresh. g replaced by a cut on the sum of the momenta.

of the observed tracks: P, chgd =| By | + | H— | > 20GeV. This cut reduges background types D
to F. The acollinearity cut is further lncreased to 150 mr to reduce background type C. Flgure 3
shows the P distribution for Monte Carlo processes D and E overla.yed with the dxstnbutlon
expected for the process ete™ — IFI- -X° with Mxo = 5.0GeV/c?.

Figure 4 shows the efficiency for the two different selectron procedures asa functlon of M Xo
for a completely stable X°, ignoring the effect of ‘a finite lifetime for the X°. The crossover
between selection 1 and selectlon 2 occurs at Mxo = 3.0 GeV/c?. Because the lifetime, 7xo, is
affected by Mxe and the value of the decay constant, once the X° has an appreciable probability
to decay inside the detector the efficiency for detecting it with this method decreases like

' Nab:erved‘ = NG e_% | : T (4)
where | . et xﬂ ‘ _ ,
2= 85 - ®)



In the above equations, z is the distance travelled. by X 0 before decaymg and 7 is the a.verage
momentum of an X° whose mass is Mxo. o :

3.2 Resu.l‘tsr

The breakdown. of events for the data and Monte Carlo is shown in Table 1 for selection 1 and
in Table 2 for selection 2. The number of events remaining after cuts agrees well for the data
and Monte Carlo, and is consistent with no signal 5 evénts are observed where 3.5 are expected
from background processes for Mxo < 3.0 GeV/c?, using selection 1. This yields, at 95% C.L.,
10.8 events expected mcludlng background. For Mxo > 3.0 GeV/c?, using selection 2, also 5
events are seen where 4.4 are expected, yielding, at 95% C.L., 11.1 events expected mcludmg
background. ' An experimental ‘quantity, related to the productlon coupling ZZ*X, is defined
as RBr = Br(Z — X°U*I7)/Br(Z — I*l") and a 95% C.L. contour can be plotted in the
RBr — Mxo plane, which takes into account the reduction in detection efficiency as a function
of lifetime, 7x0, adjusted for that particular value of coupling and mass.

Figure 5 shows the limit contour for a maximally stable X°. The area above the line is
excluded. It can be seen from this plot that such a particle is excluded up to 7.0 GeV/c?
for a value of RBr .> 2.5.x 1073, In this case, the contour approaches an asymptotic value,
corresponding to the production coupling which is excluded when the two virtual Zs each decay
to two neutrinos, and are unobserved in the detector. The sharp rise at 7.0 GeV/c? is due to
two effects: as the mass increases, the lifetime decreases, but then the value of the coupling
which can be excluded increases. These two factors multlply to create a very fast variation of
the limit contour (see equation 1). *

The results of reference [2], which quotes an efﬁc1ency for the detection of H® — jets, Z*
v up to 60 GeV, can be reinterpreted as an excluded region in the. RBr — Mxo plane. In order
to do this, it is:assumed that the X° decays to hadrons as would a Higgs particle. The number
of events excluded at 95% C.L. is divided by the estimated number of events searched and the
efficiency of detection:

Br(Z — vao) Br(Z — IH~X%) _ fevents excluded at 95% C.L. (6)
Br(Z - uu) T Br(Z - IY7) (#events in sample)(ef ficiency)

Flgure 6 shows the limit contours for.a maximally stable X°. Contour A corresponds to the
case where X decays inside the detector, while contour B is for the case where it escapes the
detector without being detected. The cross over point of the two analyses clearly depcnds on the
lifetime of the X°, because as the lifetime decreases and more events decay inside the detector
they are thus excludcd from this analysis, but are detected by the analysis which searches for
decay productsin the detector. To illustrate this point, Figure 7 shows the limit contours when
the X%is allowed in addition to deca.y_to two W bosons. The cross over point between the two
analyses is now shifted to’3 GeV/c? in Mxo but the resulting limit is unchanged. It should be
noted that the region excluded has always RBr > 2.5 x 10'3 and in the high mass region an
even lower value of RB'r is excluded '

4 ;C;'o_rr_c:l;u_‘sibn

It can be seen from Figure 6 that any new particle, whose sole decay mode is to two virtual
gauge bosons, and whose coupling to the Z is such that RBr > 2.5 x 1072 has been excluded
up to a mass of 60 GeV/c?. It should be noted that although this analysis was performed for
a scalar X9, it is also valid if X° is not a scalar, provided that its decay characteristics do not
preclude its observation in the above analysis.
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Monte Carlo Processes : # of events
cut data lepton pairs Two photon process
efe” | php” | thr7 ete” [ptp” [tHrT | Yme
2 good tracks 23212 | 12938.1 | 7406.9 | 3406.9 | 409.6 | 479.2 | 19.2 | 24659.9
acollinearity > 20mr | 6523 | 3061.1 | 916.9 | 3052.7 | 403.8 | 474.2 | 18.8 | T927.5
No ECAL object 3222 | 1766.9 | 319.6 | 1311.1 | 296.1 | 389.6 | 10.0 | 4093.3
Veto inefliciency 3222 | 1705.1 | 308.4 | 1265.2 | 285.7 | 376.0 9.6 | 3950.0
¢ > 0.2 1221 80.9 17.5 | 1055.9 | 23.3| 33.0 1.1 1210.6
No HCAL object 1093 70.9 14.5 | 971.7 | 23.0| 33.0 1.1 | 1114.2
%‘;’;‘:: > 0.67 30 9.3 6.3 13.7 0.0 0.0 0.4 29.7
acollinearity > 50mr 5 2.3 0.8 0.4 0.0 0.0 0.0 3.5
Table 1:
Monte Carlo Processes : # of events
cut data lepton pairs Two photon process
ete™ [ ptp~ | tHr  |ete | ptp™ 7777 | Tpo
No HCAL object 1093 | 70.9 | 145 | 97L.T| 23.0 | 33.0 1.1 | 1114.2
Ppga > 20.0GeV 870 | 70.1| 14.5|828.0| 0.0 0.0 0.0 | 9126
acollinearity > 150mr 5 0.7 0.0 3.7 0.0 0.0 0.0 4.4
Table 2:
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Figure
Figure

Figure

Figure
Figure
Figure
Figure

Figure Captions

: Feynman diagram for process e*e™ — [T[~X?

: Buack for background processes A - F (histogram) and data (points), overlayed with the

Epeam
distribution for unscaled number of ete~ — I*I~X° events, with Myo = 200 MeV/c?

(hatched).

: P.pga for 2 photon Monte Carlo events and for an unscaled number of events of the type

ete™ — It~ X° (hatched), with Myc =5 GeV/c2.

Efficiency (%) versus X° mass for selection 1 and selection 2.

Limit contour produced for maximally stable X°

Limit contours for a maximally stable X° from {2], A, and from this analysis, B.

Limit contours for X° decaying to Z*Z* and W*W™ from [2], A, and from this analysis, B.
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