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Abstract

With a luminosity of more than 1 pb l corresponding to ~ 25,000 hadronic Z de-
cays collected during a scan around the Z peak, the parameters of the Z resonance have
been measured. The mass, the full width and the hadronic, leptonic and invisible widths
are found to be in agreement with the expectation from the Standard Model. Extensive
searches for new particle production in Z decays have been performed. No signal is ob-
served. In particular, the Standard Model Higgs boson is excluded in the whole mass range
from 0 to 24 GeV, and the allowed domain in the parameter space of the gauge-Higgs sector
of the Minimal Supersymmetric Standard Model is restricted.



1. Introduction.

In 1989 the ALEPH detector, operating at the LEP e+e~ collider at. CERN, accumu-
lated an integrated luminosity of more than 1 pb" 1 , corresponding to over 25,000 events
from Z decay to multihadrons, collected during a scan around the Z peak. This data has
been used for two main purposes: the determination of the parameters of the Z resonance,
and extensive searches for new particles. After a short description of the detector, these
two topics are discussed.

2. A brief description of the ALEPH detector.

The main components of the ALEPH detector can be viewed on the display of an
event from a multihadronic Z decay shown in Fig. 1. The diameter and the length of
ALEPH are both of the order of 11 m.

From the inside to the outside, one finds around the beam pipe:
• the minivertex detector, not installed in 1989;
• the 8 wire layer inner drift chamber (ITC), essential in the triggering scheme;
• the large time projection chamber (TPC), with an outer radius of 1.80 in and providing

up to 21 space coordinates per track together with dE/dx information;
• the electromagnetic calorimeter (ECAL), constructed as a 22 radiation length thick

sandwich of lead planes and of proportional counters, segmented in more than 70,000
projective towers;

• the superconducting solenoidal coil providing a 1.5 T axial magnetic field;
• the iron return yoke, instrumented with 23 layers of streamer tubes, thus acting as

hadron calorimeter (HCAL);
• two layers of muon chambers, not fully installed during the 1989 running period.

In addition, in the forward and backward directions, the end caps of the electromagnetic
calorimeter are supplemented at small polar angles by the luminosity calorimeters (LCAL).

The main triggers during the 1989 data taking period were:
• A set of total energy triggers in the ECAL:

• at least 6.5 GeV in the barrel,
• or at least 3.8 GeV in one end cap,
• or at least 1.6 GeV in both end caps.

• A hit pattern in the ITC compatible with a charged track originating from the beam
axis and in azimuthal coincidence with:

• an energy deposit of at least 1.3 GeV in the ECAL
• or a signal of penetration corresponding to about 40 cm of iron in HCAL.

• Luminosity triggers which are described further down.
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Fig. 1 Graphic display of a hadronic event in ALEPH.

3. Results on the Z line shape and on the Z partial widths.

3.1 The Z line shape .

The determination of the Z line shape results from measurements of the hadronic
cross-section (the most copious one) at and around the Z peak. The latter cross-section is
obtained according to the formula

"(*) =
eqq

( £ Bhabha \ , -,
I Yr ) aBhabha{S).
X^ Bhabha/

(1)

Here,
• s is the square of the center-of-mass energy, known from the setting of the magnets in

LEP;
• Nqq is the background subtracted measured number of hadronic events;
• eqq is the overall detection efficiency for hadronic events, determined by Monte-Carlo

simulation;
• Nghabho. is the background subtracted measured number of events from Bhabha scat-

tering within some acceptance at low polar angle;
• CBhabha is the overall detection efficiency for Bhabha events within this same accep-

tance, determined by Monte-Carlo simulation;

• <TBhabh.a{s) is the Bhabha scattering cross-section within this same acceptance, in

practice calculated to order a3 .

Measurements have been performed at the following values of -^/s in GeV:
S8.278, 89.284, 90.282, 91.034, 91.283, 91.530, 92.280, 92.565, 93.287, 94.278, 95.036.



S. 1.1 The hadronic event selection.

The main trigger for hadronic events is the total energy trigger, the efficiency of which
has been measured to be in excess of 99.9% by comparison with the penetration trigger
which is totally indépendant. The selection of hadronic events does not present any real
difficulty. Two essentially indépendant methods were used. One is based on the charged
tracks reconstructed in the TPC (a minimum multiplicity of 5 and a minimum energy of
10% y/s are required). The other relies on the measurement of the total energy deposited
in the electromagnetic and hadron calorimeters (a minimum of 20 GeV is required, and the
signal in ECAL should be in time with the beam crossing). The two methods yield cross-
section measurements in agreement within 0.3%. The absence of non-resonant contribution
m the selected sample is used to show that the background from gamma-gamma scattering
or from beam-gas interactions is negligible within the selection criteria. Altogether, about
25,000 hadronic events were selected, with an efficiency of (97.5 ± 0.6)%. More details on
this analysis can be found in Ref. 3.

3.1.2 The integrated luminosity measurement.

Events from low polar angle Bhabha scattering are used to measure the luminosity
because their rate is high (comparable to that of hadronic events at the Z peak in the case
of ALEPH), and because the cross section for this process is very little affected by the
Z resonance and can be calculated with sufficient accuracy. The luminosity calorimeters
used for this measurement cover the angular range from 42 to 160 mrad. There are four
modules, two upstream and two downstream of ALEPH, located at ± 2.62 m from the
interaction point.

Luminosity events are triggered by a coincidence of energy depositions: at least 20 GcV
on one side and at least 16 GeV on the other. In addition, there are prescaled triggers
requiring energy depositions in excess of various thresholds on one side which are used to
determine the efficiency of the luminosity trigger (99.7% in average) and for background
studies. The luminosity events are further required to satisfy the conditions E1^2 > 22%^/s
and (Ei + E2) > 60%y/s, where Eï<2 are the energies measured on both sides.

As the Bhabha cross-section varies extremely
rapidly at small polar angles (daId cos 9 oc 0~4),
the critical point for an accurate measurement of
the integrated luminosity is the precise knowledge
of the geometrical acceptance, and in particular of
its inner boundary. The layout of half of one lumi-
nosity calorimeter module is shown in Fig. 2. The
cathode pads are connected to form projective tow-
ers, with a relative positioning precision of 120 /tm.
The relative positioning of two modules on a given
side is known with a precision of 140 //m.

y(cm)
40

30

20

10

0

_

-

-

- i

p

"L.
U

I

A-.
—1

Lp
L

I

Ln

—]
—

n
1I

I10 20 30 50

Fig.2 Layout of half an LCAL module.
A "tight" fiducial zone is defined, shown in bold in Fig. 2: at least 50% of the energy



deposited on the relevant side is required to be contained within the fiducia! zone. Al-
though the position of an electromagnetic shower in a typical Bhabha event is known with
a precision of 1.5 mm, this precision reaches 150 /nn at the boundary between two towers,
which means that the inner boundary of the fiducial region is known with the latter pre-
cision. The only relevant quantity which is not known with a precision at the level of the
ones just discussed is the overall positioning of the luminosity calorimeters with respect,
to the actual interaction point. However, the luminosity measurement is, to first order,
made insensitive to this by requiring a 50% containment of the energy in the tight fiducial
zone on one side only, the "tight" side, and by exchanging "tight" and "loose" sides every
other event. The correlation of the energies measured on the two sides is shown in Fig. 3a
together with the energy cuts. The distribution of the polar angle measured on the "tight"
side is shown in Fig. 4, together with the result of a Monte-Carlo simulation. Excellent
agreement is observed.
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Fig. 3 Energy on the "tight" side vs. energy on the "loose" side
before (a) and after (b) the cut on the azimuthal correlation.
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At this point, no use has been made of the azimuthal correlation between the two
sides expected for Bhabha events. This correlation is shown in Fig. 5, together with the
expectation from the Monte-Carlo simulation. A rut is applied at 170°, and the data
between 0 and 10° and between 160 and 170° are used to estimate the 0.4% remaining
background. The background reduction due to this cut can be appreciated in Fig. 3b.
Finally, about 31,000 Bhabha events were selected this way.

The systematic errors on the determination of the integrated luminosity have been
evaluated as follows:

Relative tower positioning 0.003
Relative tower calibration 0.001
Absolute energy scale 0.002
Beam parameters and survey 0.001
Inadequacy of the simulation 0.009
Monte-Carlo statistics 0.004
Theoretical error 0.007

leading to a total systematic error of 1.3%.

3.1.3 The Z resonance parameters.

To extract the Z resonance parameters from the measured hadronic cross-section, a
3-parameter fit is performed, using the parametrization of Ref. f>. Although the effect of
radiative corrections is quite large (~ 30% at the peak), it is known to better than 0.5%.
The result of the fit is

Mz = (91.197 ± 0.021 ± 0.030) GeV,

Tz = (2562 ± 47) MeV,

a0 = {41.3 ±0.7) nb,

where <7o is the non-radiative peak hadronic cross-section

The 30 MeV uncertainty on Mz comes from the absolute calibration of LEP and is common
to the four LEP experiments.

The measured values of Tz and <7o agree with the expectations from the Standard
Model: (2500 ± 42) MeV and (41.3 ± 0.1) nb respectively, calculated for the measured
value of Mz and for three neutrino species, and where the quoted uncertainties come
mainly from the unknown top quark mass and from the uncertainty on the value of as.

Within the Standard Model, there is only one unknown parameter, the Z mass, once
the number of massless neutrinos is fixed. The predictions for 2, 3 and 4 massless neutrinos



are shown in Fig. 6, together with
the experimental points. The agree-
ment with the Standard Model for 3
neutrino species is impressive.

Fig. 6 Hadronic e+e~ cross-section. The
Standard Model prediction for 2, 3 and 4
niassless neutrino species are also shown.

3.2 The Z partial widths.

3.2.1 The leptonic widths.

MADRONS

89 90 94 9591 92 93
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Lepton pairs are "easy" to identify (details of the selections can be found in Refs. 4
and 3), and there is no particular difficulty in measuring the quantities

Px =
Nx

Nh ad
(A = e,ii. or r ) ,

except for the case A = e because of the contribution of the f-chaiinel one-photon exchange
to the same e+e~ final state. In this particular case, only energies within ±1 CeV of
the Z peak are used in order to minimize the influence of the interference term, and the
analysis is restricted to the polar angle range -0.9 < cost) < 0.7 (rather than |cos#| < 0.9
for A = \L or r) since the ^-channel contribution is peaked in the forward direction. The
remaining contribution (~ 15%) is subtracted using the computation of Ref. 7.

To extract the leptonic branching ratios from the the P\s, (2) is rewritten

Bx
(3)

With A = e, (3) gives Be and, once Be is known, B^ and BT can be computed. Multiplying
by the measured value of Fz, one finally obtains the leptonic widths

Te = (85.1 ± 2.2) MeV,

P11 = (83.1 ± 3.6) MeV,

Tr = (85.1 ± 3.7) MeV.

Within the still limited statistics, it can be seen that lepton universality is well verified.

Since, in any specific leptonic channel the main background comes from the other
leptonic channels, the gain in statistical accuracy which can be obtained from an analysis
in which the three lepton flavors are not distinguished and lepton universality is assumed
is larger than the one which results from a mere averaging of the measured P\s. The result
of such an analysis is

Pl = 0.0474 :fc 0.0013



from which the leptonic width is derived

Ti = (85.1 ± 1.6) MeV,

to be compared to Standard Model expectations of (0.0478 ± 0.0005) and of
(83.8 ± 0.9) MeV respectively.

3.2.2 The hadronic and invisible width».

From (2), one can extract I\a<f, using the measured value of Yz and the value of F/
determined above. With all correlations taken into account, one obtains

F^1 , = (1803 ±36) MeV,

while the invisible width
Tinv = (503 ± 33) MeV

can be obtained from
Tz = Thad + 3Ti + Tinv. (4)

These values are well compatible with those expected in the Standard Model:
(1747 ± 34) MeV and (502 ± 5) MeV for Yhad and Yinv respectively.

Finally, if one makes the only and mild assumption that the ratio F1,/Yi has the
Standard Model value (1.996 ± 0.002), one can deduce a value for the number N1, of light
neutrino species from the relation

N Fy _ rirat, _ 1 L 9 (r,\
"" Y1 ~ Y1 ~ B1 P1

 6 (°>

which is nothing but (4) rewritten in a way such that the large error cancellations which
occur in this determination of Nv are obvious. The result is

Nv = 3.01 ± 0.14.

It is worth stressing that this result would not be affected by non-standard contributions
to Yhad.

4. Results on new particle searches.

4.1 Overlook of ALEPH searches for new particles.

With ~ 25,000 Z multihadronic decays observed, that is with ~ 35,000 Z produced,
many possibilities for new particle searches became open. Some of them, for instance
the search for the top quark, essentially rely on the new center-of-mass energy regime
attainable at LEP (or at SLC), and mass limits for such new particles quickly reached the
kinematical limit. Others, like the search for the Higgs boson, depend more crucially on



the large amount of Z decays detected, and mass limits (or limits on couplings in other
instances) will keep improving as more Z's are collected, unless some signal is observed...

[81

Searches of the first kind were performed by ALEPH for a variety of new particles.
The mass limits obtained are presented in Table 1, with an indication of the method used
in the search:
(0) Results deduced from the measurement of the Z parameters, principally from the

peak hadronic cross-section <TO. A non-standard contribution AT to the Z width F
would reduce <r0 by a relative amount of ~ 2AF/F if it is invisible, or of ~ AF/F if it
contributes to the hadronic Z decays.

(1) Search for an excess of "isolated particles".
(2) Search for non-radiative acoplanar pairs of leptons.
(3) Search for 4-jet events in which two 2-jet systems have similar masses.
(4) Search for vertices displaced with respect to the beam crossing point.

Details of these methods can be found in Refs. 8.

Table 1.

Particle

t

V

L

V

f
V

Decay mode assumed

t^bW*

V -» cW*

V ->&r

b' -» bg

L -> uLW

f£ stable

vL -> IW*

l'->h

v —> v7 or stable

x± _> \vx

K* -v TVT 100%

H± -» TVr 50%

H* -> câ 100%

Methods Used

(1)

(1)

(1)

(3)

(0)

(0)

(0), (1), (4)

(2)

(2)

(0)

(2)

(2)

(1)

(3)

Mass limit (GeV)

46

46

forbidden if

MVL < 43 GeV

43

43 to 46

41 to 45

42 to 44

37 (3 species)

45 to 46 if

Mx < 30 GeV

43

41

35



The searches of the second kind performed by ALEPH are presented in greater detail
in the following sections.

4.2 Searches for the Standard Model Higgs boson.

4-2.1 Production and decay mechanisms.

Thanks to its strong coupling to the Z boson, the Standard Model (SM) Higgs bo-
son H may be expected to be detected in Z decays, if not too massive, through the
Bremsstrahlung process

e+e- _, z -> HZ" --> Hf]. (6)

The / / pair coming from the Z* can be:
• an e+e~or fi+fJ-~ pair in 6.7% of the cases. The signature is very clean, at least for a

not too massive Higgs boson, but the rate is low.
• a T+T"" pair in 3.3% of the cases. The signature is much less distinct and the rate

twice lower.
• a vv pair in 20% of the cases. The rate is sustantially higher than for charged lepton

pairs, and the missing energy provides a fairly clear signature.
• a qq pair in 70% of the cases. In spite of its comparatively high rate, this channel is

difficult to use because of the large background from multihadronic Z decays.

Given the steep dépendance on Mj/ of the cross-section of process (6), the Higgs mass
range which may be explored increases rapidly with the number of Z decays collected.
With a typical detection efficiency of ~ 60% for Z" —* e+e~ or /A+ fi~ or vv, and with no
event observed, ALEPH could expect to exclude MJJ < ~ 15 GeV using the 11500 hadronic
Z decays accumulated until early November '89 (Set I), and MH < ~ 25 GeV with all of
the 1989 data (full set). As will be apparent in the following, the search techniques have
been adapted as the Higgs mass domain to be investigated changed.

The Higgs boson decay pattern strongly depends on its mass:
• For Mu > a few GeV, the Higgs boson tends to decay into the fermion pairs with

the highest masses (bb if it is massive enough; cc or T + T ~ if not). A description using
perturbative QCD can safely be used provided it takes into account gluon radiation,
threshold enhancements, and also fermion loops leading to gg final states.

• For 2Mn < MH < a few GeV, the perturbative description is highly questionable and
one rather relies on low energy QCD theorems to derive partial widths to exclusive
final states.

• For 2Mf1 < MH < 2M71-, the decay is practically exclusively to fi+ /i~ pairs.
• For MH < 2Mf1, the decay is principally to e+e~pairs, but W and fermion loops, lead-

ing to 77 final states, must also be taken into account. Because of the small Hcc cou-
pling, the Higgs lifetime now becomes non-negligible; it is ~ 100 ps for MH = <r>0 MeV.

10



s o n
t

o-i

o?.

O

" I I"

IU'

K' K1

0-1

/ill these features are iua.rporatcd
in the ALEl1H Iliggs decay Monte-
Carlo program. The mass for which
the transition occurs from the non-
p^rturbative to the perturbalive QCD
description is chosen to be 2 GeV be-
cause, at that point, many exclusive
channels are already opened, as can be
seen in Fig. 7, iii d because many fea-
tures, in particular the charged mul-
tiplicity and the strangeness content,
are found to be identical in the two
approaches for that same mass.1 2 I fi ? 0 2 •!

(Fi11 (GcV)

Fig. 7 Exclusive Higgs decay branching ratios.

4.2.Î Search for a long-Hved Higgs boson.

For Higgs masses below 2M11, the main decay modes are to e"1 e~ <uid, to a much lesser
extent above 2Me, to 77. The lifetime is 12 ps just below 2M11, corresponding to a Might
path A of typically 15 cm for a, Higgs produced by (6). The lifetime increases to 100 ps
(A ~ 5 m) for MH = 50 MeV, and to 5 ns (A ~ 100 km) for MH just below 2MC.

Therefore, two search techniques are used:
• The first one is suited for a very light and very long-lived Higgs boson which escapes

undetected. The reaction investigated is e+e~ —» (H)I+1~, with I —- e or /t. The
signature is a pair of energetic (more than 30 GeV) and acoplanar (more than 30
mrad) charged particles. A veto is applied if any isolated photon with an energy
greater than 1 GeV is detected in addition.
No event is observed in the full set. As can be seen in Fig. 8, this excludes a SM Iliggs

boson with a mass below 57 MeV, at 95% CL.
• The second one is suited for a slightly more massive Higgs boson which decays visibly

into an e+ e~ pair, but with a lifetime sufficient for the pair to be produced away from
the main interaction vertex. In this case, since the signature comes from the Higgs
decay itself, all channels in (6) can be used, including e+e~ —» Hqq. An e+e~ pair
with momentum above 2 GeV/c and more than 20 cm away from the main vertex
in the plane transverse to the beam is required. No charged particle track should be
observed within 20° from the pair.The energy in all charged particles besides the pair
should exceed 10 GeV. If there is no charged particle track in addition to the pair (HvP
candidate), the momentum of the pair transverse to the beam must exceed 2 GeV/c,
and a veto is applied if an isolated photon with an energy above 5 GeV is detected. If
there are two or more tracks, the vertex of the pair is required to be well within the
volume of the TPC, and, if the event is multihadronic, the mass of the pair should not
be compatible with the K or A masses (when calculated with the appropriate mass
assignments).

11



One event survives in Set I, compatible with coining from the reaction e+e~ —» /"* / " 7 ,
with 7 converted into an e+e~ pair in the gas of the TPC volume (0.4 such events are
expected). As shown in Fig. 9, a SM Higgs boson is thus excluded at 95% CL in the

mass range from 32 MeV to 2M11.

ALEPH

Fig. 8 Number of Higgs events expected
in the acoplanar lepion search (A).

tOO 150 200
mH (MeV)

Fig. 9 Number of Higgs events expected
in the displaced vertex search.

These two results together unambiguously exclude a light SM Iliggs boson in the whole
mass range from 0 to 2M11.

4-2.3 Search for a short-lived Higgs boson.

As soon at the Higgs boson mass exceeds 2M11, the Higgs lifetime becomes so short
that it can be ignored for any practical purpose. For the Higgs mass range which could
be investigated in Set I, that is below ~ 15 GeV, the Higgs decay products from (6) lend
to appear, in the center-of-mass of the reaction, as concentrated in a single jet. For the
higher mass domain which could be explored with the full set, the characteristic topology
for the Iliggs decay products tends to rather be two-jet like. Therefore, to search for a
Iliggs boson produced in the reaction e+e~ —• Hvu, a monojet search is performed on
Set I and a search for di-jets with missing energy on the full set.

The monojet topology is defined using the charged particle tracks only. Basically,
all tracks with momentum above 300 MeV/c must be contained within a cone of half
opening angle 96°, the momentum of the monojet transverse to the beam axis must exceed
2.5 GeV/c, the direction of the monojet must be more than 40° away from the beam axis,
and a veto is applied if energy above some threshold (typically 2 GeV) is detected in
any of the calorimeters in the hemisphere opposite to the monojet or at low angle with
respect to the beams. The efficiency (including that from triggering and that from the non
observation of purely neutral final states) varies from 25% to 60%, depending on the Iliggs
mass. No event is observed in Set I (and one in the full set, compatible with coming from
C1-C- —> T+T~ with one of the TS giving most of its energy to neutrino(s)).

12



Higgs masses below 12 GeV are excluded by this search at 95% CL. Combining with
searches in the Hl+1~ final state, the limit is extended to 15 GeV, and an additional search
in the Hqq final state, limited to the low mass region, increases the level of confidence for
the exclusion of Mfj <~ 2 GeV.

The di-jet topology is also defined from the charged particle tracks, in a way similar
to the monojet topology. The cone half-angle is now increased to 139°, the vector sum of

the momenta still has to be more than 40° away
from the beam axis, and its transverse compo-
nent has to exceed 3 GeV/c. Two jets should be
found by the clustering algorithm. The overall
energy in charged tracks and the energy mea-
sured in the electromagnetic calorimeter should
not exceed 35 GeV and 25 GeV respectively. A
veto is applied on energy deposits at small an-
gle with respect to the beams. No event is ob-
served in the full set while the efficiency of the
search is typically 60%, thus excluding at 95%
CL Higgs masses between 11 and 22 GeV. When
this search is combined with that for Hl+l~ fi-
nal states the upper limit of the excluded range

!5 20 25 Ii2l

becomes 24 GeV (see Fig. 10).' '
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Fig. 10 Number of short lived

Higgs events expected .

Therefore, these results and those of the previous section allow to exclude at 95% CL
a Standard Model Higgs boson in the full mass range from 0 to 24 GeV.

4.3 Searches for the Higgs bosons from supersymmetry.

4.3.1 The Higgs sector in supersymmetric models.

In any supersymmetric model, at least two doublets of Higgs fields are needed i) to give
masses to both up and down-type quarks and U) to equalize the numbers of fermionic and
bosonic degrees of freedom within gauge supermultiplets (see 4.4-1)- In the Minimal Su-
persymmetric extension of the Standard Model (MSSM), these two doublets are sufficient
and the Higgs sector consists of:

• two neutral CP-even scalars. One of them, h, is lighter than the Z, while the other is
heavier than the Z.

• one neutral CP-odd scalar, A, heavier than h.
• a pair of charged scalars, heavier than the W.

13



All masses and couplings are determined from only two parameters which can conve-
niently be chosen as M/, and tan/3 = v2/vi. Here V1 and «2 are the vacuum expectation
values of the two Higgs doublets: V1 gives their masses to the down-type quarks and to
the charged leptons, and V2 to the up-type quarks. Occasionally, MA will be used instead
of v2/V1.

The only non-vanishing couplings of h and A to the Z are:
• ZZh, similar to the coupling of the SM Higgs boson, but reduced by a factor sin(/? — a).

Here, a is a mixing angle in the CP-even neutral sector; it is practically equal to — (3.
• ZhA, which behaves as cos(/3 — a).

The CP-even h can be searched for exactely like the SM Higgs boson using (6), but
with an expected rate reduced by sin2(a —/3) when V2Zv1 departs substantially from unity.
Fortunately, in that case two phenomena occur simultaneously: MA decreases to become
close to Mi1 and the ZhA coupling becomes large. Therefore, the rate of the reaction

e+e~ -» Z -» hA (7)

is then expected to become substantial. Actually, for instance, for Mi1 = 10 GeV and
V2Jv1 = 5, the reduction rate for (6) is 0.15, but MA = H GeV and the rate of (7)
corresonds to 40% of Tvt> (one specie). Thus, (6) and (7) are complementary processes,
with (6) better suited when V2Jv1 ~ 1, and (7) better suited otherwise.

The decay patterns of h and A are governed by their couplings to fermions. Ifv2/v\ ~ 1,
these are very similar to those of the SM Higgs boson. But for v2/vi > 1, the couplings to
leptons and to down-type quarks are enhanced (and those to up-type quarks reduced) by
a factor ~ tan/3. The reverse occurs for v2 /vi < 1.

With the recent CDF lower limit on the top quark mass of 89 GeV, a value of tan/3
substantially greater than unity is commonly expected.

Jf. 3.2 Results inferred from the searches for the SM Higgs boson.

Since the rate of events expected from (6) is reduced by a factor sin2(/3 — a) compared
to the SM case, one can use, for a given value of Mk, the ratio of the number of events
expected for a SM Higgs boson to the 95% CL upper limit on the number of events actually
observed in order to derive a 95%CL upper limit on sin2(/3 — a) and thereof on V2 /V1. From
the results presented in Fig. 10, one thus deduces the excluded domain (A) in the

V2 /V1 ) plane shown in Fig. 11. '

For Mh < 2Mf1, some caution is needed as the coupling of h to electrons is modified,
and therefore accordingly its lifetime and decay branching ratio to e+e~. With this taken
into account, the results shown in Figs. 8 and 9 translate into the excluded domains
(H) and (A) in Fig. 12. ' One can see that those are no longer symmetric in the
interchange of V1 and V2.
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Fig. 12 Same as Fig. 11 for Mk<2Mlt.
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4.3.3 Search for Higgs pair production in Z decays.

The signature of hA pairs produced in Z decays depends on Mf1 and on the value of
Vi/vi. Only the regions in the (Mh, v^/vi) plane not yet excluded in J.3.2 are explored
here:

• For Mh < 2MM, h decays to e+e~ or to 77, with a substantial lifetime. Therefore, the
search for displaced e+e~ vertices discussed in l.%.i can be re-used, and its negative
result can be interprated in terms of reaction (7), thus leading to the excluded domain
(B) in Fig. 12. For «2/^1 < ~ 0-2» the lifetime of h becomes too large. However,
since the lifetime of A is also very large in that region, the final state is invisible, and
the measurement of the peak hadronic cross section can be used as outlined in J.I
("method (O)") to exclude the region (C) in Fig. 12.[13]

• For Mh and MA < ~ 3.5 GeV, h and A decay to low mass final states, with low charged
multiplicities. A search is performed for events with a charged multiplicity of 4 or 6
and consisting of two energetic back to back neutral jets, with charged multiplicities
of 2 or 4. The same signature applies up to 2MB if vj/vi > 1 since the main expected
final state is then two back to back pairs of TS, taking into account the ~ 85% one
prong T decay branching ratio. Only one event is observed when hundreds would be
expected. The domain (E) in Fig. 11 is thus excluded. The upper right region left
open in Fig. 12 corresponds to cases where the lifetime of h is too small for a visible
displacement of the decay vertex to be observed. But the present search then applies,

and the result is that the domain (D) in Fig.12 is excluded.

• For Mh, and MA > 2MB and for #2/^1 > 1, the most copious final state in reaction (7)
is a 46-jet system. However, the background from standard Z multihadronic decays
is quite large. On the other hand, since h or A typically decay ~ 6% of the times
into T pairs, a search for the TJrT~bb final state is worthwhile as the main topology (4
jets, of which two are made of a single charged particle) is very characteristic and thus
much freeer from background. Simple topological cuts lead to no event observed, with
a typical efficiency of 15% for the T+T~bb signal. This result allows to exclude the

[13 121

domain (F) in Fig. 11. ' A complementary search in the 46-jet final state has also
been performed, using as an additional signature the occurence of energetic, leptons,
expected to be more frequent in such systems which contain four heavy quarks than in
standard QCD four-jet events. This analysis excludes the domain (G) in Fig. 11.
Combining all these analyses, it can be seen from Figs. 11 and 12 that, whatever

the value of V2/v\, Mh is excluded in the full range from 0 to 3 GeV. From the relation
Mh < \cos(2(l)\Mz, valid in the MSSM, the range of values from 0.75 to 1.3 is excluded
for
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An alternate presentation of the same results,
restricted to the preferred case V2/v\ > 1, is
sliown in Fig. 13 in terms of Mh and MA-
It can b« seen that, in that case, Mh > 21 GeV
and MA > 37 GeV.
If V2Zv1 >l,Mh^MA> 39 GeV.

plane,Fig. 13 Excluded domain in the

for vi Ivi > 1.

5 10 15 20 25 30 35 40 45

4.4 Searches for supersymmetric gauge-Higgs fermions.

4-4-1 The gauge-Higgs sector in supersymmetric models.

In supersymmetric models, ordinary particles and their superpartners are grouped in
supermultiplets within which the numbers of fermionic and bosonic degrees of freedom are
equal. The minimal content in the gauge-Higgs sector is shown in Table 2. The massless
photon, with two helicity states, is associated to a Majorana photino, also with two helicity
states. The massive Z, with three helicity states, is associated to two Majorana zinos, for
a total of four fermionic degrees of freedom, and to a scalar Higgs boson which provides
the missing bosonic degree of freedom. Similarly, the W is associated to two winos and to
a charged Higgs boson. The occurence of charged Higgs bosons implies that at least two
Higgs doublets are needed. These, in turn, lead to two more physical states, the CP-even
h and the CP-odd A (the "Higgs bosons from supersymmetry" which have been.discussed
in 4-$)i a nd to their superpartner, the Majorana higgsino. The two winos mix to form two
physical states known as "charginos". The photino, the two zinos and the higgsino mix
to form four physical states known as "neutralinos". The lighter chargino will be denoted
X^, the lightest neutralino x> and any heavier neutralino x''• The usual assumption will be
made that x iS the lightest supersymmetric particle (LSP), that it is stable (by i?-parity
conservation), and that it interacts weakly with matter (this simply means that the scalar
partners of quarks and leptons are heavy).

Table 2.

Spinl

7

Z

W±

Spin 1/2

7

Z1 Z2

h

Spin 0

H

h A
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In the MSSM, the gauge Higgs-sector is fully described by three parameters only:
• M, a soft supersymmetry breaking gaugino mass term. The usual assumption is made

that the SU(3)c, SU(2)i and U(l)y gaugino masses (M3, M2 and Mi respectively) are
equal at unification scale. They are, however, renormalized differently at low energy.
Here the combination M = Mi cos2 Ow + M2 sin2 Ow is used, as it is practically the
mass of the LSP when the latter is mostly photino.

• //, a supersymmetric mass term which mixes the two Higgs superfields. It is practically
the mass of the LSP when the latter is mostly higgsino.

• tan/? = V21Vi, the ratio of the vacuum expectation values developped by the two Higgs
doublets.

The predictivity of the model is therefore very high.

4-4-% Search for neutralinos.

Neutralinos are produced in Z decays through their higgsino components (there is no
, Z-yy nor ZZZ coupling). The relevant reactions are:

e + e - ^ z -> XX1, (8)

e+e~ -+Z-* x'x'. (9)

The x' principally decays according to

Decay diagrams involving the exchange of scalar quarks or leptons lead to the same
final states. In the following, these diagrams are ignored, but their effect is likely to simply
enhance the leptonic modes, as scalar quarks are expected to be heavier than scalar leptons.
It turns out that neglecting these diagrams leads to conservative results.

If h (or A) is light enough for the decay x' ~> X^1 (o r -^) *° be kinematically accessible,
it will be dominant. However, although this would enhance hadronic final states, the
invisible modes (xvi>) would be sufficiently depressed for a net gain in detection efficiency
to occur. Again, neglecting these decays leads to conservative results.

If kinematically allowed, cascade decays like x' —> X±W* followed by x* —•> XW*
should be considered. However, low mass charginos are excluded up to ~ 45 GeV, which
makes it unlikely that this process can compete with (10). Such cascade decays are ignored
in the following.

Finally, the decay

can proceed through loop diagrams and is found to be non-negligible in some regions of
the MSSM parameter space.
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The signature of reaction (8) followed by the decay (10) is missing energy and mo-
mentum carried away by the ^s, and a pair of acoplanar jets or leptons. If both Mx<
and Mx are sufficiently low, the pair of jets or leptons will even coalesce into a monojet.
The searches for acoplanar jets and for monojets have been described in the context of
the Higgs boson searches in J^.Î. In addition, a search for acoplanar lepton pairs lias been
performed. No event is observed fulfilling the following criteria: two oppositely charged
particle tracks with momenta above 2 GeV/c and more than 25.8° away from the beam
axis, with acollinearity and acoplanarity angles exceeding 18.2° and 10° respectively, with
a total momentum transverse to the beam axis in excess of 2.5 GeV/c; in addition, no
isolated energy deposit should be found in the calorimeters, unless it is compatible with
coming from a r decay together with one of the charged particle tracks. Combining these
searches, in essentially all of the domain kinematically accessible in the (Mx-, Mx) plane
branching ratios at the level of a few 10~4 are excluded at 95% CL.

These searches retain some efficiency for reaction (9) too since the two \ s coming from
the x' decays may carry substantial missing energy and momentum.

If the dominant \' decay is (H), the signature of reaction (8) is a single high energy
photon, and that of reaction (9) a pair of acoplanar photons. A search for such topologies
lias been performed: for photon energies above 7 GeV, no single photon event is observed
nor any pair with an acoplanarity angle greater than 0.5° and with a missing energy in
excess of 20 GeV.

The 95%CL upper limits on the brandling ratios of Z into xx' ant^ x'x' resulting from
these searches are shown in Pig. 14.

4.4-3 Implications for the MSSM.

Since, in the MSSM, for any triplet of values for M, fi and Vi/v1 one can compute all
neutralino masses and couplings, the above results can be used to exclude a domain in the
space of these three parameters. In addition, one can also compute the chargino masses
and couplings, and exclusion domains can be derived from the Z line shape measurement,
using "method (0)" as outlined in ././. The most conservative result is obtained assuming
that Z —> X + X ) % ~~* XX' a n d Z —> x'x' contribute to the hadronic width, while Z —> XX
contributes to the invisible width. Finally, one can also use the limit on the chargino mass
reported in 4.1 to further restrict the MSSM parameter space.

It can be seen in Fig. 15 that a large fraction of the parameter space is excluded by
the Z line shape measurement, that a small additional domain is excluded by the chargino
search (corresponding to the case of a x* predominantly higgsino), and that the searches

[14]

for neutralinos reported here substantially increase the excluded domain. In particular,
for ^2/^1 > ~ 4 and for M, /z < ~ 200 GeV, all of the domain accessible in Z decays into
visible final states is excluded and a lower mass limit of ~ 30 GeV is set on the LSP.
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Fig. 14 Equal value contour for the 95% CL. upper limits on 10*xBR{Z-+xx') (a
and 10*-XBR(Z-^x1X1) (b and d) in the (MxMx') plane.

In (a) and (b) x' is assumed to decay 100% to xZ*.
In (c) and (d) x' is assumed to decay 100% to x7-

c)

20



Fig. 15 For various values of V3Jv1, 95% CL. excluded domains in the (M,/i) plane of the MSSM:
from the Z line shape measurement (A);
and from the direct search for charginos (B);
and from the direct search for Z—xx (C);
and from the direct search for Z—'x'x' (D).

Dotted contour: limit of the domain lcinematically accessible in Z decays into charginos
and neutralinos.
Dashed contour: the same, excluding the invisible mode Z—*xx-
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5. Summary and outlook.

Thanks to the extraordinary start-up of LEP and to the remarkable performance of the
ALEPH detector, high quality physics results have been obtained in less than half a year
of operation at the Z peak in 1989. Over 25,000 hadronic Z decays have been collected,
leading to measurements of the Z resonance parameters: the mass, the full width, the
hadronic, leptonic and invisible widths have all been found to be in agreement with the
expectations from the Minimal Standard Model with three light neutrino species.

In spite of numerous efforts, no sign of new physics has been observed. Mass limits on
new quarks, new leptons, excited or supersymmetric leptons, charginos and charged Higgs
bosons have been extended to close to half the Z mass. The Higgs boson of the Minimal
Standard Model is excluded in the whole mass range from 0 to 24 GeV. The gauge-Higgs
sector of supersymmetry is severely constrained: the CP-cven and CP-odd neutral Higgs
bosons of the Minimal Supersymmetric extension of the Standard Model are heavier than
39 GeV if the ratio of the vacuum expectation values of the two Higgs doublets is large.
For this ratio above ~ 4, the lightest supersymmetric particle is heavier than 30 GeV if
the model is to remain natural.

The expectation for 1990 is that the statistics should be increased b; an order of
magnitude. The Z width measurement will reach a precision of ~ 10 MeV, which will
match the present theoretical uncertainty. The precision on the leptonic widths will also
largely benefit from the increase in statistics. As far as new particle searches are concerned,
the only significant prospect for improvement is in the Higgs sector. In particular, it is
to be expected that the mass limit on the Standard Model Higgs boson will be pushed to
~ 45 GeV, unless it is discovered...
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