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Abstract

From a sample of 152,000 � decays collected by the ALEPH detector at LEP an
upper limit of 24 MeV at 95% CL on the � neutrino mass has been determined. The
limit is obtained using a two dimensional likelihood �t of the visible energy and the

invariant mass distribution of 25 � ! 5�(�0)�� events.
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1 Introduction

The question of a non-vanishing neutrino mass is of fundamental importance in particle

physics. Furthermore the value of the � neutrino mass has important cosmological

implications. From cosmology the mass of a stable � neutrino is bounded by its

contribution to the energy density of the universe to be either smaller than 20� 60 eV

or larger than 4�5 GeV [1]. In the case of an unstable � neutrino these constraints are

no longer valid and the mass could be in the MeV range [2]. The presence of a neutrino

with such a high mass could possibly be detected by experiments at e+e� colliders.

Direct limits on the tau neutrino mass have been derived by �tting the invariant

mass spectrum of hadrons produced in tau decays with a likelihood technique. The

lowest 95% CL limits have been obtained by ARGUS [3], 31 MeV with 20 � ! 5����
events, and by CLEO II [4], 32:6 MeV with 60 � ! 5���� and 53 � ! 3��2�o��
events.

In this letter an upper limit on the � neutrino mass is presented, obtained with the
ALEPH detector at LEP using a technique based on a two dimensional likelihood �t

in the variables invariant mass and energy of the hadronic system in � ! 5��(�0)��
decays. This method, recently applied by OPAL [5] to a 5 event sample, leads to a
substantial gain in sensitivity with respect to the use of invariant mass alone.

2 The ALEPH Detector

The ALEPH detector is described in detail elsewhere [6]. A brief description of the
elements of the apparatus relevant to the present analysis is given here.

Charged particles are tracked in an axial magnetic �eld of 1.5 T using a silicon
vertex detector with two dimensional readout, a drift chamber and a time projection

chamber (TPC). This combined tracking system provides up to 31 coordinates and up
to 338 measurements of the speci�c ionization for each track.

For high momentum particles the transverse momentum resolution is
�pT=pT = 6 � 10�4 pT GeV. The mass resolution for a multibody decay like
D0 ! K����+�+ is typically 10 MeV.

Surrounding the tracking detectors are the electromagnetic calorimeter (ECAL), the

superconducting solenoid, the hadron calorimeter (HCAL) and the muon chambers.
The ECAL is a lead wire-chamber calorimeter with cathode-pads read out in

0:9� � 0:9� projective towers divided in three longitudinal segments, with an energy

resolution of �E=E = 0:18=
q
E(GeV ) + 0:009. The �ne segmentation of the ECAL is

fundamental for photon identi�cation and �0 reconstruction [7].
The HCAL is composed by 1.2 m of iron, interleaved with 23 layers of streamer

tubes , while the muon chambers consist of two double layers of streamer tubes.

Charged particle (electron, muon, hadron) identi�cation is performed with a

likelihood method using the combined information of all subdetectors [8].
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3 Event selection

This analysis is based on a data sample of 65 pb�1 collected by ALEPH in the years

1991, 1992 and 1993, which corresponds to 1.6 million hadronic events and 76,000 �+��

pairs.

The data were selected using the standard ALEPH � o�-line �lter [9] to isolate

e+e� ! �+�� events. Within the geometrical acceptance of 84:2% this selection has

an average e�ciency of 93:2% and a contamination from hadronic events of 0:25%.

The selected events were divided into two hemispheres by a plane perpendicular to

the thrust axis and only events with at least one �ve prong hemisphere were retained.

Each track in the event was required to have a momentum larger than 100 MeV, a polar

angle greater than 18:20, to be reconstructed with at least 4 TPC coordinates, and to

originate from a 2 cm radius 20 cm long cylinder around the nominal beam position.

The �ve track system was required to have unit charge and
P5

i=1 jd0j < 0:8 cm, d0 being

the distance of closest approach to the interaction point in the plane perpendicular to
the beam direction. Events with at least one of the �ve tracks identi�ed as an electron or

with a pair of tracks kinematically compatible with a photon conversion were rejected.
After applying the above cuts photon identi�cation was performed in a 60� cone

around the thrust axis. The photons were paired to form �0s using a likelihood
method which also rejects fake photons reconstructed near hadronic showers. Events
with no photons were classi�ed as 5� decays while events with two photons forming

a �0 candidate were classi�ed as 5��0. Any event with unpaired photons after �0

reconstruction or with more than 1 �0 candidate was rejected.
To suppress the contamination from e+e� ! ��ff events - hereafter referred to

as four fermion events - and e+e� ! qq events some additional cuts were applied.
The total invariant mass of the 5(6) pions was required to be smaller than 2.5 GeV.

The charged multiplicity in the opposite hemisphere had to be smaller than 4. The
invariant mass between charged tracks and photons of the opposite hemisphere was
required to be smaller than the tau mass and the absolute value of the total charge of
the event had to be smaller than 2.

The e�ects of these cuts on the selection e�ciency are summarized in table 1.
The 5��0 mode has a smaller total e�ciency because the dense hadronic activity in

the ECAL masks the development of photon showers and consequently hinders �0

reconstruction. According to Monte Carlo (MC) both e�ciencies are independent of

Selection criteria Signal modes

5� 5��0

�+�� selection 75:89 � 0:45 73:11 � 0:46

5 prong selection 32:08 � 0:46 27:22 � 0:44

�0 rejection/reconstruction 26:80 � 0:44 7:70 � 0:27

Additional cuts 24:71 � 0:44 6:97 � 0:25

Table 1: MC selection e�ciency (in %) for the two signal modes after the di�erent

selection requirements.
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the invariant mass (mhad), and of the energy (Ehad) of the hadronic system.

After the selection 23 and 2 events were identi�ed as 5� and 5��0. Assuming the

recent CLEO II measurement [10] of the branching fractions, 27 � 3 and 3 � 1 events

were expected in the two channels. All the observed events are in the 5-1 topology. The

position of several events on the Ehad vs mhad plane is shown in Fig. 1. Only a part of

this plane is kinematically accessible for the signal. The extent of the accessible region

decreases with increasing neutrino mass. The allowed region is hereafter de�ned as the

largest accessible region. Its border is drawn in Fig. 1 together with that corresponding

to a 31 MeV massive neutrino. All but one of the selected events are inside the allowed

region. The exception is a 5��0 event, labeled 4 in Fig. 1, which is about one standard

deviation away from the border.

4 The background

The e�ects of background on the determination of the limit on the neutrino mass
depend strongly on the position in the Ehad vs mhad plane of the background events

and on the accuracy with which that position is determined. This is a consequence of
the fact that the sensitivity to m� varies considerably across the plane, increasing near
the border of the allowed region.

There are two kinds of background: misclassi�ed � decays which are reconstructed
at a point in the plane with a di�erent sensitivity to m� with respect to their true

location, and non-�+�� events which happen to lie inside or near the allowed region.
In particular the addition of a fake particle to the true ones (like a fake �0 to a � ! 5���
decay) or the attribution to a particle of a larger mass (such as a conversion electron
identi�ed as a pion) can bias the determination of the limit on the neutrino mass to
lower values. On the contrary misclassi�ed tau decays in which a particle is lost (like

an undetected �0 in a � ! 5��0�� decay) bias the determination to higher values of
the neutrino mass.

For this analysis the background is considered negligible either if it introduces a bias
towards higher neutrino masses or if it contributes less than 1% to the total number
of events entering a special `sensitive' region of the plane de�ned as follows: given a

distribution of events limiting the neutrino mass to 28 MeV at 95% CL the `sensitive'

region is that part of the plane where one extra event, with typical errors on mhad

and Ehad improves the limit by more than 1 MeV. The shape of the sensitive region is
shown in Fig. 1. This shape does not depend on the speci�c distribution of the other

events.
The number of background events predicted by the MC for the samples of the 5�

and 5��0 candidates is given in table 2 for both the whole plane and the sensitive
region. The MC statistics employed in this evaluation amount to 10,000 � ! 5��� ,

10,000 � ! 5��0�� , 590,000 e
+e� ! �� events, 2.9 million e+e� ! qq events and 7500

four fermion events. The last three samples correspond respectively to 8 times, 2 times

and 30 times the data statistics. A special production of hadronic events in the 5-1

con�guration, equivalent to 6 million qq events, was also used.
Out of the two hadronic MC samples only one event from the 6 million sample
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Background source Signal Modes

5� 5��0

Full plane Sensitive region Full plane Sensitive region

5� - - 0:15� 0:08 0:04 � 0:03

5��0 1:0� 0:4 < 0:01 - -

K0
s
K0

s
� 0:8� 0:4 0:1� 0:1 < 0:1 < 0:01

3��0 0:25� 0:18 < 0:01 0:13� 0:13 < 0:01

qq 0:26� 0:26 < 0:01 < 0:3 < 0:01

�+��ff 0:05� 0:03 < 0:01 0:01� 0:01 < 0:01

Table 2: Background events expected in the selected samples from MC.

survives the selection being classi�ed as a 5� event. It lies far from the border of

the allowed region at low Ehad value and shows an intense activity in the hadron
calorimeter.

The background from four fermion events is composed mainly of �+���+�� events
where one of the taus decays in three prongs and forms together with the two muons

the 5 prong system. The muons are not collinear with the tau and therefore the total
mass is on average much higher than the tau mass. If the cut at mhad < 2:5 GeV
were released one such event would in fact be observed in the data at mhad = 17 GeV.
An additional tag for these events is the identi�cation of the two muons. In the data
sample only one out of 125 charged particles is identi�ed as a muon, in agreement

with the expectation from the �! ��� decay rate inside the tracking volume and the
misidenti�cation probability.

The background from the misclassi�cation of 3��0 events is also very small. It
originates from events in which the particle identi�cation fails either because the
electrons from a converted photon enter ECAL very close to an uninstrumented area,

or because the momenta of the tracks are extremely low. The kinematic cuts to
identify the conversions also fail in presence of a Dalitz decay of the �0 or of a wrong
measurement of the angular separation of the electrons. Their contribution is less
important in the two dimensional approach because, although the invariant mass is

overestimated, the total energy of the system is underestimated by the loss of one

photon.

The K0
s
K0

s
� contribution originates from K0

s
decaying very close to the interaction

point. As discussed later the decay dynamics of the 5 prong system a�ects very weakly
the determination of the neutrino mass and hence K0

s
K0

s
� events are not expected to

bias the measurement.
The only non negligible background comes from the reciprocal contamination

between 5� and 5��0 decays. As stated before only 5� identi�ed as 5��0 can bias the
limit on the neutrino mass to lower values. The possibility that 5��0 events are in fact

5� decays has been considered in the evaluation of the systematics. The corresponding

variation of the limit on the neutrino mass is small (� 0:3 MeV).
In addition to the MC prediction the qq background has been determined directly

from the data. Events in the 5-N topology were selected by applying the �ve prong
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selection to the data without the �+�� preselection and any of the additional cuts.

This sample contains both signal and background events. Signal events can be anti-

tagged to obtain a measurement of the background. The two hemispheres were treated

independently and cuts on one of the two were used as tag for the opposite: requiring

N > 4 the distribution of the background in the Ehad vs mhad plane was measured;

cutting at mhad > 1:9 GeV in the 5 prong hemisphere the distributions of N and of

the invariant mass in the opposite hemisphere mopp were determined.

Fig. 2 shows the distribution in the Ehad vs mhad plane of the events selected with

this procedure. The projections onto the two axes are in good agreement with the MC

prediction, as are the distributions of N and mopp.

Neglecting the correlations between the two hemispheres, it is possible to compute

from the data the expected contamination, which is about 0.01 background events

inside the sensitive region of which 0.006 in the 5-1 topology.

Finally by inspection of the topology in the opposite hemisphere of the events in the

sensitive region (table 4) it appears that the interpretation of these events as originating
from Z ! qq is even more unlikely.

5 The method

The limit on the mass is derived from an analytical maximum likelihood function
giving the probability density of obtaining the observed distribution in the plane

(x = m
had

m�

; y = E
had

E
beam

).

For any given event i the probability density function Pi(m�) takes the form:

Pi(m�) =
1

N (m�)

x1(m�)Z

x0

dx

E
beamZ

m�

dE�G(E�)

y1(E� ;m�)Z

y0(E� ;m�)

dy R(x�xi; y�yi)�(x; y)
d2�(x; y;m2

�
)

dxdy

Where :

�
d2�(x; y;m2

�
)

dxdy
is the theoretical distribution of the given decay mode;

� �(x; y) is the selection e�ciency;

� R(x� xi; y � yi) is the normalized resolution function, namely a multivariate
Gaussian with an additional constant tail taking into account pattern recognition
ambiguities in track reconstruction;

� G(E� ) is the initial state radiation function, derived from [11];

� (y0; y1) = (
E�(1 � �

q
1 � (mhad

E�
)2)

m�

;
E�(1 + �

q
1 � (mhad

E�
)2)

m�

),

E� =
m2

�
+m2

had
�m2

�

2m�

being the hadronic energy in the � rest frame and

� =
p�

E�

the � velocity;
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� (x0; x1) = (

P5(6)
i=1 m�

m�

;
m� �m�

m�

);

� N (m�) is the normalization factor.

The function d
2�(x;y;m2

�
)

dxdy
is de�ned only inside the allowed region. Consequently any

event falling outside the allowed region contributes to the likelihood only to the extent

permitted by the resolution function or by the radiation function.

The matrix elements of the decays of the two modes entering d
2�(x;y;m2

�
)

dxdy
are not

presently �xed rigorously by any theory. This is because �ve pion decays are G odd

and at best PCAC at low energy [12] could be invoked, while six pion decays involve a

number of isospin amplitudes bigger than what can be determined via CVC from e+e�

data [13]. Unlike other decays they are not dominated by a single low mass resonance

and therefore a constant term has been used in the likelihood for the hadronic spectral

functions ('phase space' approximation). Since spin 0 amplitudes are suppressed in �

decays, the hadronic system should contain at least two pions in a P wave, a � or an a1
state. The use of intermediate � and a1 production for the decay � ! 5��� has been
investigated convoluting a Breit-Wigner function with the appropriate phase space
factors. In Fig. 3 the invariant mass spectrum is plotted for each di�erent assumption
while in Fig. 4 the mass spectra of the model without resonances and the a1 model are
compared to the data. The corresponding variations of the m� limit are small (� 0:3

MeV) because near the kinematic limit the di�erences in the structure functions are
washed out by the strong dependence of the phase space term on m�.

The statistics achievable near the end point depend strongly on the model as already
shown by other tests performed with a ��� model [14]. In the selected data sample �ve
events are observed in the sensitive region. The probability of observing �ve or more

events in this region is about 1% for the model without resonances and about 5% for
the a1 model.

The resolution functions R(x� xi; y � yi) have been investigated using the MC
and checks have been performed on the data as explained in the next section. The
resolutions in mhad and Ehad can be well described using a Gaussian with a at tail.

The width of the Gaussian is 40% larger than what can be directly computed from
the tracking and calorimetric errors. This e�ect is mainly due to pattern recognition

ambiguities and it is correlated with the dense decay topology. The at tail is due to

the non-Gaussian nature of such errors and is una�ected by the presence of nuclear
interactions. The fraction of events in the tails is on average 5%. The typical mass
(energy) resolution for 5� events in the MC is 15 MeV (350 MeV) while for 5��0 events

is 35 MeV (800 MeV).

For every event the parameters of the resolution functions used in the �t were
obtained from several hundred MC events, generated from the observed kinematic

con�guration as input. In a few cases small deviations of the average value of the
reconstructed parameters from the input value were observed. These di�erences are

taken into account in the systematics.

9



6 Results and systematic e�ects

Two �ts have been performed, both converge to neutrino mass values compatible with

zero: the one dimensional �t gives a 95% CL limit of 37.6 MeV and the two dimensional

gives a limit of 23.0 MeV. The dependence of the likelihood on the neutrino mass is

shown in Fig. 5 for both �ts.

The above result has been corrected for systematics e�ects considering the following

sources of uncertainty.

� Mass calibration and resolution: for the 5� events this has been investigated

looking at the reconstructed D0 mass in the decay chain D� � ! D0��;D0 !

K����+�+ where the energy of the D� was required to be at least half the beam

energy; the data are in agreement with the MC, giving an upper limit on the

mass systematics of 0.5 MeV for the absolute value and a 20% increase for the

resolution; the above values have been used in the evaluation of the systematics
on the neutrino mass as shown in table 3 .

� Energy calibration: in both J=	 ! �+�� and D0 ! K��+ decays the average
opening angle between the daughter tracks is large (� 200 mrad) so that the error
on the reconstructed masses is dominated by the error on the energy; the data
measurements are consistent with the expected values giving an upper limit on

the energy systematics of �E = 2:7� 10�4 E (GeV ). The systematics for the �0

energy calibration have been estimated from � ! �! ��0 decays. A systematic
uncertainty on the �0 energy of 1% has been applied.

� Mass-Energy correlation: the average opening angle between the pions in � !

5�(�0)� is relatively small (� 50 mrad) so that the error on the mass receives
a contribution also from the determination of the direction of the tracks. The
average mass-energy correlation in MC is 54%. Conservatively the mass and
energy systematics were considered to be 100% correlated.

� Resolution functions: the shape of the resolution functions has been computed

event by event with the procedure described in the previous section. For few

events small deviations from the input value of the mean reconstructed mass and
energy were observed. These deviations have been introduced as a systematic

error.

� � mass: the value of the mass has been taken to be [15] m� = 1777:0� 0:3 MeV.

� Beam energy: uncertainties in beam energy determination have been investigated

by the LEP calibration group [16]; an error of 6 MeV from the knowledge of the

absolute beam energy has been applied to all events while a Gaussian error with
a � of 37 MeV from the beam energy spread has been applied separately to each

event.

� Background: the e�ect of a possible background from 5� events classi�ed as 5��0

has been computed using a new likelihood where the probability density function
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systematic source variation 1d limit variation 2d limit variation

(MeV) (MeV)

Mass o�set 0.5 MeV 0.2 0.2
Energy o�set 0:027%E - 0.2

Mass & energy o�sets 100% correlation - 0.3
Mass resolution 20% 2.0 0.2

�0 energy resolution 1% < 0:1 < 0:1

Resolution functions Observed deviations 2.2 0.6

� mass 0.3 MeV 0.3 0.2

Ebeam calibration 6 MeV - 0.1

Ebeam spread 37 MeV - 0.3
Background 5� class. 5��0 0.2 0.3

total 3.0 0.8

Theoretical model � + 3� -0.3 -0.2
Theoretical model a1 + 2� -0.5 -0.3

Table 3: Sources of systematic error and the resulting variation of the 95% CL limit
on the � neutrino mass.

of the jth 5��0 event is rede�ned as P
0

i=j = 0:96 Pj(5��
0) + 0:04 Pj(5�), thus

ignoring the presence of the reconstructed �0 with 4% weight. The variation of
the limit on the neutrino mass was small (� 0:3 MeV). The other sources of
background are negligible and do not contribute to the systematics.

� � lifetime: the e�ect of the lifetime on the tracking parameters within the MC

has been found negligible for both the mass and the energy determination.

� Theoretical function: the limit on the neutrino mass is derived with the phase
space approximation, the � + 3� and a1 + 2� distributions give a result slightly
smaller (by 0.2-0.3 MeV).

The systematic uncertainties and their e�ects on the �ts are listed in table 3.

The total systematic error is dominated by the knowledge of the resolution functions.
Including the above e�ects the �nal result is then:

m� < 40:6 MeV at 95% CL for the one dimensional �t

m� < 23:8 MeV at 95% CL for the two dimensional �t

Finally the �t stability was investigated removing one event at the time from the
�t. The result for the 5 events in the sensitive region is listed in table 4 together with

the reconstructed � decay in the opposite hemisphere.

7 Conclusions

A new upper limit on the � neutrino mass of 24 MeV at 95% CL has been established
determining detector e�ects and background contamination mostly from data. This
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1d limit variation 2d limit variation � decay
(MeV) (MeV) opposite hemisphere

event 1 +8.8 +5.3 � (20.0 GeV)

event 17 +6.8 +3.2 �=h (1.3 GeV)
event 4 +1.2 +1.0 e (37.5 GeV)

event 14 +0.2 +2.3 h (5.5 GeV) + �0 (9.0 GeV)
event 8 +0.8 +1.6 � (3.8 GeV)

Table 4: Variation in the mass limit when one event is taken out of the �t. In the last

column the reconstructed � decay in the opposite hemisphere is reported together with

the measured energy of the decay products.

value improves on the previous lowest limit of 31 MeV. The determination has bene�ted

from a greater sensitivity to the neutrino mass obtained by using a two dimensional
�tting procedure.
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ℵ

Figure 1: Distribution of Ehad=Ebeam versus hadronic invariant mass of data events

in the range mhad > 1:62 GeV and Ehad=Ebeam > 0:85. Events labeled 4 and 25 are

identi�ed as � ! 5��0�� . The border of the sensitive region as de�ned in the text is
also drawn (dashed line).
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Figure 2: Distribution of Ehad=Ebeam versus hadronic invariant mass of non-�+�� data
events in the topology 5-N with N> 4.

Figure 3: Invariant mass distribution of the 5� system for three assumptions on

resonance production.
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Figure 4: Invariant mass distribution of 5� data events compared with two assumptions
on resonance production.

Figure 5: Total likelihood versus tau neutrino mass for the one dimensional (above)
and two dimensional (below) �t.
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