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ABSTRACT

We report the results of a search for single isolated electrons of high
transverse momentum at the CERN Ep collider, Above 15 GeV/c, four events are
found having large missing transverse energy along a direction opposite in
azimuth to that of the high Pr electron. Both the configuration of the events
and their number are consistent with the expectations from the process
pD+p-— W+ anything, with W - e + v, where Wi is the charged Intermediate

Vector Boson postulated by the unified electroweak theory.






1. INTRODUCTION

The very successful operation of the CERN Ep Collider at the end of 1982,
with peak luminosities of v 5 x 10%® cm™2 57!, has allowed the UA2 experiment to
collect data corresponding to a total integrated luminocsity of ~ 20 nb~!. Accor-
ding to current expectationsl), these data should contain approximately four
events of the type

- +
p+p~>W + anything (1)

L——a ei + v(V)

where W is the charged Intermediate Vector Boson (IVB) which mediates the weak
interaction between charged currents?). In fact it was the search for such par-
ticles, and for the neutral IVB, the Zo, that motivated the transformation of the
CERN Super Proton Synchrotron (SPS)} into a pp collider operating at a total
centre~of-mass energy vs = 540 GevV ¥, ‘

We report here the results of a search for single electrons of high trans-
verse momentum (pT), which are expected to originate from reaction (1). Because
the neutrino from W decay is not detected, the events from reaction (1) are
expected to show a large missing transverse energy (of the order of the electron
pT) along a direction opposite in azimuth to that of the electron. Results on
this subject have been reported earlierq)s).

The experimental apparatus is shown in Fig. 1. At the centre of the appara-
tus a system of cylindrical chambers (the vertex detector) measures charged
particle trajectories in a region without magnetic field., The vertex detector
consists of : a) two drift chambers with measurement of the charge division on a
total of 12 wires per track ; b) fourmulti-wire proportional chambers having
cathode strips with pulse height read-out, at +45° with respect to the wires.
These chambers are used to determine the position of the event vertex along the
beam line with a precision of 1 mm.

The vertex detector is surrounded by a highly segmented electromagnetic and
hadronic calorimeter (the central calorimeter), which covers the polar angle
interval 40° < 6 < 140° and the azimuthal range 30° < b < 330°, In the present
experiment the remaining azimuthal interwval (+30° around the horizontal plane) is
covered by a large angle magnetic spectrometer (LAMS), which includes a lead-glass
wall, to measure charged and neutral particle productions) over Ap = 30°.

The forward regions (20° < & < 37.5° and 142,5° < 8 < 160°,
respectively), are each equipped with twelve toroidal magnet sectors, with an
average field integral of 0.38 T.m, followed successively by : a) drift
chambers ; b) multitube proportional chambers immediately behind a converter to

detect showers ; ¢) electromagnetic calorimeters,
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More details on the apparatus will be discussed whenever they are relevant

to the present investigation,
2, ELECTRON SEARCH IN THE CENTRAL CALORIMETER

The central calorimeter is segmented into 200 cells, each covering 15° in ¢
and 10° in & and built in a tower structure peinting to the centre of the interac—
tion region. The cells are segmented longitudinally into a 17 radiation length
thick electromagnetic compartment (lead-scintillator) followed by two hadronic
compartments {iron-scintillator) of two absorption lengths each. The light from
each compartment is collected by two BBQ-doped light guides on opposite sides of
the cell.

All calorimeters have been calibrated in a 10 GeV beam from the CERN PS,
using incident electrons and muons, The stability of the calibration has since
been monitored using a light flasher system and a Co® source. The systematic
uncertainty in the energy calibration for the data discussed here is less than
*27 for the electromagnetic calorimeter.

The response of the calorimeter to electrons, and single and multi-hadrons, has
been measured at the CERN PS and SPS machines using beams from 1 to 70 GeV/c. In
particular, both longitudinal and transverse shower development have been studied,
as well as the effect of particles impinging near the cell boundaries, The energy
resolution for electrons is measured to be OE/E = 0,14/vE (E in GeV). Details of
the construction and performance of the calorimeter are reported elsewhere”).

In the angular region covered by the central calorimeter a cylindrical
tungsten converter, 1.5 radiation lengths thick, followed by a cylindrical pro-—
portional chamber, is located just after the vertex detector. This chamber, named
Cs (see Fig. 1), has cathode strips at +45° to the wires. We measure the pulse
heights on the cathode strips and the charge division on the wires.

In order to implement a trigger semnsitive to high—-pT electrons, the gains of
the photomultipliers were adjusted so that their signals were proporticnal to the
transverse energy. The eight signals from any 2 * 2 matrix of adjacent electroma-
gnetic cells were then linearly added and their sum was required to exceed a
given threshold (typically set at & GeV). In order to suppress background from
sources other than pp collisions, we required a coincidence with two additional
signals obtained from scintillator arrays surrounding the vacuum chamber down-
stream of the interaction point, These arrays were used in an experiment to
measure the Ep total cross-section®) : they gave a coincidence signal in more
than 98% of the non-diffractive pp collisionms.

The full data sample recorded using the W trigger corresponds to a total

integrated luminosity of 19.0 mb™!, A first event selection is made by searching
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for clusters of energy with the configuration expected from isoclated electrons.

A cluster is obtained by joining all cells of the electromagnetic calorimeter
which share a common side and contain at least 0.5 GeV, and the cluster energy is
defined as the sum of all energies contained in the three compartments of both
the cluster cells and the surrounding ones. The following requirements are then
applied : (i) the cluster must be contained within a 2 x 2 cell matrix ; (ii) no
more than 107 of the cluster energy must be contained in the electromagnetic
compartment of the surrounding cells 3 (iii) no moxe than 10% of the cluster
energy must be contained in the hadronic compartments ; (iv) the cluster centroid
must not fall in an edge cell. This last requirement reduces the s0lid angle
acceptance by 257, Tests with electron beams from the $P$ have shown that more
than 957 of all isolated electroms in the energy range 10 ~ 80 GeV pass the

cuts (i) to (iii).

For each cluster satisfying all four requirements a transverse energy E; is
calculated using the position of the cluster centroid and assuming that the event
vertex was in the centre of the apparatus. The events with E% > 15 GeV (363 events)
are fully reconstructed and the exact location of the event vertex (as measured
in the vertex detector) is used to obtain the correct value of the transverse

energy E.. The E distribution for these events is shown in Fig., 2a., The fall-

T
off for ET < 17 GeV results from the selection requirement E% > 15 GeV applied
without knowledge of the exact event vertex. For E_ > 17 GeV the distribution of

T

Tig., 2a has no threshold bias. There are 7 events with E_ > 30 GeV, the highest

T
ET value being 40,3 GeV,

This sample is further reduced by requiring that ome, and only ome
charged particle track reconstructed in the vertex detector points to the energy

cluster. To take the calorimeter cell size into account we definme the quantity
A% = (86/10%)% + (§¢/15°)2 (2)

where 60(8%) is the polar (azimuthal) separation between a track and the line
joining the event vertex to the cluster centroid. Studies with electron beams
from the SPS have shown that < A®? > is &~ 0.13 for high-energy electrons, with
95% having A% < 0.4 . We require that the track with the smallest A? value has

A® < 1, together with the further condition that no other charged particle track
be present in a cone of 10° half-aperture around it. A total of 96 events survive
these cuts, with the Ep distribution shown in Fig. 2b,

We then require that the track produces a shower in the tungsten converter,
with an associated charge cluster in chamber Cs, as expected in the case of
electrons. Fig. 3a shows the distribution of d°, the square of the distance
between the track and the closest charge cluster centroid in Cs. Clusters asso-

ciated with a track appear as a clear peak superimposed on a flat background.
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This background has two origins : a) chamber Cs is only ™~ 607 efficient for
minimum ionising particles (MIPs) and whenever the charge cluster generated by a
MIP is lost, a cluster not associated with the track is used to calculate d? ;

b) the track-associated cluster may be merged with a nearby cluster (e.g. from
photon conversion) and the resulting cluster may have its centroid displaced with
respect to the track.,

Fig. 3b shows the distribution of Qs, the charge of the closest cluster with
d? < 500 mm®, measured in units of the most probable charpe generated by a MIP,
We have studied the response of chamber Cs to electrons and pions by exposing a
similar device, including a converter and a calorimeter, to a beam from the CERN
8PS. In the energy range from v~ 20 to ~ 60 GeV, electron clusters in such a
chamber were found to have a breoad charge distribution, peaked around Qs = 20,
with more than 907 of the electrons satisfying the condition Qs > 4. Furthermore,
the d® distribution of these electrons has o = 14 mm?, with 97% having d? < 50 mm?
{see also Fig. 3a).

The condition Qs > 4, when applied to our sample, reduces the number of
events from 96 to 35. The ET—distribution for these events is shown in Fig. 2ec.

We note that, although the requirement d* < 50 mm? is adequate to select
charge clusters associated with electrons, we used the looser cut d? < 500 mm?
in order to be able to estimate the background contamination in the final event
sample.

In order to further ensure the condition that the electron candidate is
isolated, we require that no other charge clusters are present in C; in a cone of
10° half-aperture around the track. Such clusters could result fromthe conversion of
high-energy photons accompanying the charged particle in the tungsten. We estimate
that the loss of events due to radiative corrections®’ is less than 67,

Ten events satisfy this requirement, The ET and d? distributions for these
events are shown in Fig, 2d and 3c, respectively,

As a final selection criterion we use the high segmentation of the central
calorimeter to check if the shape of the energy cluster is comsistent with that
expected from an isolated electron impinging along the direction of the observed

track. To this purpose we define a quality factor f as follows

1
£z /i &, - B (3)

where E is the measured cluster energy, Ei is the energy measured in cell i, %i
is the energy predicted for cell i under the assumption that the observed charged
particle track is an electron of energy E, and the sum is extended to all cells
of the cluster and those for which Ei is different from zero. The energies Ei are
obtained from the energy distributions measured in the calorimeter using electron

beams from the CERN SPS,



Fig. 3d shows the f distribution for the sample of 10 events. Three events
appear to satisfy the condition £ < 0.05. Such a condition is satisfied by more
than 957 of single, isolated electrons, as verified with electron beams from the
SPS (see also Fig. 3d).

As a further check that the events with £ < 0,05 are indeed electrons, we
estimate the lateral position of the electromagnetic shower in the calorimeter
cell from the pulse height ratio of the two photomultipliers and we compare it to
the track impact point. We find good agreement (within *2.5 mm, as expected) for
the three events, whereas for the remaining seven events there is a difference of
more than 5 mm between these measurements.

The d® distribution for the three surviving events is shown in Fig. 3e.
These events all have d* < 50 mm®, as expected for charge clusters in Cg which
are assoclated with a track. The ET distribution for these events, which represent
our final sample of electron candidates, is shown in Fig. 2e,.

As a check of this analysis all of the initial sample of 363 events was
carefully scanned by physicists using a high resolution graphics terminal., The
same three events were found,

There are three main sources of background contamination :

a) Single, isolated high—pT 7% or n-mesons undergoing Dalitz decay, or high—pT
photons (both single and from 7°(n) - yy decay) converting in the vacuum
chamber wall. Conversions in the detector material were excluded by requiring
that the track coordinate were found in at least one of the two innermost
chambers of the vertex detector, An upper limit to the number of single
m°- or n-mesons or single photons i1s obtained from the original sample of

363 events (Fig. 2a) by selecting those events with no track pointing to the
energy cluster and with at most one charge cluster in chamber Cs in front of

the energy cluster. There are 5 such events with E, > 25 GeV, of which 1

satisfies the requirement f < 0.05 (see Eq. 3), asTexpected for high~energy
isolated 7'~ or n~mesons or single photons. Taking into account the probabi-
lity for photon conversion in the vacuum chamber wall (1.37) and the Dalitz
decay branching ratio, the expected number of background events from this
source ig < 0,04 for E, > 25 GeV.

b) Single high—pT charged hadrons interacting in the tungsten converter and
depositing a large fraction of their energy (> 90%) in the electromagnetic
calorimeter. Using high—energy pion beams between 30 and 60 GeV from the
CERN SPS we have found that only < 1/400 of the pions satisfy these require-

-~ mesons at high

ments, Assuming that the ratio of charged particles to T
Pr is 3, we estimate that the expected number of background events from this

source is 3/400 = 0.0l events for ET > 25 GeV.
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c¢) "Overlap" events, consisting of either at least one high—pT photon accompa-
nied by a charged particle or of several high—pT photons of which one
converts, In these events the charge cluster observed in chamber Cs is
not correlated with the track, giving rise to a flat background in both d®
and f variables (see Fig, 3c and 3d). Since these variables are correlated,
we estimate the overlap background by extrapolating the distribution of the
10 events of Fig. 3c and 3d in the d*,f plane to the region where electrons

2, f < 0.05). This method provides an estimate of

are expected (d? < 50 mm
0.6 background events with B, > 15 GeV, Taking inte account the Er distribu-
tion of the original event sample (Fig. 2a), we estimate this background to

be approximately 0,1 event for E. > 25 GeV,

In conclusion, the total background contribution to the three electron can-

didates amounts to less than 0.2 events for E_ > 25 GeV. Furthermore, background

T
sources would have an ET-distribution similar to that of Fig. 2a, whereas the
distribution of the three electron candidates is inconsistent with it. This is

an independent indication that the background contribution is indeed small.
3. ELECTRON SEARCH IN THE FORWARD DETECTORS

Each of the two forward detectors (see Fig, 1} is divided into twelve iden-
tical sectors covering 30° in ¢ and 17.5° in 6. A sector consists of :
- three drift chambers located after the magnetic field region. Each chamber

o o . .
s +7 , respectively, with

consists of three planes, with wires at —70, 0
respect to the magnetic field direction.

- a l.4 radiation-lengths thick lead-iron converter, followed by two chambers of
proportional tubes (MIPC). Each chamber consists of two layers of 20 mm diame—
ter proporticnal tubes, staggered by a tube radius and equipped with pulse
height measurement. There is a 77° angle between the tubes of the two MIPCs,
with the tubes of the first one being parallel to the magnetic field direction.
This device leocalises electromagnetic showers with a precision of § 10 mm, as
verified with the data themselves.

- an electromagnetic calorimeter comsisting of lead-scintillator countexs assem-
bled in ten independent cells, each covering 15° in ¢ and 3.5° in 0. Each cell
is subdivided into two independent longitudinal sections, 24 and 6 radiation
lengths thick, respectively, The light from each section is collected by two
BBQ-doped light guides on opposite sides of the cell.

More than 987 of an electron shower is contained in the first section, as
verified experimentally up to 80 GeV using electron beams from the CERN SPS.

High-energy hadrons, on the contrary, deposit relatively large amounts of energy



in the second section which is used, therefore, as a hadron veto, The energy reso-
lution for electrons has been measured to be OE/E = 0.15/vE (E in GeV). The
calibration technique used for these calorimeter modules is similar to that for
the central calorimeter,

A trigger sensitive to high-p,, electrons was implemented by requiring that

P
the transverse emergy deposited inTany 2 x 2 matrix of adjacent cells in the same
sector exceed a threshold (typically set at 8 GeV), in coincidence with the small
angle scintillator arrays described in Sectiom 2, The full data sample recorded
with this trigger corresponds to a total integrated luminosity of 16 nb™!,

The forward calorimeter cell size is much larger than the lateral extension
of an electromagnetic shower ; consequently an electron is expected to deposit
its energy in a clustex consisting of at most two adjacent cells. Furthermore,
because of the geometry of the calorimeter, these cells must have the same
azimuth, A total of 761 events with a cluster transverse energy ET above 15 GeV
has been selected from the full data sample. The ET distribution of these events
is shown in Fig., 4a.

We next require that a charged particle track reconstructed in the drift chamber
points to the cluster centroid. The centroid position along an axis parallel to
the magnetic field direction in that sector (the x-axis) is obtained with an
accuracy ¢ = 25 mm from the pulse height ratio of the two photomultipliers im
the cell, We require, therefore, that the x-coordinate of the track impact point
on the calorimeter be within *70 mm of the cluster centroid.

Because the magnetic field deflects charged particles in the plane defined
by the particle direction and the beam line, the track projection in a plane
perpendicular to the beam line is required to extrapolate close to the beam axis
and to match a track found in the vertex detector within the rxecomstruction errors.
The momentum resolution achieved so far is A{1l/p) = 0.02 (GeV/c)!,

We then require that the track matches the position of a shower in the lead-
iron converter, as measured by the MIPCs. The distance between the impact point
of the track on the MIPCs and the location of the charge cluster in the propor-
tional tubes must not exceed 60 mm in x and 30 mm in the orthogonal coordinate.

The next condition is that the momentum and the shower energy measured in
the calorimeter agree within errors. This is done by imposing the condition
|p™! - E7!| < 3 0, where o is obtained by adding in quadrature the contributions
of the momentum and energy resclutions quoted above.

In order to further reduce overlap background and to eliminate electrons
originating from photon conversions in the vacuum chamber, we require that
only one track points to.the energy cluster in the calorimeter, and that no addi-
tional MIPC cluster is present in front of it. Background due to photon

conversions in the detector material is suppressed by requiring the presence of



a hit in at least one of the first two chambers in the vertex detector .

In order to ensure that the electron is isolated, we require that the total
energy in the calorimeter cells surrounding the energy cluster does not exceed
3 GeVv.

Four events survive all these conditions.

The ratio, R, of the energy deposited in the second section of the calorime-
ter to that deposited in the first section, is shown in Fig, 4b. Three events
satisfy the electron criterion, R < 0.02, whereas one has R > 0.1, as expected
for hadromns, As a further check, we plot the charge distributions of the clusters
measured in the MIPCs for the two classes of events separately (Fig. 4c¢). The
large charges associated with the events having R < 0,02 are consistent with the
behaviour of electrons,

The transverse energy distribution of the electron candidates is shown in
Fig. 4d.

Backgrounds in this sample are expected to originate from the same sources as
described in Section 2. However, in this case the background from conversions of
higb—ET photons is smaller because the magnetic field separates unresolved ete”

pairs.

Concerning the overlap background, we note that soft charged hadrons
accompanying high—ET photons are rejected by the requirement that the measured
particle momentum and the energy deposition agree within errors.

The background contribution from high—pT charged hadrons can be estimated
from Fig. 4b by extrapolating the distribution of events with R > 0.02 to the
electron region, R < 0.02, There is one event having R > 0,02 which we use to
estimate that less than 0.2 background events have ET > 15 GeV.

4. MISSING TRANSVERSE MOMENTUM

We now verify another feature of reaction (1) ; namely, the presence of an
undetected neutrino with transverse momentum similar in magnitude to that of the
electron but opposite in azimuth,

In order to estimate the missing transverse momentum carried away by the
neutrino we recomstruct the total momentum vector from the available calorimetric
and spectrometric measurements. To each calorimeter cell, including those in

the lead glass wall, we assign a vector ;i with magnitude equal to the energy
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deposited in the cell and direction along the line joining the event vertex to
the cell centre, In the forward detectors, when both momentum and the correspon-—
ding energy deposition are measured, we use the larger value in order to avoid
double counting. The total momentum vector P = z ;i is then projected onto the
direction of the electron transverse momentum veétor ;eT to define the missing

miss
transverse momentum P

T > -+
. P-p
mlss eT
BT TR “
T
>
where ET = |peTl .

The ratio P?ISS/ET is shown in Fig. 5a for the electron candidates found
both in the central calorimeter and in the forward detectors. The events with
P?lss/ET A 1 are consistent with reaction (1).

The ET distribution of the four events with P?lSS/ET > 0.8 is shown in
Fig. 5b. These electron candidates are those having the highest E. values.

T

miss
T
22.6 GeV, respectively, have both been found in the forward detectors., We note

The two electron candidates with P /ET < 0.5 for which ET = 16,3 and
that the isolation criteria used here are looser than those used for the central
calorimeter. In particular, we have not applied the condition that no other
particle is observed within a 10° half~aperture cone around the electron track,
because the higher particle density expected in the angular region of the two
forward detectors would reduce the detectiom efficiency for reaction (1).

In order to verify that the large missing transverse momentum of the four
electron candidates is not dominated by the limited coverage of the detectors,
we have studied a sample of background events obtained with the original W
trigger. This contrel sample is dominated by events containing a high—ET jet,

which are not expected to show a large missing transverse momentum m). We find
miss

that the fraction of such events which satisfies the condition PT /ET > 0.8 is
only v 20% for both the central calorimeter and the forward detectors.
mi.ss

A list of relevant parameters for the four events with P /ET‘>0'8 is given

in Table I. For each event the total transverse energy, EETT of all particles
excluding the electron is also shown in Table I. It should be compared with the
corresponding value of & 8§ GeV for minimum bias events.

Fig. 5c shows the cell energy distribution in 6 and ¢ for the highest E.
event (event C in Table Ia). The only significant energy flow within the detector
acceptance is carried by the electron candidate, The other three events have the
same spectacular confipuration.

Figures 6a and 6b show transverse and longitudinal views of event C.



- 10 -

3. CONCLUSIONS

The application of the various selection criteria used in the analysis to
identify single, isolated electrons has reduced the original event sample to four
events with ET > 15 GeV and large missing transverse momentum. Both the configu-
ration of the events and their number are consistent with expectations based on
reaction (1).

The assumption that these four electrons indeed originate from the decay
W > ev, allows us to estimate the W mass for a given W momentum distribution,
assuming W decay kinematics and standard V-A coupling. This is done by fitting
the E. distributions predicted for the four measured 6 angles to the measured
ET values.

We find that the best fit value of MW is rather insensitive tc the particu~
lar choice of the W momentum distribution, provided that the transverse momentum
Pyt is much less than ch. We use Gaussian distributions for the three components
of the W momentum ;W and vary v < pwi > between 50 and 100 GeV/c, and < Py >
between 3 and 8 GeV, where Py, is the longitudinal momentum. The ranges of values
ugsed for v < p;L > and < Pyr > reflect the limits of reasonable production
models!),

The result of the fit gives

+10

M, = 807,

where the quoted error takes into account the effect of wvarying the W momentum

GeV/c?

distribution.

This value agrees with the expectation of the electro-weak theory ny,
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FIGURE CAPTIONS

L - The UAZ detector : schematic cross section in the vertical plane containing

the beam.

Transverse energy distribution of the event samples in the central calorimeter:

a)
c)
d)
of

a)

b)

c)

d)

e)

a)

b)

c)

d)

a)

b)

c)

After requirements on energy cluster ; b) After association with a track ;

After association of the track with a shower in the tungsten converter ;
After requiring only one such shower ; e) After further cuts on the quality

the track-energy cluster matching. This is the final electron sample.

Distribution of d?, the distance between the track and the shower in the
tungsten converter. The curve represents the distribution measured using
high-energy electrons from the SPS (arbitrary normalisation),
Distribution of the charge Qs (MIP units), observed in chamber Cs after
the tungsten converter.

Distribution of d® for the sample of 10 events satisfying the isolation
criteria.

Distribution of £, the quality parameter for the energy cluster shape, as
defined in Eq. (3). The curve represents the distribution measured using
high-energy electrons from the SPS (arbitrary normalisation).

Distribution of d° for the three electron candidates.

ET ~ distribution of the sample of 761 events selected from energy
requirements in the forward calorimeters,

Distribution of R, the ratio between the energy deposited in the hadron
veto section of the calorimeter and the cluster energy.

Distribution of the charge of the track-associated cluster measured in

the MTPCs after the lead-iron converter (MIP units).

Transverse energy distribution for the final sample of electron candidates.
?lSS/
momentum and the transverse energy of the electron candidate,

Distribution of P Ep 5 the ratio between the total missing transverse

Transverse energy distribution of the electron candidates observed in
. . i
events with large missing transverse momentum (P? Ss/ET > 0.8).
The cell energy distribution as a function of polar angle § and azimuth ¢

for the electron candidate with the highest ET value (event C of Table Ia).
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6 — a) Transverse view of event C (see Table Ia). Shown are hits in proportional

b)

chambers C; to Cs and in the drift chambers D; and D;, and the tracks
reconstructed in the vertex detector. In the case of hits not used for
track reconstruction in chambers D, and D;, both left and right ambiguities
are shown. The electron track points to a shower produced in the tungsten
converter and observed in Cs, and to large electromagnetic energy in the
central calorimeter,

Longitudinal view of the electron track of Fig. 6a. Shown are the charge
clusters on the track (with height proportional to amplitude) on the imner
and outex cathode strip layers (scale reduced by 5 for Cs}, and the coor-
dinates (crosses) obtained using the charge division on the wires of D;

and D;. Of the eleven hits used in the transverse view, seven gave usable
charge division information. In this view the electron track also points

to the shower produced in the tungsten converter and observed in Cs and

to the electromagnetic energy in the central calorimeter, The nearby azimu-
thal track shown in Fig. 6a is separated by A6 = 90° in the longitudinal

view. The vertex is obtained using all reconstructed tracks of the event.
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