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Abstract

The process Pp — evy + X is studied at Vs = 630 GeV. The observed signal is
used to extract a direct measurement of the parameters K and A which define the
magnetic dipole and electric quadrupole moments of the W boson and therefore the
WWY coupling. We find « = 1375 and & = 0%} and their 95% confidence limits
-35<k<59 and -3.6 <A < 3.5. The results are mode! independent and in good
agreement with the Standard Model values, k=1and A=,
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1. INTRODUCTION

The gauge boson couplings to fermions are at present being tested with ever
increasing accuracy. However the self interactions among gauge bosons (WWy, WWZ
vertices) are still awaiting direct experimental tests. The experimental study of the self-
coupling of the electroweak bosons will enable us to understand whether their self-
interactions are constrained by the SU(2) x U(1) gauge symmetry. This would not be
the case if they were composite particles.

In the Standard Model the WW+ vertex is uniquely determined by requiring
SU(2); x U(1)y gauge invariance. The most general WWy vertex that one can consider
has to fulfil U(1) and Lorentz gauge invariance. These two constraints allow for four
free independent parameters in the theory. If we also assume CP invariance there are
two parameters left (x, 1), which are related to the magnetic dipole {liw) and electric
quadrupole (Qvw) moments of the W boson by the equations:

c

Bw = s (I K+ A) (1)
e

=— — (K—}) 2

Qw 7 (K—A) )

In the Standard Model, the values for k and A are fixed : ¥ = 1, A = 0. Even before the
discovery of the W and Z bosons, it was suggested [1] that the magnetic moment of the
W is an interesting property to measure, and that the reaction pp - Wy + X is a good
candidate for this measurement especially because it was found [2] that the angular
distribution of the W bosons is particularly sensitive to [ty and consequently to the
parameters ¥ and A. Many predictions have since been made for hadron and ep
collisions [3-5] as well as for e*e” machines [6,7] of the possibility of measuring the
WWZ and WWr couplings at existing and future colliders.

Motivated by the present theoretical interest we study the process pp — evy + X
at the CERN Pp collider and report here 2 first measurement of the K and A parameters.
The lowest order diagrams contributing to this process are shown in Fig.1. Diagram a)
corresponds to what we will refer to from now on as the W-radiative decay while
diagrams b), ¢) and d) describe W-y production. The cross section of the process
depends upon the parameters k and A through diagram c) and its interference with other
diagrams. Some consequences of possible anomalous moments of the W boson are :




* If xorA take values different from those predicted by the Standard Model, the
cross section for the process qq' — evy increases. Thus any excess of events
measured in this channel will be an indication for physics outside the Standard
Model.

* The differential distributions of some kinematical variables depend strongly on
K, A. Such variables are, for example, the transverse momentum of the photon
(p%), the invariant mass of the Wy system (Mw'y)’ the transverse mass of the eyv
system (m‘?rw) and the angular distribution of the W boson in the quark-
antiquark centre of mass system (cosBy). At the energy of the CERN Pp
collider, due to limited statistics, one cannot measure these distributions
accurately. However, in the immediate future (HERA and TeVatron) as well ag
at future colliders (LEP200, LHC and $5C), they could provide clear evidence

for deviations from the Standard Model [4,8].

In this article we report on a search for events containing an electron, a neutrino
and a photon in the entire data sample collected during the period 1988-90,
corresponding to an integrated luminosity of 13 pb~!. After subtracting the
background, we compare the observed signal with Monte Carlo predictions for various
values of X and A and obtain their values by a best-fit procedure.

2. THE UA2 DETECTOR

A detailed description of the upgraded UA2 detector can be found in Ref, 91.
In this Letter we present a brief outline of the apparatus with emphasis on the detector
components relevant to this analysis.

The calorimeters cover the pseudorapidity range -3 < 1 < 3. The central
calorimeter [10] extends up to N of £1 while the rest is covered by the end cap
calorimeters. Both calorimeters are made of lead and iron absorber plates, sandwiched
with scintillator plates, and are read out by wavelength shifters. The central calorimeter
is longitudinally segmented into an electromagnetic compartment (17 radiation lengths)
with lead absorber and two hadronic compartments (with a depth of two interaction
lengths each) with iron absorber. The end caps consist of an electromagnetic
compartment (17-24.4 radiation lengths deep, depending on the polar angle) and a
hadronic compartment (6.2-7 interaction lengths deep).

The lateral segmentation in the central calorimeter is constant in azimuth
(Ad =15°) and polar (A6 = 10°) angles. In the end caps, the two cells closest to the
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beam axis (2.5 <Inl <3.0and 2.2 < Inl <2.5) cover 30° in azimuth, and the other
cells have a constant segmentation Ad = 15°, An = 0.2. The electromagnetic
compartments of the outermost cells of the central calorimeter (edge cells), which cover
0.8 < Ini < 1.0, are shortened to accommodate the inoer detectors and consequently
have a degraded performance.

Energy clusters in the calorimeter are reconstructed by joining all cells which
share a common edge and contain an energy greater than 400 MeV. A cluster is
considered electromagnetic if its lateral size and the energy leakage into the hadronic
compartments are small. These clusters are then examined as potential electron or
photon candidates.

The central detector, located inside the central calorimeter, consists of a series of
concentric cylindrical subdetectors. Around the beam pipe, at radii of 3.5 cm (inner)
and 14.5 cm (outer), are two arrays of silicon counters used for tracking and ionization
measurements [11]. Between them is a cylindrical drift chamber of jet geometry [12]
and after the outer silicon layer is the Transition Radiation Detector [13]. The outermost
of the central detectors is the Scintillating Fibre Detector (SFD) [14]. It contains
approximately 60 000 fibres arranged on cylinders into 8 stereo triplets. The last two
triplets of the SFD are located after 1.5 radiation lengths of lead and are used as
‘preshower detector’, to localize the early development of electromagnetic showers. In
the end cap region tracking and preshower detection is accomplished by the end cap
proportional tubes [15]. For the present analysis only events with electromagnetic
clusters in the central region (-1 <1 < 1) are considered.

The pp collisions take place in the centre of the detector with an rms spread
along the beam direction of 130 mm. A minimum bias trigger is obtained from the
Time-of-Flight counters, while the luminosity is measured using eight scintillator
telescopes at small angles to the beams.

3. EVENT SELECTION

The data were taken in a series of runs during the 1988 to 1990 CERN pp
collider operation at an energy Vs = 630 GeV, and represent the entire sample collected
with the upgraded UA?2 detector, which corresponds to an integrated luminosity of 13.0
* 0.7 pb"l. The signature for pp — evy + X is an electron, missing transverse
momentum (p) and a photon.




3.1. Electron Identification

The electron identification and electron selection efficiencies have been
extensively described in Refs. [9,16]. Here we briefly describe the procedure and we
give at each step the estimated efficiency, as measured for the entire running period.
The existence of an electromagnetic cluster (small lateral size and leakage into the
hadronic compartment) in the central calorimeter is required. The cuts on the lateral and
longitudinal profile of the cluster are applied at the trigger level (91.7 + 1.0%). The
electron candidate must also have-a track reconstructed in the central detectors,
associated with the electromagnetic cluster. The track must originate from a vertex
reconstructed within 250 mm from the centre of the detector along the beam direction.
In addition, a reconstructed preshower cluster must match the track of the electron
candidate (77.2  1.7%). Once the precise track trajectory is found, a %2 test is
performed on the electromagnetic cluster (93.5 * 1.0%), requiring that the lateral and
longitudinal profile of the shower in the calorimeter be consistent with an electron
incident along the track direction as measured in a test beam. The efficiencies as given
above were measured using electrons from a test beam and from W decays [16]. The
overall efficiency to detect an isolated electron in the data was measured to be
66.2 £2.2%.

3.2. Neutrino Identification

The neutrino transverse energy in the event is obtained by measuring the
electron energy and the energies of all other particles (mainly hadrons) in the event. The
DSSing transverse momentum () is then attributed to the undetected neutrino :

.
Py =Py =-ps - pand. (3)

— -
p.?. is the reconstructed electron transverse momentum and p l:i.ad is the total transverse
momentumn of all other particles as computed by the equation:

—_
Y I}rad =(Z Ecell ch:ll )T 4

where Ece] is the energy in a given calorimeter cell and Ye]) is a unit vector from the
interaction vertex to the centre of the ceil. The sum extends over all calorimeter cells
excluding those assigned to the electron.




3.3. Photon Identification

For the photon candidate we require the existence of an electromagnetic cluster
(besides the cluster of the electron candidate), separated in space from the electron by at
least 15° and with a pt > 4.5 GeV. This second electromagnetic cluster must also be in
the central pseudorapidity region (-1 €7 < 1). Furthermore, we require that there be
no track reconstructed in a2 10° cone around the direction defined by the event vertex
and the centroid of the electromagnetic cluster. In order to estimate the photon detection
efficiency in the presence of a nearby electron as a function of the photon energy and its
impact point on a calorimeter cell, we overlay test beam electrons of different energies
and impact points on a calorimeter cell onto W — ev candidate events and reanalyse
them. An analytic form for the efficiency is derived as a function of the space angle
between electron and photon, and is then used with the Monte Carlo generated events
for the process q@' — evYy.

In estimating the photon efficiency, we must also take into account the
probability of losing a photon candidate because of random tracks inside the 10° cone
around the photon direction. This probability was computed using W —» ev events and
counting how often we find at least one track in a 10° cone randomly oriented away
from the electron direction. This effect reduced the relative photon detection efficiency
to 89.7 + 1.1%.

3.4, Selection Criteria

The following kinematical requirements were imposed to select evy candidates :
p% > 20 GeV, p:f > 4.5 GeV, p.¥ > 20 GeV and the transverse mass of the ev system
mT > 40 GeV, where m2 = 2 p§ p¥ (1 - cos¢®) and ¢ is the azimuthal separation
between the electron and neutrino directions. The selection for p%, p,}’ and mr is
identical to that for W candidate events as presented in Ref. [16]). The additional
requirement for a photon candidate in the event reduces the initial sample of 2887 W
events to 16, which are the candidates for the process qq' — evy. The transverse
energy flow of one of these candidates is shown in Fig. 2.




4. BACKGROUND ESTIMATE

The main source of background is W — ev decays associated with jets, where a
jet is misidentified as a photon. In order to estimate this background we need to know
the probability that a jet in the UA2 detector is taken to be a photon. This probability is
computed as a function of the jet pr as follows. From a sample of hadronic events
selected by requiring the presence of an electromagnetic cluster in the central
calorimeter, we compute the fraction of the events having a second electromagnetic
cluster with Ml < 1 and a given pt (py 2 4.5 GeV), which fulfils the photon selection
criteria. This probability is shown in Fig. 3a as a function of the py of the second
electromagnetic cluster. It can be parametrized by a function of the form

fop=A-efPr (5)

where A = 0.039 + 0.0013 and B = 0.153 % 0.004 GeV~l. We then apply this
probability to the p distribution of all jets associated with W — ev events collected in
the 1988-90 running period (2887 events). The py distribution of all jets associated
with the W — ev events is shown in Fig. 3b (histogram), together with the distribution
folded with the probability function (5) (solid curve). The latter represents the py shape
of the background. Its integral is 6.8 + 1 events and corresponds to the total number of
background events expected in the final sample of 16 events. The error combines

linearly a statistical uncertainty from the number of jets and a systematic error from
the fit.

5. RESULTS AND DISCUSSION
Given 16 observed events in the entire (1988-90) sample, and the number of
background events (6.8 £ 1) as computed in the previous section (using a simple
calculation based on Poisson statistics [17] which takes into account the error on the
background), we compute a signal of
Ng =9.2%37. (6)
The 95% confidence interval for the signal is

29 < Ng < 19.3. ™




The experimental results are then compared with Monte Carlo predictions for the
Standard Model values of ¥ = 1 and A = 0. Two different Monte Carlo calculations
were used [4,18] whose agreement for any values of x and A is better than 1%. In both
stmulations the process q@° — evy is generated only to lowest order and therefore the
cross section for the process has the uncertainty due to higher order corrections. To
minimize this uncertainty we proceed as follows. The standard UA2 Monte Carlo for
the process W — ev contains also the radiation of a photon by the electron, as given in
Ref. [19]. By normalizing the Monte Carlo result to the inclusive cross section for
W — ev production [16], we obtain the W-radiative decay cross section. From this
procedure we estimate a systematic uncertainty of 5% to the Monte Carlo prediction.

The Monte Carlo events first undergo the UA2 detector simulation, which
accounts for energy resolution in the calorimeter and the electron-photon angular
separation efficiency. A further correction of 51.9  1.9% is made for the global event
efficiency which contains all factors not included in the simulation. This number is
dominated by the electron efficiency (66.2 + 2.2%) and by the photon selection
efficiency given in Section 3.3 (89.7 £ 1.1%). The rest accounts for vertex and trigger
inefficiencies as described in Ref. [16].

After these corrections, for a total luminosity of 13.0 + 0.7 pb™l, the Monte
Carlo predicts 11.9 + 1.1 events for the Standard Model, in good agreement with the
number of events as computed from the data {eq. 6). The error represents the
systematic uncertainty discussed below. In Fig. 4 we compare the distributions of some
of the relevant kinematical variables as found in the data (16 events) with those obtained
by adding the background shape to the Monte Carlo prediction. Given the limited
statistics the agreement is good. The cumulative Kolmogorov statistics test, performed
on the distributions, gives a probability of greater than 70% on all the variables.

To extract limits for the x, A variables, we compare the Monte Carlo prediction
for various K, A values with the observed signal. The expected number of events has a
minimum at the Standard Model values of k and A and increases for K, A away from
these values. The results are consistent with this minimum number of events as given
by the Standard Model. In Fig. 5a, the Monte Carlo predicted number of events is
given as a function of ¥ keeping A at its Standard Model value. Similarly, in Fig. 5b the
observed signal is compared to the Monte Carlo prediction for different A keeping
¥ = 1. We obtain

K= 1'1'2:% + 1.0(syst) and A= 0’:%;3 +0.7(syst). (8)




The 95% confidence level limits on k, A are :
-53<x<79 for A=0 and -44<Ai<44 for x=1. 9)

The systematic uncertainty in the theoretical predictions is indicated in Figs. 5a and 5b
as the band defined by the two extreme parabolae and amounts to 9%. This was
obtained by adding in quadrature a systematic uncertainty on the Monte Carlo prediction
of 7% which includes a 4.5% uncertainty due to the structure functions [20], a 4%
error on the efficiency of the electron-photon angular separation, and a 4% uncertainty
on the cut on pif at 4.5 GeV. The central values of the Monte Carlo predictions were
obtained with the parton density parametrizations of HMRSB [21].

A significant improvement to the above limits can be obtained using a maximum
likelihood method to compare the p:l( distribution between data and Monte Carlo
predictions with the background expectation added to it, see Fig. 4a. The method
exploits the fact that hard photons are a signature for possible anomalous moments of
the W-boson [4], while no such photons are observed in the data sample. The
likelihood from the bin-by-bin comparison of the p¥ spectrum between data and
expectation is computed for various values of k and A keeping the other variable fixed
at its Standard Mode! value. Their distributions are nearly Gaussian. The values found
by this method are

x=1%2% and  A=0%7. (10)

The 95% confidence limits are
-35<x<59 for A=0and -3.6<A <35 for k=1. 1an

The 68% and 95% confidence limit contours in the k,A plane as computed by the
likelihood method are shown in Fig. 5¢.

Previous indirect limits on the magnetic dipole and electric quadrupole moments
of the W boson have been obtained from :

* The measurement of the anomalous magnetic moment of the muon [22-25]. The
contribution of ¥ and A to the anomalous magnetic moment of the muon cannot
exceed the difference between the current experimental measurement of the muon
g - 2 and the value predicted by the Standard Model. However, the non Standard




Mode! contribution to g - 2 contains divergent loop diagrams. As a consequence,
the limits on ¥ and A depend on the cutoff and regularization scheme used in the
calculation.

« The possible compositeness of the photon propagator or of the W boson. The
photon structure, for example, is affected by contributions due to the magnetic
moment of the W. The limits in this case depend on the compositeness scale
assumed [26].

+ The mass ratio of the W and Z bosons. These limits are expressed as deviations

M2
of the p-parameter {p = ——EJV——-) from its Standard Model value of
. M - cos?Oy
unity [23],

but are controversial [26,27], because the p parameter is also sensitive to other
deviations from the Minimal Standard Model.

+ Unitarity constraints. Tree level partial wave unitarity, applied to fermion pair
annihilation into Wy (or WZ, or WW), constrains the , A parameters [28,23].
These limits are also cutoff-dependent as discussed below.

The only direct experimental limits on «, A are from previous searches at PEP
and PETRA, where the process e*e” — vvy has been studied, providing very weak
limits on x (-75 £ x < 37) [29].

The question arises whether this present measurement is model independent.
Any theory using values of x and A different from the Standard Model values is non-
renormalizable and therefore the calculation must be constrained to fulfil unitarity at tree
level [28]. To ensure that the cross section due to the anomalous couplings does not
grow beyond the unitarity bound, a cutoff scale is introduced which forces k and A to
resume their Standard Model values at asymptotically large energies. A deviation from
k=1, A =0 can be described by a form factor which vanishes at large Wy invariant
masses. This implies that the cross section for various K, A depends on the cutoff scale
A used in the theory which in turn indicates the energy scale at which the W boson has
a composite structure. Figure 6 shows the differential cross section {do / dMW'Y) times
the branching ratio, for W — ev as a function of the Wy invariant mass at
Vs = 630 GeV, for the Standard Model, for ¥ = 8 and no cutoff (A = o) and for
¥ =8 and A = 1 TeV. On the same figure the unitarity bound is also shown. It can be




seen that even for x = § the unitarity limit is not reached at Vs = 630 GeV and the cross
section of the process is independent of A. This, however, is not the case for the large
Vs values at the future hadron colliders (LHC and SSC), where already at small
deviations of x and A from the Standard Model values the unitarity limit is reached and
a cutoff is needed [4].

It is therefore important to stress that these new values of x and A are model
independent and below the unitarity limit.

6. CONCLUSIONS

A first direct measurement of the coupling of the W boson to the photon has
been performed at the CERN Pp collider. The parameter k has been measured to be

11'%;3 with -3.5 <k < 5.9 as its 95% confidence limits. The parameter A has been

measured to be 01'11_‘5? with -3.6 <A < 3.5 as its 95% confidence limits. The
measurements do not depend on any cutoffs or regularization schemes and are in good

agreement with expectations from the Standard Model.
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FIGURE CAPTIONS

Fig. 1
Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Lowest order Feynman diagrams for the process qq' — €VY.
Transverse energy flow distribution ("Lego” plot) of a W + v candidate.

a) The probability for a QCD jet to be identified as a photon in the UA2
detector, as a function of the py of the jet cluster. The fit to the distribution 1s
superimposed.

b) The pr distribution of all clusters associated to the W candidate events
(histogram). The background distribution, contributing to the W — evy
process, see text, is also shown (solid curve).

a) The photon transverse momentum distribution (P:p, b) the space angle
between electron and photon (A A€y and ¢) the transverse mass of the of the
electron-photon-neutrino system (M‘?rw) for the 16 candidate events
(histogram). Superimposed on a), b), and c) (solid curves) are the Standard
Model prediction added to the estimated background shapes.

The Monte Carlo predictions for the number of expected events in the UA2
detector for a), various K values when A = 0, and b) for A values when x = 1.
The UA?2 data point and its error are also given. The bands define the 9%
estimated uncertainty to the theoretical predictions. ¢) The 68% and 95%
confidence limit contours in the k, A plane from the maximum likelihood
method.

The differential cross section with respect to the Wy invariant mass times the
branching ratio for W— ev at Vs = 630 GeV. The dotted curve is the Standard
Model prediction. The continuous line is the unitarity bound. The dashed and
dash-dotted curves are the Monte Catlo predictions for k = 8 and cutoff (A) set
to oo and 8 TeV respectively.
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