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Eventswith an I solated L epton and Missing Transverse
Momentum and M easurement of W Production at HERA

The H1 and ZEUS Collaborations

Abstract

A search for events containing an isolated electron or muon and missingdraas
momentum produced iatp collisions is performed with the H1 and ZEUS detectors at
HERA. The data were taken in the perid@94—2007 and correspond to an integrated lu-
minosity 0f0.98 fb—!. The observed event yields are in good overall agreement with the
Standard Model prediction, which is dominated by sindleproduction. In the="p data,
at large hadronic transverse momenu&ﬁ;ﬁ > 25 GeV, a total of23 events are observed
compared to a prediction dft.0 & 1.9. The total singld?” boson production cross section
is measured ak.06 + 0.16 (stat.) £ 0.07 (sys.) pb, in agreement with an SM expectation
of 1.26 +0.19 pb.
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1 Introduction

In the Standard Model (SM) events containing an isolatectelg* or muon of high transverse
momentum Pz, in coincidence with large missing transverse momentgjiis®, arise from the
production of singld} bosons with subsequent decay to leptons. Events of thisagpbave
been observed at the electron—proton collider HERA [1-4]. eXcess of events containing
in addition a hadronic final state of high transverse momentX, was previously reported
by the H1 collaboration in05 pb~! of e*p data [3]. Both the H1 and ZEUS collaborations
have recently performed a search for such events usingdbaipletee®p high energy data,
corresponding to an integrated luminosity of approximated fb~! per experiment [5,6]. The
event yields are found to be in good overall agreement wetstl and a measurement of single
W production is performed by both collaborations. An excdsvents is however still seen by
H1 at highP > 25 GeV in thee'p data sample, wherkr events are observed compared to a
SM prediction ofs.0 £ 1.3 [6].

This paper presents a combined analysis of the H1 and ZEWSmktformed in a common
phase space. The analysis makes use of the full data sanvaliésbbe to both experiments
allowing a more accurate measurement, as well as a morgestitiexamination of the higR;*
region. Total event yields and kinematic distributions wémts containing an isolated electron
or muon of high transverse momentum and missing transveoseemtum are compared to the
SM. In addition, total and differential cross sections fioigée 1/ production are measured.

The analysed data were collected betw&éht and2007 at HERA using the H1 and ZEUS
detectors. The electron and proton beam energies ¥eéeGeV and820 GeV or 920 GeV
respectively, corresponding to centre—of-mass energiesof 301 GeV or319 GeV. The data
correspond to an integrated luminosity @H8 fb~! comprising0.39 fb~! of e~p collisions
and0.59 fb~! of e™p collisions, with9% of the total integrated luminosity collected gt =
301 GeV. Data collected fror2003 onwards were taken with a longitudinally polarised lepton
beam, with polarisation typically at a level 85%. The residual polarisation of the combined
left—handed and right—handed data periods is lessa¥tafor both experiments.

2 Standard Model Processes

In this analysis, SM processes are considered signal if pheguce events containing a high
Pr isolated charged lepton and at least one hitglmeutrino, which escapes detection and leads
to P¥ss in the final state. The production of singl€ bosons with subsequent decay to an
electron or a muon, which includes a contribution from l@gtdau—decay, is the main signal
contribution to the SM expectation. The EPVEC [9] Monte C4WME) event generator is used
to calculate the singl&” production cross section. The — el X events from EPVEC are
weighted by a factor dependent on the transverse momentdmagidity of thell/, such that
the resulting cross section corresponds to a calculatidnding Quantum Chromodynamics
(QCD) corrections at next—to—leading order (NLO) [10]. Trstireated uncertainty on this
calculation is15%, which arises from the uncertainties in the parton derssiied the scale

'Here and in the following, the term “electron” denotes garadly both the electron and the positron.
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at which the calculation is performed. The contributionepf— v,/ X events to the total
singleV production cross section is approximat@hy. The processp — eZ(— vv)X also
produces highPr isolated electrons and largg™ in the final state. The visible cross section
for this process as calculated by EPVEC is less tifarof the predicted singl&/” production
cross section and is neglected in the ZEUS part of the asalysi

All other SM processes are defined as background and cor&ribithe selected sample
mainly through misidentification or mismeasurement. Nawturrent (NC) deep inelastic scat-
tering (DIS) eventsdp — eX), in which genuine isolated higk; electrons are produced,
form a significant background in the electron channel whée f&™s arises from mismea-
surement. Charged current (CC) DIS events {+ v.X), in which there is reaP*s due to
the escaping neutrino, contribute to the background whiemitolated electrons or muons are
observed. Lepton pair productionp( — e/ ¢~ X) contributes to the background via events
where one lepton escapes detection and/or measuremast@use apparent missing momen-
tum. A small contribution to the background in the electrbammnel arises from QED Compton
(QEDC) eventsdp — eyX) when mismeasurement leads to apparent missing momentugn. T
background contribution to the analysis from photoproiucis negligible.

3 Experimental Method

The H1 and ZEUS detectors are general purpose instrumeinth wtnsist of tracking systems
surrounded by electromagnetic and hadronic calorimetatsr@uon detectors, ensuring close
to 47 coverage of the*p interaction point. The origin of the coordinate system is tiom-
inal e*p interaction point, with the direction of the proton beam wliefi) the positivez—axis
(forward region). Ther—y plane is called the transverse plane ani$ the azimuthal angle.
The pseudorapidity is defined as) = —Intan(6/2), wheref is the polar angle. Detailed
descriptions of the detectors can be found elsewhere [7, 8].

The event selection for isolated electrons or muons andimgigeansverse momentum is
based on those used by the H1 [6] and ZEUS [5] experimentsthéocombined analysis, a
common phase space is chosen in a region where both deteatera high and well understood
acceptance. The event selection for the electron and muenmels is summarised in Table 1,
and uses the variables described below.

Leptons are identified according to the selection critenleyed by the individual ex-
periments [5, 6]. Electron candidates are identified as @amand isolated energy deposits
in the electromagnetic calorimeters associated to a tra¢ke inner tracking system. Muon
candidates are identified as tracks from the inner trackysgesn associated with track seg-
ments reconstructed in muon chambers or energy deposhis icalorimeters compatible with
a minimum ionising particle. Lepton candidates are reqliiodie within the polar angle range
15° < 6, < 120° and to have transverse momentuRf,, greater thari0 GeV. The lepton is
required to be isolated with respect to jets and other tratkise event. Jets are reconstructed
from particles in the event not previously identified asasedl leptons using an inclusiye al-
gorithm [11]. The isolation of the lepton is quantified usthg distances im—p space to the
nearest jeD(¢; jet) > 1.0 and nearest track (¢; track) > 0.5. To ensure that the two channels
are exclusive, electron channel events must contain natesbimuons.
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The selected events should contain a large transverse nieménbalance’ s > 12 GeV.
To ensure a high trigger efficiency, the transverse momenteasured in the calorimeters?lc,
is also required to be greater that GeV. As muons deposit little energy in the calorimeter,
PgAle js similar to P in the muon channel and therefore thg'° requirement effectively acts
as a cut onP?X. For this reason, the muon channel is restricted to the mefgjo > 12 GeV.

In order to reduce the remaining SM background, a seriesrtifidu cuts are applied as
described in Table 1. A measure of the azimuthal balancesodvent),,/V;, is defined as the
ratio of the anti—parallel to parallel momentum componehtdl measured calorimetric clusters
with respect to the direction of the total calorimetric sa@rse momentum [12]. The difference
in azimuthal angle between the lepton and the directionehtdronic system\¢,_ x, is used
to reject SM background with back—to—back topologi&ég( x = 180°) like those in NC and
lepton pair events. For events with low hadronic transvemsenentumPX < 1.0 GeV, the
direction of the hadronic system is not well determined Arg_ x is set to zero. The quantity
dmiss = 2E0—3".(E'— P!), where the sum runs over all detected particlesihi$ the electron
beam energy, gives a measure of the longitudinal balandeatent. For an event where only
momentum in the proton direction is undetect&gl, is zero. Further background rejection in
the electron channel is achieved usifig= 4E.E° cos® 0,./2, whereE, is the energy of the
final state electron. For NC events, where the scatteredretets identified as the isolated
high transverse momentum electrgp,is equal to the four momentum transfer squatgdas
measured by the electron method [13]. The lepton—neutramsverse mas$/+, calculated
using the vectors of the missing transverse momentum anddfaed lepton, is used to further
reject NC (lepton pair) background in the electron (muorgrotel.

The lepton polar—angle acceptance, which is the same asighdtin the ZEUS publica-
tion [5], is the main difference in the event selection widspect to the published H1 analy-
sis, where isolated leptons are accepted in the rahge 6, < 140° [6]. Additionally, the
more restrictive cuts ofi,,;;s andV,,/V;, are taken from the ZEUS analysis [5]. The minimum
lepton—neutrino transverse mass and electron multiplreiuirements are taken from the H1
analysis [6]. The overall HL(ZEUS) efficiency in the commdrape—space analysis to select
SMW — ev events is30% (31%) and to select SMV — uv events isl1% (9%), calculated
using EPVEC.

The combination of the H1 and ZEUS results is performed byrapddoth the data and MC
distributions bin by bin. The theoretical uncertaintyl6f4 on singlelV production from the
reweighted EPVEC prediction is treated as correlated bmtvilee experiments and dominates
the SM prediction uncertainty. Dedicated studies of thaifgant SM background contribu-
tions are performed by both experiments, using backgroemdched control samples. The
systematic uncertainties attributed to the SM backgroundgsses are derived from the level
of agreement between the data and the SM predictions in toedgml samples. Experimental
systematic uncertainties, as well as the uncertaintieb®i$M background, are treated as un-
correlated between the experiments. The systematic @aneies determined in the combined
analysis are found to be the same as those derived by thédadiexperiments. A detailed list
of the systematic uncertainties considered can be fourfteinespective publications [5, 6].
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H1+ZEUSIsolated L epton +Ppss Event Selection

Channel Electron Muon
Basic Event 15° < 6, < 120°
Selection P > 10 GeV

PRiss > 12 GeV
Pgle > 12 GeV

Lepton | solation D(¢;jet) > 1.0
D(e; track) > 0.5 for 6, > 45° D(p; track) > 0.5
Background Vap/Vp < 0.5
Rejection Vap/Ve < 0.15 for P& < 25GeV  V,,/V,, < 0.15 for P&le < 25 GeV
A x < 160° A¢,_x < 170°

5 < Omiss < 0 GeV -
¢2 > 5000 GeV? for Pilo < 25 GeV =
M > 10 GeV
- PX > 12 GeV
# electrons< 3 -

Table 1: Selection requirements for the electron and muamméls in the search for events
with an isolated lepton and missing transverse momentum.

4 Resaults

The event yields of the combined H1 and ZEUS search for evamttaining an isolated lep-
ton and missing transverse momentum are summarised in Zabkesults are shown for the
electron and muon channels separately as well as combimetthefe ™ p data,e~p data and the

full HERA e*p data. The results are shown for the full selected sample @mal Subsample at
P > 25 GeV.

The signal contribution to the SM expectation, dominatedibgle 1/ production, is74%
in the combined electron and muon channels for the full HERA data. The H1 and ZEUS
parts of the analysis contribute similarly to the total sipexpectation. The contribution from
signal processes to the total H1 (ZEUS) SM expectation ireteetron channel ig6% (65%)
and in the muon channé% (83%).

In thee'p data,37 electron events antb muon events are observed compared to SM pre-
dictions of38.6 + 4.7 and11.2 4+ 1.6 respectively. In the™p data,24 electron events and
muon events are observed compared to SM predictioB8.6tt 3.6 and7.4 + 1.1 respectively.
Eleven events in the H1 publication [6] are not in the commlbage space: nine events (eight
in the electron channel and one in the muon channel) havel5° and two additional electron
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channel events fail the strictéy,;,, condition. With respect to the published ZEUS analysis [5],
one event is not in the common phase space due to the cut erdérae mass. All twelve events
rejected in the combined analysis analysis exhibit < 25 GeV.

At large hadronic transverse momentuti > 25 GeV, a total o29 events are observed in
the complete HERA*p data compared to a SM predictionf.0+3.2. In thee*p data alone,
where an excess of data over the SM is reported in the H1 an§b]s23 events are observed
with P¥ > 25 GeV compared to a SM prediction o#.0 4- 1.9. Seventeen of thest$ data
events are observed in the H1 data, compared to a SM expectdti.7 + 1.1.

Fig. 1 shows kinematic distributions of the complete HER® data for the combined
electron and muon channels. The data are in good agreentarih&iSM prediction, dominated
by singlelV production. The distribution of the lepton polar andlg,shows that the identified
lepton is produced mainly in the forward direction. The fbist of the A¢,_x distribution is
mainly populated by events with very low valuesiyf . The shape of the transverse masg’
distribution shows a Jacobian peak as expected from slfigfgoduction. The observelt,
Priss and Py, distributions are also indicative of singlgé production, where the decay products
of the W peak around(0 GeV and the hadronic final state has typically & . Fig. 2 shows
the P;X distribution separately for the combinetp ande~p data.

The total and differential singld” production cross sections are evaluated bin by bin from
the number of observed events, subtracting the number é&fbaend events, and taking into
account the acceptance and luminosity of the two experisndiite acceptance, defined as the
number ofi} events reconstructed in a bin divided by the number of exgarisrated in that bin,
is evaluated using EPVEC and is used to extrapolate the mezhstoss section to the full phase
space. The acceptances for the two experiments are fourdsionidar in eachP;X bin and vary
betweer27% and37% in the electron channel and betwekty and38% in the muon channel.
The purity of the cross section measurement is greaterbfadrin all bins and is also found to
behave similarly for the two experiments. F3f < 12 GeV, the electron measurement is used
to estimate the muon cross section under the assumptioptileniversality. Leptonic tau
decays fromi/ — Tv events are taken into account in the cross section calonlafihe cross
sections are quoted at the luminosity—weighted mean cesftrenass energy/s = 317 GeV
of the complete HERA data.

The total singld?” boson production cross section at HERA is measured as:
1.06 £ 0.16 (stat.) £ 0.07 (sys.) pb,

which agrees well with the SM prediction ©26 + 0.19 pb. The measured differential cross
sections, in bins of’¥, are shown in Fig. 3 and given in Table 3. The differentiaksreection
agrees well with the SM prediction.

5 Conclusions

A search for events containing an isolated electron or muzhlarge missing transverse mo-
mentum produced ia*p collisions is performed with the H1 and ZEUS detectors at HERA
a common phase space. The full HERAp high energy data sample from both experiments
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is analysed, corresponding to a total integrated lumipasit.98 fb—!. A total of 81 events
are observed in the data, compared to a SM predicti®7 8f+ 11.0. In theetp data, at large
hadronic transverse momentur’ > 25 GeV, a total o23 data events are observed compared
to a SM prediction ofi4.0 + 1.9. The total and differential singld” production cross sections
are measured and are found to be in agreement with the SMcpoedi.
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H1+ZEUS Data SM SM Other SM
1994-200%"p 0.59 fb~* Expectation Signal Processes
Electron Total 37 386 + 47289 £ 44| 97 £ 14
Pr_ﬁ( > 25 GeV 12 74 4+ 1.0 60 + 09| 1.5 4+ 0.3
Muon Total 16 [ 11.2 + 1.6 99 + 16| 1.3 4+ 0.3
P% > 25 GeV 11 6.6 + 1.0 59 £ 09| 08 £ 0.2
Combined Total 53 | 498 £+ 62388 £+ 59 |11.1 + 1.5
PX>25GeV | 23 | 140 4+ 19118 £ 19| 22 4+ 04

H1+ZEUS Data SM SM Other SM
1998-2006:"p 0.39 fb~! Expectation Signal Processes
Electron Total 24 1306 £ 36194 4+ 30112 £+ 1.9
Pff > 25 GeV 4 56 + 08 40 + 06| 1.6 + 04
Muon Total 4 74 4+ 1.1 66 + 1.0 09 4+ 0.3
Pff > 25 GeV 2 43 £+ 0.7 39 £ 06| 04 £+ 02
Combined Total 28 |380 4+ 34260 + 34|120 + 2.0
P > 25 GeV 6 100 = 1.3 79 £ 12| 21 £ 0.5

H1+ZEUS Data SM SM Other SM
1994-200%*p 0.98 fb~! Expectation Signal Processes
Electron Total 61 692 + 82483 £ 74209 £ 32
P%( > 25 GeV 6 |13.0 + 1.7( 100 +£ 16| 3.1 =+ 0.7
Muon Total 20 | 186 4+ 27164 4+ 26| 22 + 0.5
Pff > 25 GeV 13 [11.0 = 1.6 98 £ 16| 1.2 £+ 0.3
Combined Total 81 | 878 £+ 110|647 + 99]231 + 3.3
P¥>25GeV | 29 | 240 £ 32197 £ 31| 43 £ 08
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Table 2: Summary of the combined H1 and ZEUS search for ewettisan isolated electron
or muon and missing transverse momentum ford¢hg data (top),e p data (middle) and the
full HERA data set (bottom). The results are shown for the $ellected sample and for the
subsample with hadronic transverse momenfgin> 25 GeV. The number of observed events
is compared to the SM prediction. The SM signal (dominatedibgle!’ production) and the
total background contribution are also shown. The quotexrainties contain statistical and
systematic uncertainties added in quadrature.




H1+ZEUS Differential Single W Production Cross Section

P [GeV] | Measuredr stat.4sys. [fb / GeV]| SM NLO [fb / GeV]
0— 12 33.6+12.3£5.0 62.7 £ 9.4
12— 25 206+ 6.0£1.9 20.7 £ 3.1
25— 40 127+ 3.6+1.0 9.8+ 1.5

40 — 100 2.1+ 0.7+0.2 1.54+0.2

Table 3: The differential singl&’ boson production cross sectiomd/dP;X, with statistical
(stat.) and systematic (sys.) errors, measured using tmbioed H1 and ZEUS data. The
cross sections are quoted at a centre—of-mass ergsgy: 317 GeV. Also shown are the
expectations, including the theoretical uncertaintiesttie Standard Model calculated at next—
to—leading order (SM NLO).
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Events with an Isolated Lepton and P at HERA
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Figure 1: Distributions of kinematic variables of eventshaan isolated electron or muon and
missing transverse momentum in the full HERAp data. Shown are: the polar angle of
the leptond, (a), the difference in the azimuthal angle of the lepton dedhadronic systems
A¢,_x (b), the lepton—neutrino transverse masg§’ (c), the hadronic transverse momentum
P (d), the missing transverse momentii#> (e) and the transverse momentum of the lepton
Pt (f). The data (points) are compared to the SM expectatiorr{dpstogram). The signal
component of the SM expectation, dominated by singl@roduction, is shown as the hatched
histogram. The total uncertainty on the SM expectation @swshas the shaded band.
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Events with an Isolated Lepton and P at HERA
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Figure 2: Distributions of the hadronic transverse momentg)® of events with an isolated
electron or muon and missing transverse momentum foethpg@) ande p (b) HERA data.
The data (points) are compared to the SM expectation (ogeagram). The signal component
of the SM expectation, dominated by singlé production, is shown as the hatched histogram.
The total uncertainty on the SM expectation is shown as thdesthband.
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Figure 3: The singléV production cross section as a function of the hadronic wense mo-
mentum, P, measured using the combined H1 and ZEUS data at a centreas$-energy
of \/s = 317 GeV. The inner error bar represents the statistical errdrthe outer error bar
indicates the statistical and systematic uncertaintide@d quadrature. The shaded band rep-
resents the uncertainty on the SM prediction.
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