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Multi-L eptonswith High Transver se Momentum at HERA

The H1 and ZEUS Collaborations

Abstract

Events with at least two high transverse momentum leptdest(ens or muons) are
studied using the H1 and ZEUS detectors at HERA with an iategrluminosity 0f).94 fo—1.
The observed numbers of events are in general agreementhwiStandard Model predic-
tions. Seven di- and tri-lepton events are observed pncollision data with a scalar sum of
the lepton transverse momenta abbve GeV while1.94 + 0.17 events are expected. Such
events are not observeddn p collisions for which1.19 4+ 0.12 are predicted. Total visible
and differential di-electron and di-muon photoproductgraoss sections are extracted in a
restricted phase space dominated by photon-photon coléisi
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1 Introduction

According to predictions of the Standard Model (SM) the eitbn of multi-lepton final states
in electrort-proton collisions proceeds mainly via photon-photonriattions [1]. The clean
experimental signature of leptons with high transverse s Pr, together with the precisely
calculable small SM cross section provides high sensjttaifpossible contributions of physics
beyond the SM. Measurements of multi-lepton productiomhatHERA collider have already
been performed by the H1 [2-5] and ZEUS [6] collaborationsgidata samples corresponding
to an integrated luminosity ef 0.5 fo~! per experiment. Events with high invariant mags,

of the two highestPr leptons or high scalar sum of transverse momenta of all fep¥d Pr
were measured by both experiments in a region where the Sktagmon is low. The yields of
multi-lepton events were found to be in general agreemetht tve SM predictions in both H1
and ZEUS analyses.

A combination of the H1 and ZEUS results which exploits theptetee*p data samples
of both experiments is presented in this paper. Total yighadskinematic distributions of multi-
lepton final states with electrons or muons are measuredangared to the SM. The two-fold
increase in the available data statistics allows a moregarit test of the SM in the high mass
and highy _ Pr regions. In addition, total visible and differential phptoduction cross sections
of ete™ andut ™ pairs are measured in a restricted phase-space region atahiby photon-
photon collisions.

The analysed data were collected betwéed and 2007 at the HERA electron-proton
collider using the H1 and ZEUS detectors. The electron antbprbeam energies were re-
spectively27.6 GeV and’20 GeV or920 GeV, corresponding to centre-of-mass energieof
301 GeV or319 GeV. The data correspond to an integrated luminosity®f fo—!, comprising
0.38 fb~! of e~p collisions and0.56 fb~! of e*p collisions, with8% of the total collected at
Vs =301 GeV.

The H1 and ZEUS detectors are general purpose instrumeith wdnsist of tracking sys-
tems surrounded by electromagnetic and hadronic calcegrm@nd muon detectors, ensuring
close to 4 coverage of thep interaction point. The origin of the coordinate system is th
nominalep interaction point, with the direction of the proton beam dliefy the positive:-axis
(forward region). Ther — y plane is called the transverse plane @nd the azimuthal angle.
The pseudorapidity) is defined ag) = —In tan(f/2), whered is the polar angle. Detailed
descriptions of the H1 and ZEUS detectors can be found ek, 8].

2 Experimental Method

For this analysis, a common phase-space region is choserdagg to the individual perfor-
mances of the H1 and ZEUS detectors, such that both detd@weeshigh and well understood
acceptance. The common phase-space region is somewhétrstmah those used by the re-
spective collaborations [5, 6] and is described in the foilhg.

'Here and in the following, the term “electron” denotes géradly both the electron and the positron.



The event selection proceeds in two steps. Electron or mandidates are first identified
using a wider angular range and lower energy thresholdeetldy the detectors. In a second
step, in order to minimise the background present in sombeeévent topologies, at least two
central Q0° < 6 < 150°) lepton candidates are required.

Electron candidates are identified in the polar-angle rdrige 6 < 175° as compact and
isolated energy deposits in the electromagnetic calogrsefThe electron energy threshold is
10 GeV in the rangé° < 6 < 150° and5 GeV in the backward regioh50° < 6 < 175°.
Compared to the published H1 analysis [5], the electronggnireshold is here raised in the
central regior20° < 6 < 150° from 5 to 10 GeV. Muon candidates are identified in the range
20° < # < 160° with a minimum transverse momentum »fGeV. Muon identification is
based on the measurement of a track in the inner trackingreyassociated to a track segment
reconstructed in the muon chambers or an energy deposk icetlorimeter compatible with a
minimum ionising particle. Only tracks associated with grenmary event vertex are used in
the analysis. Detailed descriptions of electron and muentification criteria used by the H1
and ZEUS experiments are given in the individual publicagifb, 6]. For the H1 experiment,
the resulting electron identification efficiency&8% in the central region and larger thaso
in the forward and backward regions, while for the ZEUS detethe electron identification
efficiency is90%. The lower electron identification efficiency in the H1 ars&d is mainly due
to a tight matching requirement between the transverse mtanmeeasured by the tracker and
the calorimeter [3, 5]. The efficiency to identify muons irtH1 and ZEUS analyses 9%
and 55%, respectively. The lower muon identification efficiency #EUS is due to a lower
performance and a smaller fiducial volume of the muon systatadow efficiency of the track
trigger for low multiplicity events [6].

Multi-lepton events are selected by requiring at least tarti@l lepton candidates, of which
one must havé’,. > 10 GeV and the otheP?’. > 5 GeV. Additional leptons identified in the de-
tector according to the criteria defined above may be prasé¢né event. All lepton candidates
are required to be isolated with respect to each other by amaim distance of at least5 units
in then — ¢ plane. No explicit requirement on the charge of the leptorddates is imposed.
Lepton candidates are ordered according to decreasingveese momenturﬂ?ﬁi > Pfi“.
According to the number and the flavour of the lepton candsldhe events are classified into
mutually exclusive topologies.

The production cross section efe~ andu ™.~ pairs is measured in the photoproduction
regime, in which the virtuality)? of the photon emitted by the beam electron is low. Subsam-
ples ofee andy.y. events, dominated by photon-photon collisions, labehted. and(yv),,, are
selected by requiring the differenée— P, between the energy and the longitudinal momentum
of all visible particles to be lower than 45 GeV. This reqment selects events in which the
scattered electron is lost in the beampipe and corresponzigts on? < 1 Ge\? and on the
event inelasticityy = (F — P,)/2E. < 0.82, whereE, is the electron beam energy.

The GRAPE [9] Monte Carlo (MC) event generator is used toudate SM production cross
sections, dominated by photon-photon interactions— ¢*¢~, and to simulate multi-lepton
events. GRAPE predicts cross sectionsdor— eyt~ X andep — e ete” X processes,
leading toeu e andeee final states. Events with only two leptons(, e or ee) are observed
if the scattered electron or one lepton of the pair is notadete Theep — e 777~ X process
with subsequent leptonic tau decays is also simulated WRARE.
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Experimental background contributions from various SMcesses to the selected multi-
lepton topologies were studied [5,6]. Backgrounds taethiinal state arise from neutral current
(NC) deep inelastic scattering (DIS) eventp (— e.X) in which, in addition to the scattered
electron, hadrons or radiated photons are wrongly idedt#geelectrons, and from QED Comp-
ton (QEDC) eventsep — ey X) if the photon is misidentified as an electron. Backgrounti¢o
ep final state arises from NC DIS events if hadrons are misifledtas muons. The background
contributions tceee, eup andpy final states are negligible.

The combination of the results of the H1 and ZEUS experimsnperformed both on the
number of observed events and at the cross section levetiddisons of data events and of MC
expectations are added bin by bin. Experimental systeraatiertainties are treated as uncor-
related between the experiments. A detailed list of all éxpental systematic uncertainties of
both experiments can be found in the individual publicatif) 6]. The theoretical uncertainty
of 3% on the total lepton pair contribution calculated from tHRA®E MC is considered to be
correlated between the experiments. Cross sections negblsyrH1 and ZEUS are combined
using a weighted average [10].

3 Reaults

The total number of selected events in the data are compar®h tpredictions in Table 1 for
theee, pu, e, ece andepuy topologies and for the~ subsamples. The observed numbers of
events are in good agreement with the SM expectations.efipe i andey topologies are
dominated by muon pair production while ttve andee topologies contain mainly events from
electron pair production. The contribution from tau pawmguction is~ 4% in theeu topology,
negligible in the others, and is considered as signal. TheDN&and QEDC processes give
rise to a sizeable background contribution in ¢heopology where the H1 and ZEUS analyses
have slightly different background rejection capabisitielhe contribution from NC DIS and
QEDC processes to the total SM expectation amoun2d% for ZEUS and11% for H1 due

to the tighter electron identification criteria. Most of teeents in the:;, topology arise from
muon pair production at higp?, in which the beam electron is scattered at a large angle in
the detector, while one of the muons is outside the acceptagion. In this topology, the NC
DIS background contributes 10% in both the H1 and ZEUS experiments. Four events with
four lepton candidates in the final state are also observede2and 2eepu. The total SM
expectation for four-lepton events2s3™07, including background where a fourth lepton is a
misidentified hadron. The contribution from true four-l@ptevents, originating from higher-
order QED processes, is not included in the SM and is expé¢ctee negligible.

The distributions of the invariant madg,, of the two highesi”; leptons for the different
topologies are shown in Fig. 1. An overall agreement withS prediction is observed in
all cases. Events with high invariant magg,( > 100 GeV) are observed in the data. The
corresponding observed and predicted event yields are auised for all topologies in Table 2.
Oneee and twoeee high mass events are observed by ZEUS [6]. Nine high massseaen
observed by H1. Compared to the H1 results [5], eeehigh mass event is not selected in
this combined analysis due to the increased electron ertlergghold ofl0 GeV in the central
region. The results for*p ande™p data are also shown separately in Table 2. All high mass
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events observed by both experiments originate fedmcollisions. Several of these events also
have high) _ Pr values.

Figure 2 presents the distributions »f Pr of the observed multi-lepton events compared
to the SM expectation. Good overall agreement between tteeadal the SM prediction is
observed. Fod_ Pr > 100 GeV, seven events are observed in total, compar&dl®+ 0.26
expected from the SM (see Table 3). These seven events weezailded in the="p data,
for which the SM expectation i$.94 + 0.17. The events correspond to the four and the
two eup events observed with/;, > 100 GeV, together with oneee event observed with
M5 = 93 GeV.

Total visible and differential cross sections for di-eteatand di-muon production are mea-
sured using the selectédy). and(y7), subsamples. The kinematic domain of the measure-
ment is defined bR0° < #%2 < 150°, Pyt > 10 GeV, P2 > 5 GeV,Q? < 1 GeV?, y < 0.82
and D;"? > 0.5, where D;""? is the distance in thg — ¢ plane between the two leptons.
The effect of theDf;lf;f requirement is small<{ 1%). The data samples gfs = 301 GeV
and319 GeV are combined. Assuming a linear dependence of the cea$i®s on the proton
beam energy, as predicted by the SM, the resulting crososemirresponds to an effective
/s = 318 GeV. The effect of final-state radiation on the cross sestigas found to be negli-

gible.

The total numbers of observégly). and(yy), events are in agreement with the SM expec-
tations, as summarised in Table 1. In the/). sample, the contamination from NC DIS and
QEDC background events 26. No significant background is present in they), sample.
The contribution fromr pair production is negligible in both they). and(y7),, subsamples.
All high mass and highp_ Pr events previously discussed are discarded from this sabyple
the requirementy — P, < 45 GeV.

The total visible and differential cross sections for al@etand muon pair production are
evaluated bin by bin as the weighted mean of the values mecsyrthe two collaborations.
The same binning is used by both experiments. The signaptartee is defined as the number
of events reconstructed in a bin divided by the number of svgenerated in the same bin and is
calculated using GRAPE MC events. kor— e ee~ X events, the mean signal acceptances
in the H1 and ZEUS experiments atB% and60%, respectively. In case ep — e pt =X
events, it i550% for H1 and30% for ZEUS.

The total visibleep — eete” X cross section ig = 0.68 + 0.04 £+ 0.03 pb, where the
first uncertainty is statistical and the second systematie. total visibleep — ep™ = X cross
section isc = 0.63 + 0.05 + 0.06 pb. The results are in agreement with the SM expectation,
dominated by photon-photon collisions, @69 + 0.02 pb calculated using the GRAPE gen-
erator. Since the muon and electron cross sections are titepas expected, they are com-
bined into a single measurement, leading to a measurednlggaio production cross section
of 0 = 0.66 + 0.03 £ 0.03 pb. This result is in agreement with the individual H1 and Z=U
measurements [5, 6].

Differential cross sections of lepton pair production asracfion of the transverse momen-
tum of the leading leptorP and of the invariant mass of the lepton pai, are listed for
each sample in Table 4 and shown in Fig. 3 for the combinedreleand muon samples. The
measurements are in good agreement with the SM predictions.
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4 Conclusion

The production of multi-lepton (electron or muon) eventkigh transverse momenta was stud-
ied using the fulle*p data sample collected by the H1 and ZEUS experiments at HERA,
responding to a total integrated luminosity(o94 fb—. The yields of di-lepton and tri-lepton
events are in good agreement with the SM predictions. Digions of the invariant mas¥/;,

of the two highesP; leptons and of the scalar sum of the lepton transverse maéet, are

in good overall agreement with the SM expectation.

Events are observed i, /1, e, eece andeppu topologies with invariant masség,, above
100 GeV, where the SM expectation is low. Both experiments okesieigh mass and high’ Pr
events ire™p collisions only, while, for comparable SM expectationsp@eare observed it p
collisions. Seven events havea Pr > 100 GeV, whereas the corresponding SM expectation
for e*p collisions is1.94 + 0.17.

The total and differential cross sections for electron angmpair photoproduction are
measured in a restricted phase space dominated by phottorpinteractions. The measured
cross sections are in agreement with the SM predictions.
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Multi-Leptons at HERA (.94 fb~1)
Sample Data SM Pair Production (GRAPE) NCDIS + QEDC

ee 873 895L57 724 + 41 171 £ 28
pp 298 320436 320 & 36 <05
e 173 167+ 10 15249 15+ 3
cece 116 11947 11746 <4
epp 140 147+15 147+ 15 <0.5
(v7)e 284 293+ 18 280 + 18 4+1
(vy). 235 247+ 26 247 + 26 <05

Table 1: Observed and predicted event yields for the diffieegent topologies and for they
subsamples. The uncertainties on the predictions incluziiehuncertainties and experimental
systematic uncertainties added in quadrature. The linmtthe background estimations are
quoted ab5% confidence level.

Multi-Leptons at HERA (.94 fb~1)
My >100 GeV
Sample Data SM Pair Production (GRAPE) NC DIS + QEDC
e™p collisions (.56 fb~1)

ee 4 1.68 £ 0.18 0.94 +0.11 0.74 +£0.12
Lo 1 0.32£0.08 0.32 £0.08 < 0.01
e 1 0.40 + 0.05 0.39 + 0.05 < 0.02
eee 4 0.79 + 0.09 0.79 + 0.09 < 0.03
el 2 0.16 = 0.04 0.16 & 0.04 < 0.01
e~ p collisions (.38 fb~1)
ee 0 1.254+0.13 0.71 £0.11 0.54 £ 0.08
i 0 023+0.10 0.23 4 0.10 < 0.01
e 0 0.26 4+ 0.03 0.254+0.03 < 0.02
eee 0 0.49 +0.07 0.49 +£0.07 < 0.03
epuf 0 0.14+0.05 0.14 & 0.05 < 0.01
Alldata 0.9410 1)

ee 4 2.93 £0.28 1.65 +£0.16 1.28 £ 0.18
o 1 0.55 £0.12 0.55£0.12 < 0.01
e 1 0.65 + 0.07 0.64 £ 0.06 < 0.02
eee 4 1.274+0.12 1.27+0.12 < 0.03
e 2 0.31+0.06 0.31 + 0.06 <0.01

Table 2: Observed and predicted multi-lepton event yiatdsrfasses//;, > 100 GeV for the
different event topologies, for all data and divided iat@ ande~p collisions. The uncertainties
on the predictions include model uncertainties and expartal systematic uncertainties added
in quadrature. The limits on the background estimationsespond to the selection of no event
in the simulated topology and are quoted¥% confidence level.
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Multi-Leptons at HERA (.94 fb—1)
> Pr >100 GeV

Data sample  Data SM Pair Production (GRAPE) NC DIS + QEDC
e'p(0.56fb 1) 7 1.94+0.17 1.52+0.14 0.42 + 0.07
ep(0.38fbY) 0 1.1940.12 0.90 + 0.10 0.29 + 0.05
All (0.94 fb=1) 7 3.13 £0.26 2.424+0.21 0.71+0.10

Table 3: Observed and predicted multi-lepton event yiedd$ T Pr > 100 GeV. Di-lepton and
tri-lepton events are combined. The uncertainties on tediptions include model uncertainties
and experimental systematic uncertainties added in qtuadra

Multi-Leptons at HERA (.94 fb—1)

Variable Measured Measured Measured Pair Production
range €e) () (average) (GRAPE)
[GeV] [fb/GeV] [fb/GeV] [fb/GeV] [fb/GeV]

P do /d Py}

(10, 15] 101.1£7.1 £5.5 97777 £9.2 99.9+53 +£4.9 101.3£3.1

(15, 20] 224431 £1.3 159+£3.2 £1.7 194+23 £1.0 23.94+0.7

20, 25] 5.0x1.5 £0.6 49416 £0.6 50£1.1 +£0.4 7.3+£0.2

25, 50] 0.56 +0.22 £0.05 0.754+0.29 £0.09 0.634+0.18 £0.04 0.934+0.03

My, do/d My

(15, 25] 27.3+28 £1.5 31.9+29 £3.0 29021 £1.5 30.0+£0.9

(25, 40] 184+16 +1.1 149+18 +14 169+£1.2 £0.9 19.5£0.6

40, 60] 3.4+06 +0.2 2005 £0.2 2604 +0.2 3.1+£0.1

(60, 100] 0.1740.09 £0.03 0.324+0.154+0.04 0.21 +0.08 £0.02 0.26 +0.01

Table 4: Differential photoproduction cross sectitaljers’alel1 anddo /dM,, averaged for each
quoted interval for the procesp — e/*¢~ X in a restricted phase space (see text for details).
Cross sections are measured 0k~ or p+u~ pairs. The average is also shown. The first
uncertainty is statistical and the second is systematieofidtical predictions, calculated with
GRAPE, dominated by the photon-photon process, are shotine ilast column.
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Multi-Leptons at HERA
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Fig. 1: The distribution of the invariant mass of the two legt¥; leptons for events classified
aseee, e, ee, i andep. The points correspond to the observed data events andstiogtam
to the SM expectation. The total uncertainty on the SM exgigwt is given by the shaded
band. The component of the SM expectation arising from leptor production is given by the
hatched histogram.
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Multi-Leptons at HERA
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Fig. 2: The distribution of the scalar sum of the transversenenta) ® Pr for combined di-
lepton and tri-lepton event topologies for all data as wslifar e*p and e p. The points
correspond to the observed data events and the histograme t8M expectation. The total
uncertainty on the SM expectation is given by the shaded.bdm& component of the SM
expectation arising from lepton pair production is givertly hatched histogram.
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Multi-Leptons at HERA
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Fig. 3: The cross section for lepton pair photoproductiomiastricted phase space as a function
of the leading lepton transverse momentifh (a) and the invariant mass of the lepton peir

(b). The total error bar is shown, representing the staéibind systematic uncertainties added
in quadrature, which is dominated by the statistical. Thedsarepresent the one standard
deviation uncertainty in the SM prediction, dominated by pihoton-photon process.

18



