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Abstract

A model-independent search for deviations from the Standard Model prediction is perforeeg ande™ p collisions at
HERA using H1 data corresponding to an integrated luminosity of 117 pBor the first time all event topologies involving
isolated electrons, photons, muons, neutrinos and jets with high transverse momenta are investigated in a single analysis. Events
are assigned to exclusive classes according to their final state. A statistical algorithm is developed to search for deviations from
the Standard Model in the distributions of the scalar sum of transverse momenta or invariant mass of final state particles and
to quantify their significance. A good agreement with the Standard Model prediction is observed in most of the event classes.
The most significant deviation is found for a topology containing an isolated muon, missing transverse momentum and a jet,
consistent with a previously reported observation.
0 2004 Elsevier B.V. All rights reserved.

1. Introduction guestion of whether evidence for new physics might
still be hidden in the highPr data recorded at col-

At HERA electrond? and protons collide at a lider experiments. A similar strategy for a model-
centre-of-mass energy of up to 319 GeV. These high- independent search was previously presentg#]in
energy electron-proton interactions provide a testing  All final states containing at least two objecés &,
ground for the Standard Model (SM) complementary /> ¥» V) With Pr > 20 GeV in the polar angté range
to ete™ and pj scattering. It is widely believed that ~10° < ¢ < 140" are investigated. The complete HERA
the SM is incomplete and that new physics signals | data sample (1994-2000) is used, corresponding to
may appear below energies of 1 TeV. Many exten- an integrated luminosity of 117_56. All selected
sions to the SM have been constructed during the last €vents are classified into exclusive event classes ac-
decades predicting various phenomena which may be c0rding to the number and types of objects detected in
visible at high energies or large transverse momenta the final state (€.g¢—j, u—j—v, j=j=j-j=j). These
(Pr). HERA data have been used to test some of these €xclusive event classes ensure a clear separation of
models of new processes by analysing their anticipated final states and allow an unambiguous statistical inter-
experimental signatures and limits on their parameters Pretation of deviations. All experimentally accessible
have been deriveid]. combinations of objectséve been studied and data

The approach described in this Letter consists of €ventsare found in 22 of them. _

a comprehensive and generic search for deviations [N afirstanalysis step the global event yields of the
from the SM prediction at large transverse momenta. €Vent classes are compared with the SM expectation.
All high Py final state configurations involving elec-  The distributions of the invariant mass and of the
trons ), muons fu), jets (j), photons ¢) or neutri-  Scalar sum of transverse momeniarr of high Pr

nos () are systematically investigatédThe analysis ~ final state objects are presented. New physics may be
covers phase space regions where the SM predictionViSible as an excess or a deficit in one of these distrib-
is sufficiently precise to detect anomalies and does Utions. Therefore, in a second step these distributions
not rely on assumptions concerning the characteris- € systematically investigated using a dedicated algo-
tics of any SM extension. Such a model-independent "ithm which locates the region with the largest devia-
approach might discover unexpected manifestations tion of the data from the SM prediction. The probabil-
of new physics. Therefore it addresses the important Ity of occurrence of such a deviation is derived, both

12 |n this Letter “electrons” refers to both electrons and positrons,
if not otherwise stated. 14 The origin of the H1 coordinate system is the nomigalin-

13 The analysis covers objects which can be well identified in the teraction point, with the directio of the proton beam defining the
H1 detector for all final state configurations. Since the selection effi- positive z-axis (forward region). The transverse momenta are mea-
ciencies and purities far leptons and beauty quarks are rather low, sured in thexy plane. The pseudorapidity is related to the polar
these patrticles are not treated as explicit objects. angled by n = —Intan(6/2).
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for each event class individually and globally for all and also models final states with an additional radiated
classes combined. photon.

This Letter is organised as follows. Sectigrde-
scribes the Standard Model processes at HERA and
their Monte Carlo simulation. The H1 detector, the
event selection and measurement procedure are de
scribed in SectioB. The eventyields and distributions
for each event class are presented in Sedfiofhe
search strategy and results are explained in Seétion
Section6 summarises the Letter.

Charged current deep-inelastic scatteringCharged
current (CC) DIS events are simulated using the
DJANGO [7] program, which includes first order
QED radiative corrections based on HERACLES. This
prediction contributes to the final stateg — vj X,

ep — vjjX and to final states with an additional radi-
ated photon.

2. Standard Model processes and Monte Carlo QED Compton scattering. Elastic and quasi-elastic
generation Compton processe® — ey X are simulated with the
WABGEN [9] generator. The inelastic contribution is

Several Monte Carlo evenegerators are combined  gjready included in the NC DIS RAPGAP sample.
to simulate events for all SM processes which have

large cross sections or are expected to be dominant for

specific event classes, avoiding double-counting. The Electroweak production of lepton pairs Multi-lepton
data sets used for the development of the Monte Carlo €vents &e, uu, tt) are generated with the GRAPE
generators are largely independent of the events in the[10] program, which includes all electroweak matrix
current analysis. All processes are generated with an€lements at tree levelultilepton production viay y,
integrated luminosity significantly higher than that of ¥ Z, ZZ collisions, internal photon conversion and the
the data Samp|e and events are passed through a fu|ﬂecay of virtual or rea¥ bosons is considered. Initial
detector simulatiorf3]. At high transverse momenta and final state QED radiation is included. The com-
the dominant SM processes are the photoproduction plete hadronic final state is obtained via interfaces to
of two jets and neutral current (NC) deep-inelastic PYTHIA and SOPHIA11]for the inelastic and quasi-
scattering (DIS). In the following the abbreviatioh ~ elastic regimes, respectively.

represents all reaction products other than the figh

objects considered. W production. The production of?W bosonsep —

WX andep — W;jX is modelled using EPVE(12].
. ) . Next-to-leading order QCD correctiofis3] are taken
the direct and resolved photoproduction of jets into account by reweighting the events as a function of

J7X, prompt photon p.rOdUCtiOP — V.jX and the the transverse momentum and rapidity of Widoson
resolved photoproduction of photon paijs— yy X, [14]

the PYTHIA 6.1 event generatod] is used. Light
and heavy flavoured jets are generated. The simula-
tion contains the Born level hard scattering matrix el- Processes with the production of three or more jets,

Photoproduction of jets and photonsTo simulate

ements and radiative QED corrections. e.g..ep — jjjX orep — jjjjX, are accounted for
using leading logarithmic parton showers as a rep-
Neutral current deep-inelastic scatteringThe Born, resentation of higher order QCD radiation, with the

QCD Compton and Boson Gluon Fusion matrix ele- exception of CC DIS, where the colour-dipole model
ments are used in the RAPGAB] event generator  [8] is used. Hadronisation is modelled using Lund
to model NC DIS events. The QED radiative effects string fragmentatiofi4]. The prediction of processes
arising from real photon emission from both the in- with two or more high transverse momentum jets, e.g.,
coming and the outgoing electrons are simulated using ep — jj X, ep — ¢jj X, is scaled by a factor of.2 to

the HERACLEY®6] generator. Hence the NC DIS pre- normalise the leading order Monte Carlos to next-to-
diction contains the process@s— ¢j X, ep — ¢jj X leading order QCD calculatiof$5].
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3. Experimental technique signals from the central tracking detector. The trigger
efficiency for di-muon events is about 7q2d].

3.1. The H1 detector _
3.2. Event selection

The H1 detectof16] components relevant to the
present analysis are briefly described here. Jets, pho-
tons and electrons are measured with the Liquid Argon
(LAr) calorimeter[17], which covers the polar angle
range 4 < 6 < 154 with full azimuthal acceptance.
Electromagnetic shower energies are measured with
a precision ofo (E)/E = 12%//E/GeV & 1% and
hadronic energies withr (E)/E = 50%//E/GeV &

2%, as measured in test beams. The central and for-
ward tracking detectors are used to measure charge
particle trajectories, to reconstruct the interaction
vertex and to supplement the measurement of the
hadronic energy. The innermost proportional cham-
ber CIP (9 <6 < 171°) is used to veto charged
particles for the identification of photons. The LAr
and inner tracking detectors are enclosed in a super-
conducting magnetic coil with a strength of 1.15 T.
The return yoke of the coil is the outermost part of

the detector and is equipped with streamer tubes form-and thats™, (E; — P.;) < 75 GeV, whereE; is the

ing the central muon detector(4 6 < 171°). It is article enerav andP. - is the » component of the
also used to supplement the measurement of hadrons? gy ot < P

In the forward region of the detectorq(% 6 < 17°) part|cle. momentum. H_ere, the mdexrun_s over all
. hadronic energy deposits, electromagnetic clusters and
a set of drift chamber layers (the forward muon sys-

. . 7, muons found in the event. Due to energy-momentum
tem) detects muons and, together with an iron toroidal :
conservation events are expected to have a value of
magnet, allows a momentum measurement. The lu-

minosity measurement is based on the Bethe—Heitler eXr:{e(rEi _ifI;Zﬁil) Egsltzu ;g;ll’ngvgﬁi;?jrﬁzgzoqhzeag_
processp — epy, where the photon is detected in a g9y, ylong g P

i : . ton beam direction is unmeasured. Events with topolo-
calorimete18] located downstream of the interaction . . . .
point gies typical of cosmic ray and beam-induced back-

The main trigger for events with high transverse ground are rejectefp2]. Moreover, the timing of the

momentum is provided by the LAr calorimeter. The event_|s required to coincide with that of the bunch
: - ) . crossing.
trigger efficiency is close to 100% for events having an X e I .
) o The identification criteria for each type of parti-
electromagnetic deposit in the LAr (electron or pho- Lo :
. cle are based on those applied in previous analyses of
ton) with transverse momentum greater than 20 GeV specific final statef15,19,21,23] Additional require
[19]. Events triggered only by jets have a trigger effi- P R d

] . jet . ments are chosen to ensure an unambiguous identifica-
ciency above 90% foP;~ > 20 GeV and nearly 100% o, of particles, whilst retaining high efficiencies. The

for P} > 25 GeV[20]. For events with missing trans-  following paragraphs describe the identification crite-
verse momentum above 20 GeV, determined from an ria for the different objects and give the identification

imbalance in the transverse momentum measured in

the calorimeter, the trigger efficiency i€ 90%. The

muon trigger is based on single muon signatures from 15 1hjs is not required for the ené classes containing only pho-
the central muon detector, which are combined with tons or photons and a neutrino.

At HERA electrons or positrons with an energy
of 27.6 GeV collide with protons at an energy of
920 GeV resulting in a centre-of-mass energy of
/s =319 GeV. Before 1998 the proton energy was
820 GeV resulting in a centre-of-mass energy of
/s =301 GeV. The event sample studied consists of
the full 1994-2000 HERA | data set. It corresponds to
an integrated luminosity of 36 pb~! in ¢t p scatter-
ing at\/s = 301 GeV and 18 pb 1 in e~ p scattering
and 664 pb!in ¢t p scattering at/s = 319 GeV.

The data selection requires at least one isolated
electromagnetic cluster, jet or muon to be found in the
detector acceptance. Energy deposits in the calorime-
ters and tracks in the inner tracking system are used
to form combined cluster-track objects, from which
the hadronic energy is reconstructed. To reduce back-
ground it is demanded that the event vertex be recon-
structed within 35 cm iry of the nominal positiot?
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efficiencies for the kinematic region considered in the Muon identification. The muon identification is based
analysis. on a track in the forward muon system or in the inner
tracking systems associated with a track segment or an

Electron identification. The electron identification ~ €N€rgy depositin the central muon detedg8]. The
is based on the measurement of a compact and muon momentumis measured from the track curvature

isolated electromagnetic shower in the LAr calo- in the toroidal or solenoidal magnetic fields. A muon
rimeter. The hadronic energy within a distance in candidate should have no more than 8 GeV deposited

the pseudorapidity-azimuthn(— ¢) plane R = in the LAr calorimeter in a cylinder of radius.®

V(AN2 4+ (A¢)2 < 0.75 around the electron is re- i_n (n — ‘é) space, centred on the muon track dirgc-

quired to be below 3% of the electron energy. This tion. In di-muon events, the requirement of an opening
calorimetric electron iddification is complemented angdle betwe_en thebtwi muonds sémallerhtf}an 165-

by tracking conditions. A high quality track is required car St (ijost,)mlc ray 1 actﬁr(tn:;n - beam a_o_mLtJor;s are
to geometrically match the electromagnetic cluster rejected by requiring that the muons originate from

within a distance of closest approach to the cluster the event vertex. Finally, misidentified .h.adrons are
centre-of-gravity of 12 cm. No other good track is al- almost completely suppressed by requiring that the

lowed within R < 0.5 around the electron direction. Mmdon candidate is separated from the closest jet with

jet - . .
In the central region (20< 6 < 14(°) the distance = Fr > 5 Ge€V by R > 1. The efficiency to identify
between the first measured point in the central drift MUONS is greater than 90f23].
chambers and the beam axis is required to be be-

low 30 cm in order to reject photons that convert late : e . . .
ject p Jet identification. Jets are defined using the inclu-

in the central tracker material. In addition, the trans- *. . . X o
verse momentum measured from the associated trackS'VekL algorithm(24,25} The algorithm is applied in

P;”‘ is required to match the calorimetric measure- ?nedlig?nrat;);y f\:vaerinigghr:ciﬁgir::t?gnpis?dﬁ]r of 1
ment P with 1/ P — 1/P¢ < 0.02 GeV-L. In the garr Wel

region not fully covered by the central drift chambers in which the jets are treated as massless. The jet al-
. . : . orithm is run on all combined cluster-track objects
(10° < 6 < 37°) a wider isolation cone oR =1 is g )

. o not previously identified as electron or photon can-
required to reduce the contribution of fake electrons didates. The scattered electron may fake a jet. This
from hadrons. In this forward region the identification ' '

. : . ... effect is important for multi-jet events, especially at
is completed by the requirement of associated hits in high transverse momenta. To reject these fake jets, the
the CIP, which reduces thectamination from neutral '

) o . first radial moment of the jet transverse en 27
particles showering in the material of the forward re- J ei26,27]

. . L . . [ i h h i
gion. The resulting electron finding efficiency is 85% 'S j;—:‘qujl(_}rted to be greater than02 and the q_uant_lty
in the central region and 70% in the forward region. M/ Py” must be greater thanDf15,27] The invari-

ant mass\i€t is obtained using the four-vector of all

) o ) o objects belonging to the jet. If the fraction of the jet en-
Photon identification. The photon identification re- ergy contained in the electromagnetic part of the LAr
lies on the measurement of an electromagnetic shower 5 orimeter is greater thand) the above criteria are
and on the same calorimetric isolation criteria against tightened to (4 and 015, respectively. The jet selec-
hadrons as for the electron identification. In addition, {4, efficiency is 97%.

photons are required to be separated from jets with

P = 5 GeV by a distance ok > 1 to the jet axis.

Vetoes are applied on any charged track pointing to Neutrino identification. A neutrino candidate is de-
the electromagnetic cluster. No track should be presentfined in events with missing transverse momentum
with a distance of closest approach to the cluster be- above 20 GeV. The missing momentum is derived
low 24 cm or withinR < 0.5. An additional veto on  from all identified particles and energy deposits in
any hits in the CIP is applied. The resulting photon the event. Fake missing transverse momentum may
identification efficiency as derived using elastic QED also arise from the mismeasurement of an identi-
Compton events is 90%. fied object. This effect is reduced by requiring that
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the neutrind® be isolated from all identified objects
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Table 1

with a transverse momentum above 20 GeV. Requir- Systematic uncertainties attributed to the measurement of energies

ing ) ,(E; — P ;) <48 GeV discards neutrino candi-

and polar angles and to the identification efficiencies of particles

dates from NC processes where the missing transverseObject

momentum is caused by energy leakage in the for-

ward region. If exactly one electron or muon object is J¢t

found, a neutrino object is only assigned to an event if
A (I — Xior) < 170°, whereA¢ (I — Xio) IS the sepa-

Energy scale 0 Identification
(mrad) efficiency
2% 5-10 -
Electron 0.7-3% 1-3 2-7%
Photon 0.7-3% 1-3 2-7%
Muon 5% 3 5%

ration in azimuthal angl between the leptanand the
direction of the systenXiq; built of all hadronic ener-
gies.

Event classification. The common phase space for
electrons, photons, muons and jets is defined y<10

6 < 140¢° andPr > 20 GeV. The neutrino phase space
is defined by missing transverse momentum above
20 GeV and) ,(E; — P, ;) < 48 GeV. These val-
ues are chosen to retain a high selection and trigger
efficiency. All particles withPr > 20 GeV, includ-

ing the neutrino defined by its reconstructed four-
vector, are required to be isolated compared with each
other by a minimum distanc& of one unit in the

n — ¢ plane. The events are classified, depending on
the number and types of objects, into exclusive event
classes. Events with an isolated calorimetric object in
the considered phase space which is not identified as a
photon, electron or jet are discarded from the analysis
in order to minimise wrong classifications.

Based on these identification criteria, purities can
be derived for each event class with a sizeable SM ex-
pectation. Purity is defined as the ratio of SM events
reconstructed in the event class in which they are gen-
erated to the total number of reconstructed events in
this class. Most purities are found to be above 60%
and they are close to 100% for thiej, e—j, j—v and
u—u event classes.

3.3. Systematic uncertainties

This section describes the sources of experimen-
tal and theoretical systematic uncertainties considered.
Experimental systematic uncertainties arising from the
measurement of the objects are listedTable 1(for
more details sef20,27,28]).

e The electromagnetic energy scale uncertainty
varies between .@0% and 3% depending on the
particle’s impact point on the LAr calorimeter sur-
face[19]. The polar angular measurement uncer-
tainty of electromagnetic clusters varies depend-
ing oné between 1 and 3 mrgdd9]. The identifi-
cation of electron and photon candidates depends
on the tracking efficiency, which is known with a
precision ranging from 2% for polar angles above
37° to 7% in the forward region.

e The hadronic energy scale of the LAr calorimeter
is known to 2%. The uncertainty on the jet po-
lar angle determination is 5 mrad fér< 30° and
10 mrad for > 30°.

e The uncertainty on the transverse momentum
measurement for muons amounts to 5%. The un-
certainty on the polar angle is 3 mrad. The muon
identification efficiency is known with a precision
of 5%.

e The trigger uncertainties for each class are deter-
mined by the object with the highest trigger effi-
ciency. The uncertainty on the trigger efficiency is
estimated to be 3% if the event is triggered by a
jet or missing transverse momentum and 5% if it
is triggered by a muon. For electrons and photons
the uncertainty on the trigger efficiency is negligi-
ble.

e The uncertainty in the integrated luminosity re-
sults in an overall normalisation error of 1.5%.

e The uncertainty in the reconstruction®f; (E; —

P; ;) and the missing’r for the neutrino classifi-
cation are obtained by propagation of the system-
atic errors for other objects.

Depending on the generator level production proc-

ess, different theoretical uncertainties are used as
16 The four-vector of the neutrino is calculated under the assump- liSted in Table 2 The errors attributed to the predic-

tion Y, (E; — P.;) + (Ey — P;») =552 GeV.

tions forep — jjX, ep — jy X, ep — jvX, ep —
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Events

Table 2 5 g 2 3 2
Theoretical uncertainties attributed to the simulation of different SM 10 10 1 10 10 10 10
processes ol L AL R
Process Uncertainty : .I : ; —— '
ep — jjX andep — jyX 15% o = '
ep — jvX andep — jeX 10% o-9 7 : : —#
ep — jjvX andep — jjeX 15% E: _.—_._|+E
ep — upX andep — eeX 3% i-v #;
ep — WX andep — WjX 15% e i
ep — ey X andep — ey j 10% !:; —‘—‘!:: :
ep — eyp 5% vy f—

o >

w-i-i [
jeX, ep — jjvX, ep — jjeX and W production !'L'T — —™
include uncertainties in the parton distribution func-  cev Fu
tions and those due to missing higher order corrections . * & E—="
[15,23,27,28] The error attributed tep — X and epp [
ep — eeX results mainly from the limited knowledge " P
of the proton structurf21,29] The error on the QED 5'_5'_: l—’_‘._
Compton cross section is estimated to be 5% for elastic < v F—
and 10% for inelastic production. An additional theo- |} EE__*:._ )
retical error of 20% is applied for each jet produced  i-v-v [
by parton shower processes (e.g., 20% for thg—j e B ==
event class). An uncertainty of 50% is added to the 1" 53 i : :
prediction for NC DIS events with missing transverse e v [ : :
momentum above 20 GeV and a high electron.  °" 1" F - ~== Hiban
This uncertainty is estimated by a comparison of the « 1111 = = SM
missing transverse momentum distribution between ;i @ i

NC DIS events with a lowPr electron Py < 20 GeV) H1i General Search
and the SM prediction.

All systematic errors are added in quadrature and Fig. 1. The data and the SM expectation for all event classes with
are assigned to the SM predictions For example the a SM expectation greater than 0.01 events. The analysed data sam-
. - L ’ ple corresponds to an integrated luminosity of llTprThe error
resulting total uncertainties far—j events are 10% bands on the predictions includeodel uncertainties and experi-

and 35% at low (50 GeV) and high (250 GeV) invari- mental systematic errors added in quadrature.

ant massMy, respectively. In thg—; event class the

errors are typically 20% and reach 40-50% idg pectation inFig. 1 All event classes with a SM ex-

and}_ Pr values around 250 GeV. pectation greater than@. events are shown. No other
event class contains data events. The distributions of
the scalar sum of transverse momehptaP; and of

4. Event yields the invariant mas#/, of all objects are presented in
Figs. 2 and 3or classes with at least one event.

All possible event classes with at least two objects ~ The dominant highP; processes at HERA, i.e.,
are investigated’ The event yields subdivided into  photoproduction of jets, NC and CC DIS, dominate
event classes are presented for the data and SM exdn the j—j, e—j and j—v event classes, respectively.

Events are observed with_ Pr and My values as
T . , large as 250 GeV. A good description of the data spec-
_ Th_eﬂ—u event class is discarded from the presen_t analysis. !t tra by the prediction is observed. The prediction for the
is dominated by low transverse energy photoproduction events in

which a poorly reconstructed muon gives rise to missing transverse €Vent cIa;se;i—j—y ande—j—y is domin_ated by pho'.
momentum, which fakes the neutrino signature. toproduction and NC DIS processes with the radiation
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Fig. 2. The number of data events and the SM expectation as a functon?gf for classes with at least one event. The shaded areas show the
regions of greatest deviation chosen by the search algorithm. No search is performed;fgi-thej ande—j—j—j—j classes.

of a photon, respectively. There is good agreementbe-  Thee—y event class is dominated by QED Comp-
tween the data and the prediction. No event is observedton scattering processes apdPr and My values up

in the radiative CC classes-y and j—v—y, consistent  to 160 GeV are measured. A good agreement with the
with the expectation of 2 + 0.3 and 10+ 0.1, re- SM is observed. The prompt photgry event class
spectively. Thej—j—j, e—j—j, e—j—j—j, j—j—v and extends up taVy ~ 150 GeV and is well described
Jj—j—j—v event classes correspond to processes with by the prediction. The purity in this class is moderate
additional jet production due to higher order QCD ra- (40-50%) due to the high background from misidenti-
diation. The yields of these event classes are also well fied electrons in NC DIS. Backgrounds where hadrons
described by the SM prediction. are misidentified as photons are small. One event is
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Fig. 3. The number of data events and the SM expectation as a functidgdbr event classes with at least one event. The shaded areas show
the regions of greatest deviation chosen by the search algorithm. No search is performed{grjig ande—j—j—j—; classes.

observed in they—y event class for an expectation 11.2+ 1.4. In this channel, a discrepancy with the
of 1.1+ 0.5, which is dominated by thep — ey X SM expectation was previously reported for high
process, where the electramisidentified. Contribu-  masses by the H1 Collaboratidi29]. All multi-
tions of higher order QED processes, which could lead electron events mentioned [@89] and located in the
to two high transverse momentum photons, are negli- phase space of this analysis are found. In the re-
gible. gion My > 100 GeV, 3 events are observed and
Lepton pair production fronyy processes domi- 1.16+ 0.25 are expected. The higher SM prediction
nates in event classes with several leptons. dhe compared with the prediction of.® in [29] is due
event class contains 8 events for an expectation of to the extended polar angle range in the forward re-
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gion. This leads to an additionat 0.4 background
events from fake electrons arsd 0.4 events from
the ep — eeX processes. The——e class contains
no events. None of the tri-electron eventg29] are
selected here due to the requirement of high trans-
verse momentum. The predictions for theu and
u—u event classes are dominated by muon pair pro-
duction from two-photon reactions. Theu event
class is populated if the scattered electron and only
one of the muons are selected. In theu class, 4
events are observed compared with an expectation
of 4.8+ 0.6. A slight excess is observed in the-u
event class where 6 events are found arfdt20.6 are
expected. Muon pair production processes also con-
tribute ~ 85% in theu—j event class, where a good
agreement is found. In the-u, u—u and u—j event
classes thé_ Pr and My values of the data lie be-
tween 50 and 100 GeV. Fig. 4. The calorimetric energy deposits of the/—j—j—j event as
The prediction for the event classgs-j—v and a function ofy ande.
e—j—v consists mainly of highPz W production with
a subsequent leptonic decady discrepancy between
the dataqand thg SM expeazation is obsyerved in the t?or} S,M .prediction_s haj\é? been tested usinga.sa.lmlple of
u—j-v event class, where 4 events are observed for / =/ ~/7/ _evegts withPy“> 15 (,-Be?v ande—j—j—j—j
an expectation of 8 + 0.2. The)_ Py values reach events W'thPT_ = 10 GeV andPy > 5 vai An_ ad-
170 GeV and theMa values 200 GeV. In this event ~Sduate description of the. Pr and Mg distributions
class less than.002 background events are expected 9f the ‘?'ata Is obtained wnhmthe quoted SM uncertain-
from the photoproduction of jets via QCD processes. ties. Since the NC DIS prediction f@fz > 260 GeV

Such a deviation was previously reported23] and iS_ only O_f or<_jer 0001.fb’ rare SM Processes not con-
will be further discussed in Sectidh In the e—j— sidered in this analysis such #spair production may

event class 2 data events are observed for an expectape dominant in this k'”e”ﬁ'at'c domain. :
No events are found in any other event class, in

tion of 0.9+ 0.2. Some of the—j—v events mentioned . ) )

in [23] have an electron with a transverse momentum agreement with the!8 expectation (segig. 1).
below 20 GeV and are therefore not selected-gs-v

events in the present analysis. The event topolegy o

is also expected to contain events arising franpro- 9 Search for deviationsfrom the Standard Model
duction together with background from NC DIS. In the

e—v event class, 9 data events are observed compared.1. Search algorithm and strategy

with an expectation of 19+ 4.5.

A slight excess of the data compared with the pre-  In order to quantify the level of agreement between
diction is observed in thg—j—j—j event class, with  the data and the SM expectation and to identify re-
10 data events observed an@ & 2.2 expected. One  gions of possible deviations, a new search algorithm
event is observed in the-j—j—j—j event class, to be is developed. Detailed studies have shown thay
compared with an expectation of026+ 0.011. This and)_ Pr have a large sensitivity to new physics (see
event has & Pr of 207 GeV and an invariant mass appendix an¢R8]). The algorithm described in the fol-

LAr Energy (GeV)

Mg of 262 GeV. The NC DIS expectation fady) > lowing locates the region of largest deviation of the
260 GeV is(9+ 6) x 10> as derived using RAP-  data from the SM in these distributions. The calcu-
GAP. The energy flow of the event in the— ¢ view lation of the significance of this deviation is inspired

is presented iffrig. 4 The NC DIS and photoproduc- by [2].
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Definition of regions. Aregioninthed_ Pr and My
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curs anywhere in the distribution is estimated using

distributions is defined as a set of connected histogramthe following method. Many independent hypotheti-

bins'® with a size of at least twice the resolution. All

cal data histograms are made by filling each bin with

possible regions of any width and at any positioninthe an event number diced according to the pdfs of the
histograms are considered. The number of data eventsSM expectation (again a owolution of Poisson and

(Nobs), the SM expectationYsy) and its total system-
atic uncertainty{ Nsy) are calculated for each region.

Determination of the most interesting regionA sta-
tistical estimatorp is defined to judge which region
is of most interest. This estimator is derived from
the convolution of the Poisson probability density
function (pdf) to account for statistical errors with a
Gaussian pdfG (b; Nsm, § Nsm), with meanNsy and
width §Nswm, to include the effect of non-negligible
systematic uncertainties. The estimator is defined via

A [o° db G (b; Nsm, 8Nsw)
—=bpi
X Z?iNobseT
if Nobs=> Nswm,
A [5°db G (b; Nsw, s Nswm)
N, —b i
X Yiog

if Nobs< Nsm

o0

o0

with A = 1/|:/ db G (b; Nsm, §Nswm) Z
i=0

0

ebbij|
it
The factorA ensures normalisation to unity. @ is
replaced by a Dirac delta functioh(b — Nsy) the
estimator p becomes the usual Poisson probability.

The value ofp gives an estimate of the probability of
a fluctuation of the SM expectation upwards (down-

Gaussian pdfs). For each of these hypothetical data
histograms the algorithm is run to find the region of
greatest deviation and the correspondiilf, is calcu-

lated. The probability? is then defined as the fraction
of hypothetical data histograms withpﬁ’i‘ﬂ equal to

or smaller than themi, value obtained from the data.

P is a measure of the statistical significance of the de-
viation observed in the data. If the event classes are
exclusive, the? values can be used to compare the re-
sults of different event classes. Depending on the final
state, apmin-value of 57 x 10~/ (“5¢”) corresponds

to a value of-log; o P between 5 and 6.

Global significance. The overall degree of agree-
ment with the SM can be further quantified by taking
into account the large number of event classes stud-
ied in this analysis. The probability of observing an
event class with a giveR value or smaller can be cal-
culated with Monte Carlo (MC) experiments. A MC
experiment is defined as a set of hypothetical data his-
tograms (either inVy or in }_ Pr) following the SM
expectation with an integrated luminosity of 117 b

on which the complete search algorithm and statistical
analysis are applied as for data. This procedure is re-
peated many times. The expectation for thevalues
observed in the data is then given by the distribution
of 2SM values obtained from all MC experiments. The
probability to find a? value smaller than the minimum

wards) to at least (at most) the observed number of observed in the data can thus be calculated and quanti-
data events in the region considered. The region of fies the global significance of the observed deviation.

greatest deviation is the region having the smallest

p-value, pmin. Such a method is able to find narrow

5.2. Search results

resonances and single outstanding events as well as

signals spread over large regions of phase space in dis-

tributions of any shapp8].

Significance per event classThe probability that a
fluctuation with ap-value at least as small agin oc-

18 |n order to minimise binning effects, a bin size smaller than
or comparable with the resolution of the studied quantity is used.
A 5 GeV bin size is used for all distributions. Further reduction of
the bin size has a negligible effect on the results.

The final 2 values obtained for event classes having
at least one observed event are summaris@dine 3
The regions selected by the algorithm are presented in
Figs. 2 and 3

The most significant deviation of the analysis is
found in theu—j—v event class. This class h&sval-
ues of 0010 (M) and Q001 (O Pr). The mass re-
gion (155< My < 200 GeV) contains 3 data events
for an expectation of @9+ 0.05. In the chosel . Pr
region (145< Y Pr < 170 GeV) three data events are
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Table 3

The P values, the number of data evemXgps and the SM expectatioNgy for the region derived by the search algorithm usinghg and
>~ Py distributions for event classes containing at least oeatand taken into account in the statistical procedure.prvedue in the selected
region is also presented

Eventclass Mgy > Pr
P Nops  Nsm +6Nsm  p P Nobs  Nsm +8Nsm P
j—j 0.38 1 Q035  +0.017 Q036 Q12 1 Q013 40006 Q013
e—j 0.94 111 139 +21 012 0021 12 312 +5.1 0.0028
u—j 0.67 3 107 +0.25 0098 Q29 3 Q70 +0.23 0040
= 0.34 83 116 +14 0028 Q22 20 367 +6.2 0.023
e—v 0.94 5 106 +4.4 017 Q77 0 21 +0.8 017
e—e 0.32 3 056 +0.17 0023 Q019 3 018 +0.08 00013
e 0.21 4 093 +0.12 0016 056 0 26 +0.5 0.080
= 0.069 2 014  +0.04 0010 Q036 2 011 +0.03 00060
=% 0.52 3 108 +3.7 0.052 Q77 0 25 +1.0 013
ey 0.38 9 192 +2.0 0.014 064 8 157 +1.9 0.040
Y=y 0.47 1 Q16 +0.09 015 031 1 Q11 +0.09 012
J=i—j 0.41 12 59 +2.0 0.050 058 14 78 +2.5 0.077
e—j—j 0.69 39 596 +107 0.058 Q085 9 239 +4.4 0.0072
j=j-v 0.62 5 179 +0.41 0043 051 5 174 4045 0040
e—j—v 0.090 2 019 +0.05 0016 Q16 2 028 +0.06 0034
p—j—v 9.7x 1073 3 019 4005 00011  10x10°3 3 0068 40029  75x10°°
J—j—y 0.27 1 Q074  +0.048 Q076 036 1 Q15 4+0.10 015
e—j—y 0.47 1 57 +1.6 0.050 039 1 56 +1.4 0.045
e—j—j—j 0.98 0 16 +0.5 0.23 087 1 018 +0.06 017
j—j—jv 0.33 1 Q084  +0.045 Q083 020 2 031 +0.14 0044
found while only 007+ 0.03 are expected. This event The P values for event classes with no data event
topology was studied if23] where this deviation at  observed and a small SM expectation are 1. This re-
high Pr was already reported. mains the case if an additional contribution is added
A P value of 0019 is found in the—e eventclassin  from a possible further rare process not included here.
a region at high transverse momenta, 103 Pr < Such classes can thus be considered in the calculation
130 GeV where 3 events are observed for an expec- of the global significance.
tation of Q18+ 0.08. The deviation is less prominent The P values observed in the data in all event

in the region selected in the invariant mass distribution classes are compared Fig. 5 with the distribution
due to a higher background from NC DIS events. This of PSM obtained from the large set of MC experi-
corresponds to the excess of data events also identifiedments, normalised to one experiment. The comparison

in [29]. is presented fgr the scans of thgy and_ Pr distri-
A deficit is observed in thee—j event class in butions. MostP values lie above 01, corresponding
the )" Pr distribution in the region 18&: > Pr < to event classes where no significant discrepancy be-

210 GeV. For a SM expectation of 21+ 5.0 only tween the data and the SM expectation is observed.
12 data events are observed. The derivedralue The global probabilities to find at least one class with
is 0.021. a P value smaller than the observation in thej—v

Due to the uncertainties in the SM prediction in the channel are 3 and 28% for te Pr and My distrib-
j—j—j—j ande—j—j—j—j event classes at the highest utions, respectively (se&ppendix Afor details).
Mgy and ) Pr, where data events are observed (see  To test the dependence of the analysis oretlpei-
Section4), no reliableP values can be calculated for ori defined P cuts, the whole analysis is repeated
these classes. Consequently, these event classes are natith two other objectPy cuts. ThePr cut was raised
taken into account to determine the overall degree of to 40 GeV for all objects and lowered to 15 GeV. In
agreement between the data and the SM. the latter case it was still required that at least one
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Fig. 5. The—log; P values for the data event classes and the
expected distribution from MC experiments, as derived by investi-
gating theMy, distributions (top) and_ Pr distributions (bottom)
with the search algorithm.

object has aPr larger than 20 GeV in order to main-
tain a high trigger efficiency. The analysis was also
repeated separately on thiep ande™ p data samples.

In these four test scenariosimilar overall agreement
with the SM is observed. Thg—j—v event class re-
mains the one with the smalleBtvalue in the scenario
with a loweredPy cut in thee™t p data sample and no
new discrepancy is observed. When raising faecut

to 40 GeV, it is mainly the two particle event classes

H1 Collaboration / Physics Letters B 602 (2004) 14-30

gated in a search for deviations from the SM predic-
tion at high transverse momentum. For the first time
all event topologies involving isolated electrons, pho-
tons, muons, neutrinos and jets are investigated in a
single analysis. Many event clases are studied for the
first time at HERA, others are re-investigated in an ex-
tended kinematic regime and with the full HERA |
luminosity. A good agreement between the data and
the SM expectation is found in most event classes.
A better knowledge of rare processes may be required
to search for deviations from the SM in final states
with four jets at the highest invariant mass or trans-
verse momentum. The distributions in the invariant
mass and scalar sum of transverse momenta of the
particles in each event class have been systematically
searched for deviations using a statistical algorithm.
The most significant deviation is found in the-j—v
event class, a topology where deviations have also
been previously reported. About 3% (28%) of hypo-
thetical Monte Carlo experiments would produce a
deviation in at least one event class which is more sig-
nificant than that observed in the corresponding sum
of transverse momenta (invariant mass) distribution of
the topology with a jet, a muon and a neutrino.

Acknowledgements

We are grateful to the HERA machine group whose
outstanding efforts have made this experiment possi-
ble. We thank the engineeradtechnicians for their
work in constructing and now maintaining the H1 de-
tector, our funding agencies for financial support, the
DESY technical staff for continual assistance and the
DESY directorate for support and for the hospitality
which they extend to the non-DESY members of the
collaboration. We wish to thank B. Knuteson for use-
ful discussions.

containing jets that are still populated and the largest Appendix A

deviation is observed in the- class with? = 0.01.

6. Conclusions

The data collected with the H1 experiment during
the years 1994-2000 (HERA ) have been investi-

Signals for new physics may appear either as a
single deviation or a small set of deviations. The fol-
lowing outlines how a significant deviation might be
defined and presents tests of the sensitivity of this
analysis to specific signals for new physics.

The probability Py to observe in the data a
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Table 4
The probability P} to find at leas: event classes with & log P value greater thaiX. The values are applicable to both thgy and " Pr
analyses
n Py P15 Py Prs P3 P35 Py Py5 Ps
1 95% 65% 28% 9% 3% 8% 02% 01% <0.05%
2 79% 28% 4% ®% 01% <0.05% - - -
3 53% 8% 04% 005% <0.05% - - -~ -
—log;o P greater thanX in at leastn event classes s, ettty o AnRmAlRUS Top FIodictsn
is given by the fraction of MC experiments having at 8 45F H!-%PrScan
leastn event classes with alog,q PSM > X. The P} 2 «fF L
values obtained for this analysis are presentediain YV asf op-j-v ,,»/‘+
ble 4. Up to 3 event classes are considered. Since very 3F /
similar P¢ values are found for th&y and) Py dis- 25F ",;;;;;:é}
tributions, averaged values are presented. For exam- 2t /,,f;fé/f'*-"
ple, aPy value smaller than.0005, which might be 1.5% /%# Zu
considered to represent a significant deviation, could 1E
be obtained from one event class with-bbg; o P > 5, 05F
two event classes with-alog;, 2 > 3.5 or three event - [ R e
classes with a-log;o P > 3. It was found that one of O,op (PD)
these cases occurs 9itherMh” or Y Pr in around Sensitivity to Leptoquark Production
0.1% of all MC experiments. A 5p

A set of pseudo data samples has been produced to™% 4.5: o Q\ R - Mg sea
test the sensitivity of the analysis procedure to some g 4L '?_'J (Suzy)

= E Aj-v (V)

dedicated signals for new physics. The predictionofa ¥ 350 oe-j-j ?‘ém)
specific model for new physics is added to the SM pre- 3t Aj-f-v (Vo)
diction and this new total prediction is used to generate ~ 25¢
pseudo data samples. Again a Monte Carlo technique 2k %
is used to vary the distribution of signal events and 15F
generate many MC experiments. The complete algo- 1E & - =
rithm is run on those MC experiments and the mean ~ ®°L oy
value of—log, o P in all of them is derived as a mea- Ta00 220" 20 260" 280 a00
sure of sensitivity of this analysis. M o (GeV)

The exotic production of top quarks via a flavour-
changing neutral current is first investigated. The de-
cayt — bW with subsequent leptonic and hadronic
W decays has been considered. Thdog;, P) val-
ues obtained are displayed Fig. 6 (top) as a func-
tion of the cross section for producing a top when the
proton beam energy is 920 GeV. Wheréadog, o P)
is around M3 if no signal is present, the value in-
creases if a top is produced. In thiej—; event class
a(—logq 13) of 2 is obtained for a cross-sectiogyp
of ~ 0.5 pb. This value can be compared with the 95%
confidence level exclusion limit on the top production
cross section atiop < 0.48 pb already derived by the
H1 experiment using the Heonic top decay channel
only [30]. A deviation with three event classes with a

Fig. 6. The mean value of Iogloﬁ as derived from MC experi-
ments which include a top signal with a cross sectgp (top) and

a LQ signal with a masa/) o and ax coupling equal to @5 (bot-
tom), using the distributions o} Py and My, respectively. The
small arrows on the bottom figure indicate that these values should
be treated as lower limits.

(—logqg 13) > 3 would be found in this example for
otop ~ 1.5 pb.

The second test concerns the production of lepto-
quarks (LQs)[31]. S1/2.. and Vo type leptoquarks
have been considered, which would mainly manifest
themselves in the—j and j—v channels. AL cou-
pling of 0.05 has been assumed and the sensitivity of
the present analysis was tested for various LQ masses.
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The (—log, o P) values obtained from searches in the
Mg distributions are summarised Kig. 6 (bottom),
for both theS1/2 1 andVp ;. LQ appearing in the—j
ande—j—j as well as thg—v andj—j—v channels, re-

spectively. This analysis is sensitive to both types of
leptoquarks up to masses of 240-250 GeV. These val-

H1 Collaboration / Physics Letters B 602 (2004) 14-30

[14] K.P. Diener, C. Schwamberger, M. Spira, hep-ex/0302040.

[15] C. Adloff, et al., H1 Collaboration, Eur. Phys. J. C 25 (2002)
13, hep-ex/0201006.

[16] 1. Abt, et al., H1 Collaboration, Nucl. Instrum. Methods A 386
(1997) 348;
1. Abt, et al., H1 Collaboration, Nucl. Instrum. Methods A 386
(1997) 310.

ues can be compared with 95% confidence level limits [17] B. Andrieu, et al., H1 Calometer Group Collaboration, Nucl.

of 265 GeV forSy/2 1 LQs and 240 GeV foip ;. LQs,
determined by dedicated analy$82]. As for the case

Instrum. Methods A 336 (1993) 460.
[18] R.D. Appuhn, et al., H1 SPACAL Group Collaboration, Nucl.
Instrum. Methods A 386 (1997) 397.

of single top production, the general search is thus [19] c. Adloff, et al., H1 Collaboration, Eur. Phys. J. C 30 (2003)

found to have a sensitivity to leptoquark production
which is comparable with that of dedicated searches.
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