mzuriCh ETH Library

A general search for new
phenomena at HERA

Journal Article

Author(s):

H1 Collaboration; Aaron, Francise D.; Del Degan, Marc; Grab, Christophorus (2); Leibenguth, Guillaume; Sauter, M.; Zimmermann,
T.; etal.

Publication date:
2009-04-27

Permanent link:
https://doi.org/10.3929/ethz-b-000107130

Rights / license:
Creative Commons Attribution 3.0 Unported

Originally published in:
Physics Letters B 674(4-5), https://doi.org/10.1016/j.physletb.2009.03.034

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.



https://orcid.org/0000-0002-6182-3380
https://doi.org/10.3929/ethz-b-000107130
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1016/j.physletb.2009.03.034
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use

Physics Letters B 674 (2009) 257-268

Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb —

A general search for new phenomena at HERA
H1 Collaboration

FD. Aaron®!, C. Alexa®, V. AndreevY, B. Antunovick, S. Aplin¥, A. Asmone ®, A. Astvatsatourov 9, S. Backovic
A. Baghdasaryan?, E. Barrelet°, W. Bartel X, K. Begzsuren?, 0. Behnke ", A. Belousovy, ]J.C. BlZOtaa, V. Boudryab,
I. Bozovic-JelisavcicP, . Bracinik¢, G. BrandtX, M. BrinkmannX, V. Brisson®, D. BrunckoP, A. Bunyatyan ™2},

G. Buschhorn?, L. Bystritskaya*, AJ. Campbell X, K.B. Cantun AvilaV, F. Cassol-Brunner ", K. Cerny ®, V. CernyP-2,
V. Chekelian?, A. CholewaX, J.G. Contreras", J.A. Coughlanf, G. CozzikaJ, J. Cvach?®, ].B. Dainton", K. Daum 33,
M. DedkX, Y. de BoerX, B. Delcourt?®, M. Del Degan?”, J. Delvax 9, A. De Roeck*4, E.A. De Wolf9, C. Diaconu",
V. Dodonov™, A. Dossanov?, A. Dubak?3d->, G. Eckerlin¥, V. Efremenko¥, S. Egli¥, A. EliseevV, E. ElsenX,

A. Falkiewicz 8, PJ.W. Faulkner¢, L. Favartd, A. Fedotov*, R. Felst¥, ]. Feltesse -6, J. FerenceiP, D.-]. Fischer¥,

M. Fleischerk, A. Fomenko?, E. Gabathuler?, . Gayler¥, S. Ghazaryan?, A. GlazovX, I. Glushkov®™, L. Goerlich§,
N. GogitidzeY, M. Gouzevitch®, C. Grab?", T. Greenshaw’, B.R. GrellX, G. Grindhammer?, S. Habib!7, D. Haidtk,
M. Hansson?, C. HelebrantX, R.C.W. Henderson 9, E. Hennekemper °, H. Henschel ™, M. Herbst°, G. Herrera ¥

M. Hildebrandt¥, K.H. Hiller®™, D. Hoffmann", R. Horisberger¥, T. Hreus -8, M. Jacquet #®, M.E. Janssen¥,

X. Janssend, V. Jemanov', L. Jonsson®, AW. Jung®, H. Jung¥, M. Kapichine, J. Katzy¥, LR. Kenyon ¢, C. Kiesling?,
M. Klein', C. KleinwortX, T. Kluge’, A. KnutssonX, R. KoglerZ, V. Korbel ¥, P. Kostka @™, M. KraemerX, K. KrastevX,
J. Kretzschmar, A. Kropivnitskaya*, K. Kriiger®, K. Kutak¥, M.PJ. Landon$, W. Lange @™, G. Lastovicka-Medin 24
P. Laycock”, A. Lebedev?Y, G. Leibenguth ", V. Lendermann®, S. Levonian¥, G. Li®, K. Lipka!, A. LiptajZ, B. List!,
J. ListX, N. Loktionova?, R. Lopez-Fernandez %, V. Lubimov*, L. Lytkin™, A. Makankine, E. MalinovskiY, P. Marage 9,
LL. MartiX, H.-U. Martyn?, SJ. Maxfield’, A. Mehta’, K. Meier®, A.B. Meyerk H. Meyerk H. Meyerak J. Meyerk,

V. Mlchels k 's. Mikocki, I. Milcewicz-Mika$, F. Moreau?®, A. Morozov J.V. Morrisf, M.U. Mozer 9, M. Mudrinic®,
K. Mullerao, P. Murin P8, B. Naroska?, Th. Naumann ™, P.R. Newman €, C. Niebuhr k, A. N11<1forovk, G. Nowak?,
K. Nowak?2°, M. NozickaX, B. OlivierZ, J.E. Olsson¥, S. Osmant, D. Ozerov*, V. Palichik!, I. Panagoulias k-10-11,

M. PandurovicP, Th. Papadopoulou®10-11 C. Pascaud #, G.D. Patel”, O. Pejchal ®, E. Perezi-4, A. Petrukhin,

I Picuric2d, S. Piec®™, D. PitzI¥, R. Placakyté X, R. Polifka?, B. Povh™, T. Preda€, V. Radescu, AJ. Rahmat",

N. Raicevic?, A. RaspiarezaZ, T. Ravdandorj?, P. Reimer 2, E. Rizvi®, P. Robmann?°, B. Roland 9, R. Roosen 9,

A. Rostovtsev*, M. Rotaru®, J.E. Ruiz Tabasco", Z. RurikovaX, S. Rusakov?¥, D. Silek®, D.P.C. Sankeyf, M. Sauter?",
E. Sauvan', S. SchmittX, C. Schmitz2°, L. Schoeffeld, A. Schoning %-2°-*, H.-C. Schultz-Coulon®, F. Sefkow X,

R.N. Shaw-West €, I. Sheviakov?, L.N. ShtarkovV, S. Shushkevich?, T. Sloan 9, 1. Smiljanic®, Y. SolovievY, P. Sopicki ¥,
D. Southh V. Spaskov!, A. Specka?®, Z. StaykovaX, M. Steder¥, B. Stella®8, G. Stoicea®, U. Straumann®°, D. Sunar ¢,
T. Sykora9, V. Tchoulakov', G. Thompson P.D. Thompson ¢, T. Toll¥, F. Tomalszp TH. TranEla D. Traynor

TN. Trinh “, P. Trudl 2, 1. Tsakov !, B. Tseepeldorj 12, J. Turnau$, K. Urban®, A. Valkirova®, C. Vallée!,

P. Van Mechelend, A. Vargas Trevino kY. Vazdik?, S. VinokurovaX, V. Volchinski?!, M. von den Driesch¥,

D. Wegener ™, M. Wessels¥, Ch. WissingX, E. Wiinsch¥, J. Zacek, J. Zalesak ¢, Z. Zhang®, A. Zhokin¥X,

T. Zimmermann ", H. Zohrabyan?, F. Zomer 2

2 |, Physikalisches Institut der RWTH, Aachen, Germany '3

b Vinca Institute of Nuclear Sciences, Belgrade, Serbia

¢ School of Physics and Astronomy, University of Birmingham, Birmingham, UK '

d Inter-University Institute for High Energies ULB-VUB, Brussels, Universiteit Antwerpen, Antwerpen, Belgium ®

€ National Institute for Physics and Nuclear Engineering (NIPNE), Bucharest, Romania

f Rutherford Appleton Laboratory, Chilton, Didcot, UK 4

g Institute for Nuclear Physics, Cracow, Poland 16

b mstitut fiir Physik, TU Dortmund, Dortmund, Germany 13

i_ Joint Institute for Nuclear Research, Dubna, Russia
) CEA, DSM/Irfu, CE-Saclay, Gif-sur-Yvette, France

0370-2693 © 2009 Elsevier B.V. Open access under CCBY license
doi:10.1016/j.physletb.2009.03.034


http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
http://dx.doi.org/10.1016/j.physletb.2009.03.034
http://creativecommons.org/licenses/by/3.0/

258 H1 Collaboration / Physics Letters B 674 (2009) 257-268

k DESY, Hamburg, Germany

UInstitut fiir Experimentalphysik, Universitit Hamburg, Hamburg, Germany 13

™ Max-Planck-Institut fiir Kernphysik, Heidelberg, Germany

" physikalisches Institut, Universitdt Heidelberg, Heidelberg, Germany '3

° Kirchhoff-Institut fiir Physik, Universitit Heidelberg, Heidelberg, Germany '3

P Institute of Experimental Physics, Slovak Academy of Sciences, Kosice, Slovak Republic '’
9 Department of Physics, University of Lancaster, Lancaster, UK '

' Department of Physics, University of Liverpool, Liverpool, UK *

$ Queen Mary and Westfield College, London, UK '

t Physics Department, University of Lund, Lund, Sweden '8

U CPPM, CNRS/IN2P3 - University Mediterranee, Marseille, France

vV Departamento de Fisica Aplicada, CINVESTAV, Mérida, Yucatdn, Mexico °

W Departamento de Fisica, CINVESTAV, Mexico 1°

X Institute for Theoretical and Experimental Physics, Moscow, Russia

Y Lebedev Physical Institute, Moscow, Russia 2!

Z Max-Planck-Institut fiir Physik, Miinchen, Germany

42 | AL, Univ Paris-Sud, CNRS/IN2P3, Orsay, France

ab 1R Ecole Polytechnique, IN2P3-CNRS, Palaiseau, France

¢ LPNHE, Universités Paris VI and VII, IN2P3-CNRS, Paris, France

ad Faculty of Science, University of Montenegro, Podgorica, Montenegro 2!

2¢ Institute of Physics, Academy of Sciences of the Czech Republic, Praha, Czech Republic %2
af Faculty of Mathematics and Physics, Charles University, Praha, Czech Republic 22
¢ Dipartimento di Fisica Universita di Roma Tre and INFN Roma 3, Roma, Italy

ah nstitute for Nuclear Research and Nuclear Energy, Sofia, Bulgaria 2!

al Institute of Physics and Technology of the Mongolian Academy of Sciences, Ulaanbaatar, Mongolia

3 paul Scherrer Institut, Villigen, Switzerland

ak Fachbereich C, Universitit Wuppertal, Wuppertal, Germany
al Yerevan Physics Institute, Yerevan, Armenia

am DESY, Zeuthen, Germany

an Institut fiir Teilchenphysik, ETH, Ziirich, Switzerland 23

20 physik-Institut der Universitdt Ziirich, Ziirich, Switzerland 23

ARTICLE INFO ABSTRACT

Article history:

Received 5 January 2009

Received in revised form 20 March 2009
Accepted 22 March 2009

Available online 25 March 2009

Editor: W.-D. Schlatter

A model-independent search for deviations from the Standard Model prediction is performed using
the full e*p data sample collected by the H1 experiment at HERA. All event topologies involving
isolated electrons, photons, muons, neutrinos and jets with transverse momenta above 20 GeV are
investigated in a single analysis. Events are assigned to exclusive classes according to their final state.
A dedicated algorithm is used to search for deviations from the Standard Model in the distributions of

the scalar sum of transverse momenta or the invariant mass of final state particles and to quantify their
significance. Variables related to angular distributions and energy sharing between final state particles
are also introduced to study the final state topologies. No significant deviation from the Standard Model
expectation is observed in the phase space covered by this analysis.
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1. Introduction

At HERA electrons2* and protons collide at a centre-of-mass en-
ergy of up to 319 GeV. The collected luminosity of high-energy
electron-proton interactions gives access to rare processes with
cross sections of the order of 0.1 pb, providing a testing ground for
the Standard Model (SM) complementary to ete™ and pp scatter-
ing.

A large variety of possible extensions to the SM predicts new
phenomena which may appear at high energies. Searches for new
physics often compare the data to the predictions of specific mod-
els. A complementary approach is followed in signature based
searches by looking for differences between data and SM expec-
tation in various event topologies. As an advantage, such model
independent analyses do not rely on any a priori definition of ex-
pected signatures for exotic phenomena. Therefore, they address

19 supported by CONACYT, México, grant 48778-F.

20 Russian Foundation for Basic Research (RFBR), grant No. 1329.2008.2.

21 supported by the Deutsche Forschungsgemeinschaft.

22 supported by the Ministry of Education of the Czech Republic under the
projects LC527, INGO-1PO5LA259 and MSM0021620859.

2 supported by the Swiss National Science Foundation.

24 In this Letter the term “electron” is used generically to refer to both electrons
and positrons, unless otherwise stated.
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the important question of whether unexpected phenomena may
occur through a new pattern, not predicted by existing models.
Following this approach, final states corresponding to rare SM pro-
cesses such as single W boson or lepton pair production have
already been investigated at HERA [1-5]. Model independent anal-
yses are also performed at the Tevatron [6,7].

The present Letter reports on a general analysis of all high
transverse momentum (Pr) final state configurations involving
electrons (e), muons (), jets (j), photons () or neutrinos (v) in
e*p collisions. This analysis searches for deviations from the SM
prediction in phase space regions where the SM prediction is re-
liable. All final states containing at least two particles®> (e, i, j,
y, v) with Pt > 20 GeV in the polar angle®® range 10° < 6 < 140°
are investigated. The present analysis follows the strategy of the
previous H1 publication [8]. Selected events are classified into ex-
clusive event classes according to the number and types of par-
ticles detected in the final state (e.g. e-j, u-v-j, j—j-j-j). In a
first step the event yields are compared with the SM expectation.
In a second step kinematical distributions are systematically inves-
tigated using a dedicated algorithm [8] which locates the region
with the largest deviation of the data from the SM prediction.

The complete e*p data sample collected by the H1 experi-
ment at HERA is used. The data are recorded at an electron beam
energy of 27.6 GeV and proton beam energies of 820 GeV or
920 GeV, corresponding to centre-of-mass energies /s of 301 GeV
or 319 GeV, respectively. The total integrated luminosity of the
data is 463 pb~!, which represents a factor of four increase with
respect to the previously published result [8]. The data comprise
178 pb~! recorded in e~ p collisions and 285 pb~! in eTp colli-
sions, of which 35 pb™! were recorded at /s = 301 GeV. While
the previous general search was dominated by e p collision data,
a large data set recorded in e~ p scattering is now also analysed.

2. Standard Model processes and their simulation

A precise estimate of all processes relevant at high transverse
momentum in ep interactions is needed to ensure a reliable com-
parison to the SM. Several Monte Carlo (MC) generators are there-
fore combined to simulate events in all classes.

At high transverse momenta the dominant SM processes are
photoproduction of two jets and neutral current (NC) deep-
inelastic scattering (DIS). Direct and resolved photoproduction
of jets and prompt photon production are simulated using the
PYTHIA [9] event generator. The simulation is based on Born level
hard scattering matrix elements with radiative QED corrections.
The RAPGAP [10] event generator, which implements the Born,
QCD Compton and boson gluon fusion matrix elements, is used
to model NC DIS events. QED radiative effects arising from real
photon emission from both the incoming and outgoing electrons
are simulated using the HERACLES [11] program. In RAPGAP and
PYTHIA, jet production from higher order QCD radiation is simu-
lated using leading logarithmic parton showers. Hadronisation is
modelled with Lund string fragmentation [9]. The leading order
MC prediction of photoproduction and NC DIS processes with two
or more high transverse momentum jets is scaled by a factor of
1.2 to account for the incomplete description of higher orders in
the MC generators [8,12]. Charged current (CC) DIS events are sim-
ulated using the DJANGO [13] event generator, which includes first
order leptonic QED radiative corrections based on HERACLES. The
production of two or more jets in DJANGO is accounted for using

25 In this context a high Py jet is also called particle.

26 The origin of the H1 coordinate system is the nominal ep interaction point, with
the direction of the proton beam defining the positive z-axis (forward region). The
transverse momenta are measured in the xy plane. The pseudorapidity 7 is related
to the polar angle 6 by n = —In tan(6/2).

the colour-dipole-model [14]. Contributions from elastic and quasi-
elastic QED Compton scattering are simulated with the WABGEN
[15] generator. Contributions arising from the production of single
W bosons and multi-lepton events are modelled using the EPVEC
[16] and GRAPE [17] event generators, respectively.

All processes are generated with at least ten times the inte-
grated luminosity of the data sample. Generated events are passed
through the GEANT [18] based simulation of the H1 apparatus,
which takes into account the running conditions of the different
data taking periods, and are reconstructed and analysed using the
same program chain as is used for the data.

3. Experimental conditions

A detailed description of the H1 experiment can be found in
[19]. Only the detector components relevant to the present anal-
ysis are briefly described here. The Liquid Argon (LAr) calorimeter
[20] covers the polar angle range 4° < 6 < 154° with full azimuthal
acceptance. Electromagnetic shower energies are measured with
a precision of o (E)/E ~ 11%//E/GeV @ 1% and hadronic ener-
gies with o (E)/E ~50%/+/E/GeV & 2%, as measured in test beams
[21,22]. In the backward region, energy measurements are pro-
vided by a lead/scintillating-fibre (SpaCal) calorimeter [23] cov-
ering the range 155° < 6 < 178°. The central (20° < 6 < 160°)
and forward (7° < 6 < 25°) inner tracking detectors are used to
measure charged particle trajectories and to reconstruct the in-
teraction vertex. The innermost central proportional chamber, CIP
[24,25] (9° < 6 < 171°) is used together with tracking detectors to
veto charged particles for the identification of photons. The LAr
calorimeter and inner tracking detectors are enclosed in a super-
conducting magnetic coil with a field strength of 1.16 T. From the
curvature of charged particle trajectories in the magnetic field, the
central tracking system provides transverse momentum measure-
ments with a resolution of op, /Pt = 0.005P1/GeV & 0.015 [26].
The return yoke of the magnetic coil is the outermost part of the
detector and is equipped with streamer tubes forming the central
muon detector (4° < 6 < 171°). In the forward region of the de-
tector (3° <6 < 17°) a set of drift chambers detects muons and
measures their momenta using an iron toroidal magnet. The lu-
minosity is determined from the rate of the Bethe-Heitler process
ep — epy, measured using a photon detector located close to the
beam pipe at z=—103 m, in the backward direction.

The main trigger is provided by the LAr calorimeter [27]. Events
with an electromagnetic deposit (electron or photon) in the LAr
with an energy greater than 10 GeV are detected by the LAr trigger
with an efficiency of almost 100% [28]. Events are also triggered
by jets only, with a trigger efficiency above 95% for PJTe '~ 20 Gev

and nearly 100% for P‘JTet > 25 GeV [29]. For events with miss-
ing transverse energy of 20 GeV, the trigger efficiency is about
90% and increases above 95% for missing transverse energy above
30 GeV [30]. The trigger for events with only muons is based on
single muon signatures from the central muon detector, combined
with signals from the central tracking detector. The trigger effi-
ciency is about 95% for di-muon events with muon transverse
momenta larger than 15 GeV [5].

4. Data analysis
4.1. Event reconstruction and particle identification

In order to remove background events induced by cosmic show-
ers and other non-ep sources, the event vertex is required to be
within 35 cm in z of the nominal interaction point. In addition,
topological filters and timing vetoes are applied [31].

Calorimetric energy deposits and tracks are used to look for
electron, photon and muon candidates. Electron and photon can-
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didates are characterised by compact and isolated electromagnetic
showers in the LAr calorimeter. The identification of muon candi-
dates is based on a track measured in the inner tracking systems
associated with signals in the muon detectors [1]. Calorimeter
energy deposits and tracks not previously identified as electron,
photon or muon candidates are used to form combined cluster-
track objects, from which the hadronic final state is reconstructed
[29,32]. Jet candidates with a minimum transverse momentum of
2.5 GeV are reconstructed from these combined cluster-track ob-
jects using an inclusive ky algorithm [33,34] with a P weighted
recombination scheme in which the jets are treated as mass-
less. The missing transverse momentum PTT“iSS of the event is
derived from all detected particles and energy deposits in the
event. In events with large PSS, a neutrino candidate is re-
constructed. The four-vector of this neutrino candidate is calcu-
lated assuming transverse momentum conservation and the rela-
tion Y ;(E' — Pi)+ (EV — PY) = 2E% = 55.2 GeV, where the sum
runs over all detected particles, P; is the momentum along the
proton beam axis and ES is the electron beam energy. The latter
relation holds if no significant losses are present in the electron
beam direction.

Additional requirements are applied to ensure an unambiguous
identification of particles, while retaining good efficiencies. Strict
isolation criteria are applied in order to achieve high purities in all
event classes.

For electrons, the calorimetric energy measured within a dis-
tance in the pseudorapidity-azimuth (n,¢) plane R =
VvV An? 4+ A¢? < 0.75 around the candidate is required to be below
2.5% of its energy. In the region of angular overlap between the
LAr and the central tracking detectors (20° < 6 < 140°), hereafter
referred to as the central region, the calorimetric electron identi-
fication is complemented by tracking information. In this region it
is required that a well measured track geometrically matches the
centre-of-gravity of the electromagnetic cluster within a distance
of closest approach (DCA) of 12 cm. Furthermore, the distance
from the first measured track point in the central drift chambers
to the beam axis is required to be below 30 cm in order to re-
ject photons that convert late in the central tracker material. In
the central region, the transverse momentum of the associated
electron track PET“‘ is required to match the calorimetric measure-
ment P¢ such that 1/P3% —1/P% < 0.02 GeV~! in order to reject
hadronic showers. In the forward region (10° < 6 < 20°), a wider
calorimetric isolation cone of R < 1 is required to reduce the con-
tribution of fake electrons from hadrons. In this forward region, at
least one track is required to be present with a DCA < 12 cm. The
presence of at least one hit in the CIP, associated to the electron
trajectory, is also required. Finally, the electron is required to be
isolated from any other well measured track by a distance R > 0.5
(R > 1) to the electron direction in the central (forward) region.
The resulting electron identification efficiency is ~ 80% in the cen-
tral region and ~ 40% in the forward region, determined from NC
DIS events.

The identification of photons relies on the same calorimetric
isolation criteria as used in the electron identification. Vetoes on
any track pointing to the electromagnetic cluster are applied. No
track with a DCA to the cluster below 24 cm or within R < 0.5
should be present. An additional veto on any hits in the CIP asso-
ciated to the electromagnetic cluster is applied. Furthermore, each
photon must be isolated from jets by R > 0.5. The resulting pho-
ton identification efficiency as derived using elastic QED Compton
events is ~ 95% in the central region and ~ 50% in the forward
region.

A muon should have no more than 5 GeV deposited in a cylin-
der, centred on the muon track direction, of radius 25 cm and
50 cm in the electromagnetic and hadronic sections of the LAr
calorimeter, respectively. Misidentified hadrons are strongly sup-

pressed by requiring that the muon be separated from the closest
jet and from any further track by R > 1. In di-muon events, the
opening angle between the two muons is required to be smaller
than 165°, in order to remove muons originating from cosmic rays.
The efficiency to identify muons is ~ 90% [5].

The scattered electron may be misidentified as a hadron and
reconstructed as a jet. To reject fake jet candidates, the first ra-
dial moment of the jet transverse energy [35,36] is required to
be greater than 0.02 and the quantity Mjet/PJTet greater than 0.1
[12,36], where the invariant mass M€ is obtained using the four-
vector sum of all particles belonging to the jet. If the fraction of
the jet energy contained in the electromagnetic part of the LAr
calorimeter is greater than 0.9, the above criteria are tightened
to 0.04 and 0.15, respectively. These requirements are fulfilled by
~97% of the jets [36].

Missing transverse momentum, which is the main signature for
neutrinos, may arise from mis-measurement of particles. By requir-
ing Zi(Ei — P;) < 48 GeV, fake neutrino candidates from NC DIS
processes are rejected. If exactly one electron or muon candidate is
found, a neutrino is only assigned to an event if A¢q_x,) < 160°,
where A¢q_x,) is the difference in azimuthal angle between the
lepton [ and the direction of the hadronic final state Xj.

4.2. Event selection and classification

The common phase space for electrons, photons, muons and
jets is defined by 10° < 6 < 140° and Pr > 20 GeV. The neutrino
phase space is defined as missing transverse momentum above
20 GeV and Zi(Ei — P;) < 48 GeV. All particles with Pt > 20 GeV,
including the neutrino defined by its reconstructed four-vector,
are required to be isolated with respect to each other by a min-
imum distance R > 1. The particles satisfying these requirements
are referred to as bodies. The events are sorted depending on the
number and types of bodies into exclusive event classes. All pos-
sible event classes with at least two bodies are investigated. Only
the p-v event class is discarded from the analysis. This class is
dominated by events in which a poorly reconstructed muon gives
rise to missing transverse momentum, which fakes the neutrino
signature.

Based on these identification criteria, purities have been derived
for each event class. Purity is defined as the ratio of SM events
reconstructed in the event class in which they are generated to the
total number of reconstructed events in this class. Most purities
are found to be above 60% and are close to 100% for the j-j, e-j,
v-j and pu-p event classes.

4.3. Systematic uncertainties

The following experimental systematic uncertainties are consid-
ered:

e The uncertainty on the electromagnetic energy scale varies de-
pending on the polar angle from 0.7% in the central region to
2% in the forward region. The polar angle measurement uncer-
tainty of electromagnetic clusters is 3 mrad. The identification
efficiency of electrons (photons) is known with an absolute
uncertainty of 3% (5%) to 5% (10%), depending on the polar
angle.

e The scale uncertainty on the transverse momentum of high Pt
muons is 2.5% [5]. The uncertainty on the reconstruction of
the muon polar angle is 3 mrad. The identification efficiency
of muons is known with an absolute uncertainty of 5%.

e The jet energy scale is known within 2% [30]. The uncertainty
on the jet polar angle determination is 10 mrad.
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e The absolute uncertainty on the trigger efficiency is estimated
to be 6% if only muons are present in the final state and 3% in
all other cases.

e The luminosity measurement has an uncertainty of 3%.

The effects of the above uncertainties on the SM expectation
are determined by varying the experimental quantities by +1 stan-
dard deviation in the MC samples and propagating these variations
through the whole analysis chain.

Additional model uncertainties are attributed to the SM Monte
Carlo generators described in Section 2. An error of 10% is at-
tributed to NC and CC DIS processes with only one high Pt jet.
To account for the uncertainty on higher order QCD corrections, an
error of 15% on the NC DIS and photoproduction processes with
at least two high Pt jets is considered. The uncertainty of CC DIS
processes with at least two high Pr jets is estimated to be 20%
[30]. The errors include uncertainties from the proton parton dis-
tribution functions and from missing higher order QCD corrections.
For each additional jet produced by parton shower processes, a fur-
ther theoretical error of 20% is added [37], for example 20% for the
j-j-Jj event class.

The error on the elastic and quasi-elastic QED Compton cross
sections is conservatively estimated to be 5%. The error on the in-
elastic QED Compton cross section is 10%. The errors attributed
to lepton-pair and W production are 3% and 15%, respectively. An
uncertainty of 30% on the simulation of radiative CC DIS events is
considered to account for the lack of QED radiation from the quark
line in the DJANGO generator. This uncertainty is estimated for the
specific phase space of the analysis by a comparison of the DJANGO
result to the calculated cross section of the e~ p—v,y X process
[38]. An uncertainty of 50% is added to the prediction for NC
DIS events with measured missing transverse momentum above
20 GeV and a high Pr electron. This uncertainty is estimated by
a comparison of the missing transverse momentum distribution of
data events containing a low Pr electron (P$ < 20 GeV) with the
SM prediction [37].

The total error on the SM prediction is determined by adding
the effect of all model and experimental systematic uncertainties
in quadrature.

5. Results
5.1. Event yields

The event yields for all event classes are presented for the data
and SM expectation in Figs. 1(a) and 1(b) for e*p and e~ p col-
lisions, respectively. All event classes with observed data events
or with a SM expectation greater than 0.01 events are shown. The
corresponding observed and predicted event yields for all e*p data
are summarised in Table 1. Events are observed in 27 classes and
a good description of the number of observed data events by the
SM prediction is seen in each class.

The j-j, j-j-j and j-j-j-j event classes are dominated by
photoproduction processes. No event with five jets is observed.
The SM prediction of the e-j, e-j-j, e-j-j-j and e-j-j-j-j
event classes is dominated by NC DIS processes. One event, al-
ready discussed in a previous H1 publication [8], is observed in
the e-j-j-j-j event class and compares to a SM prediction of
0.13£0.06. The v-j, v—-j-j, v-j-j-j and v-j-j-j-j event classes
mainly contain events from CC DIS processes. One event is ob-
served in the v-j-j-j-j event class compared to a SM expectation
of 0.05 £ 0.02.

Events from QED Compton processes populate the y-e event
class as well as the y-e-j event class in the case of inelastic
events. The y—-j event class corresponds to prompt photon events.
The purity in this class is moderate (~ 50%) due to the high back-

Table 1

Observed and predicted event yields for all event classes with observed data events
or a SM expectation greater than 0.01 for all e*p data. Each event class is labeled
with the leading body listed first. The errors on the predictions include model un-
certainties and experimental systematic errors added in quadrature. The P values
obtained in the scan of )~ Pr, My, cos6}f,4 and Xjeaq distributions are also given.

H1 General Search at HERA (e*p, 463 pb’l)

Event class  Data SM 132 Pr Py, i)cusgltad PXpend
j-j 156724 153278 £27400 0.57 0.33 0.98

e-j 125900 127917 £ 15490 0.090 0.99 0.40

n-j 21 19.5+3.0 0.30 0.46 0.024

v-j 11081 11182 £ 1165 0.33 0.31 0.25

e-v 16 21.5+35 0.13 0.084 0.62

e-e 36 40.0£3.7 0.35 0.041 0.52

e- 19 21.0+2.1 0.46 0.83 0.81

- 18 17.5+3.0 0.31 0.50 0.88

y-j 563 538 £86 0.31 0.21 0.77

y-e 619 648 £+ 62 0.93 0.99 0.10

Y- (0] 0.22+0.04 1 1 1

y-v 4 9.6+2.38 0.076 0.33 0.22

y-y 1 1.1+£0.6 0.66 0.35 0.11

Jj-j-j 2581 2520 + 725 0.54 0.65 0.18
e-j-j 1394 1387 £ 270 0.0044 0.70 0.28
n-j-j 1 0.46 £0.18 0.12 0.072 0.99
v-j-j 355 338+ 62 0.80 0.48 0.62
e-e-j (0] 0.31+0.04 1 1 1
e-e-v 0 0.06 +0.01 1 1 1
e-e—e 1 0.22+0.04 0.15 0.031 0.14
U= 0 0.1640.03 1 1 1
e-fu-JL 0 0.37+0.07 1 1 1
== 0 0.01040.005 1 1 1
e-p-j (0] 0.16 £0.04 1 1 1
e-v-j 4 3.2+0.5 0.24 0.57 0.095
H=v-j 5 28+05 0.27 0.30 0.35
e-u-v 0 0.05+0.01 1 1 1
y-i-i 5 67+13 0.41 0.25 0.91
y-e-j 12 19.4+4.0 0.31 0.28 0.53
y-v-j 1 45+1.5 0.35 0.62 0.47
e-j—j-j 19 22465 0.84 0.80 0.14
v-j-j-j 7 52+14 0.47 0.39 0.017
y—v—j-j 0 0.16+0.07 1 1 1
e-v-j-j 0 0.1540.09 1 1 1
y—-e-j-j 0 0.22+0.07 1 1 1
e-e-v-j 0 0.10 £ 0.06 1 1 1
e-u-v-j 0 0.08 + 0.05 1 1 1
j-j-j-j 40 33+13

e-j—j—j-j 0.13+0.06

v-j-j-j-j 1 0.05+0.02

j-j-j-i-j 0.14 +0.09

ground from misidentified electrons in NC DIS. A slight deficit of
data events is observed in the radiative CC DIS classes y-v and
y-v-j.

Lepton pair production from yy processes dominates in event
classes with several leptons (e-e, u—u, e-i and e-e-e). Compared
to the results of a previous study of multi-lepton topologies [5], the
phase space of the present analysis is restricted to higher Pt and
extended to forward polar angles down to 10°. All multi-lepton
events mentioned in [5] and located in the phase space of this
analysis are found. The e-e event class contains 7 events with an
invariant mass Mg, > 100 GeV compared to a SM expectation of
3.4 4 0.5 of which 69% are from lepton pair processes. The e-e-e
event class contains one event compared to a SM expectation of
0.22 +0.04.

The prediction for the event classes u-v-j and e-v-j consists
mainly of high Pr single W production with subsequent leptonic
decay. In the u-v-j (e-v-j) event class 5 (4) events are observed,
with a SM expectation of 2.8+0.5 (3.2+0.5). Two events classified
as u-v-j in the previous analysis [8] now migrate to u—j and v-j
event classes, respectively, due to improvements in the energy and
momentum reconstruction. Events arising from W production also
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Fig. 1. The data and the SM expectation for all event classes with observed data events or a SM expectation greater than 0.01 events for e*p collisions (a) and e~ p
collisions (b). The error bands on the predictions include model uncertainties and experimental systematic errors added in quadrature.

enter in the e-v event class. In this class 16 events are observed
compared to an expectation of 21.5 & 3.5, of which about 90% is
due to W production processes.

5.2. Event topology

The distributions of the scalar sum of transverse momenta
> Pr and of the invariant mass Mgy of all bodies are presented
in Figs. 2 and 3, respectively, for classes with at least one event.
The data are in agreement with the SM prediction. In particular,
multiple jets topologies, which are sensitive to QCD radiation, are
well described by the simulation.

The final state topologies are also evaluated in terms of angular
distributions and energy ratios, which are sensitive to spin and de-
cay properties of hypothetical high mass particles. Variables used
to study the decomposition of the final states, inspired by topolog-
ical analyses of multi-jet events [39], are defined in the following.
In each event a leading body is selected according to the following
priority list between bodies of different types: y, e, u, v, j. This
order of preference allows a better separation of SM background
from events originating from a new resonance decaying to a pho-
ton or a lepton. If two bodies of the same type are present, the
one with the highest transverse momentum PZ, relative to the in-

cident proton in the centre-of-mass frame defined by all bodies, is
selected. For classes with exactly two bodies of the same type, the
leading body is taken as the one with the highest Pt in the lab-
oratory frame. The variable cos6};,; is then defined as the cosine
of the polar angle of the leading body relative to the incident pro-
ton in the centre-of-mass frame defined by all bodies. The variable
Xlead is the energy fraction of the leading body and is defined for
systems with three or more bodies as

2E ikead

LiE

where the sum runs over all bodies, and Ej_; and Ef are calcu-
lated in the centre-of-mass frame of all bodies. For events with
two bodies, the cos6y; , distribution is related to the underlying
2 — 2 matrix element. Therefore, the angular distribution of a par-
ticle coming from the decay of a new resonance may be markedly
different from that of particles produced in SM processes (see for
example [40]). For final states with more than two bodies, Xjeaq is
a Dalitz variable and related to the dynamics of a possible multi-
body decay of a new particle. The sensitivity of these two variables
cos O 4 and Xjeaq to new physics is tested using different MC sam-

leay
ples of exotic processes, for example leptoquarks, excited fermions,

(1

Xlead =
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Fig. 2. The number of data events and the SM expectation as a function of ) Pt for classes with at least one event. The shaded areas show the regions of largest deviation
identified by the search algorithm. No such search is performed for the j-j-j-j, e-j-j-j-j and v-j-j-j-j classes.

or anomalous top production. It has been verified that SM and ex-
otic events exhibit different spectra in these two variables, two
examples of which are given in Fig. 4.

The distributions of cos6};,; and Xjeaq are presented in Fig. 5
for event classes with only two bodies and for event classes with
more than two bodies, respectively. A good overall agreement with

the SM prediction is observed in all cases. This illustrates that

the event topology and kinematics, as well as the global variables
> Pr and My, are well described by the SM.

5.3. Search for deviations from the Standard Model

In order to quantify the level of agreement between the data
and the SM expectation and to identify regions of deviations in the
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> Pr, My, cos@l’gad and Xieaq distributions, the search algorithm
developed in [8] is used. A region is defined as a set of connected
histogram bins with at least twice the size of the resolution. A sta-
tistical estimator p is defined in order to judge which region is of
largest interest. This estimator is derived from the convolution of
the Poisson probability density function (pdf) to account for statis-

tical errors and a Gaussian pdf to include the effect of systematic

uncertainties [8]. The value of p gives an estimate of the proba-
bility of a fluctuation of the SM expectation upwards (downwards)
to at least (at most) the observed number of data events in the
region considered. The region of greatest deviation is the region
having the smallest p-value, pmin. The regions selected by the al-
gorithm in )_ Pt and M, distributions of each class are presented
for all e*p data in Figs. 2 and 3, respectively. The corresponding
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Fig. 4. The cos6p,, distribution in the y-e event class (a) and the Xjeaq distribution in the e-j-j event class (b). The points correspond to the observed data events and the
histograms to the SM expectation. The error bands on the SM prediction include model uncertainties and experimental systematic errors added in quadrature. The dashed
line represents, with an arbitrary normalisation, the distribution corresponding to an exotic resonance with a mass of 200 GeV (e* [41] in (a) and v* [42] in (b)).

selected regions for cos};; and Xeaq distributions are shown in
Fig. 5.

The fact that the deviation could have occurred at any point in
the distribution is taken into account by calculating the probabil-
ity P to observe a deviation with a p-value ppmi, at any position
in the distribution. P is a measure of the statistical significance
of the deviation observed in the data. The event class of most in-
terest in the search for anomalies is the one with the smallest P
value. Values of P larger than 0.01 indicate event classes where
no significant discrepancy between data and the SM expectation is
observed. The P values measured in each of the event classes are
listed in Table 1. Due to the uncertainties of the SM prediction in
the j-j-j-j, e-j-j-j-j and v-j-j-j-j event classes, no reliable
P values can be calculated for them [8] and they are therefore not
considered in the search for deviations from the SM.

The overall agreement with the SM can further be quantified
by taking into account the large number of event classes in this
analysis. Among all studied classes there is some chance that small
P values occur. This probability can be calculated on a statistical
basis with MC experiments. A MC experiment is defined as a set
of hypothetical data histograms following the SM expectation with
an integrated luminosity equal to the amount of data recorded.
The complete search algorithm and statistical analysis are applied
to MC experiments analogously as to the data. The expectation for
the P values observed in the data is then given by the distribution
of P values obtained from all MC experiments.

The P values observed in the data in all event classes are com-
pared in Fig. 6 to the distribution of P obtained from a large set
of MC experiments. The comparison is presented for the scans of
the My and ) Pr distributions for all e*p data and also sepa-
rately for e~p and etp data. The distribution of P values mea-
sured in the data is in agreement with the expectation from MC
experiments. Using all e¥p data, a lowest P value of 0.0044 is
found in the e-j-j event class in a region at high transverse mo-
menta, 175 < ) Pr < 200 GeV, where 27 events are observed for
an expectation of 11.6 = 1.2. In e~ p data, the lowest P value
is 0.0071 and corresponds to the e-e—e event class where one
data event is observed compared to a low SM expectation. The
most significant deviation from SM predictions is measured in et p
collisions in the e-e event class with P = 0.0035. In the corre-
sponding region (110 < M, < 120 GeV) five data events are found
while 0.43 4= 0.04 are expected. The global probability to find in
the etp data at least one class with a P value smaller than ob-
served in the e-e event class is 12% as deduced from MC experi-
ments.

Table 2

Observed and predicted event yields for considered event classes after a cut on
the topological variables. Each event class is labeled with the leading body listed
first. The errors on the predictions include model uncertainties and experimental
systematic errors added in quadrature. The P values obtained in the scan of > Pr
and My distributions are indicated in the last two columns.

H1 General Search at HERA (e*p, 463 pb’l)

Event class  Selection Data SM Pypy  Puy
Jj-Jj cos el*ead >0 83155 82800 + 15610 0.46 0.44
e-j cos elZad >0 6532 6603 + 783 0.23 0.033
v-j cosE >0 2177 2076 4240 061 075
y-i oS04 >0 123 118420 015 0016
y-e cosf,q >0 227 260 + 25 0.12 0.19
j-j-i C0s67y > 0 1359 12184340 036 063
e-j-j cosOf 4 > 0 65 74+13 075 037
v-j-j cos6y >0 58 53412 062 026
jmjuj 075 < Xiead <0.9 1672 1658 + 482 0.096  0.40
emj-j 0.75 < Xieag < 0.9 419 419481 0.018  0.07
Ji-j 0.75 < Xjoad < 0.9 133 109+22 026  0.19

In case of the cos@,, and Xje,q distributions, no significant
discrepancy between the data and the SM expectation is found.
The lowest P value is 0.017, observed in the Xlead distribution
of the v-j-j-j event class. In event classes where the SM con-
tribution is high (> 100 events), the correlation between M, or
> Pr distributions and cosO.q and Xeaq is further exploited.
The variables cosf;,; and Xjeaq are used to select events in a
phase space region where the SM contribution is reduced and ex-
otic event topologies may be favoured. Events where the leading
body is emitted in the forward direction are selected by requir-
ing cos@, 4 > 0. The variable Xje,q is used in three bodies event
classes to select topologies corresponding to a sequential reso-
nance decay by requiring 0.75 < Xjeag < 0.9, as deduced from the
study of different MC samples of exotic processes. After a cut on
these variables, an overall good agreement between the data and
the SM is still observed in My and )_ Pr distributions. The com-
plete search procedure and statistical analysis is applied to these
distributions, the results of which are summarised in Table 2. No
significant deviation is observed in the reduced event samples.

The full analysis is also performed at lower and higher trans-
verse momenta by changing the minimum Pr of particles to
Pt > 15 GeV and Pt > 40 GeV, respectively. A good overall agree-
ment with the SM is also observed with these cuts. With a cut
Pt > 15 GeV, all spectra are well described by the MC, includ-
ing the multi-jet event classes. The lowest P value is 0.01, ob-
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and f) data.

served in the e-j-j event class. When raising the Pr threshold
to 40 GeV, mainly event classes containing jets remain populated
and the largest deviation is observed in the e-j-j-j class with

P =0.01.
6. Conclusion

The full e*p data sample collected by the H1 experiment at
HERA is investigated in a general search for deviations from the SM
prediction at high transverse momenta. This analysis encompasses
all event topologies involving isolated electrons, photons, muons,
neutrinos and jets with transverse momenta above 20 GeV. Data
events are found in 27 different final states and events with up to

five high Pt particles are observed. In each event class deviations
from the SM are searched for in the invariant mass and sum of
transverse momenta distributions using a dedicated algorithm. In
addition, the final state topologies are also evaluated in terms of
angular distributions and energy sharing between final state parti-
cles. A good agreement with the SM expectation is observed in the
phase space covered by this analysis. The largest deviation is found
in the e-e event class, in et p collisions, at high invariant masses
and corresponds to a probability of 0.0035. The probability to ob-
serve a SM fluctuation with that significance or higher for at least
one event class is 12%. This comprehensive analysis demonstrates
the very good understanding of high Pt SM phenomena achieved
at the HERA collider.
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