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Abstract

Signals of QCD instanton-induced processes are searched for imlnautrent deep-
inelastic scattering at the electron-proton collider HERA in the kinematic regifinati by
the Bjorken-scaling variable > 103, the inelasticity0.2 < y < 0.7 and the photon vir-
tuality 150 < Q2 < 15000 GeV2. The search is performed using H1 data corresponding to
an integrated luminosity oB51 pb~!. No evidence for the production of QCD instanton-
induced events is observed. Upper limits on the cross section for instenttoced pro-
cesses betweeh5 pb and6 pb, at95% confidence level, are obtained depending on
the kinematic domain in which instantons could be produced. Compared to pabiaa-
tions, the limits are improved by an order of magnitude and for the first time afkenging
theory predictions.

Submitted tceur. Phys. JC



V. Andreev’, A. Baghdasarya, K. Begzsuref’, A. Belousov’, A. Bolz'2, V. Boudry?,
G. Brandt?, V. Brissort?, D. Britzger®, A. Buniatyari, A. Bylinkin*, L. Bystritskaya’,
A.J. Campbell, K.B. Cantun Avild®, K. Cerny®, V. Chekeliai!, J.G. Contrerds,

J. Cvachk, J.B. Daintor®®, K. Daun?!, C. Diacond’, M. Dobré', V. Dodonov®, G. Eckerlin?,
S. EgI?’, E. Elsef?, L. Favart, A. Fedotov?, J. Feltessk J. Ferencét, M. Fleischel”,

A. Fomenkd', E. Gabathule?, J. Gaylet’, S. Ghazaryai, L. Goerlictf, N. Gogitidze&®,
M. Gouzevitch¢, C. Gra3*, A. Grebenyuk, T. GreenshaW, G. Grindhammet, D. Haidt’,
R.C.W. Hendersar, J. Hladk?®, D. Hoffmann”, R. Horisberge¥, T. Hreus, F. Hubet?,
M. Jacque®, X. Jansseh H. Jung®?, M. Kapichin€é, J. Katzy?, C. Kiesling!, M. Klein??,
C. Kleinwort'?, R. Koglet!, P. Kostka®, J. Kretzschmar, D. Kriicker?, K. Kriiger?,
M.P.J. Landoff, W. Langé?, P. Laycock®, A. LebedeY’, S. Levoniat’, K. Lipka'?,

B. List'?, J. List?, B. Lobodzinski!, E. Malinovsk?’, H.-U. Martyn', S.J. Maxfield®,

A. Mehta?®, A.B. Meyer?, H. Meyer!, J. Meyet’, S. Mikock’, A. MorozoV®, K. Muller®,
Th. Nauman#?, P.R. Newmah C. Niebuht’, G. Nowak, J.E. Olssol, D. Ozerov°,

C. Pascaud, G.D. Patel’, E. Pere®®, A. Petrukhiri®, I. Picuric, H. Pirumov?, D. Pitz['?,
R. Plaaky&'?, B. Pokorny®, R. Polifka®4’, V. Radesct?, N. Raicevié*, T. Ravdandof},
P. Reimef’, E. Rizvi'®, P. Robmant¥, R. Roosef, A. Rostovtset?, M. Rotard,

S. Rusako®', D. Salek®, D.P.C. Sankey M. Sautet?, E. Sauva*!, S. Schmitt’,

L. Schoeffel, A. Schoning?, F. Sefkow?, S. ShushkevicH, Y. SolovieV®?°, P. Sopicks,

D. SoutH", V. Spasko¥, A. Speck&’, M. Stedel’, B. Stell&”, U. Straumani?, T. Sykora&?",
P.D. Thompsofy D. Traynot¢, P. Trwl*®, I. Tsakov®, B. Tseepeldoff-3°, J. Turnad,

A. Valkarow?®, C. Vallee”, P. Van Mecheleh Y. Vazdik®®, D. Wegenef, E. WiinscH?,
J.Zakek, Z. Zhand?, R. Zlebtik?6, H. Zohrabyaf?, and F. Zome?

1. Physikalisches Institut der RWTH, Aachen, Germany

2 School of Physics and Astronomy, University of Birminghimmingham, UK

3 Inter-University Institute for High Energies ULB-VUB, Bisels and Universiteit Antwerpen,
Antwerp, Belgiurh

4 Horia Hulubei National Institute for R&D in Physics and Nucteangineering (IFIN-HH) ,
Bucharest, Romania

® STFC, Rutherford Appleton Laboratory, Didcot, Oxfordshis®

6 Institute of Nuclear Physics Polish Academy of Sciences3H42 Krakow, Polartt

7 Institut fur Physik, TU Dortmund, Dortmund, Germéany

8 Joint Institute for Nuclear Research, Dubna, Russia

9 Irfu/SPP, CE Saclay, GIF-SUR-YVETTE, CEDEX, France

10 DESY, Hamburg, Germany

1 Institut fur Experimentalphysik, Universit Hamburg, Hamburg, Germatfy

12 physikalisches Institut, Univergit Heidelberg, Heidelberg, Germahy

13 Institute of Experimental Physics, Slovak Academy of Se®rK&ice, Slovak Republic
4 Department of Physics, University of Lancaster, Lancastif

15 Department of Physics, University of Liverpool, Livernddk®

16 School of Physics and Astronomy, Queen Mary, Universitpotibn, London, UK

17 Aix Marseille Universié, CNRS/IN2P3, CPPM UMR 7346, 13288 Marseille, France
18 Departamento de Fisica Aplicada, CINVESTArMda, Yucahn, Méxicd'

19 Institute for Theoretical and Experimental Physics, Magdaussia

20 | ebedev Physical Institute, Moscow, Russia

1



21 Max-Planck-Institutdir Physik, Minchen, Germany

22 AL, Universié Paris-Sud, CNRS/IN2P3, Orsay, France

2 LLR, Ecole Polytechnique, CNRS/IN2P3, Palaiseau, France

24 Faculty of Science, University of Montenegro, Podgoricankénegré

% nstitute of Physics, Academy of Sciences of the Czech Ref@itziha, Czech Repubfic
26 Faculty of Mathematics and Physics, Charles UniversityHareCzech Republic

27 Dipartimento di Fisica Universit di Roma Tre and INFN Roma 3, Roma, Italy

2 Institute for Nuclear Research and Nuclear Energy, Sofia, &idg

2 Institute of Physics and Technology of the Mongolian Acadeh$ciences, Ulaanbaatar,
Mongolia

30 Paul Scherrer Institut, Villigen, Switzerland

31 Fachbereich C, Universit Wuppertal, Wuppertal, Germany

32 Yerevan Physics Institute, Yerevan, Armenia

33 DESY, Zeuthen, Germany

34 Institut fur Teilchenphysik, ETH, &ich, Switzerland

35 Physik-Institut der Universitt Ziirich, Ziirich, Switzerland

36 Now at IPNL, Universi Claude Bernard Lyon 1, CNRS/IN2P3, Villeurbanne, France
37 Now at Lomonosov Moscow State University, Skobeltsynutestif Nuclear Physics,
Moscow, Russia

3% Now at CERN, Geneva, Switzerland

39 Also at Ulaanbaatar University, Ulaanbaatar, Mongolia

40 Also at Department of Physics, University of Toronto, Temp®ntario, Canada M5S 1A7
41 Also at LAPP, Universét de Savoie, CNRS/IN2P3, Annecy-le-Vieux, France

42 Now at Il. Physikalisches Institut, UniveraitGottingen, @ttingen, Germany

43 Now at Institute for Information Transmission Problems RM8scow, Russia

4 Now at Moscow Institute of Physics and Technology, Dolgopyuoscow Region,
Russian Federatidh

t Deceased

@ Supported by the Bundesministeriuim Bildung und Forschung, FRG, under contract
numbers 05HO09GUF, 05HO9VHC, 05H09VHF, 05H16PEA

b Supported by the UK Science and Technology Facilities Chuarai formerly by the UK
Particle Physics and Astronomy Research Council

¢ Supported by FNRS-FWO-Vlaanderen, IISN-IIKW and IWT and leyuntversity Attraction
Poles Programme, Belgian Science Policy

4 Partially Supported by Polish Ministry of Science and HigEeucation, grant
DPN/N168/DESY/2009

¢ Supported by VEGA SR grant no. 2/7062/ 27

f Supported by the Ministry of Education of the Czech Republieuthe project
INGO-LG14033

9 Supported by the Swiss National Science Foundation

" Supported by CONACYT,&ico, grant 48778-F

¢ Russian Foundation for Basic Research (RFBR), grant no 28®8.2 and Rosatom

J Supported by the Romanian National Authority for Scientifisdarch under the contract PN
09370101



* Partially Supported by Ministry of Science of Montenegm, ©5-1/3-3352
! Russian Foundation for Sciences, project no 14-50-00150
™ Ministery of Education and Science of Russian Federatigriract no 02.A03.21.0003



1 Introduction

The Standard Model of particle physics contains certaimeous processes induced by in-
stantons which violate the conservation of baryon and feptamber 8 + L) in the case of
electroweak interactions and chirality in the case of gnioteractions [1, 2]. In quantum chro-
modynamics (QCD), the theory of strong interactions, irtstas are non-perturbative fluctua-
tions of the gluon field. They can be interpreted as tunrghliansitions between topologically
different vacua. Deep-inelastic scattering (DIS) offensnéque opportunity [3] to discover a
class of hard processes induced by QCD instantons. The ponéisg cross section will be
referred to as the instanton cross section. It is calculeitlein “instanton-perturbation the-
ory” and is expected to be sizable [4-7]. Moreover, the mstainduced final state exhibits
a characteristic signature [3,8-11]. Detailed reviewsgaren elsewhere [12,13]. The theory
overview given here follows closely the one in the previodsgdblication [14].

An experimental observation of instanton-induced proegsgould constitute a discovery
of a basic and yet novel non-perturbative QCD effect at higergies. The theory and phe-
nomenology for the production of instanton-induced preessit HERA in neutral current (NC)
electrort-proton collisions has been worked out by Ringwald and Schpef8, 5-9]. The size
of the predicted cross section is large enough to make amiexgetal observation possible. The
expected signal rate is, however, still small compareddofilom the standard NC DIS (sDIS)
process. The suppression of the sDIS background is theréferkey issue. QCD instanton-
induced processes can be discriminated from sDIS by thewackeristic hadronic final state
signature, consisting of a large number of hadrons at higistrerse energy emerging from
a “fire-ball’-like topology in the instanton rest system §9]. Discriminating observables,
derived from simulation studies, are exploited to iden#éifghase space region where a differ-
ence between data and sDIS expectations would indicatetalrdgion from instanton-induced
processes.

Upper cross section limits on instanton-induced procdsses been reported by the H1 [14]
and ZEUS [15] collaborations. This analysis is a contiraratf the previous H1 search for
QCD instanton-induced events using a seventeen times aggsample. The search is carried
out at significantly higher virtualities of the exchangedans as suggested by theoretical
considerations [10].

2 Phenomenology of QCD Instanton-Induced Processes in
NC DIS

Instanton processes predominantly occur in photon glgghf(ision processes as sketched in
figure 1. The characteristic instanton event signaturadtrigem the following basic chirality
violating reaction:
* (I) — T
v —i_g_> Z (QR+QR>+ngg7 (I_)IaRHL)a (1)

q=d,u,s,...

1The term “electron” is used in the following to refer to botearon and positron.
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whereg, qr (gr) denotes gluons, right-handed quarks (anti-quarks),gnd the number of
gluons produced. The chirality violatidis induced for each flavour, in accord with the corre-
sponding axial anomaly [2]. In consequence, in every irietaavent, quark anti-quark pairs of
each of then, flavours occur precisely once. Right-handed quarks are peatiin instanton-
induced processed), left-handed quarks are produced in anti-instantbnprocesses. The
final state induced by instantons or anti-instantons caridgteguished only by the chirality of
the quarks. Experimental signatures sensitive to instaimduced chirality violation are, how-
ever, not exploited in this analysis. Both instanton and-gastianton processes enter likewise
in the calculation of the total cross section.

NC DIS variables:

s=(e+ P)?

Q> = 2 = —(e—¢/)?
z=Q% (2P )
y=Q* (s )

W?=(y+P)=Q*(1—x)/x
s §=(v+g9)
= (1+35/Q%

Variables of the instanton subprocess:
Q" =—¢"=~(v—¢")
¥=Q%/(29-q)
Wi=(d+9?=Q°(1—a")/a

@>

Figure 1: Kinematic variables of the dominant instantoddiced process in DIS. The virtual
photon (v = e — ¢, virtuality )?), emitted by the incoming electran fuses with a gluon)
radiated from the protonH). The gluon carries a fractionof the longitudinal proton momen-
tum. The virtual quark¢’) is viewed as entering the instanton subprocess and theingtgo
qguarkq” from the photon splitting process is viewed as the curreatkjur he invariant mass of
the quark gluond'g) system isi¥;, W denotes the invariant mass of the total hadronic system
(the~y P system) and refers to the invariant mass squared of {lgesystem.

In photon-gluon fusion processes, a photon splits into akgaati-quark pair in the back-
ground of an instanton or an anti-instanton field, as showiigure 1 . The so-called instan-

ton subprocesg’ + g D" X is induced by the quark or the anti-quark fusing with a gluon
g from the proton. The partonic system contains2n; quarks and anti-quarks, where one
of the quarks (anti-quarks) acts as the current quéfk (In addition, an average number of

(ng) ~ O(1/as) ~ 3 gluons is emitted in the instanton subprocess.

I
ﬁ

The quarks and gluons emerging from the instanton subps@redistributed isotropically
in the instanton rest system defined y+ ¢ = 0. Therefore one expects to find a pseudo-
rapidity® () region with a width of typically2 units inn, densely populated with particles of
relatively high transverse momentum and isotropicallyrdisted in azimuth, measured in the

2Achirality = 2n¢, whereAchirality = # (qr + r)— # (g1 + qr.), andn is the number of quark flavours.
3The pseudo-rapidity of a particle is definedrass — Intan(6/2), wheref is the polar angle with respect to
the proton direction defining thez-axis.



instanton rest frame. The large number of partons emittetieninstanton process leads to
a high multiplicity of charged and neutral particles. Besitles band in pseudo-rapidity, the
hadronic final state also contains a current jet emerging the outgoing current quarK.

The instanton production cross section at HER&RA, is determined by the cross section
of the instanton subprocegstg LD X. The subprocess cross section is calculable in instanton
perturbation theory. It involves the distributions of theey of instantons and of the distance

R between them. By confronting instanton perturbation thewith non-perturbative lattice
simulations of the QCD vacuum, limits on the validity of insttan perturbation theory have
been derived [6, 7, 10]. The perturbative and lattice caloohs agree fop < 0.35 fm and

R/p 2 1.05. At largerp or smallerR/p, the instanton perturbative cross section grows, whereas
the lattice calculations suggest that the cross sectiomised. There is a relation between
the variableg)’ andz’ in momentum space and the spatial variablesd R/p. Large’
andz’ values correspond to smalland largeR/p, respectively. The aforementioned limits
can be translated into regions of the kinematical variablesdQ’?, in which the perturbative
calculations are expected to be vafig)? > Q2. ~ (30.8 x A%)Q andz’ >z, ~ 0.35[11].
HereA"MLS is the QCD scale in thé/ .S scheme for; flavours. In order to assure the dominance
of planar diagrams the additional restrictiQf > Q’fmn is recommended [5, 10, 11]. The cross
section depends significantly on the strong cougling or more precisely Oﬂ%’ but depends
only weakly on the choice of the renormalisation scale.

The calculation of the instanton production cross sectinmstanton perturbation theory
[5-7] is valid in the dilute instanton-gas approximation &wproximately massless flavours, i.e.
ny = 3, in the HERA kinematic domain. The contribution of heavy flamis expected to be
(exponentially) suppressed [16,17]. Thus calculatiorth@finstanton production cross section
using the QCDINS Monte Carlo generator [11] are performeckfor= 3 massless flavours. It
was checked that the predicted final state signature doeshaoge significantly when heavy
flavours are included in the simulation.

The analysis is performed in the kinematic region defined By< y < 0.7 and150 <
Q2 < 15000 GeV2. In this kinematic region, and additionally requirigy® > 113 GeV? and
z’ > 0.35, the cross section predicted by QCDINSrﬁééRA = 10 £ 3 pb, using the QCD scale

A% = 339 + 17 MeV [18]. The quoted uncertainty of the instanton cross seczt@h IS

obtained by varying the QCD scale by one standard deviation.

The fiducial region inQ’> andz’ of the validity of instanton perturbation theory was de-
rived fromn; = 0 lattice simulations, since; = 3 was not available for this purpose. The
perturbative instanton calculation is made in the “dilutstanton gas” approximation, where
the average distance between instantons should be largeacedto the instanton size. This
approximation is valid for” — 1, whereas the boundary = 0.35 corresponds to a configura-
tion where the distancg is similar to the instanton size A further simplifying assumption is
made by choosing a simple form of the fiducial region with figggl. andz’ . , whereag)’? ..
could be varied as a function af . .. In summary, the kinematic region @&~ andz’ , where
instanton perturbation theory is reliable, is, for the cesgiven above, not very well defined.

12 . .
4The qualitative behaviour for the instanton cross sectinm,gf; ~ B—’T} e*fi?, wherea; is the strong
coupling.



Thus, the theoretical uncertainty of the instanton crostiageis difficult to define and could
be larger than the already significant uncertainty due tatteertainty of the QCD scate%
alone. On the other hand, given that the predicted crosmeastlarge, dedicated searches for
instanton-induced processes at HERA are well motivated.

3 Experimental Method

3.1 The H1 Detector

A detailed description of the H1 detector can be found elsee/fil9-22]. The origin of the
H1 coordinate system is given by the nomimglinteraction point at = 0. The direction
of the proton beam defines the positizeaxis (forward direction) and the polar angleand
transverse momentuifi; of every particle is defined with respect to this axis. Theraghal
angle¢ defines the particle direction in the transverse plane. ®teatbbr components most
relevant to this analysis are the Liquid Argon (LAr) caloeter, which measures the positions
and energies of particles over the radge< 0 < 154° with full azimuthal coverage, the inner
tracking detectors, which measure the angles and momewtaaajed particles over the range
7° < 6 < 165°, and a lead-fibre calorimeter (SpaCal) covering the rdnge < 6 < 174°.

The LAr calorimeter consists of an electromagnetic seotth lead absorbers and a had-
ronic section with steel absorbers. The electromagneticth@ hadronic sections are highly
segmented in the transverse and the longitudinal direxti@hectromagnetic shower energies
are measured with a resolution@¥/E ~ 0.11/,/E/GeV @ 0.01 and hadronic energies with
JE/E ~ 0.50/4/E/GeV & 0.03 as determined using electron and pion test beam measure-
ments [23, 24].

In the central region]5° < 6 < 165°, the central tracking detector (CTD) measures the
trajectories of charged particles in two cylindrical ddftambers immersed in a uniforiml6 T
solenoidal magnetic field. In addition, the CTD contains & dhamber (COZ) to improve the
z-coordinate reconstruction and a multi-wire proportioctehmber at inner radii (CIP) mainly
used for triggering [25]. The CTD measures charged partiei@is a transverse momentum
resolution ofd(pr)/pr ~ 0.002pr/GeV @& 0.015. The forward tracking detector (FTD) is
used to supplement track reconstruction in the regfon< 6 < 30° [26]. It improves the
hadronic final state reconstruction of forward going lowngxaerse momentum patrticles. The
CTD tracks are linked to hits in the vertex detector, the @siticon tracker (CST) [27,28], to
provide precise spatial track reconstruction.

In the backward region the SpaCal provides an energy measuatdar hadronic particles,
and has a hadronic energy resolutioniéf/ £ ~ 0.70/1/E/GeV & 0.01 and a resolution for
electromagnetic energy depositionsédf/E ~ 0.07//FE/GeV @ 0.01 measured using test
beam data [29].

Theep luminosity is determined by measuring the event rate folBathe-Heitler process
ep — epy, where the photon is detected in the photon tagger located=at—103m. The
overall normalisation is determined using a precision measent of the QED Compton pro-
cess [30] with the electron and the photon detected in th€&pa

7



3.2 Data Samples

High Q2 neutral current DIS events are triggered mainly using imfation from the LAr
calorimeter. The calorimeter has a finely segmented p@rdgeometry allowing the trigger
to select localised energy deposits in the electromaggetiton of the calorimeter pointing to
the nominal interaction vertex. For electrons with enesgieovel1 GeV the trigger efficiency
is determined to be close 100% [31].

This analysis is performed using the faflp collision data set taken in the years 2003-2007
by the H1 experiment. The data were recorded with a leptombaenergy27.6 GeV and a
proton beam of energy20 GeV, corresponding to a centre-of-mass engygy= 319 GeV. The
total integrated luminosity of the analysed datasis pb—'.

3.3 Simulation of Standard and Instanton Processes

Detailed simulations of the H1 detector response to hadromal states have been performed
for two QCD models of the sDIS (background) and for QCD instasatmluced scattering pro-
cesses (signal).

The background is modelled using the RAPGAP and DJANGOH M@aeo programs.
The RAPGAP Monte Carlo program [32] incorporates hérv,) QCD matrix elements and
models higher order parton emissions to all ordersjrusing the concept of parton show-
ers [33] based on the leading-logarithm DGLAP equation$, [@iere QCD radiation can oc-
cur before and after the hard subprocess. An alternatiagntent of the perturbative phase is
implemented in DJANGOH [35] which uses the Colour Dipole Md@&] with QCD matrix
element corrections as implemented in ARIADNE [37]. In bot& Igenerators hadronisation
is modelled with the LUND string fragmentation [38, 39] usithe ALEPH tune [40]. QED
radiation and electroweak effects are simulated using tBRACLES [41] program, which is
interfaced to the RAPGAP and DJANGOH event generators. Themaensity functions of
the proton are taken from the CTEQGL set [42].

QCDINS [11, 43] is a Monte Carlo package to simulate QCD instainduced scatter-
ing processes in DIS. The hard process generator is embéuddesl HERWIG [44] program
and is implemented as explained in section 2. The number\afita is set to:; = 3. Out-
side the allowed region defined 6> . andz’ . the instanton cross section is set to zero.
The CTEQSL [45] parton density functions are employesiesides the hard instanton subpro-
cess, subleading QCD emissions are simulated in the ledalyagithm approximation, using
the coherent branching algorithm implemented in HERWIG. fadronisation is performed

according to the Lund string fragmentation.

The generated events are passed through a detailed GEANTBdd4ed simulation of the
H1 detector and subjected to the same reconstruction angsenehains as are used for the
data.

5In the phase space of this analysis the CTEQ5L and CTEQ6Ingleasity distributions are almost identical.



3.4 Inclusive DIS Event Selection

Neutral current DIS events are triggered and selected hyineg a cluster in the electromag-
netic part of the LAr calorimeter. The scattered electrordentified as the isolated cluster
of highest transverse momentum. A minimal electron enefgylaGeV is required. The re-
maining clusters in the calorimeters and the charged tracksittributed to the hadronic final
state (HFS), which is reconstructed using an energy flowrdkgo without double counting
of energy [47-49]. The default electromagnetic energybecation and alignment of the H1
detector [50] as well as the HFS calibration [31, 51] are igpopl The longitudinal momentum
balance is required to be withith GeV < > (E — p.) < 65 GeV, where the sum runs over
the scattered electron and all HFS objects. Furthermorpdhition of thez-coordinate of the
reconstructed event vertex must be withiB5 cm of the nominal interaction point.

The photon virtualityQ?, the Bjorken scaling variable and the inelasticity of the interac-
tion y are reconstructed from the scattered electron and the hiadioal state particles using
the electron-sigma method [52]. This method is the mostipeeane in the kinematic range of
this analysis. The events are selected to cover the phase sggon defined by.2 < y < 0.7,

z > 1072 and150 < Q? < 15000 GeV>.

The events passing the above cuts yield the NC DIS samplenvibions the basis of the
subsequent analysis. It consists of ab®it000 events. The simulated events are subjected to
the same reconstruction and analysis chains as the realldeg reproduce well the shape and
the absolute normalisation of the distributions of the gnemnd angle of the scattered electron
as well as the kinematic variables@? andy.

3.5 Definition of the Observables and the Search Strategy

The observables used to discriminate the instanton-irdtlogstribution from that of sDIS pro-
cesses are based on the hadronic final state objects and lectsoseof charged particles. Only
HFS objects withy,;, < 3.2 are considered. Charged particles are required to havevéieses
momenta withP:?> > (.12 GeV and polar angles wit?0° < 6 < 160°. Hereny,, and Py
are measured in the laboratory frame.

In the following, all HFS objects are boosted to the hadragiatre-of-mass frame (HCIH)
Jets are defined by the inclusi¥g algorithm [53] as implemented in FastJet [54], with the
massless’r recombination scheme and with the distance parameger 1.35 X R.one. A
cone radiusi.,. = 0.5 is used. Jets are required to have transverse energy in thefthid
Er;e> 3 GeV. Additional requirements on the transverse energy aadgorapidity of the jets
in the laboratory frame are imposed].0 < 7" < 2.5 and B, > 2.5 GeV, in order to
ensure that jets are contained within the acceptance of Anealorimeter and are well cali-
brated. The events are selected by requiring at least onathefr ;.. > 4 GeV. The jet with the
highest transverse energy is used to estimatd-tm@mentumy” of the current quark (see fig-
ure 1).Q’* can be reconstructed from the particles associated wittwttrent jet and the photon
4-momentum, which is obtained using the measured momentuheafcattered electron. The

5The hadronic centre-of-mass frame is definedyby P =0, where¥ and P are the3-momentum of the
exchanged photon and proton, respectively.



@Q'* resolution is about0%. However, the distribution of the true over the reconsedactalue
exhibits large tails, since in aboB&% of the cases the wrong jet is identified as the current jet.
Due to the limited accuracy of thg@'? reconstruction, the reconstructéxf, labelled ;fc, can-

2

not be used to experimentally limit the analysis to the kiagoally allowed regior’* 2 Q2. .
Details of theQ"” reconstruction are described in [9, 55, 56].

The hadronic final state objects belonging to the currenajetnot used in the definition
of the following observables. A band in pseudo-rapidityhagt width of +1.1 units inn is
defined around the mean= > Ern/(>_ Er), where the sum includes hadronic final state
objects [57]. This pseudo-rapidity band is referred to &s‘thstanton band”. The number of
charged patrticles in the instanton bangland the total scalar transverse energy of all hadronic
final state objects in the instanton balig ; are measured.

An approximate instanton rest frame, where all hadronid State objects in the instanton
band are distributed isotropically, is defined @y+ 513 = 0. The definition of¢ is given in
figure 1. A numerical value of = 0.076 is used throughout this analysis [14]. In the in-
stanton rest frame the sphericitphg and the first three normalised Fox-Wolfram moments
are calculated [39, 58]. For spherical evesitéi is close to unity, while for pencil-like events
Sphg tends to zero. Furthermore, the a§§§ and?max are found for which in the instanton rest
system the summed projections of thnomenta of all hadronic final state objects in the in-
stanton band are minimal or maximal [8]. The relative défete betweett;, = >, |7}, - ?max|
andEqy = >, [Ph - Zmin| is calledAp = (Ei, — Eou)/Ewm. This quantity is a measure of the
transverse energy weighted azimuthal isotropy of an evEat.isotropic eventg\ g is small
while for pencil-like eventg\ g is close to unity.

The reconstruction of the variablé suffers from poor resolution as in the case@f,.
Using two methods to calculate the invariant mass of thekgglaon systemi/;, «’ is recon-
structed asy,, = (= + 25)/2, wherez] = Q% /(W2 + Qi ) with W7, = (¢, + £P)* and
Wi, = (32, pn)? where the sum runs over the HFS objects in the instanton bahe V7,
calculation is based on the scattered electron and thentyete while thelV7, reconstruction
relies on the measurement of the hadronic final state objedtse instanton band. The/ .
resolution achieved is aboB®%. As for the case of)’’,, the reconstructed. . cannot be used

to limit the analysis to the kinematically allowed regiofx x’ However,x! . as well as

min" rec

@2 can be used to discriminate instanton processes from tt# ls@dkground.

rec

Exploiting these observables, a multivariate discrimoratechnique is used to find the most
sensitive set of observables to distinguish between smmébackground [59].

3.6 Comparison of Data to Standard QCD Predictions

Both the RAPGAP and DJANGOH simulations provide a reasonabégatl description of
the experimental data in the inclusive DIS and jet samplefufilier improve the agreement
between Monte Carlo events and data, event weights are dppineatch the jet multiplicities as
a function of@?. The MC events are also weighted as a functioRefindn of the most forward
jetin the Breit frame [31,51]. Furthermore, the track muitippy distribution is weighted. The
weights are obtained from the ratio of data to the reconstduIC distributions and are applied
to the events on the generator level. After these weightgapgpéed, the simulations provide a
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good description of the shapes and normalisation of the dlatabutions. Examples of these
control distributions are shown in figure 2: distributiorishe kinematic variables and@?, the
transverse energy of the jef& .5, the pseudorapidity of the jets. in the hadronic centre-
of-mass frame and the charged particle multiplicity.

The measured distributions of the five observallles., nz, ..., Ap andE;, are compared
in figure 3 to the expectations from the standard DIS QCD md&®A$GAP, DJANGOH) and
from the instanton model (QCDINS). The data are reasonahlydescribed by the reweighted
sDIS Monte Carlo simulations. The models are able to desthibeata withirb — 10% except
at very low and/or very large values of the given observaieere differences up ta0%
are observed. The expected instanton distributions diffshape from the sDIS background.
However, the magnitude of the expected signal is small andrexkd discrimination methods

are required to enhance the signal to background ratio.

4 Search for Instanton-Induced Events

A multivariate discrimination technique is employed torgase the sensitivity to instanton pro-
cesses. The PDER8I1pbability Density Estimator with Range Searahmethod as implemented
in the TMVA ROOT package [60] is uséd

The strategy to reduce the sDIS background is based on trevalesEy e, ng, 2/,
Ap and E;,. This set of observables has been chosen since it providdsest signal to back-
ground separation [59]. Moreover, the distributions oftheariables are overall well described
by both Monte Carlo simulations. The distribution of the disgénator D is shown in figure 4.
Taking into account the systematic uncertainties, theridisicator distribution is described by
the sDIS Monte Carlo simulations in the background dominaégibn. ForD < 0.2 pre-
dictions and data agree within systematic uncertaintiese Background events are mainly
concentrated at low discriminator values, while the intarsignal peaks at large values of the
discriminator. At largeD both data and predicted background fall off steeply.

A signal region is defined fob > D.,; = 0.86, optimised for a determination of the
instanton signal from event counting. The distributionshaf expected instanton signal and of
the background are shown in figure 5. No excess of events et and the DJANGOH MC
describes the data well, while the prediction of RAPGAP igaystically above the data.

The expected and observed number of events are summarisdiddri. In the signal region,
a total 0f2430 events are observed in data, while DJANGOH predid&3*7 and RAPGAP
29661 2%. The uncertainties on the expected number of events inelperimental systematic
uncertainties and small contributions from the finite sangites. For the expected number of
instanton-induced events the dominating uncertainty dstdut\%.

The following sources of systematic uncertainties are agaped through the full analysis
chain:

"The PDERS method has been cross checked with other methoglietiral network MLP Multi-Layer
Perceptron method and two variants of the decision tree method, BBdoéted Decision Trepand BDTG
(Boosted Decision Trees with Gradient BQd5s9].
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Data DJANGOH RAPGAP QCDINS
D>086 2430 24837 2966720 473710702

Table 1: Number of events observed in data and expected freIANGOH and RAPGAP
simulations in the signal region. The quoted uncertaintietide the experimental system-
atic uncertainties added in quadrature, excluding nosatdin uncertainties. For the expected

number of instanton-induced events, the dominating uardytdue toA% is also shown.

e The energy scale of the HFS is known to a precisioh%f31, 51].

e Depending on the electron polar angle the energy of theesedtielectron is measured
with a precision of).5 — 1% [61].

e The precision of the electron polar angle measuremehtrisad [61].

e Depending on the electron polar angle, the uncertainty erelbctron identification effi-
ciency ranges from.5 to 2% [51].

e The uncertainty associated with the track reconstructibciency and the effect of the
nuclear interactions in the detector material on the efiimyeof track reconstruction are
estimated to b8.5% each [62].

The effect of these uncertainties on the expected signabaokiground distributions is de-
termined by varying the corresponding quantitiestblystandard deviation in the MC samples
and propagating these variations through the whole asalyfi$ie above systematic and statis-
tical uncertainties added in quadrature are shown in thegggand in table 1. The included
statistical uncertainties due to the limited Monte Carldistias are approximately an order of
magnitude smaller than the experimental systematic Laio#es.

The main contributions to the experimental systematic tangies arise from the energy
scale calibration of the scattered electron ranging fromd% in the background dominated
region to~ 1% in the signal region and from the energy scale of the HFS ranfjom~ 1%
in the background region te 2.5% in the signal region. Uncertainties connected with thektrac
reconstruction and secondary interactions of the prodheéldons in the material surrounding
the interaction region contribute to the systematic emdhe signal region at a level of 2%
each, and in the background dominated region by less @tigd. In the full range of the
discriminator, the uncertainties on the electron idergtfan and on the precision of the electron
polar angle are smaller thanb% each.

Given the observed and expected numbers of events, no eaftlarQCD instanton-induced
processes is observed. In the following, the data are usset &xclusion limits.

5 Exclusion Limits for Instanton-Induced Processes

The upper limit is determined from a Clstatistical analysis [63, 64] using the method of frac-
tional event counting [65]. A test statisti is constructed as a fractional event count of all
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events using the discriminator distribution:

Npin

=1

where the sum runs over all bins, angds the number of events observed in biThe weights

w; are calculated from the predicted signal and backgrounttibations and their uncertainties,
using an appropriate set of linear equations [65]. They afméd in such a way as to ensure
that only bins with both a large signal-to-background ratial small systematic uncertainties
enter with sizable weights into the test statisticIn case of negligible systematic uncertainties,
the weights behave as; = s;/(s; + 2b;) wheres; andb; are the predicted number of signal
and background events in a given bjrrespectively. A large number of MC experiments are
generated by varying the expected number of events in absempresence of the signal within
the statistical and systematic uncertainties. Systenuaitertainties are treated as Gaussian
distributions and statistical fluctuations are simulateshg Poisson statistics. if — C'L, >
0.95, the signal hypothesis is excludeddat’ confidence level.

Limits are calculated using the full range of the discrinbimalistribution as shown in fig-
ure 4. The following additional systematic uncertainties ecluded in the exclusion limit
calculation:

e The normalisation uncertainty due to the precision of thegrated luminosity measure-
ment is2.3% [30].

e The difference between the prediction from DJANGOH and RAPG# assigned as
model uncertainty of the background estimation, i.e. tlieidince between two back-
ground histograms in figure 4. This model uncertainty isdagg— 20% and13 — 46%,
for small D < 0.2 and largeD > 0.85 values of the discriminator, respectively. For
intermediate values @D it amounts td).3 — 8%.

e The uncertainty of the background normalisation.i8)%. This uncertainty is estimated
ase = (Np; — Nrap)/Np;j, WwhereNp; and Ng,, are the total number of predicted events
in the full discriminator range for the DJANGOH and RAPGAP M@slations, respec-
tively.

e The uncertainty of the predicted signal cross section dilegancertainty of\% (sec-
tion 2) varies from 20 to 50% depending on the regio®inandx’ .

Figure 6 shows the behaviour of the observed &4 a function of the instanton signal cross
section. In this study the total instanton cross sectioaksrt as a free parameter, whereas the
signal shape is taken from the QCDINS simulation. 98% CL, the observed limit i pb,
as compared to a median expected cross section linsit7of §(68%)*35(95%) pb. The first
(second) set of uncertainties indicates the correspontling(4+20) deviations of the median
expected cross section limit. The observe2tr deviation between the expected and observed
limit is caused by a downward fluctuation of the observed titistatisticsY. This downward
fluctuation receives contributions both from regions whteweightsw; are positive and the
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data are below the background prediction and from regiorsrevthew; are negative and the
data are somewhat larger than expected.

The QCD instanton model implemented in QCDINS, restrictedhéokinematic region de-
fined byz! . = 0.35 andQ"2,, = 113 GeV?, predicts a cross section o + 3 pb, and thus

is excluded by the H1 data. Note that the cross section wingriof 30%, stemming from the

variation ofA%, is already included in the observed limitdpb.

In order to assess the sensitivity of the instanton crossopeon the kinematic variables
o and@’%. , limits are also determined as a function of the lower bourids and Q"2 .. .
As explained in section 3.3, outside these bounds the itwstacross section is set to zero.
The results are shown in figure 7, where the observed contdenels, using the QCDINS
predictions, are shown in the, .., Q"> plane. At95% confidence level, parameter values

! . < 0.404 are excluded at fixed’>, = 113 GeV?. For fixedz’ , = 0.35, values of

Q2. < 195 GeV? are excluded. The exclusion regions depend somewhat orhtieecof

min

A% and its uncertainty. In order to assess these effects, tigsaswas repeated fd\r% =

340 + 8 MeV [66] instead of/\% = 339+ 17 MeV . For this choice, more stringent limits are
obtained. For example, at fixedl>. = 113 GeV? the excluded range 86% confidence level
would change ta] ,, < 0.413.

A less model-dependent search is presented in figure 8. Harts, on the instanton cross
section are determined as a function of the parametgrsand@’? .. , using the signal shapes
predicted by QCDINS. No uncertainty on the instanton crosi@enormalisation is included
in this determination of the experimental cross sectioiitliithe most stringent exclusion limits
of order1.5 pb are observed for largg’?;, and small’ , . For increasing:’,;, the limits are
getting weaker. At the nominal QCDINS setting,;, = 0.35 andQ'?, = 113 GeV?, one
expects to find back an exclusion limit ®pb, as discussed with figure 6. The limit in figure 8,
however, is observed to be somewhat better, because thyg thezertainty on the cross section

normalisation is included in figure 6 but not in figure 8.

6 Conclusions

A search for QCD instanton-induced processes is presentadutral current deep-inelastic
scattering at the electron-proton collider HERA. The kineoragion is defined by the Bjorken-
scaling variabler > 103, the inelasticity0.2 < y < 0.7 and the photon virtuality50 < Q? <
15000 Ge\2. The search is performed using H1 data corresponding totegrated luminosity
of 351 pb1.

Several observables of the hadronic final state of the sglestents are exploited to identify
a potentially instanton-enriched sample. Two Monte Carlaets RAPGAP and DJANGOH,
are used to estimate the background from the standard NC @i&gses. The instanton-
induced processes are modelled by the program QCDINS. Ir ¢odextract the expected
instanton signal a multivariate data analysis techniqueésl. No evidence for QCD instanton-
induced processes is observed. In the kinematic regionedkliy the theory cut-off parameters
2= 0.35andQ?. = 113 GeV? an upper limit of2 pb on the instanton cross section at

min min
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95% CL is determined, as compared to a median expected linit7df, $(68%)32(95%) pb.
Thus, the corresponding predicted instanton cross secfidf + 3 pb is excluded by the H1
data. Limits are also set in the kinematic plane defined’pyandQ’?. . These limits may be
used to assess the compatibility of theoretical assunmgpsanh as the dilute gas approximation
with H1 data, or to test theoretical predictions of instanpwoperties such as their size and
distance distributions.

Upper cross section limits on instanton-induced processgsrted previously by the H1
[14] and ZEUS [15] collaborations are above the theoretwadicted cross sections. In a
domain of phase space with a low@? range (0 < Q? < 100 GeV?), H1 reported an upper
limit of 221 pb at95% CL, about a factor five above the corresponding theoreticdiption.
At high Q% (Q* > 120 GeV?), the ZEUS Collaboration obtained an upper limit2sf pb at
95% CL in comparison to a predicted cross sectio® 6fpb. In summary, compared to earlier
publications, QCD instanton exclusion limits are improvedan order of magnitude and are
challenging theory predictions for the first time.
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Figure 2: Distributions of (a) the Bjorken-scaling variable(b) the photon virtualityQ?, (c)
the inclusive distribution of the transverse energy of #ts J'r..s, (d) the pseudorapidity of
the jetsn;.s and (e) the charged particle multiplicity,,. Data (filled circles), the RAPGAP
and DJANGOH sDIS background predictions (dotted and solies) and the QCDINS signal
prediction scaled up by a factor 58 (hatched) are shown.
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Figure 3: Distributions of the observables used in the waultate analysis: (a) the transverse
current jet energyfire;, (b) the charged particle multiplicity in the instanton Hamg, ()
and (d) two variables measuring the azimuthal isotropy efavent, Az and E;,,, respectively,
and (e) the reconstructed instanton kinematic variahleData (filled circles), the RAPGAP
and DJANGOH sDIS background predictions (dotted and solies) and the QCDINS signal
prediction scaled up by a factor 60 (hatched), are shown. The error band, shown only for
DJANGOH, represents the MC statistical and systematicrisiogies added in quadrature.
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Figure 4: Distribution of the discriminatadp. Data (filled circles), the RAPGAP and DJAN-
GOH sDIS background predictions (dotted and solid linesl) thie QCDINS signal prediction
scaled up by a factor df0 (red line) are shown. The error band, shown only for DJANGOH,
represents the MC statistical and systematic uncertaiatided in quadrature.
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Figure 5: Distribution of the discriminatdp in the signal regiorD > 0.86. Data (filled circles),
the RAPGAP and DJANGOH sDIS background predictions (dottedi solid lines) and the
QCDINS signal prediction (red line) are shown. The error hatdwn only for DJANGOH,
represents the MC statistical and systematic uncertaiatided in quadrature.
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Figure 7: Instanton production exclusion limits as a fumetof 2/, andQ'?. . The regions
excluded at confidence levels 8%, 95% and 99% are shown. The region of validity of

instanton perturbation theory is indicated (dashed line).
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Figure 8: Upper limits on the instanton cross sectiof#t confidence level, as a function
of /. and@Q'?, . Also shown are isolines of predicted fixed instanton cressisn and the

effects of varying the QCD scaIAeg%D defined in theMS scheme within uncertainties. The
instanton cross section extrapolated beyond the indicatgidn of validity of instanton pertur-

bation theory is shown as well.
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