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Abstract

A search for physics beyond the Standard Model in neutrakatideep inelastic scat-
tering at high negative four-momentum transfer squapéds performed ire*p collisions
at HERA. The differential cross sectielv/dQ?, measured using the full H1 data sample
corresponding to an integrated luminosity4df pb—!, is compared to the Standard Model
prediction. No significant deviation is observed. Limitsvamious models predicting new
phenomena at higy? are derived. For general four-fermiengq contact interaction mod-
els, lower limits on the compositeness scalare set in the range6 TeV to 7.2 TeV. Lep-
toquarks with masse¥/t,q and couplings\ are constrained td/;,q /A > 0.41 —1.86 TeV
and limits on squarks iR-parity violating supersymmetric models are derived. Adow
limit on the gravitational scale in (4+n) dimensionsMis > 0.9 TeV is established for
low-scale quantum gravity effects in models with large &dimmensions. For the light
quark radius an upper bound Bf, < 0.65 - 10~'® m is determined.
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1 Introduction

Deep inelastic neutral current (NC) scatteririgp — e* X at high negative four-momentum
transfer squared? allows the structure ofq interactions to be probed at short distances and
to search for new phenomena beyond the Standard Model (SMinglhe concept of four-
fermion contact interactions (ClI) the interference of th®gon andZ-boson fields with any
new particle field associated to larger scales can be igasti.

Results from searches for contact interactionsgzinnteractions at HERA have been pre-
viously reported by the H1 [1]) 2] and ZEUS! [3, 4] collaborago Therein, genuine contact
interaction models, models with leptoquarks and supersytmoscalar quarks (squarks), low-
scale quantum gravity models with large extra dimensiodscampositeness models of quarks
have been investigated by searching for deviations frorSMexpectation at higy?. Contact
interaction studies have been also performed at LEP [5].

Such models have also been investigated in direct searthH#sRA, the Tevatron and the
LHC. Searches for leptoquarks involving lepton flavour atwn [6] and squarks idk-parity
violating {%,) supersymmetric models|[7] have been published by the Hatwadation using the
full HERA data. Searches for leptoquark pair productionrimtpn-proton collisions at a centre—
of-mass energy of/s = 7 TeV were reported by the ATLAS [8] and CMS| [9] collaboratipns
excluding first generation scalar leptoquarks ugi6 TeV and384 TeV, respectively. These
results surpass limits obtained at the Tevation [10]. Génrt limits on low-scale quantum
gravity models with large extra dimensions using di-jeteltictron and di-photon final states
have been reported by the D@ collaboration [11, 12] and tecdyy the CMS collaboration,
excluding mass scales beldws-2.3 TeV depending on the model [13].

The analysis in this paper is based on the full H1 data sangblected in the years 1994-
2007, which corresponds to an integrated luminositg ef 446 pb~! and represents a factor of
3(12) increase in statistics fer'p (e~ p) collisions with respect to the previous publicatians [1].
The same method is used as in previous analysis which isseqgest by the results presented
in this paper.

2 Contact Interaction Models

New physics phenomena in fermion-fermion scattering @rpents may manifest themselves
in deviations of the differential cross sectida/d@? from the SM expectation, and may be
related to new heavy particles with masdés much larger than the electroweak scale. In the
low energy limit\/s < Mx such phenomena can be described by an effective four-far@iio
model. Different implementations of this effective moded aummarised in the following.

2.1 General contact interactions and compositeness

In ep scattering, the most general chiral invariant Lagrang@nnieutral current vector-like
four-fermion contact interactions can be written in thevidi4,15]:

LV = Z Z 7721) (éaquea)(CjbfYﬂqb)a (l)

q a,b=L,R
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wheren?, are the CI coupling coefficients, andb indicate the left-handed and right-handed
fermion helicities and the first sum is over all quark flavouinsthe kinematic region of interest
mainly the valence quarks @ndd) contribute.

In the case of general models of fermion compositeness atrawdbure the Cl coupling

coefficients are defined as: A
T

Tab = €ap A2 2)
New physics models are then characterised by a common catempess scald and the coef-
ficientse!,, which describe the chiral structure of the coupling and tadge the values-1 or
0, depending on the scenario, for example pure left-handgdight-handed (R), or vector (V)
and axial-vector (A) couplings. Depending on the model dredgign of the coefficients, the
new physics processes interfere either constructivelyestrdctively with the SM processes.

2.2 Leptoquarks

Leptoquarks, colour triplet scalar or vector bosons cagyepton and baryon number, appear
naturally in extensions of the SM which aim to unify the lepeind quark sectors. For lepto-
quark masses/; o much larger than the probing scalé o > /s, the coupling\ is related to
the CI coupling coefficients via:
)\2
773(; = egb MEQ . (3)

The classification of the leptoquarks follows the BuchmiaRuckl-Wyler (BRW) model [16],
in which the coefficients!, depend on the leptoquark type [17] and take valyes:, +1, +2.

Two leptoquark typesS¢ andS‘lL/Q, have quantum numbers identical to the squariadi.
For these leptoquarks the couplingsorrespond to the Yukawa couplings,,, which describe
the 12, supersymmetrid;(),; D, interaction [18]. Here, j andk are the family indices and
L;, Q; and Dy, are the super-fields containing the left-handed leptores|et-handed up-type
guarks and the right-handed down-type quarks, respegtiogjether with their supersymmetric
partners.

2.3 Largeextradimensions

In some string inspired models the small nature of the gatiwital force is explained by the
existence of compactified extra dimensions [19]. In thesdetsothe gravitational scales in

4 4+ n dimensions is related to the sizeof the compactified extra dimensions via the Planck
scaleM? ~ R™MZ™". SM particles reside on a four-dimensional brane, while gpi@ 2
graviton propagates into the extra spatial dimensiongioga tower of Kaluza-Klein states.
Assuming that the ultraviolet cut-off scale of the tower fssonilar size to the gravitational
scale, an effective contact-type interactionl [20] term loamlefined with a coupling coefficient:

A

A 4

The coupling)\ depends on details of the theory and is conventionally s&flto
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2.4 Quark Radius

A clear manifestation of substructure would be the obsematf finite size effects like the
measurement of electroweak charge distributions of femmid-inite size effects are typically
described by a standard form factor in #iescattering cross section:

@) = 1- ¢ ®

which relates the decrease of the scattering cross sedidngh()? to the mean squared radius
(R?) of the electroweak charge distribution. This form factordifies theQ? dependence of
theep scattering cross section similarly to the CI models descridgbove.

3 Dataand AnalysisMethod

The analysed data sample is recorded’ip ande p collisions corresponding to an integrated
luminosity of281 pb~! and165 pb!, respectively. The measurement of the differential néutra
current cross-sectiorlo/dQ? , which is used to probe possible Cl signatures follows the pr
vious measurements based on data recorded in the year2009421+23] and includes new
data recorded from 2003-2007. A list of the analysed datisefiven in tablé]1.

Reaction L, [pb'] /5[GeV] Polarisation P, [%))

etp > et X 36 301 Unpolarised
ep—e X 16 319 Unpolarised
etp — et X 65 319 Unpolarised
ep—e X 46 319 Right (P, = +37)
ep—e X 103 319 Left (P, = —26)
etp—etX 98 319 Right (P, = +33)
etp—etX 82 319 Left (P.=-38)

Table 1: Data samples recorded in the years 1994-2007 witesmonding integrated lumi-
nosities, centre-of-mass energies and average longélgltarisations.

The data collected from the year 2003 onwards were takenandidingitudinally polarised
lepton beam, with typical polarisation values-6385%. The average luminosity weighted po-
larisations of the*p ande ™ p data sets are small. Due to the different chiral structuteypb-
thetical new patrticles with respect to the irreducible SMKggiound, the sensitivity to possible
new physics phenomena is increased by uibtpercent by analysing the data sets with left and
right longitudinal lepton polarisation separately.

Contact interactions are investigated by searching folagiewns in the NC differential cross
sectiondo/d@? from the SM expectation at high negative four-momentumsfiemsquared
Q? > 200 GeV?. The SM cross section of neutral current scattering fastsrinto the elec-
troweak matrix element of the haeg interaction process and the parton distribution function
(PDF) of the proton. Thé&)? dependence of the PDF is calculated using perturbative @@p |

6



For the Cl analysis the parton densities at high valugg’otorresponding to high values of
x, are of special importance. In this analysis the CTEQ6m X3 is used to calculate both the
SM and signal expectations. The CTEQ6m set was obtainedingfieveral experimental data
sets. At highe this PDF is mostly constrained by fixed target experimentisedso byll -boson
production and jet data from the Tevatron experiments, whre not sensitive to possibie
contact interaction processes. CTEQ6m also includes eaplgcattering data at higiy? from
the H1 (€ = 52 pb™') and ZEUS £ = 30 pb™') experiments. However, since thép (e p)
data sets analysed here &(e0) times larger, the residual correlations between the HERA da
and the CTEQ6m PDF are small and are neglected in the foltpviAnrthermore, the CTEQ6m
parton densities can be regarded as unbiased with resgez$sole contact interaction effects.
CTEQ6m is chosen as it describes many experimental datangradticular, the HERA data in
the region? < 200 Ge\2, which are not used in this analysis. The results of thisymishbre
verified using an alternative PDF not based on HERA li)§ldata, as described in sectidn 4.

The single differential cross sectiods/d@Q? are measured far*p ande ™ p scattering up
to Q2 = 30000 GeV? and compared to the SM expectation. The ratio of the datae&i
expectation is shown in figutd 1. Good agreement betweenasatahe SM is observed, in
particular in the highQ)? region, which is the focus of this analysis.

In the next step, a quantitative test of the SM and the Cl neadglerformed by investigating
the measured cross sectiahs/dQ? following the analysis method described(in [1] by applying
a minimisation of the? function [26]:

2, o) = (07" — o () (1 = 30, Aus(er)))” r
0 = ) ) (1= 5% Baer)) + (B o) +; v ©

7 i,stat V1 Ui

Hereo;™ andc!"(n) are the experimental and theoretical cross sections, ctiepl, for the
measurement poirit andd; s, andd; uncor COrrespond to the relative statistical and uncorrelated
systematic errors, respectively. The theoretical crossmseincludes both the SM and the con-
tact interaction term, and it depends on the coupling coeffig), which is varied in the fit. The
functionsA;, (ex) describe the correlated systematic errors for poagsociated to a sourée
and depend on the fit parametegs In particular, the normalisations of the individual dag#ss
described in tablel 1 are free parameters, only constrapéuetindividual luminosity measure-
ments. Since the precise cross section measurements gf’lolstermine the normalisations,
new physics signals are mainly tested by exploiting the sludiphe@? distribution.

Statistical and systematic uncertainties are taken intowtt in the fit procedure. The
following sources of experimental uncertainties are antedifor [21-23, 27]: the electromag-
netic energy scale uncertainty bf- 3%, the polar angle uncertainty of the scattered lepton of
2 — 3 mrad, the uncertainty on the electron identificatiof.6f— 2%, the hadronic energy scale
uncertainty o — 7% the uncertainty from the luminosity measurement .6f— 3.8% and the
uncertainty on the electron beam polarisation ef 2.3%. The effect of the above systematic
uncertainties on the SM expectation is determined by varylre experimental quantities by
+1 standard deviation in the MC samples and propagating thesations through the whole
analysis. The uncorrelated systematic uncertaintieseofrtbasurements vary as functionpf
betweenl — 11% (1.6 — 13%) for e™p (e~ p) scattering. The dominant sources of the correlated
systematic errors are the PDF uncertainty (at8%d}, the uncertainties from the luminosity
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measurement and from the experimental uncertainties oartegyy scale and the polar angle
of the scattered lepton. All other experimental systematicertainties are found to have a
negligible impact on the analysis.

4 Reaults

The data used in this analysis are found to be consistenthétaxpectation from the SM alone
(n = 0 in equatiori6) based on the CTEQ6m PDF, yieldingadof = 16.4/17 (7.0/17) for
theetp (e~ p) data. The normalisation constants of the individual dataagree well with the
SM expectation within the PDF uncertainties.

For each Cl model the effective scale parameters and cagpdiescribing the new physics
scale are determined by a fit to the differential NC cross@echll scale parameters are found
to be consistent with the SM and limits are calculatefl& confidence levels (CL) using the
frequentist method as described in the previous publiodfip

Lower limits on the compositeness scalen the context of the general contact interaction
model are presented in talle 2 and fidure 2. The results asene for eight scenarios, which
differ in their chiral structure as determined by the CI daup coefficientsy?,. Depending
on the model and the sign of the coefficients, limits/om@re obtained in the range6 TeV
to 7.2 TeV. In figure[3, differential cross section measurementsefgr and e~ p scattering
normalised to the SM expectation are compared to the predgtorresponding to th&5%
CL exclusion limits of the VV modelj{,, > 5.6 TeV andAy;,, > 7.2 TeV.

For leptoquark-type contact interactions, the notatiolaum numbers and lower limits on
Mo/ X are presented in tabllé 3. The limits are in the rahfg /A > 0.41 —1.86 TeV. Lepto-
guarks coupling ta. quarks are probed with higher sensitivity, correspondingiore stringent
limits than those coupling t@ quarks due to the different quark densities in the protorfigh
ure[4, the normalised differentietf p cross section measurements are compared to the predicted
cross sections corresponding to #&% CL exclusion limits of thes] andV}* leptoquarks. At
high @? the existence of &% (V,) leptoquark would lead to an increase (decrease) of the
e*p cross sections, which is not observed. For a Yukawa couplidectromagnetic strength,

A = 0.3, scalar and vector leptoquark masses uf.38 TeV and0.56 TeV are excluded, re-
spectively, comparable or exceeding limits obtained byafien and LHC. The leptoquarks’
and 5‘1L/2 may also be interpreted as squarks in the framewotR,aupersymmetry and the
corresponding limits in terms of the ratid;/\’ are given in tablgl4. For a Yukawa coupling of
electromagnetic strength, the corresponding lower limitree mass 0f).33 TeV is similar to
that obtained recently by the H1 collaboration in a direetrske [7].

Lower limits in a model with large extra dimensions on thevgedional scaleV/s in 4+n di-
mensions assuming a positive £ +1) or negative § = —1) coupling are given in tablel 5.
Mass scaled/s < 0.9 GeV are excluded &@5% CL. The corresponding cross section predic-
tions normalised to the SM expectation are compared tetpalata in figuréb.

Finally, an upper limit a5% CL on the quark radiugz, < 0.65 - 107'® m is derived
assuming point-like leptons. The corresponding crossaeptedictions normalised to the SM
expectation are compared to €& data in figuré 5.
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The above results are also verified using a dedicated H1 Pdased on data collected in
the years 1994-2007. This PDF set was obtained from a ndettbng order QCD fit to the
H1 data[[26] withQ? < 200 Ge\?, excluding the high)? data used in this analysis. Both the
SM expectation and limits derived using the dedicated H1 B§¥€e well with those obtained
using the CTEQ6m PDF within the uncertainties.

5 Summary

Neutral current deep inelastc p ande™p scattering cross section measurements are analysed
to search for new phenomena mediated via contact interecti®he data are well described
by the Standard Model expectations. Limits on the parameatevarious contact interaction
models are presented%it% CL.

Lower limits on the compositeness scalare derived within a general contact interaction
analysis. The limits range betwe8r6 TeV and7.2 TeV depending on the chiral structure,
corresponding to an increase by a factor of about two condp@ar@revious HERA searches.
The study of leptoquark exchange yields lower limits on ##ori/; o/ between).41 TeV
and1.86 TeV, considerably improving constraints from the previouslgsia. Squarks in the
framework of R-parity violating supersymmetry with masses satisfyidg/\};, < 1.10 TeV
and M;/ X\, < 0.66 TeV are excluded. Possible effects of low-scale quantum gravith
gravitons propagating into extra spatial dimensions ae ialvestigated, where lower limits on
the gravitational scale it + n dimensionsMgs > 0.9 TeV are found. Finally, a form factor
approach yields an upper limit on the size of lightndd quarks of R, < 0.65 - 107'% m,
assuming point-like leptons.

Using the full HERA data set, limits derived in this analyaie more stringent than previous
results by H1 and ZEUS. The results can also be compared e thiotained by the LEP,
Tevatron and, most recently, LHC collaborations. For mostiels with Yukawa couplings of
electromagnetic strength, or stronger, the analysis ptedéhere provides the most stringent
limits on first generation leptoquarks.
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H1 Search for General Compositeness
Map = €qp 47/ A

Model [ €L, €Lr, €re, €rr] AT [TeV] A~ [TeV]
LL [ 1, 0, 0, 0 4.2 4.0
LR [ 0, +1, 0, 0] 4.8 3.7
RL [ 0, 0 +1, 0 4.8 3.8
RR [ 0, 0 0 %] 4.4 3.9
vV [ +1, 41, +1, +1] 5.6 7.2
AA [ +1, 1, 71, +1] 4.4 5.1
VA [ +1, T1, +1, F1] 3.8 3.6
LL+RR [ +1, 0, 0, +1] 5.3 5.1
LR+RL [ 0, 1, £1, 0] 5.4 4.8

Table 2: Lower limits at95% CL on the compositeness scale The A* limits correspond
to the upper signs and th&™ limits correspond to the lower signs of the chiral coeffitsen

¢ 4 a4 g
[€7r) €1rs €REs €RE]-
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H1 Search for Heavy L eptoquarks
Moy = €ap A°/Miq

LQ € et F Mg/X [TeV]
Sy €t =43 2 1.10
SE e =+1 2 1.10
Sg ehp =41 2 0.41
Sty €r=—3% 0 0.87
Sty € =—3 €h=-3 0 0.59
St edp=—-1 0 0.66
St e =43 € =+1 2 0.71
vy e, =-1 0 1.06
VE ebp=—-1 0 0.91
VE e, =1 0 1.35
Vi, fp=+1 2 0.51
Vi, =41 b =+1 2 1.44
Ve, ein=+1 2 1.58
Vi e, =-2 e, =-1 0 1.86

Table 3: Lower limits ab5% CL on Mo/ for scalar §) and vector {") leptoquarks, where
L and R denote the lepton chirality and the subscript {/2, 1) is the weak isospin. For each
leptoquark type, the relevant coefficienfs and fermion numbef’ = L + 3B are indicated.
Leptoquarks with identical quantum numbers except for wegbercharge are distinguished
using a tilde, for exampl&}? andf/OR. Quantum numbers and helicities referetoy ande=¢
states.

H1 Search for R, Squarks
Channel Coupling el M;/XN [TeV]
etd —a® N, €, =+1 1.10
e"u —dW A1 edp=—1 0.66

Table 4: Lower limits ab5% CL on M;/\' for the R, violating couplings\;;, [18], wherei, j, k
are family indices. The coefficient$, are also shown. Th¥/,, (A1;1) coupling corresponds to

the Sy (51,,) leptoquark coupling shown in tatife 3.
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H1 Search for Large Extra Dimensions

ne = A Mg
coupling Mg [TeV]
+1 0.90
-1 0.92

Table 5: Lower limits ab5% CL on a model with large extra dimensions on the gravitationa
scaleMs in 4 + n dimensions, assuming positive £ +1) or negative § = —1) couplings.
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Figure 1: The ratio of the measured cross section to the Stdridodel prediction determined
using the CTEQ6m PDF set ferp — e™ X ande™p — e~ X scattering. The top figurecor-
responds to the full H1 data with an average longitudinahpsétion ofP ~ 0. The middle
and bottom figuresrepresent polarised H1 data taken fromaae2003 onwards for different
lepton charge and polarisation data sets. The error bamsseqt the statistical and uncorrelated
systematic errors added in quadrature. The bands indleatF uncertainties of the Standard
Model cross section predictions.
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H1 Search for General Compositeness

N [TeV] A [TeV]
LL | 4.0 4.2
LR | 37 48
RL 3.8 4.8
RR | 3.9 4.4
w | 7.2 5.6
AA 5.1 4.4
VA 3.6 3.8
LL+RR| 5-1 5.3

LR+RL 48|||||||54

6 4 2 0 2 4 6
A" [TeV]

Figure 2: Lower limits at95% CL on the compositeness scalefor various chiral models,
obtained from the full H1 data. Limits are given for both sign and A~ of the chiral coeffi-
cients.
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Search for General Compositeness
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Figure 3: The measured neutral current cross sedtigd@? normalised to the Standard Model
expectation. H:*p scattering data are compared with curves correspondiggtoCL exclu-
sion limits obtained from the full H1 data for thél” compositeness scale model, for both signs
AT and A~ of the chiral coefficients. The error bars represent theéssizl and uncorrelated
systematic errors added in quadrature.
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Search for Heavy Leptoquarks
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Figure 4: The measured neutral current cross sedtigd@? normalised to the Standard Model
expectation. HE*p scattering data are compared with curves correspondiggftaCL exclu-
sion limits obtained from the full H1 data on the rafi¢y /A for the S} andV;" leptoquarks.
The error bars represent the statistical and uncorrelgdmatic errors added in quadrature.

18



Search for Large Extra Dimensions
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Figure 5: The measured neutral current cross sedtigd@? normalised to the Standard Model
expectation. Hk*p scattering data are compared with curves corresponding%oCL ex-
clusion limits obtained from the full H1 data on the graviatl scale,Ms for both positive
(A = +1) and negativeX = —1) couplings. The error bars represent the statistical aidin
related systematic errors added in quadrature.
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Quark Radius
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Figure 6: The measured neutral current cross sedtigd@? normalised to the Standard Model
expectation. HE*p scattering data are compared with curves correspondiggftaCL exclu-

sion limits obtained from the full H1 data on the quark radidig assuming point-like leptons.
The error bars represent the statistical and uncorrelgdmatic errors added in quadrature.
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