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Abstract

Deep-inelastice±p scattering at high squared momentum transferQ2 up to 30 000 GeV2 is used to search foreq contact
interactions associated to scales far beyond the HERA centre of mass energy. The neutral current cross section measure
dσ/dQ2, corresponding to integrated luminosities of 16.4 pb−1 of e−p data and 100.8 pb−1 of e+p data, are well described b
the Standard Model and are analysed to set constraints on new phenomena. For conventional contact interactions lo
are set on compositeness scalesΛ ranging between 1.6–5.5 TeV. Couplings and masses of leptoquarks and squarks inR-parity
violating supersymmetry are constrained toM/λ> 0.3–1.4 TeV. A search for low scale quantum gravity effects in models
large extra dimensions provides limits on the effective Planck scale ofMS > 0.8 TeV. A form factor analysis yields a bound o
the radius of light quarks ofRq < 1.0× 10−18 m.
 2003 Published by Elsevier B.V.
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1. Introduction

Deep inelastic neutral current scatteringep → eX

at very high squared momentum transferQ2 allows
one to study the structure ofeq interactions at shor
distances and to search for new phenomena beyon
Standard Model (SM). The concept of four-fermi
contact interactions (CI) provides a convenient met
to investigate the interference of any new particle fi
associated to large scales with theγ andZ fields of the
Standard Model. This Letter considers conventio
contact interactions, such as general models of c
positeness and the exchange of heavy leptoquarks
supersymmetric quarks, as well as low scale quan
gravity effects, which may be mediated via gravito
coupling to Standard Model particles and propaga
into large extra spatial dimensions.

The present analysis is a continuation of previo
studies [1] based one+p data [2]. New H1 cross sec
tion data one−p scattering [3] and one+p scattering
data [4] lead to a substantially higher sensitivity to n
physics phenomena. Similar studies ofeq contact in-
teractions have been performed by other experim
at HERA [5], L EP [6] and TEVATRON [7], providing
results comparable to those presented here.

2. Data and analysis method

The data have been collected with the H1 dete
at HERA and correspond altogether to an integra
luminosity of Lint = 117.2 pb−1. They consist of
three data sets of different lepton charge and ce
of mass energy

√
s (see Table 1). The cross secti

measurements dσ/dQ2 extend over a large rang
Table 1

Reaction Lint (pb−1)
√
s (GeV) Run period Ref.

e+p→ e+X 35.6±0.53 301 1994–1997 [2]
e−p→ e−X 16.4±0.3 319 1998–1999 [3]
e+p→ e+X 65.2±0.95 319 1999–2000 [4]

of squared momentum transfers 200 GeV2 < Q2 <

30000 GeV2 for inelasticity y < 0.9. Details can be
found in the quoted references. In this Letter a con
interaction analysis is presented for each of the
recent data sets and the combined data including
previous measurements.

The phenomenological models under study a
the analysis method are described in more deta
Ref. [1]. The analysis investigates the measured c
sections dσ/dQ2 and performs quantitative tests of t
SM or CI models, applying a minimisation of theχ2

function

χ2 =
∑
i

(
σ̂

exp
i − σ̂ th

i (1− ∑
k �ik(εk))

�σ̂i

)2

(1)+
∑
k

ε2
k .

Here σ̂ exp
i and σ̂ th

i are the experimental and theore
cal cross sections for the measurement pointi and�σ̂i
is the corresponding error including statistical and
correlated systematic errors added in quadrature.
functions�ik(εk) describe correlated systematic e
rors for point i associated to a sourcek. They de-
pend on the fit parametersεk , which are effectively
pulls caused by systematics. In general the influe
of the correlated systematic errors is small. The
lowing dominant sources of correlations are includ
an overall normalisation uncertainty of 1.5–1.8% d
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ed
erimental
Fig. 1. Cross sections dσ/dQ2 at
√
s = 319 GeV fore−p→ e−X scattering (top) ande+p→ e+X scattering (bottom). H1 data are compar

with Standard Model expectations using the CTEQ5D parton distributions. The errors include only statistics and uncorrelated exp
systematics. Normalisation uncertainties are 1.8% (e−p data) and 1.5% (e+p data).
ties
cer

den
re-
of

e

pending on the run period, experimental uncertain
on the scattered lepton energy and angle and an un
tainty on the strong couplingαs(MZ)= 0.118±0.003
entering the SM prediction. In a combinedχ2 analysis
using Eq. (1) all data sets are treated as indepen
samples with individual normalisation and measu
ment uncertainties. The influence on the fit results
correlations between data sets is negligible.
-

t

The cross sections dσ(e−p → e−X)/dQ2 [3] and
dσ(e+p → e+X)/dQ2 [4] from the new data are
shown in Fig. 1.1 They are very well described by th
Standard Model expectations over the fullQ2 range,

1 Corresponding figures for thee+p cross sections at
√
s =

301 GeV [2] are shown in [1].
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over which they vary by six orders of magnitud
Cross section calculations in the Standard Model
performed in the DIS scheme in next-to-leading or
(NLO) QCD using the corresponding CTEQ5D part
parametrisation [8]. These parton distributions w
obtained including the small amount of 2.7 pb−1 of
1994 H1 data withQ2< 5000 GeV2 only and are thus
essentially uncorrelated with the present data.

Fits to the SM prediction yieldχ2 = 10.4 for 17
degrees of freedom (dof) with a fitted normalisati
of 0.998 for the e−p data andχ2/dof = 13.9/17
with a normalisation of 1.006 for thee+p data, using
statistical errors from the experiment and includ
all systematics as in Eq. (1). Applying other part
density functions like CTEQ6 [9], MRST [10] o
GRV [11] leads to slight changes of the normalisat
within errors, but yields equally good agreement w
the data.

The cross section measurements do not show
nificant deviations from the Standard Model and w
be used to set limits on couplings from proces
mediated through contact interactions. Since the c
cept of contact interactions is an effective theo
theoretical expectations cannot be formulated con
tently in NLO. A sensible approach is to reweig
at eachQ2 value the SM NLO cross section b
σ̂ LO
i (SM+ CI)/σ̂ LO

i (SM), the ratio of leading orde
(LO) cross sections with and without inclusion of co
tact interactions. Theχ2 function of Eq. (1) can be
applied to evaluate the sensitivity of the data to a c
tain CI scenario and to determine its parameters.
corresponding limits at 95% confidence level (CL) a
derived by using a frequentist approach as describe
the appendix. Systematic uncertainties are include
this procedure. This determination of limits is differe
from the method used in our previous publication [

3. Contact interaction formalism

The most general chiral invariant Lagrangian
neutral current vector-like four-fermion contact inte
actions can be written in the form [12,13]

(2)LV =
∑
q

∑
a,b=L,R

η
q
ab(ēaγµea)

(
q̄bγ

µqb
)
.

For leptone and eachup-typeand down-typequark
flavour q with the corresponding currentsea andqb
there are four coupling coefficientsηqab = εab(g/Λ
q
ab)

2,
where a and b indicate theL (left-handed) andR
(right-handed) fermion helicities,g is the overall cou-
pling strength,Λqab is a scale parameter andεab deter-
mines the interference sign with respect to the S
dard Model currents. Any particular model, such
compositeness or the exchange of leptoquarks or
persymmetric quarks, can be constructed by an
propriate choice of the couplingsηqab. The phenom-
enological models of interest and their analyti
treatment are discussed in more detail in [1].

4. Compositeness scales

In general models allowing for fermion composit
ness or substructure it is convenient to choose a
pling strength ofg2 = 4π and to assume a univers
scaleΛ for all quarks. The contact interaction coef
cients then read

η
q
ab = εab

4π

Λ2 .

Various scenarios of chiral structures, e.g., pure L(
and R(ight) or V(ector) and A(xial vector) coupling
are defined by setting particular chiral contributions
values ofεab = ±1 and setting all other combination
to zero.

The sensitivity to CI models is tested by determ
ing the quantitiesε/Λ2 in aχ2 fit using the experimen
tal statistical and systematic errors and leaving the
of interference free. The results from a combined fi
all data sets are shown in Fig. 2. The data tend to
fer negative interference, which may be due to so
downward fluctuations at higherQ2, but are consis
tent with the Standard Model within two standard d
viations in all scenarios.

Lower limits on compositeness scale parame
Λ±, associated to positive or negative interferen
are derived from a frequentist approach and are s
marised in Table 2. Despite the lower integrated lu
nosity, thee−p data exhibit for some models comp
rable (LL andRR couplings) or even higher (AA+
coupling) sensitivity than thee+p data. The two lep-
ton charges complement each other and a comb
analysis of alle±p data sets yields substantial im
provements in most scenarios compared with the
vious publication [1]. The results are presented
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Fig. 2. Fit results on the parametersε/Λ2 of compositeness mode
using the combinede+p and e−p data. The inner and oute
error bars represent one and two standard deviations, respec
obtained by using experimental statistical and systematic errors

Fig. 3. Exclusion regions and lower limits (95% CL) on compos
ness scale parametersΛ± for various chiral models obtained from
the combinede+p ande−p data applying a frequentist method.
Fig. 3. The lower limits on compositeness scale pa
meters vary between 1.6 TeV and 5.5 TeV depending
on the chiral structure. Choosing different parton d
tributions [9–11] changes the quoted limits typica
by a few per cent, at most by 15%. The most rest
tive bounds are observed for theVV model, where all
chiral components contribute with the same sign.
an illustration, examples of fits to thee−p and e+p
cross sections are shown in Fig. 4.

5. Leptoquarks

Leptoquarks couple to lepton–quark pairs and
pear in extensions of the Standard Model which
to connect the lepton and quark sectors. They
colour triplet scalar or vector bosons, carrying le
ton (L) and baryon (B) number and a fermion numbe
F = L+ 3B. SinceF = 2 for e−q andF = 0 for e+q
states, one expects different sensitivities to partic
leptoquark types from electron and positron scatter
For high enough mass scales the leptoquark massMLQ
and its couplingλ are related to the contact interacti
coefficients via

η
q
ab = ε

q
ab

λ2

M2
LQ

.

Within the model of [14] the production and dec
modes are fixed and the relative contributionsε

q
ab have

been calculated [15]. The notation, quantum numb
and couplings of the various leptoquarks are given
Table 3.

The analyses of the cross section measurem
do not show an indication of a leptoquark sign
Table 2
Lower limits (95% CL) on compositeness scale parametersΛ± for various chiral structures. Results are given for the present analysis ofe−p
ande+p data and for a combined analysis includinge+p data at

√
s = 301 GeV [2]

Coupling e−p (319 GeV) e+p (319 GeV) all e+p ande−p
Λ+ (TeV) Λ− (TeV) Λ+ (TeV) Λ− (TeV) Λ+ (TeV) Λ− (TeV)

LL 2.4 1.3 2.3 1.3 2.8 1.6
RR 2.4 1.4 2.4 1.3 2.8 2.2
LR 1.4 1.2 3.1 1.8 3.3 1.9
RL 1.4 1.2 3.1 1.9 3.3 2.0
V V 3.3 3.8 4.8 5.3 5.3 5.5
AA 3.2 1.6 2.3 3.7 2.5 4.1
VA 2.4 2.3 2.8 2.9 2.9 3.0
LL+RR 3.1 3.4 3.1 2.3 3.7 3.9
RL+LR 1.8 1.4 4.2 4.0 4.4 4.4
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Fig. 4. NC cross section dσ/dQ2 at
√
s = 319 GeV normalised to the Standard Model expectation. H1e−p and e+p scattering data are

compared with curves corresponding to 95% CL exclusion limits obtained from each data set and from the combined data forVV compositeness
scalesΛ+ andΛ− (top), couplingsM/λ of leptoquarksSL1 andV L1 (center), gravitational scalesMS assuming positive (λ= +1) and negative
(λ= −1) couplings (bottom). The errors represent only statistics and uncorrelated experimental systematics.
re

an

ity.
s

ks
The results of fits for each type of leptoquark a
interpreted in terms of limits on the ratioMLQ/λ and
are summarised in Table 3. In some cases, e.g.,SL1 and
V L1 , the e−p data give more restrictive bounds th
e+p scattering despite the lower integrated luminos
This sensitivity is illustrated in Fig. 4, which show
possible contributions of the leptoquarksSL1 andV L1 to
thee−p ande+p cross sections. The two leptoquar
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n

Table 3
Coupling coefficientsηq

ab
, fermion numberF and 95% CL lower limits onMLQ/λ for scalar (S) and vector (V ) leptoquarks. Results are give

for the present analysis ofe−p ande+p data and for a combined analysis includinge+p data at
√
s = 301 GeV [2].L andR denote the lepton

chirality. The subscriptI = 0, 1/2, 1 is the weak isospin.̃S and Ṽ differ by two units of hypercharge fromS andV , respectively. Quantum
numbers and helicities refer toe−q ande−q̄ states

LQ η
q
ab

= ε
q
ab

· (λ/MLQ)
2 F e−p (319 GeV) e+p (319 GeV) all e+p ande−p

εuab εdab MLQ/λ (GeV) MLQ/λ (GeV) MLQ/λ (GeV)

SL0 εu
LL

= + 1
2 2 530 610 710

SR0 εu
RR

= + 1
2 2 480 560 640

S̃R0 εdRR = + 1
2 2 220 220 330

SL1/2 εu
LR

= − 1
2 0 290 760 850

SR1/2 εu
RL

= − 1
2 εd

RL
= − 1

2 0 220 370 370

S̃L1/2 εd
LR

= − 1
2 0 200 410 430

SL1 εu
LL

= + 1
2 εd

LL
= +1 2 510 410 490

V L0 εd
LL

= −1 0 480 660 730

V R0 εdRR = −1 0 420 550 580

Ṽ R0 εu
RR

= −1 0 810 750 990

V L1/2 εd
LR

= +1 2 280 410 420

V R1/2 εu
RL

= +1 εd
RL

= +1 2 390 890 950

Ṽ L1/2 εu
LR

= +1 2 400 970 1020

V L1 εu
LL

= −2 εd
LL

= −1 0 1150 960 1360
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differ by their spin and couple with the same chi
structure but different strength and sign tou and d
quarks. This emphasises the complementary role
importance of both electron and positron beams.
combined analyses of alle±p data further constrain
the search for leptoquarks, reaching exclusion va
of up toMLQ/λ= 1.4 TeV. Note that upper bounds o
the coupling strengthλ can only be set for leptoquar
masses exceeding the accessible centre of mass e
of HERA.

6. Squarks in Rp violating supersymmetry

In the most general formulation of supersymme
there exist operators which couple a lepton-qu
pair to a squark, the scalar superpartner of a qu
Such couplings violateR-parity (via lepton numbe
violation), defined asRp = (−1)3B+L+2S with S

being the spin. ThusRp = +1 for SM particles and
Rp = −1 for superpartners. This interaction allow
y

single squarks to be produced or exchanged in d
inelastic scattering [16] via

(3)e+dR → ũL, c̃L, t̃L couplingλ′
1j1,

(4)e+ūL → ¯̃
dR, ¯̃sR, ¯̃

bR couplingλ′
11k.

The subscriptsijk of the couplingλ′
ijk describe the

generation indices of the left-handed leptons, the l
handed quarks and the right-handeddown-typequarks
of the superfields, respectively.

Thee+q coupling of the left-handedup-typesquark
of reaction (3) is the same as that of the sca
leptoquark̃SL1/2, and the coupling of the right-hande
down-typesquark of reaction (4) is the same as t
of the scalar leptoquarkSL0 . Therefore, the formalism
and results of the leptoquark analysis can be dire
applied. Limits on the ratioMq̃/λ

′ for Rp violating
squarks, assuming branching ratiosBq̃→eq = 1, are
given in Table 4. Note that the squark generati
cannot be distinguished in this analysis.
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Table 4
Coefficientsεq

ab
and 95% CL lower limits onMq̃/λ

′ for Rp violating couplings to squarks. Results are given for the present analysis ofe−p
ande+p data and for a combined analysis includinge+p data at

√
s = 301 GeV [2]

/Rp coupling ε
q
ab e−p (319 GeV) e+p (319 GeV) all e+p ande−p

Mq̃/λ
′ (GeV) Mq̃/λ

′ (GeV) Mq̃/λ
′ (GeV)

λ′
11k e

+ū→ ¯̃
d
(k)

εuLL = + 1
2 530 610 710

λ′
1j1 e

+d → ũ(j) εdLR = − 1
2 200 410 430
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7. Large extra dimensions

It has been suggested that the gravitational s
MS in (4 + n)-dimensional string theory may be
low as the electroweak scale of order TeV [17]. T
relation to the Planck scaleMP ∼ 1019 GeV and
the sizeR of the n compactified extra dimensions
given byM2

P ∼ RnM2+n
S . In some models with larg

extra dimensions the SM particles reside on a fo
dimensional brane, while the spin 2 graviton pro
gates into the extra spatial dimensions and app
in the four-dimensional world as a tower of ma
sive Kaluza–Klein states with a level spacing�m =
1/R. The gravitons couple to the SM particles via t
energy–momentum tensor with a tiny strength giv
by the inverse Planck scale. However, the summa
over the enormous number of Kaluza–Klein states
to the ultraviolet cut-off scale, taken asMS , leads to an
effective contact-type interaction [18] with a couplin

ηG = λ

M4
S

.

The coefficientλ depends on details of the theo
and is expected to be of order unity. However,
convention, one also allows for a negative coupl
and thus setsλ = ±1. The scale dependence
gravitational effects is quite different from that
conventional contact interactions discussed in
previous sections.

The cross section formulae for virtual graviton e
change in DIS have been calculated in [1] using
conventions and formalism of [18]. The interferen
of the graviton with the photon andZ fields has op-
posite sign for electron and positron scattering, as
lustrated in Fig. 4. Lower limits on the scale param
terMS , derived from fits to the dσ/dQ2 distributions
including gravitational contributions, are summaris
in Table 5. There is similar sensitivity to the effecti
gravitational scale for positive and negative interf
Table 5
Lower limits (95% CL) on the gravitational scaleMS assuming
positive (λ= +1) and negative (λ= −1) coupling from the presen
analysis ofe−p and e+p data and from a combined analys
includinge+p data at

√
s = 301 GeV [2]

Couplingλ e−p (319 GeV) e+p (319 GeV) all e+p ande−p
MS (TeV) MS (TeV) MS (TeV)

+1 0.58 0.77 0.82
−1 0.61 0.73 0.78

ence, resulting in lower limits ofMS > 0.82 TeV for
λ= +1 andMS > 0.78 TeV forλ= −1.

In other scenarios the gauge bosonsγ andZ are
also assumed to propagate into extra dimensions.
leads to analogous Kaluza–Klein states which cou
to matter with electroweak strength and interfere w
the ordinary gauge boson fields. In a specific mo
of 4 + 1 = 5 dimensions [19] with compactificatio
radiusR = 1/MC , the sums over the exchange
Kaluza–Klein gauge bosons essentially modify
photon propagator 1/Q2 → 1/Q2 + π2/(3M2

C) and
theZ propagator 1/(Q2 +M2

Z) → 1/(Q2 +M2
Z) +

π2/(3M2
C). A fit to the data yieldsMC > 1.0 TeV as a

lower limit at 95% CL for the compactification scale

8. Form factors

A fermion substructure can also be formulat
by assigning a finite size to the electroweak cha
distributions. It is convenient to introduce electron a
quark form factorsf (Q2) which reduce the Standar
Model cross section at high momentum transfer [2

(5)f
(
Q2) = 1− 〈r2〉

6
Q2,

(6)
dσ

dQ2 = dσSM

dQ2 f
2
e

(
Q2)f 2

q

(
Q2).
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Table 6
Upper limits (95% CL) on the quark radiusRq assuming point-
like leptons (fe ≡ 1) or common form factors (fe = fq ) for the
present analysis ofe−p ande+p data and from a combined analys
including e+p data at

√
s = 301 GeV [2]

Form factor e−p (319 GeV) e+p (319 GeV) all e+p ande−p
Rq (10−18 m) Rq (10−18 m) Rq (10−18 m)

fe ≡ 1 1.1 1.1 1.0
fe = fq 0.8 0.8 0.7

Fits to the data yield upper limits on the partic
size R = √〈r2〉, taken as the root of the mea
squared radius of the electroweak charge distribut
Assuming a point-like electron, i.e., settingfe ≡ 1, the
radius of the lightu andd quarks can be constraine
to Rq < 1.0 × 10−18 m at 95% CL. If both electron
and quarks are assumed to have common form fac
one obtains limits on fermion sizes ofRe,q < 0.7 ×
10−18 m. The results of the analysis are given
Table 6.

9. Summary

Neutral current deep inelastice−p ande+p scatter-
ing cross section measurements are analysed to s
for new phenomena mediated through(ēe)(q̄q) con-
tact interactions. The data are well described by
Standard Model expectations. The use of electrons
positrons provides complementary information an
combined analysis based on an integrated lumino
of 117.2 pb−1 yields improved limits on scales of ne
physics. The present analysis supersedes previou
sults [1].

Lower limits at 95% CL oneq compositenes
scale parametersΛ± are derived within a mode
independent analysis. They range between 1.6
5.5 TeV depending on the chiral structure. A study
virtual leptoquark exchange yields lower limits on t
ratioMLQ/λ between 0.3 and 1.4 TeV. Squarks inR-
parity violating supersymmetry with masses satisfy
Mũ/λ

′
1j1 < 0.43 TeV andMd̃/λ

′
11k < 0.71 TeV can

be excluded. Possible effects of low scale quan
gravity with gravitons propagating into extra spat
dimensions are searched for. Lower limits on
effective Planck scaleMS of 0.78–0.82 TeV are found
Allowing for Kaluza–Klein states of the SM gaug
bosons results in a lower limit on the extra dimens
h

-

compactification scaleMC > 1.0 TeV. A form factor
approach yields an upper limit on the size of lighu
andd quarks ofRq < 1.0× 10−18 m assuming point
like electrons.
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Appendix A. Setting limits

For the present analysis several methods have
studied to calculate limits and confidence levels a
the final results quoted are based on the freque
approach (see, for example, [21]). Theχ2 function of
Eq. (1) is used as the quality measure of agreem
between data and contact interaction models. It all
an easy implementation of systematic uncertaint
The other methods investigated differ in the definitio
of the statistical error entering the total error�σ̂i in the
χ2 expression.

Taking the statistical errors of the experiment, o
can test the compatibility of the data with a certa
model hypothesis and determine the correspon
parameter, for example, 1/Λ2. Each data point con
tributes with a fixed weight�σ̂−2

i to the χ2 func-
tion, independent of the model parameter. Howe
downward fluctuations with respect to the model p
dictions get a larger weight (smaller statistical err
than upward fluctuations (larger statistical error). T
property may enforce asymmetric situations and
rors, as is observed in the present data, see Fig.
the fitted parameter is found to be not significan
different from zero, the result can be converted i
limits at a given confidence level (CL). A convenie
way is to take the values corresponding to a cha
of χ2(1/Λ±2)−χ2

SM =∆χ2
CL, for instance,�χ2

95%=
3.84 for a 95% CL limit. This method was used
the previous publication [1] and is illustrated for se
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rors

for
Fig. 5. Examples of different methods to calculate limits on the compositeness scaleΛ for VA, AA andLL + RR models obtained from
combined fits including all data. Distributions ofχ2 −χ2

min versusε/Λ2 using statistical errors from the experiment (left) and statistical er

from the prediction (center). Confidence level versusε/Λ2 from the frequentist method with dashed lines indicating the 95% CL limits
positive and negative interference (right). In all cases systematics are included.
ly
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ity
lity
del
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lting
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eral compositeness models by theχ2 distributions in
Fig. 5. This simple and robust definition is certain
meaningful for parabolic curves, but the probabi
tic interpretation becomes ambiguous if there are s
ondary minima or other structures.

An alternative possibility is to assume the valid
of a certain CI model and to calculate the probabi
to observe the measured value for a given mo
parameter. Here the statistical error entering theχ2
function is taken from the model prediction. Th
approach is completely equivalent to using the l
likelihood function, and it has been verified that bo
methods lead to the same results. Each data point
a varying weight depending on the model parame
but independent of fluctuations in the data. For
present data this leads to more symmetric situat
and an unbiased evaluation. In general, the resu
χ2 curves show a stronger sensitivity to details
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the CI model, e.g., interference patterns, as can
seen in Fig. 5. The widths of the distributions a
often, but not always, wider than in the previous ca
The problem to extract limits from these distributio
persists.

The final limits presented here have been de
mined by applying a frequentist approach. Start
from a specific model with a scale parameterΛtrue the
cross section dσ/dQ2 is calculated and then smear
according to the statistical error given by the predic
number of events. Distortions due to all uncorrela
and correlated systematic uncertainties (except for
parton distributions) are included, assuming Gaus
behaviour of the errors. The Monte Carlo experim
is then analysed in the same way as the data, i.e.,
statistical errors from the prediction and including
systematics, resulting in a fitted valueΛfit . This pro-
cedure is repeated numerous times and the fit re
are recorded in a probability distribution. The scale
rameter is then varied and the 95% confidence lo
limit Λ+ (Λ−) is defined as that valueΛtrue where
95% of the Monte Carlo experiments produce val
ofΛfit which are larger (smaller) than the parameteΛ
actually obtained from the data. Examples of CL d
tributions are shown in Fig. 5. For the present analy
the frequentist approach provides in general sligh
weaker and more symmetric limits than the statist
method used previously [1].

References

[1] C. Adloff, et al., H1 Collaboration, Phys. Lett. B 479 (200
358, hep-ex/0003002.

[2] C. Adloff, et al., H1 Collaboration, Eur. Phys. J. C 13 (200
609, hep-ex/9908059.

[3] C. Adloff, et al., H1 Collaboration, Eur. Phys. J. C 19 (200
269, hep-ex/0012052.

[4] C. Adloff, et al., H1 Collaboration, hep-ex/0304003, DESY 0
038, Eur. Phys. J. C, submitted for publication.

[5] J. Breitweg, et al., ZEUS Collaboration, Eur. Phys. J. C
(2000) 239, hep-ex/9905039.
[6] R. Barate, et al., ALEPH Collaboration, Eur. Phys. J. C
(2000) 183, hep-ex/9904011;
P. Abreu, et al., DELPHI Collaboration, Eur. Phys. J. C
(1999) 383;
P. Abreu, et al., Phys. Lett. B 485 (2000) 45, hep-ex/01030
M. Acciarri, et al., L3 Collaboration, Phys. Lett. B 489 (200
81, hep-ex/0005028;
M. Acciarri, et al., Phys. Lett. B 470 (1999) 281, he
ex/9910056;
G. Abbiendi, et al., OPAL Collaboration, Eur. Phys. J. C
(2000) 553, hep-ex/9908008.

[7] F. Abe, et al., CDF Collaboration, Phys. Rev. Lett. 79 (199
2192;
B. Abbott, et al., D0 Collaboration, Phys. Rev. Lett. 82 (199
4769, hep-ex/9812010.

[8] H.-L. Lai, et al., Eur. Phys. J. C 12 (2000) 375, he
ph/0201195.

[9] J. Pumplin, et al., JHEP 0207 (2002) 012, hep-ph/0201195
[10] A.D. Martin, R.G. Roberts, W.J. Stirling, R.S. Thorne, E

Phys. J. C 14 (2000) 133, hep-ph/9907231.
[11] M. Glück, E. Reya, A. Vogt, Z. Phys. C 67 (1995) 433.
[12] E. Eichten, K.D. Lane, M.E. Peskin, Phys. Rev. Lett. 50 (19

811;
R. Rückl, Phys. Lett. B 129 (1983) 363;
R. Rückl, Nucl. Phys. B 234 (1984) 91.

[13] P. Haberl, F. Schrempp, H.-U. Martyn, in: W. Buchmüller,
Ingelman (Eds.), Proc. Workshop ‘Physics at HERA’, Vol.
DESY, Hamburg, 1991, p. 1133.

[14] W. Buchmüller, R. Rückl, D. Wyler, Phys. Lett. B 191 (198
422;
W. Buchmüller, R. Rückl, D. Wyler, Phys. Lett. B 448 (199
320, Erratum.

[15] J. Kalinowski, R. Rückl, H. Spiesberger, P.M. Zerwas, Z. Ph
C 74 (1997) 595, hep-ph/9703288.

[16] J. Butterworth, H. Dreiner, Nucl. Phys. B 397 (1993) 3, he
ph/9211204.

[17] N. Arkani-Hamed, S. Dimopoulos, G.R. Dvali, Phys. Le
B 429 (1998) 263, hep-ph/9803315;
N. Arkani-Hamed, S. Dimopoulos, G.R. Dvali, Phys. Rev. D
(1999) 08600, hep-ph/9807344.

[18] G.F. Giudice, R. Rattazzi, J.D. Wells, Nucl. Phys. B 544 (19
3, corrections in hep-ph/9811291.

[19] K. Cheung, G. Landsberg, Phys. Rev. D 65 (2002) 0760
hep-ph/0110346.

[20] G. Köpp, D. Schaile, M. Spira, P.M. Zerwas, Z. Phys. C
(1995) 545, hep-ph/9409457.

[21] D.E. Groom, et al., Particle Data Group, Eur. Phys. J. C
(2000) 1.


	Search for new physics in e±q contact interactions at HERA
	Introduction
	Data and analysis method
	Contact interaction formalism
	Compositeness scales
	Leptoquarks
	Squarks in Rp violating supersymmetry
	Large extra dimensions
	Form factors
	Summary
	Acknowledgements
	Setting limits
	References


