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Abstract

The reaction e™p — e*X is studied with the H1 detector at HEra. The data cover momentum transfers Q? between
200 GeV 2 and 30000 GeV 2 and correspond to an integrated luminosity of 35.6pb~ 1. The differential cross section do/dQ?
is compared to the Standard Model expectation for neutral current scattering and analysed to search for (€e)(qq) contact
interactions. No evidence for new phenomena is observed. The results are used to set limits on scales within models of
electron—quark compositeness, quark form factors and the exchange of virtual heavy leptoquarks. A search for gravitational
effects mediated through the exchange of virtual gravitons which propagate into large extra dimensions is presented. © 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction

The Hera collider enables the study of deep
inelastic neutral current scattering ep — eX at very
high squared momentum transfers Q?, thus probing
the structure of eq interactions at very short dis-
tances. At large scales new phenomena not directly
detectable may become observable as deviations from
the Standard Model predictions. A convenient tool to
assess the experimental sensitivity beyond the maxi-
mal available center of mass energy and to parame-
terise indirect signatures of new physics is the con-
cept of four-fermion contact interactions. Possible
sources of such contact terms are either a substruc-
ture of the fermions involved or the exchange of a
new heavy particle. In the first case a compositeness
scale can be related to the size of the composite
object, while in the second case the scale parameter
is related to the mass and coupling of the exchanged
boson.
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The principleidea of this contact interaction analy-
sis a Hera is to fix the Standard Model and its
parameters, in particular the parton distributions, us-
ing experimental data at low Q?, where the theory is
well established, and to extrapolate the prediction
towards high momentum transfers, where deviations
due to new physics are expected to be most pro-
minent. In the present paper the differential cross
section do/dQ? is analysed over a Q? range of
200-30000GeV 2 and possible deviations from the
Standard Model prediction are searched for in the
framework of (8e)(qq) contact interactions. The data
are interpreted within conventional scenarios such as
model independent compositeness scales of various
chiral structures, a classical quark form factor ap-
proach and the exchange of heavy leptoquarks. An-
other investigation concerns the search for low scale
quantum gravity effects, which may be observable at
Hera via the exchange of gravitons coupling to
Standard Model particles and propagating into extra
spatial dimensions.

2. Data analysis

The contact interaction analysis is based on the
recent e*p neutra current cross section measure-
ments by the H1 experiment discussed in detail in
Ref. [1]. The data have been collected at a center of
mass energy of /s = 300GeV and correspond to an
integrated luminosity of .#=35.6pb~1, represent-
ing a tenfold increase over a previous analysis [2].
The cross section do/dQ? is determined from a
purely inclusive measurement of the final state
positron with energy E, and polar angle 6, (defined
with respect to the proton direction). The squared
momentum transfer is calculated via Q2 =
4E, E,cos?(6,/2), where E, is the lepton beam
energy. The data are corrected for detector effects
and QED radiation and represent the cross section
within the kinematic phase space of momentum
transfer Q?>200GeV? and inelasticity y=1—
E./E,sin*(6,/2) < 0.9. The dominant experimental
systematics are the uncertainties of the reconstructed
positron energy scale, varying between 0.7% and 3%
depending on the detector region, and of the scatter-
ing angle, known to 1-3 mrad. An overall normalisa
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tion uncertainty of 1.5% is due to the luminosity
determination. The differential cross section is shown
in Fig. 1.

The double differential cross section is given in
the Standard Model by

do(e*p—e*X)
dxdQ?
27 a? 5
_ ~o" {Y+F2(X,Q )
—Y_xFy(x,Q%) — Y2 F(x,Q%) }, (1)

where x=Q?/ys is the Bjorken scaling variable
and Y, =1+ (1 —y)? The generalised proton struc-
ture functions F,(x,Q%), F4(x,Q%) and F(x,Q?)
are related to the parton densities and the quark-vy
and quark-Zcouplings. The cross section calculations
are done in the DIS scheme in next-to-leading-order
using as standard the CTEQ5D parton parameterisa-
tion [3]. Integrating Eq. (1) over x gives the Q?
spectrum which describes the data very well over six
orders of magnitude, see Fig. 1.

In order to derive quantitative tests of the Stan-
dard Model and to search for new physics hypothe-
ses, a y? analysis of the datais performed taking the
dominant error sources and uncertainties into ac-
count. The y? function is defined as

2
a'iexpfn - &ith (1 - ZAik( ‘9k)
k

X=X

2

+ X el (2)

k

f—1
Af,

+

Here &; denotes the experimental or theoretical cross
section in the Q2 bin i and f, is the overall normali-
sation parameter with an uncertainty Af, = 0.015.
The experimental error Ag;®P includes statistical
and uncorrelated systematic errors added in quadra
ture. The functions A, (&,) describe for the ith bin
effects due to correlated systematic errors associated
to different sources k. They depend quadratically on
the fit parameters &,, which may be interpreted as

' T T T Ne 5_ T T
% ® Hie'pdata 13 |,
910 L — Standard Model 4 £ | ]
g CTEQSD pdf i o U
e T 4|10} H* * v
'Rl 2 Tttty
K E O [ oses} + + 1
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O qr = | oo i
Ti10 -g
E 3085 —
of I 10
10 F L
-3f 2-_
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? 1 —---oovoo0“.—.—-.--‘---‘--»+ ----------
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Fig. 1. Differential NC cross section do(e*p — €™ X)/dQ?. H1 data (@) are compared with the Standard Mode! expectation (—) using
CTEQ5D parton distributions. The errors represent statistics and uncorrelated experimental systematics. The overall normalisation

uncertainty is 1.5%.
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pulls, i.e. shifts caused by systematics normalised to
their error estimates. There are three sources of
correlated systematic errors taken into account: the
experimental uncertainties of the positron energy
scale and the scattering angle and the uncertainty of
the strong coupling entering in the Standard Model
prediction (see below).

Concerning cross section calculations the major
uncertainty comes from the parton distributions,
which are generally provided without error estimates.
Different parametrisations in the DIS scheme, MRST
99 [4] and GRV 94 [5] in addition to CTEQSD, are
used to estimate the uncertainties due to various
models and assumptions. They do not differ in the
shape of the Q? spectrum significantly, but rather in
the absolute cross section prediction by up to 2.8%,
e.g. comparing CTEQ5D with MRST 99. Severa
other MRST sets are used for cross checks, like
those with different admixtures of quarks and gluons
a high x, or different treatments of strange and
charm quarks. All these MRST variants essentially
change the overall normalisation of the cross section
prediction by less than 1%, being well below the
measurement errors, and introduce no relevant addi-
tional Q? dependence. The largest uncertainty comes
from the strong coupling constant. Using parton
distributions evaluated for couplings differing from
the central value of a(M,)=0.118 by +0.005
cause variations of the cross section by + 1% at low
Q? and up to F4% at high Q% These shifts are
parameterised and taken into account as correlated
systematic error in the y? fit of Eq. (2). It should be
noted that the applied parton density functions have
not been constrained by high Q? data from the Hera
experiments. A comparison with a recent QCD anal-
ysis in the M'S scheme [6], which attempts to provide
parton distributions including errors, confirms that
the above choice of various parton density functions
is a reasonable representation of systematic uncer-
tainties.

A fit of the cross section do/dQ? to the Standard
Model expectation using CTEQS5D parton densities
yields x?/dof = 12.3/16 with a normalisation pa-
rameter f, = 1.004. Limits of a model parameter are
derived by varying the parameter until the y? value
changes by a certain amount with respect to the
Standard Model fit, eg. x*— x4, = 3.84 for 95%
confidence level (CL). Systematics due to different

parton distributions are taken into account by always
quoting the most conservative result of the various
fits, i.e. the smallest value in case of a lower limit.

3. Contact interaction phenomenology

New currents or heavy bosons may produce indi-
rect effects through the exchange of a virtual particle
interfering with the y and Z fields of the Standard
Model. For particle masses and scales well above the
available energy, A > /s, such indirect signatures
may be investigated by searching for a four-fermion
pointlike (8e)(qqg) contact interaction. The most
general chiral invariant Lagrangian for neutra cur-
rent vector-like contact interactions can be written in
the form [7,8]

L= 2 {nEL(éLV,LeL)( qLy*ay)
gq=u,d

+n'r (éLypeL)( OrY"dR)
+ ngL(éRVp,eR)( q.y*a)

+”’th(éR7#eR)(qRV“QR)}! (3)

where the indices L and R denote the left-handed
and right-handed fermion helicities and the sum ex-
tends over up-type and down-type quarks and anti-
quarks g. In deep inelastic scattering at high Q? the
contributions from the first generation u and d quarks
completely dominate and contact terms arising from
sea quarks s, ¢ and b are strongly suppressed. Thus,
there are eight independent effective coupling coeffi-
cients, four for each quark flavour
2

Nab = €7 » (4)
TAE

where a and b indicate the L, R hdlicities, g is the
overall coupling strength, AJ, is a scae parameter
and € is a prefactor, often set to e = +1, which
determines the interference sign with the Standard
Model currents. The ansatz Eq. (3) can be easily
applied to any new phenomenon, e.g. (eq) compos-
iteness, leptoquarks or new gauge bosons, by an
appropriate choice of the coefficients 7,,. Scalar and
tensor interactions of dimension 6 operators involv-
ing helicity flip couplings are strongly suppressed at
Hera [8] and therefore not considered.
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It has been recently suggested that gravitational
effects may become strong at subatomic distances
and thus measurable in collider experiments [9]. In
such a scenario, which may be realised in string
theory, gravity is characterised by a scde Mg~
&(TeV) in 4+ n dimensions. The extra spatial di-
mensions n are restricted to a volume associated
with the size R and the scales in 4+ n and the
ordinary 4 dimensions are related by
MZ~R"MZ*", (5
where M, ~ 10% GeV is the Planck mass. An excit-
ing consequence would be a modification of New-
ton's law at distances r < R, where the gravitational
force would rise rapidly as F o 1/r2*" and become
strong at the scale Mq. Experimentaly, gravity is
essentially not tested in the sub-millimeter range [10]
and scenarios with n> 2 extra dimensions at large
distances R < 100 um are conceivable.

In the phenomenology of [11] the Standard Model
particles are confined to 4 dimensions while only the
graviton propagates as massless spin 2 particle into
the n extra dimensions. When projected onto the
normal 4 dimensional space the graviton appears as a
spectrum of Kauza-Klein excitations with masses
m» =j /R, including the zero-mass state. The gravi-
ton fields G{}) couple to the Standard Model parti-
cles via the energy-momentum tensor T,

PRI 6
G~ Mp wy . ()

Summation over the whole tower of Kauza-Klein
states j with masses up to the scale Mg compensates
the huge 1/M; suppression and results in an effec-
tive contact interaction coupling

A
= — 7
/e VE ()

where A is the coupling strength of order unity. Note
that the scale dependence of gravitational effects is
very different from that of conventional contact in-
teractions, Eq. (4). In deep inelastic scattering gravi-
ton exchange may contribute to the electron-quark
subprocess, but the new interaction also induces
electron-gluon scattering which is not present in the
Standard Model.

It is worth recalling that contact interactions as an
effective theory can only be formulated in lowest

order. They contribute [8] to the structure functions
F,(x,Q%) and xFy(x,Q%), but are absent in
F.(x,Q?). On the other hand a cross section calcula-
tion in next-to-leading-order QCD appears to be
more reliable. This conceptual limitation is less im-
portant in the DIS renormalisation scheme, where the
expression for the dominant structure function F, is
identical and xF; receives only minor corrections in
second order.

Contact interaction phenomena are best observed
as a modification of the expected Q? dependence
and all information is essentially contained in the
differential cross section do/dQ?, analysed in the
present paper. Calculations using the Standard Model
prediction, Eg. (1), show that for the scenarios under
study only those models involving both u and d
quarks with pure LL or RR couplings and negative
interference are slightly more sensitive to an analysis
in two variables Q? and x. With the present lumi-
nosity the gain in setting limits on the respective
scales would be ~ 20% for the negatively interfer-
ing LL and RR composite models and ~ 10% for
the leptoquark Sf. For al other scenarios the differ-
ences are marginal.

4, Compositeness scales

In the Standard Model the fundamental particles
— leptons, quarks and gauge bosons — are assumed to
be pointlike. A possible fermion compositeness or
substructure can be expressed through the i coeffi-
cients of Eq. (4) which depend only on the ratio of
the coupling constant over the scale. In the present
analysisthe interference signis set to e = + 1 for the
chiral structures under study, the coupling strength g
is by convention chosen as g% = 4= and the com-
positeness scale A is assumed to be the same for all
up-type and down-type quarks. Among the many
possible combinations the following models are in-
vestigated: (i) the pure chiral couplings LL, LR, RL
and RR, (ii) the vectorial couplings VWV, AA and VA,
(iii) the mixtures LL + RR and LR+ RL.

It is appropriate to analyse the differential cross
section in terms of the coupling coefficients n =
e4m/A% Fig. 2 shows the values of y? as a
function of €/A? from fits to the models under
study. In general one observes that the distributions
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2. 2
X =Xmin

@©

T

— CTEQS5D
----  MRSTe9
------- GRV94

2.2
X ~Jmin

LR

LL+RR

Xz'7aain
©

LR+RL - -

i

0.5 0 0.5 0.5 0 0.5
e/A? (TeV?) e/A2 (TeV ?)

Fig. 2. Digtributions of x2— x32, versus €/ A? from fits to
various compositeness models using CTEQ5D, MRST 99 and
GRV 94 parton distributions and including full error propagation.

become narrower, i.e. the sensitivity increases, the
more chiral structures are involved. The pure chiral
couplings prefer negative values of 7. This is a
consequence of the trend of the data (do/dQ?) /
(do*™ /dQ?) to be dlightly low around Q? = 4000—
12000GeV 2 and being followed by an upward fluc-
tuation at higher Q2 (see Fig. 1), which favour a
negative interference term. Note that the LL and RR
models and the LR and RL models are almost
indistinguishable in deep inelastic unpolarised e*p
scattering. Within each couple the exchanged quan-
tum numbers are the same and therefore the combi-
nations LL + RR and LR+ RL are investigated as
well. The data are more sensitive to the VV, AA and
VA models, where al chira structures contribute.
The most restrictive range of €/A? is obtained for
the VV model, where al contact terms enter with the

eA (TeV)
13 S 2 85 53 2
A" (TeV) A* (TeV)
LL 1.3 : 2.4
LR 16 e 3.4
RL 1.6 [ + . 3.4
RR 1.3 : 25
w28 vebs 5.5
AA 39 b e | 24
VA 28 [ 2.8
LL+RR 1.4 .——.———o—. 1 3.3
LR+RL 1.8 e 4.6
I -01.5 l I I I 0 : ‘ 0.3
e/A? (TeV ?)

Fig. 3. Analysis results of the parameter e/ A? for various
compositeness models. The thick horizontal bars indicate the
limitson A* and A~ including parton distribution uncertainties;
values outside these regions are excluded at 95% confidence level.
The corresponding thin horizontal bars show the fit results for
€/ A? using CTEQSD parton distributions; inner and outer error
bars represent one and two standard deviations respectively. The
scale for € A is shown for convenience.

same sign. Fig. 2 also shows that different parton
distributions have little influence on the results.

The results of the y? fits are shown in Fig. 3 and
compiled in Table 1. Within two standard deviations
the couplings €/A? are compatible with the Stan-
dard Model for all parton density functions used.

Limits on the compositeness scale parameters A™*
and A~, corresponding to positive and negative
interference, are quoted in Table 1 and aso pre-

Table 1

Results of y? fits of the parameter e /A? for various chiral
structures using CTEQ5D parton distributions with 68% CL inter-
vals (first error) and variations due to MRST 99 and GRV 94
parton parametrisations (second error). The compositeness scale
parameters A* (95% CL lower limits) are derived as weakest
bounds, i.e. smallest values from the analyses applying different
parton densities

Coupling €/ A%[TevV 2] AT[Tev]l A~ [TeV]
LL —0.249 70235+ 008 24 13
LR —0.247 {3000 34 16
RL —0.226 0330+ 080 34 16
RR —0.251 {228+ 0068 25 13
W —0.028190e7+00% 55 28
AA 01317 0% %S 24 39
VA —0.007 08+ 0% 28 2.8
LL+RR  —0119+93%+00i1 33 14
LR+RL  —0046 7000+ 007 46 18
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sented in Fig. 3. They vary between 1.3TeV and
55TeV depending on the chira structure of the
model and are in most cases asymmetric with respect
to the interference sign. In general the values of A*
are more restrictive due to the downward trend of the
data at intermediate Q2 prefering models with nega-
tive interference. As an illustration of the sensitivity
of the data to compositeness scales Fig. 4 shows the
95% CL contributions of A* for the VW model
using CTEQSD parton densities.

The results of direct searches for (eq) composite-
ness are compatible with those of other experiments
a Hera, LEr and TEVATRON. To date the most
stringent limits come from e*e” experiments [12]
with typical cut-off values of 3—-10TeV assuming,
however, in genera the same scale parameter A for
all five active quarks. The Zeus collaboration [13]
investigates only models in which at least 2 cou-
plings contribute and derives limits between 1.7 TeV
and 5TeV relying solely on the shape of measured
distributions. The pp experiments [14] measure
Drell-Y an production and quote limitson A between
25TeV and 6 TeV, where the normalisation is based
on the number of observed Z bosons. Model depen-
dent indirect limits of order 10TeV for the pure

w

TTTTT T TT LI

® Hie'pdata

L limits for CTEQSD pdf |
L —— A =29Tev .
- eeee- A*=5.9TeV

do/d@?/ doM/dQ?
N

0 T Lol L
10° 10*
Q? (GeV?)
Fig. 4. NC cross section do /dQ? normalised to the Standard
Model expectation using CTEQS5D parton distributions. H1 data
(@) are compared with fits to the VV model corresponding to
95% CL exclusion limitsof A* (— —)and A~ (—). The errors
represent statistics and uncorrelated experimental systematics. The
overall normalisation uncertainty is 1.5%.

chiral couplingsinvolving u and d quarks can be set
by atomic parity violation experiments [15].

5. Form factors

An dternative method to study possible fermion
substructures is to assign a finite size of radius R to
the electroweak charges of leptons and/or quarks
while treating the gauge bosons y and Z still as
pointlike particles [16]. A convenient parametrisation
is to introduce ‘classical’ form factors f(Q?) at the
gauge boson—fermion vertices, which are expected
to diminish the Standard Model cross section at high
momentum transfer

Q%) =1-5<r?) Q?, (8)
do doM o/ o\ e2 2
d_Q2= dQ? fe(Q)fq(Q)' (9

The root of the mean-square radius of the elec-
troweak charge distribution, R=y(r?) , is taken as
a measure of the particle size. The data are analysed
in terms of a single form factor f;, i.e. only the
quarks are allowed to be extended objects while the
positron has no structure by setting f,=1. This
assumption is justified, since the pointlike nature of
the electron /positron is already established down to
extremely low distances in e"e™ and (g — 2), ex-
periments [17]. The analysis yields an upper limit at
95% CL of the light quark radius of

R,<1.7- 10~ cm.

The result is compatible with those from other
measurements. In an analysis of Drell-Yan produc-
tion of e"e” and u*u~ parsin pp scattering the
CDF collaboration [14] finds a quark size of R, <1
10~ *® cm assuming pointlike leptons. A comple-
mentary analysis of the contributions of anomalous
magnetic dipole moments to the Zqq vertex using
hadronic Z decays gives R, < 1.2- 10" *® cm for the
light u and d quarks [16].

6. Leptoquarks

Leptoquarks are colour triplet bosons of spin 0 or
1, carrying lepton (L) and baryon (B) number and
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Table 2
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Coupling coefficients ng,, fermion number F and 95% CL lower limits on M, o/ A for scalar (S) and vector (V) leptoquarks, taking the
most conservative values from a variation of different parton distributions. The notation indicates the lepton chirality L, R and weak isospin
1=0,1/2, 1. Sand V differ by two units of hypercharge from S and V. By convention the quantum numbers and helicities are given for
e g and e g states. Limits on the coupling A are only meaningful for leptoquark masses M, o > Vs

Leptoquark Coupling to u quark Coupling to d quark F M q/A
[Gev 2] [Gev 2] [Gev]
S L= +%()‘/MLQ)2 2 620
§ Mg = +3(A/M o) 2 570
ng 77|ng = +%()\/MLQ)Z 2 220
Si2 nr=—3(A/M)? 0 340
S.R/z ”’IEL= _%(A/MLQ)Z nlgL= _%(A/MLQ)Z 0 320
Sb, nLR 3 (A/Mo)? 0 450
St = +2(A/M_)? L= +1(A /M o)? 2 420
Q Q
Ve nf = —1(A/M o) 0 670
VR 8= —1(A/M_o)? 0 550
Vi njr = —1(A/Mo)? 0 410
Vi n = +1(A/M)? 2 380
VR, nhL = +1(A/Mo)? 8L = +1(A/M o) 2 960
\71L/2 "’ILR = +1(A/M o) 2 1060
Vi = —2(A/M_o)? 8= —1(A/Mo)? 0 450

fractional electric charge. They couple to lepton—
quark pairs and appear in extensions of the Standard
Model which try to establish a connection between
leptons and quarks. Leptons and quarks may be
arranged in common multiplets, like in Grand Uni-
fied Theories or superstring motivated E; models, or
they may have a common substructure as in compos-
ite models. A fermion number F=L + 3B is de-
fined, which takes the values F = 2 for leptoquarks
coupling to e"q and F = O for leptoquarks coupling
to e~ . For positrons the fermion number F changes
by two. The leptoquark mass M, and its coupling
A arerelated to the contact interaction coefficients of
Eq. (4) via g/A=)A/Mq. The notation and the
coupling coefficients n,, for leptoquarks *° are given
in Table 2. The only unknown parameter is the ratio
M_o/A. Note that the vector leptoquarks have cou-
pling coefficients twice as large in magnitude com-
pared to scalar leptoquarks.

® The coupling coefficients are taken from Ref. [8] with the
signs corrected (i.e. reversed) for F =2 scalar and F =0 vector
leptoquarks according to Ref. [18].

The differential cross section analysis gives no
evidence for a virtua leptoquark signal. The result-
ing lower limitson M, /A are summarised in Table
2 including the full error propagation and a variation
of parton densities. In general leptogquarks with posi-
tive interference provide stronger limits compared to
those with negative interference. This observation is
consistent with the results found for compositeness
models. The vector leptoquarks which couple to u
quarks provide the most restrictive limits of M o/
~@(TeV). It should be emphasised that upper
bounds on the coupling strength A can only be set
for leptoquark masses exceeding the accessible cen-
ter of mass energy of HERA. Masses far above 300
GeV are excluded for almost &l types of leptoquarks
with a coupling of A > 1.

These measurements are a considerable improve-
ment over the previous analysis [2]. But it should be
noted that changes [18] in the signs of couplings 13,
reduce the sensitivity for F =2 vector Ieptoquarks
and lead e.g. to weaker limits for VR and V;- despite
the increased luminosity. As an example of the
sensitivity of the data to virtual leptogquark exchange
Fig. 5 shows the contributions given by the lower
limitson M /A for the scalar |eptoquark SlR/2 and
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Fig. 5. NC cross section do /dQ? normalised to the Standard
Model expectation using CTEQSD parton distributions. H1 data
(@) are compared with 95% CL exclusion limits of the lepto-
quarks Sf, (—) and V%, (= —). The errors represent statistics
and uncorrelated experimental systematics. The overall normalisa-
tion uncertainty is 1.5%.

the vector leptoquark Vf}z. Both leptoquarks have
RL couplings to up and down quarks, which differ
in magnitude and interference sign.

The present contact interaction results comple-
ment the direct leptoquark searches of the H1 collab-
oration [19], which have recently been extended
beyond the kinematic reach of HERA up to masses of
Mo = 400GeV. The coupling limits derived in both
analyses are compatible with each other in the mass
region where they overlap. Virtua leptoquark ex-
change has also been studied in e*e~ annihilation
experiments at Lep [12]. Typica limits on M /A
are in the range 0.3-1.8TeV, but the sensitivity to
particular leptoquark types is different from deep
inelastic e*p scattering. In most cases the LEP re-
sults provide more stringent bounds; the limits for
S S, and Vg? are comparable and those of V5,
and Vy,, are superior at HERA.

7. Large extra dimensions

The contributions of virtual graviton exchange to
deep inelastic scattering have been derived from the

cross sections given in Ref. [11] for e* e~ collisions
by applying crossing relations. The basic processes
of elastic e"qg—efq and e"g—efg scattering
can be written as %

do(e'qg—e’q)

dt

do™ do® do?® do“°
“a T e e T e (9
do® A2

= —— —{32u*+ 64 udt + 42 U?t?
dt 32 M8 sz{

+10ut®+t4}, (11)
do7® T ae, (2u+t)’ "
dt  2m¢ & t (12)
do “© A a (2u+t)®
dt  2MZ 2sinf26,, | ¢ t—me
t(6u*+6ut+t?)
—a.a, —ne , (13)

do(e*g—e’g)
dt

A% U

<2

T 2ME s

{2u¥+4 Ut + 3ut? +t3) (14)

in an obvious notation of Standard Model (SM), pure
graviton (G), yG and ZG interference contributions.
Here s, t= —Q? and u are the Mandelstam vari-
ables, e, is the quark charge and v; and a; are the
vector and axial vector couplings of the fermions to
the Z. The corresponding cross sections for e*q
scattering are obtained by replacing e, » —e, and
vq ™ —Uq In the expressions above. In order to get
the inclusive e*p cross section the subprocesses
have to be integrated over the x dependent parton

0 The following formulae of Ref. [11] are used: Eq. (79) for the
eq contributions, Eq. (77) as modified in the revised version for
the eg contribution replacing the photons by gluons, and Egs.
(A.5), (A.7)—(A.9) to expand the functions G;(s/t). The present
results are in agreement with [20]. The cross section formulae of
Refs. [21] and [22] cannot be confirmed and the results of both
publications are inconsistent with each other.
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distributions, q(x), G(x) and g(x), and to be
summed up

do(e"p—e"X do(e*
(edpQ2 eX) =[dx{q(x) (det q)
do(e’g
rac e
do(e*
ra00 T2 a9

Note, that expected gravitational effects arising from
the gluon contribution are for the highest Q? values
of the order percent compared to those coming from
the quarks and antiquarks.

The strength of virtual graviton exchange to the
cross section contributions is characterised by the
ratio A/MZ. The coupling A depends on the full
theory and is expected to be of order unity. Also the
sign of interference with the Standard Model parti-
clesis apriori not known. Therefore the coupling is
set to A = + 1, following the convention of [11]. The
data analysis is similar to the procedures described
above. Gravitational effects are searched for by fit-

W

® Hie'pdata
limits for CTEQS5D pdf
— M=0.48TeV A=+1
------- M_=0.76 TeV A=-1

do/dQ?/ doM/dQ?
N

Large Extra Dimensions

0 1 L \\\Hi L \‘\Hi
3 4
10 10
Q? (GeV?)

Fig. 6. NC cross section do /dQ? normalised to the Standard
Model expectation using CTEQSD parton distributions. H1 data
(@) are compared to the effect of graviton exchange given by the
lower limits (95% confidence level) on the scale Mg for positive
(A=+1, full curve) and negative (A= —1, dashed curve) cou-
pling. The errors represent statistics and uncorrelated experimental
systematics. The overall normalisation uncertainty is 1.5%.

ting the differentia cross section to the above formu-
lae with A/M¢ treated as free parameter. The result
of A/M§=33752"°4Tev~* where the second
error reflects the parton density variation, is compati-
ble with the Standard Model expectation. Lower
limits at 95% CL on Mg for positive and negative
coupling are then derived from the change in y?
with respect to the Standard Model fit, yielding

Mg>0.48TeV fora= +1,
Mg>0.72TeV fora= —1.

Possible effects of graviton exchange to the data, as
given by the exclusion limits, are illustrated in Fig.
6.

Similar investigations of virtual graviton effectsin
e*e” annihilation into fermion and boson pairs pro-
vide comparable limits [23]. From the corresponding
reaction of quark pair production scales of Mg lower
than 0.5-0.65TeV can be excluded. Combining all
reactions that lead to two-fermion final states limits
approaching 1 TeV can be set.

8. Conclusions

Neutral current deep inelastic cross section mea-
surements are analysed to search for new phenomena
mediated through (8e)(Gq) contact interactions. No
significant signal for compositeness, a quark form
factor and virtual leptoquark or graviton exchange is
found and the data are used to set limits which
supersede and substantially improve former H1 re-
sults [2].

Limits on (eq) compositeness are derived within a
model independent analysis for scenarios involving
one or more chiral couplings. The lower bounds on
the scale parameters A* range between 1.3TeV and
55TeV for a coupling strength g= V4, depend-
ing on the chiral structure of the model.

A different approach to substructures is the con-
cept of form factors. Such an analysis yields an
upper limit of the size of the light up and down
quarks of R, < 1.7-10"®cm assuming a pointlike
lepton.

A study of virtual leptoquark exchange yields
lower limits on the ratio M /A which for al types
(except one) exceed the collider center of mass
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energy and approach 1TeV for vector leptoquarks
with couplings to up quarks. These measurements
complement and extend the direct |eptoquark searches
at HERA to high masses M, o > V/s.

In a search for possible effects of low scale
guantum gravity with gravitons coupling to Standard
Model particles and propagating into extra spatial
dimensions, lower limits on the effective Planck
scale Mg of 0.48TeV and 0.72TeV for positive and
negative coupling, respectively, are found.
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