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Abstract. Data from HERA, LEP and the Tevatron as well as from low energy experiments are used
to constrain the scale of possible electron—quark contact interactions. Different models are considered,
including the most general one, in which all new couplings can vary independently. Limits on couplings
and mass scales are extracted and upper limits on possible effects to be observed in future HERA, LEP
and Tevatron runnings are estimated. The total hadronic cross section at LEP and the e™ p scattering cross
section at HERA are strongly constrained by the existing data, whereas large cross section deviations are
still possible for Drell-Yan lepton pair production at the Tevatron.

1 Introduction

The search for “new physics” has always been one of the
most exciting subjects in the field of particle physics. The
results presented in 1997 by the H1 [1] and ZEUS [2]
experiments at HERA electrified the physics community.
Both experiments reported an excess of events in positron—
proton neutral current deep inelastic scattering (NC DIS)
at very high momentum transfer scale 2, as compared
with the predictions of the standard model. Unfortunately,
in spite of the significant increase in the integrated data
luminosity, these results have neither been confirmed nor
contradicted [3,4]. The effect may be just due to a statis-
tical fluctuation, but can also be a first sign of some “new
physics”.

In 1998 HERA experiments started again! to collect
electron—proton data aiming at an integrated luminosity
comparable with that of the positron—proton data. The
first results are expected soon.

The aim of the presented analysis is to review exper-
imental and theoretical constraints on possible signals of
“new physics” at HERA and to extract limits on new ef-
fects to be seen in the new HERA e~ p data.

Limits corresponding to other present and future high
energy experiments are also considered.

The contact interaction models used as the general
framework for this analysis are described in Sect.2. In
Sect. 3 the relevant data from HERA, LEP, the Tevatron
and other experiments are briefly described. Methods used
to compare data with contact interaction model predic-
tions are discussed in Sect. 4. The results of analysis within
different contact interaction models, including extracted
limits on the mass scale of new interactions, are presented

! Previously a HERA run in electron—proton mode was made
in 1992-1994

in Sect. 5. Predictions for the future discovery potential at
HERA, as well as at LEP and the Tevatron are discussed
in Sect. 6.

The analysis presented here is based on the approach
suggested in [5]. Significant work has been done to improve
the treatment of the experimental data, including a proper
interpretation of the statistical and systematic errors as
well as acceptance cuts and smearing.

2 Contact interactions

Four-fermion contact interactions occur in an effective the-
ory, which allows us to describe, in the most general way,
possible low energy effects coming from “new physics” at
much higher energy scales. This includes the possible ex-
istence of second generation heavy weak bosons, lepto-
quarks, as well as electron and quark compositeness [6,
7]. Contact interactions can be represented as additional
terms in the standard model Lagrangian [7]:

Ler = ns(eLer)(qugr) + ns(eLer)(qrar) + hec.

+ Z nij (€v"ei)(@5vug;)

i,j=L,R

+nr(eLot”er)(quouwqr) + h.c., (1)
where subsequent lines describe the scalar, vector and ten-
sor contact interaction terms, respectively. As very strong
limits have already been placed on both scalar and tensor
terms [7] this paper considers vector terms only.

The influence of the vector contact interactions on the

ep NC DIS cross section can be described as an additional
term in the tree level eq — eq scattering amplitude [5]:

Meiqj'—wiqj' (t)
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where ¢t = —Q? is the Mandelstam variable describing

the four-momentum transfer between the electron and the
quark, e, is the electric charge of the quark in units of
the elementary charge and the subscripts ¢ and j label
the chiralities of the initial lepton and quark, respectively:
1,7 =L,R.

g5 and g? are electroweak couplings of the electron and
the quark,

g{ = Igf —€ef sin2 gw,

g{{ —ej sin® Oyy, (3)
where I5 is the third component of the SU(2) isospin for
the fermion f: f =e,q.

For processes such as ete~ — hadrons or pp — (T~ X,
a corresponding formula can be written for the ete™ — q@
tree level amplitude:

e aiG dTaemeq 47 e
Mei€i=005 (g) = — 5 sin? Oy - cos? Oy
9595
. + 05, (4)

e M2 1islz
s MZ—l—lsMZ

where s is the center-of-mass energy squared of the four-
fermion reaction. The sign of the contact interaction con-
tribution to the s-channel amplitude (4) is the same as for
the ¢-channel amplitude (2). However, the standard model
amplitude changes sign due to the opposite signs of the s
and t variables. It is therefore important to notice that
the resulting sign of the interference terms in the cross
section for e*p scattering is different from that in ete™
or pp scattering.

The contact interaction coupling strength n can be re-
lated to the mass scale’? M of new physics through the
formula:

2
gcr
M2’
where gcr is the unknown coupling strength of new in-
teractions. As the contact interaction contribution always

depends on the g¢y to M ratio, it is convenient to consider
the effective mass scale A defined through the formula:

n==+

47

n:iﬁv

which corresponds to the choice g2; = 4.

2.1 General model

In the most general case, vector contact interactions are
described by 4 independent couplings for every lepton—
quark pair. With only 2 lepton (e and p) and 5 quark

2 Exchanged particle mass or compositeness scale
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flavours (i.e. neglecting a ¢ quark contribution), we still
have 40 independent couplings.

It would be very difficult, if not impossible, to consider
the model with 40 free parameters. However, some of these
parameters (couplings) are weakly constrained by existing
experimental data. To reduce the number of the free model
parameters, weakly constrained couplings can be either
neglected or additionally constrained by relating them to
some other couplings.

Most of the existing experimental data is predomi-
nantly sensitive to electron-up and electron-down quark
couplings. Therefore, the first model considered in this
analysis is the one assuming that these 8 couplings (nf¢,
Nk ML, TRRs TEE iR MRL, MRR) can vary indepen-
dently, whereas other couplings (for the s, ¢, b, t quarks
and/or the u, 7 leptons) are assumed to vanish. This case
will be referred to as the general model.

The other possibility is to impose additional relations
between the couplings. The usual choice is to assume lep-
ton universality:

and quark family universality:
=y =15
ed __ _es __ _eb 6
N = Mij = Nij - (6)

Lepton universality allows us to include data on muon
pair production at the Tevatron (see Sect.3.2), whereas
assuming quark family universality significantly improves
the constraints which we can obtain from LEP2 measure-
ments (see Sect. 3.3).

As aresult, experimental constraints on the contact in-
teractions can be significantly improved without increas-
ing the number of free model parameters.

The model assuming relations (5) and (6) will be re-
ferred to as the model with family universality.

2.2 SU(2); x U(1)y universality

Another commonly used assumption about lepton—quark
contact interactions is that they satisfy the SU(2); x
U(1)y gauge invariance of the standard model. Assuming
that left-handed electrons and quarks belong to SU(2),
doublets and that the contact interaction Lagrangian (1)
respects the SU(2)1, symmetry implies a relation between
contact terms involving left-handed w and d quarks [5]:

eu __ . ed
RL = TIRL>»

which reduces the number of free model parameters from
8 to 7. The SU(2)1, x U(1)y also relates eeqq contact in-
teraction couplings with those of the vvqq interactions

vu __ ,ed
L = "LLs

vd __ . eu
L = TlLLs

vu __ . eu
LR = "ILR>

nik =ik (7)
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This allows us to use, in the study of eeqq contact inter-
actions, additional data on NC neutrino scattering (see
Sect. 3.4).

Moreover, assuming the SU(2);, x U(1)y universal-
ity introduces a related contact interaction term in the
charged current process eq — vq’. The coupling constant
for the induced charged current contact interaction is

nerd =it — it (8)
This relation allows us to use, in the study of neutral cur-
rent contact interaction, also data from charged current
processes (see Sects. 3.1 and 3.4).

The model assuming the SU(2)1, x U(1)y universality
will be referred to as the SU(2) model. In order to re-
duce the number of models, the SU(2) models considered
in this analysis always assume lepton and quark family
universality.

77CC =

2.3 One-parameter models

Using data from a single experiment it mostly is not pos-
sible to put significant constraints on the contact inter-
action scales in the general case. Therefore, it is a com-
mon practice to consider particular models which assume
fixed relations between the separate couplings, reducing
the number of free parameters to one. For example, the
so-called vector-vector model assumes that all couplings
are equal:

ed _ ,ed _ ,ed __ ,ed
L = TLr = "IRL = "IRR
- eu __ eu __ eu __ (G4 7 —
=TyL ="Twr ="RL = "RR ="IVV:

Mass scale limits obtained in one-parameter models are,
artificially, much stronger than in the general model. They
will be considered in this analysis to allow comparison
with other results. The relations between couplings as-
sumed for different models are listed in Tablel [11]. It
should be noticed that all one-parameter models consid-
ered assume

niy + 0k —ngL — R =0

for ¢ = w,d, to avoid strong limits coming from atomic
parity violation measurements (see Sect. 3.4). For all one-
parameter models quark and lepton family universality is
assumed.

The results obtained both with and without imposing
the SU(2)r, x U(1)y universality are presented, except for
the U2, U4 and U6 models, which violate it explicitly

(MR, 7 nEL)-

3 Experimental data

In this section the data used to constrain the contact in-
teraction model are presented. For each measurement, the
formula describing the possible influence of the new cou-
plings on the measured quantities is given. The description
of the statistical methods used to interpret the data will
be presented in Sect. 4.
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Table 1. Relations between couplings for the one-parameter
models considered in this paper

ed

ed eu
LR TIRL

ed ed
TILL TIRR.

Model ML MR TRL  "TRR
\AY +n +n +n +n  4n +n +n +n
AA +n -m -n +n +n -n N 47
VA N -n 4+ - +n —-n M -
X1 +n -7 +n -0

X2 +1 +1 +n 1

X3 +n 4 +
X4 +n 47 +n 47

X5 +n +n +n +n
X6 +n -1 +n -1
Ul +n -0

U2 +n +n

U3 +n +n
U4 +n 47

U5 +n +n
U6 -+ -

3.1 High-Q2 DIS at HERA

Used in this analysis are the latest data on high-Q2? e*p
NC DIS data from both H1 [3] and ZEUS [4], correspond-
ing to integrated data luminosities of 37 and 47 pb~!, re-
spectively.

Older results from e~ p NC DIS scattering [8,9] are also
used, although the influence of these data is marginal. For
models with the SU(2)r, x U(1)y universality, as men-
tioned in Sect. 2, data on etp CC DIS [3,10] are also in-
cluded in the fit.

HERA experiments quote their high-Q? DIS results in
terms of numbers of events and/or cross sections® mea-
sured in bins of Q2.

For simplicity let us consider a single Q? bin ranging
from Q2 to Q2 ... Assume that ngy events are expected
from the standard model.

The leading order doubly differential cross section for
positron—proton NC DIS (etp — eT X) can be written as
[5]

d?eto 1
1d0? = Tor 296 IMERE + IMELP + (1 - p)?

167
q

x [IMFLP + | ML 1%}
+q(z) {| M1 )?
+HIMERI? + (1 — ) [IM{R P + MR 1P]}

where z is the Bjorken variable, describing the fraction of
proton momentum carried by a quark (antiquark), ¢(z)
and g(x) are the quark and antiquark momentum distri-
bution functions in the proton and the ijq are the scat-
tering amplitudes of (2), which may include contributions

3 If not given, the number of events can be estimated from
the cross section value assuming that the statistical error
quoted corresponds to the Poisson error of the number of mea-
sured events, on = N1/2
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from contact interactions described by a set of couplings
7.

The cross section (including the contribution from con-
tact interactions), integrated over the z and Q2 range of
an experimental Q2 bin is

Qhax 1
dQO.LO n
Mow= [ e [t
Qiuin Q2

S Ymax

where Ymax is the upper limit on the reconstructed Bjorken
variable y imposed in the analysis*. The number of events
expected from the standard model with contact interac-
tion contributions can now be calculated as
g (n))

b

n(n) = nsMm - < LO
OsMm

(10)

where oL{) is the standard model cross section calculated
with formula (9) (setting n = 0). Leading order expecta-
tions of the contact interaction models are used to rescale
the standard model prediction ngy coming from a detailed
simulation of the experiment. This accounts not only for
different experimental effects, but also for higher order
QCD and electroweak corrections. The validity of this ap-
proach is discussed in Sect. 4.

3.2 Drell-Yan lepton pair production at the Tevatron

In this analysis data are used on Drell-Yan lepton pair
production from the CDF [12] and DO [13] experiments.
Both experiments present numbers of measured high-mass
electron pairs (pp — eTe~X). CDF also presents results
on muon pair production (pp — p*p~X), which are used
in the case of models with family universality (see Sect. 2).

The leading order cross section for lepton pair produc-
tion in pp collisions is

dQO.LO _ Mﬁ
dMlldY B 727s

q(z1)q(z2) Z \ijq 2

i,j=L,R

where Mj; is the invariant mass of lepton pair, Y is the
rapidity of the lepton pair center-of-mass frame, x; and
To are the fractions of proton and antiproton momenta
carried by the annihilating quarks. The scattering ampli-
tudes M/ and the parton density functions are calculated
for a scale

§ = x1198,

where s is the total proton—antiproton center-of-mass en-
ergy squared.

The cross section corresponding to the M range from
M pin to M.y is calculated as

Mmax Yinax
d*a(n)
LO(p) = M, / YA;(Y) ——2 (11
o) = [ [ avanw)- S29 )
Mmin 7vaax

4 For the NC DIS analysis H1 uses ¢max = 0.9, whereas ZEUS
uses Ymax = 0.95. For the CC DIS analysis both experiments
use Ymax = 0.9
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where Yiax is the upper limit on the rapidity of the pro-
duced lepton pair:

NG
Yimax = In —
My,

and A;(Y) is the acceptance function, resulting from the
integration over the lepton pair production angle in the
center-of-mass system, with angular detector coverage
taken into account.

The cross section calculated with equation (11) is used
to calculate the number of events expected from the stan-
dard model with contact interaction contributions using
formula (10).

3.3 Measurements from LEP

Many measurements at LEP are sensitive to different kinds
of “new physics”. The eeqq contact interactions can be di-
rectly tested in the measurement of the total cross section
for ete™ — gq. Using flavour tagging techniques, addi-
tional constraints can be obtained from the measurement
of the heavy quark decay fractions R, and R, and of the
forward-backward asymmetries Afy of ¢q events.

The leading order formula for the total quark pair pro-
duction cross section ete™ — ¢g, at the total electron—
positron center-of-mass energy squared s, is

1671'2 Z |M6q

q ,j=LR

(12)

where M} are the scattering amplitudes described by (4),
including contributions from contact interaction couplings
1. For comparison with measured experimental values,
the leading order contact interaction cross sections are
rescaled using the expected standard model cross section
a3M(s) quoted by the experiments:

o(s,1) = oSM(s) - (M)

where 01O (s,0) is the leading order standard model cross
section (n = 0), calculated with (12).

This takes into account possible experimental effects
and higher order QCD and electroweak corrections (for a
discussion see Sect. 4).

All four LEP experiments have recently presented data
on Opaq for center-of-mass energies up to 189 GeV [14-18].

The sensitivity of the total hadronic cross section to
the contact interaction coupling strength 7 is limited by
the fact that the interference terms in the quark pair pro-
duction cross sections have opposite signs for up-type and
down-type quarks. In the total cross section, summed over
all quark flavours®, these terms tend to compensate each
other. However, if this is the case, the fraction of events
produced with the given quark pair flavour turns out to
be very sensitive to the contact interaction couplings.

(13)

5 Production of the t quark is taken into account only for
s/? > 350 GeV
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Using different flavour tagging techniques, cross sec-
tions for bb and cé pair production and the correspond-
ing fractions Rj, and R. can be measured. Although the
limited tagging efficiency and purity significantly affect
the measurement, useful constraints on contact interac-
tion couplings can be extracted.

Used in this analysis are results on R, coming from
ALEPH [14,19], DELPHI [15] and OPAL [20] as well as
DELPHI results on R, [15].

The contact interaction contribution to the scatter-
ing amplitude also affects the observed forward—backward
asymmetry of ¢q events. In the leading order the forward—
backward asymmetry can be calculated as

3 ML — [Mpg[? — [Mgi[” + | Mgk

Afp(s) =+ €q |2 eq |2 eq 2 €q 27
4 |Mpf ]+ IMpg[? + Mgy, |* + |MgR|

where the factor % corresponds to the integration over the
full angular range®.

Constraints upon the forward—backward asymmetries
A}g are obtained using a jet charge technique. After clus-
tering all the events into two jets, the jet charge Qjet of
each jet can be determined from the momentum weighted
sum over all charged tracks in the jet. The sign of Qjet co-
incides with the charge of produced quark in about 70%
of the events. The forward—backward asymmetry for the
selected sample of events (e.g. b-tagged events) can be ex-
tracted in two ways. The method used by ALEPH is based
on the measurement of the mean charge difference between
the forward and backward jets (Qrs) = (Qji;) — (Qf:)-

DELPHI and OPAL extract A}y from the angular distri-
bution of jets with well-defined sign. In both cases, the
measured asymmetry depends on the parton level asym-
metries Ay and on the quark content of the selected sam-
ple. As the up-type and down-type quarks have charges
of opposite signs, the measured asymmetry is very sensi-
tive to the relative contribution of different quark flavours.
Even if we measure the asymmetry for the flavour-tagged
sample, the selected sample of events is always contami-
nated by other quark flavours (e.g. a b-tagged sample al-
ways contains a fraction of ¢¢ events) and the measured
value depends strongly on the quark production fractions
(e.g. Ry and R.). This is the reason why the measure-
ment of the forward—backward asymmetry is very sensitive
to the contact interaction couplings. Used in this analy-
sis are the measurements of forward—backward asymmetry
for the b-tagged events [14,15,20], c-tagged events [15] and
anti-tagged events [14,15].

3.4 Data from low energy experiments

The low energy data are included in the present analysis in
the manner which follows closely the approach presented
in [5,21]. Therefore, only basic assumptions are listed here
and technical details are omitted.

6 For results which are based on the sample of events selected
with |cos 6| < 0.9, this factor is reduced to 0.70866 - - -
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In the case of the general contact interaction model
the following constraints from low energy experiments are
considered:

1. Atomic parity violation (APV)

The standard model predicts parity non-conservation
in atoms caused (in lowest order) by the Z° exchange
between electrons and quarks in the nucleus. Experi-
mental results on parity violation in atoms are given
in terms of the weak charge Qw of the nuclei. A very
precise determination of Qw for cesium atoms was re-
cently reported [22]. The experimental result differs
from the standard model prediction [23,24] by:

AQSs = Qeas — QSM = 0.71 +0.84.

Corresponding results have also been obtained for thal-
lium [25,24]:

AQT =1.9+3.6.

These measurements are used to place limits on the
contact interaction contributions to Qwy:

2Z + N eu eu eu eu
AQw(n) = N (L% + MiR — MRL — MRR)
F
Z 4+ 2N

N (nf + nfk — nfL — MRR) -

2. Electron—nucleus scattering
The limits on possible contact interaction contribu-
tions to electron—nucleus scattering at low energies can
be extracted from the polarisation asymmetry mea-
surement

o dO’R - dO'L
N dogr + dO’L7

where dop gy denotes the differential cross section of
left- (right-) handed electron scattering.

Polarisation asymmetry directly measures the parity
violation resulting from the interference between the
weak (Z° exchange) and the electromagnetic (v ex-
change) scattering amplitudes. For isoscalar targets,
taking into account the valence quark contributions
only, the polarisation asymmetry for elastic electron
scattering is

_3\@GFQ2

A =
ol 207 romn

[2 (g +gi) — (9 + ait)]
where Q? is the four-momentum transfer and gl are
the quark electroweak couplings, as introduced in (3).
Contact interactions modify the effective quark elec-
troweak coupling

eq
gl . =gt — —Li_
2 leff v 2\/§GF
The constraints used in this analysis come from the
SLAC eD experiment [26], the Bates eC experiment
[27] and the Mainz experiment on eBe scattering [28].

In the case of models with family universality also data
from the p*C experiment at CERN [29] are included”.

(14)

" The constraints from the x*C experiment result from the
comparison of uE’ N and pg N cross sections
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In case of the SU(2) models additional constraints
come from:

1. Neutrino—nucleus scattering
Constraints on the couplings of quarks to the Z° and/
or additional vvqq contact interactions (related to eeqq
CI, as described in Sect. 2.2) can also be derived from
the precise measurement of the ratio of the neutral
current to the charged current neutrino—nucleon scat-
tering cross sections

O.I/N

v o __ NC
R = 5.
cc

However, when using constraints on g resulting from
measurement of R”, one also has to take into account
that a possible contact interaction contribution affects
not only the neutral current but also the charged cur-
rent scattering cross section (see Sect.2.2). Therefore,
the quark electroweak coupling extracted from R”
measurements should be expressed as®

a_
q _ 9 2v/2GF
9i | meas — 1_ %
4V2Gw

It is important to notice that n;? entering (14) has been
replaced here by 5. This is because the effective gj*
and g¢ couplings measured in neutrino scattering are
sensitive to “flavour crossed” contact interaction cou-
plings ¢¢ and 7¢% | respectively, which results from the
relations (7). Experimental constraints on R¥ mainly
come from muon—neutrino experiments. Assuming lep-
ton and quark family universality, the following mea-
surements of g! from v, N scattering are used: the re-
sults compiled by Fogi and Haidt [30] and the recent
constraints from CCFR [31] and NuTeV [32].

2. Lepton—hadron universality of weak charged currents
Charged current contact interactions which are in-
duced by SU(2)r, x U(1)y universality (see (8)) would
also affect the measurement of the V,4 element of the
Cabibbo-Kobayashi-Maskawa (CKM) matrix, leading
to the effective violation of unitarity [33,34]. The cur-
rent experimental constraint is [24]

Vd|? + [Vius |2 + |Vin|> = 0.9969 + 0.0022,

whereas the expected contribution from the contact
interaction is

SM n°c
3. Electron—muon universality
In a similar way charged current contact interactions
would also lead to effective violation of e~y universality
in charged pion decay [33]. The current experimental
value of R =I'(r~ — ev)/I'(n~ — p) is [35]

Rmcas
——— = 0.9966 + 0.030
R )

SM

8 This correction seems to be missing in [5,21]
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whereas the expected contribution from the contact
interaction is

nCC )2
meas 4\/§GF )

It is interesting to notice that the data in the charged
current sector may point to slight violations of the unitar-
ity of the CKM matrix and of the e—u universality. Both
measurements are consistent with the presence of CC con-
tact interactions with a mass scale of the order of 10 TeV.
The combined significance of these two results is about
1.80, but it has a considerable influence on global analy-
sis results for the SU(2) model.

:RSM.<1_

4 Analysis method

The aim of this study is to find the allowed ranges for
contact interaction couplings within the different models
considered. To do so, the probability function in the cou-
pling space,

P(n) ~ HPi(n) (15)

is calculated. In (15), the product runs over all experimen-
tal data i and 1 represents the set of free parameters for
a given model (one or many). This section describes how
the probability function is defined and which corrections
are included to take into account experimental conditions.

4.1 Statistical errors

All experimental data used in this analysis can be divided
into two classes.

1. For experiments in which a result can be presented
as a single number with an error which is considered
to reflect a Gaussian probability distribution, the con-
straints on the contact interaction couplings can usu-
ally be expressed using the equation

F(n):AA:I:UA7

where AA is the difference between the measured value
and the standard model prediction, and F(n) is the
expected contact interaction contribution to the mea-
sured value of A. The resulting probability function
can be written as

Pz(n) ~ €Xp <_2 02
A

reflecting the definition of the Gaussian error o 4. This
approach is used for all low energy data as well as for
the LEP hadronic cross section measurements.

2. On the other hand, when the experimentally measured
quantity is the number of events of a particular kind
(e.g. HERA high-Q? events or Drell-Yan lepton pairs
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at the Tevatron), and especially when this number is
small, the probability is better described by the Pois-
son distribution

-exp(=n(n))
N! ’

(17)

where N and n(n) are the measured and expected
number of events in a given experiment, respectively,
and n(n) takes into account a possible contact inter-
action contribution. This approach has been used for
HERA and the Tevatron data.

4.2 Systematic errors

For low energy data the total measurement error can be
used in (16) taking into account both statistical and sys-
tematic errors. For the collider data, formula (16) or (17)
is used to take into account the statistical error of the mea-
surement only. As for the systematic errors, it is assumed
that within a given data set (e.g. e™p NC DIS data from
ZEUS) they are correlated to 100%. This seems to be a
much better approximation of the experimental conditions
than assuming that systematic errors are uncorrelated®.

In fact most of the contributing systematic uncertain-
ties at HERA are highly correlated between different (2
bins, as for example the energy scale uncertainty or the
luminosity measurement.

For each data set, a common systematic shift param-
eter § has been introduced to describe the possible varia-
tion of event numbers expected at HERA or the Tevatron,
or cross sections predicted at LEP, due to the systematic
error:

— Sys
nsMm = fgm + 0 - 0,77,
or oM =gGgy+46- o,

where fign (Gsm) is the nominal expectation from the
standard model and o5¥®* (05¥%) is the total systematic un-
certainty attributed to this number. The § parameters can
be treated as additional free parameters when maximising
the overall model probability P(n). When doing so, normal
probability distributions for the parameters  are included
in the definition (15) of the probability function!®.

4.3 Migration corrections

Equation (10) introduced in Sect. 3 takes into account ex-
perimental conditions at HERA and the Tevatron. The
number of events expected with the contact interaction
contribution is calculated by rescaling the standard model
prediction ngy coming from a detailed simulation exper-
iment. However, this is only an approximation based on

9 Unfortunately, the experimentalists do not publish the cor-
relation matrix for their systematic errors so these are the only
possible choices

10 This corresponds to the assumption that systematic errors
are described by the Gaussian probability distribution
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the assumption that the acceptance for contact interac-
tion events is the same as for standard NC DIS events. Al-
though the detection efficiency for given (x,Q2) or (My;,Y)
is always the same (as we have the same final state), the
distribution of events in the kinematic plane in the pres-
ence of the contact interactions can differ significantly.
This can affect the measurement due to the finite Q2 or
Mj; resolution. To take this effect into account a dedicated
migration correction is introduced.

The DIS cross section in the @2 bin from Q2; to Q2 .
is calculated by the following extension of (9):

S 1
d2%o
19 (m) = /d@2~s<cz2; 2 Qe 02) / ar 0

0 Q2

where o> is the Q? resolution, as quoted by the exper-
imentalists, assumed to be constant within the bin. The
Drell-Yan cross section is calculated by a similar extension
of (11):

5
by (n) = /dMll - S(Muy; Mmin, Mmax, o)
0

Ymax
d*a(n)
YA;(Y) ———%&
X / d ll( ) dMlldY’
7YYXI]BIX

where o)/ is the Mj; resolution. The mass resolution has
been estimated from the quoted calorimeter energy res-
olution (for electrons) or tracking momentum resolution
(for muon pairs). The acceptance function used in both

formulae,
1 [ < 1(y— a)2>
V2mo 2 o2

(02

describes the probability that the true value z measured
with resolution o will be reconstructed between a and b.
The migration corrections are important for the muon pair
production results from the Tevatron and for the CC DIS
results from HERA. For electron-pair production or for
NC DIS results, when the corresponding mass and Q?
resolutions are much better, the effects of the migration
corrections are very small.

The influence of the systematic errors and the intro-
duced Q2 smearing on the model probability function P (n)
has been studied for the ZEUS e™p NC DIS data [4]. The
results, in terms of the log-likelihood function, —logP,
for four chosen one-parameter models are shown in Fig. 1.
The applied corrections (mainly the systematic error cor-
rection) can have a sizable influence on the model prob-
ability distribution. Taking into account statistical errors
only leads to a much narrower probability distribution and
gives much stronger constraints. The most prominent ef-
fect is observed for the VV model. The narrow probability

Stwaso) = [



546

P(n)

15 15

10

[ \
[-- Uncorr.

0 —— Correct.
P I I
0.4

P R IR | ol b b b |
-04 -02 0 0.2 0.4

Nan /4T [TEV?]

P(n)

15 15

10 — 10

Lol v b b v by o | PITIN BRRU I U RS R |
-04 -0.2 0 0.2 0.4 -04  -0.2 0 0.2 0.4

Nyy /4T Ny, /41 [TeV'z]

Fig. 1. Log-likelihood function —logP(n) for ZEUS e*p NC
DIS data, for four chosen one-parameter models, as indicated
on the plot. The functions are calculated with statistical errors
only (dashed line) and with migration and systematic error
corrections (solid line)

maximum (minimum of —logP function) observed when
only statistical errors are included, becomes wider with
a “shoulder” on one side when the systematic errors are
taken into account.

The results from this analysis have been compared
with the ZEUS results based on full detector simulation
[11]. The comparison for the same four one-parameter
models is presented in Fig. 2. For some models very good
agreement is observed between this analysis and ZEUS
results, as can be seen for the AA and X1 models. This
convinces us that both systematic errors and event migra-
tions between Q2 bins are correctly take into account.

However, for models such as VV or U2, the constraints
given by ZEUS are stronger (probability distribution nar-
rower) than the constraints resulting from this analysis.
This is due to the fact that the ZEUS analysis takes into
account the two-dimensional event distribution in the
(z,y) plane, whereas this analysis uses the one-dimen-
sional Q2 distribution only.

4.4 Radiative corrections

For high energy data from HERA, LEP and the Tevatron,
standard model predictions given by the experiments are
used to rescale the leading order expectations of the con-
tact interaction models (see (10) and (13)). This accounts
not only for different experimental effects, but also for
higher order QCD and electroweak corrections, including
radiative corrections. This approach is reasonable as long
as the difference between the corrections for the standard
model and for the model including contact interactions
is negligible. It is natural to assume that this difference
should be much smaller than the correction itself.
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Fig. 2. Log-likelihood function —logP(n) for ZEUS eTp NC
DIS data, for four chosen one-parameter models, as indicated
on the plot. The results from this analysis (solid line) are com-
pared with the ZEUS results obtained with full detector simu-
lation (dashed line)

The contribution of radiative corrections to high-Q2
DIS at HERA is of the order of 10%. For high-mass Drell-
Yan lepton pair production at the Tevatron it is only
about 6%. Therefore, the possible variation of the radia-
tive corrections for both HERA and Tevatron data have
been neglected. The only data where radiative corrections
could be significant is the hadronic cross section measure-
ment at LEP.

Most of the events observed at LEP2 are radiative
events. This is due to the “radiative escape” to the Z°
peak. The radiation probability is significantly enhanced
as the ete~ annihilation cross section at s%/2 = My is sev-
eral orders of magnitude higher than at nominal s'/2. The
leading order cross section (12) is corrected for radiation
effects using the formula [36]

S

Orad(s,n) = /

’
Smin

ds’ . ¢\ 1o
o). oo

).U 81777)7

S

where the integration runs over the center-of-mass energy
squared s’ of the produced quark pair, and s/, is the
minimum value of s’ required by the event selection cuts'!.
G(z) is the “radiator function” encapsulating the results
of QED virtual and real corrections. In this analysis the

approximate formula (based on [36,37]) is used.

2P (1= f)-6(1 - 2),

"' Data used in this analysis correspond to (s'/s)'/? > 0.9
(ALEPH) or (s'/s)'/? > 0.85 (DELPHI, L3 and OPAL). This
choice significantly reduces a possible influence of radiative cor-
rections
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where [ = o dem (logs2 — 1) .

T m?2
The parameter f, is chosen to reproduce the cross section
ratio for radiative and non-radiative events'2.

It turned out that the effect of radiative corrections on
the probability function P(n) is very small. The resulting
limits on the contact interaction mass parameters decrease
by at most 3%.

4.5 Probability functions

The probability function P(n) summarises our current ex-
perimental knowledge about possible eeqq contact inter-
actions. It will be used to set limits on contact interaction
mass scale parameters and to extract predictions concern-
ing possible future discoveries. It is therefore very impor-
tant to understand the precise meaning of P(n).

P(n) is not a probability distribution of 1. A probabil-
ity distribution should describe the probability of finding
a given value of variable. Our situation is different. The
function P(n) describes the probability that our data come
from the model described by the set of couplings 7 (see
Sect.4.1). It is our data set which is a variable, and 7 is
a set of model parameters: they are unknown, but they
are fixed. This simple observation has very important im-
plications for this analysis, not only for the limit setting
procedure (see next subsection) but also for the calcula-
tion of the model predictions.

To set limits on possible deviations from the standard
model predictions (e.g. for the NC DIS cross section at
very high Q? at HERA or for the hadronic cross section
at the next ete™ collider), we have to consider the prob-
ability function P(r), where the cross section deviation r
is defined as

If P(n) is taken as a probability distribution, then the
probability distribution for r should be calculated as

PO) = [A¥uP@)se - R). (8)
where the integration is performed over N-dimensional
coupling space. This, however, leads to completely false
results, as is demonstrated in Appendix A. Instead of cal-
culating the probability distribution for r (which is not
well defined), we should rather try to find out what is the
probability that our data come from the model predicting
deviation r. This leads to the formula

P(T) = <P(17)>|R(n):r’

where averaging is necessary if we want to reduce the num-
ber of parameters of the probability function (for multi-
parameter models). The commonly used assumption in

12 BEvents with 0.1 < (s'/s)"/? <0.85 and (s'/s)'/? >0.85 [18]
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that case is that 7 has a flat underlying (prior) distribu-
tion!3. The formula for P(r) can then be expressed as

/ AP (n)b(r — R(n))
/ ¥y P)s(r - R(p)

P(r) = (19)

This formula applies for any variable which can be used as
a parameter of the probability function. In this analysis it
will also be used to calculate the probability functions and
to set limits on the mass scale parameters corresponding
to single couplings in the multi-parameter models.

As P(n) is not the probability distribution, it does not
satisfy any normalisation condition. Instead, it is conve-
nient to rescale the probability function in such a way that
its global maximum has the value of 1:

max P(n) = 1. (20)

4.6 Extracting limits

After imposing condition (20), the lower and upper limits
on the value of the model parameter r are defined as the
minimum (r~) and maximum (r+) values satisfying the
relation

P(r~) = 0.05,
and P(r") = 0.05.

For any model described by the parameter r < r~ or
r > rt, the probability that our data results from this
model is less than 5% of the maximum probability. This
is taken as the definition of the 95% confidence level (CL)
limits.

For one-parameter contact interaction models this ap-
proach is slightly modified. As models with negative and
positive values of 77 are usually considered as independent
scenarios (differing by the signs of the interference terms
in the cross section), the upper and lower limits on 7 are
calculated using a restricted 7 range:

P(n~) = 0.05 - max P(n),

and P(n") = 0.05- max P(n).

n>0

(21)

For one-parameter contact interaction models, or for prob-
ability functions related to single couplings in multi-pa-
rameter models, the limits on the coupling values n~ and
n* can be translated into the limits on the contact inter-
action mass scales

A= ==,

4
+ _
=

13 This corresponds to the assumption that we would have
no preferences for any value of 7, if there are no experimental
data
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Mass limits commonly used in the literature are based on
1 limits defined in a slightly different way. In this paper
they will be denoted as =~ and n™*. Their definition
follows from the equations

0

[ anptn) = 035. /O dnP (),

n--

ntt

/ dnP(n) = 0.95 - /an(n). (22)
0 0

This approach is based on the assumption that 7 has a flat
underlying (prior) distribution. In such a case P(n) can
be treated as the probability distribution for 7. The mass
scale limits corresponding to =~ and T will be denoted
as A7~ and AT, Although the definition resulting from
(21) is considered to be more appropriate for this analysis
than definition (22), the results for both definitions are
presented to allow comparison with other results.

As definitions (21) and (22) correspond to different
interpretations of the probability function, they are not
expected to give similar results. In fact, the allowed range
for the parameter 7 calculated with (21) is usually about
25% wider than the one calculated with (22)*. As a result,
the corresponding mass scale limits A~ and AT are usually
10 to 15% smaller than A=~ and AT+,

5 Results

For one-parameter models the analysis has been per-
formed both without and with the additional SU(2)y, x
U(1)y universality assumption (see Sect.2). In the latter
case data coming from neutrino—nucleus scattering exper-
iments and from different charged current processes (refer
to Sect.3) have been also used to constrain contact in-
teraction couplings. In the following, the models assum-
ing SU(2), x U(1)y symmetry are referred to as SU(2)
models. One-parameter models without SU(2)r, x U(1)y
symmetry will be referred to as simple models, to avoid
possible confusion. For all one-parameter models quark
and lepton family universality is assumed.

Using the overall model probability P(n) as defined
by (15), the “best” values of the contact interaction cou-
plings (i.e. corresponding to the maximum probability)
were found using the MINUIT package [38]. The results
for one-parameter simple and SU(2) models are presented
in Tables 2 and 3, respectively. The errors attributed to the
1 values correspond to the decrease in the model proba-
bility P(n) by the factor of e!/2. In case of asymmetric
errors the arithmetic mean is given.

For all simple one-parameter models considered the
couplings are found to be consistent with the standard
model within 1o. The same is true for most SU(2) models.

14 For a Gaussian shape of the probability function, n~ and
nT correspond to the £2.45¢ limits, whereas n~~ and n*+

correspond to +1.960
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Table 2. Coupling values and 95% CL mass scale limits result-
ing from fits of one-parameter models without SU(2)L x U(1)y
universality. The errors attributed to the n values correspond
to a decrease in the model probability P(n) by a factor of el/2.
See the text for an explanation of the symbols

Model n Mass scale limits [TeV]
[TeV~2] A= AT AT AT
\AY% -0.015 £0.049 9.8 10.7 11.0 11.8
AA 0.007 £0.048 10.5 10.1 11.7 11.3
VA 0.049 +0.143 6.6 6.2 7.3 6.9
X1 0.014 £0.073 8.7 8.1 9.6 9.2
X2 -0.011 £0.075 8.2 8.4 9.2 9.4
X3 -0.003 £0.051 99 102 111 114
X4 -0.113 £0.138 5.7 5.2 6.4 5.3
X5 -0.079 £0.132 5.9 6.4 6.6 7.0
X6 -0.013 £0.147 6.2 5.8 7.0 6.4
U1 -0.059 £0.104 6.4 7.7 7.3 8.4
U2 -0.065 £0.082 6.9 9.1 7.8 9.9
U3 -0.044 £0.053 8.5 11.7 9.6 12.7
U4 -0.136 £0.166 5.1 5.5 5.7 5.8
U5 -0.093 £0.092 6.4 8.8 7.2 9.5
U6 0.115 £0.128 7.0 5.6 7.4 6.3

Table 3. Coupling values and mass scale limits resulting from
fits of one-parameter models with SU(2)r, x U(1)y universality.
The errors attributed to n values correspond to a decrease in
the model probability P(n) by a factor of €'/, See the text for
an explanation of the symbols

Model n Mass scale limits [TeV]
[TeV 2] A AT AT AT
\AY% -0.024 £0.047 96 114 108 12,5
AA -0.010 £0.047 99 11.1 11.1 12.3
VA -0.078 £0.108 6.3 8.0 7.1 8.7
X1 -0.025 £0.067 8.1 9.5 9.2 10.5
X2 -0.041 £0.069 7.8 9.6 8.8 10.5
X3 -0.019 £0.049 9.5 11.1 107 12.2
X4 -0.066 £0.144 6.0 5.4 6.7 5.8
X5 -0.040 £0.131 6.2 6.4 7.0 7.0
X6 -0.013 £0.147 6.2 5.8 7.0 6.4
U1l -0.100 £0.042 7.9 170 8.6 17.8
U3 -0.083 £0.036 8.6 18.2 9.4 19.1
Ub -0.050 £0.082 7.1 8.8 8.0 9.6

However, for the SU(2) models U1 and U3 the “best” cou-
pling values are more than 20 from the standard model.
These are the only two models which allow for n°C # 0
(ie. nit # nEd)-

The observed deviation from the standard model pre-
dictions is directly related to the € bounds coming from
the unitarity of the CKM matrix and the e—u universality,
as described in Sect. 3. However, it has to be noticed that
other data also do support this effect: the discrepancy ob-
served for the combined data is more significant than for
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Fig. 3. Probability functions P(n) for chosen one-parameter
models with SU(2)1, x U(1)y universality, as indicated on the
plot

the charged current sector only. Although the effect is in-
teresting, the data are still in acceptable agreement with
the standard model. The probability that our data result
from the standard model equals 5.7% and 7.0% for the U1
and U3 SU(2) models, respectively.

Assuming that there is no direct evidence for eeqq con-
tact interactions, the limits on the single couplings can be
calculated. The results for the mass scale limits A=, AT,
A=~ and ATT obtained from fitting one-parameter mod-
els are summarised in Tables2 and 3. For simple models
the mass limits range from 5.1 TeV (A~ for the U4 model)
to 11.7TeV (AT for the U3 model). Similar limits are ob-
tained for most of the SU(2) models. Only for the U1 and
U3 SU(2) models the much higher AT limits of 17.0 and
18.2 TeV are obtained. The probability functions P(n) for
four selected SU(2) models are shown in Fig. 3.

Contribution of different data sets to the mass scale
limits presented in Tables2 and 3 can be estimated using
the probability function. The mass scale limits A~ and AT,
derived from the coupling limits = and 5", correspond to
a decrease of the global probability P(7) to 0.05 of its max-
imum value (see (21)). This decrease can be represented as
a product of contributions from all data samples. Table 4
presents the relative probability changes, calculated sep-
arately for different data sets, corresponding to the mass
scale limits A~ and AT, for different one-parameter SU(2)
models. The product of numbers in every row is equal to
the factor 0.05 defining the 95% CL. Numbers close to
1.0 demonstrate that a given data set has a negligible in-
fluence on the considered mass scale limit. The smaller
the number, the more sensitive are the data to a given CI
model. Numbers greater than 1.0 indicate that the model
with mass scale A~ or AT gives a better description of
a given data set than the “best” coupling value resulting
from the combined fit.
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Fig. 4. Probability functions P(n) for single contact interac-
tion couplings (as indicated on the plot) obtained within the
general contact interaction model

The results presented in Table4 show that in most
models the strongest constraints on the contact interac-
tion couplings come from LEP data on forward-backward
asymmetries A}y and on the quark production ratios Ry.
However, for particular models a significant contribution
can result from LEP hadronic cross section measurements,
neutrino—nucleus scattering data, HERA NC DIS data or
from data on charged current interactions.

The probability functions for single couplings obtained
for the general model are presented in Fig. 4. All couplings
are consistent with the standard model predictions. Re-
sults for single couplings obtained for the general model,
the model with family universality and the SU(2) model
with family universality are summarised in Table 5. It has
to be stressed that all limits for the single couplings are
derived without any assumptions concerning the remain-
ing couplings, which corresponds to the definition (19) of a
probability function. For this reason most calculated lim-
its are weaker than in case of one-parameter models. The
mass limits obtained for the general model range from
2.1TeV (AZEF) to 5.1 TeV (A7), For the SU(2) model
with family universali?/, the corresponding numbers are
3.5 and 7.8 TeV for AR and AT respectively.

Single couplings can either increase or decrease the
cross section for a given process, as compared with the
standard model expectations. It is therefore also possible
that the influence of the two different couplings compen-
sate each other. Because of that, the limits on the mass
scales obtained for single couplings do not exclude con-
tact interactions with smaller mass scales. To obtain the
most general limit, the eigenvectors of the correlation ma-
trix (obtained from MINUIT from the functional form of
P(n) in the vicinity of the maximum probability) are con-
sidered. In the case of the general model the two least
constrained linear coupling combinations are
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Table 4. Relative changes in model probabilities calculated for separate data sets (as indicated
in the table) corresponding to a decrease in the global probability at the mass scale limit (A~ or
AT) to 0.05 of its maximum value (for negative or positive couplings, respectively). Considered
are one-parameter models with family and SU(2)1, x U(1)y universality

Mass Relative change in model probability
Model ~ scale  HERA  Tevatron LEP Low energy NC_
limit %) NC  Drell Yan . R, AL, 1N vN e
vV A~ 0.697 0.887 1.344 1.665 0.028 1.000 1.300
At 1.107 0.632 0.751 0.205 0.841 1.000 0.553
AA A~ 1.240 1.021 0.536 1.867 0.020 0.984 1.961
At 0.774 0.835 1.451 0.208 0.722 1.013  0.350
VA AT 1.264 0.710 1.281 1.092 0.033 0.916 1.316
AT 1.008 0.928 1.370 0.811 0.504 1.059  0.090
X1 A~ 1.214 1.013 0.694 1.746 0.017 0.962 2.060
At 0.830 0.885 1.395 0.344 0.634 1.031 0.217
<2 AT 0.842 0.931 1.323 1.659 0.017 0.973 1.773
AT 1.079 0.748 0.878 0.327 0.660 1.021 0.320
X3 A~ 1.016 1.005 0.993 1.734 0.017 0.992 1.720
AT 0.977 0.710 1.137 0.192 0.738 1.007  0.444
X4 A~ 0.331 0.762 0.318 1.021 1.414 1.018 0.424
AT 0.814 0.666 0.218 0.779 0.690 0.969 0.813
<5 AT 0.617 0.650 1.178 1.749 0.133 1.043  0.435
AT 1.142 0.516 0.884 0.064 1.411 0.949 1.114
%6 AT 0.771 0.786 1.127  0.077 0.984 0.965
At 1.367 0.731 0.789 1976 0.031 1.025
1 AT 1.141 0.963 0.895 1.207 0.361 0.925  0.443 0.285
At 0.933 0.954 0.753 0.903 1.174 1.028  0.323 0.212
Us AT 1.056 0.855 0.254 1.289 0.243 0.987  1.157 0.611
At 0.963 0.885 0.502 0.804 1.212 1.005  0.449 0.266
Us A~ 0.724 0.849 0.447 1.535 0.561 1.084  0.195
At 1.004 0.671 0.109 0.570 1.267 0.910 1.036

m = —0.26nF% 4 0.84nf% + 0.1578% + 0.33n5%
—0.067f% + 0.1178% — 0.1075% + 0.27n8% ,

and 79 = +0.20nf% + 0.179f% + 0.81n8d, — 0.48nE%
+0.1078% — 0.1478% + 0.1078% — 0.0998% .

This is in agreement with the observation that the least
constrained single couplings are nf‘ﬁ and nf{i, which can
also be seen from Table5. The probability functions for
11 and 72 are shown in Fig. 5. The mass scale limit corre-
sponding to 7, is'®

Ay =2.1TeV.

This limit should be considered to be the most general
one, as it is valid for any combination of couplings. This
means that any contact interaction with a mass scale be-
low 2.1 TeV is excluded on 95% CL. On the other hand

15 As the sign of 71 is arbitrary, only one value is given. It is
calculated as min(A, A])

it also shows that the existing data do not exclude mass
scales of the order of 3 TeV.

The limits on the mass scale associated with n; are
summarised in Table 6.

Shown in the same table are mass limits correspond-
ing to the atomic parity violating combination of the cou-
plings,

napv = 15L + nfk — il — ik
+NEL + LR — MRL — MRR-

napv is close to the most strongly constrained coupling
combination (the eigenvector with the highest eigenvalue).
Mass scale limits up to about 11 TeV are obtained. The
probability function for napy in the case of the general
model is included in Fig. 5.

Also shown in Fig. 5 is the probability function for the
charged current contact interaction coupling n“© induced
in the SU(2) model. The discrepancy between the data
and the standard model has decreased slightly, as com-
pared with the U1 and U3 SU(2) models. The most prob-
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Table 5. 95% CL mass scale limits for single couplings, obtained within different models,
as indicated in the table. See the text for a definition of the mass scale limits

Mass scale limits [TeV]

Model with SU(2) model with

Coupling General model family universality family universality
A=At AT ATt AT AT AT AT AT AT AT AT

it 31 36 34 40 43 54 48 60 75 61 81 68
Nk 24 22 26 25 28 32 30 36 36 37 40 4.1
ned 26 21 28 24 39 28 44 31 45 39 50 44
nek 2.8 28 3.0 31 33 35 3.7 39 3.5 5.1 3.8 5.7
iy, 51 3.9 56 4.3 53 4.1 59 45 6.5 7.8 73 85
Nk 41 3.3 4.3 3.7 3.7 3.5 4.1 3.9 4.9 4.7 54 5.3
TRL 31 35 35 39 31 35 34 39 45 39 50 44
nE 3.7 37 41 41 38 42 43 46 48 44 54 48

Table 6. 95% CL mass scale limits corresponding to the least constrained coupling com-
bination 71, atomic parity violating coupling combination napy and 7f¢ — nf% combination
corresponding to charged current contact interaction coupling n°C of the SU(2) model. As
the sign of n; is arbitrary, only one value is given

Mass

scale limits [TeV]

Coupling General model

family universality

Model with SU(2) model with

family universality

A= AT AT ATE AT

AV AT AT AT AT AT ATt

2.1 2.3
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Fig. 5. Probability functions, calculated within the general
contact interaction model, for the two least constrained cou-
pling combinations 71 and 72 (upper plots), the atomic parity
violating combination napv (lower left) and the CC contact
interaction coupling 7°© induced in the SU(2) model (lower
right plot). Note different horizontal scales between upper and
lower plots

able value of n°C is about 20 from the standard model
value, which corresponds to a probability of about 10%.
This discrepancy is observed for the SU(2) model only.

When SU(2)1, xU(1)y universality is not assumed (i.e.
in the case of the general model and the model with family
universality) the corresponding coupling combination is no
longer related to the charged current sector and is in good
agreement with the standard model. The corresponding
mass scale limits are included in Table 6.

6 Predictions

All results presented are in good agreement with the stan-
dard model. Nevertheless, an interesting question is whe-
ther “new physics” in terms of contact interactions can
be expected to show up in high energy experiments in the
near future.

The cross sections corresponding to the “best fit” of
the general model (the set of coupling values resulting in
the best description of all data, i.e. corresponding to the
maximum probability) are compared in Fig.6 with the
HERA, LEP and Tevatron data.

In the case of LEP data, the best fit of the general
model agrees very well with the standard model. The con-
tact interaction contribution to the measured cross section
does not exceed 3% for s'/2 up to 200 GeV. On the other
hand, the same model predicts for both HERA and the
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sulting from the general contact interaction model fit (thick
solid line) compared with HERA, LEP and the Tevatron data

Tevatron an increase in the cross section by almost a fac-
tor of 2 at the highest Q?/Myj;. In order to verify the sig-
nificance of these predictions it is unavoidable to consider
the statistical uncertainty of these predictions.

Employing Monte Carlo techniques, the probability
function for the contact interaction couplings, P(n), is
translated into the probability function for relevant cross
section deviations, as described in Sect. 4.5.

In this analysis possible deviations from the standard
model predictions are considered for high-Q? e~ p and e*p
scattering at HERA1S (see Sect.3.1), for the total quark
pair production cross section at LEP (or Next Linear Col-
lider, NLC; see Sect. 3.3) and for the Drell-Yan lepton pair
production at the Tevatron (see Sect. 3.2). The probability
functions calculated for these processes at selected energy
scales are presented in Fig. 7.

The results for HERA, in terms of the 95% confidence
limit bands on the ratio of predicted and the standard

6 For a proton beam energy of 920GeV and an elec-
tron/positron beam energy of 27.5 GeV
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model cross sections as a function of Q?, are shown in
Figs. 8 and 9 for the general model and the SU(2) model
with family universality, respectively. For the e*p NC DIS
the uncertainty of these predictions is very high, although
the nominal predictions of both models are above the
standard model. The standard model prediction is well
within the 95% confidence level band. For the general
model, the increase in the etp NC DIS cross section at
HERA by up to about 80% at an Q2 of 30,000 GeV?
would still be consistent with the current experimental
data. For the SU(2) model the corresponding limit is 63%.
It turns out that the best statistical sensitivity (in a sin-
gle measurement) to possible contact interaction effects
is obtained when considering the number of events mea-
sured for Q2 > 15,000 GeV2. The allowed increase in the
integrated e™p NC DIS cross section is about 40% for the
general model and about 30% for the SU(2) model.

In order to reach the level of statistical precision which
would allow them to confirm a possible discrepancy of
this size!”, HERA experiments would have to collect e*p
luminosities of the order of 100-200pb~! (depending on
the model). This will be possible after the HERA upgrade
planned for the year 2000.

Constraints on the possible deviations from the stan-
dard model predictions are much stronger in case of e™p
NC DIS. This is because the standard model cross sec-
tion itself is higher, and also because different contact in-

17 We require that the allowed increase in the cross section
for Q% > 15,000 GeV? (at 95% CL) should correspond to at
least three times the statistical error on the number of events.
5% systematic uncertainty on the expected number of events
is assumed
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plots). The limits are calculated using the general contact in-
teraction model

teraction coupling combinations contribute. It is interest-
ing to notice that the possible cross section increase for
eTp NC DIS, which is suggested by global fit results, cor-
responds to a decrease in the NC DIS cross section for
e~ p. For the general model, deviations larger than about
20% are excluded for Q2 > 15,000 GeV?2, whereas for the
SU(2) model with family universality the limit goes down
to about 7%.

When compared with the predicted statistical preci-
sion of the future HERA data, this indicates that it will
be very hard to detect contact interactions in the future
HERA e~ p runnings. For the general model the required
luminosity is of the order of 400 pb~!. However, the HERA
“discovery window” can be visibly enlarged if we con-
sider scattering of polarised electrons and/or positrons.
The 68% and 95% CL contours for the allowed devia-
tions for scattering of right- and left-handed electrons or
positrons are included in Figs. 8 (for the general model)
and 9 (for the SU(2) model), at Q? = 30,000 GeVZ. In
both cases, the cross section deviations for ef p and egp
scattering are less constrained than in the case of e;{p and
er, p, respectively. For the general model possible devia-
tions for both left- and right-handed projectiles are signif-
icantly higher than in the unpolarised case. However, for
the SU(2) model, constraints significantly weaker than in
the unpolarised case are obtained only for ei"p and egp
scattering. In both models deviations of up to about 50%
are still allowed for efp scattering at Q% > 15,000 GeV?,
assuming 60% polarisation of the positron beam. To ob-
serve effects of this size it would be enough to collect a
luminosity of the order of 70-80pb~!.
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For egp scattering the maximum allowed deviations
are 28% and 19% for the general and SU(2) models, re-
spectively. This means that with 60% longitudinal eg po-
larisation it would be possible to observe significant devi-
ations from the standard model predictions already for lu-
minosities of the order of 120 pb~* (for the general model).

Unfortunately, polarisation can result in significantly
higher systematic uncertainties of the standard model pre-
dictions, which was not considered here.

Since the only visible inconsistency between the data
and the standard model is observed in the charged current
sector (for models assuming SU(2), x U(1)y universality),
the interesting question is whether any effect can be ob-
served in high-Q? CC DIS at HERA. It turns out that
the possible effect is far beyond the HERA sensitivity.
The “best” n°C value (resulting from the SU(2) model
fit) corresponds to a decrease in the CC DIS cross sec-
tion at HERA not greater than 2% within the accessible
Q? range, and a decrease exceeding 5% is excluded at 95%
CL. At the same confidence level, any increase in the cross
section by a similar amount is excluded.

Model predictions for both the total hadronic cross
section at the electron—positron collider (LEP or NLC)
and Drell-Yan lepton pair production cross section at the
Tevatron are shown in Figs. 10 and 11, for the general con-
tact interaction model and the SU(2) model, respectively.

For e~et — ¢ at s'/2 above about 300 GeV the upper
cross section limits obtained from both contact interaction
models increase rapidly. Cross section deviations up to a
factor of 3 are allowed for s'/2 ~ 500 GeV.
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Unfortunately, this energy range will be accessible only
in the Next Linear Collider experiment(s). LEP will not
go beyond s'/2 ~ 200GeV; at this energy the possible
deviations from the standard model are only about 8%,
which makes discovery very difficult.

However, significant deviations from the standard
model predictions are still possible for heavy quark pro-
duction ratios R. and Ry, and for the forward—backward
asymmetries A%y and A%5. The 68% and 95% CL con-
tours for the values of the forward—backward asymme-
try versus the quark production fraction, allowed within
the SU(2) model for ¢ and b quark production at s'/? =
200 GeV are included in Fig.11. Allowed ranges for R.,
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Table 7. Leading order standard model prediction and the
allowed range (on 95% CL) for the heavy quark production
ratios and forward-backward asymmetries, for eTe™ annihila-

tion at s'/? = 200 GeV, in different contact interaction models
SM Allowed range on 95% C.L.

Value General Model with ~ SU(2) model

(LO) model family univ. w. fam. univ.
Ry 0.159 0.147-0.161 0.137-0.180 0.139 -0.179
R. 0.262 0.242 -0.266  0.230 -0.294  0.232 -0.291
Aby 0.601 - 0.345 -0.750  0.431 -0.732
s 0.668 - 0.469 -0.750  0.551 -0.738

Ry, Afp and A%B at s'/2 = 200 GeV, for different contact
interaction models considered, are summarised in Table 7.
For the general model, in which contact interactions are
limited to the first quark generation only, variations of
Ry and R, are still possible, due to the possible changes
in w@ and dd production cross sections. However, the par-
ton level forward-backward asymmetries A%y and A%g do
not depend on contact interaction couplings in this model.
Therefore, the limits for A%y and A%y are not reported
for the general model. Heavy quark observables consid-
ered here are least constrained for the model with family
universality. Large effects are still possible in this model
for both production fractions and asymmetries. Deviations
up to about 13% are possible for R, and R.. Least con-
strained by the existing experimental data is the forward—
backward asymmetry for the bb production Ab, where
deviations from the standard model prediction by up to
40% are still possible. Note that for the general model R,
and R, are 100% correlated, whereas for models with the
family universality they are 100% anti-correlated.

It seems that the best place to study contact interac-
tions in the nearest future is the Tevatron, which should
run again after being upgraded in the year 2000. If there
is any “new physics” corresponding to the contact inter-
action model, it is very likely to show up in Drell-Yan lep-
ton pair production for masses above 200-300 GeV. More-
over, upper limits on possible deviations from the standard
model predictions are much higher than in case of HERA
and LEP/NLC. For M;; = 500 GeV, which should be eas-
ily accessible with increased luminosity, cross section de-
viations up to a factor of 5 are still not excluded.

The upper limits on the cross section deviations from
the standard model predictions, derived on a 95% con-
fidence level in different contact interaction models are
summarised in Table 8.

When considering possible future discoveries at high
energy experiments, it is also interesting to study the rela-
tion between the effects observed at different experiments.
The 68% and 95% CL contours for the sizes of the al-
lowed deviation from the standard model predictions, for
different measurement combinations, are shown in Figs. 12
and 13, for the general contact interaction model and for
the SU(2) model with family universality, respectively. In
both cases, a clear correlation is observed between the
Drell-Yan cross section deviation at the Tevatron and
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Table 8. Upper limits (on 95% CL) on cross section deviations from the standard model
predictions in different contact interaction models. Considered are e*p and e p scattering at
HERA, the total hadronic cross section at LEP/NLC and Drell-Yan lepton pair production

at the Tevatron, as indicated in the table

Limits on Ac/osm [%]

Reaction Energy General Model with ~ SU(2) model with
scale model family universality family universality
etp NC DIS Q? = 10,000 GeV? 11 10 9
V5 =318CGeV Q% =20,000GeV? 36 30 28
Q? = 30,000 GeV? 81 65 63
Q? = 50,000 GeV? 220 180 170
e~ p NC DIS @? = 10,000 GeV? 8 4 3
Vs =318GeV Q% =20,000GeV? 18 8 7
Q? = 30,000 GeV? 28 13 11
Q? = 50,000 GeV? 49 26 21
e"et = qq V5 =175GeV 5 5 6
Vs = 200 GeV 8 8 8
Vs = 225 GeV 14 13 11
/s = 250 GeV 26 24 16
/s =300 GeV 65 61 35
/s = 400 GeV 185 185 110
pp— 117X My, = 200 GeV 17 12 12
Vs =1800CeV My = 300 GeV 64 55 38
My = 400 GeV 190 185 95
My = 500 GeV 440 450 210

the hadronic ete™ cross section at LEP/NLC. A possi-
ble cross section increase at the Tevatron has to be ac-
companied by an increase in the hadronic cross section at
LEP/NLC. A similar correlation is observed between the
hadronic ete™ cross section at LEP/NLC and the etp
NC DIS cross section at HERA for the SU(2) model. An-
other interesting observation is that the possible decrease
in the e”p NC DIS cross section at HERA should be re-
lated to the increase in both Tevatron and LEP/NLC cross
section. In other cases correlations between the different
measurements are weak. This shows that contact interac-
tion searches at LEP, the Tevatron and HERA are, to a
large extent, independent. Data from all types of exper-
iments are necessary to constrain the contact interaction
model in the general case.

7 Summary

Data from HERA, LEP, the Tevatron and low energy ex-
periments were used to constrain the electron—quark con-
tact interactions. The contact interaction mass scale limits
obtained for different one-parameter models range from
5.1 to about 18 TeV.

Using the most general approach, in which all cou-
plings are allowed to vary independently, any contact in-
teractions with mass scale below 2.1 TeV are excluded at
95% CL. This limit can be raised to 3.1 TeV by assum-
ing SU(2), x U(1)y and quark/lepton family universal-
ity. There is a slight hint on possible “new physics” in the

charged current sector (related to neutral current contact
interactions by SU(2)1, x U(1)y universality), where the
discrepancy between the data and the standard model is
at the 20 level. The mass scale of new charged current in-
teractions suggested by the data is of the order of 10 TeV.
However, this effect - if real - would have a negligible im-
pact on predictions for future collider results.

The limits on possible effects to be observed in future
HERA, LEP and Tevatron running are estimated. Pos-
sible deviations from the standard model predictions for
total hadronic cross section at LEP and e~ p scattering
cross section at HERA, are already strongly limited by
the existing data.

However, an improved experimental sensitivity to new
interactions should result from the measurement of heavy
quark production ratios and asymmetries at LEP, as well
as from polarised electron scattering at HERA. Sizable
effects are still not excluded for e*p NC DIS at HERA
and the required statistical precision of the data should
be accessible after a HERA upgrade. The best “discovery
potential” seems to come from future Tevatron runnings,
where significant deviations from the standard model pre-
dictions are still allowed. For the Drell-Yan lepton pair
production cross section, deviations at M;; = 500 GeV up
to a factor of 5 are still not excluded.

However, all experiments should continue to analyse
their data in terms of possible new electron—quark inter-
actions, as constraints resulting from different experiments
are, to a large extent, complementary.
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Fig. 12. The 68% and 95% CL contours for the possible devi-
ation from the standard model predictions, for different com-
binations of measurements. Considered are: the e™p and e p
NC DIS cross section at HERA, at Q? = 30,000 GeV?, the to-
tal eTe™ — ¢@ cross section at s'/2 = 400 GeV and Drell-Yan
lepton pair production cross section at the Tevatron, at My
= 500 GeV, as indicated on the plot. The limits are calculated
using the general contact interaction model
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A Interpretation of the probability function

In this appendix a simple “toy model” is used to demon-
strate that the probability function, as introduced in
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Fig. 13. The 68% and 95% CL contours for the possible devi-
ation from the standard model predictions, for different combi-
nations of measurements. Considered are: the e™p and e p NC
DIS cross section at HERA, at Q% = 30,000 GeV?, the total
eTe™ — ¢q cross section at s*/? = 400GeV and the Drell-
Yan lepton pair production cross section at the Tevatron, at
My = 500 GeV, as indicated on the plot. The limits are calcu-
lated using the SU(2) contact interaction model with family
universality

Sect. 4, should not be treated as the probability distri-
bution for 7.

Let us consider a model with /N independent couplings.
Assume that all data considered in the analysis are in
perfect agreement with the standard model and that the
resulting probability function is

1 n?
- exp |-
(vV2ma)N P22 )

where 72 = 1? + - - + 7%, and the distribution width o is
taken to be the same for all couplings. The standard model
gives the best description of the data, corresponding to the
maximum value of P(n).

Consider the cross section deviation from the standard
model prediction, which is of the form

P(n) =

r) = 2 — (14 2).
OSM
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If P(n) is taken as a probability distribution, then the
probability distribution for r should be calculated from
(18). After integrating over the coupling space we obtain

(r—1)%" r—1
—————exp | — .
2N () TP\ 202

The shape of P(r) corresponds to that of the x? distri-
bution for N degrees of freedom. For N < 2, P(r) has a
maximum for r = 1, i.e. for the standard model expec-
tation. However, for models with N > 3 parameters, the
maximum of P(r) is shifted towards r > 1 and the prob-
ability of the standard model solution P(r = 1) = 0. This
result is incompatible with our initial assumption that all
data are in perfect agreement with the standard model.
The above calculation, based on the formula (18), is
not correct because it assumes that P(n) is the probabil-
ity distribution for 7. We can treat P(n) as the probability
distribution only if we assume that 1 has a flat prior distri-
bution. This assumption justifies the limit setting proce-
dure described in Sect. 4.6 (see (22)). However, it does not
justify the variable transformation from 7 to r (resulting
from (18)), as the prior distribution for the new variable
does not need to be flat. Instead, one should try to define
P(r) in the same way as P(n), i.e. as the probability that
our data come from the model predicting deviation r. This
approach results in (19). For our toy model the probability
of observing deviations from the standard model predic-

tions is
P(r) = exp (—(r —~ 1)) :

P(r) =

202

where the normalisation condition (20) has been imposed.
The result does not depend on the number of free model
parameters and the most probable model is the one pre-
dicting no deviation from the standard model (taking into
account that r > 1).
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