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ABSTRACT

Until the end of 1997, the H1 and ZEUS experiments at the HERA col-
lider at DESY both have collected an integrated luminosity of roughly
40 pb~! of et p collisions. These data allow high—precision studies of deep—
inelastic scattering of positrons on protons at large four-momentum trans-
fer. Measurements of the differential cross-sections do/dQ* and do/dx
are reported and compared to predictions derived from measurements per-
formed in fixed-target experiments at lower energies, extrapolated to the
HERA kinematic regime using Standard Model calculations. In general,
the HERA results agree well with the predictions. An excess of events
at highest % in the 1994-1996 data, which was reported by both exper-
iments, has not been corroborated by the new data but is still present
in the combined data samples. Searches for signatures of production of
positron—quark resonances or (eeqq) contact interactions have found no
evidence for physics processes beyond the Standard Model, and new limits
on the parameters of these scenarios are set.

© 1998 by Ulrich F. Katz.



1 Introduction

The electron®-proton accelerator HERA at DESY in Hamburg, Germany, is pro-
viding ep collisions to the experiments H1! and ZEUS? since 1992. Between mid-—
1994 and the end of 1997 HERA has been operated with positrons (e*) at an
energy of E, = 27.5GeV and protons (p) of E, = 820 GeV, yielding a center—of—
mass energy of /s = 300GeV. In this time, ZEUS and H1 have collected etp
data samples corresponding to integrated luminosities of 46.6 pb~! and 37.0pb~!,
respectively. The analyses reported in this paper are based on these data, and are

hence sensitive to processes with cross—sections as low as about 50 fb.

In the Standard Model (SM), deep—inelastic lepton—proton scattering proceeds
to leading order via the two diagrams shown in Fig. 1, i.e. by the t—channel
exchange of a v or Z boson (neutral current, NC) or of a W boson (charged
current, CC). Reaction products are the scattered lepton and a multi-particle
hadronic system which evolves by fragmentation from the partonic final state and

reflects its configuration in terms of energy flow and jet topology.

p remnant p remnant

Figure 1: Leading order Feynman graphs for deep-inelastic ep scattering (a) for
NC and (b) for CC reactions. Note that scattering on antiquarks, produced in the
proton by virtual processes, is also possible.

For both reaction types, the relevant kinematic variables are given by

Q@ = —¢*=-(k-k) 1)
z = Q/(2¢-P) (2)
y = (¢-P)/(k-P), ®3)

® Here and in the following, the term electron will denote both electrons and positrons, unless

explicitly stated otherwise.
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Figure 2: Regions in the HERA kinematic (z, Q%)-plane covered by structure
Sfunction and cross-section measurements of ZEUS and H1 and of the fized—target
experiments with charged lepton beams (BCDMS, NMC, E665, SLAC) and with
neutrino beams (CCFR).

where k, k' and P are the four-momenta of the initial and the final-state lepton®
and of the incoming proton, respectively (see Fig. 1). ? measures the virtuality
of the gauge boson and reaches values of above 10* GeV?* at HERA, corresponding
to a spatial resolution of O(107'®cm) with which structures in the proton can
be resolved. The Bjorken scaling variable z indicates the fraction of the proton
momentum carried by the struck quark, and y is related to the eq center—of-mass
scattering angle 8* by y = (1 — cos6*)/2 (where #* = 0 for forward scattering).
For k., = 0, these variables are related by Q? = z -y - s. The invariant mass of the

electron—quark system is given by M = \/xs.

The kinematic regime covered by the HERA and the fixed—-target experiments is
indicated in Fig. 2. This report will focus on Q? values exceeding a few 100 GeV?2,

b If a photon with four-momentum k, is radiated off the initial or final-state lepton, ¢ has to
be replaced by ¢ = k — ¥’ — k., in egs. (1-3).



and in particular on the region of highest @? indicated by the cross—hatched re-
gion, where the differential cross—sections are small and where detailed studies
only have become possible with the high-statistics data collected in 1996 and
1997. The high—Q? event topologies are shown in Fig. 3. Note that for Q2 above
O(1000 GeV?) the scattered electron is deflected under large angles w.r.t. its orig-

inal direction and has energies up to several 100 GeV.
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Figure 3: Event topologies for different values of x and y, in the absence of
QED radiation (i.e. k., =0). Each event pictogram shows the directions in which
lepton (upper arrow) and quark (lower arrow) are emitted in reactions with x and
y being given by the position of the central dot. Quasi-free, massless quarks have
been assumed for relating x and y with the scattering angles. The numbers next
to the arrows represent the electron and quark energies in GeV. The dashed lines
indicate constant values of Q* (in GeV?).

Particular interest in DIS at highest Q? was stimulated when both the ZEUS® and
the H14 collaborations reported an excess of NC events over the SM expectation
at Q@ = 2-10% GeV? in their 1994-1996 data. Figure 4 shows the NC cross—section
as a function of a lower cutoff in Q? as measured by ZEUS and H1 using the data
taken until mid-1997. Several scenarios beyond the SM have been suggested to
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account for this high-Q? excess. The main objective of this report is to summa-
rize the latest developments of cross—section measurements and searches for new
physics in the high-Q? e*p DIS data taken at HERA.
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Figure 4: NC cross sections for Q% > Q2% with Q2 > 5000 GeV2. Shown are
the combined ZEUS and H1 results (squares) and the corresponding one-sigma er-
ror band (shaded region). Note that the triangles in the domain Q® > 35000 GeV?
are the ZEUS cross—sections and contain no averaging with the zero events ob-
served by H1 in this region.

After a short synopsis of experimental issues (section 2), we summarize some es-
sential formulae describing the DIS cross-sections in the SM (section 3), review
new NC and CC cross—section measurements at high Q? reported recently by
ZEUS3® and H17 (section 4) and finally report on searches for resonance produc-
tion®® and contact interactions'®!! in the high-Q? DIS data (section 5). A short
summary and outlook concludes this report (section 6). A review of QCD analyses
based on the HERA data which also refers to the high-Q? cross—sections can be

found in a separate contribution to these proceedings.'?



2 Experimental Issues

The calorimeters are the principal components for both the ZEUS and the H1
high-Q? analyses. ZEUS uses a compensating uranium-scintillator sandwich
calorimeter with energy resolutions of AE/E = 18%/+/E [GeV] for electrons and
AE/E = 35%/+/E [GeV] for hadrons (under test beam conditions). H1 employs
a liquid—argon (LAr) calorimeter covering the central and forward® region, and
a lead scintillating-fiber calorimeter in the rear direction. The LAr resolutions
(relevant for high-Q? analyses) are AE/E = 12%//E [GeV] for electrons and
AE/E = 50%/ \/EW for hadrons. The absolute energy scales are known to
a precision of about 1.5% (electrons) and 3 — 4% (hadrons) in both experiments.

Momenta of charged particles and event vertices are reconstructed using the cen-
tral tracking devices which are complemented by forward and rear planar chambers
and operate in a longitudinal magnetic field (1.43 T in ZEUS, 1.15T in H1).

In both experiments the luminosity is measured to a precision of about 1.5% using
external electromagnetic calorimeters placed down—stream in e-beam direction
which are designed to measure the rates of electrons and photons from Bethe-

Heitler processes (ep — epy).

A schematic overview over the general detector layout of both experiments, to-

gether with typical high-Q? event signatures, is shown in Fig. 5.

The trigger decision for NC candidates is based mainly on energies deposited in
the calorimeter, specifically on the electromagnetic energy and on various energy
sums like the total transverse energy (FE;). For CC events the net transverse

momentum constitutes the main signature.

In the offline event reconstruction an algorithm is applied to identify scattered elec-
trons using the topology of their calorimeter signal and the tracking information.
NC events are identified mainly by the presence of an isolated electron candidate
with energy above typically 10 GeV, and by longitudinal energy—momentum con-
tainment. The kinematic variables for NC candidate events are calculated either
from the scattering angle of the electron and an overall hadronic angle (double-
angle method, ZEUS), or from a combination of energy and angle of the scattered

< Both experiments define their Z axis parallel to the proton beam direction, with the nominal
interaction point being the coordinate system origin. The polar angle, 8, and the forward and
rear directions are defined w.r.t. the Z axis. The pseudorapidity is given by = — Intan(6/2).
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Figure 5: Event displays of high-Q* e*p reactions: A NC event in the HI de-
tector (top) and a CC event in ZEUS (bottom). The left parts of both pictures
show vertical cuts through the detectors along the beam direction, with the positron
entering from the left and the proton from the right. The tracks reconstructed from
the hits in the inner tracking chambers and the energy deposits in the surrounding
calorimeters are indicated. The two smaller displays at the right show trans-
verse cuts through the central detectors and the flow of transverse energy in the
pseudorapidity-azimuth plane, respectively. The reconstructed kinematic variables
of each event are indicated on top of the displays.



electron and hadronic variables (eX-method, H1). The resolutions of z, ¥ and Q>
for NC events are typically of O(5%) and generally better than 10%.

CC events are selected by requiring a net transverse momentum above a threshold
and the absence of a scattered electron. The kinematic variables have to be
determined from hadronic measurements only, resulting in resolutions of about

15% — 25% except at very high y, where they are worse.

3 DIS in the Standard Model

In the naive quark-parton model (QPM), etp DIS proceeds via lepton—quark
scattering according to the Feynman graphs shown in Fig. 1, where the quark is
assumed to be quasi—free, massless, and collinear with the incoming proton. In
this picture the DIS cross—section is given by the e‘q’ matrix elements (which are
fully calculable within the SM) and the probability densities ¢(z) (G(z)) to find a
quark ¢ (antiquark g) of a given flavor in the proton which carries a fraction z of
its momentum. The effects of the strong interaction can be taken into account by
applying the QCD-based DGLAP evolution prescription!® to the parton density
functions (PDF’s) which thereby acquire an effective Q? dependence.

The NC cross-section incorporating leading—order QCD corrections is given by

&2 etp et X I
~zag @9 = G [+ - AR - 0-0) Be] @
Fo2,Q) = Y AQ)[u(z, @) + i Q) (5)
q=d,u,8,c,b
Fe,@) = Y By@)-lalz, Q) —alx, Q)] (6)
g=d,u,s,c,b
44(Q) = 5 [V + (V) + (AT + (A1) ")
B(Q) = [(VH(4]) - (ViH(AD)] (8)
with
ViR =Qq— (Ve T a0)v, Pz
AqL,R = —(veta.)a, Py
_ I3 - 2sin’ 0y, Qy _ I (9)
YT Toen Oy cosBy 4= 2 sin By, cos O,y
QZ
PZ = m .
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In eq. (9), the plus sign applies to the left-handed coefficients (index L), vy and
ay are the SM vector and axial-vector coupling constants of a fermion f, @y and
I} denote its charge and third component of the weak isospin, and M and 6,, are
the Z mass and the Weinberg angle. The top quark contribution to the NC ep

cross—section is completely suppressed at HERA energies.

For CC scattering, the corresponding cross—section is

d2 etps VX 2
Zz ZQZ B 8sin7‘z(;w Q4 [(1 +Hl-w)) FEF (-0 v)’) ffei] (10)
CC _ Q2 : 2 =
= (otig) [SeweZwe] o
7 = (ghm) [T eea+ Y a6 e (12
2,3 Q? +M3V = ) = y

with My being the W mass. Note that electrons and positrons couple to quarks
and antiquarks of different flavor, as required by charge conservation: Q. + Q, =
Qy. Quark mass effects are neglected in egs. (11) and (12). The tiny contributions

of bottom and top quarks to the cross—section are ignored.

In order to evaluate the above cross—sections, two sets of ingredients are needed:
the electroweak parameters like sin? 8,,, Mz etc., which are known to high precision
from the ete™ experiments at LEP and SLAC, and the PDF’s. The latter have
been parameterized by several theory groups (see e.g. ref. 14-16) using fits to the
relevant data (mainly measurements of DIS structure functions and cross-sections)
in which the next-to-leading order QCD evolution is imposed. A typical set of
PDEF’s is shown in Fig. 6. It becomes obvious that at « 2 0.1 the valence quark
distributions (i.e. ¢, = ¢ — §) are dominant, and also that the d/u ratio falls far

below the naive expectation of 0.5 at high z.

From eqs. (4-9) it can be seen that at Q? < M2, the NC cross-section is dom-
inated by the photon exchange, and the five “light” quark flavors contribute in
proportion to their charge squares. In particular, u and d enter in the com-
bination 4u + d. For higher @2, this relation becomes y-dependent, but the u
contribution remains to be the largest one. For CC scattering, (see egs. (4-12))
e*(e”) beams “see” d-type quarks and u-type antiquarks (u-type quarks and
d-type antiquarks). In particular, e*p CC scattering at high z is dominated by
the d distribution. For @* > MZ, M% the contributions of Z and W exchange
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Figure 6: PDF’s for Q> = 10 GeV?* (left) and for Q* = 10* GeV? (right). The
larger of the two valence distributions represents u,, the differences between the
dotted and the solid lines indicate the v and d sea quark distributions.
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Figure 7: Reduced etp cross—sections for NC scattering from the PDF fit by
M.Botje (ZEUS). The error bands indicate the overall cross—section uncertainties
resulting from propageting the errors on the input data and on ay through the fit
procedure.
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to the DIS cross—sections become of similar magnitude as that of the photon ex-
change. The HERA experiments are the first having the possibility to observe

this manifestation of electroweak unification in the space-like regime.

The uncertainties of the cross—sections calculated from egs. (4) and (10} (or rather
from their equivalents incorporating the next-to—leading order QCD corrections
and the full one-loop electroweak corrections) are dominated by the PDF’s, more
specifically by the experimental errors of the input data to the PDF fits, and by
theoretical uncertainties related to higher-order corrections, to the treatment of
the heavy quark PDF’s, and to the value of a;,. In order to obtain a realistic PDF
error estimate, M.Botje from the ZEUS collaboration has performed a QCD fit!”
to the relevant fixed—target data and propagated the sources of uncertainties into

errors on the reduced NC cross-section,

cetpretx o z@Q* d?oNe
57 (z,Q%) = 2ra?(1+ (1 — 9)?) dz dQ? (13)

(see Fig. 7). The resulting overall cross—section uncertainty amounts to about
+7% at high z and Q?. A similar study for etp CC reactions yielded larger
uncertainties which rapidly grow with @2 and exceed 20% for @2 2> 2 - 10* GeV?
orz 2 0.5.

4 Cross—Section Measurements

Both ZEUS*® and H17 reported new preliminary cross-section measurements for
high-Q? NC and CC DIS at the ICHEP98 conference in Vancouver. These anal-
yses are based on the full etp data sets collected until end of 1997 (integrated
luminosities of 46.6 pb~! for ZEUS and 37.0pb~! for H1), and include substan-
tial improvements of data statistics, detector calibration, analysis methods, and

Monte Carlo simulation as compared to the status of summer 1997.!8



NC Cross—Sections:

For the NC analyses, ZEUS considers reactions with Q? > 400 GeV? and y, < 0.95
(ye being the value of y as reconstructed from the measured momentum of the
scattered electron). H1 applies the cuts Q2 > 200 GeV? and y, < 0.9. The final
event samples consist of 38000 events (ZEUS) and 75000 events (H1).

On the next pages, the latest HERA NC e*p cross-section measurements are pre-
sented: do/dQ? from ZEUS (Fig. 8) and H1 (Fig. 9), do/dz from ZEUS (Fig. 10)
and the reduced cross-section &(z,Q?) from H1 (Fig. 11). The cross—sections
are radiatively corrected to the Born-level. The systematic errors are added
in quadrature to the statistical ones and are mainly caused by uncertainties of
the energy scale calibration?, the detector simulation, the trigger and vertex-
reconstruction efficiencies, and the luminosity measurement. None of these sources
is dominant, and the combined systematic uncertainties amount to a few percent.
For % > 1000 GeV?, the precision of the analyses is statistics—limited.

In general, very good agreement is observed between measured and expected
cross-sections. Possible exceptions are the region Q? > 20000 GeV?2, where both
ZEUS and H1 observe a higher cross—section than expected (see Figs. 8 and 9),
and the z-interval around z = 0.45, where the reduced cross-section of H1
(Fig. 11) is above the expectation®. No anomaly around z = 0.45 is apparent
in the ZEUS data of Fig. 10. Clearly, these observations are related to the high—
Q® excess reported in refs. 3 and 4. Without further discussion, we quote the
relevant event numbers: for Q% > 35000 GeV?2, ZEUS observes 2 events and ex-
pects 0.29 4 0.02 (was 2 events vs. 0.15 £ 0.01 expected in 1994-96 data). For
|M —200GeV| < 12.5 GeV (corresponding to 0.39 < z < 0.50), H1 now observes 8
events and expects 3.0+ 0.5 (was 7 events vs. 0.95+0.18 expected in the 1994-96
data).

CC Cross—Sections:

For the measurements of the CC cross—sections ZEUS uses the event sample with
p; > 10 GeV (p, being the net transverse momentum of the event), @ > 400 GeV

d This affects H1 more than ZEUS who use the energy—scale independent double—angle method,

which in turn suffers from systematic effects related to the hadronic measurements.
© Note that the statistical errors in the cross—section plots are calculated from the numbers of

observed events and are therefore not suited to assess the significance of a possible excess,

which has to be evaluated using confidence intervals based on the numbers of expected events.
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Figure 8: In the top plot, the points with error bars indicate the ZEUS results
for the radiatively corrected differéntial NC e*p cross-section do/dQ?. The line
1s the theoretical prediction, calculated by integrating eq. (4) over z. The bottom
plot shows the ratio of measured to expected cross—sections, with the shaded band
indicating the PDF uncertainty (see Fig. 7).
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bars are the ezperimental results, the lines show the theoretical predictions. The
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and y < 0.9 (altogether 869 events). HI1 requires p, > 12GeV, z > 0.01 and
y < 0.9 (656 events). For both experiments, the systematic uncertainty of the

cross—section measurement is dominated by the hadronic energy scale uncertainty.

On the following pages, the differential cross-sections do/d@? from H1 (Fig. 12)
and ZEUS (Fig. 13) as well as do/dz (Fig. 14) and do/dy (Fig. 15) from ZEUS are
shown. Again, there seems to be a weak indication for an excess of measured over
expected cross-sections at highest Q? (see Figs. 12 and 13) and highest z (Fig. 14).
Figure 15 may indicate that this excess is related to a y—behavior which is slightly
softer than expected. Indeed one may speculate whether these (admittedly not
very significant) observations hint to an underestimation of the d distribution at
large z, which could both explain the tendencies in the experimental data and be

in accordance with recent phenomenological and theoretical work.?%:2!

The Q? dependence of the CC cross—section is proportional to the square of the W
propagator (see eq. (10)) and can hence be used to infer the W mass. Although
the resulting precision is inferior to that of the Tevatron and LEP results, it
constitutes an important check of the SM consistency in the regime of highly
virtual, space-like W propagators. The values obtained by H1 (My = 81.2 +
3.3 (stat.) £ 4.3 (syst.) GeV) and by ZEUS (My = 78.6723 (stat.)T3:3 (syst.) GeV)
are in perfect agreement with the current world average.

Comparison of NC and CC Cross—Sections:

A comparison of do/d@Q? for NC and CC e*p reactions as measured by both
experiments is shown in Fig. 16. Note that the ZEUS and the H1 results agree well
over the full cross-section range of more than five decades. For Q2 2 10000 GeV?,
the NC and the CC differential cross—sections are indeed similar in magnitude and

@*-slope, indicating the restoration of full electroweak symmetry at this scale.

5 Scenarios Beyond the Standard Model

In this section, we will constrain ourselves to hypothesized processes beyond the
SM producing event signatures which are indistinguishable from NC scattering
on the event-by-event basis, and which have matrix elements which in fact inter-
fere with the SM ones. There are two such scenarios which have been tested by

both collaborations: contact interactions and the on-shell production of a heavy
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indicating the PDF uncertainty.
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the theoretical prediction, calculated by integrating eq. (10) over Q*. The bottom
plot shows the ratio of measured to expected cross—sections, with the shaded band
indicating the PDF uncertainty.
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Figure 15: In the top plot, the points with error bars indicate the ZEUS results
for the radiatively corrected differential CC e¥p cross—section do/dy. The line is
the theoretical prediction. The bottom plot shows the ratio of measured to expected
cross—sections, with the shaded band indicating the PDF uncertainty.



e*p resonance. We will not consider searches for pair production of supersym-
metric MSSM particles, for excited fermions, or for new physics inducing CC-like

reactions or final states with muons having high transverse momentum.

Search for Contact Interactions:

A wide class of hypothesized new interactions at characteristic mass scales in the
TeV range would modify the differential HERA DIS cross-sections in a way which
can be parameterized by effective four—fermion contact interactions (CI) coupling
electrons to quarks (eeqq), in much the same way as four—fermion interactions

were once used to describe weak interactions.
The Lagrangian for a (eeqq) CI is given by
L= Loyt ;(é [ ni(erer)(Grar) + n%(érer)(Grgr) + h.c. scalar
+ i Ery*er)(@rvugr) + nir(ELy*er)(@rVuar)
+ ke (ErY*er) (@ Vuar) + M1 r(ERY*€R)(GRYMGR) Vector (14)
+ n7(€Lo* er)(r0wer) + hec. ] , tensor

where g is the coupling, A is the effective mass scale, the n! determine the relative
size and sign of the individual terms, and the indices L, R denote the helicity of

HERA e*p DIS cross section 94 — 97

Preliminary

Figure 16: Comparison
of the NC and CC

{ cross—sections do /dQ? for
y < 0.9. The circles
neutral current 1 indicate the ZEUS
measurements, the squares
those of HI, the lines
represent the theoretical
predictions. All
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Table 1: CI scenarios studied by ZEUS and H1. Each line describes two different
7 patterns, corresponding to an overall sign +1 or —1.

the respective fermions. ZEUS and H1 only consider the vector terms because
strong limits beyond the HERA sensitivity have already been placed on the scalar
and on the tensor terms.?? Since g and A always enter in the combination g?/A2,
we use the convention g2 = 4 to relate CI strengths to the corresponding effective
mass scales. Furthermore, each of the ngﬂ (o, 8 = L, R) is assumed to be either
zero or £1, and to be flavor-symmetric (i.e. n = 7° = 7® and n* = n° = pt).

Different patterns of the TIZg define different CI scenarios, corresponding to dis-
tinct physics models. The CI scenarios considered in the HERA analyses are
summarized in Tab. 1. Except for the purely chiral terms, all scenarios obey

23-25 5

ni, + 18— % —n%r = 0 in order to avoid strong CI limits?**% implied by recent

measurements of parity—violating transition amplitudes in cesium atoms.?

The cross-section modification in presence of CI affects mainly do/dQ?, which
acquires two extra terms: one proportional to +@?/A? (from the SM-CI inter-
ference), and one proportional to +@*/A* (pure CI). In order to search for such
signatures, ZEUS'Y used log-likelihood techniques based on the comparison of
the measured @* and (z,y) distributions to the corresponding Monte Carlo (MC)

simulations, in which CI's were taken into account by reweighting the events. No



95% C.L. lower limits on A [TeV]

Type ZEUS,H1 CDF OPAL,ALEPH,L3 APV (u/d)

ref. 10 | ref. 11 | ref. 27 | ref. 28 | ref. 29 | ref. 30 ref. 24
VV+ 4.9 4.5 3.5 4.1 6.7 3.2 —
VvV-— 4.6 2.5 5.2 5.7 7.4 3.9 —
AA+ 2.0 2.0 3.8 6.3 7.4 4.3 —
AA—~ 4.0 3.8 4.8 3.8 8.2 2.9 —
VA+ 2.8 2.6 — — .- — =
VA~ 2.8 2.8 — — — — -
X1+ 1.8 — — — — — —
X1- 3.0 — - — — — —
X2+ 3.9 — — — — — —
X2- 1.9 — — — — — —
X3+ 2.8 — — 4.4 6.9 3.2 —
X3- 1.5 — — 3.8 7.9 2.8 —
X4+ 4.5 — — 3.1 2.9 2.4 —
X4— 4.1 — — 5.5 4.5 3.7 —
X5+ 3.8 — — — — — —
X5— 3.0 — — e — — —
X6+ 3.0 — — — — — —
X6— 1.9 — — — — — —
Ul+ 2.9 - — — — — -
Ul- 1.6 — — — — — —
U4+ 4.4 — 2.3 — e 1.8 —
U4— 4.6 — 3.2 — - 2.2 —
Ubs+ 3.6 — — — — — —
Us— 4.2 — — — — — —
LL+ — 2.4 2.5 4.4 5.6 3.0 7.4/7.9
LL- — 1.2 3.7 2.8 6.4 2.1 11.7/12.3
LR+ — 3.0 2.8 3.3 3.0 2.4 7.4/7.9
LR— — 1.5 3.3 3.6 3.2 2.6 11.7/12.3
RL+ — 3.0 2.9 2.5 2.3 2.0 11.7/12.3
RL- — 1.6 3.2 4.9 4.0 3.2 7.4/7.9
RR+ —_ 2.4 2.6 3.0 4.1 2.3 11.7/12.3
RR— — 1.2 3.6 3.9 4.5 2.7 7.9/74

Table 2: Lower limits on A at 95% C.L. from the HERA experiments, compared
to corresponding limits reported recently by CDF and by the LEP experiments, and
to limits derived from measurements of parity-violating atomic transitions. The
ZEUS, H1 and ALEPH results are preliminary.

-405-

significant indications for CI's were found. One-sided 95% C.L. lower limits on A
‘were set using MC techniques. H1 performed a y*-fit of the predicted to the mea-
sured do/dQ? and inferred two-sided 95% C.L. limits from the resulting changes
in x? with respect to the fit to the SM, which describes the data well.

In Tab. 2, the A limits are summarized and compared to corresponding results
recently reported by CDF% (gqg — e*e™) and the LEP experiments®* % (ete~ —
qq), and to the limits derived from the atomic parity violation results (see ref. 24
and references therein). All LEP and CDF limits except those for for the U4
scenario assume flavor-symmetry. The HERA and the other experiments are all
sensitive to CI at mass scales of a few TeV. Limits for the X1, X2, X5, X6, Ul
and U5 scenarios are derived only by ZEUS. The relative sensitivity to different
CI scenarios depends on the SM—CI interference sign which is opposite for e*p
and for ete™ and pp reactions. Where available, the CERN limits mostly exceed
those of HERA and CDF. However, this conclusion depends on the assumption of
flavor-symmetric CI; CI coupling e.g. only to the first—generation quarks would
give almost the same results for ep or pp scattering but significantly different limits
in the case of LEP.

Search for e'p resonance production:

The HERA kinematic range allows to access eq reactions at a center—of-mass
energy of 200 GeV and beyond, where new particles coupling to electrons and
quarks (leptoquarks, LQ) might be resonantly produced. If the LQ decayed back
to eg, the events would be NC-like. The experimental signature would be a peak
in M = /zs and a y distribution which is either flat (scalar LQ) or proportional
to (1 — y)? (vector LQ). The LQ cross—section depends on the LQ-e—q coupling
(A), on the LQ mass (MLq), and on the branching ratio of the decay LQ— eg (8).

Generally, two types of LQ’s are distinguished: (i) the “classical” LQ’s®! which
only couple to eq or v¢' and have 8 = 0,0.5 or 1; (ii) squarks in Rp-violating
extensions of Supersymmetry, which have additional Rp—conserving decay modes
and therefore can have § < 1 (for details see e.g. ref. 32). The type—(ii) LQ’s avoid
the mass limits of the D@ collaboration at the Tevatron who have searched for
LQ pair production and exclude at 95% C.L. scalar® /vector® LQ’s with Mpq <



225/298 GeV (Mpq < 204/270GeV) for B =1 (8 =0.5).F

Both ZEUS® and H1%% have reported searches for LQ signals. Figure 17 shows
the M—distribution of H1, for two different cuts in y.. The excess of events around
z = 0.45 seen in Fig. 11 is again evident at M = 200 GeV. From the comparison
of the measured and expected M distributions, H1 sets limits on 3 as a function
of Myq for fixed values of X\. As can be seen from Fig. 18, the HERA experiments
still have a discovery window for a LQ with 8 < 0.3 and Myq 2 200 GeV.

The M distribution as measured by ZEUS® is shown in Fig. 19. Again, some
excess around M = 220 GeV is visible. However, the kinematic properties of the
events in this region do not exhibit significant indications for LQ production, and
ZEUS hence sets limits on the corresponding cross—section o(etp — LQ). The
95% C.L. limit on 3 - o(e*p — LQ) resulting from a comparison of the measured
and the predicted M distributions is displayed in Fig. 20.

6 Conclusion and Outlook

The HERA experiments ZEUS and H1 have both collected a total of approxi-
mately 40 pb~! of e*p collision data in the years 1994-1997. These data allow for
the first time to study deep-inelastic scattering in the region of high Q? above
several 100 GeV with good statistical precision.

Particular interest in ep scattering at Q> > 15000 GeV? was stimulated in early
1997, when both experiments reported an excess of events in their 1994-1996
data samples above the expectations in this kinematic regime. Meanwhile the
data samples have about doubled, and careful measurements of the high-Q? dif-
ferential cross—sections, both for NC and for CC reactions are available. Very good
agreement between measured and expected cross-sections is generally observed,
with the possible exception of the highest z and Q2 intervals, where the data are
above the prediction. The data allow for the first time to observe the restoration
of full electroweak symmetry at a scale of Q? ~ MZ,, M3.

It has been hypothesized in a series of papers that the excess at high @2 may be a
first glimpse at new physics beyond the Standard Model. Dedicated searches for

f A recent combined analysis®® of the CDF and D@ data yields a mass limit of Mpq > 242 GeV
for scalar LQ’s with 8 = 1.
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Figure 17: Distributions
of M from HI for two
different cuts on y, (error
bars). The dashed (solid)
histograms represent the
ezpected distributions for
Ye > 0.1 (Ye > Yeus, where
Yeut 18 @ function of M ).

Figure 18: Limits on LQ
production from H1, for
LQ’s coupling to e*d (top)
and to e*u (bottom). For
different assumptions on
the coupling A, the shaded
regions indicate as a
function of Myq the values
of the branching ratio §
which are excluded at 95%
C.L. The D@ ezclusion
limits are marked by the
hatched area.



Events/10GeV

ot
>
%Y

T T

[y
>
w

ZEUS 1994-97 Preliminary

B

10 ¢
1 E
10 L AR MR e
75 100 125 150 175 200 225 250 275 300
M,(GeV)
ZEUS 1994-97 Preliminary
= 72 L A I I B L L B
=3
N’
o
-t
o]
m 1 -
0.9
0.8
0.7
0.6 ]
0.5 (-t
04
03t N e :
o2t i T
— vector leptoquark
bl scalar leptoquark
8:82‘\‘4‘|..‘J_.“|‘.|A P
160 180 200 220 240 260 280
MLQ(GeV)

Figure 19: Distribution
of M measured by ZEUS
(points with error bars).
The histogram represents
the expected distribution.
The insert plot shows the
same distributions with a
linear vertical scale.

Figure 20: 95% C.L.
limits on the product of LQ
production cross—section
and 8 (here denoted B)
reported by ZEUS. The
solid (dashed) histogram
indicate the borders of the
ezcluded regions for vector
(scalar) LQ’s as function
Of MLQ.

-407-~

signatures of different such scenarios have been performed. No evidence for new
processes has been found, and new limits on contact interactions and positron-
quark resonance production are reported. It remains to be studied with increased
data statistics whether the observed excess is a statistical fluctuation or a sign of

something new.

Currently HERA is operated with electrons (e™), and these data together with
the existing eTp sets will allow a detailed study of high—()? structure functions
and parton distributions and will help to reduce the uncertainties of the theoret-
ical cross-section predictions. In a shutdown of about nine months in 1999/2000,
HERA will be upgraded to deliver significantly higher luminosity and also lon-
From 2001 onwards, the e
polarization and the expected integrated luminosities of more than 100 pb~! per

gitudinally polarized e beams to the experiments.

experiment and year will allow to study the region of highest (* with yet much
higher precision and with an additional degree of freedom. We await with excite-
ment the measurements and possible discoveries which will be made possible by
these data.
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