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ABSTRACT 

Until the end of 1997, the HI and ZEUS experiments at the HERA col- 
lider at DESY both have collected an integrated luminosity of roughly 
40 pb-’ of e+p collisions. These data allow highhprecision studies of deep 
inelastic scattering of positrons on protons at large four-momentum trans- 
fer. Measurements of the differential cross-sections dcr/dQ’ and da/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 Q2 in the 199441996 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. 
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and in particular on the region of highest Q2 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-Q2 event topologies are shown in Fig. 3. Note that for Q2 above 
0(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. $, = 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 Q2 (in GeV2). 

Particular interest in DIS at highest Q2 was stimulated when both the ZEUS3 and 
the H14 collaborations reported an excess of NC events over the SM expectation 
at Q2 2 2.104 GeV’ in their 1994-1996 data. Figure 4 shows the NC cross-section 
as a function of a lower cutoff in Q2 as measured by ZEUS and Hl using the data 
taken until mid&1997. Several scenarios beyond the SM have been suggested to 

account for this high-Q2 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-Q2 e+p DIS data taken at HERA 
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Figure 4: NC cross sections for Q2 > Q&, with Q&, > 5000 GeV’. Shown are 
the combined ZEUS and Hl results (squares) and the corresponding one-sigma er- 
ror band (shaded region). Note that the triangles in the domain Q2 2 35000 GeV2 
are the ZEUS cross-sections and contain no averaging with the tero events ob- 
served by Hl 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 Q2 reported recently by 
ZEUS5,‘j and Hl’ (section 4) and finally report on searches for resonance produc- 
tion’,’ and contact interactions”J’ m the high-Q2 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-Q2 cross-sections can be 
found in a separate contribution to these proceedings.12 
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electron and hadronic variables (K-method, Hl). The resolutions of 5, y and Q* 
for NC events are typically of 0(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), e+p 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’?’ matrix elements (which are 
fully calculable within the SM) and the probability densities q(z) (Q(X)) to find a 
quark q (antiquark Q) 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 prescriptioni 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 

d2;T’;;2*x(x;Q*) = ?$ [ (1 + (1 - Y,“) &- ?= (1 - (1 - Y,“) 3r] (4) 

EYx> Q”) = c A,(Q*) [4x, Q”) + G(x, &*)I (5) 
q=d,u,s,c,b 

4-(x, Q2) = c Bq(Q’) . [4(x, Q*) - 4(x, Q2)] (6) 
q=d,u,s,c,b 

A&Q*) = ; [(V;)’ + (V,)2 + (A;)* + (A;)‘] (7) 

WQ*) = [W)(4) - P’3~Wl (8) 
with 

“J = 

I; - 2 sin’ %, Qf I; (9) 

2 sin Bw cos 8, ’ af = 2 sin 8, cos 8, 
2 

Pz = ~ 
Q2:A4; 

In eq. (9), the plus sign applies to the left-handed coefficients (index L), uf and 
CLJ are the SM vector and axial-vector coupling constants of a fermion f, QJ and 
I; denote its charge and third component of the weak isospin, and Mz and %, are 
the 2 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 

(12) 

with Mw being the W  mass. Note that electrons and positrons couple to quarks 
and antiquarks of different flavor, as required by charge conservation: Q, + Qq = 
Qq,. Quark mass effects are neglected in eqs. (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 sin2 %,, A4z etc., which are known to high precision 
from the e+e- 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 
PDF’s is shown in Fig. 6. It becomes obvious that at z 2 0.1 the valence quark 
distributions (i.e. qV = 4 - g) are dominant, and also that the d/u ratio falls far 
below the na’ive expectation of 0.5 at high 2. 

From eqs. (4-9) it can be seen that at Q* < Afi, 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 Q2, this relation becomes y-dependent, but the u 
contribution remains to be the largest one. For CC scattering, (see eqs. (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 Q2 2 M,?r,, Mi h t e contributions of Z and W  exchange 
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NC Cross-Sections: 

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

On the next pages, the latest HERA NC e+p crok-section measurements are pre- 
sented: da/dQ* from ZEUS (Fig. 8) and Hl (Fig. 9), da/de from ZEUS (Fig. 10) 
and the reduced cross-section s(z,Q’) from Hl (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 calibrationd, 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 Q* 2 1000 GeV*, the precision of the analyses is statisticsslimited. 

In general, very good agreement is observed between measured and expected 
cross-sections. Possible exceptions are the region Q* 2 20000GeV*, where both 
ZEUS and Hl observe a higher cross-section than expected (see Figs. 8 and 9), 
and the z-interval around x = 0.45, where the reduced cross-section of Hl 
(Fig. 11) is above the expectatione. No anomaly around z = 0.45 is apparent 
in the ZEUS data of Fig. 10. Clearly, these observations are related to the high- 
&* excess reported in refs. 3 and 4. Without further discussion, we quote the 
relevant event numbers: for Q* > 35000GeV*, ZEUS observes 2 events and ex- 
pects 0.29 f 0.02 (was 2 events vs. 0.15 f 0.01 expected in 1994-96 data). For 
IM - 200 GeVl < 12.5 GeV (corresponding to 0.39 < 5 < 0.50), Hl now observes 8 
events and expects 3.0 f 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 
pt > 10 GeV (pt being the net transverse momentum of the event), Q* > 400 GeV 

d This affects Hl more than ZEUS who use the energy-scale independent double-angle method, 
which in turn suffers from systematic effects related to the hadronic measurements. 

e Note that the statistical errors in the cross-section plots are calculated from the numbers of 
observed events and are therefore not suited to asess 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 differential NC e+p cross-section du/dQ*. The line 
is the theoretical prediction, calculated by integrating eq. (4) over x. 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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Figure 11: Radiatively corrected reduced NC e+p cross-section C-(x, Q”) as mea- 
sured by HI, as a function of Q2 for different jixed values of x (big dots with error 
bars). Also indicated are corresponding results of fixed-target experiments (small 
symbols). The lines indicate the theoretical predictions, derived (i) from the PDF 
set MRSH” (dashed), and (ii) from a &CD-fit performed by the Hl collaboration 
(solid). 

and y < 0.9 (altogether 869 events). Hl requires p, > 12GeV, x > 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 du/dQ* from Hl (Fig. 12) 
and ZEUS (Fig. 13) as well as du/dx (Fig. 14) and du/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 Q2 (see Figs. 12 and 13) and highest x (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 x, which could both explain the tendencies in the experimental data and be 
in accordance with recent phenomenological and theoretical work.20,21 

The Q2 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 Hl (Mw = 81.2 5 
3.3 (stat.) f4.3 (syst.) GeV) and by ZEUS (Mw = 78.6’;:: (stat.)‘::: (syst.) GeV) 
are in perfect agreement with the current world average. 

Comparison of NC and CC Cross-Sections: 

A comparison of du/dQ’ for NC and CC e+p reactions as measured by both 
experiments is shown in Fig. 16. Note that the ZEUS and the Hl 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 
Q2-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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Figure 14: In the top plot, the points with error bars indicate the ZEUS results 
for the radiatively corrected differential CC e+p cross-section dafdx. The line is 
the theoretical prediction, calculated by integrating eq. (10) over Q2. 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 dufdy. 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. 

-403- 



+ + 

h II h P + 



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

Type ZEUS,Hl CDF OPAL,ALEPH,LS 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 
vv- 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 - 
Xl- 3.0 - - ~ - - 
x2+ 3.9 - - - 
x2- 1.9 - 
x3+ 2.8 - 4.4 6.9 3.2 
x3- 1.5 ~ 3.8 7.7 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 - ~ - - ~ 
X6+ 3.0 - ~ - - - 

X6- 1.9 ~ 
Ulf 2.9 - - ~ - - 
Ul- 1.6 - 
U4f 4.4 - 2.3 - - 1.8 
u4- 4.6 - 3.2 - - 2.2 
U5f 3.6 ~ - _ - - 
u5- 4.2 - - ~ - - 

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

significant indications for CI’s were found. One-sided 95% C.L. lower limits on A 
were set using MC techniques. Hl performed a x2-fit of the predicted to the mea- 
sured da/dQ2 and inferred two-sided 95% C.L. limits from the resulting changes 
in x2 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 CDF27 (44 + e+e-) and the LEP experiments28-30 (e+e- --t 
qp), 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 Xl, X2, X5, X6, Ul 
and U5 scenarios are derived only by ZEUS. The relative sensitivity to different 
CI scenarios depends on the SMPCI interference sign which is opposite for e+p 

and for e+e- and pp reactions. Where available, the CERN limits mostly exceed 
those of HERA and CDF. However, this conclusion depends on the assumption of 
flavorrsymmetric 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+D resonance Droduction: 

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 ep, the events would be NC-like. The experimental signature would be a peak 
in A4 = ,,& 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 
(X), on the LQ mass (M~Q), and on the branching ratio of the decay LQ-+ eq (fl). 

Generally, two types of LQ’s are distinguished: (i) the “classical” LQ’s3i which 
only couple to eq or vq’ and have p = 0,0.5 or 1; (ii) squarks in Rp-violating 
extensions of Supersymmetry, which have additional RF-conserving decay modes 
and therefore can have p < 1 (for details see e.g. ref. 32). The typee(ii) LQ’s avoid 
the mass limits of the DO collaboration at the Tevatron who have searched for 
LQ pair production and exclude at 95% C.L. scalar33/vector34 LQ’s with Mns < 
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Figure 20: 95% C.L. 
limits on the product of LQ 
production cross-section 
and /3 (here denoted B) 
reported by ZEUS. The 
solid (dashed) histogram 
indicate the borders of the 
excluded regions for vector 
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Figure 19: Distribution 
of iM measured by ZEUS 
(points with error bars). 
The histogram represents 
the expected distribution. 
The insert plot shows the 
same distributions with a 
linear ve7-tical scale. 

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 e+p sets will allow a detailed study of high-Q2 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- 
gitudinally polarized e beams to the experiments. Prom 2001 onwards, the e 
polarization and the expected integrated luminosities of more than 100 pb-’ per 
experiment and year will allow to study the region of highest Q* 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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