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Some new salient features of deep-inelastic scattering at HERA
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Recent results on deep-inelastic scattering from the H1 and ZEUS collaborations are presented. These include

new measurements based on 1994 data together with preliminary results of 1995 data on the structure function

F2, the gluon density in the proton from analysis of scaling violation, the longitudinal structure function FL and

the structure function F c�c
2 . New data on inclusive measurements of di�ractive deep-inelastic events and extraction

of the debatable Pomeron structure function are also presented.

1. INTRODUCTION

In deep-inelastic lepton-nucleon scattering
(DIS) at HERA Q2, minus the squared 4-
momentum of the exchanged virtual photon, can
reach 90000 GeV2 and x, the fraction of proton
momentum carried by the struck quark can be as
low as 5 10�5 at Q2 values � 4 GeV2. The low
x and high Q2 regimes are new domains in which
to test QCD.
The large range of DIS data on inclusive and

�nal state distributions at HERA provides a very
rich source of information on perturbative QCD
and on the transition between perturbative and
non-perturbative QCD. In this review we only
concentrate on some new salient features. In the
second section we present the most recent results
on the structure function F2(x;Q

2) of the proton

together with the �rst determination of the lon-
gitudinal structure function FL(x;Q

2) and of F c�c
2

the charm contribution to the structure function
F2. The third section is devoted to the most re-
cent �ndings on the di�ractive DIS events, the
special class of events where the proton stays al-
most intact in the collision. We show how the new
data can be interpreted in terms of the debatable
structure function of the Pomeron.

2. STRUCTURE FUNCTION F2(x;Q
2)

The �rst determination [1,2] of the proton
structure function F2(x;Q

2) at HERA in 1992
has been based on a recorded luminosity of about
30 nb�1 and has revealed the striking feature

of a proton structure function rising as x de-
creases below 10�2, for Q2 values in the range
8 < Q2 < 60 GeV2.
The published 1994 data [3] from the H1 col-

laboration represents an increase of about a factor
100 in statistics at large Q2 together with an ex-
tension of the accessible kinematic range towards
Q2 = 1:5 GeV2 and x = 0:00005. The prelimi-
nary 1995 data [4] from the ZEUS collaboration
provide a �rst glimpse into the Q2 < 1 GeV2

region.
At very high Q2 � 5000 GeV2 the number of

recorded events is so far too meager to extract
structure functions of neutral or charge currents.
Data at high Q2 are however very sensitive to
new phenomena by comparing the measured dif-
ferential cross section d�=dQ2 with the expected
cross section from the standard model, the HERA
experiments have provided new limits on masses
and couplings of leptoquarks and on fermion com-
positeness scales [5].

2.1. Scaling violations

The results on F2(x;Q
2) from H1 1994 data

together with those of BCDMS [6], E665 [7] and
NMC [8] are shown in �g. 1 as a function of Q2

at �xed x values. It is striking that in a large
part of the kinematical domain at not too small
nor too large Q2 values, the systematics are at
present below 5 %. The H1 data agree well with
a smooth extrapolation from NMC and BCDMS
data. As in the �xed target domain, there are no
scaling violations at x � 0:1, but pronounced Q2
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scaling violations at low x, becoming steeper with
x decreasing towards x = 0:00005.
The H1 collaboration has made a common�t of

the 1994 data at Q2>5 GeV2 together with the
new NMC data and the BCDMS measurements.
The �t is based on Next-To-Leading order (NLO)
DGLAP evolution equations. It gives a very good
description of the data at Q2>5 GeV2 and evolv-
ing backwards down to Q2=1:5 GeV2 provides a
prediction which is also in good agreement with
the data (see �g. 1). The �t provides a determi-
nation of the gluon density with an accuracy a
factor of two better than the previous determi-
nations [9,10]. A steep rise of the gluon density
towards low x is observed (�g. 2). The rise is
more pronounced when Q2 increases.

2.2. The x dependence of F2

Before data fromHERA have become available,
the x dependence of F2 was assumed to be of non-
perturbative origin and usually taken empirically
at an input Q2 value around 4 GeV2. We have
seen that the scaling violations provide already
crucial information on the rise of the gluon den-
sity towards low x. In perturbative QCD the rise
of the gluon density should be related to the rise
of the sea quark density. The study of the rise of
F2 towards low x is a new insight into perturba-
tive QCD.
The results on F2(x;Q

2) from H1 (published)
[3] and ZEUS (preliminary)[11] are shown in �g. 3
as a function of x at �xed Q2 values. It is remark-
able that the data sets of H1 and ZEUS agree well
within the present small errors. It is striking that
the steep rise of F2 with decreasing x persists to
Q2 values as low as 1.5 GeV2 at x < 10�2 and
is already visible at Q2 = 2000 GeV2 at x � 0:1.
To quantify the rise of F2 the H1 collaboration
has extracted the average derivative < d lnF2

d lnQ2 >

by �tting the power � characterising the rise of
F2 / x�� for each Q2 bin and x < 0:1. A rise of
� with logQ2 is observed from about 0.2 to 0.4
at Q2 values from 1.5 to 800 GeV2 (�g. 4).
At su�ciently low x values, in perturba-

tive calculations resummations based on lead-
ing (�s log(Q

2=Q2
0))

n terms, the so-called Dok-
shitzer Gribov Lipatov Altarelli Parisi (DGLAP)
mechanism [12] should eventually be superseded

Figure 1. The proton structure function
F2(x;Q

2) vs Q2 for �xed values of x. The 1994
data from H1 (closed points) are compared to the
�xed target data of BCDMS (open triangles) and
NMC (open circles). The full lines represent the
DGLAP NLO QCD �t using data at Q2 > 5
GeV2. The dashed line represent the backward
extension of the �t. For clarity the F2 values are
plotted adding a term c(x) = 0:6(ix � 0:4) to F2,
where ix is the bin number starting at ix = 1 for
x = 0:32.

by resummations based on leading (�s log 1=x)
n

terms, the so-called Balitski Fadin Kuraev Lipa-
tov (BFKL) mechanism [13].
It is tempting to attribute the rise of F2 to the

BFKL mechanism where an even steeper power
� = 0:5 is predicted at leading order. The pre-
dicted value is higher than the data but there is
indication that the e�ective power should be a bit
smaller when calculated more accurately at NLO
[14] or in the frame of the BFKL inspired dipole
model [15]. We should however not forget that
at low x and high Q2, independent of any BFKL
mechanism, it has been predicted a long time ago
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Figure 3. The proton structure function F2. The 1994 data from H1 and ZEUS with Nominal Vertex
(NVX), Shifted Vertex (SVX) and Initial State Radiation (ISR). The HERA data are compared to the
�xed target data of BCDMS, NMC and E665. The full line represents the DGLAP NLO �t of all the
ZEUS data points combined with the NMC data at Q2 > 4 GeV2.
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Figure 2. The gluon density xg(x) atQ2=5 GeV2

and Q2=20 GeV2 extracted from a NLO QCD �t
combining H1 1994 with NMC and BCDMS F2

data. The band represents the full experimental
errors.

[16] that the proton structure function F2 should
rise at low x and that the growth should increase
with increasing Q2 provided F2 is non singular
at some low Q2 boundary value. The prediction
is an intrinsic property of QCD as a non-abelian
asymptotically free �eld theory. It has moreover
been predicted that the growth should be weaker
than a power law in 1

x
but more rapid than any

power of log 1
x
. This part of the prediction is an

apparent contradiction with the x�� behaviour of
the data. However the measured power � is not
the result of a �t of F2 but an average derivative
in the accessed range in x which varies with Q2.
The data can be equally well described in each

bin of Q2 by an x dependence in exp
q
ln 1

x

[3,17], as predicted in the double leading log
(log(Q2) log 1

x
) approximation [18], or by global

�ts based on the dipole BFKL mechanism [15] or
by a sum of singlet and non-singlet parametriza-
tions where the power � is independent of Q2 at
Q2 > 10 GeV2 [19]. To get more insight into
the underlying QCD mechanism requires prob-
ably measurements other than F2, such as the
longitudinal structure function FL and the prop-
erties of the hadronic �nal state.
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Figure 4. The exponent � from �ts of the form
F2 / x�� of the measured structure function F2

from the H1 experiment at �xed Q2 values and
for x < 0:1

2.3. F2(x;Q
2) at very low Q2

At low Q2 in the transition region between
photoproduction and DIS there are two types of
approach to generate the shape of the structure
function :

� a model [20] where all parton densities are
generated from intrinsic non-perturbative
valence-like distributions at some low scale
�. The observed rise of F2 at low x is gen-
erated by the perturbative QCD evolution
starting at � = 0:3 GeV2. This model
has been so far very successful in predicting
HERA data at low x and Q2 > 1:5 GeV2

[3].

� models based on Regge theory which pro-
vide an economical parametrization of all
hadron-hadron total cross sections. In these
models [21,22] the evolution at low Q2 of
F2 is generated by empirical simple func-
tions of Q2 that vanish linearly with Q2 as
Q2 ! 0. The Regge inspired models lie be-
low the data at Q2 > 2 GeV2.

In 1995 the ZEUS collaboration [4] has added a
small calorimeter close to the beam axis and ob-
tained data at 0:15 < Q2 < 0:6 GeV2. The
preliminary results based on 1/4 of the statistics
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Figure 5. The low Q2 structure function F2 vs
x. The data points of ZEUS, H1, NMC and E665
are compared to the predictions of the DL Regge
model and of the GRV parametrization.

are shown on �g. 5. The data are in reasonable
agreement with the Regge inspired parametriza-
tion DL [21] and in clear disagreement with the
GRV parametrization at Q2 < 0:5 GeV2.

2.4. Structure function FL(x;Q
2)

At Q2 < 1000 GeV2, the inclusive di�eren-

tial cross section d2�
dydQ2 depends actually on two

structure functions : F2(x;Q
2) and the longitu-

dinal structure function FL(x;Q
2) :

d2�

dydQ2
= 2��2

q4y

��
1 + (1 � y)2

�
F2(x;Q

2)� y2FL
�
(1)

The contribution of FL is negligible at low y but
assumptions on FL values must be made at large
y to extract F2 from the measurement. There
are also numerous old [23] and recent QCD pre-
dictions which relate FL to the gluon and quark
density in the proton [24,15,19].
The usual method to measure FL is to mea-

sure the di�erential cross section at �xed (Q2; x)

bins but di�erent y values by running at di�erent
beam energy settings. The H1 collaboration has
proposed recently another method. The struc-
ture function F2 is extracted from the di�erential
cross section at low y, a domain where FL hardly
contributes. Then at larger y, the value of F2

is extrapolated with the DGLAP evolution equa-
tion. Finally from the measurement at large y

together with the the extrapolated value of F2

the structure function FL is extracted from the
equation (1) in bins of x. In contrast to the usual
method it has to be assumed that we can use the
DGLAP evolution equations to predict the val-
ues of F2 at Q2 > 8 GeV2 and x > 10�4 using
as input values the result of the NLO �t of data
at Q2 > 4 GeV2 and at y < 0:35. This assump-
tion is reasonable because the HERA data so far
have shown that the DGLAP evolution equations
are still valid in this domain independently of the
value of FL. The resulting value based on a lu-
minosity of 1.25 pb�1 is shown in �g. 6. Within
the errors, the FL values are consistent with the
value of about 0.4 which can be inferred from per-
turbative QCD based on the DGLAP mechanism
[23] and using the gluon density extracted from
scaling violations.

2.5. Structure function F c�c
2

At HERA, in a sample of DIS events the H1 col-
laboration has observed nice signals ofD0 andD�

from the reconstruction of tracks of the hadronic
�nal state [25]. For a recorded luminosity of
3 pb�1 H1 has obtained 104� 12 D� events and
144�19 D0 events in the rapidity range j�j < 1:5.
at 10< Q2 < 100 GeV2. Assuming charm tag-
ging e�ciencies P (c! D0) �BR(D0

! k��+) = 0:02;

P (c! D�) �BR(D�+
! D0�+) �BR(D0

! k��+) =

0:007, the signal has been converted into a charm
cross section in each (Q2; x) bin. The charm con-
tribution F c�c

2 to the proton structure function has
been extracted after neglecting the FL contribu-
tion at y < 0:5. The results are shown on �g.7
and compared to NLO calculations [26] using the
GRV-HO [20] and CTEQ2MF[27] parametriza-
tions of the gluon density. The agreement be-
tween NLO QCD calculations and the data is re-
markable for this very �rst measurement of F c�c

2

at low x values.
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Figure 6. The preliminary determination of the
longitudinal structure function FL by the H1 col-
laboration. The errors bars of the data are statis-
tical. The grey band shows the size of the corre-
lated systematic errors around the average value.

3. Di�ractive deep-inelastic scattering

It was anticipated that the HERA collider
should provide a rather unique possibility to
study di�ractive dissociation at short distances
[28] and that the rapidity gap would be a pow-
erful criterion to select di�ractive deep-inelastic
events as shown in �g. 8 [29]. Analysing the 1992
data, the ZEUS and H1 collaborations [30,31]
have reported observation of deep-inelastic events

in which no energy 
ow is observed in a large
region of rapidity close to the proton direction
(�g. 8).
Independently of any assumption on the

di�raction mechanism two variables can be de-
�ned :

xiP =
Q2 +M2

X

Q2 +W 2
(2)

� =
Q2

Q2 +M2
X

(3)

where M2
X and W 2 are the squared invariant

masses of the hadronic system X and of the total
hadronic system (X + Y ) respectively. The vari-
ables � and xiP are trivially related to x the usual

Figure 7. The charm contribution F c�c
2 to the pro-

ton structure function as derived from the in-
clusive D�+ and D0 preliminary analysis from
the H1 collaboration. Data are compared with
NLO calculations based on GRV (upper lines)
and CTEQ2MF (lower lines) with mc=1:5 GeV.
The dased lines give predictions for mc = 1:3
GeVand mc = 1:7 GeV. The EMC data is also
shown.

Y

X

       Event

Largest Gap in 

P

q

Figure 8. Basic Feynman diagram for di�ractive
deep-inelastic events.

Bjorken variable in DIS by

x = � xiP : (4)

In a model where di�raction in DIS is produced
by a Pomeron with a partonic structure [32], xiP
is the fraction of the proton energy carried by the
Pomeron and � is the fraction of the Pomeron
energy carried by the parton which interacts with
the virtual photon.

3.1. Structure function F
D(3)

2 (xiP ; �;Q
2)

In analogy to the proton structure function
F2(x;Q

2) it is possible to de�ne a 3-variable
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Figure 10. The 1994 di�ractive contribution F
D(3)
2 (xiP ; �;Q

2) to the proton structure function F2 as a
function of xiP for di�erent � and Q2 measured by the H1 collaboration. For clarity each data point is
multiplied by xiP . Superimposed is the result of a �t establishing a breaking of factorization of the 
ux
factor (see text).
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Figure 9. Example of the determination of the
non-di�ractive background by the ZEUS collab-
oration. The error bars of the data distribution
of lnM2

X are statistical. The solid line show the
non-di�ractive background as determined by the
�t of the data.

structure function F
D(3)

2 from the cross section

d3�D

dxiP d�dQ
2
= 2��2

q4�

h�
1 + (1 � y)2

�
F
D(3)

2 (xiP ; �;Q
2)

i
(5)

where the longitudinal structure function has
been set to FL = 0 and where the cross sec-
tion has been averaged over t the squared 4-
momentum transfer at the incident proton ver-
tex. In models with partonic structure of the

Pomeron, the structure function F
D(3)
2 (xiP ; �;Q

2)
should factorize into a Pomeron 
ux factor f(xiP )

and a Pomeron structure function F
D(2)

2 (�;Q2) :

F
D(3)

2 (xiP ; �;Q
2) = f(xiP )F

D(2)

2 (�;Q2) (6)

The early measurements on 1993 data from the
H1 (0.3 pb�1) [33] and ZEUS (0.5 pb�1) [34] ex-
periments have indeed yielded a 
ux term / x�niP
which does not depend on � and Q2. The two
measurements are based on events selected by ei-
ther a lack of activity in the forward detectors
(H1) or by a large rapidity gap (ZEUS). The mea-
sured 
ux factors are perfectly consistent between
the two experiments (table 1).
An analysis [35] of the same 1993 data by

the ZEUS collaboration but where the di�rac-
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Figure 11. Preliminary result of a determination

of the exponent n of the 
ux factor x
�n(�;Q2)

iP as
�tted in each � or Q2 interval of the measured

F
D(3)
2 (xiP ; �;Q

2) by the H1 collaboration. Super-
imposed is the quadratic �t n(�) = b0+b1�+b2�

2.

tive cross section is inferred from a subtraction
of an extrapolation at low MX of the standard
DIS events (see �g. 9) has yielded a higher value
of n at three sigmas from the H1 value (table 1).
This method is by de�nition mainly sensitive to
low MX events.
A recent measurement by the ZEUS collabo-

ration of 1994 data based on events where the
leading proton has been tagged [36] with xL =
1 � xiP > 0:97 also yields a 
ux term for 0:07 <
� < 0:375 in accord with the two early measure-
ments of H1 and ZEUS (table 1).
Based on a luminosity of 2 pb�1 of good data

recorded in 1994, the H1 collaboration has ob-
tained a much more precise determination of the

structure function F
D(3)

2 [37]. The results are
shown on �g. 10. For clarity, each measured value
is multiplied by xiP . There is clearly a breaking
of factorization. The 
ux factor is constant with
Q2 but varies with �. The 
ux power term can
be parametrized as

n(�) = b0 + b1� + b2�
2: (7)
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Table 1
Flux power term in di�ractive DIS event d�=dxiP / x�niP

data sources n selection of events

H1 93 [33] 1:19� 0:06� 0:07 forward detectors

ZEUS 93,1 [34] 1:30� 0:08+0:08
�0:14 rapidity gaps

ZEUS 93,2 [35] 1:46� 0:04� 0:08 low MX extrapolation
ZEUS 94 [36] 1:28� 0:07� 0:15 leading proton tagging
H1 94 [37] from 0:8 to 1:3 forward detectors, n varies with � or MX

The result of the �t is superimposed on �g. 10 and
shown as a function of � or Q2 in �g. 11. The
increase of n with increasing � (or equivalently
with decreasing MX ) has been used as a possible
explanation for the spread of the 1993 data (ta-
ble 1). This is at present clearly demonstrated by
the new H1 data and is a challenge for all theoret-
ical interpretations of the di�ractive DIS events
at HERA.

3.2. Structure function

To investigate the Q2 and � behaviour of

F
D(3)

2 (xiP ; �;Q
2) it is convenient to de�ne

~FD
2 (�;Q2) =

Z xiPh

xiPl

F
D(3)

2 (xiP ; �;Q
2)dxiP (8)

where the integration limits xiPl = 0:003 and
xiPh = 0:05 have values chosen to be near the
experimentally accessed range. In a naive fac-
torisation model with exchange of a Pomeron,
~FD
2 (�;Q2) would be simply proportional to the

structure function of the Pomeron. More gener-
ally, ~FD

2 amounts to the structure function of the
hadronic exchange averaged over a wide range in
xiP and t.
The result of the integral of the structure func-

tion F
D(3)

2 (xiP ; �;Q
2) over xiP measured by the

H1 collaboration is shown on �g. 12. The struc-
ture function ~FD

2 (�;Q2) is almost constant with
� but has strong scaling violations which per-
sist to � = 0:65 as a rise in Q2. If the scaling
violation are interpreted as a putative partonic
structure of ~FD

2 which satis�es the DGLAP evo-
lution equation, one obtains the striking result
that at Q2 = 5 GeV2 the input parton distribu-
tion should be mainly gluonic with a gluon den-
sity peaking close to � = 1 (see �g. 13). This
is consistent with a study of the hadronic �nal

state in di�ractive DIS events [39]. Evidence for
a 'leading' gluon structure of the Pomeron has
also been inferred from a combined analysis of jet
production in di�ractive photoproduction and of

F
D(3)
2 with no taken into account of Q2 evolution

[38].

4. CONCLUSION

By spring 1995, most of the �nal results of the
analysis of the 1994 data at HERA based on 3
to 5 pb�1 of good recorded data by the H1 and
ZEUS experiments have been produced together
with the �rst preliminary results from 1995 data.
Precision measurements of the proton structure
function F2 at moderate Q2 and �rst hints from
the low Q2 domain allow thorough investigation
on the evolution with Q2 of the x dependence of
F2. First results on FL, the longitudinal struc-
ture function and on F c�c

2 , the charm contribu-
tion to F2 have been reported. In di�ractive DIS
events a clear breaking of factorization has been
observed. These beautiful results represent how-
ever only a small part of the physics message from
HERA. Many other topics such as studies of the
�nal states in DIS, �s measurement, photopro-
duction, heavy quark and vector meson produc-
tion, searches beyond the standard model have
been omitted. The two experiments have each
recorded an other 5 pb�1 of data in 1995 and ten
to hundred times more luminosty are still to be
produced in the coming years. HERA physics has
just started but with a 
ourish.
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measured by the H1 collaboration. Superimposed
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curve) and the curves corresponding to a change
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