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The analysis of the data taken by the H1 ex-
periment during 15 years of running is still on-
going. Many analyses were completed using
the full data set with an integrated luminos-
ity of 183 pb−1 for collisions with electrons and
291 pb−1 for collisions with positrons. In addi-
tion, first analyses are published which com-
bine the measurements of H1 and ZEUS [1; 2].
The deep insight into the structure of the pro-
ton at very small distances which result from
the precise measurements of H1 and ZEUS has
a major impact on the LHC experiments. The
final months of HERA operation were devoted
to collisions at lower proton energies: 6.2 pb−1

and 12.4 pb−1 were collected with 27.4 GeV
positrons colliding with 575 or 460 GeV pro-
tons, respectively. This data has been used for
a first direct measurement of the longitudinal
structure function FL, an analysis which was
presented for an extended kinematical range
at last years conferences.

Fourteen publications [1-14] and several con-
tributions to the 2009 Europhysics Conference
on High Energy Physics in Krakow [15,16,18-23]
resulted from the continuing effort in the anal-
ysis of the H1 data. New results, partly prelimi-
nary [24], concern the following topics:

- Direct measurement of the longitudinal
structure function FL in an extended range
of Q2 [19] and for diffractive events [21].

- Precise determination of the neutral elec-
troweak current cross sections over a large
range of Q2 as well as the extraction of
the parton density functions (PDF) [1; 12;

14] and the extraction of the charm and
beauty contribution to the proton structure
function [3; 7].

- Determination of the running coupling
constant αs in jet production [11; 15].

- Production of ρ, K∗0 and φ-mesons [16]
and prompt photons [4] at very low Q2

(photoproduction).

- Final combined analysis of multi-lepton
production [6] and production of isolated
leptons with large missing momentum [2].

- Search for states and interactions outside
the Standard Model (SM), such as single
top production [9], excited quarks [10] or
squarks [18].

- Measurement of the cross sections
and hadronic final state of diffractive
events [16; 20; 21; 22]

In the past years our analysis effort con-
centrated on events with isolated photons
produced in either photoproduction (Q2 ≈
0) [25],[26], shortly discussed below (Sec. 8.3),
or deep inelastic scattering (DIS, Q2 > 4
GeV2) [27],[28]. Both analyses are finished
and have been published. They have been
presented in detail in previous annual re-
ports [29]. Our involvement in the analysis
of prompt photons will continue though with
emphasis on less isolated photons (Katharina
Müller). One of us (Peter Truöl) continues to
serve as referee in the heavy flavour working
group.
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8.1 Measurement of the longitudinal
structure function FL

The inclusive neutral current DIS cross section
at low Q2 can be written in its reduced form
as

σr = d2σ
dxdQ2 × Q4x

2πα(1+(1−y)2)

= F2(x,Q2)− y2

1+(1−y)2FL(x,Q2)
(8.2)

Here, y is the inelasticity of the scattering pro-
cess. The cross section is determined by two
independent structure functions FL and F2

which are related to the γ∗p absorption cross
sections of longitudinally and transversely po-
larised photons, σL and σT , according to F2 ∝
(σL + σT ) and F2 ∝ σL. In the Quark Par-
ton Model the value of FL is zero since longi-
tudinally polarised photons do not couple to
spin 1/2 quarks. In Quantum Chromodynam-
ics (QCD) FL differs from zero due to the pres-
ence of gluons in the proton. In the so called
DGLAP approximation of perturbative QCD at
lowest order FL is given by

FL =
αs
4π
x2

∫ 1

x

dz

z
[
16
3
F2(z) + 8Σe2

q(1−
x

z
)zg(z)].

At low x, FL directly determines the gluon
density in the proton, which is only con-
strained indirectly by the Q2 evolution of
F2(x,Q2). As it is evident from 8.2, the struc-
ture functions FL and F2 can be extracted
by fitting a straight line to σr as a function
of y2/(1 + (1 − y2)). A measurement of DIS
cross sections at fixed x and Q2 but differ-
ent inelasticities y was achieved at HERA by
varying the proton beam energy from nomi-
nal 920 GeV to 575 and 460 GeV, while keep-
ing the positron beam energy constant. In
these low energy runs a dedicated trigger
was used to efficiently trigger the energy de-
positions with a threshold of 2 GeV. At small
energies the trigger was complemented by
the CIP2k [31] trigger, developed at our insti-
tute. A first direct measurement of the longi-
tudinal structure function FL was published in
2008 [32]. New analyses, presented below, ex-

tend the kinematic range probed by the pub-
lished measurement in four-momentum trans-
fer squared 5 < Q2 < 800 GeV and Bjorken
x [19] and extract FL in diffractive events [21].

The sensitivity to FL is largest at high y as its
contribution is proportional to y2. The kine-
matic variables x,y and Q2 are determined
from the energy E′e and polar angle Θe of
the scattered positron. At low Q2, high y

values correspond to low values of the scat-
tered positron energy. At low energies also
hadronic final state particles may mimic an
positron signal leading to high background,
mainly by photoproduction (γp) processes at
Q2 ' 0 GeV2. Removal of the γp back-
ground contribution is the major challenge
of the measurement of FL. Part of the γp

events are uniquely identified by detecting
the scattered positron in tagging calorime-
ters close to the beampipe downstream of
the positron beam. This measurement can
be used to tune the simulation of the back-
ground. A further method uses the charge
symmetry of the background. The charge
of the positron candidate is determined from
the curvature of the track associated to the
positron. Besides small corrections, energy de-
posits from γp processes are charge symmet-
ric. The wrong charge signal is then used to
statistically subtract the background.

Figure 8.1 shows the longitudinal cross sec-
tions at low Q2 as a function of Q2 at their
average x value, it significantly extends the
kinematic range of the published measure-
ment [32] (12 < Q2 < 90 GeV2). The measure-
ment clearly differs from zero and is described
by the NLO predictions based on the parton
density functions from the H1 fit. For Q2 >

10 GeV2, the measurement is well described
by the NLO H1 fit [30], whereas at low Q2 the
perturbative QCD calculation underestimates
the measurement. Dipole models [33; 34] are
found to describe the data well. For the en-
tire Q2 range the measurement is consistent
with a value of R ' FL/(FL + F2) = 0.25.
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Figure 8.1:
Longitudinal cross section FLFLFL at low Q2Q2Q2 as a func-
tion of Q2Q2Q2 at their average xxx value. The curves rep-
resent the predictions of a perturbative a QCD cal-
culation at next-to-leading order (NLO) using the H1
PDF 2009 [30] as well as a dipole model [33; 34].
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Figure 8.2: Reduced diffractive cross section at EpEpEp=
460, 575 and 920 GeV, the inner error bars are sta-
tistical, the outer error bars show the statistical and
systematic errors added in quadrature. The cross sec-
tions are normalised at 0.28< β << β << β <0.42 where the ef-
fect of FDLF

D
LF
D
L is negligible.

For the first measurement of the longitudinal
diffractive structure function FDL a similar strat-
egy as for the FL analysis is adopted. In
diffraction, the hadronic state system is sepa-
rated from the scattered proton by a gap that

can be observed by the lack of response in
the forward parts of the H1 detector (rapidity
gap method). The accuracy of this method
depends strongly on the understanding of the
noise level of the detectors involved.

The data are analysed in the kinematic region
Q2 > 7 GeV2 and y < 0.9. Figure 8.2 shows
the differential cross section for all three pro-
ton beam energies at 7 < Q2 < 32 GeV2 and
0.001 < xIP < 0.01 as a function of β. Here, β =
Q2/(Q2 +M2

X) and xIP = (Q2 +M2
X)/(Q2 +W 2),

where MX is the mass of the diffractive sys-
tem and W the invariant mass of the gamma-
proton system. The figure shows also the ana-
lytical prediction for σDr to illustrate the effect
of the longitudinal structure function. The re-
duced cross section drops at low β depend-
ing on the factor y2/(1 + (1− y)2) which differs
for the three beam energies. The resulting FDL
measurement is shown in figure 8.3 for four dif-
ferent values of β. The result is compatible with
the H1 2006 fit of the diffractive parton den-
sity functions [35]. Hence, the measurement
fully supports the concept of QCD factorisa-
tion in diffraction and is an important test of
the understanding of the nature of diffractive
processes.
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Figure 8.3: Longitudinal diffractive cross section FDLF
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compared to the H1 2006 DPDF fits.
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8.2 Multiple interactions in photopro-
duction

Multiple parton interactions (MIA), also re-
ferred to as underlying event, play an im-
portant role both in electron proton scat-
tering at HERA and even more in high en-
ergy proton proton collisions at the TeVatron
or the LHC. There,the underlying event is an
important element of the hadronic environ-
ment within which all physics at the LHC, from
Higgs searches to physics beyond the stan-
dard model, will take place. In order to tune
the Monte Carlo models it is important to
measure as many aspects of multiple interac-
tions as possible.

In quasi-real photoproduction (Q2 ' 0) the
photon has a point-like as well as a hadronic
(resolved) component. The transition from a
point-like photon to a hadronic object can
be studied at HERA as a function of xγ , the
momentum fraction of the parton from the
photon which takes part in the hard interac-
tion. Multiple or multi-parton interactions are
expected for resolved photons (xγ < 1) but
not for point-like photons (xγ ' 1). In pho-
toproduction at HERA the underlying event is

studied in di-jet events. The underlying event
is defined as everything except the lowest or-
der process (two jets). Besides contributions
from higher order QCD radiation and hadroni-
sation it receives also contributions from multi-
parton interactions.
Figure 8.4 shows the charged particle multi-
plicity as a function of the azimuth, where the
leading jet is by definition at Φ = 180◦, for
a resolved photon enriched (xγ < 0.7) sam-
ple. The data are compared to predictions
from PYTHIA. The inclusion of multiple interac-
tions clearly improves the description in the re-
gion transverse to the jet (60◦ < ∆Φ < 120◦

and 240◦ < ∆Φ < 300◦). as well as in the to-
ward (120◦ < ∆Φ < 240◦) and away (300◦ <
∆Φ < 60◦) regions, where it contributes as a
pedestal to the track multiplicity.
Figure 8.5 shows the average charge multi-
plicity in the region of the jet P Jet1T with the
highest transverse momentum for xγ < 0.7.
The track multiplicity rises with P Jet1T . While
the distribution for xγ > 0.7 (not shown here),
which contains only one hard interaction, is
reasonably well described by the simulation,
this is clearly not enough to describe the
distribution in the resolved enriched sample,
especially at lower values of P Jet1T . Including
multi-parton interactions brings the prediction
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Figure 8.4: Charged particle multiplicity for
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gion close to the leading jet. The data is compared
to PYTHIA with and without multiple interactions.



34 Physik-Institut der Universität Zürich

in good agreement with the measurement. In
the region transverse to the leading jet the
average charged particle multiplicity ranges
between 0.5 to 2.5 particles, almost indepen-
dent of P Jet1T . Again, the region of xγ > 0.7
is reasonably well described without including
MIA, whereas the region of xγ < 0.7 requires
multiple interactions to be included. In regions
where the photon develops a hadronic struc-
ture this measurement fully supports the pic-
ture of multi-parton interactions as observed
at the TeVatron [36].

8.3 Photon analysis

Isolated photons have been in the focus of
our group for the past few years, the effort
resulted in two publications [25; 27] and two
completed PHD thesis [26; 28]. The analysis of
isolated photon emerging from the hard sub-
process ep → eγX - so called prompt photons
- in photoproduction ( PhD thesis of Krzysztof
Nowak) was finished during last year. The
analysis is based on events at very low Q2

with the scattered electron escaping detec-
tion through the beam pipe and an isolated
photon. The data collected during 2004-2007
correspond to a total integrated luminosity of
340 pb−1, three times the value of the pre-
vious measurement. Isolated photons with
transverse energy 6 < EγT < 15 GeV and
pseudo-rapidity −1.0 < ηγ < 2.4 are selected
in events with inelasticity 0.1 < y < 0.7. To
ensure isolation of the photon, the energy
fraction z of the photon-jet carried by the
photon candidate has to to be larger than
90% ( z ≡ Eγ/Ephoton−jet > 0.9). The isola-
tion rejects a large part from the background
from decay photons of neutral hadrons in di-
jet photoproduction events. The photon sig-
nal is extracted by combining different shower
shape variables into a discriminator. A novel
method, based on a regularised unfolding
procedure [37; 38], was developed for this
analysis to simultaneously unfold the cross sec-
tion and determine the fraction of signal and

background. Final results of the analysis have
been shown in last years report. Overall it
was shown that QCD calculations based on
the collinear factorisation in NLO [39; 40] or
the kT factorisation approach [41] underesti-
mate the cross section at low transverse mo-
menta of the photon (EγT ) and that they are
not able to fully describe the transverse corre-
lations between the photon and the jet. The
transverse correlations are particularly sensi-
tive to the fraction of resolved events in the
sample and to higher order effects. It was
therefore studied whether the description of
the data by the models could be improved
by increasing the intrinsic transverse momen-
tum < kT > of the partons in the proton
which could mimic higher order gluon radi-
ation. Figure 8.6 shows the cross section as
a function of the transverse correlation be-
tween the jet and the photon for the sam-
ple in which direct interactions are enhanced
(xγ > 0.8). Two variables are defined: p⊥,
the transverse momentum of the photon per-
pendicular to the jet direction and ∆Φ the az-
imuthal difference. The measurement is com-
pared to a NLO prediction [39; 40] which
has no intrinsic < kT > and clearly under-
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Figure 8.6:
Cross sections for prompt photons in photoproduc-
tion withxγ > 0.7xγ > 0.7xγ > 0.7 as a function of p⊥p⊥p⊥, the transverse
momentum of the photon perpendicular to the jet di-
rection and ∆Φ the azimuthal difference. The mea-
surement is compared to a NLO prediction [39; 40]
with different assumptions on the intrinsic trans-
verse momentum of the partons in the proton.
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estimates the tails. With increasing < kT >

the description of the tails improves, though
the last bin in ∆Φ remains low. Our studies
in this field will continue by analysing less iso-
lated photons which may be used to extract
the quark to photon fragmentation function.
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