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1. Introduction

The HERA was the worlds only electron-proton collider, operated during the years 1992 to
2007. It was producingep interactions at centre-of-mass energies up to

√
s = 320 GeV. Two

collider experiments, H1 and ZEUS, collected data corresponding to an integrated luminosity of
0.5 f b−1 each.

The HERA collider was an unique machine for studying strong interactions. It provided a clean
environment for the precise determination of the proton structure over a wide range of Bjorken
x and virtuality Q2 of the exchanged boson, which is either a photon or aZ-boson in case of
neutral current (NC) interaction,ep→ eX , or aW -boson in case of charged current (CC) interaction
ep → νX . The high resolution multi-purpose detectors H1 and ZEUS allow for detailed analyses
of hadronic final state and thereby give access to the vast physics of diffraction and of jet, heavy
quark and particle production. By all these processes different aspects of strong interactions are
addressed making HERA an ideal testing ground for quantum chromodynamics (QCD). In this talk
the recent results of H1 Experiment are reviewed, in particular of the measurement of inclusive
DIS cross sections, the hadronic final states and the hard diffractive processes.

2. Inclusive DIS cross sections at high Q2

A precise knowledge of the proton parton distribution functions (PDFs) is vital for interpreting
the data taken at hadron colliders, especially when analysing rare Standard Model,SM, processes or
when searching for signs of new physics. All modern proton PDFs are based on the proton structure
function data from HERA. At HERA, the structure of the proton was probed with electrons and
positrons. Figure 1 illustrates a diagram of deep inelastic scattering,DIS.
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Figure 1: Feynman diagram of deep
inelastic lepton-proton scattering

Inclusiveep DIS NC and CC cross section measure-
ments may be used to determine the combined sea quark
distribution functions and the valence quark distributions
in the proton. A QCD analysis in the DGLAP formalism
also allows the gluon momentum distribution in the pro-
ton to be determined from scaling violations. The NC (and
similarly CC) cross section can be expressed in terms of
structure functions:

d2σe±p
NC

dxdQ2 =
2πα2

xQ4 [Y+F̃±
2 ∓Y−xF̃±

3 − y2F̃±
L ],

whereY± = 1± (1− y)2 with y being the inelasticity. The
structure functionF̃2 is the dominant contribution to the
cross section.xF̃3 is important at highQ2 and F̃L is siz-
able only at highy. In the framework of perturbative QCD
(pQCD) the structure functions are directly related to the parton distribution functions, i.e. in lead-
ing order (LO)F2 is the momentum sum of quark and anti-quark distributions,F2 ≈ x∑e2

q(q+ q̄),
xF3 is related to their differencexF3 ≈ x∑2eqaq(q− q̄). At higher orders, terms related to the gluon
density distribution(αsg) appear.
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Recently, H1 collaboration has finalised the inclusive cross section measurements at highQ2

with HERA-II data [1]. Inclusive ep cross sections for NC and CC DIS scattering processes mea-
sured with the H1 detector are in the range ofQ2 between 60 and 50.000 GeV2 and Bjorkenx be-
tween 0.0008 and 0.65. The measurements are performed for 4 distinct data sets which correspond
to the data taken with either the electron (e−) or the positron (e+) lepton beams with either left
handed (L) and right handed (R) polarisation. Polarisation is defined asPe = (NR−NL)/(NR +NL),
whereNR (NL) is the number of right (left) handed leptons in the beam. The luminosity and longi-
tudinal lepton beam polarisation for each data set are given in table 1.

R L

e−p L = 47.3pb−1
L = 104.4pb−1

Pe = (+36.0±1.0)% Pe = (−25.8±0.7)%

e+p L = 101.3pb−1
L = 80.7pb−1

Pe = (+32.5±0.7)% Pe = (−37.0±0.7)%

Table 1: Table of integrated luminosities,L , and luminosity weighted longitudinal lepton beam polarisa-
tion, Pe, for the data sets presented here.

To obtain unpolarised cross section measurements, the left and right handed e±p samples
were combined into unpolarised data sets. The measurements are combined withearlier published
HERA-1 H1 data [2]-[4]. In the left side of Figure 2 the double differential reduced NC cross
section is presented as a function ofx andQ2. The reduced cross section is defined as

σ̃NC(x,Q2) =

[

d2σNC
e±p

dxdQ2

]

/

[

2πα2Y±
xQ4

]

The Q2 dependence of the unpolarised NC and CC cross sections is shown in the right side of
Figure 2. At lowQ2 the NC cross section is larger than the CC cross section by two orders of mag-
nitude. Approaching the mass of theZ andW bosons, the cross sections of NC and CC processes
become of the same magnitude, demonstrating anuni f ication of the electroweak interactions at
high Q2.

In this analysis an ultimate precision of 1.5-2% for NC and up to 4% for CC measurements
is reached. This allows for a determination of proton PDFs with much improved precision. The
PDFs are determined from all published NC and CC H1 data. The fitting is performed using the
HERAFitter [5], which is an open source QCD fit framework designed forthe extraction of PDFs
and the fast assessment of the impact of the new data. The parton distributions as a function
of x at Q2 = 10 GeV2, determined from the NLO QCD fit to the H1 NC and CC data, denoted
as ‘H1PDF 2012’, are shown in Figure 3. Significant improvement of precision compared to the
previous PDF fits is reached for all parton distributions. In Figure 2 the Standard Model expectation
which use the H1PDF 2012 parameterisations are compared to the NC and CC cross sections. The
data distributions are well described by the SM predictions.

The total CC cross section,σ tot
CC, was measured as an integrated cross section in the kinematic

regionQ2 > 400 GeV2 andy < 0.9 for thee−p ande+p data and for different longitudinal lepton
beam polarisations. The cross sections are shown in the left side of Figure 4 together with the un-
polarised data from HERA-1 and the SM expectations using H1PDF 2012 parameterisation. Also
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Figure 2: Right: theQ2 dependence of the unpolarisede±p NC and CC cross sections compared to the SM
expectation from H1PDF 2012 proton PDF parameterisation.
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Figure 3: Parton distribution functions of H1PDF 2012 at
the evolved scale of 10 GeV2. The uncertainties include the
experimental uncertainties (inner), the model uncertainties
(middle) and the parametrisation variation (outer).

shown are the linear fits to the polarisation dependence of the measured cross sections simultane-
ously toe−p ande+p data. The SM predicts a polarisation dependence of total CC cross sectionof
the form:σ±

CC(Pe) = (1±Pe)σ±
CC(0). The extrapolation of the cross section with the fit to the point

Pe = +1 for e−p andPe = −1 for e+p excludes the existence of a right handedW R boson of mass
MR

W below 214 GeV (194 GeV fore+p) at 95% confidence level, assuming SM couplings and a
light right handedνe. This textbook measurement demonstrates the absence of right handed weak
current.

In the SM the difference in the NC DIS cross sections for leptons with different helicity states
is predicted due to chiral structure of the neutral electroweak exchange. The NC parity violating
structure functionFγZ

2 can be determined from these cross sections as

FγZ
2 ∼ [σ−(PL)−σ−(PR)]− [σ+(PL)−σ+(PR)]

In the right side of Figure 4 the first measurement of theγZ interference structure functions is
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presented. It is well described by the SM, using H1PDF 2012 parameterisation.
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Figure 4: Left: the dependence of thee±p CC cross section on the lepton beam polarisationPe in com-
parison with the SM prediction and the linear fit of the polarisation dependence. Right: theγZ interference
structure functionFγZ

2 . Both measurements are compared to the Standard Model predictions based on the
H1PDF 2012 parameterisation

3. Charged particle spectra in DIS

The DIS processes at HERA give access to small values of Bjorkenx at low four momentum
transfer squaredQ2 of a few GeV2. In the region of lowx, characterised by high densities of gluons
and sea quarks in the proton, the parton interaction with the virtual photon mayoriginate from a cas-
cade of partons emitted prior to the interaction. In QCD such multi-parton emissions are described
only within certain approximations valid in restricted phase space regions. Measurements of the
transverse momentum spectra of charged particles allow testing of different approaches for parton
evolution dynamics. In addition, such measurement serve as a test for various phenomenological
models. Here two recent H1 measurements of charged particle production inDIS are discussed.
The analyses are based on data collected with the H1 detector atep centre-of-mass energies of√

s = 319GeV [6] and
√

s = 225 GeV [7].
Several mechanisms contribute to hadron production. At low transverse momenta,pT , the

production of hadrons is dominated by the hadronisation effects, while at higher pT the parton
dynamics effects dominate. Monte Carlo (MC) generators, which use different approaches to sim-
ulate the parton cascade, are compared to the measurements: RAPGAP [8] based on leading log
DGLAP parton showers; DJANGOH [9] based on Colour Dipole Model (CDM), as implemented
in ARIADNE [10], with a description of parton emission similar to that of the BFKLevolution;
CASCADE [11] based on the CCFM model, which unifies the BFKL and DGLAPapproaches and
requires angular ordering of the emitted partons. In the CDM and the CCFM approaches thepT of
the emitted partons in a parton shower is not ordered inx. All generators use the Lund string model
[12] for hadronisation with parameters tuned by the ALEPH collaboration to fit LEP data [13].

The pT dependence of charged particle densities at
√

s = 319 GeV is studied in two pseudo-
rapidity intervals, 0< η ∗ < 1.5 and 1.5 < η ∗ < 5, referred to as the "central region" and "current

5
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region", respectively. Such division separates the regions of sensitivity to the hard scattering pro-
cess (current region), from the region of parton showering (central region). The measurement at
reduced proton beam energies (

√
s = 225 GeV) allows for a more precise measurement of the

"central region". Therefore for this analysis thepT spectra are measured in seven bins in the pseu-
dorapidity region 0< η ∗ < 3.5.

The charged particle densities as a function of pseudorapidity are shownin Figure 5 for two
different regions inp∗T . The different fragmentation models are compared to the measurements.
Details in the fragmentation process mainly influence the lowp∗T -region while the largep∗T region is
rather insensitive to fragmentation. The same particle densities are shown in Figure 6 in comparison
with the MC models using different parton evolution mechanisms. Here, the lowp∗T -region shows
only little dependence on the parton cascade while the differences due to parton showering are
clearly visible at largep∗T . Best description at allp∗T is provided by DJANGO (CDM) model. The
CASCADE MC fails in describing the data in both regions.

*η
0 1 2 3 4 5 6

 *η
d dn  

N1  

0

1

2

3
* < 1 GeV 

T
 p  H1

H1 data
DJANGOH
RAPGAP

CASCADE
Herwig++

*η
0 1 2 3 4 5 6

 *η
d dn  

N1  

0

1

2

3

*η
0 1 2 3 4 5 6

 *η
d dn  

N1  

0

0.1

0.2

0.3

0.4
* < 10 GeV 

T
 1 < p  H1

H1 data
DJANGOH
RAPGAP

CASCADE
Herwig++

*η
0 1 2 3 4 5 6

 *η
d dn  

N1  

0

0.1

0.2

0.3

0.4

Figure 5: Charge particle densities as function of pseudorapidity measured forp∗T < 1 GeV and 1< p∗T <

10GeV regions. The MC predictions using different hadronisation models are compared to the measurement.

The transverse momentum spectrap∗T of charged particles are presented in Figure 7. DJAN-
GOH describes the data fairy well for the wholep∗T range, whereas RAPGAP is significantly below
the data forp∗T > 1 GeV. CASCADE is above the data for almost the wholep∗T range.

The data taken at reduced proton beam energyEp = 460 GeV (
√

s = 225 GeV) allows us to
achieve better acceptance and resolution in the central rapidity region. The ratios of MC predictions
to the data are shown in Figure 8 as a function ofp∗T . Both models, RAPGAP and DJANGOH, fail
to describe the data.

4. Very forward neutron and photon production in DIS

Measurements of particle production at very small angles with respect to theproton beam
direction (forward direction) inep collision are important for the understanding of proton frag-
mentation. Measurements of forward particle also provide important constraints for modelling of

6
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Figure 6: Charge particle densities as function of pseudorapidity measured forp∗T < 1 GeV and 1< p∗T <

10 GeV regions. The MC predictions using different parton evolution models are compared to the measure-
ment.
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Figure 7: The measured transverse momentum spectra of charged particles together with different MC
prediction and the ratios MC over data shown for central and current regions respectively.

high energy air showers and thereby are very valuable for the understanding of high energy cosmic
ray data.

New results from the H1 Experiment on very forward photon and neutronproduction in deep-
inelastic positron-proton scattering (DIS) are reported [14]. The photons and neutrons are measured
in the Forward Neutron Calorimeter (FNC) [15, 16], which was installed at 106 m from theep
interaction point at a polar angel 0◦ with respect to the proton beam direction at the interaction
point. The acceptance of the FNC is defined by the aperture of the HERA beam-line magnets and
is limited to scattering angles ofθ < 0.8 mrad or pseudorapidityη > 7.9.

Differential cross sections normalised to the inclusive DIS cross sectionsare measured for for-
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√

s = 225 GeV shown for
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ward photons and neutrons as a function of the Feynman-x variablexF = p∗||/p∗||max for three ranges
of virtual photon-proton centre-of-mass energy,W : 70 < W < 130 GeV, 130< W < 190 GeV
and 190< W < 250 GeV. The measurements are shown in Figures 9 and 10 together with the MC
model predictions. The DJANGOH program is used to generate inclusive DIS events. Higher order
QCD effects are simulated using leading log parton showers as implemented in LEPTO [17], or
using the Colour Dipole Model (CDM). In addition the RAPGAP pion-exchange model is used to
describe the highxF part of forward neutron spectra.
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Figure 9: Normalised cross sections for forward photon production asa function ofxF compared to predic-
tions of the LEPTO and CDM MC models.

In Figure 9 the cross sections measured for the most energetic photons withpseudorapidity
η > 7.9 is shown as a function of Feynmanx variable for threeW region compared to CDM
or LEPTO MC models. Both models significantly overestimate the rate of forwardphotons by
∼ 70%. The shape of the LEPTO prediction is close to the data, while CDM exhibitsa harderxF

behaviour.
The measured normalisedxF distributions for forward neutron production are presented in Fig-

ure 10. The predictions of MC models CDM, RAPGAP-π (pion-exchange) and their combination
using weighting factors obtained from the fit to the neutron energy distribution are is compared to
the measurement. The combination model describes the data well.

The data are also compared with Cosmic Ray (CR) hadronic interaction models commonly
used for the simulation of CR air shower cascades: EPOS [18], QGSJET 01 [19] [20], QGSJET
II [21, 22] and SIBYLL [23, 24]. The comparison of the CR hadronic interaction model predic-
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Figure 10: Normalised cross sections for forward neutron production as a function ofxF compared to
predictions of the CDM and RAPGAP-π MC models and their combination.

tions with the data is shown in Figure 11 for one range ofW . A large difference between the
model predictions is observed. None of the models can describe the forward photon and neutron
measurements simultaneously.
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Figure 11: Normalised cross sections for forward photon and neutron production as a function ofxF com-
pared to predictions of the Cosmic Ray hadronic interactionmodels.

5. Multijet production in DIS

The strong coupling,αs, is the fundamental parameter of perturbative QCD (pQCD). The
running ofαs is predicted by the pQCD. The absolute normalisation, however, must be determined
by experiment. The H1 and ZEUS Collaborations performed extensive studies of the jet production
processes in the different kinematic regimes. These measurements allowed the determinations of
αs at HERA with an unprecedented level of precision.

In ep collisions at HERA one distinguishes two processes according to the virtualityQ2 of
the exchanged boson, the Deep Inelastic Scattering (DIS) and photoproduction. In DIS a highly
virtual boson (Q2 > 1 GeV2) interacts with a parton carrying a momentum fraction of the proton. In
photoproduction a quasi-real photon (Q2 < 1 GeV2) interacts with a parton from the proton either
directly or via its constituent. In the pQCD, a jet cross section is expressed as the convolution of
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the parton distribution functions (PDFs) in the proton (and in the photon for the photoproduction)
with the matrix elements. In regions where the PDFs are well constrained, the jet data allow testing
of the general aspects of pQCD. In regions where the PDFs are not sowell constrained, jet cross
sections can be incorporated into global QCD fits, which would lead to the reduction of the PDF
uncertainties.

Jet production inep collisions proceeds via the Born, boson-gluon fusion and QCD Compton
processes. In the Breit frame, where the virtual boson and the proton collide head on, the signif-
icant transverse momentaPT are produced at leading order (LO) inαs by the boson-gluon fusion
and QCD Compton processes. Jet production withPT in the Breit frame is thus directly sensitive
to αs. In the analyses presented here the jets are defined using thekT clustering algorithm, which
is applied in the Breit frame for DIS and in the photon-proton collinear frame for photoproduc-
tion. The associated cross sections are collinear and infrared safe andtherefore are well suited for
comparison with the predictions from the fixed order QCD calculations.
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Figure 12: Deep-inelastic lepton-proton scattering at different orders inαs: (a) Born contributionO(1) and
O(αs) processes (b) QCD Compton scattering and (c) boson-gluon fusion.

The H1 Collaboration reported new measurement [25] of inclusive jet, 2-jet and 3-jet produc-
tion at highQ2 Neutral Current (NC) DIS (150< Q2 < 15000 GeV2). The measured differential
cross sections as a function of transverse momenta of the jetsPT, jet (or the average transverse
momentum of two or three leading jets〈PT 〉 jet in the 2-jet and 3-jet events) in the regions ofQ2

normalised to the inclusive DIS cross section are shown in the left side of Figure 13. For this
measurement the ultimate 1% jet energy scale uncertainty is achieved.

The NLO QCD calculations provide a good description of the jet measurements, both in the
DIS and the photoproduction regimes. The NLO QCD fitting technique is appliedto these mea-
surements in order to extract the strong couplingαs. The valuesαs(MZ) = 0.1163±0.0011(exp.)±
0.0014(PDF)±0.0008(had.)±0.0039(theory) for H1 DIS jet measurement is obtained. The value
of αs(MZ) from this measurement is shown in the right side of Figure 13 together with the values
from other HERA measurements and world average [26]. Within uncertainties, which are domi-
nated by the uncertainties of theory calculations due to missing higher orders, the obtained values
of αs agree with each other and with the world average.
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Figure 13: (Left) the inclusive jet, dijet and trijet production crosssections in DIS normalised to the DIS
cross section as a function of jet transverse momentum in theBreit framePT, jet or the average transverse
momentum of two or three leading jetsPT, jet , measured in the regions ofQ2. The NLO QCD calculations,
corrected for hadronisation effects are compared to the measurements. (Right) values ofαS(MZ) obtained
from the HERA data and other measurements.

6. Diffraction at HERA

6.1 Measurement of Inclusive Diffractive DIS

About 10% of the DIS cross section measured at low Bjorkenx at HERA are due to diffractive
processes, such asep → eX p. Diffractive DIS can be viewed as process in which the virtual
photon probes a net colour singlet combination of exchanged partons. In processes of diffractive
production of jets and heavy vector mesons, thePT of the jet and the mass of heavy quark provide
a hard scale for perturbative calculations.

The diffractive interactions at HERA are identified employing two differentmethods: by re-
quirement of the absence of hadronic activity in the direction of proton (large rapidity gap or LRG
method) or by a direct measurement of scattered proton in the dedicated forward proton spectrome-
ters (leading proton or FPS method). The accuracy of the LRG method is limited by the systematics
related to the missing leading proton and by the contribution from the proton dissociation, while
the FPS method is limited by low acceptance of proton spectrometers and by the proton tagging
systematics.

In Figure 14 the diffractive reduced cross sectionσD(3)
r from H1 as measured by the LRG

method based on the full HERA statistics [27] is compared with the pQCD predictions using the
diffractive parton distribution functions (DPDFs) H1 2006 Fit B set [28]. The data are well de-
scribed forQ2 > 10 GeV2. Also shown are the FPS measurement from H1 [30], scaled by a factor
1.2, which accounts for the contribution of proton dissociation to the LRG data. The cross section
measurements agree well with each other
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Figure 15: Reduced diffractive cross sectionxIPσD(3)
r (β ,Q2,xIP) for 0.09< |t| < 0.55 GeV2 as a function

of Q2 for different values ofβ at xIP = 0.05. The combined data are compared to the H1 and ZEUS data
input to the averaging procedure.

The H1 and ZEUS Collaborations performed the combination of the diffractive DIS cross
sections [30, 31, 32, 33] measured using their proton spectrometers in therange 0.09 < |t| <

0.55 GeV2 in squared four-momentum transfer at the proton vertex [34]. The H1 and ZEUS
diffractive DIS cross sections are combined usingχ2 minimisation procedure [29]. The result
of the combination is shown in Figure 15. In the left side figure also the uncombined data are
shown in onexIP bin. Due to the cross calibration of the correlated systematic uncertainties of both
experiments the combined data are more precise than each measurement alone. The cross sections
indicate strong rise withQ2, which implies the scaling violation and large contribution from the
gluons to the diffractive interactions.
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6.2 Diffractive jet photoproduction with a leading proton

According to the QCD factorisation theorem [35], the parton distribution functions extracted
from the QCD fits to diffractive structure functions can be used to describe hadronic final states
in diffractive DIS. The universality of these diffractive parton distribution functions (DPDFs) was
experimentally confirmed in DIS regime for different processes, such asjet, charm and vector
meson production. However, in diffractive hadron-hadron interactions the theoretical predictions
which use DPDF from the HERA inclusive DIS measurements overestimate the data [36, 37]. The
effect is usually explained as a consequence of additional partonic interactions between the hadrons
which destroy the rapidity gap [38].

In ep interactions at HERA, if the electron scatters at very small angles andQ2 is very small,
the virtual photon can be considered to be almost real. In these interactions, which are referred to
as ‘photoproduction′, in the LO approximation the photon may fluctuate into a long-leaved par-
tonic state. Then only a part of photon four-momentum [participates in the hard interaction. Such
interactions are called resolved photon interactions. The resolved photoninteractions resemble the
hadron-hadron interactions. The photon can also couple directly to the quarks, and these interac-
tions are called direct photon interactions. The variablexγ, which is defined as a four-momentum
fraction of the photon which participates in the hard interaction, is used to distinguish between the
direct and resolved photon processes. For direct processesxγ = 1, while for resolved processes
xγ < 1.
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Figure 16: The differential cross section for the diffractive photoproduction of dijets, with the leading
proton measured in the H1 very forward proton spectrometer VFPS. The NLO calculations are compared to
the measurements.

In diffractive processes, due to analogy of resolved photon with hadron-hadron interactions,
one might expect similar effects leading to the breaking of rapidity gap [39, 40]. In the previous H1
and ZEUS analyses [41, 42, 43] the diffractive events were selected by a large rapidity gap method,
and contrary to the theoretical expectations, no significant dependenceof data suppression factor
on xγ is observed. The H1 observed a breaking of factorisation by an overall suppression factor
of about 0.6 with respect to the NLO QCD predictions, while ZEUS data are compatible with no
factorisation breaking hypothesis. Here a new measurement of this process by the H1 Experiment
is presented [44]. The analysis uses the data collected in 2006-2007, and the diffractive events are
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selected by tagging a forward proton in a very forward proton spectrometer (VFPS) located at 220-
222 m from the interaction point down the beampipe in proton direction. This method profits from
the fact that the measurement is free of contribution from proton dissociation and non-diffractive
processes. The events with two jets of energiesE jet1

T > 5.5 GeV andE jet2
T > 4 GeV are selected in

the central detector using thekT algorithm. The final data sample corresponding to the kinematic
rangeQ2 < 2 GeV2, 0.010< xIP < 0.024 and|t| < 0.6 GeV2 contains about 4800 events. The data
were unfolded to hadron level using singular value decomposition of the response matrix [45].

The measured differential cross sections as a function ofxγ andE jet1
T are shown in Figure 16.

The NLO QCD prediction overestimate the measurements by

σDATA/σNLO = 0.67±0.04(stat.)±0.09(sys.) ±0.20 (scale)±0.14(DPDF).

No obvious dependence of a suppression factor onxγ is observed. The result is consistent with
previous H1 result [42].

6.3 Exclusive Heavy Vector Meson (VM) Photoproduction

The H1 Collaboration performed a simultaneous measurement ofJ/ψ photoproduction in
elastic and proton dissociation processes [46]. The measurement resultsare based on two data
sets: the data taken in the years 2006 - 2007, when HERA was operated withproton beam energy
920 GeV, resulting in

√
s≈ 318 GeV, corresponding to an integrated luminosity of 130 pb−1 and the

data recorded in 2007 before the final HERA shutdown, when the protonbeam energy was reduced
to 460 GeV, resulting in

√
s = 225 GeV, corresponding to an integrated luminosity of 10.8 pb−1.

TheJ/ψ mesons are reconstructed in theJ/ψ → µ+µ− ande+e− decay channels. A diagram for
a diffractiveJpsi-meson production and the invariant mass distributions are shown in Figure 17.
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Figure 17: A diagram for DiffractiveJ/psi production inep collision and the dilepton invariant mass
distributions in theJψ → µ+µ− andJψ → e+e− decay channels.

Regularised unfolding is used to determine the elastic and proton-dissociative cross section in
bins of t andWγp. The measured elastic and proton-dissociative cross sections differential in |t|
are shown in Figure 18. The cross sections fall steeply as a function of|t|, with a clear difference
between the shapes of the proton-dissociative and elastic distributions. The elastic and proton-
dissociative differential cross sectionsdσ/dt are fitted simultaneously. The elastic cross section is
parametrised asdσ/dt = Nele−bel |t|. For the proton-dissociative cross section the parametrisation
dσ/dt = Npd(1+(bpd/n)|t|)−n is chosen, which interpolates between an exponential at low|t| and
a power law behaviour at high values of|t|. The obtained parameterisations for the elastic and
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proton-dissociative cross sections are compared to the data in Figure 18 The elastic cross section
data for|t| > 0.1 GeV are well described by the exponential parametrisation. The fall of elastic
cross section with increasing|t| is much faster than the proton-dissociative cross section, which is
reflected in the values forbel andbpd : bel = (4.88±0.15)GeV−2 andbpd = (1.79±0.12)GeV−2.
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Figure 18: Differential J/ψ photoproduction cross sectiondσ/dt as function of the negative squared four-
momentum transfer at the proton vertex−t, as obtained for elastic and proton-dissociative regimes.

The measured elastic and proton-dissociative cross sections as a function of Wγp are shown
in Figure 19. The elastic and proton-dissociative cross sections are of similar size at the lowest
Wγp = 30 GeV accessed in this analysis. The elastic cross section rises faster withincreasing
Wγp than the proton-dissociative one. Also shown is the ratio of the proton-dissociative to the
elastic cross section as a function ofWγp. The ratio decreases from 1 to 0.8 asWγp increases from
30 GeV to 100 GeV. The elastic and the proton-dissociative cross sectionsas a function ofWγp

are fitted simultaneously, taking into account the correlations between these cross sections. As
parametrisation a power law function of the formσ = N(Wγp/Wγp,0)

δ with Wγp,0 = 90 GeV is
used, with separate sets of parameters for the elastic and the proton-dissociative cases. The result
of the fit is compared to the measurements. The fit results to the valuesδel = 0.67± 0.03 and
δ pd = 0.42±0.05.
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Figure 19: J/ψ photoproduction cross section as function of photon protoncentre-of-mass energyWγp

for the elastic and proton-dissociative regime. The rightmost figure shows the ratio of the elastic to the
proton-dissociativeJ/ψ photoproduction cross section as a function ofWγp.
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A compilation of cross section measurements for the elasticJ/ψ photoproduction cross section
is shown in Figure 20 as a function ofWγp. The data from the present analysis fall in the gap
between the data of fixed target experiments [49, 50] at lowWγp and the bulk of the previous
high Wγp HERA data. The fixed target data exhibit a lower normalisation and a steeperslope
than observed at HERA. Also shown are recent results from the LHCb experiment [51]. The
extrapolated fit function for the H1 elasticJ/ψ photoproduction cross section describes the LHCb
data points at highWγp well.
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Figure 20: Compilation of vari-
ous elasticJ/ψ photoproduction
cross section measurements in-
cluding this measurement, pre-
vious HERA results [47, 48],
results from fixed target exper-
iments [49, 50] and from the
LHCb [51] experiment.

7. Conclusions

Six years after the end of data taking, H1 is an active experiment producing valuable results
in a broad area of particle physics. Presented here is a subjective selection taken from the wealth
of new measurements of deep inelastic scattering, production of jets and hadrons and diffractive
interactions. Much progress has been made over recent years, in the type of studies that can be
performed, the precision achieved and in theoretical understanding. The final analyses of the full
data samples significantly improve our understanding of the QCD and the proton structure.
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