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Hadron-Elektron-Ring-Anlage

world-wide only electron/positron-proton collider, closed in 2007

naturally polarized leptons

H1 and ZEUS in collider mode

HERMES with storage cell internal to lepton ring

various polarized and unpolarized target gases possible
2
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 data preservation
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fundamental for continuation of HERA analyses

three major aspects:

documentation - preservation of experiment and analysis details 
as well as of all physics results

software preservation - ensuring compatibility of (reconstruction / 
analysis / MC) software with future operating systems

bit preservation - storage of actual (raw / processed / MC) data

ongoing HERA analyses based on DPHEP infrastructure

H1 already utilized raw data preserved for PID improvements
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HERA-data archive finalized

online (disk) store filled

used for everyday analysis

two tape copies*) of full archives for long-
term storage

small additions to heritage data possible

content of archive and the procedures how 
to add and restore data both documented 

restoring data from tape archive to online 
store already successfully exercised

HERA-data preservation effort as part of 
the DPHEP collaboration status report 
[arXiv:1512.02019v2]
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status of HERA bit-preservation

*) except for the last 100TB presently written to tape

http://arxiv.org/abs/1512.02019v2
http://arxiv.org/abs/1512.02019v2
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H1&ZEUS, Combination of differential D∗± cross-section measurements in 
deep-inelastic ep scattering at HERA, JHEP09(2015)149
H1&ZEUS, Combination of measurements of inclusive deep inelastic e± p 
scattering cross sections and QCD analysis of HERA data, EPJ C75 (2015) 
580 (already 50+ citations)
ZEUS, Production of exclusive dijets in diffractive deep inelastic scattering 
at HERA, EPJ C76 (2016) 16
H1, Exclusive ρ0 meson photoproduction with a leading neutron at HERA, 
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 new submissions since last PRC report
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ZEUS, Combined QCD and electroweak analysis of HERA data, PRD (in 
press) 

ZEUS, Limits on the effective quark radius from inclusive ep scattering at 
HERA, submitted to PLB

ZEUS, Measurement of the cross-section ratio σψ(2S)/σJ/ψ(1S) in deep inelastic 
exclusive ep scattering at HERA, submitted to NPB

H1, Search for QCD Instanton-Induced Processes at HERA in the High-Q2 
Domain, submitted to EPJC

ZEUS, Search for a narrow baryonic state decaying to pKS0 and pKS0 in 
deep inelastic scattering at HERA, to be submitted to PLB

… various preliminary results (e.g., for DIS’16) and in preparation for 
publication

-



exclusive measurements
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Fig. 1 Schematic view of the diffractive production of exclusive dijets
in electron–proton DIS

this picture, electron–proton deep inelastic scattering (DIS) is
described in terms of an interaction between the virtual pho-
ton, γ ∗, and the proton, which is mediated by the exchange
of a colourless object called the Pomeron (IP). This process
in the γ ∗–IP centre-of-mass frame is presented in Fig. 2,
where the lepton and jet planes are marked. The lepton plane
is defined by the incoming and scattered electron momenta.
The jet plane is defined by the jet momenta, which are always
back-to-back, and the virtual photon momentum. The angle
between these planes is labelled φ. The jet polar angle is
defined with respect to the virtual photon momentum and
called θ .

The production of exclusive dijets in DIS is sensitive to
the nature of the object exchanged between the virtual pho-
ton and the proton. Calculations of the single-differential
cross section of dijet production as a function of φ in kt -
factorisation [4] and collinear factorisation [5] have shown
that, when the quark and antiquark jets are indistinguish-

able, the cross section is proportional to 1+ A(pT,jet) cos 2φ,
where pT,jet is the jet transverse momentum. It was pointed
out for the first time by Bartels et al. [4,6] that the parameter
A is positive if the quark–antiquark pair is produced via the
interaction of a single gluon with the virtual photon and neg-
ative if a system of two gluons takes part in the interaction.
The absolute value of the A parameter is expected to increase
as the transverse momentum of the jet increases.

The production of exclusive dijets is also sensitive to the
gluon distribution in the proton and is a promising reaction to
probe the off-diagonal (generalised [7]) gluon distribution.
The off-diagonal calculations predict a larger cross section
compared to calculations based on conventional gluon dis-
tributions. In this context, the exclusive production of dijets
is a complementary process to the exclusive production of
vector mesons which has been extensively studied at HERA
[8–16].

This paper describes the measurement of differential cross
sections as a function of β and in bins of β as a function
of φ. The former quantity is defined as β = x/xIP, where
x is the Bjorken variable and xIP is the fractional loss of
proton longitudinal momentum. The results of this analysis
are compared to predictions from the Two-Gluon-Exchange
model [6,17] and the Resolved-Pomeron model of Ingelman
and Schlein [18].

2 Experimental set-up

A detailed description of the ZEUS detector can be found
elsewhere [19]. A brief outline of the components that are
most relevant for this analysis is given below.

Fig. 2 Definition of planes and
angles in the γ ∗–IP
centre-of-mass system. The
lepton plane is defined by the γ ∗

and e momenta. The jet plane is
defined by the γ ∗ and dijet
directions. The angle φ is the
angle between these two planes.
The jet polar angle, θ , is the
angle between the directions of
the jets and γ ∗
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Fig. 1 Generic diagrams for processes contributing to exclusive pho-
toproduction of ρ0 mesons associated with leading neutrons at HERA.
The signal corresponds to the Drell–Hiida–Deck model graphs for the
pion exchange (a), neutron exchange (b) and direct pole (c). Diffractive

scattering in which a neutron may be produced as a part of the pro-
ton dissociation system, MY , contributes as background (d). The N∗ in
c denotes both resonant (via N+) and possible non-resonant n + π+

production

at HERA and to extract the quasi-elastic γπ → ρ0π cross
section for the first time. Since no hard scale is present, a phe-
nomenological approach, such as Regge theory [8], is most
appropriate to describe the reaction. In the Regge frame-
work such events are explained by the diagram shown in
Fig. 1a which involves an exchange of two Regge trajec-
tories in the process 2 → 3, known as a Double Peripheral
Process (DPP), or Double-Regge-pole exchange reaction [9–
11]. This process can also be seen as a proton dissociating
into (n,π+) system which scatters elastically on the ρ0 via
the exchange of the Regge trajectory with the vacuum quan-
tum numbers, called the “Pomeron”.

In the past, similar reactions were studied at lower ener-
gies in nucleon–nucleon and meson–nucleon collisions [12–
17]. Most of the experimental properties of these reactions
were successfully explained by the generalised Drell–Hiida–
Deck model (DHD) [18–21], in which in addition to the pion
exchange (Fig. 1a) two further contributions (Fig. 1b, c) are
included. The graphs depicted in Fig. 1b, c give contribu-
tions to the total scattering amplitude with similar magni-
tude but opposite sign [22,23]. Therefore they largely cancel
in most of the phase space, in particular at small momen-
tum transfer squared at the proton vertex, t → 0, such that
the pion exchange diagram dominates the cross section [21].
One of the specific features observed in these experiments
is a characteristic t ′ dependence at the ‘elastic’ vertex,1 with
the slope dependent on the mass of the (nπ) system pro-
duced at the other, pnπ+, vertex, and changing in a wide
range of approximately 4 < b(m) < 22 GeV−2. The Deck
model in its original formulation cannot fully describe such
a strong mass-slope correlation and interference between the
amplitudes corresponding to the first three graphs in Fig. 1
has to be taken into account to explain the experimental data
[24,25].

1 In the present analysis elastic vertex corresponds to the ρ0 IP vertex,
Fig. 1.

In the analysis presented here only the two charged pions
from the ρ0 decay and the leading neutron are observed
directly. The pion from the proton vertex is emitted under
very small angles with respect to the proton beam and escapes
detection. This leads to a background contamination from
events with a different final state, which originate from
diffractive dissociation of the proton into a system Y con-
taining a neutron (Fig. 1d). Using the H1 detector capabili-
ties in the forward region such processes can be suppressed
to a certain extent. The residual background contribution is
estimated from a Monte Carlo model tuned to describe vector
meson production in diffractive dissociation at HERA.

The analysis is based on a data sample corresponding
to an integrated luminosity of 1.16 pb−1 collected with
the H1 detector in the years 2006 and 2007. During this
period HERA collided positrons and protons with energies
of Ee = 27.6 GeV and Ep = 920 GeV, respectively, corre-
sponding to a centre-of-mass energy of

√
s = 319 GeV. The

photon virtuality is limited to Q2 < 2 GeV2 with an average
value of 0.04 GeV2.

2 Cross sections definitions

The kinematics of the process

e(k)+ p(P) → e(k′)+ ρ0(V )+ n(N )+ π+, (1)

where the symbols in parentheses denote the four-momenta
of the corresponding particles, is described by the following
invariants:

• the square of the ep centre-of-mass energy s = (P+k)2,
• the modulus of the four-momentum transfer squared at

the lepton vertex Q2 = −q2 = −(k − k′)2,
• the inelasticity y = (q · P)/(k · P),
• the square of the γ p centre-of-mass energy W 2

γ p = (q +
P)2 ≃ ys − Q2,

123

Figure 1: Schematic representation of the exclusive electroproduction of qq̄ vector
mesons. The electron emits a virtual photon, which fluctuates into a qq̄ pair. The qq̄ pair
interacts with the target proton and produces the qq̄ vector meson V .
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Figure 2: Two-muon invariant-mass distribution, Mµµ, for exclusive dimuon events.
The data (points) are shown with statistical uncertainties. The background distribution
(solid line) is described by a linear fit to the data outside of the J/ψ(1S) and ψ(2S) signal
regions, and is also shown (dashed line) in the signal regions.
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σψ(2S)/σJ/ψ(1S) cross section ratio in DIS
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Figure 1: Schematic representation of the exclusive electroproduction of qq̄ vector
mesons. The electron emits a virtual photon, which fluctuates into a qq̄ pair. The qq̄ pair
interacts with the target proton and produces the qq̄ vector meson V .
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Figure 2: Two-muon invariant-mass distribution, Mµµ, for exclusive dimuon events.
The data (points) are shown with statistical uncertainties. The background distribution
(solid line) is described by a linear fit to the data outside of the J/ψ(1S) and ψ(2S) signal
regions, and is also shown (dashed line) in the signal regions.
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V= ψ(2S) or J/ψ(1S) 
     → μ+μ−  [also J/ψ(1S)π+π−  for ψ(2S)]

sensitive to, e.g., wave function dependence of the cc–proton cross section ̄
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Figure 8: Cross-section ratio R = σψ(2S)/σJ/ψ(1S) for the combined ψ(2S) decay modes
as a function of Q2. The kinematic range is 30 < W < 210GeV and |t| < 1GeV2 at an
ep centre-of-mass energy of 317GeV for the ZEUS data with Q2 > 5GeV2 and 300GeV
for the ZEUS data with 2 < Q2 < 5GeV2. The ZEUS results (solid points) are shown
compared to the previous H1 result (open points) [2] measured for 25 < W < 180GeV and
|t| < 1.6GeV2 at an ep centre-of-mass energy of 300GeV. The inner error bars show the
statistical and the outer error bars show the quadratic sum of statistical and systematic
uncertainties. The ZEUS points are plotted at the average Q2 of the reweighted simulated
ψ(2S) events with the W and t cuts used in the analysis, as recommended elsewhere [53].
The model predictions discussed in Section 7.1 are shown as curves. The sequence of the
labelling is in descending order of the R value at the highest Q2 of each prediction.
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hardly any W and |t| dependence
increase with Q2

consistent with earlier H1 result, though much improved precission
mostly following (widely spread) model predictions without favoring any 
of them (though 2-3 are disfavored)
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Figure 7: Cross-section ratio Rcomb = σψ(2S)/σJ/ψ(1S) for the combined ψ(2S) decay
modes as a function of (a) Q2, (b) W and (c) |t|. The horizontal lines show the bin
widths, and the points are plotted at the average of the reweighted ψ(2S) Monte Carlo
events in the corresponding bin, as recommended elsewhere [53]. The inner error bars
show the statistical and the outer error bars show the quadratic sum of statistical and
systematic uncertainties.
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σψ(2S)/σJ/ψ(1S) cross section ratio in DIS
[DESY–16–008]
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exclusive ω production
sensitive to nature of particle exchanged

earlier HERMES data on ω spin-density matrix 
elements (SDMEs) highlighted role of π-pole 
contribution

sensitivity to πω transition form factor

SDMEs do not fix sign of πω transition form 
factor

10
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Fig. 13 The Q2 and −t ′ dependences of u1, u2, and u3. The open symbols represent the values over the entire kinematic region. Otherwise as for
Fig. 7

The phase difference δN between the NPE amplitudes T11
and T00 can be calculated as follows [20]:

cos δN = 2
√

ϵ(Re{r5
10} − Im{r6

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

. (41)

The phase differences obtained for the entire kinematic
region are |δN | = (51 ± 5 ± 14) degrees and |δN | =
(50 ± 7 ± 16) degrees for proton and deuteron data, respec-
tively. Using polarized SDMEs, in principle also the sign of
δN can be determined from the following equation:

sin δN = 2
√

ϵ(Re{r8
10} + Im{r7

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

, (42)

which is given in Ref. [20]. For the present data, the large
experimental uncertainties of the polarized SDMEs make it
impossible to determine the sign of δN .

5.6 Longitudinal-to-transverse cross-section ratio

Usually, the longitudinal-to-transverse virtual-photon differ-
ential cross-section ratio

R = dσL(γ ∗
L → V )

dσT (γ ∗
T → V )

is experimentally determined from the measured SDME r04
00

using the approximated equation [20]

R ≈ 1
ϵ

r04
00

1 − r04
00

. (43)

This relation is exact in the case of SCHC. The Q2 depen-
dence of R for the ω meson is shown in the left panel of

Fig. 14, where also for comparison the same dependence for
the ρ0 meson [20] is shown. For ω mesons produced in the
entire kinematic region, it is found that R = 0.25 ± 0.03 ±
0.07 for the proton and R = 0.24 ± 0.04 ± 0.07 for the
deuteron data. Compared to the case of exclusive ρ0 produc-
tion, this ratio is about four times smaller, and for the ω meson
this ratio is almost independent of Q2. The −t ′ dependence
of R is shown in the right panel of Fig. 14. The compari-
son of the proton data to the GK model calculations with and
without inclusion of the pion-pole contribution demonstrates
the clear need to include the pion pole. The data are well
described by the model and appear to follow the −t ′ depen-
dence suggested by the model when the pion-pole contribu-
tion is included. This implies that transverse and longitudinal
virtual-photon cross sections have different −t ′ dependences.
Hence the usual high-energy assumption that their ratio can
be identified with the corresponding ratio of the integrated
cross sections does not hold in exclusive ω electroproduction
at HERMES kinematics, due to the pion-pole contribution.
The GK model appears to fully account for the unnatural-
parity contribution to R and shows rather good agreement
with the data.

5.7 The UPE-to-NPE asymmetry of the transverse cross
section

The UPE-to-NPE asymmetry of the transverse differential
cross section is defined as [29]

P = dσ N
T − dσU

T

dσ N
T + dσU

T

≡ dσ N
T /dσU

T − 1

dσ N
T /dσU

T + 1

= (1 + ϵR)(2r1
1−1 − r1

00), (44)

where σ N
T and σU

T denote the part of the cross section due to
NPE and UPE, respectively. Substituting Eq. (43) in Eq. (44)
leads to the approximate relation
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using the approximated equation [20]

R ≈ 1
ϵ

r04
00

1 − r04
00

. (43)

This relation is exact in the case of SCHC. The Q2 depen-
dence of R for the ω meson is shown in the left panel of

Fig. 14, where also for comparison the same dependence for
the ρ0 meson [20] is shown. For ω mesons produced in the
entire kinematic region, it is found that R = 0.25 ± 0.03 ±
0.07 for the proton and R = 0.24 ± 0.04 ± 0.07 for the
deuteron data. Compared to the case of exclusive ρ0 produc-
tion, this ratio is about four times smaller, and for the ω meson
this ratio is almost independent of Q2. The −t ′ dependence
of R is shown in the right panel of Fig. 14. The compari-
son of the proton data to the GK model calculations with and
without inclusion of the pion-pole contribution demonstrates
the clear need to include the pion pole. The data are well
described by the model and appear to follow the −t ′ depen-
dence suggested by the model when the pion-pole contribu-
tion is included. This implies that transverse and longitudinal
virtual-photon cross sections have different −t ′ dependences.
Hence the usual high-energy assumption that their ratio can
be identified with the corresponding ratio of the integrated
cross sections does not hold in exclusive ω electroproduction
at HERMES kinematics, due to the pion-pole contribution.
The GK model appears to fully account for the unnatural-
parity contribution to R and shows rather good agreement
with the data.

5.7 The UPE-to-NPE asymmetry of the transverse cross
section

The UPE-to-NPE asymmetry of the transverse differential
cross section is defined as [29]

P = dσ N
T − dσU

T

dσ N
T + dσU

T

≡ dσ N
T /dσU

T − 1

dσ N
T /dσU

T + 1

= (1 + ϵR)(2r1
1−1 − r1

00), (44)

where σ N
T and σU

T denote the part of the cross section due to
NPE and UPE, respectively. Substituting Eq. (43) in Eq. (44)
leads to the approximate relation
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The phase difference δN between the NPE amplitudes T11
and T00 can be calculated as follows [20]:

cos δN = 2
√

ϵ(Re{r5
10} − Im{r6

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

. (41)

The phase differences obtained for the entire kinematic
region are |δN | = (51 ± 5 ± 14) degrees and |δN | =
(50 ± 7 ± 16) degrees for proton and deuteron data, respec-
tively. Using polarized SDMEs, in principle also the sign of
δN can be determined from the following equation:

sin δN = 2
√

ϵ(Re{r8
10} + Im{r7

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

, (42)

which is given in Ref. [20]. For the present data, the large
experimental uncertainties of the polarized SDMEs make it
impossible to determine the sign of δN .

5.6 Longitudinal-to-transverse cross-section ratio

Usually, the longitudinal-to-transverse virtual-photon differ-
ential cross-section ratio

R = dσL(γ ∗
L → V )

dσT (γ ∗
T → V )

is experimentally determined from the measured SDME r04
00

using the approximated equation [20]

R ≈ 1
ϵ

r04
00

1 − r04
00

. (43)

This relation is exact in the case of SCHC. The Q2 depen-
dence of R for the ω meson is shown in the left panel of

Fig. 14, where also for comparison the same dependence for
the ρ0 meson [20] is shown. For ω mesons produced in the
entire kinematic region, it is found that R = 0.25 ± 0.03 ±
0.07 for the proton and R = 0.24 ± 0.04 ± 0.07 for the
deuteron data. Compared to the case of exclusive ρ0 produc-
tion, this ratio is about four times smaller, and for the ω meson
this ratio is almost independent of Q2. The −t ′ dependence
of R is shown in the right panel of Fig. 14. The compari-
son of the proton data to the GK model calculations with and
without inclusion of the pion-pole contribution demonstrates
the clear need to include the pion pole. The data are well
described by the model and appear to follow the −t ′ depen-
dence suggested by the model when the pion-pole contribu-
tion is included. This implies that transverse and longitudinal
virtual-photon cross sections have different −t ′ dependences.
Hence the usual high-energy assumption that their ratio can
be identified with the corresponding ratio of the integrated
cross sections does not hold in exclusive ω electroproduction
at HERMES kinematics, due to the pion-pole contribution.
The GK model appears to fully account for the unnatural-
parity contribution to R and shows rather good agreement
with the data.

5.7 The UPE-to-NPE asymmetry of the transverse cross
section

The UPE-to-NPE asymmetry of the transverse differential
cross section is defined as [29]

P = dσ N
T − dσU

T

dσ N
T + dσU

T

≡ dσ N
T /dσU

T − 1

dσ N
T /dσU

T + 1

= (1 + ϵR)(2r1
1−1 − r1

00), (44)

where σ N
T and σU

T denote the part of the cross section due to
NPE and UPE, respectively. Substituting Eq. (43) in Eq. (44)
leads to the approximate relation
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The phase difference δN between the NPE amplitudes T11
and T00 can be calculated as follows [20]:

cos δN = 2
√

ϵ(Re{r5
10} − Im{r6

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

. (41)

The phase differences obtained for the entire kinematic
region are |δN | = (51 ± 5 ± 14) degrees and |δN | =
(50 ± 7 ± 16) degrees for proton and deuteron data, respec-
tively. Using polarized SDMEs, in principle also the sign of
δN can be determined from the following equation:

sin δN = 2
√

ϵ(Re{r8
10} + Im{r7

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

, (42)

which is given in Ref. [20]. For the present data, the large
experimental uncertainties of the polarized SDMEs make it
impossible to determine the sign of δN .

5.6 Longitudinal-to-transverse cross-section ratio

Usually, the longitudinal-to-transverse virtual-photon differ-
ential cross-section ratio

R = dσL(γ ∗
L → V )

dσT (γ ∗
T → V )

is experimentally determined from the measured SDME r04
00

using the approximated equation [20]

R ≈ 1
ϵ

r04
00

1 − r04
00

. (43)

This relation is exact in the case of SCHC. The Q2 depen-
dence of R for the ω meson is shown in the left panel of

Fig. 14, where also for comparison the same dependence for
the ρ0 meson [20] is shown. For ω mesons produced in the
entire kinematic region, it is found that R = 0.25 ± 0.03 ±
0.07 for the proton and R = 0.24 ± 0.04 ± 0.07 for the
deuteron data. Compared to the case of exclusive ρ0 produc-
tion, this ratio is about four times smaller, and for the ω meson
this ratio is almost independent of Q2. The −t ′ dependence
of R is shown in the right panel of Fig. 14. The compari-
son of the proton data to the GK model calculations with and
without inclusion of the pion-pole contribution demonstrates
the clear need to include the pion pole. The data are well
described by the model and appear to follow the −t ′ depen-
dence suggested by the model when the pion-pole contribu-
tion is included. This implies that transverse and longitudinal
virtual-photon cross sections have different −t ′ dependences.
Hence the usual high-energy assumption that their ratio can
be identified with the corresponding ratio of the integrated
cross sections does not hold in exclusive ω electroproduction
at HERMES kinematics, due to the pion-pole contribution.
The GK model appears to fully account for the unnatural-
parity contribution to R and shows rather good agreement
with the data.

5.7 The UPE-to-NPE asymmetry of the transverse cross
section

The UPE-to-NPE asymmetry of the transverse differential
cross section is defined as [29]

P = dσ N
T − dσU

T

dσ N
T + dσU

T

≡ dσ N
T /dσU

T − 1

dσ N
T /dσU

T + 1

= (1 + ϵR)(2r1
1−1 − r1

00), (44)

where σ N
T and σU

T denote the part of the cross section due to
NPE and UPE, respectively. Substituting Eq. (43) in Eq. (44)
leads to the approximate relation
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Fig. 5. The five amplitudes describing the strength of the sine modulations of the cross section for hard exclusive !-meson
production. The full circles show the data in two bins of Q2 or �t

0. The open squares represent the results obtained for the
entire kinematic region. The inner error bars represent the statistical uncertainties, while the outer ones indicate the statistical
and systematic uncertainties added in quadrature. The results receive an additional 8.2% scale uncertainty corresponding to
the target polarization uncertainty. The solid (dash-dotted) lines show the calculation of the GK model [11,21] for a positive
(negative) ⇡! transition form factor, and the dashed lines are the model results without the pion pole.

Table 1. The amplitudes of the five sine and two cosine mod-
ulations as determined in the entire kinematic region. The first
uncertainty is statistical, the second systematic. The results
receive an additional 8.2% scale uncertainty corresponding to
the target polarization uncertainty.

amplitude

A

sin(�+�S)

UT �0.06 ± 0.20 ± 0.02

A

sin(���S)

UT �0.12 ± 0.19 ± 0.03

A

sin(�S)

UT 0.26 ± 0.27 ± 0.05

A

sin(2���S)

UT 0.03 ± 0.16 ± 0.01

A

sin(3���S)

UT 0.13 ± 0.15 ± 0.03

A

cos(�)
UU �0.01 ± 0.11 ± 0.10

A

cos(2�)
UU �0.17 ± 0.11 ± 0.05

Here, R denotes the set of 7 asymmetry amplitudes of
the unseparated fit or 14 asymmetry amplitudes of the
longitudinal-to-transverse separated fit and the sum runs
over the N experimental-data events. The normalization
factor

eN (R) =

NMCX

j=1

W(R;�j ,�j

S

) (7)

is determined using N
MC

events from a PYTHIA Monte-
Carlo simulation, which are generated according to an
isotropic angular distribution and processed in the same
way as experimental data. The number of Monte-Carlo
events in the exclusive region amounts to about 40,000.

Each asymmetry amplitude is corrected for the back-
ground asymmetry according to

A
corr

=
A

meas

� f
bg

A
bg

1� f
bg

, (8)

whereA
corr

is the corrected asymmetry amplitude,A
meas

is the measured asymmetry amplitude, f
bg

is the frac-
tion of the SIDIS background and A

bg

is its asymmetry
amplitude. While A

meas

is evaluated in the exclusive re-
gion, A

bg

is obtained by extracting the asymmetry from
the experimental SIDIS background in the region 2 GeV
< �E < 20 GeV.

The systematic uncertainty is obtained by adding in
quadrature two components. The first one, �A

corr

=
A

corr

� A
meas

, is due to the correction by background
amplitudes. In the most conservative approach adopted
here, it is estimated as the di↵erence between the asym-
metry amplitudes A

corr

and A
meas

. This approach also
covers the small uncertainty on f

bg

. The second compo-
nent accounts for e↵ects from detector acceptance, e�-
ciency, smearing, and misalignment. It is determined as
described in Ref. [16]. An additional scale uncertainty
arises because of the systematic uncertainty on the tar-
get polarization, which amounts to 8.2%.

Results

The results for the five A
UT

and two A
UU

amplitudes,
as determined in the entire kinematic region, are shown
in Table 1. These results are presented in Table 3 in two
intervals of Q2 and �t0, with the definition of intervals
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Fig. 6. As Fig. 5, but only for transversely polarized ! mesons.

Table 4. Results on the five asymmetry amplitudes AUT and two amplitudes AUU in the entire kinematic region, but separated
into longitudinal and transverse parts. The first column (K = L) gives the results for the longitudinal components, while the
second column, (K = T ), shows the results for the transverse components. The first uncertainty is statistical, the second
systematic. The results receive an additional 8.2% scale uncertainty corresponding to the target polarization uncertainty.

amplitude longitudinal (K = L) transverse (K = T )

A

sin(�+�S)

UT,K �0.16 ± 0.92 ± 0.02 �0.14 ± 0.29 ± 0.05

A

sin(���S)

UT,K �0.60 ± 0.81 ± 0.16 0.07 ± 0.27 ± 0.04

A

sin(�S)

UT,K �0.08 ± 1.06 ± 0.03 0.21 ± 0.38 ± 0.01

A

sin(2���S)

UT,K �0.38 ± 0.71 ± 0.11 0.10 ± 0.21 ± 0.02

A

sin(3���S)

UT,K 0.21 ± 0.56 ± 0.10 0.07 ± 0.20 ± 0.01

A

cos(�)
UU,K 0.53 ± 0.40 ± 0.08 �0.16 ± 0.15 ± 0.12

A

cos(2�)
UU,K 0.60 ± 0.39 ± 0.17 �0.37 ± 0.15 ± 0.10
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Relations between azimuthal asymmetry am-

plitudes and spin-density matrix elements

The full information on vector-meson leptoproduction is

contained in the di↵erential cross section d

3
�

dQ

2
dtdx

and

the SDMEs in the Diehl representation [25]. Therefore,
the azimuthal asymmetry amplitudes can be expressed
in terms of the SDMEs. For scattering o↵ an unpolar-
ized target, the asymmetry amplitudes can be written in
terms of the Diehl SDMEs uµ1µ2

�1�2
or alternatively in terms

of the Schilling–Wolf SDMEs rn
ij

[26] as

Acos�

UU

= �2
p
✏(1 + ✏)Re[u

0+

]

=
p
2✏(1 + ✏) [2r5

11

+ r5
00

], (9)

Acos 2�

UU

= �✏Re[u�+

]

= �✏ [2r1
11

+ r1
00

]. (10)

Here, the abbreviated notation

u
�1�2 = u++

�1�2
+ u��

�1�2
+ u00

�1�2
(11)

exclusive ω production

slight preference for positive 𝛑𝟂 transition FF (red/full line) vs. negative one 
(magenta/dash-dotted line) 
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Fig. 1 Schematic view of the diffractive production of exclusive dijets
in electron–proton DIS

this picture, electron–proton deep inelastic scattering (DIS) is
described in terms of an interaction between the virtual pho-
ton, γ ∗, and the proton, which is mediated by the exchange
of a colourless object called the Pomeron (IP). This process
in the γ ∗–IP centre-of-mass frame is presented in Fig. 2,
where the lepton and jet planes are marked. The lepton plane
is defined by the incoming and scattered electron momenta.
The jet plane is defined by the jet momenta, which are always
back-to-back, and the virtual photon momentum. The angle
between these planes is labelled φ. The jet polar angle is
defined with respect to the virtual photon momentum and
called θ .

The production of exclusive dijets in DIS is sensitive to
the nature of the object exchanged between the virtual pho-
ton and the proton. Calculations of the single-differential
cross section of dijet production as a function of φ in kt -
factorisation [4] and collinear factorisation [5] have shown
that, when the quark and antiquark jets are indistinguish-

able, the cross section is proportional to 1+ A(pT,jet) cos 2φ,
where pT,jet is the jet transverse momentum. It was pointed
out for the first time by Bartels et al. [4,6] that the parameter
A is positive if the quark–antiquark pair is produced via the
interaction of a single gluon with the virtual photon and neg-
ative if a system of two gluons takes part in the interaction.
The absolute value of the A parameter is expected to increase
as the transverse momentum of the jet increases.

The production of exclusive dijets is also sensitive to the
gluon distribution in the proton and is a promising reaction to
probe the off-diagonal (generalised [7]) gluon distribution.
The off-diagonal calculations predict a larger cross section
compared to calculations based on conventional gluon dis-
tributions. In this context, the exclusive production of dijets
is a complementary process to the exclusive production of
vector mesons which has been extensively studied at HERA
[8–16].

This paper describes the measurement of differential cross
sections as a function of β and in bins of β as a function
of φ. The former quantity is defined as β = x/xIP, where
x is the Bjorken variable and xIP is the fractional loss of
proton longitudinal momentum. The results of this analysis
are compared to predictions from the Two-Gluon-Exchange
model [6,17] and the Resolved-Pomeron model of Ingelman
and Schlein [18].
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Table 3 Results of the fit to the cross-section dσ/dφ in bins of β.
The fitted function is proportional to (1 + A cos 2φ). The uncertainty
includes both statistical and systematical contributions (see text)
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Fig. 12 The shape parameter A as a function of β resulting from the
fits to dσ/dφ with a function proportional to 1+A cos 2φ. The statistical
and systematic uncertainties were included in the fit

Fig. 13 Diagram of diffractive boson–gluon fusion in the Resolved-
Pomeron model

Fig. 14 Example diagram of qq̄ production in the Two-Gluon-
Exchange model

Fig. 15 Example diagram of qq̄g production in the Two-Gluon-
Exchange model
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Fig. 16 The Rqq̄ = σ (qq̄)/(σ (qq̄)+ σ (qq̄g)), determined in a fit of
the predicted shapes to the measured φ distributions given in Fig. 11.
The fit takes into account the full covariance matrix. The predicted
ratio is shown for two choices of pT,cut: for the

√
2 GeV used for the

published calculations [17] and for 1.75 GeV, determined in a fit

between the predicted and measured cross section is not sig-
nificant, it could indicate that the NLO corrections are large
or the cross-section enhancement arising from the evolution
of the off-diagonal gluon distribution is significant [7]. The
prediction based on qq̄ production alone fails to describe the
shape of the distribution at low values of β but is almost suf-
ficient to describe it at large β, where the qq̄g component is
less important.

10.3 Differential cross-section dσ/dφ

The cross-sections dσ/dφ are shown in Fig. 17 in five dif-
ferent β ranges together with the predictions of both models.
The comparison of the shapes has been quantified by calcu-
lating the slope parameter A. The results are shown in Fig. 18.
The Resolved-Pomeron model predicts an almost constant,
positive value of A in the whole β range. The Two-Gluon-
Exchange model (qq̄ + qq̄g) predicts a value of A which
varies from positive to negative. In contrast to the Resolved-
Pomeron model, the Two-Gluon-Exchange model agrees
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Fig. 18 The shape parameter A as a function of β in comparison to
the values of A obtained from distributions predicted by the Resolved-
Pomeron model and the Two-Gluon-Exchange model. The bands on
BGF Fit B and two-gluon pT,cut = 1.75 GeV represent statistical uncer-
tainties

sured value of A as a function of β, whereas the Resolved-
Pomeron model exhibits a different trend.
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Fig. 17 Differential cross sections as in Fig. 11 in comparison to model
predictions dσ/dβ (in log scale) and dσ/dφ in bins of β (in linear
scale). Contributions from proton-dissociative dijet production were
subtracted. The systematic uncertainties do not include the uncertainty

due to the subtraction. The Two-Gluon-Exchange model is presented
with pT,cut = 1.75 GeV. The bands on theoretical expectations repre-
sent statistical uncertainties only

quantitatively with the data in the range 0.3 < β < 0.7. The
prediction based on qq̄ production alone describes the shape
of the distributions at large β, where the qq̄g component is
less important.

11 Summary

The first measurement of diffractive production of exclusive
dijets in deep inelastic scattering, γ ∗ + p → jet1 + jet2 +
p, was presented. The differential cross-sections dσ/dβ and
dσ/dφ in bins of β were measured in the kinematic range:
Q2 > 25 GeV2, 90 < W < 250 GeV, MX > 5 GeV, xIP <

0.01 and pT,jet > 2 GeV using an integrated luminosity of
372 pb−1.

The measured absolute cross sections are larger than
those predicted by both the Resolved-Pomeron and the Two-
Gluon-Exchange models. The difference between the data
and the Resolved-Pomeron model at β > 0.4 is signif-
icant. The Two-Gluon-Exchange model predictions agree
with the data within the experimental uncertainty and are
themselves subject to possible large theoretical uncertain-
ties. The shape of the φ distributions was parameterised with
the function 1+ A cos 2φ, as motivated by theory. The Two-
Gluon-Exchange model predicts reasonably well the mea-
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Fig. 11 Differential cross sections for exclusive dijet production:
dσ/dβ (in log scale) and dσ/dφ (in linear scale) in five bins of β. Con-
tributions from proton-dissociative dijet production were subtracted.
The full line represents the fitted function proportional to 1+ A cos 2φ.
Statistical and systematic uncertainties were included in the fit. The
total error bars show statistical and systematic uncertainties added in

quadrature. The statistical uncertainties were taken from the diagonal
elements of the covariance matrix. The systematic uncertainties do not
include the uncertainty of the subtraction of the proton-dissociative con-
tribution. This normalisation uncertainty is shown as a grey band only
in the dσ/dβ distribution

can be well described throughout the considered range with
pT,cut = 1.75 GeV. Both this value of pT,cut and the origi-
nal value were used for calculating the Two-Gluon-Exchange
model predictions.

10.2 Differential cross-section dσ/dβ

The cross-section dσ/dβ is shown in Fig. 17 together with
the predictions from both models. The prediction of the
Resolved-Pomeron model decreases with increasing β faster
than the measured cross section, for both fit A and fit B. The
difference between data and prediction is less pronounced

for fit A than for fit B, which is consistent with the observa-
tion that the ratio of gluon densities increases with increasing
β [51]. Predictions and data differ by a factor of two for small
values of β and about ten for large values.

The Two-Gluon-Exchange model prediction, which inclu-
des qq̄ and qq̄g, describes the shape of the measured β dis-
tribution reasonably well. The predicted integrated cross sec-
tion is σ = 38 pb, while the measured cross section is σ =
72 pb with a normalisation uncertainty originating from the
proton-dissociation background of u( fpdiss)/(1 − fpdiss) =
27 %, where u( fpdiss) is the uncertainty in the fraction of
events with a dissociated proton. Although the difference
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Fig. 17 Differential cross sections as in Fig. 11 in comparison to model
predictions dσ/dβ (in log scale) and dσ/dφ in bins of β (in linear
scale). Contributions from proton-dissociative dijet production were
subtracted. The systematic uncertainties do not include the uncertainty

due to the subtraction. The Two-Gluon-Exchange model is presented
with pT,cut = 1.75 GeV. The bands on theoretical expectations repre-
sent statistical uncertainties only

quantitatively with the data in the range 0.3 < β < 0.7. The
prediction based on qq̄ production alone describes the shape
of the distributions at large β, where the qq̄g component is
less important.

11 Summary

The first measurement of diffractive production of exclusive
dijets in deep inelastic scattering, γ ∗ + p → jet1 + jet2 +
p, was presented. The differential cross-sections dσ/dβ and
dσ/dφ in bins of β were measured in the kinematic range:
Q2 > 25 GeV2, 90 < W < 250 GeV, MX > 5 GeV, xIP <

0.01 and pT,jet > 2 GeV using an integrated luminosity of
372 pb−1.

The measured absolute cross sections are larger than
those predicted by both the Resolved-Pomeron and the Two-
Gluon-Exchange models. The difference between the data
and the Resolved-Pomeron model at β > 0.4 is signif-
icant. The Two-Gluon-Exchange model predictions agree
with the data within the experimental uncertainty and are
themselves subject to possible large theoretical uncertain-
ties. The shape of the φ distributions was parameterised with
the function 1+ A cos 2φ, as motivated by theory. The Two-
Gluon-Exchange model predicts reasonably well the mea-
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Fig. 1 Generic diagrams for processes contributing to exclusive pho-
toproduction of ρ0 mesons associated with leading neutrons at HERA.
The signal corresponds to the Drell–Hiida–Deck model graphs for the
pion exchange (a), neutron exchange (b) and direct pole (c). Diffractive

scattering in which a neutron may be produced as a part of the pro-
ton dissociation system, MY , contributes as background (d). The N∗ in
c denotes both resonant (via N+) and possible non-resonant n + π+

production

at HERA and to extract the quasi-elastic γπ → ρ0π cross
section for the first time. Since no hard scale is present, a phe-
nomenological approach, such as Regge theory [8], is most
appropriate to describe the reaction. In the Regge frame-
work such events are explained by the diagram shown in
Fig. 1a which involves an exchange of two Regge trajec-
tories in the process 2 → 3, known as a Double Peripheral
Process (DPP), or Double-Regge-pole exchange reaction [9–
11]. This process can also be seen as a proton dissociating
into (n,π+) system which scatters elastically on the ρ0 via
the exchange of the Regge trajectory with the vacuum quan-
tum numbers, called the “Pomeron”.

In the past, similar reactions were studied at lower ener-
gies in nucleon–nucleon and meson–nucleon collisions [12–
17]. Most of the experimental properties of these reactions
were successfully explained by the generalised Drell–Hiida–
Deck model (DHD) [18–21], in which in addition to the pion
exchange (Fig. 1a) two further contributions (Fig. 1b, c) are
included. The graphs depicted in Fig. 1b, c give contribu-
tions to the total scattering amplitude with similar magni-
tude but opposite sign [22,23]. Therefore they largely cancel
in most of the phase space, in particular at small momen-
tum transfer squared at the proton vertex, t → 0, such that
the pion exchange diagram dominates the cross section [21].
One of the specific features observed in these experiments
is a characteristic t ′ dependence at the ‘elastic’ vertex,1 with
the slope dependent on the mass of the (nπ) system pro-
duced at the other, pnπ+, vertex, and changing in a wide
range of approximately 4 < b(m) < 22 GeV−2. The Deck
model in its original formulation cannot fully describe such
a strong mass-slope correlation and interference between the
amplitudes corresponding to the first three graphs in Fig. 1
has to be taken into account to explain the experimental data
[24,25].

1 In the present analysis elastic vertex corresponds to the ρ0 IP vertex,
Fig. 1.

In the analysis presented here only the two charged pions
from the ρ0 decay and the leading neutron are observed
directly. The pion from the proton vertex is emitted under
very small angles with respect to the proton beam and escapes
detection. This leads to a background contamination from
events with a different final state, which originate from
diffractive dissociation of the proton into a system Y con-
taining a neutron (Fig. 1d). Using the H1 detector capabili-
ties in the forward region such processes can be suppressed
to a certain extent. The residual background contribution is
estimated from a Monte Carlo model tuned to describe vector
meson production in diffractive dissociation at HERA.

The analysis is based on a data sample corresponding
to an integrated luminosity of 1.16 pb−1 collected with
the H1 detector in the years 2006 and 2007. During this
period HERA collided positrons and protons with energies
of Ee = 27.6 GeV and Ep = 920 GeV, respectively, corre-
sponding to a centre-of-mass energy of

√
s = 319 GeV. The

photon virtuality is limited to Q2 < 2 GeV2 with an average
value of 0.04 GeV2.

2 Cross sections definitions

The kinematics of the process

e(k)+ p(P) → e(k′)+ ρ0(V )+ n(N )+ π+, (1)

where the symbols in parentheses denote the four-momenta
of the corresponding particles, is described by the following
invariants:

• the square of the ep centre-of-mass energy s = (P+k)2,
• the modulus of the four-momentum transfer squared at

the lepton vertex Q2 = −q2 = −(k − k′)2,
• the inelasticity y = (q · P)/(k · P),
• the square of the γ p centre-of-mass energy W 2

γ p = (q +
P)2 ≃ ys − Q2,
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at HERA and to extract the quasi-elastic γπ → ρ0π cross
section for the first time. Since no hard scale is present, a phe-
nomenological approach, such as Regge theory [8], is most
appropriate to describe the reaction. In the Regge frame-
work such events are explained by the diagram shown in
Fig. 1a which involves an exchange of two Regge trajec-
tories in the process 2 → 3, known as a Double Peripheral
Process (DPP), or Double-Regge-pole exchange reaction [9–
11]. This process can also be seen as a proton dissociating
into (n,π+) system which scatters elastically on the ρ0 via
the exchange of the Regge trajectory with the vacuum quan-
tum numbers, called the “Pomeron”.

In the past, similar reactions were studied at lower ener-
gies in nucleon–nucleon and meson–nucleon collisions [12–
17]. Most of the experimental properties of these reactions
were successfully explained by the generalised Drell–Hiida–
Deck model (DHD) [18–21], in which in addition to the pion
exchange (Fig. 1a) two further contributions (Fig. 1b, c) are
included. The graphs depicted in Fig. 1b, c give contribu-
tions to the total scattering amplitude with similar magni-
tude but opposite sign [22,23]. Therefore they largely cancel
in most of the phase space, in particular at small momen-
tum transfer squared at the proton vertex, t → 0, such that
the pion exchange diagram dominates the cross section [21].
One of the specific features observed in these experiments
is a characteristic t ′ dependence at the ‘elastic’ vertex,1 with
the slope dependent on the mass of the (nπ) system pro-
duced at the other, pnπ+, vertex, and changing in a wide
range of approximately 4 < b(m) < 22 GeV−2. The Deck
model in its original formulation cannot fully describe such
a strong mass-slope correlation and interference between the
amplitudes corresponding to the first three graphs in Fig. 1
has to be taken into account to explain the experimental data
[24,25].

1 In the present analysis elastic vertex corresponds to the ρ0 IP vertex,
Fig. 1.

In the analysis presented here only the two charged pions
from the ρ0 decay and the leading neutron are observed
directly. The pion from the proton vertex is emitted under
very small angles with respect to the proton beam and escapes
detection. This leads to a background contamination from
events with a different final state, which originate from
diffractive dissociation of the proton into a system Y con-
taining a neutron (Fig. 1d). Using the H1 detector capabili-
ties in the forward region such processes can be suppressed
to a certain extent. The residual background contribution is
estimated from a Monte Carlo model tuned to describe vector
meson production in diffractive dissociation at HERA.

The analysis is based on a data sample corresponding
to an integrated luminosity of 1.16 pb−1 collected with
the H1 detector in the years 2006 and 2007. During this
period HERA collided positrons and protons with energies
of Ee = 27.6 GeV and Ep = 920 GeV, respectively, corre-
sponding to a centre-of-mass energy of

√
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photon virtuality is limited to Q2 < 2 GeV2 with an average
value of 0.04 GeV2.

2 Cross sections definitions

The kinematics of the process

e(k)+ p(P) → e(k′)+ ρ0(V )+ n(N )+ π+, (1)

where the symbols in parentheses denote the four-momenta
of the corresponding particles, is described by the following
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Fig. 3 The ρ0 meson properties: a mass distribution of the π+π−

system for exclusive ρ0 production with p2
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with a leading neutron. The data points are corrected for the detector
efficiency. The curves represent different components contributing to
the measured distribution and the Breit–Wigner resonant part extracted
from the fit to the data. The analysis region 0.6 < Mπ+π− < 1.1 GeV
is indicated by vertical arrows. b Ross–Stodolsky skewing parameter,

nRS , as a function of p2
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photoproduction of ρ0 mesons, γ p → ρ0 p, by the ZEUS Collabora-
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lated events with randomly triggered real events. The simu-
lated MC events are passed through the same reconstruction
and analysis chain as is used for the data.

The MC simulations are used to correct the distributions at
the level of reconstructed particles back to the hadron level
on a bin-by-bin basis. The size of the correction factors is
12 in average, corresponding to an efficiency of ∼8 %, and
varies between ∼10 and ∼24 for different parts of the cov-
ered phase space. The main contributions to the inefficiency
are: the azimuthal acceptance of the FNC (∼30 % on aver-
age), the ρ meson reconstruction efficiency which is zero if
one of the tracks has low transverse momentum (∼60 %),
the LRG selection efficiency (∼60 %) and the trigger effi-
ciency (∼75 %). The bin purity, defined as the fraction of
events reconstructed in a particular bin that originate from
the same bin on hadron level, varies between 70 and 95 %

for one-dimensional distributions and between 45 and 65 %
for two-dimensional ones. As an example, Fig. 2c illustrates
the binning scheme used in the two-dimensional (xL , pT,n)
distribution.

3.4 Extraction of the ρ0 signal

The invariant mass distribution of the two tracks under the
charged pion mass hypothesis is shown in Fig. 3a. The distri-
bution is corrected for the mass dependent detector efficiency.

A fit is performed in the range Mππ > 0.4 GeV
using the Ross–Stodolsky parametrisation (7) for the ρ0

meson mass shape and adding the contributions for the
reflection from ω → π+π−π0 and for the non-resonant
background. Other sources of non-ρ0 background, such as
ω(782) → π+π−, φ(1020) → K 0

L K
0
S, π+π−π0, ρ′ →

123

41 Page 10 of 21 Eur. Phys. J. C (2016) 76 :41

s
H1 data
signal
background

En[GeV]

Ev
en

ts
200 400 600 800

0

200

400

600

800

1000
signal+background

Fbg

χ2

0.1 0.2 0.3 0.4 0.5 0.6

10

20

30

40

50
1σ band

ρ0 with Forward Neutron
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ple. On the left panel the distribution of the measured neutron energy,
En , is shown together with the contributions from signal and back-
ground. On the right panel the χ2 dependence on the background frac-

tion, Fbg , is shown. The shaded band represents the 1σ uncertainty
around the optimal fit value of the Fbg , taking into account statisti-
cal errors, FNC calibration systematics and the uncertainty in proton
dissociation background shape

tribution of Fbg = 0.29±0.05 in the main sample. Since the
signal-to-background decomposition fit in this cross check
gives a worse χ2, the nominal value Fbg = 0.34 is used
for the cross section determinations. The difference to the
Fbg value determined in the nominal analysis, as described
above, is well covered by systematic uncertainty of the LRG
condition efficiency.

3.6 Cross section determination and systematic
uncertainties

The cross sections are measured for the kinematic ranges
as defined in the rightmost column of Table 1. From the
observed number of ep events, Ndata , the bin-integrated γ p
cross section in bin i is calculated as

σ i
γ p = 1

$γ

Ni
data − Ni

bg

L(A · ϵ)i
· Ci

ρ (11)

where Ni
bg is the expected diffractive dissociation back-

ground in bin i taking into account the overall normalisa-
tion fraction Fbg = 0.34, A · ϵ is the correction for detector
acceptance and efficiency, L is the integrated luminosity of
the data, Cρ is the extrapolation factor for the number of ρ0

events from the Mππ measurement interval to the full ρ0

mass range and $γ = 0.1543 is the value of the equivalent
photon flux from Eq. (3) for the given (Wγ p, Q2) range.5

Since the statistics available does not allow for a reliable ρ0

5 Note, that the effective VDM flux (3) converts the ep cross section
into a real γ p cross section at Q2 = 0, contrary to the EPA flux [72–
75] converting it to the transverse γ ∗ p cross section, averaged over

mass fit in every measurement bin, Ci
ρ is calculated using

Cρ = 1.155, obtained from the fit of the full sample and bin-
dependent skewing correction factor derived from the fitted
dependence of nRS(p2

T,ρ) in Eq. (9).
Several sources of experimental uncertainties are consid-

ered and their effects on the measured cross section are quan-
tified. The systematic uncertainties on the cross section mea-
surements are determined using MC simulations, by propa-
gating the corresponding uncertainty through the full analysis
chain. The individual systematic uncertainties are grouped
into four categories below.

• Detector related sources. The trigger efficiency is ver-
ified and tuned with the precision of 3.4 % using an
independent monitoring sample. It is treated as correlated
between different bins.
The uncertainty due to the track finding and reconstruc-
tion efficiency in the central tracker is estimated to be 1 %
per track [76] resulting in 2 % uncertainty in the cross
section, taken to be correlated between bins.
Several sources of uncertainties related to the measure-
ment of the forward neutrons are considered. The uncer-
tainty in the neutron detection efficiency which affects
the measurement in a global way is 2 % [7]. The 2 %
uncertainty on the absolute hadronic energy scale of the
FNC [7] leads to a systematic error of 1.1 % for the xL -
integrated cross section and varying between 2 and 19 %

Footnote 5 continued
the measured Q2 range. The difference between the two approaches
amounts to ≈6 % integrated over the (Q2, y) range of the measurement.
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The quality of the fits is good, with P(χ2) = 0.35÷ 0.60.
The results are presented in Table 4 and Fig. 8. The mea-
sured b-slopes are compared to those obtained from several
pion flux parametrisations. Despite of the large experimen-
tal uncertainties none of the models is able to reproduce the
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data.6 A possible reason for this discrepancy could be the
effect of energy-momentum conservation affecting the pro-

6 Reweighting the signal MC using the measured bn(xL ) slopes has
only small effects on the cross section determination and is covered by
the systematic uncertainties assigned to the pion flux models.
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statistical and uncorrelated systematic uncertainties added in quadrature
and the outer error bars are total uncertainties, excluding an overall
normalisation error of 4.4 %

ton vertex in this exclusive reaction more strongly than in
inclusive production of a leading neutron in which an appar-
ent factorisation of the proton vertex has been observed.
Another explanation [21,90] could be absorptive corrections
which modify the t dependence of the amplitude, leading to
an increase of the effective b-slope at large xL as compared
to the pure OPE model without absorption.

The energy dependence of the reaction γ p → ρ0nπ+ is
presented in Table 5 and in Fig. 9. The cross section drops
withWγ p in contrast to the POMPYT MC expectation, where
the energy dependence is driven by Pomeron exchange alone.
A Regge motivated power law fit to the data, σγ p(Wγ p) ∝
W δ

γ p, yields δ = −0.26± 0.06stat ± 0.07sys . The difference
in the energy dependence in data and MC is also reflected
in the pseudorapidity distribution of the ρ0 meson, which is
given in Table 6 and shown in Fig. 10.

Finally, the cross section as a function of the four-
momentum transfer squared of the ρ0 meson, t ′, is given
in Table 7 and presented in Fig. 11. It exhibits the very pro-
nounced feature of a strongly changing slope between the
low-t ′ and the high-t ′ regions. The fit is performed to the
sum of two exponential functions:

dσγ p

dt ′
= a1eb1t ′ + a2eb2t ′ (14)

and yields the following slope parameters:

b1 = (25.72 ± 3.22unc ± 0.26cor ) GeV−2;
b2 = (3.62 ± 0.30unc ± 0.10cor ) GeV−2 (15)

where the first errors include statistical and uncorrelated sys-
tematic uncertainties and the second errors are due to cor-
related systematic uncertainties. In a geometric picture, the
large value of b1 suggests that for a significant part of the data
ρ0 mesons are produced at large impact parameter values of
order ⟨r2⟩ = 2b1·(h̄c)2 ≃ 2 fm2 ≈ (1.6Rp)

2. In other words,
photons find pions in a cloud which extends far beyond the
proton radius. The small value of b2 corresponds to a tar-
get size of ∼0.5 fm. In the DPP interpretation [21,24,25]
the observed behaviour is a consequence of the interference
between the amplitudes corresponding to the diagrams a, b
and c in Fig. 1, leading to a slope dependence on the invari-
ant mass of the (nπ+) system produced at the proton vertex.
Since the forward pion is not detected in this analysis the
(nπ+) invariant mass cannot be determined with sufficient
precision, which prevents explicit measurement of the b(m)

dependence.
In order to investigate the presence of a possible factori-

sation between the proton and the photon vertices, the t ′

distribution is studied in bins of xL . The result of the fit
by Eq. (14) with xL dependent parameters ai (xL), bi (xL) is
presented in Table 8 and in Fig. 12 in comparison with the
values given in Eq. (15) for the full xL range. Also the evo-
lution with xL of the ratio of two components, σ1/σ2, where
σi = ai

bi
(1 − e−bi ), is shown. Given the large experimental

uncertainties no strong conclusion about factorisation of the
two vertices can be drawn.

4.2 γπ cross section

The pion flux models compatible with the data in shape of
the xL distribution are used to extract the photon-pion cross
sections from dσ/dxL in the OPE approximation. The results
are presented in Table 9 and in Fig. 13. As a central value the
Holtmann flux [34,35] is used, and the largest difference to
the other three predictions [33,37,38] provides an estimate of
the model uncertainty which is ∼19 % on average. From the
total γ p cross section in Eq. (13) and using the pion flux (5)
and (6) integrated in xL and pT,n , &π = 0.056, the cross
section of elastic photoproduction of ρ0 on a pion target is
determined at an average energy ⟨Wγπ ⟩ ≃ 24 GeV:

σ (γπ+ → ρ0π+)=(2.33 ± 0.34(exp)+0.47
−0.40(model)) µb,

(16)

where the experimental uncertainty includes statistical, sys-
tematic and normalisation errors added in quadrature, while
the model error is due to the uncertainty in the pion flux
integral obtained for the different flux parametrisations com-
patible with our data.

Theoretical studies of leading neutron production in
ep collisions [34,35,37] suggest that in addition to the
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Fig. 13 Elastic cross section, σ el
γπ ≡ σ (γπ+ → ρ0π+), extracted

in the one-pion-exchange approximation as a function of the photon-
pion energy, Wγπ . The inner error bars represent the total experimental
uncertainty and the outer error bars are experimental and model uncer-
tainties added in quadrature, where the model error is due to pion flux
uncertainties. The dark shaded band represents the average value for
the full Wγπ range as given in Eq. (16)

Table 10 Cross section of elastic ρ0 photoproduction on the pion,
γπ+ → ρ0π+, extracted in the one-pion-exchange approximation
using three different samples: full sample, OPE1 and OPE2. The first
uncertainty represents the full experimental error and the second is the
model error coming from the pion flux uncertainty (see text). %π rep-
resents the value of the pion flux (5) and (6) integrated over the corre-
sponding (xL , pT,n) range

xL range pmax
T,n

[GeV]
%π ⟨Wγπ ⟩

[GeV]
σ (γπ+→ρ0π+)
[µb]

0.35−0.95 xL · 0.69 0.13815 23.65 2.25 ± 0.34+0.54
−0.50

0.35−0.95 0.2 0.05604 23.65 2.33 ± 0.34+0.47
−0.40

0.65−0.95 0.2 0.03397 19.73 2.45 ± 0.33+0.41
−0.40

essential for leading neutron production. For the exclusive
reaction γ p → ρ0nπ+ studied here this would imply an
absorption factor of Kabs = 0.44 ± 0.11. It is interesting
to note, that this value is similar to the somewhat differ-
ent, but conceptually related damping factor in diffractive
dijet photoproduction, the rapidity gap survival probability,
⟨S2⟩ ≃ 0.5, which has been determined by the H1 collabo-
ration [91–93].

5 Summary

The photoproduction cross section for exclusive ρ0 produc-
tion associated with a leading neutron is measured for the

first time at HERA. The integrated γ p cross section in the
kinematic range 20 < Wγ p < 100 GeV, 0.35 < xL < 0.95
and θn < 0.75 mrad is determined with 2 % statistical and
14.6 % systematic precision. The elastic photon-pion cross
section, σ (γπ+ → ρ0π+), at ⟨Wγπ ⟩ = 24 GeV is extracted
in the one-pion-exchange approximation.

Single and double differential γ p cross sections are
measured. The differential cross section dσ/dt ′ shows a
behaviour typical for exclusive double peripheral exchange
processes.

The differential cross sections for the leading neutron
are sensitive to the pion flux models. While the shape of
the xL distribution is well reproduced by most of the pion
flux parametrisations, the xL dependence of the pT slope of
the leading neutron is not described by any of the existing
models. This may indicate that the proton vertex factorisa-
tion hypothesis does not hold in exclusive photoproduction,
e.g. due to large absorptive effects which are expected to
play an essential rôle in soft peripheral processes. The esti-
mated cross section ratio for the elastic photoproduction of
ρ0 mesons on the pion and on the proton, rel = σ

γπ
el /σ

γ p
el =

0.25 ± 0.06, suggests large absorption corrections, of the
order of 60 %, suppressing the rate of the studied reaction
γ p → ρ0nπ+.

Acknowledgments We are grateful to the HERA machine group
whose outstanding efforts have made this experiment possible. We thank
the engineers and technicians for their work in constructing and main-
taining the H1 detector, our funding agencies for financial support, the
DESY technical staff for continual assistance and the DESY directorate
for support and for the hospitality which they extend to the non DESY
members of the collaboration. We would like to give credit to all part-
ners contributing to the EGI computing infrastructure for their support
for the H1 Collaboration.

OpenAccess This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.
Funded by SCOAP3.

References

1. C. Adloff et al. (H1 Collaboration), Eur. Phys. J. C 6, 587 (1999).
arXiv:hep-ex/9811013

2. S. Chekanov et al. (ZEUS Collaboration), Nucl. Phys. B 637(3), 3
(2002). arXiv:hep-ex/0205076

3. S. Chekanov et al. (ZEUS Collaboration), Phys. Lett. B 590, 143
(2004). arXiv:hep-ex/0401017

4. A. Aktas et al. (H1 Collaboration), Eur. Phys. J. C 41, 273 (2005).
arXiv:hep-ex/0501074

5. S. Chekanov et al. (ZEUS Collaboration), Phys. Lett. B 610, 199
(2005). arXiv:hep-ex/0404002v2

6. S. Chekanov et al. (ZEUS Collaboration), Nucl. Phys. B 776, 1
(2007). arXiv:hep-ex/0702028

123

[EPJ C76 (2016) 41]

http://dx.doi.org/10.1140/epjc/s10052-015-3849-z
http://dx.doi.org/10.1140/epjc/s10052-015-3849-z


inclusive measurements

d2�e±p
NC

dx dQ2
/ F̃2 ⌥

Y�
Y+

xF̃3 �
y

2

Y+
F̃L



HERA, DESY PRC April 5th, 2016 gunar.schnell @ ehu.es
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Figure 12: The scale dependence of sin2
✓

e↵
W . The result of ZEUS-EW-S is shown

as a cross with the error bar representing the total uncertainty. The result in three
bins with the 13 PDF parameters fixed to ZEUS-EW-S are shown as diamonds
with experimental/fit and PDF uncertainties (inner and outer error bars). The
band represents the SM prediction for the running of the e↵ective sin2

✓W for the
world average parameters as listed in PDG14. The results from LEP+SLC, CDF,
D0, ATLAS, CMS and LHCb are at the scale of the mass of the Z and horizontally
displaced for better visibility. The fixed-target experiments NuTeV and E158 and
the determination from atomic caesium, Qw(Cs), provide values at substantially
lower scales.
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limits on effective quark radius

include deviations from SM as 
effective quark radii (semi-
classical form-factor approach) 
in combined fit of PDFs and 
new physics

no deviation from SM 
prediction found

limit on effective quark radii:
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search for QCD instatons

QCD instanton: non-perturbative fluctuation of the gluon field

interpretation: tunneling between topologically different vacua

QCD instanton violates chirality

at HERA: search for events with fireball signature

experimental difficulty: suppress SM QCD background

strategy: combine five most sensitive variables in a 
discriminator

24

where g, qR (q̄R) denotes gluons, right-handed quarks (anti-quarks), and ng is the number of
gluons produced. The chirality violation2 is induced for each flavour, in accord with the corre-
sponding axial anomaly [2]. In consequence, in every instanton event, quark anti-quark pairs of
each of the nf flavours occur precisely once. Right-handed quarks are produced in instanton-
induced processes (I), left-handed quarks are produced in anti-instanton (Ī) processes. The
final state induced by instantons or anti-instantons can be distinguished only by the chirality of
the quarks. Experimental signatures sensitive to instanton-induced chirality violation are, how-
ever, not exploited in this analysis. Both instanton and anti-instanton processes enter likewise
in the calculation of the total cross section.

I

q"

IW
2 2

q´�

e´�
e

W
ŝ�

P

g =    Pξ

γ

NC DIS variables:
s = (e+ P )2

Q2 = −γ2 = −(e− e′)2

x = Q2/ (2P · γ)
y = Q2/ (s x)
W 2 = (γ + P )2 = Q2(1− x)/x
ŝ = (γ + g)2

ξ = x (1 + ŝ/Q2)

Variables of the instanton subprocess:
Q′2 ≡ −q′2 = −(γ − q′′)2

x′ ≡ Q′2 / (2 g · q′)
W 2

I ≡ (q′ + g)2 = Q′2 (1− x′ )/x′

Figure 1: Kinematic variables of the dominant instanton-induced process in DIS. The virtual
photon ( γ = e − e′, virtuality Q2), emitted by the incoming electron e, fuses with a gluon (g)
radiated from the proton (P ). The gluon carries a fraction ξ of the longitudinal proton momen-
tum. The virtual quark (q′) is viewed as entering the instanton subprocess and the outgoing
quark q′′ from the photon splitting process is viewed as the current quark. The invariant mass of
the quark gluon (q′g) system isWI ,W denotes the invariant mass of the total hadronic system
(the γP system) and ŝ refers to the invariant mass squared of the γg system.

In photon-gluon fusion processes, a photon splits into a quark anti-quark pair in the back-
ground of an instanton or an anti-instanton field, as shown in figure 1 . The so-called instan-
ton subprocess q′ + g

(I,Ī)→ X is induced by the quark or the anti-quark fusing with a gluon
g from the proton. The partonic system X contains 2nf quarks and anti-quarks, where one
of the quarks (anti-quarks) acts as the current quark (q′′). In addition, an average number of
⟨ng⟩ ∼ O(1/αs) ∼ 3 gluons is emitted in the instanton subprocess.

The quarks and gluons emerging from the instanton subprocess are distributed isotropically
in the instanton rest system defined by q⃗′ + g⃗ = 0. Therefore one expects to find a pseudo-
rapidity3 (η) region with a width of typically 2 units in η, densely populated with particles of
relatively high transverse momentum and isotropically distributed in azimuth, measured in the

2∆chirality = 2 nf , where∆chirality = # (qR + q̄R)− # (qL + q̄L), and nf is the number of quark flavours.
3The pseudo-rapidity of a particle is defined as η ≡ − ln tan(θ/2), where θ is the polar angle with respect to

the proton direction defining the +z-axis.
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search for QCD instatons

no signal found

set exclusion limits 

part of phase-space excluded
25
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Figure 3: Distributions of the observables used in the multivariate analysis: (a) the transverse
current jet energy ET,jet, (b) the charged particle multiplicity in the instanton band nB , (c)
and (d) two variables measuring the azimuthal isotropy of the event, ∆B and Ein, respectively,
and (e) the reconstructed instanton kinematic variable x′. Data (filled circles), the RAPGAP
and DJANGOH sDIS background predictions (dotted and solid lines) and the QCDINS signal
prediction scaled up by a factor of 50 (hatched), are shown. The error band, shown only for
DJANGOH, represents the MC statistical and systematic uncertainties added in quadrature.
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Figure 4: Distribution of the discriminator D. Data (filled circles), the RAPGAP and DJAN-
GOH sDIS background predictions (dotted and solid lines) and the QCDINS signal prediction
scaled up by a factor of 50 (red line) are shown. The error band, shown only for DJANGOH,
represents the MC statistical and systematic uncertainties added in quadrature.
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Figure 5: Distribution of the discriminatorD in the signal regionD > 0.86. Data (filled circles),
the RAPGAP and DJANGOH sDIS background predictions (dotted and solid lines) and the
QCDINS signal prediction (red line) are shown. The error band, shown only for DJANGOH,
represents the MC statistical and systematic uncertainties added in quadrature.
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Figure 6: Observed CLs (solid line) as a function of the instanton cross section. The 95% CL
limit is indicated by a horizontal line. The dark and light bands correspond to ±1σ and ±2σ
fluctuations of the expectation (dashed line).
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pentaquark Θ+ search
going beyond the familiar 2- and 3-quark states, tetra- and pentaquark 
states moved (again) into the center of attention after the recent findings in 
e+e-, pp, and pp

already in early 2000s, a big hype after reports on the pentaquark Θ+ state 

both ZEUS and HERMES observed 
clear enhancements (while H1 did not)

additional HERA-II data: support/disclaim earlier results
26

ZEUS Collaboration / Physics Letters B 591 (2004) 7–22 19

Fig. 4. Invariant-mass spectrum for the K0
Sp(p̄) channel for Q2 > 20 GeV2, with other cuts as in Fig. 3. The solid line is the result of a fit to

the data using a three-parameter background function plus two Gaussians (see text). The dashed lines show the Gaussian components and the
dotted line the background according to this fit. The histogram shows the prediction of the ARIADNE MC simulation normalised to the data in
the mass region above 1650 MeV. The inset shows the K0

S p̄ (open circles) and the K0
Sp (black dots) candidates separately, compared to the

result of the fit to the combined sample scaled by a factor of 0.5.

shown as an inset in Fig. 4 for Q2 > 20 GeV2, com-
pared to the fit to the combined sample scaled by a
factor of 0.5. The results for two decay channels are
compatible, though the number of K0

S p̄ candidates is
systematically lower. The mass distributions were fit-
ted using the same function as the combined sample
and gave statistically consistent results for the peak po-
sition and width (not shown). The number of events in
the K0

S p̄ channel is 96± 34. If the signal corresponds
to the Θ+, this provides the first evidence for its an-
tiparticle.
If an isotensor state is responsible for the signal,

a Θ++ signal might be expected in the K+p spec-
trum [22]. The K±p(K±p̄) invariant mass spectra

were investigated for a wide range of minimum Q2

values, identifying proton and charged kaon candi-
dates using dE/dx in a kinematic region similar to
that used in the K0

Sp(p̄) analysis. No peak was ob-
served in the K+p spectrum, while a clean 10σ sig-
nal46 was observed in the K−p spectrum at 1518.5±
0.6(stat.) MeV, corresponding to the Λ(1520)D03.
Performing a fit using a Gaussian fixed to the detec-
tor resolution convoluted with a Breit–Wigner gives

46 The signal for Λ̄(1520) in the K+p̄ spectrum has the same
number of events and significance as theΛ(1520) signal in theK−p

spectrum.

[ZEUS, PLB 591 (2004) 7]

http://dx.doi.org/10.1016/j.physletb.2004.04.024
http://dx.doi.org/10.1016/j.physletb.2004.04.024
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pentaquark Θ+ search in DIS

3x integrated lumi compared to earlier (HERA-I) analysis  → 358pb-1

no peak structure at 1.52 GeV (26 vs. 286 events expected)

much improved upper limit <10pb (at 95% conf. level)
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Figure 4: The 95% CL upper limits on σ(Θ) for different hypotheses on the
width of the observed peak; (a) 6.1 MeV and (b) the mass resolution
and twice the mass resolution. In (a), the limit set by the statistical
uncertainty only is also shown. In (b), the limit from the H1 result
is also shown.
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Figure 3: The pK0
S invariant-mass distribution for (a) the DIS sample with

20 < Q2 < 100 GeV2 and (b) the photoproduction sample. (c) The
pK0

S distribution for the DIS sample with smaller bins. The solid
line is the result of a fit using the background function. The dashed
line represents the signal corresponding to the ZEUS HERA I res-
ult. (d) The pK0

S distribution as in (c) with proton PID according
to the HERA I analysis.
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conclusion

archive of HERA data completed 

two tape copies for complete archive

online space for direct access to subset of archive

analysis of HERA data ongoing with many new results

15 HERA talks at upcoming DIS’16 conference at DESY

large pool of analyses topics remaining

possibilities for future analyses both for current and new 
members of the HERA collaborations
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for the statistics enthusiasts ...
	 	 	 	 	 	 final archive storage content

H1 HERMES ZEUS HERA-B Type

983398          6557725 1183157 846059 single files
11111              9179 7318 4110 archive (tar) files

810316 774032 1182941 0 files online

359 57 239 0  TiB  online

~464 581 368 392 # LTO4 (800G) tapes

134 174 104 110 # LTO6  (2.4T)  tapes

430 358 239 276 TiB on LTO4/LTO6  tapes

in nuce:  1.3 PB and 10 million files

in addition there are 10 TB data of polarimeter data/simulations 
included 


