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A combination of the inclusive diffractive cross section measurements made by the H1 and ZEUS

Collaborations at HERA is presented. The analysis uses samples of diffractive deep inelasticep

scattering data at a centre-of-mass energy
√

s = 318 GeV where leading protons are detected by

dedicated spectrometers. Correlations of systematic uncertainties are taken into account, result-

ing in an improved precision of the cross section measurement which reaches 6% for the most

precise points. The combined data cover the range 2.5 < Q2 < 200 GeV2 in photon virtuality,

0.00035< xIP < 0.09 in proton fractional momentum loss, 0.09 < |t| < 0.55 GeV2 in squared

four-momentum transfer at the proton vertex and 0.0018< β < 0.816 inβ = x/xIP, wherex is the

Bjorken scaling variable.
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Inclusive Diffractive Cross Sections in ep DIS at HERA

1. Introduction

The diffractive deep inelasticep scattering (DIS) process
can be schematically described as follows (figure 1): The
scattered electron radiates a virtual photon, which reacts
with a parton from the colour singlet object, which is emit-
ted by the scattered proton. Usually this colour singlet ob-
ject is called "pomeron", after the great Russian physicist
I. Pomerantschuk. The photon pomeron interaction pro-
duces the hadronic systemX , which, due to the pomeron
being colourless, is clearly separated from the scattered
proton by a “rapidity gap”, also when the proton dissoci-
ates into a low mass system. The experimental signature
of a large rapidity gap (LRG) can be used as selection cri-
terium for diffractiveep DIS events.
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Figure 1:
Diagram of the reactionep → eX p.

That LRG events constitute a substantial fraction of the total DISep cross section was discovered
already in the beginning of the HERA operation, and the study of diffractiveep scattering has since
been an important part of the HERA physics program. The diffractive reactions provide a tool
for investigating the low momentum partonic structure of the proton, and thus also the partonic
structure of the pomeron itself [1]. In such studies, the photon virtualityQ2 serves as a hard scale
for perturbative QCD calculations and both the H1 and ZEUS collaborationshave used their high
statistics LRG data samples to extract diffractive parton distribution functions(DPDFs), through
NLO DGLAP fits[2, 3]. However, there is a substantial uncertainty in suchanalyses, since the LRG
data give no direct information about that part of the cross section, where the proton dissociates
into a systemY . If the massMY of this system is large, several GeV say, then such an event may be
tagged through hadrons triggering one or several of the forward parts of the main detector. Using
forward-tagged data, the uncertainty can be estimated through the use of model calculations, but
what is needed is clearly a proton detector, which is triggered by the scattered proton alone. With
such data, it is possible to normalise the LRG data, and quantify the fraction ofproton dissociation
events.

During the years of HERA operation both H1 and ZEUS operated such detectors, known as For-
ward (Leading) Proton Spectrometers, FPS (LPS), respectively. In this paper, a combination of the
results from four different FPS and LPS data analyses is presented. For details more than can be
given here, please see [4].

2. Kinematic Variables and Cross Sections

The diffractive process in figure 1 is described in terms ofQ2 andβ , whereβ is the momen-
tum fraction of the interacting parton w.r.t. the pomeron; thusβ plays the same role as Bjorken
x (xB j) in classical DIS. Furthermore,MX is the mass of the produced hadronic systemX and
xIP is the momentum fraction of the proton, carried by the pomeron. Note thatβ · xIP = xB j and
β ≃ Q2/(Q2 + M2

X). The squared momentum transfer at the proton vertex is denoted byt. If the
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Inclusive Diffractive Cross Sections in ep DIS at HERA

Data Set Name H1 FPS HERA II H1 FPS HERA I ZEUS LPS 2 ZEUS LPS 1
Q2 range [GeV2] 4−700 2−50 2.5−120 2−100

xIP range < 0.1 < 0.1 0.0002−0.1 < 0.1

y range 0.03−0.8 0.02−0.6
W range [GeV] 40−240 25−240

β range 0.001−1 0.004−1
MX range [GeV] 2−40 > 1.5

|t| range [GeV2] 0.1−0.7 0.08−0.5 0.09−0.55 0.075−0.35

Int. Lumi. [pb−1] 156.6 28.4 32.6 3.6

Data Taking Year 2006−2007 1999−2000 1999−2000 1997

Table 1: H1 [6], [5] andZEUS [2], [7] data sets used for the combination.

proton stays intact in the interaction, thenMY = Mproton. Finally,Wγp = xB j · y · s is the energy of
theγp Centre-of-Mass system; herey is the inelasticity ands the totalep CM energy. Note that the
variablesQ2, Wγp andxB j are reconstructed using measurements with the main detector, whileβ ,
xIP, t andMX are reconstructed from proton spectrometer measurements or from a combination of
these with measurements in the main detector.
The diffractive inclusive cross section is usually expressed with help ofthe reduced diffractive cross
sectionσD(4)

r : dσep→eX p

dβdQ2dxIPdt
=

4πα2

βQ4

[

1− y+
y2

2

]

σD(4)
r (β ,Q2,xIP, t) .

After integrating overt, the reduced cross sectionσD(3)
r (β ,Q2,xIP) is obtained. In the following,

results are presented in terms ofσD(3)
r . As is wellknown, at small and moderate values of the

inelasticityy, σD(3)
r is in good approximation equal to the diffractive structure functionFD(3)

2 .

3. The FPS/LPS Detectors and H1/ZEUS Data Sets

Both H1 FPS and ZEUS LPS spectrometers use Roman Pot technology, and are installed in
spaces inbetween magnets of the HERA beam line, in 60-90 m distance downstream of the main
H1 and ZEUS detectors. While the H1 FPS detectors are based on scintillating fibres and PSPMs
(Position Sensitive PhotoMultipliers), the ZEUS LPS are built with Silicon Microstrip technology.
The various stations register the position of the passage of the scattered proton, and since the HERA
beam line serves as a magnetic spectrometer, a direct measurement of the momentum transfert is
possible. In comparison with the LRG data the FPS/LPS measurements have the advantages of
negligible background fromp dissociation and a larger range inxIP (MX ). The disadvantages are
the small acceptance and therefore low statistics, and a different sourceof systematic errors, namely
the uncertainty in thep-beam optics.
Four data sets from H1 and ZEUS, listed and named in table 1, are used in the combination. The
statistically dominant data set is H1 FPS HERA II, corresponding to the significant increase of
luminosity after the HERA upgrade in the years 2001-2002. The ZEUS LPS detectors were not
operated in the HERA II period. The bulk of the data [5, 6, 2] was taken atelectron and proton
beam energies ofEe ≃ 27.5 GeV andEp = 920 GeV, respectively, corresponding to anep CM
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Inclusive Diffractive Cross Sections in ep DIS at HERA

energy of
√

s = 318 GeV. The earlier ZEUS LPS 1 data, collected atEp = 820 GeV, are corrected
to the common

√
s = 318 GeV by use of an extrapolation procedure.

The four data sets also show differences in the respective ranges of the kinematic variables, as
seen in table 1. In the individual analyses [5, 6, 7, 2] the reduced cross sectionsσD(3)

r are di-
rectly measured fort-ranges visible to the proton spectrometers and extrapolated to the range1

|tmin| < |t| < 1 GeV2, assuming an exponentialt dependence of the diffractive cross section and
using the exponential slopes measured from the data. However, uncertainties of these experimental
slope parameters were observed to lead to non-negligible tensions betweenthe data sets. For the
final combination a restricted commont-range is therefore defined by the LPS 2 visiblet-range,
0.09 < |t| < 0.55 GeV2, common to the bulk of both spectrometer data.
The original binning schemes of theσD(3)

r measurements are very different. In the H1 case the
measurements are extracted at fixedβ , whereas for ZEUS the cross section is measured at fixed
MX ; also theQ2 and xIP central values differ. Therefore, prior to the combination, the H1 and
ZEUS data are transformed to a common grid of (β ,Q2,xIP) points. The grid points are based on
the original binning scheme of the high statistics FPS HERA II data. The (Q2,xIP) grid points at
the lowestQ2 value of 2.5 GeV2 and at the lowest and highestxIP values, which are beyond the
FPS HERA II data grid, are taken from the LPS 2 measurement.
Prior to the combination, the grid point measurements of the other data sets wereswum to the
common grid points using the dependences obtained from the respective NLO DPDF fits. Most of
the corrections are smaller than 10%, while a few points undergo corrections up to∼ 30%.
The correction factors from the visiblet range of the FPS HERA I and LPS 1 data samples to the
restrictedt range are evaluated by using thet dependences as a function ofxIP measured for each
sample. The correction factors for the most precise FPS HERA II data areapplied in bins ofβ ,Q2

andxIP. For the LPS 2 sample the restricted range coincides with the visible range. Because of
the uncertainties on the exponential slope parameters, such factors introduce uncertainties of 2.2%,
1.1% and 5% for the respective FPS HERA II, FPS HERA I and LPS 1 data;these uncertainties
are included in the normalisation uncertainty for each sample.
Figure 2a) shows the reduced cross sections from the four H1 and ZEUS data sets, after the correc-
tions to 0.09< |t| < 0.55 GeV2 and after transformation to the common grid. A number to note is
the ratio of the ‘FPS HERA II’ to the ‘LPS 2’ data averaged over the measured data points, which
in the restrictedt range is 0.91±0.01 (stat)±0.03 (sys)±0.08 (norm). Within the uncertainties,
the ratio does not show any significantβ , Q2 or xIP dependence.

4. Data Combination

To combine the separate H1 and ZEUS measurements theχ2 minimisation method developed
in [8] was used. The simple basic (and natural) assumption is that at any given point in phase space
the two experiments are measuring the same physics cross section. An important aspect of the
method is the treatment of systematic errors. These are separated into correlated and uncorrelated
errors, and the latter are in the minimisation included in the experimental errors,together with the
statistical errors. The correlated systematic errors in contrast are fitted and thus serve to cross-
calibrate the measurements. The resulting errors on the combined measurements are substantially

1The smallest kinematically accessible value of|t| is denoted as|tmin|.
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Figure 2: Reduced diffractive cross sectionxIP σD(3)
r (β ,Q2,xIP) for 0.09< |t| < 0.55 GeV2 as a function of

Q2 for different values ofβ andxIP. In a) the H1 ‘FPS HERA II’ [6], H1 ‘FPS HERA I’ [5], ZEUS ‘LPS 2’[2]
and ZEUS ‘LPS 1’ [7] data are presented. The inner error bars indicate the statistical uncertainties, the outer
error bars show the statistical and systematic uncertainties added in quadrature. Normalisation uncertainties
are not included in the error bars of the individual measurements. In b) the combined data are compared to
the H1 and ZEUS input data in 3 bins ofβ , atxIP = 0.05. Here the normalisation uncertainties are included
in the error bars of the combined data points.

smaller, and moreover, theχ2/n.d.f. is a measure of the data consistency. The method is also model
independent. This method was successfully used and extended in previous combinations of HERA
measurements [9, 10]. Note that due to the treatment of the correlated systematic errors, also those
data points, which are unique to one sample, are affected and may be shiftedin value and obtain
better precision.

Theχ2 is expressed as follows for the individual data sets:

χ2
exp(mmm,bbb) = ∑

i

[

mi −∑ j γi
jm

ib j −µ i
]2

δ2
i,stat µ i

(

mi −∑ j γi
jm

ib j

)

+(δi,uncormi)2
+∑

j

b2
j

Hereµ i is the measured cross section value at the pointi (βi, Q2
i , xIP,i), andγi

j, δi,stat andδi,uncor are
the relative correlated systematic, relative statistical and relative uncorrelated systematic uncertain-
ties, respectively. The vectormmm of quantitiesmi expresses the values of the combined cross section
for each pointi and the vectorbbb of quantitiesb j expresses the shifts of the correlated systematic
uncertainty sources,j, in units of the standard deviation. The relative uncertaintiesγi

j andδi,uncor

are multiplied by the combined cross sectionmi in order to take into account the fact that the cor-
related and uncorrelated systematic uncertainties are to a good approximationproportional to the
central values (multiplicative uncertainties). On the other hand, the statisticaluncertainties scale
with the square root of the expected number of events, which is determined by the expected cross
section, corrected for the biases due to the correlated systematic uncertainties. This is taken into
account by theδ2

i,stat µ i(mi −∑ j γi
jm

ib j) term.
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Figure 3: HERA combined reduced diffractive cross sectionxIP σD(3)
r (β ,Q2,xIP) for 0.09< |t|< 0.55 GeV2.

asa) a function ofQ2 for different values ofβ andxIP andb) as a function ofxIP for different values ofβ
andQ2. The error bars indicate the statistical, systematic and procedural uncertainties added in quadrature.
The normalisation uncertainty is included.

If several analyses provide measurements at the same (β , Q2, xIP) values, aχ2
tot is built [10] from the

sum of theχ2
exp of each data set, assuming the individual data sets to be statistically uncorrelated.

Theχ2
tot is minimised with respect to themi andb j from each data set with an iterative procedure.

5. Results

The result of the minimisation procedure is 191 cross section measurements, from 352 in-
put data points. The data consistency is very good, withχ2

min/ndo f = 133/161. Most of the 23
correlated systematic uncertainties shift by less than 0.5 σ of the nominal value in the averaging
procedure and with the exception of one none of them shifts by substantiallymore than 1σ .
The influence of several correlated systematic uncertainties is reduced significantly for the com-
bined result. Notably, the uncertainty on the FPS proton energy measurement and the normalisation
uncertainties on the ‘FPS HERA I’ and ‘LPS 1’ samples are reduced by more than a factor of 2.
It is worthwhile to remark that since H1 and ZEUS use different reconstruction methods, simi-
lar systematic sources influence the measured cross section differently. Therefore, requiring the
physics cross sections to be consistent at all (β , Q2, xIP) points constrains the systematic uncertain-
ties efficiently. This cross-calibration effect leads to an average improvement of the experimental
uncertainty of about 27% with respect to the most precise single data set, H1FPS HERA II, though
the latter contains five times more events than the second largest data set, ZEUSLPS 2. The corre-
lated part of the experimental uncertainty is reduced from about 69% in [6] to 49% in the combined
measurement. The statistical, experimental and procedural uncertainties onthe combined data are
on average 11%, 13.8% and 2.9%, respectively. The total uncertainty onthe cross section is 14.3%
on average and is 6% for the most precise points. The normalisation uncertainty, which contributes
to the correlated systematic uncertainty on the combined data, is on average 4%.
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The combined result extends the kinematic coverage with respect to the H1 and ZEUS measure-
ments taken separately and the resulting cross section covers the region 2.5 ≤ Q2 ≤ 200 GeV2,
0.0018≤ β ≤ 0.816 and 0.00035≤ xIP ≤ 0.09, for 0.09< |t| < 0.55 GeV2. Figure 2b) shows the
combined cross section as a function ofQ2 at xIP = 0.05, for three different values ofβ , compared
with the individual measurements used for the combination. The reduction of the total uncertainty
of the HERA measurement compared to the input cross sections is visible. Figures 3a) and 3b)
show the HERA combined diffractive reduced cross sections as a function of Q2 andxIP, respec-
tively. The derivative of the reduced cross section as a function of log(Q2) decreases withβ , a
feature characteristic of the scaling violations in diffractive DIS, which are now measured precisely
from proton-tagged as well as LRG data.

6. Conclusions

The reduced diffractive cross sections,σD(3)
r (ep → eX p), measured by the H1 and ZEUS col-

laborations by using proton spectrometers to detect the leading protons, are combined. The four
input data sets from the two experiments are consistent with aχ2

min/ndo f = 133/161. The combi-
nation of the measurements results in more precise and kinematically extended diffractive DIS data
in the t-range 0.09< |t| < 0.55 GeV2. The total uncertainty on the cross section measurement is
6% for the most precise points. The combined data provide the to date most precise determination
of the absolute normalisation of theep → eX p cross section.
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