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Proton parton distribution functions (PDFs) are poorly constrained by existing data for Bjorken
x larger than 0.6, and the PDFs extracted from global fits differ considerably from each other. A
technique for comparing predictions based on different PDF sets to observed event numbers is
presented. It is applied to compare predictions from the most commonly used PDFs to published
ZEUS data at high Bjorken x. A wide variation is found in the ability of the PDFs to predict
the observed results. A scheme for including the ZEUS high-x data in future PDF extractions is
discussed.
Charm production in charged current deep inelastic scattering has been measured for the first
time in e±p collisions, using data collected with the ZEUS detector at HERA, corresponding to
an integrated luminosity of 358 pb−1 separately for e+p and e−p scattering at a centre-of-mass
energy of

√
(s) =318GeV within a kinematic phase-space region of 200 GeV2< Q2 <60000

GeV2 and y <0.9, where Q2 is the squared four-momentum transfer and y is the inelasticity. The
measured cross sections of electroweak charm production are consistent with expectations from
the Standard Model within the large statistical uncertainties.
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1. Introduction

This paper presents two of the latest ZEUS analyses that can prove to be very useful while
unveiling the deep structure of proton at the kinematic region not known before. The ZEUS high-x
analysis [1] provides the cross sections up to a Bjorken-x value of 1. The Neutral Current (NC)
DIS HERA data already included in the Parton Distribution Function (PDF) extraction is up to a
value of x of 0.65 [2]. Other than this, the PDF determination at the high-x region mostly rely on
the data from the fixed target experiments [3, 4]. The high-x [1] data from HERA is the only Deep
Inelastic Scattering (DIS) data reaching up to this high-x at high-Q2. In the current new analysis
from ZEUS [5] presented here on the high-x data, technique of building and using Transfer Matrix
for the high-x data is demonstrated, which can be used by different PDFs to predict the number of
events in the cross section bins.

In the second ZEUS analysis [6] presented here, an overview of making a measurement on
the strange content of the proton through the charm production in Charged Current (CC) e±p DIS
interactions at

√
s= 318 GeV is given. The measurement are done on the HERA-II data which

fully explore the higher luminosities and improved heavy particle identification capabilities. The
measured electroweak charm cross sections are found to be consistent with the Standard Model
expectations.

2. Transfer Matrix Analysis at high-x

One of the reasons that high-x data [1] is not included in the PDF extraction is that some of the
cross section bins expect and report very less number of events. These can not be included in a χ2

fit PDF extraction directly. This problem becomes irrelevant when number of events expected from
a PDF are compared to those reconstructed in the high-x cross-section bins using Poisson statistics.
If λi,k are the number of events generated in ith true phase space bin using a given kth PDF, then
expectation of reconstructed events in any jth bin, ν j,k is given as

ν j,k = ∑
i

Ti jRiiλi,k (2.1)

where Rii are QED and QCD radiative corrections which result in migrations of events in the
x-Q2 phase space, and are calculated using HERACLES [7]. Here Ti j are the the Transfer Matrix
elements; each element gives a probability that an event generated with ith true x-Q2 co-ordinates
appears in the jth cross section bin. It takes care of all detector effects including limited detector
acceptance and various corrections applied on the simulated data [1].

The ν j,k, number of events expected in the jth bin from kth PDF can be compared to the number
of events reconstructed in the data, n j, and a probability P can be calculated as below

P(D|PDFk) = ∏
j

e−ν j,k ν
n j
j,k

n j!
. (2.2)

Bayes factor can be calculated from the ratio of probabilities for different PDFs to predict the data,
and an effective ∆χ2 between two PDFs labelled as k and l is thus calculated using the equation
given below
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e−p e+p
PDF p-value P1/P2 ∆χ2 p-value P1/P2 ∆χ2

HERAPDF2.0 2.8×10−2 1.0 0.0 0.35 1.0 0.0
CT14 3.2×10−3 7.6×10−3 9.8 0.82 5.9×10+5 −27

MMHT2014 2.3×10−3 2.1×10−3 12 0.82 4.7×10+5 −26
NNPDF3.1 3.9×10−4 3.2×10−6 25 0.73 9.0×10+4 −23
NNPDF2.3 1.3×10−4 2.3×10−7 31 0.70 4.2×10+4 −21
ABMP16 2.6×10−2 9.0×10−1 0.21 0.64 6.1×10+2 −13
ABM11 3.3×10−2 7.2×10−1 0.67 0.45 2.8 −2.1

Table 1: The p-values, Bayes Factors (P1/P2) and ∆χ2 from comparisons of predictions using different
NNLO PDF sets to the observed numbers of events. The Bayes Factor is calculated relative to HERAPDF2.0,
as is ∆χ2. The results are shown separately for the e−p and e+p data sets.
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Figure 1: The ratio of the number of events generated using different PDFs to the expectations from the
HERAPDF2.0 PDF set for e−p data. The grey and red bands show PDF uncertainty calculated for the
HERAPDF2.0 and NNPDF3.1 respectively on the expectation at the generator level.
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∆χ
2
k,l =−2ln

P(D|PDFk)

P(D|PDFl)
. (2.3)

The effective ∆χ2 and p-values [8] give the goodness-of-fit of different PDF sets (CT14 [9],
MMHT2014 [10], NNPDF3.1 [11], NNPDF2.3 [12], ABMP16 [13] and ABM11 [14]) and are
shown in Table 1 for the e−p and e+p data samples. All the PDF sets are observed to give ac-
ceptable p-values showing an overall good agreement with the data. However, there are large
differences amongst the PDFs themselves. The Bayes factor differ by 6 orders in magnitude which
result in a corresponding ∆χ2 of values up to 31.

The number of events generated using different PDFs, µi,k = Rii ∗λi,k, are compared in the true
x-Q2 bins as shown in Figure 1 for the e−p data set. It is observed that there are large differences in
the numbers of events generated by different PDFs, and the differences cannot be explained by the
PDF uncertainties. The large PDF uncertainties at very high-x and the differences between different
PDFs further point towards the need of including the ZEUS high-x data in the PDF extraction.

3. ZEUS Charged Current charm Analysis

Figure 2: Feynmann diagram of charm-production sub processes via QPM interactions.

Figure 3: Feynmann diagram of charm-production sub processes via BGF interactions.

The motivation of the analysis is to probe the strange content of the proton via a CC interac-
tion. The strange quark density distribution inside proton is a model dependent quantity and it’s
experimental values measured at the low-x regions are found to be inconsistent amongst different
high energy experiments [15]-[18]. In a CC ep DIS interaction, a single charm quark in the final
state can be produced at the level of Quark Parton Model (QPM) as shown in Figure 2 or via Boson
Gluon Fusion (BGF) as shown in Figure 3. The electroweak process of interest is the one shown in
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Figure 2 (left) where exchanged boson interacts with the strange sea quark, and the contribution of
interaction via down or beauty quark are Cabibbo suppressed [19].

Figure 4: The visible charm cross sections in bins of Q2 for e+p and e−p data samples.

Figure 5: The total electroweak contribution to the visible charm cross sections in bins of Q2 for e+p and
e−p data samples.

The charged current DIS events have missing lepton information in the final state, because
of which, Jacquet Blondel Method is used to reconstruct the kinematic variables which takes into
account the final state hadronic information. The signal events with heavy quark in the final state
are filtered in the data using the lifetime-tagging method. These events leave a signature in the
detector in the form of secondary-vertex as they travel a measurable distance before decaying,
whereas the light flavor will decay promptly. The transverse decay length of the secondary vertices
will be symmetric with respect to the primary vertex (due to the limited resolution of the detector),
whereas for the heavy quark it will be asymmetric. The light flavor background can be eliminated
by subtracting negative decay length distribution from the positive decay length.

The EW contribution (σcEW ,vis) in the total visible charm cross section (σc,vis) should be ob-
tained by subtracting from it the BGF contribution (Figure 3). However, due to imprecise and small
predictions by Ariadne 4.12, this contribution is not subtracted and is included as a systematic un-
certainty. The total visible charm cross section is extrapolated using a factor Cext to obtain the EW
contribution. Factor Cext is calculated as a ratio of number of charm events generated in the full
kinematic region (NEW

gen ) to the number of charm events of EW origin in the visible kinematic region
(NEW

vis ). The EW charm cross section is given as
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σcEW =Cextσc,vis. (3.1)

The total charm cross section and the resulting total EW charm cross sections for the e+p and
e−p data samples are shown in Figure 4 and Figure 5 respectively.

4. Discussion

The ZEUS high-x data has shown a great discriminating power in the high-x region. Different
PDFs show large differences amongst themselves in terms of p-values and ∆χ2 when compared to
the high-x data. Despite the fact that the event numbers in ZEUS high-x data are small, this data set
contains significant information on the behavior of the parton densities. Transfer Matrix has been
built for the ZEUS high-x data and the technique to use it to predict number of events in the cross
section bins from different PDFs is shown.

The ZEUS charm cross sections in the Charged current DIS interactions are presented. This
data covers a wide range in Q2 and is sensitive to the strange sea content of the proton. This data
will complement the recent results from different high energy physics experiments in probing the
strange sea density inside the proton.
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