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The knowledge of the proton parton densities for large x is very important in the search for new

physics signals at the LHC. For Bjorken x larger than 0.6 they are however poorly constrained by

the data used in extracting the proton parton density functions (PDFs) and different pdf sets have

large uncertainties, and differ considerably, in this regime. We compare the pdf sets most widely

used by the LHC community to the ZEUS high x data. This data has not been previously used

in PDF set determinations. Due to the small expected and observed numbers of events in this

kinematic regime, Poisson statistics is used in the evaluation of the probabilties assigned to the

different PDF sets. A wide variation is found in the ability of the PDF sets to predict the observed

results.
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1. Introduction

The knowledge of the distribution of partons inside proton is of utmost importance for analysing

the final state in the collisions of protons (or anti-protons). Electron proton Deep Inelastic Scat-

tering (DIS) data collected by the ZEUS and H1 experiments at HERA are the main source for

understanding parton distribution functions (PDFs) inside proton. However the Neutral current

(NC) ep cross section are measured upto a value of Bjorken x of 0.65 [1]. Beyond this limit, the

PDFs mainly rely on the knowledge gained from fixed target experiments [2, 3, 4, 5, 6] which have

a disadvantage of nuclear effects. The NC high x DIS cross sections [7] measured by the ZEUS

detector are the only DIS data that cover Bjorken x range upto a value of 1. Although this data has

not been included in the theoretical calculation of PDFs, this data tend to contain valuable infor-

mation to constrain the PDFs in a better way at the highest values of x, where they at present have

large uncertainties.
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Figure 1: Distribution of number of events in the simulated data after all analysis selections are applied,

shown as functions of the (Left:) reconstructed kinematic quantities in cross section bins used in [7], (Right:)

generated kinematic quantities in the extended binning scheme.

2. Transfer Matrix for high-x data

One of the reasons to why the data could not be included is that some of the bins where cross-

sections are reported have very small number of events expected and reconstructed. And therefore

they have to be dealt using Poisson statistics. In this section the method to develop a Transfer

Matrix for the ZEUS high x data is briefly discussed. Using the Transfer Matrix one can predict

the number of events expected in the given cross sections bins (vector ν) from any modern PDF

using the Born-level integrated cross sections. Figure 1(a) shows the distribution of reconstructed

events in the phase space of reconstructed variables (Bjorken x and Q2). The true distribution of

these events is somewhat different and is shown in Figure 1(b). Figure 1(b) also shows the finer

and extended binning used to map the full true phase space (at the generated level). The Transfer

Matrix will map the way events migrate from the generated level (as shown in Figure 1(b)) to

the co-ordinates or bins at the reconstructed level (as shown in Figure 1(a)). Each element in the

Transfer Matrix is thus given as

ti j =
∑

Mi

m=1 ωmI(m ∈ j)

∑
Mi

m=1 ωMC
m

, (2.1)
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Figure 2: The ratio of the number of generated events from different PDFs to HERAPDF2.0 for e+p (top)

and e−p (bottom) data respectively. The PDF uncertainty on the cross section at the generated level is shown

in filled area for HERAPDF2.0 and cross hatched area for NNPDF3.1.

Where Mi is the total number of Monte Carlo events generated in bin i defined using the

exchanged photon information and ωm the total weight given to the mth event, which is product

of events weights, ωMC
m and ωsim

m . Here ωMC
m is the generated event weight and ωsim

m contains

weight due to detector’s limited acceptance and efficiencies. Indicator function, I = 1 if event m is

reconstructed in bin j, else I = 0.

The expecation for the number of events in the cross sections bins (here referred as vector N),

is given as

N = T µ , (2.2)

where T is the Transfer Matrix whose each element is calculated for the simulated data using Eq. 2.1
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and µ is the vector containing events at the generator level in the extended bins.

The events were generated using HERACELES [8], which applies QED and QCD corrections

to the Born level cross-sections. The events at the generator level can be obtained from the Born

level integrated cross sections (given by vector λ ) as shown in the equation given below.

µ = LRλ , (2.3)

where R matrix incorporates all the corrections done by the HERACELES. The non-diagonal

elements of the matrix R are taken to be zero and it is verified that it is appropriate for our case.

Here L is the luminosity of the high x ZEUS data. The expectation for the event numbers at the

reconstructed level (denoted as vector N) are therefore given as
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Figure 3: The ratio of the number of observed events to the expectations from the HERAPDF2.0 for e+p

(left) and e−p (right) data respectively. The green, yellow and red bands give the smallest intervals containing

68, 95, 99 % probability calculated using Poisson statistics.

3. Results

Figure 2 shows the comparison of ratio of number of events at the generator level from various

modern PDFs [9, 10, 11, 12] to HERAPDF2.0 [1] for e+p (top plot) and e−p (bottom plot) data

sets. The PDF uncertainty from HERAPDF2.0 and from NNPDF3.1 [12] is shown in the filled area

and hatched area respectively in the given figures. It is observed that the PDFs differ from each

other and from HERAPDF2.0 significantly. The difference increases to about 10% at value of x of

0.4. At highest values of x the differences increase and the PDF uncertainty also increases.

Figure 3(left) and 3(right) show the statistical comparison of data to the predictions from

HERAPDF2.0 using the Poisson statistics for e−p and e+p data sets respectively. The yellow,

green and red bands are the smallest intervals [13] conatining 68% , 95% and 99% probabilities for

HERAPDF2.0 expectations given the data. The agreement between data and expectations obtained

using different PDFs can also be estimated from the p-values [14], which are given in Table 1. It is

intriguing to note that for e+p data HERAPDF2.0 is in best agreement with data as compared to the

different PDFs, where as for the e−p data other PDFs have a higher p-value than the HERAPDF2.0.

Table 2 shows the p-values for two different ranges (i.e. x ≤ 0.6 and x ≥ 0.6). It is observed that

3
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for the higher-x range the PDFs give a similar p-value, whereas for lower-x range the p-values are

significantly different.

PDF e−p e+p

HERAPDF2.0 0.05 0.5

CT14 0.002 0.8

MMHT 2014 0.002 0.8

NNPDF2.3 0.00007 0.6

NNPDF3.0 0.0002 0.7

ABMP16 0.01 0.8

ABM11 0.001 0.6

Table 1: p-values for full Bjorken-x range for differ-

ent PDFs (at NLO)

e−p e+p

PDF x < 0.6 x ≥ 0.6 x < 0.6 x ≥ 0.6

HERAPDF2.0 0.06 0.2 0.6 0.1

CT14 0.0008 0.2 0.7 0.6

MMHT2014 0.00003 0.1 0.6 0.6

NNPDF2.3 0.00007 0.2 0.6 0.6

NNPDF3.0 0.00003 0.2 0.6 0.6

ABMP16 0.01 0.2 0.8 0.5

ABM11 0.03 0.3 0.7 0.4

Table 2: p-values for two different x ranges

4. Conclusions

In this paper, discriminating power of ZEUS high x data at the highest Bjorken x range is

shown. The technique to predict the expected number of events from different PDFs using the

Transfer matrix for the ZEUS high x data is discussed. The ZEUS high x data has some overlap

with the ZEUS high Q2 data [15] which is already included in the PDF fits, but this data has an

extended x-range touching the highest value of x upto 1, which could prove to be very helpful in

further constraining the PDF uncertainties at this range.
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