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Abstra
t

The H1 and ZEUS 
ombined measurement of in
lusive deep inelasti
 
ross se
tions

in neutral and 
harged 
urrent ep s
attering, based on the �nal data sample 
orre-

sponding to a luminosity of about 1 fb

�1

, was used as an input to QCD analyses,

providing a set of parton distribution fun
tions HERAPDF2.0. Here the analysis

is extended to take into a

ount possible signals from physi
s beyond the Standard

Model. The a

ura
y of the data requires a 
ombined analysis, taking into a

ount

possible 
ontributions from the Beyond Standard Model pro
esses in the QCD �t to

the data. In the presented study this approa
h is developed for the quark form fa
tor

model and the resulting 95% C.L. limit for the radius of the ele
troweak 
harge of

quarks is 0:45 � 10

�16


m.



1 Introdu
tion

Pre
ision measurements of deep inelasti
 e

�

p s
attering (DIS) 
ross se
tions in the domain

of negative four-momentum-transfer squared, Q

2

, above about 10

5

GeV

2

allow sear
hes for

Beyond Standard Model (BSM) 
ontributions, if su
h 
ontributions are linked to pro
esses

setting in at s
ale of around one TeV. The sear
h for deviations from the SM model

predi
tions rea
hes beyond the 
enter-of-mass energy of the e

�

p intera
tions, be
ause any

su
h BSM pro
esses 
an modify the s
attering 
ross se
tions via virtual e�e
ts. The 
ross

se
tions would be a�e
ted by new kinds of intera
tions where BSM parti
les would be

ex
hanged. This 
ould be leptoquarks for whi
h e

�

p s
attering is parti
ularly sensitive,

be
ause of possibly dire
t 
ouplings. Another possibility are graviton ex
hanges in models

with large extra dimensions. Many other exoti
 ex
hanges have been proposed. As we

assume to be far below the s
ale of the a
tual new physi
s, we 
an approximate all su
h

BSM intera
tions as 
onta
t intera
tions, CI. The fa
t that eeqq CI is not renormalisable

is not relevant in our kinemati
 domain.

The 
ross se
tions would also be in�uen
ed by a �nite radius of the quarks. In all 
ases, one

sear
hes for a deviation of the observed from the predi
ted 
ross se
tion for ep s
attering

at the highest available Q

2

. The result on CI is then interpreted with respe
t to the model

to be tested. The predi
tions are 
al
ulated from Parton Distribution Fun
tions, PDFs. If

those are derived from the same data whi
h is used to sear
h for CI, spe
ial 
are has to be

taken. In an analysis of 1994-2000 e

�

p data [1℄, the ZEUS 
ollaboration sear
hed for CI

using basi
ally independent PDFs. The limit on the quark 
harge radius, in the 
lassi
al

form fa
tor approximation, was 0:85 � 10

�16


m.

The H1 and ZEUS 
ollaborationsmeasured in
lusive e

�

p s
attering 
ross se
tions at HERA

from 1994 to 2000 (HERA I) and from 2002 to 2007 (HERA II), 
olle
ting a total integrated

luminosity of about 1 fb

�1

. All in
lusive data were re
ently 
ombined [2℄ to 
reate one


onsistent set of NC and CC 
ross-se
tion measurements for unpolarised e

�

p s
attering.

The in
lusive 
ross se
tions were used as input to a QCD analysis within the DGLAP

formalism resulting in a parton distribution fun
tion (PDF) set denoted as HERAPDF2.0.

Additional data on 
harm and beauty produ
tion at HERA were used in order to 
onstrain

the heavy-quark distribution parameters. Due to the high pre
ision and 
oheren
e of

the input data HERAPDF2.0 
an be used to 
al
ulate SM predi
tions with very small

experimental un
ertainties. But, when sear
hing for BSM 
ontributions in the data, these

predi
tions have to be 
onsidered biased be
ause su
h 
ontributions might have been

absorbed in the PDFs.

In the previous ZEUS analysis [1℄, the un
ertainties on the PDFs used were a dominant

sour
e of systemati
s. Estimated un
ertainties of the parton densities were used to smear

model predi
tions in the limit setting pro
edure. Su
h an approa
h was valid as the

CTEQ5D parameterization [3,4℄ used for 
al
ulating model predi
tions in
luded only 1994

HERA data, less than 3% of the sample 
onsidered in the CI analysis, and the limits were
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dominated by statisti
s. For the analysis presented here, a new pro
edure to set limits

on the BSM model 
ontributions was developed, where BSM 
ontributions and QCD

evolution is �tted simultaneously. The sear
h at the moment fo
uses on �nite quark radii

within the formalism of the quark form fa
tor model [5℄.

2 Data samples

The H1 [6�8℄ and ZEUS [9℄ dete
tors were general purpose instruments whi
h 
onsisted

of tra
king systems surrounded by ele
tromagneti
 and hadroni
 
alorimeters and muon

dete
tors, ensuring 
lose to 4� 
overage of the ep intera
tion point. The presented study

is based on the in
lusive NC and CC 
ross-se
tion measurements for unpolarised e

�

p

s
attering at HERA, resulting from the 
ombination [2℄ of the all available data from H1

and ZEUS experiments. The analysis in
luded 41 di�erent data sets 
olle
ted at four

di�erent 
entre-of-mass energies from 1994 to 2007 (HERA I and HERA II). During the

HERA I period, ea
h experiment 
olle
ted about 100 pb

�1

of e

+

p and 15 pb

�1

of e

�

p data,

while at HERA II period, about 150 pb

�1

of e

+

p and 235 pb

�1

of e

�

p data were added.

The original double-di�erential 
ross-se
tion measurements, as published by the H1 and

ZEUS 
ollaborations, were averaged using the HERAverager tool [10℄ whi
h is based on

a �

2

minimisation method. The 2927 published 
ross-se
tion values were 
ombined to

1307 averaged 
ross-se
tion measurements. For the resulting 1620 degrees of freedom,

a �

2

min

= 1687 was obtained, demonstrating very good 
onsisten
y of all 
onsidered data

sets. Sin
e H1 and ZEUS used di�erent re
onstru
tion methods, similar systemati
 sour
es

in�uen
ed the measured 
ross se
tions di�erently. Therefore, requiring the 
ross se
tions to

agree at all x andQ

2

values resulted in signi�
ant redu
tion of the systemati
 un
ertainties.

For more details, see [2℄.

3 QCD analysis

In the following, we brie�y des
ribe the framework used in the perturbative QCD (pQCD)

analysis of the 
ombined data, as used in the HERAPDF2.0 study [2℄. Only 
ross se
tions

for Q

2

starting from Q

2

min

= 3:5GeV

2

were used in the analysis. A �t to the data, resulting

in the set of PDFs, was obtained by solving the DGLAP evolution equations at NLO in the

MS s
heme. This was done using the programme QCDNUM [11℄ within the HERAFitter

framework [12℄.

In this appoa
h, the PDFs of the proton, xf , are generi
ally parameterised at the starting

s
ale �

2

f

0

as

xf(x) = Ax

B

(1� x)

C

(1 +Dx+ Ex

2

) ; (1)
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where x is the fra
tion of the proton's momentum taken by the stru
k parton in the in�nite

momentum frame. The PDFs parameterised are the gluon distribution, xg, the valen
e-

quark distributions, xu

v

, xd

v

, and the u-type and d-type anti-quark distributions, x

�

U , x

�

D.

The PDFs parameter values were �t to the data using a �

2

method, taking into a

ount

statisti
al un
ertainties, as well as un
orrelated and 
orrelated systemati
 un
ertainties of

the input experimental data.

Un
ertainties of the PDFs resulting from the experimental un
ertainties were determined

with the 
riterion ��

2

= 1 and veri�ed using the Monte Carlo method based on analysing

a large number of pseudo data sets 
alled repli
as. The two approa
hes gave 
onsistent

estimates of experimental errors. The un
ertainties on HERAPDF2.0 due to the 
hoi
e

of model settings and the form of the parameterisation were also evaluated, and the total

PDF un
ertainty was obtained by adding in quadrature the experimental, the model and

the parameterisation un
ertainties. For more details, see [2℄.

4 Quark form fa
tor

One of the possible methods to sear
h for deviations from SM predi
tions in ep s
attering

is to assign a �nite size for the radius of the ele
troweak 
harges of ele
trons and/or quarks

while assuming the SM gauge bosons remain pointlike and their 
ouplings are un
hanged.

The expe
ted suppression of the SM 
ross se
tion 
an be des
ribed using a semi-
lassi
al

form fa
tor approa
h. If the expe
ted deviations are small, the SM predi
tions for the


ross se
tions are modi�ed, approximately, to:

d�

dQ

2

=

d�

SM

dQ

2

�

1�

R

2

e

6

Q

2

�

2

�

1�

R

2

q

6

Q

2

�

2

; (2)

where R

e

and R

q

are the root-mean-square radii of the ele
troweak 
harge of the ele
tron

and the quark, respe
tively. In the present analysis only the possible �nite spatial dis-

tribution of the quark 
harge is 
onsidered and the ele
tron is assumed to be point-like

(R

e

� 0).

The QCD analysis des
ribed in the previous se
tion is extended by introdu
ing R

q

as ad-

ditional model parameter and modifying all e

�

p DIS 
ross-se
tion predi
tions a

ording

to formula (2), to take into a

ount possible signals from physi
s beyond SM. The esti-

mate of the quark radius squared resulting from the simultaneous �t of R

q

and the PDF

parameters to the data is

R

2 Data

q

= �0:5 (�3:1) � 10

�6

GeV

�2

;

in good agreement with SM expe
tations. However, as the resulting value is negative,

outside the allowed R

q

range, we use the value of R

2 Data

q

= 0 for the limit setting. This
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orresponds to the assumption that, within the 
onsidered model, the obtained 
ross

se
tion enhan
ement at high Q

2


ould only be due to statisti
al �u
tuations.

5 Limit setting pro
edure

The limit on the e�e
tive quark radius R

q

is derived by using a frequentist approa
h.

We 
ompare the most likely value of the quark radius squared, determined from the �

2

minimization, for the a
tual input data and for a large number of equivalent repli
as.

Ex
luded at the 95% C.L. are R

q

values whi
h, in more than 95% of the repli
as, result in

the �tted radius squared value, R

2 Fit

q

, greater than that obtained for the data, R

2 Data

q

.

To set the limit, distribution of R

2 Fit

q

values had to be re
onstru
ted from QCD �ts to

multiple repli
as, for di�erent values of the assumed true radius, R

true

q

. However, the

assumed value of R

true

q

needs to be taken into a

ount in repli
as generation as well.

Therefor, for ea
h R

true

q

value 
onsidered, a dedi
ated QCD �t to the 
ombined data was

�rst performed (with R

q

�xed to R

true

q

) to obtain the 
orresponding PDF parametrization.

These PDFs were then used to generate multiple data repli
as for given R

true

q

. Repli
a

data-sets were 
reated by taking the redu
ed 
ross se
tions 
al
ulated from PDFs and

�u
tuating their values randomly within given statisti
al and systemati
 un
ertainties

taking into a

ount 
orrelations. All un
ertainties were assumed to follow the Gaussian

distribution. For ea
h repli
a, the generated value of the 
ross se
tion at the point i was


al
ulated as:

�

i

=

h

m

i

0

+

q

Æ

2

i;stat

+ Æ

2

i;un
or

�D

i

� r

i

i

� (1 +

X

j




i

j

� r

j

) ; (3)

where D

i

is the measured 
ross se
tion value at the point i and m

i

0

is the expe
ted 
ross

se
tion at this point for the 
onsidered R

true

q

value. 


i

j

, Æ

i;stat

and Æ

i;un
or

are the relative


orrelated systemati
, relative statisti
al and relative un
orrelated systemati
 un
ertainties

of the input data, respe
tively. r

i

and r

j

are random numbers generated from normal

distribution for ea
h data point i and for ea
h sour
e of 
orrelated systemati
 un
ertainty

j, respe
tively.

Finally, the full QCD �t was performed on the generated repli
a set to re
onstru
t the

R

2 Fit

q

distribution. The �

2

formula used for �tting R

q

and PDF parameters, and possible


orrelated systemati
 shifts in the input data is:

�

2

(m; s) =

X

i

h

m

i

+

P

j




i

j

m

i

s

j

� �

i

i

2

�

Æ

2

i;stat

+ Æ

2

i;un
or

�

2

D

2

i

+

X

j

s

2

j

; (4)

where the ve
tor m represents the set of 
ross se
tion predi
tions m

i

and the 
omponents

s

j

of the ve
tor s represent 
orrelated shifts of the 
ross se
tions in units of sigma of
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the respe
tive 
orrelated systemati
 un
ertainties; the summations over j extend over all


orrelated systemati
 un
ertainties. It was 
he
ked that the usage of �xed statisti
al and

un
orrelated systemati
 un
ertainties in the denominator of the �rst r.h.s term of eq. (4,)

taking the values from the data, minimizes the biases in the �t results.

In the last step, the probability of obtaining the R

2 Fit

q

value smaller than that obtained

for the a
tual data, Prob(R

2 Fit

q

< R

2 Data

q

), was plotted as a fun
tion of R

true

q

, as shown

in Fig. 1. Points with error bars represent repli
a sets generated for subsequent R

true

q

values. The errors are statisti
al only, 
al
ulated assuming binomial probability distribu-

tion for Prob(R

2 Fit

q

< R

2 Data

q

). Blue dashed line, drawn to guide the eye, represents the

dependen
e expe
ted for gaussian distribution of R

2 Fit

q

. For 
omparison, the dependen
e

obtained with PDF parameters �xed to HERAPDF2.0 values (both in repli
a genera-

tion and in R

q

�ts to repli
a sets based on �

2

minimization), is indi
ated by the green

dash-dotted line. The probability distribution is interpolated to 
al
ulate the R

q

value 
or-

responding to the 95% C.L. limit. The interpolation is done with a �t of an exponential

fun
tion to the points with an estimated probability between 2.5 and 8.5%, as illustrated

in Fig. 2.

6 Results

The limit setting pro
edure des
ribed above was repeated for di�erent model and param-

eter settings 
onsidered as systemati
 
he
ks in the QCD �tting pro
edure (see [2℄ for

details). The resulting variations of the R

q

limit values are very small, of the order of 1%.

The obtained 95% C.L. upper limit on the e�e
tive quark-
harge radius is:

R

q

< 0:45 � 10

�16


m :

This result is about 10% weaker than the limit obtained without taking into a

ount

possible R

q

in�uen
e on the PDF �t result. As a 
ross 
he
k the limit on R

q

was also

determined from the simultaneous PDF and R

q

�t to the data (see Se
. 4 and 5), looking

at the variation of the �

2

value minimized with respe
t to the PDF parameters when


hanging the R

q

value. The estimated limit was in a good agreement with the result

presented here.

Cross se
tion deviations 
orresponding to the 95% C.L. ex
lusion limit for the e�e
tive

radius, R

q

, of the ele
troweak 
harge of the quark are 
ompared with the 
ombined H1

and ZEUS high-Q

2

NC DIS data in Fig. 3.
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7 Con
lusions

The H1 and ZEUS 
ombined measurement of in
lusive deep inelasti
 
ross se
tions in

neutral and 
harged 
urrent e

�

p s
attering, was used to set limit on the possible physi
s

beyond SM in the 
lassi
al quark form fa
tor approximation. This model, des
ribing

possible e�e
ts due to quark substru
ture or �nite spatial distribution of the quark 
harge,

was used as a test s
enario to demonstrate the improved limit setting pro
edure. The QCD

analyses of HERA data, providing a set of parton distribution fun
tions HERAPDF2.0,

was extended to take into a

ount possible 
ross se
tion modi�
ation due to a �nite quark


harge radius. As the same data are used to 
al
ulate PDFs and to set limit on BSM

s
enario, the limit setting pro
edure was based on a simultaneous �t of PDF parameters

and R

q

, properly taking into a

ount possible 
ontributions from the BSM pro
esses in

the QCD �t to the data.

The quark-
harge radius larger than 0:45 � 10

�16


m has been ex
luded on 95% C.L.,

whi
h is almost a fa
tor of two improvement 
ompared to the published ZEUS limit of

0:85 � 10

�16


m, based on the HERA I data [1℄. The present result improves the limit set

in ep s
attering by the H1 
ollaboration [13℄ (R

q

< 0:65 � 10

�16


m) and is similar to the

limit presented by the L3 
ollaboration (R

q

< 0:42 � 10

�16


m, assuming R

e

= 0), based on

quark-pair produ
tion measurement at LEP2 [14℄.

6



Referen
es

[1℄ ZEUS Coll., S. Chekanov et al., Phys. Lett. B 591, 23 (2004).

doi:10.1016/j.physletb.2004.03.081.

[2℄ H1 ans ZEUS Collaborations, Combination of Measurements of In
lusive Deep

Inelasti
 e

�

p S
attering Cross Se
tions and QCD Analysis of HERA data.

DESY-15-039, arXiv:1506.06042, submitted to EPJS, 2015.

[3℄ CTEQ Coll., H.L. Lai et al., Eur. Phys. J. C 12, 375 (2000).

doi:10.1007/s100529900196.

[4℄ H.L. Lai et al., Phys. Rev. D 55, 1280 (1997). doi:10.1103/PhysRevD.55.1280.

[5℄ Kopp, G. and S
haile, D. and Spira, M. and Zerwas, P. M., Z. Phys.

C65, 545 (1995). doi:10.1007/BF01556142.

[6℄ Abt, I. and others 386, 310 (1997).

[7℄ Abt, I. and others 386, 348 (1997).

[8℄ Appuhn, R. D. and others, H1 ba
kward upgrade with a SPACAL 
alorimeter: The

Hadroni
 se
tion. DESY, 1996.

[9℄ ZEUS Collaboration, U. Holm (editor). The ZEUS Dete
tor. Status Report

(unpublished), DESY (1993).

[10℄ The do
umentation and the pa
kage 
an be found at:

https://wiki-zeuthen.desy.de/HERAverager.

[11℄ Botje, M., Comp. Phys. Comm. 182, 490 (2011).

[12℄ Alekhin, S. and others, HERAFitter, Open Sour
e QCD Fit Proje
t.

arXiv:1410.4412, 2014.

[13℄ Aaron, F. D. and others, Phys. Lett. B705, 52 (2011).

doi:10.1016/j.physletb.2011.09.109.

[14℄ L3 Coll., M. A

iarri et al., Phys. Lett. B 489, 81 (2000).

7

http://dx.doi.org/10.1016/j.physletb.2004.03.081
http://dx.doi.org/10.1007/s100529900196
http://dx.doi.org/10.1103/PhysRevD.55.1280
http://dx.doi.org/10.1007/BF01556142
http://dx.doi.org/10.1016/j.physletb.2011.09.109


0 1 2 3 4 5 6 7 8

-610×

1

10

ZEUS preliminary

)-2 (GeV2 True
qR

) 
(%

)
2 

D
at

a
q

 <
 R

2 
F

it
q

P
ro

b(
R

 replicasqPDF + R
 fitqPDF + R

 only fitqR

Figure 1: The probability of obtaining the R

2 Fit

q

value smaller than that obtained for

the a
tual data, R

2 Data

q

, 
al
ulated from multiple Monte Carlo repli
as, as a fun
tion of

the assumed value for the quark radius, R

true

q

. Points represent Monte Carlo repli
a sets

generated for di�erent values of R

true

q

, with error bars indi
ating statisti
al un
ertainty

of the probability estimated assuming binomial probability distribution. The R

2 Fit

q

values

were estimated from the simultaneous �t of the R

q

and PDF parameters. Blue dashed

line represents the dependen
e expe
ted for gaussian probability distribution for R

2 Fit

q

. For


omparison, green dash-dotted line represents the dependen
e obtained when �xing PDF

parameters in repli
a generation and R

q

�ts to HERAPDF2.0 values.
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Figure 2: The probability of obtaining the R

2 Fit

q

value smaller than that obtained for

the a
tual data, R

2 Data

q

, 
al
ulated from multiple Monte Carlo repli
as, as a fun
tion of

the assumed value for the quark radius, R

true

q

. Points represent Monte Carlo repli
a sets

generated for di�erent values of R

true

q

, with error bars indi
ating statisti
al un
ertainty of

the probability estimated assuming binomial probability distribution. Shown are the results

sele
ted for the �nal limit evaluation. Dashed blue line represents the �tted exponential

dependen
e used to interpolate simulation results to probability of 5%. Resulting 95% C.L.

limit on R

2

q

value is indi
ated by the verti
al dotted line.
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Figure 3: Combined H1 and ZEUS e

+

p data (top plot) and e

�

p data (bottom plot) 
om-

pared with the 95% C.L. ex
lusion limit for the e�e
tive mean-square radius of the ele
-

troweak 
harge of the quark. Results are 
ompared to the Standard Model expe
tations


al
ulated using the HERAPDF2.0 parton distributions. The green bands represent the

total un
ertainty on the HERAPDF2.0 predi
tions. The insets show the 
omparison in the

Q
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< 10

4

GeV

2

region, with a linear ordinate s
ale.
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