
Combined electroweak and QCD fit to HERA data

I. Abt,1 A. M. Cooper-Sarkar,2 B. Foster,2,3,4 C. Gwenlan,2 V. Myronenko,4 O. Turkot,4 and K. Wichmann4
1Max-Planck-Institut für Physik, Werner-Heisenberg-Institut, 80805 München, Germany

2Physics Department, University of Oxford, Oxford, OX1 3RH United Kingdom
3Hamburg University, I. Institute of Experimental Physics, 22671 Hamburg, Germany

4Deutsches Elektronen Synchrotron DESY, 22671 Hamburg, Germany
(Received 19 April 2016; published 15 September 2016)

A simultaneous electroweak and QCD fit of electroweak parameters and parton distribution functions to
HERA data on deep inelastic scattering is presented. The input data are neutral current and charged current
inclusive cross sections measured by the H1 and ZEUS collaborations at the ep collider HERA. The
polarization of the electron beam was taken into account for the ZEUS and H1 data recorded between 2004
and 2007. Results are presented on the vector and axial-vector couplings of the Z boson to u- and d-type
quarks. The values are in agreement with Standard Model predictions. The results on au and vu represent
the most precise measurements from a single process.
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I. INTRODUCTION

Data on deep inelastic electron1–proton, ep, scattering
(DIS) have been used in analyses within the framework of
quantum chromo dynamics (QCD) for many years [1] and
have formed the basis of investigations of the structure
of the proton. The data from the ep collider HERA
extended the reach in the four-momentum-transfer squared,
Q2, and in Bjorken x, xBj, by several orders of magnitude
with respect to previous fixed-target experiments [2]. At
HERA, values of Q2 of up to 50 000 GeV2 were reached, a
regime where the contribution of Z exchange becomes
comparable to the contribution from photon exchange.
During the HERA II running period, the HERA collider

provided a significant amount of data with beams longi-
tudinally polarized to an average level between 25%
and 35%. This facilitates detailed studies of electroweak
(EW) effects. Recently, the ZEUS collaboration published a
combined QCD and electroweak analysis [3] exploiting the
ZEUS neutral current (NC) and charged current (CC) eþp
and e−p inclusive cross sections for polarized beams [4–7].
For the analysis presented here, cross sections published by
the H1 collaboration [8] for polarized beams were also
considered.
A combined QCD and EW fit to the H1 and ZEUS data

was performed in which PDF parameters and EW param-
eters, specifically the couplings of the Z boson to u- and
d-type quarks, were varied simultaneously, such that
correlations between PDF and electroweak parameters
were properly treated. In the present paper, the use of
H1 and ZEUS polarized data is expected to improve the
precision of the vector couplings of the Z boson as detailed
in Sec. II.

II. QCD AND EW COMBINED ANALYSIS

The analysis presented here follows closely the method
described in detail in the ZEUS publication [3]. It uses
the next-to-leading-order (NLO) DGLAP [9–13] formalism
to describe the evolution of the parton distribution func-
tions (PDFs) with Q2 and the on-shell definition of
sin2θW ¼ 1 −M2

W=M
2
Z, where sin2 θW is the electroweak

mixing angle andMW andMZ are the mass of theW and Z
boson, respectively. The EW part of the analysis was
performed at leading order with partial higher-order cor-
rections in the on-shell scheme as calculated by EPRC [14].
The RT variable-number heavy-flavor scheme [15–17] was
employed and the values of PDG14 [18] were used for all
masses and couplings throughout the analysis, unless they
were free parameters in a fit.
Following the ZEUS QCD and EW analysis [3], the

PDFs of the proton were parametrized with 13 free
parameters as

xgðxÞ ¼ AgxBgð1 − xÞCg − A0
gxB

0
gð1 − xÞC0

g ; ð1Þ

xuvðxÞ ¼ Auvx
Buv ð1 − xÞCuv ð1þ Euvx

2Þ; ð2Þ

xdvðxÞ ¼ Advx
Bdv ð1 − xÞCdv ; ð3Þ

xŪðxÞ ¼ AŪx
Bð1 − xÞCŪ ; ð4Þ

xD̄ðxÞ ¼ AD̄x
Bð1 − xÞCD̄; ð5Þ

where x is the fraction of the proton momentum carried
by the quark. The normalization parameters, Auv; Adv; Ag,
are constrained by the quark-number sum rules and the
momentum sum rule. The strange-quark distribution is
expressed as an x-independent fraction, fs, of the d-type

1In this paper, the word “electron” refers to both electrons and
positrons, unless otherwise stated.
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sea, xs̄ ¼ 0.4xD̄ at the starting scale μ2f0 ¼ 1.9 GeV2. The
parameter C0

g is fixed to C0
g ¼ 25 [19].

The PDF parameters and the axial-vector and vector
couplings of the Z boson to the u- and d-type quarks, au,
ad, vu and vd, were fitted to the HERA inclusive cross-
section data. For this fit, called HH-EW-Z, the ZEUSfitter
package2 was used. The results were cross-checked with
the HERAFitter [20] package.
In the HH-EW-Z fit, the CC data add to determination of

the PDF parameters whereas the NC data serve to deter-
mine both the PDF parameters and the EW couplings. The
NC data were published as reduced cross sections which
were defined for e−p and eþp scattering in terms of the
generalized structure functions ~F2; x ~F3; FL, as

σe
�p
r;NC ¼ xBjQ4

2πα2
1

Yþ

d2σðe�pÞ
dxBjdQ2

¼ ~F2ðxBj; Q2Þ ∓ Y−

Yþ
x ~F3ðxBj; Q2Þ

−
y2

Yþ
FLðxBj; Q2Þ; ð6Þ

where xBj is the Bjorken scaling variable and y ¼ P · q=P ·
k is the fraction of the electron energy transferred to the
proton in the rest frame of the proton. At HERA energies,
the mass of the incoming electrons (protons) with energies
Ee (Ep) can be neglected and the variablesQ2, xBj and y are
related as Q2 ¼ sxBjy, where s ¼ 4EeEp is the square of
the electron–proton center-of-mass energy.
The generalized structure functions depend on the

longitudinal polarization of the electron beam, which is
defined as

Pe ¼
NR − NL

NR þ NL
; ð7Þ

where NR and NL are the numbers of right- and left-handed
electrons in the beam. It is useful to split the contributions
to the structure functions into unpolarized and polarized
pieces, ~F2 ¼ ~F2

0 þ Pe
~F2

P and x ~F3 ¼ x ~F3
0 þ Pex ~F3

P,
where, at leading order in QCD,3 the unpolarized pieces
are given by

~F2
0 ¼

X

i

A0
i ðQ2Þ½xqiðz;Q2Þ þ xq̄iðx;Q2Þ�; ð8Þ

x ~F3
0 ¼

X

i

B0
i ðQ2Þ½xqiðz;Q2Þ − xq̄iðx;Q2Þ�; ð9Þ

where the sum runs over u- and d-type quarks and

A0
i ðQ2Þ ¼ e2i − 2eiviveχZ þ ðv2e þ a2eÞðv2i þ a2i Þχ2Z; ð10Þ
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FIG. 1. The NLO PDF set HH-EW-Z with cumulative exper-
imental/fit, model and parametrization uncertainties at the factori-
zation scale μ2f ¼ 10 GeV2. All positive and negative uncertainties
in the model were added separately in quadrature. The para-
metrization uncertainty represents an envelope of all individual
parametrization uncertainties. Also shown are the central values of
HH-13p (top) and HERAPDF2.0 NLO (bottom).

2The package was also used in the combined ZEUS electro-
weak and QCD analysis [3].

3The QCD analysis is performed at NLO, but the LO
expressions illustrate the dominant dependencies on the
couplings.
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TABLE I. The correlation matrix of all parameters of the HH-EW-Z fit.

Parameters xg∶B xg∶C xg∶A0 xg∶B0 xuv∶B xuv∶C xuv∶E xdv∶B xdv∶C xŪ∶C xD̄∶A xD̄∶B xD̄∶C au ad vu vd

xg∶B 1.000 0.491 −0.224 0.935 0.012 0.106 0.044 −0.049 −0.078 −0.049 −0.098 −0.140 0.018 0.057 0.061 −0.039 −0.051
xg∶C 0.491 1.000 0.660 0.707 0.287 −0.267 −0.464 −0.054 0.196 −0.047 −0.140 −0.175 −0.369 0.106 0.093 −0.124 −0.114
xg∶A0 −0.224 0.660 1.000 0.125 0.513 −0.361 −0.593 0.226 0.254 0.162 0.084 0.072 −0.100 −0.038 0.003 −0.065 −0.070
xg∶B0 0.935 0.707 0.125 1.000 0.200 −0.002 −0.144 0.048 −0.008 0.042 −0.017 −0.056 0.018 0.033 0.057 −0.058 −0.074
xuv∶B 0.012 0.287 0.513 0.200 1.000 −0.337 −0.760 0.510 −0.084 0.698 0.498 0.409 0.507 −0.256 −0.095 0.019 −0.032
xuv∶C 0.106 −0.267 −0.361 −0.002 −0.337 1.000 0.796 −0.249 −0.247 −0.140 −0.055 −0.032 −0.013 0.092 0.044 0.026 0.013
xuv∶E 0.044 −0.464 −0.593 −0.144 −0.760 0.796 1.000 −0.298 −0.057 −0.363 −0.165 −0.105 −0.127 0.133 0.045 0.024 0.043
xdv∶B −0.049 −0.054 0.226 0.048 0.510 −0.249 −0.298 1.000 0.502 0.437 0.406 0.344 0.727 −0.221 −0.056 0.014 −0.056
xdv∶C −0.078 0.196 0.254 −0.008 −0.084 −0.247 −0.057 0.502 1.000 −0.116 −0.168 −0.175 −0.097 0.107 0.115 −0.092 −0.109
xŪ∶C −0.049 −0.047 0.162 0.042 0.698 −0.140 −0.363 0.437 −0.116 1.000 0.685 0.647 0.366 −0.234 −0.082 −0.006 −0.028
xD̄∶A −0.098 −0.140 0.084 −0.017 0.498 −0.055 −0.165 0.406 −0.168 0.685 1.000 0.961 0.525 −0.231 −0.114 0.049 0.021
xD̄∶B −0.140 −0.175 0.072 −0.056 0.409 −0.032 −0.105 0.344 −0.175 0.647 0.961 1.000 0.460 −0.210 −0.106 0.046 0.026
xD̄∶C 0.018 −0.369 −0.100 0.018 0.507 −0.013 −0.127 0.727 −0.097 0.366 0.525 0.460 1.000 −0.327 −0.168 0.133 0.056
au 0.057 0.106 −0.038 0.033 −0.256 0.092 0.133 −0.221 0.107 −0.234 −0.231 −0.210 −0.327 1.000 0.928 −0.665 −0.779
ad 0.061 0.093 0.003 0.057 −0.095 0.044 0.045 −0.056 0.115 −0.082 −0.114 −0.106 −0.168 0.928 1.000 −0.714 −0.876
vu −0.039 −0.124 −0.065 −0.058 0.019 0.026 0.024 0.014 −0.092 −0.006 0.049 0.046 0.133 −0.665 −0.714 1.000 0.880
vd −0.051 −0.114 −0.070 −0.074 −0.032 0.013 0.043 −0.056 −0.109 −0.028 0.021 0.026 0.056 −0.779 −0.876 0.880 1.000
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FIG. 2. The NLO predictions of HH-EW-Z compared to the H1 eþpNCDIS reduced cross sections σþr;NC for positively and negatively
polarized beams plotted as a function of xBj at fixed values ofQ2. The closed (open) circles represent the H1 data for positive (negative)
polarization. The bands indicate the full uncertainties on the predictions of HH-EW-Z.
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B0
i ðQ2Þ ¼ −2eiaiaeχZ þ 4aiaeviveχ2Z: ð11Þ

The polarized pieces are given by

~F2
P ¼

X

i

AP
i ðQ2Þ½xqiðz;Q2Þ þ xq̄iðx;Q2Þ�; ð12Þ

x ~F3
P ¼

X

i

BP
i ðQ2Þ½xqiðz;Q2Þ − xq̄iðx;Q2Þ�; ð13Þ

where

AP
i ðQ2Þ ¼ −2eiviaeχZ þ 2veaeðv2i þ a2i Þχ2Z; ð14Þ

BP
i ðQ2Þ ¼ −2eiaiveχZ þ 4viaiðv2e þ a2eÞχ2Z: ð15Þ

The variable χZ denotes the relative strength of Z exchange
with respect to photon exchange

χZ ¼ 1

sin22θW

Q2

M2
Z þQ2

1

1 − ΔR
; ð16Þ

where ΔR accounts for radiative corrections as imple-
mented in EPRC [14]. The structure function FL is only
important at high y, which is not kinematically accessible
for the high-Q2 values at which polarization becomes
important and thus is not further discussed.
The structure functions ~F2 and x ~F3 described above

depend on the vector and axial-vector couplings of the Z
boson to the electron ðve; aeÞ and to the u- and d-type
quarks, vu, au, vd, ad. The SM predictions for these
couplings are ae ¼ −1=2, ve ¼ −1=2þ 2sin2θW and
au ¼ 1=2, vu ¼ 1=2 − 4=3sin2θW , ad ¼ −1=2 and
vd ¼ −1=2þ 2=3sin2θW . For the HH-EW-Z fit, the cou-
plings au, vu, ad, vd were free parameters independent of
SM predictions.
Given that for the HERA data χz ≫ χ2z , and that ve ≈

0.04 is very small, it is clear from Eqs. (10), (11), (14), (15),
that the terms involving the ai couplings are dominant for
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the unpolarized data, whereas the vi couplings are dom-
inant for the polarized data. Thus the polarized H1 data
should improve the determination of the couplings vu
and vd in comparison to the analysis using only ZEUS
polarized data [3].
The data used for the HH-EW-Z fit are the data sets for

unpolarized beams originally published by H1 [21–27] and
ZEUS [28–35] and the polarized data sets from H1 [8] and
ZEUS [4–7]. These data are those used as input to the data
combination presented by the H1 and ZEUS collaborations
[36]. The data sets with different polarization were added
and the resulting cross sections were corrected to zero
polarization before they were used as input to the H1 and
ZEUS data combination. A combination of the H1 and
ZEUS polarized data preserving the information on polari-
zation has not been published and therefore this analysis
reverts to the original sets of cross sections for polarized
beams as published by the individual collaborations, except
that the ZEUS cross sections for polarized beams [4–7] are
used with updated values of the polarization as published in
the ZEUS EW analysis [3].
The reduced cross sections used as input to the analysis

were published by the individual collaborations after QED
corrections were applied. These corrections are mostly on
the percent level, but reach 15% for a few cross sections.
The correction factors were calculated by producing
Monte Carlo data sets for which radiative corrections were
either turned on or off for comparison. This was done with
the program HERACLES [37], interfaced to the hadronization
routines within the program DJANGOH [38]. The H1
collaboration published [8] a cross-check with the pro-
grams HECTOR [39] and EPRC [14] and concluded that
the uncertainties are below 2% over the complete phase
space. The H1 collaboration included these uncertainties
in the uncorrelated uncertainties of their published cross
sections, whereas the ZEUS collaboration did not assign
any uncertainties to their QED corrections in their original

TABLE II. The results from HH-EW-Z on the axial-vector and vector couplings of the Z boson to u- and d-type quarks. Given are the
experimental/fit (exp) and total (tot) uncertainties. For comparison, the results of ZEUS-EW-Z are also listed. In addition, results of fits
with the PDFs fixed to HH-13p and HERAPDF2.0, for which only the couplings of the Zwere free parameters, are given. Also listed are
the SM predictions.

au Experimental Total ad Experimental Total vu Experimental Total vd Experimental Total

HH-EW-Z þ0.532 þ0.081
−0.058

þ0.107
−0.063

−0.409 þ0.327
−0.199

þ0.373
−0.213

þ0.144 þ0.065
−0.050

þ0.066
−0.058

−0.503 þ0.168
−0.093

þ0.171
−0.103

ZEUS-EW-Z þ0.50 þ0.09
−0.05

þ0.12
−0.05

−0.56 þ0.34
−0.14

þ0.41
−0.15

þ0.14 þ0.08
−0.08

þ0.09
−0.09

−0.41 þ0.24
−0.16

þ0.25
−0.20

PDF parameters fixed to
HH-13p þ0.530 þ0.076

−0.052
−0.407 þ0.313

−0.193
þ0.145 þ0.063

−0.050
−0.500 þ0.166

−0.090
HERAPDF2.0þ0.507 þ0.073

−0.047
−0.473 þ0.284

−0.166
þ0.155 þ0.062

−0.053
−0.479 þ0.173

−0.110
SM þ0.500 −0.500 þ0.202 −0.351
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FIG. 4. The 68% C.L. contours for ad, vd and au, vu obtained
for the HH-EW-Z fit. Also shown are the 68% C.L. contours for
the ZEUS-EW-Z fit with total uncertainties.
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publications. For the present study, an extra uncertainty
of the size assigned by H1 was also added to the
uncorrelated uncertainties on the ZEUS cross sections
for polarized beams.

III. THE HH-EW-Z FIT AND THE
Z COUPLINGS

The PDFs of the HH-EW-Z fit are shown in Fig. 1 with
experimental/fit, model and parameterization uncertainties,
determined as in the ZEUS-EW-Z fit [3] according to
the prescriptions of the HERAPDF2.0 analysis [36]. A 13-
parameter QCD-only fit with the Z couplings fixed to the
SM values, called HH-13p, was performed as a reference;
the central values for the PDFs of this fit are also shown
in Fig. 1 (top). The PDFs are very similar. The PDF
parameters of HH-EW-Z are only weakly correlated to the
Z couplings. The full correlation matrix for the 13 PDF

parameters and the four Z couplings is given in Table I. A
comparison of the HH-EW-Z PDFs to the central values
of the HERAPDF2.0 NLO is shown in Fig. 1 (bottom). The
PDFs are similar within uncertainties. The slight difference
in shape of the central values is due to the use of a 14th
parameter in the HERAPDF2.0 analysis. The addition of a
14th parameter is included in the parametrization uncer-
tainties quoted for the present analysis.
The χ2 per degree of freedom for HH-EW-Z is

3556=3231 ¼ 1.10. This can be compared to 1.12 for
ZEUS-EW-Z [3] and 1.20 for HERAPDF2.0 NLO [36].
This value of χ2 per degree of freedom is typical for
QCD fits to the HERA combined data. The decrease of
χ2 when fitting the uncombined data is due to a
difference in the effect of the correlations taken into
account before and after combination. The description
of the data is good.
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FIG. 5. The 68% C.L. contours for au, ad and vu, vd obtained
for the HH-EW-Z fit. Also shown are the 68% C.L. contours for
the ZEUS-EW-Z fit with total uncertainties.
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The predictions of HH-EW-Z are compared to the high-precision eþp NC data from H1 [8] and ZEUS [5] in Figs. 2
and 3, respectively.
The result of HH-EW-Z for the couplings of the Z boson to u- and d-type quarks are

au ¼ þ0.532þ0.081
−0.058ðexperimental=fitÞþ0.036

−0.022ðmodelÞþ0.060
−0.008ðparametrizationÞ;

ad ¼ −0.409þ0.327
−0.199ðexperimental=fitÞþ0.112

−0.071ðmodelÞþ0.140
−0.026ðparametrizationÞ;

vu ¼ þ0.144þ0.065
−0.050ðexperimental=fitÞþ0.013

−0.014ðmodelÞþ0.002
−0.025ðparametrizationÞ;

vd ¼ −0.503þ0.168
−0.093ðexperimental=fitÞþ0.031

−0.028ðmodelÞþ0.006
−0.036ðparametrizationÞ:

These values are compared to the results from ZEUS-EW-Z
[3] in Table II. They agree within uncertainties. Also listed
are SM predictions and values obtained from fits which
were performed as cross-checks

(i) a fit in which only the axial-vector and vector
couplings of the Z were allowed to vary and the
PDF parameters are fixed to those of the 13-parameter
QCD-only fit, HH-13p;

(ii) a fit in which only the axial-vector and vector
couplings of the Z were allowed to vary and the
PDF parameters are fixed to those of HER-
APDF2.0 NLO.

Only experimental/fit uncertainties were considered for
these cross-checks. The values agree within the experi-
mental uncertainties with the result from HH-EW-Z.

Profile likelihood contours at 68% C.L. for the couplings
were obtained as described in the ZEUS publication [3].
They are shown4 for au, vu and ad, vd in Fig. 4 and for au,
ad and vu, vd in Fig. 5. These figures demonstrate very
clearly that the HERA data constrain the couplings of the Z
boson to the u quark significantly better than the couplings
to the d quark. This is due to the larger u valence content
of the proton and the larger charge of the u quark. The
couplings as determined by HH-EW-Z are compatible with
the SM. Figure 6 shows the 68% C.L. contours from HH-
EW-Z, together with the contours from ZEUS-EW-Z [3]

uv
1− 0.5− 0 0.5 1

HH-EW-Z (HERA I+II)

ZEUS-EW-Z (HERA I+II)

PDG14

H1 (HERA I)

D0

CDF

LEP+SLC

dv
1.5− 1− 0.5− 0 0.5

HH-EW-Z (HERA I+II)

ZEUS-EW-Z (HERA I+II)

PDG14

H1 (HERA I)

D0

CDF

LEP+SLC

ua
1− 0.5− 0 0.5 1 1.5

HH-EW-Z (HERA I+II)

ZEUS-EW-Z (HERA I+II)

PDG14

H1 (HERA I)

D0

CDF

LEP+SLC

da
2− 1.5− 1− 0.5− 0 0.5

HH-EW-Z (HERA I+II)

ZEUS-EW-Z (HERA I+II)

PDG14

H1 (HERA I)

D0

CDF

LEP+SLC

FIG. 7. The values from the HH-EW-Z fit for ad, au, vd and vu compared to the values from ZEUS-EW-Z and the results from LEP
(ALEPH, OPAL, L3 and DELPHI) plus SLC (SLD) combined, the Tevatron (CDF and D0) and HERA I (H1). The PDG14 world
average is also shown; this does not contain the measurements from the HH-EW-Z and ZEUS-EW-Z fits based on all HERA data. All
results are given with total uncertainties. Vertical black lines in each box indicate central values, the long gray vertical lines indicate the
SM predictions.

4Numerical information is available as additional material for
this publication.
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and the measurements from LEPþ SLC [40], the Tevatron
[41,42] and HERA I (H1) [43]. The fits HH-EW-Z and
ZEUS-EW-Z are based both on HERA I and HERA II data
and were not included in the combinations for PDG14 [18].
The PDG values and all measurements are compared in
Fig. 7. The HH-EW-Z results on the axial-vector and vector
couplings to u-type quarks are the most precise results
published from a single process. As expected, the vector
couplings from HH-EW-Z are significantly more accurate
than from ZEUS-EW-Z.
The ZEUS collaboration also presented [3] measure-

ments of the electroweak mixing angle and MW . These
EW parameters were determined using both NC and
CC cross sections. The factor χZ, which depends on
sin2 θW , affects the contributions to the NC cross sections
for both polarized and unpolarized beams. The dependence

of the CC cross sections on sin2 θW and MW is

described through the factor G2
FM

4
W

2πxBjðQ2þM2
WÞ2

, where GF ¼
παffiffi

2
p

sin2θWM2
W

1
1−ΔR and polarization enters through the multi-

plicative factors ð1� PeÞ for e� scattering, respectively.
Thus, the information contained in the CC cross sections is
also not uniquely dependent on polarization. Therefore, fits
including the H1 polarized data produce no significant
improvement in the accuracy of the mixing angle and MW

compared to the ZEUS-EW analysis [3].
Two fits were performed as cross-checks with the 13

PDF parameters fixed to those of HH-13p and either
sin2 θW or MW as free parameters. The results are com-
patible with those of the ZEUS EW fits within exper-
imental/fit uncertainties

sin2θW ¼ 0.2255� 0.0011ðexperimental=fitÞ HH EW;

sin2θW ¼ 0.2252� 0.0011ðexperimental=fitÞ ZEUS EW;

MW ¼ ð80.74� 0.28ðexperimental=fitÞÞ GeV HH EW;

MW ¼ ð80.68� 0.28ðexperimental=fitÞÞ GeV ZEUS EW:

A simultaneous fit to the 13 PDF parameters and both sin2 θW and MW also yielded results compatible with the results
presented by ZEUS [3]. Since the sensitivity with respect to the ZEUS EW fits was not significantly improved, the detailed
studies on sin2 θW and MW presented in the ZEUS paper were not repeated.

IV. SUMMARY AND CONCLUSIONS

The results of a combined electroweak and QCD fit to all available HERA inclusive DIS cross sections, taking into
account beam polarization for both the H1 and ZEUS data, have been presented. The results on the couplings of the Z boson
to u- and d-type quarks are

au ¼ þ0.532þ0.081
−0.058ðexperimental=fitÞþ0.036

−0.022ðmodelÞþ0.060
−0.008ðparametrizationÞ;

ad ¼ −0.409þ0.327
−0.199ðexperimental=fitÞþ0.112

−0.071ðmodelÞþ0.140
−0.026ðparametrizationÞ;

vu ¼ þ0.144þ0.065
−0.050ðexperimental=fitÞþ0.013

−0.014ðmodelÞþ0.002
−0.025ðparametrizationÞ;

vd ¼ −0.503þ0.168
−0.093ðexperimental=fitÞþ0.031

−0.028ðmodelÞþ0.006
−0.036ðparametrizationÞ:

These results are compatible with the Standard Model. The exploitation of all available data for polarized beams provides
very accurate determinations of the Z-boson couplings. The couplings to the u-type quarks are the most precise values
published for a single process.
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