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1. Introduction

Deep-inelastic scattering (DIS) data provide high precisests of perturbative quantum chro-
modynamics (QCD), and have led to a detailed and comprefeensderstanding of proton struc-
ture.

At the electron-proton collider HERA (1992-2007) elecs@nd positrons of 27.6 GeV col-
lided with protons of 920 GeV (820 GeV until 1997) correspogdo anep centre-of-mass energy
of 319 GeV. The operation of HERA proceeded in two phases, AAIER992-2000) with an un-
polarised and HERA Il (2003-2007) with a longitudinally posed lepton beam. At the end of
the HERA data taking, special runs with reduced proton beaengies of 460 and 575 GeV were
taken for dedicatedh,. measurement. The twep interaction regions were instrumented with the
multi-purpose detectors of the H1 and ZEUS experiments.

The inclusive neutral (NC) and charged current (ERPIS cross section data obtained by the
H1 and ZEUS experiments are used to determine the protoctsteufunctions and the partonic
structure of the proton within the QCD framework. The HERAPEets of parton distribution
functions (PDFs) are determined in the NLO and NNLO QCD fitsnefusive HERA data and
also in fits including the charm and jet production data froERA.

2. Neutral and Charged Current Cross Sections

The NC cross section fa@" p scattering can be expressed in a reduced form in terms of gen-
eralised proton structure functiofsas
24P b
ek @) = o T L B Py D) - S RAP), (@D
wherea is the fine structure constant,is the Bjorken scaling variable&)? is the negative four-
momentum-transfer squared, apg@haracterises the inelasticity of the interaction With= 1+
(1-¥9). )

The generalised structure functiofss may be written as linear combinations of the structure
functionsk, Fz’g and Fzzs, which contain information on QCD parton dynamics as welbaghe
electroweak couplings of the quarks to the neutral vectsobs. Ther’% and F2273 contributions
to |5273 depend on the longitudinal polarisation of the lepton bedime electromagnetic structure
functionF, is associated with pure photon exchar@% correspond to photo#-interference, and
FZZ‘3 describe pur&-exchange. In the quark—parton'model (QPI)= 0. F_ contributes only at
highyand is expected in QCD to be negligible at largend Q.

The generalised proton structure functions depend on tamgetof the lepton beam, on the
lepton beam polarisation, defined Bs= (Nr — N_)/(Nr+ N), whereNg (N.) is the number of
right (left) handed leptons in the beam, and on the electatvparameterdl; and sirf 6 (or My):

F)" = Fo+ k(—Ve F Pae)F)” + K*(VZ + a¢ = 2Pveae) £, (2.2)
XFs" = K(—ae T PVe)XFY” 4 K2(2Vede + P(V2 + a2) )XF{. (2.3)
Here, k(Q?) = —+—— @ determines the relative amount Bfto y exchangeye = —1/2+

" 4sirf 8co2 6 Q2+M3
2sirf @ andas = —1/2 are the vector and axial-vector couplings of the electoaheéZ boson, and
6 is the electroweak mixing angle.
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In the QPM the structure functiots andxF; are related to linear combinations of sums and
differences of the quark and anti-quark momentum distidnstxq(x, Q%) andxq(x, Q?):

[P FY7 FF| = XY 1€, 2eqvq, V2 + a2 (q+ ), (2.4)
q

[XFsyz,xFeﬂ = 2x}) [€42q; Va2q] (A— Q) - (2.5)
q

Here,vq andag are the vector and axial-vector couplings of the quarkseé@thoson, respectively,
andey is the charge of the quark of flavogr
The CCe* p cross section can be expressed in the reduced form as

2 [Mvszszoé‘Zp

Nz B~ (1£P) (YA WS F Y5 —yAWE) /2, (2.6)

5§C(X, QZ) = G,Z:
whereGe is the Fermi constant defined using the weak boson madgesndMz. This equation
shows that the cross section has a linear dependence omtiirithinal polarisation of the lepton
beamP.. In the QPMW™ =0, and the structure functiols;" andxX\W;" are expressed as the flavour
dependent sum and difference of the quark and anti-quarkentum distributions. Only positively
charged quarks contribute W~ mediated scattering, and only negatively charged quariépleo

to the exchangew/* boson:

Below theb quark mass threshold, thé U andD,D distributions represent the sums of up-type
and down-type quark densities:

U=u+c, U=0+C, D=d+s, D=d+s.

3. The inclusive NC and CC data at HERA

The H1 and ZEUS measurements of inclusive DIS reactions,[B, 2, 5, 6] extend over
a wide range irx and Q?, from very lowx = 6-10 7 and Q% = 0.045 Ge\? to x = 0.65 and
Q2 = 50000 Ge for the NC process, and for CC interactions the rangeiin0.0013< x < 0.65
and inQ? from 300< Q? < 30000 Ge\. Each of the two experiments, H1 and ZEUS, collected
a total integrated luminosity of 0.5fb~1, about equally shared between positive and negative
polarities and positive and negative longitudinal poktitns of the lepton beam.

The Q? dependence of the NC and CC cross sections at HERA is showigimeF1 (left).
The NC cross sections exceed the CC cross sectio@d 300 Ge\? by more than two orders
of magnitude. The cross sections are of comparable sig€ at M2, M3, illustrating the unified
behaviour of the electromagnetic and the weak interactibterge scales in DIS.

The polarisation effects in CC are studied using the totalc®8s sections defined in the re-
gion Q2 > 400 GeV andy < 0.9. The results for the polarised total CC cross sections aneds
at HERA Il are shown in Figure 1 (right) together with the ulgpised total cross sections mea-
surements from HERA I. The Standard Model predicts thahéretbsence of right-handed charged
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Figure 1: Left: TheQ? dependence of the' p ande™ p NC and CC cross sections. Right: The dependence
of thee™p ande p CC cross sections on the lepton beam polarizaonThe data are compared to the
Standard Model prediction based on HERAPDF1.5 [15].

currents, thee” p (et p) CC cross section is directly proportional to the fractidrright-handed
electrons (left-handed positrons) in the beam. The meammts exhibit the expected linear de-
pendence as a function of the polarisatiénand are consistent with the axiomatic absence of
right-handed charged currents in the Standard Model.

The unpolarised double differential NC and CC cross sesiiothe reduced form as measured
by H1 (HERA I+Il) are shown in Figure 2. The"p ande p CC data are sensitive to different
combinations of the light flavours in the proton. For examiple e p cross section shown in
Figure 2 (right) is governed by the down-quark density of pheton. This allows for a flavour
decomposition of the content of the proton in the QCD anslgéihe HERA data.

4. Structure functions F, F)%, xF)* and F_

The NC cross section is dominated by #econtribution, and the measured reduced NC cross
section, shown in Figure 2 (left), is equivalent to the etmtiagnetic proton structure functidn
in the bulk of the phase space. The dependence of the HERA$E@ections measurements on
the longitudinal polarisation of the lepton beam is used &asure the parity violating structure
function FZVZ for the first time [6]. For a given lepton charge the differerd the left @ ) and right

Pr) polarised NC cross sections is sensitive- 6 as well ascFY* andxFZ as given by
3 3

Y. Y-
=k |FaeR) "+ Vel — k(G +aE] | (4.)
+ +

S (L) — Frc(PR)
PE—Py

By taking the difference of equation 4.1 for teép ande™ p data, the terms proportional 1@3"2
andxF# cancel, ancFZVZ can be directly extracted using the measured NC cross sedbh Only
a weakQ? dependence is expected, and therefore the measuremetrsnafermed to a common
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Figure 2: Left: Thee p ande™p NC reduced cross sections measured by H1 (solid symbolsy usi
HERA I+l data are shown for various fixed values»hs a function ofQ?. The fixed target data from
BCDMS are also shown (open squares). Right: €hp CC reduced cross section measured by H1. The
curves show the corresponding expectations using H1LPDE [B)1In the figure on the right, the contribu-
tion (1—y)2x(d + s) is also shown.

Q? value of 1500 Ge¥and are averaged in eaxlin. The result is displayed in Figure 3 (left) in
comparison with the expectations from H1PDF 2012 [6].

The difference at higip? between the unpolarisest p ande* p NC cross section data in Fig-
ure 2 (left) is due toF3 entering Eq. 2.1 with opposite sign. This lepton beam chdegendence
is used to measure the structure functid?@, which is obtained from the cross section difference
between electron and positron data:

XFs = ~ [Grc (%, Q) — Gric (%, Q)] - (4.2)
The dominant contribution taF; arises from theyZ interference, which allowsF)” to be ex-
tracted according tth3VZ ~ —xifg/kae by neglecting the pur&-exchange contribution, which is
suppressed by the small vector couphpgThe structure functio»aFgyz is non-singlet and has little
dependence o®?. The measuremngyz at differentx values can thus be averaged taking into ac-
count the smalQ? dependence. The averagé@yz determined as a function affor a Q? value of
1500 Ge\f is shown in Figure 3 (right). ThJel:3VZ measurement is directly sensitive to the valence
quark distributions and is well described by HIPDF 2012 [6].

The longitudinal structure functioR, is obtained at HERA [7, 8, 9, 10] in a model inde-
pendent way using measurements at fixeahd Q? but differenty. This is achieved using run-
ning periods with reduced (460 GeV and 575 GeV) and nomir0 (®V) proton beam energies.
According to Eq. (2.1), thé&_(x,Q?) contribution to the reduced cross section is proportiooal t
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Figure 3: The structure functiorlFZVZ (left) and the structure functi01<F3VZ (right) as a function ok at
Q? = 1500 Gef compared to predictions based on H1IPDF 2012 [6].
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Figure 4: The H1 and ZEUS measurementspfQ?) averaged ovex at fixed values o€Q?. The resulting
values of the averagdd are given in the figure on top for each pointQd. The data are compared to NLO
and NNLO predictions based on a selection of PDF sets asatatic

f(y) =y?/[1+(1—y)?]. Therefore, thé, values can be determined as slopes of straight-line fits of
the measuredivc(x,Q?,y) values as a function of thedependent factof (y). More sophisticated
procedures to determirig¢ andF, are applied by H1 and ZEUS to take into account correlatiéns o
data points due to systematic uncertainties. The H1 and ZB&&surements ¢ (x,Q?) [9, 10]

are averaged overat fixedQ?, and the resultingr, (Q?) is shown in Figure 4. The data are rea-
sonably well reproduced by theoretical predictions at Nled BINLO. The measurements Bf

are used to determine the raio= F_/(F, — ). ForQ? > 3.5 Ge\? the ratioR measured by H1
shows constant behaviour wikh= 0.26+ 0.05 [9].
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Figure 5: Left: Combined reduced charm cross sections at HERA as diumaf x for fixed values ofQ?.
The data are compared to the NLO predictions based on HERAPDRight: The values gf%(M,) for the
PDF fit to the combined HERA inclusive DIS and charm measurgmeDifferent heavy flavour schemes
are used in the fit and presented by lines with different stylEhe values of the parameﬂfélé’pt for each
scheme are indicated by the stars.

5. Combination of the H1 and ZEUS inclusive cross section dat

The H1 and ZEUS inclusive cross section data comprise maaysé#s which are obtained us-
ing different detector components and different runningditions. The HERA | inclusive NC and
CC cross sections measured by H1 and ZEUS are combined inmounkameous minimisation [1].
The resulting shifts of the correlated systematic uncatitss are propagated to both NC and CC
data such that one coherent data set is obtained. Since HZEUJ& have employed different
experimental techniques, different detectors and methb&mematic reconstruction, the averag-
ing leads to a significantly reduced correlated systematietainty. The total uncertainty of the
combined data set reaches the percent level for NC scaftarithe best measured region. The
averaging is extended [11] to include preliminary H1 and Zadeasurements from the HERA Il
running period. The inclusion of the large HERA Il data saetleto an improved uncertainty espe-
cially at highQ? andx. The final step to come is a combination of the entire HERA intlusive
data into one complete and coherent set of the inclusive NICC&hcross section data at HERA.

6. Charm production cross sectionF$€ and mg(me)

Measurements of open charm production in NC at HERA prowvideortant input for tests
of QCD and for the determination of the charm density in thetqar. Similarly to the inclusive
NC cross section, the reduced charm production cross sentldC can be written in terms of the
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structure function&$°(x, Q%) andF®(x,Q?) as

_ dZO-(f XQ4 1 _ y2 _
cc 2\ — _[ECC 2y J pcc 2
O-I‘&j (X7 Q ) - dXdQ2 27'[(12 Y+ F2 (X7 Q ) Y+ FL (X7 Q ) . (61)

The contribution/®, originating from the exchange of longitudinally poladsghotons, is small
in the kinematic range of the HERA measurements and reatmessi a few percent at high

Different techniques with different advantages and litiotass have been used at HERA for
the charm cross section measurements: the full reconistnuztD or D* mesons, the long lifetime
of heavy flavoured hadrons and their semi-leptonic decayesd data from H1 and ZEUS were
accommodated into a comm@? — x grid and combined [12] into one data set in a similar manner
as for the inclusive cross sections [1]. The resulting comthicharm cross section is shown in
Figure 5 (left). Itis equivalent to the structure functiléff_, which comprises a significant fraction,
20— 25%, of the proton structure functid®. The combined cross section is in agreement with
the prediction using HERAPDF1.5, albeit within a large utaiety which is mostly related to
variation of the input charm mass parametkrin the QCD fit.

The combined charm data are used together with the combirdkive DIS cross sections
to perform a detailed QCD analysis [12] using different mesdé charm production in DIS. In the
fixed-flavour-number scheme at NLO, using & running mass definition, the running charm
quark mass is determined to bg(mc) = 1.264- 0.05¢ £ 0.0310g &= 0.02param &= 0.02,, GeV. This
value agrees well with the world average [13].

7. HERAPDF sets of the parton distribution functions

The inclusive HERA data are an indispensable input to therdehation of modern parton
distribution functions in the QCD PDF fits. H1 and ZEUS pemied a series of PDF fits referred
to as HERAPDF using HERA data as sole input to the fits. The HERRA QCD fitting frame-
work is based on QCDNUM [14] for the NLO and NNLO QCD evolutidn the HERAPDF fits
a variable-flavour-number scheme is used. The usage of dataHERA only, with well con-
trolled systematic uncertainties, allowdg? = 1 criterion to be used for the determination of the
experimental errors of the fit. The uncertainties of the PEdfaprise also variations of the model
assumptions lik&?,,,M¢,Mp and the uncertainty related to the variation of the form ef BDF
parametrisations at the starting sca8,=1.9 Ge\2.

The QCD analysis of the combined HERA | data is used to obkarsét of parton distribution
functions HERAPDF1.0[1]. The preliminary combination bétHERA | and HERA |l data is used
in the HERAPDFL1.5 fit [15]. Compared to the HERAPDF1.0, theRARI data further constrain
the highx valence PDFs. The resulting PDFs have total uncertaintigee devel of a few percent at
low x and are shown @?=10000 GeV, corresponding to the LHC kinematic domain, in Figure 6
(left). The HERAPDFL1.5 set of PDFs is widely used these daysdédmparisons with the LHC
data.

Using the combined charm cross sections together with theboeed inclusive DIS data, an
NLO QCD analysis is performed [12] based on different impatations of the variable-flavour-
number-scheme. For each scheme, an optimal value of thenahass parametelk/,lgpt, is deter-
mined as it is shown in Figure 5 (right). All schemes are fotmdescribe the data well, as long
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Figure 6: Left: Parton distribution functions of HERAPDF1.5 [15] hetevolved scale @? = 10000 Ge\/.
The gluon and sea distributions are scaled by a fact®.0 Right: Sea anti-quarks obtained from the
combined QCD analysis of the inclusive DIS and charm data fametion of x at Q? = 10Ge\?. For
comparison the results of the QCD analysis of the inclusii® @ata only are also shown (light shaded
bands).

as the charm mass parameter is taken at the correspondingabpalue. Using optimal values of
M, the predictions ofV* andZ production at the LHC become very stable with the spread due
to different schemes within 2%. As it is shown in Figure 6 lftigthe use of the combined charm
data reduces significantly the uncertainties for the seskaquantributions from charm, down and
up quarks.

In the HERAPDF1.6 [16] fit the HERA jet data are fitted togethdth the preliminary com-
bined HERA I+1l inclusive data. The inclusion of the jet datahe fit makes simultaneous deter-
mination of the PDFs and the strong couplimgMz) possible. Finally, the preliminary combined
HERA I+l inclusive dataF5° and jet data from HERA are fitted together in the HERAPDF17] [1
fit.

8. Summary

The H1 and ZEUS experiments at HERA measured inclugpvBIS cross sections over six
orders of magnitude i®? andx. Using these data the electromagnetic structure fundois
determined with an accuracy of about 1% in the best measaggdr. The proton structure func-
tions F2VZ is measured for the first time. The structure functimﬁ§z andF_ are measured as well.
The H1 and ZEUS data are combined in a preliminary form and tsaletermine PDFs. The
corresponding HERAPDFL1.5 set of PDFs is widely used for @mspns with the LHC data. The
H1 and ZEUS measurements of open charm production are cechbimd analysed in the fixed-
flavour-number scheme and in the general mass variablasflanonber scheme within the QCD
framework.
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