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Inclusive DIS Results from HERA Jan Kretzschmar

1. Introduction

The HERA collider facility in Hamburg, Germany, is a unique tool for electpooton scat-
tering at highest energies. It consists of two accelerators: one dtorm, which are accelerated
to 920 GeV, and one for electrons or positronshich are accelerated to Z7/GeV. For the two
colliding beam experiments H1 and ZEUS this leads to a centre of mass effigygy-0320 GeV.

In Deep Inelastic Scattering (DIS) of leptons off nucleons the substeuofuhe nucleons was
discovered[J1]. DIS continues to be a tool for exploring the substraaifithe nucleons with the
highest precision. The leading order Feynman diagram for neutnarduiNC) scattering is given
in figure([].

The kinematics of the scattering are described in terms of the Lorentz invgrantities
Bjorken scaling variablg, inelasticityy, and virtualityQ?, which are related b@? = xys. Figure[l
shows the kinemati¢x, Q%)-plane, where the HERA experiments and the fixed target experiments
have made measurements of the proton structQevalues of up to 50000 Geédandx values
down to 10°° are reached at HERA.
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Figure 1: Lowest order Feynman diagram for NC DIS (left). Kinematiar® in(x,Q?), where mea-
surements of the proton structure functignhave been performed by the HERA collider and fixed target
experiments, respectively (right).
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One of the most fundamental measurements to be performed is that of thévim®@scross
section for the reactioap — & X, which can be expressed in the form

RosP  2ma?Y, Y Y )
ddeZ - XQ4 (FZ(X7Q )_ ZFL(XJQ ):FZXF3(X7Q )) ) (11)

with Y. = 1+ (1—y)? and the structure functior, F_, andxFs.

The structure functioff, gives the dominant contribution to the cross section in most of the
kinematic domain and therefore has been measured with the best accigaye[2 gives an
example of the progress made with the HERA collider: from the very firstatadethe discovery
of the strong rise oF, towards lowx to the currently reached-23% precision in the bulk region.

1In the following the term electron will usually apply to both lepton charges, ifstated otherwise explicitly.
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Figure 2: Measurement of the proton structure functferat Q? = 15 Ge\? with the very first HERA data
and with much improved precision todeﬂl [2].

The longitudinal structure functidf contributes mostly at high inelasticiyy andxF; appears
due to neutral weak currents mediated byZheoson and is only important at higpr.

2. Results and Prospects for the LowQ? Region

In the lowQ? bulk region (10< Q?/GeV? < 100) the structure functiof, has been measured
with an overall precision of 2 3%. In the very lowQ? region Q? < 10 Ge\?) H1 has obtained
preliminary results with special experimental techniqli$|[3, 41:

e runs with shifted vertex to enhance the acceptance of H1 for lower angdleence lowe€)?
scattering,

e using events with untagged initial state radiation (ISR) to reach higatlow Q?,
e and runs with a special minimum bias trigger setup.

The preliminary results for the lowe§P region reached together with measurements from ZEUS
and fixed target experiments are shown in fidiire 3.

The rise ofF, towards lowx can be described @& (x, Q%) O x* (@), The slope) (Q?) was
extracted from these new results as well as other available data, sexffigat Q> < 1 GeV? a
change of the slope is observed, as one leaves the DIS regime andileai@dosnain of nonpertur-
bative QCD effects.

The longitudinal structure functioR_ contributes to the cross section weighted by the kine-
matic factoryZ/Y+. Furthermore it is bound by € F_ < F, due to the relations df, andF_ to
the absorption cross sections for longitudinal and transversely paarisgons. With data taken
at the nominal HERA centre of mass energy, H1 has performed a modahdiamt simultaneous
extraction ofF, andF_ from their preliminary lowQ? data reaching to high inelasticity[fd], see
figure[4. The reduced cross section is parameterised as

0 =c(@) x MO )y, R, (2.1)
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Figure 3: Measurements of the proton structure functiorat Q° < 1 GeV? by ZEUS and recently by H1
from shifted vertex runs and using untagged ISR eventg @defl the rise of, towards lowx quantified by

A(Q?) (right) [].

and the decrease of at lowx, i.e. highy, is attributed to the behaviour of the kinematic factor.
OneF_ value for everyQ? bin is thus determined.
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Figure 4: Reduced cross section measurements in the rarjg@z_l/GeV2 < 10 from special runs (left) and
F_determination by the shape methﬁh [4] (right).

To separate thE, andF_ contributions to the cross sections without further assumptions, one
needs a variation of at fixedx and Q?, which requires a change of the centre of mass energy.
For this direct determination df_ a run period of HERA with reduced proton beam enefgy
is foreseen in 2007. The simultaneous extraction of the structure fundsidhsstrated in figure
(left). For the accuracy and control of systematics it would be optimal tsuneat several
centre of mass energies and to cover the range of the kinematic fastd(9) = y?/Y, <1 as
evenly as possible. This also means measuring up to the highest inelastindytherefore lowest
scattered electron energies. On the other hand each beam energyjmiey/loing setup time by the
HERA machine group and because the achievable luminosity scales abﬁiﬂ]ﬁ, the amount
of different beam energies has to be limited.

One likely scenario at the moment is, that only one additional beam enegy-e#460 GeV,

i.e. half of the nominal proton beam energy, will be used and algoet 10 pb! will be collected.



Inclusive DIS Results from HERA Jan Kretzschmar

- 1.6 T T T T < & =6GeV* ' W §= =10 GeV*
Q* = 10 GeV*, X=0.00023 06 1 osf

1 2
> 0014 |-

14 02 %% : u:z: éﬁ% } : "

oot [-
E, [3f Ep =920 GeV R e e O e T e
2 . x . . 0008 [

0.006

Ep =460 GeV
0.004 |-
100 pb”" with E, =920 GeV

04
%} % 1 H o2 [ 10pb with E, = 400 GeV
i ] 02 1 02 1 Q%= 12 GeV?, p=0.23
- . . F2-FL Lo NERETRTI - AT %oz 0 04 0.5 016 0.7 618 o9 02 621 022,
01 02 03 04 05 0.6 0.7 08 0.9 1 10" 10° 10° 10° x10

fly) : x . x Xip

Figure 5: The direct measurement of the structure functiépsand F, from the reduced cross section
measurements; at fixedx, Q? for different inelasticitiesy (left). Simulated measurement Bf (middle)
andFP (right) with H1 for the case of one additional Iddy, = 460 GeV run.

Both experiments, H1 and ZEUS, have studied their capabilities for the negasot. A simula-
tion of the expected measurement of the longitudinal structure function éanttusive and the
diffractive case ff. andFP respectively) by H1 is given in figurg¢ 5. Significant measurement of
H1, towards lowest possibl@?, and of ZEUS can be expected. Studies to prepare the direct
measurements are ongoing in H1 and in ZEUS, in close contact with HERA.

H1 has in the last years invested much work to control the systematics gPlowhich is the
limiting factor for precisd-, andF_ measurements. One advantage of H1 is the upgraded Backward
Silicon Tracker (BST), so precise tracking and charge determinatia@vailable not only at higher
Q? with the central tracking chamber, but also at low@. Using the charge determination of
backward going particlegyp background can be separated from the genuine DIS signal at low
energies of the scattered lepton. An illustration using data taken in a spatial 1999 is given in

figure[6.

E/Pest

Figure 6: The ratioE/p of the energy measured in the caloriméfg¢l < E/GeV < 10) and the signed mo-
mentum determined with the BT The signal positrons are visible-atl, while the shadegp background
is about charge symmetric and visiblejat and—1.

Detailed calibration and cross checks with— yy, J/@ — e"e~, and Compton eventp —
epy have limited the residual systematic uncertainty of the lepton energy scale imcke/drd
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calorimeter of H1 to ®% at the kinematic peak and 1% at the lowest energies, seelflgure 7. Using
this knowledge H1 plans to improve the precision of fastructure function measurement further

in the low Q? bulk and highy region. A further step in precision may be reached by combining
ZEUS and H1 resultg][5].
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Figure 7: Current preliminary understanding of the lepton energyesicethe backward calorimeter of H1.

3. Results and Prospects for the HiglQ? Region

In figure[$ a collection of, measurements by H1 and ZEUS in HERA |, and by fixed target
experiments is shown. The errors in the high@$tdomain are still dominated by the statistics.
With the data from the current HERA Il running phase these errors wiligpaificantly reduced.
Also the lepton beams are longitudinally polarised, where a typical polarigztBB6 is achieved.

The spectrum of measurements at highhas thus now broadened to charged and neutral currents
(CC and NC) with both charge and helicity states of the lepton. Combining theskstdests of

the electroweak theory and parton flavour decomposition within one experimiébe possible.
First results were obtained already and will be highlighted here.

3.1 Neutral Currents at High Q?

For polarised beams the structure functions need to be generalised, vehilert of the
reduced NC inclusive cross section stays the same. The structure fuxigioan now no longer
be ignored:

s _ dzarsltcp xQ*
NC ™ dxdQ? 2oy,
The generalised structure functions receive contributions fyoamd Z exchange angZ inter-
ference. While at leading order tie contributions are given by sums of quark and antiquark
distributions times the appropriate quark-lepton couplings,s proportional to the difference of
guarks and antiquarks and hence sensitive to valence quarks asild@diferences of the sea and
anti-quark distributions.

The new HERA Il data is being analysed by both collaborations. Both singledauble

differential results have been obtainfd6, 7]. One example for doiffdeathtial NC cross sections

2
_E Ve
=R hF 6. (3.1)
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Figure 8: Left: A collection of F, points measured by H1, ZEUS, and fixed target experimentsuned
so far. Right: New measurements of the unpolarised NC dadifferential cross sections fa p ande™ p
scattering [[].

in et pande™ pscattering is given in figufg 8 (right). These new results have beertaszttact the
structure functiorx; and the polarisation asymmetfy*. To increase the statistical significance,
H1 and ZEUS have obtained for the first time combined results using a total Isityind480 pb !
[B]- These are summarised in the following.

The structure functiomis is determined from the difference of unpolarissith ande p NC
Cross sections:

- \ A .

For measurements performed with polarised beams, data sets with both piolasisaae com-
bined and the small residual polarisation is corrected for. yhénterference is the dominant
process, hence further results are given onlyx@FZ. Figure[® shows the results obtained by H1,
ZEUS and their combination. A significant reduction of errors can be. mn%yz is only weakly
Q? dependent, all measurements have been combin@ at1500 Ge\f. The interpretation in
terms of quark densities
X
3
shows the sensitivity to the valence quatksandd,, and a (small) sea asymmethy— 2(Usea —
U+ C—C) + (dsea — d +s— ), which conventionally is assumed to vanish.

Similar one can determine a polarisation asymmétfyusing the polariseés p NC cross
sections:

xFY% = Z(2u,+dy +4) (3.3)

2 o (R-0(R)
- R-RA of(R)+0ER)’

The asymmetrie&™ directly measure the parity violation as they are proportional to a product of

A:t

(3.4)
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vector and axial vector couplings

F)?

At ~ kag—2—

F

The combined result, see figdile 9, is the most significant confirmation ity paration in DIS to
date.

0 aevq - (3.5)

3.2 Charged Currents at High Q?

The CC cross section is sensitive to the lepton beam charge and depeady lom the longi-
tudinal lepton polarisatioR:

dzagép

dxdQ?

=(1£R)

Miy ) 3 (3.6)

G?
271 (QZ Tmg ) e
The functionszq@C contain the quark density functions and are sensitive to the down-type and
up-type quarks in the proton witti™ ande~ beams respectively. The total, single, and double
differential CC cross sections have been measured using the latestoate ERA 11 [B, [10,[11].
The total cross section dependence on the lepton beam polarisationisHmune[10, confirms the
chiral structure of the Standard Model, whereWidoson only couples to left handed fermions.
In the future improvements for all the measurements at Qiglare expected, once the full
HERA | and Il data sets are analysed. As of August 2006 the luminositiesswitimde~ beams
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Figure 10: A collection of total CC cross sections as a function of therbgolarisation as measured by H1
and ZEUS (left). New polarised double differential CC résbly the ZEUS collaboration (right).

are about balanced with170 pb ! physics data per beam charge and experiment. At least further
100 pb? of high energye’ p data are expected before the low energy run will be carried out. The
HERA program will then be terminated in the middle of 2007.

4. Heavy Quark Production in DIS

The production of heavy flavours in DIS can be calculated using peatiuebQCD (pQCD).

The problem is well suitable for perturbative calculations as there are muiaptescales available,
i. e. the heavy quark masg,;, the transverse momentum of the producegjetnd of cours&?.
It is however not clear, which of these scales is most relevant or if sambioation should be
chosen. First NNLO calculations have become available recgnily [12joué&aschemes for the
mass treatment of the heavy quarks especially in the threshold region réoemesl and their
validity must be checked by comparison to experiment. As the Boson-Glwsionfyprocess is
the dominant heavy quark production process at HERA, the measurgivesia complementary
access to the gluon density.

The heavy flavour tagging can be done using exclusive state®likmesons produced in
the charm fragmentation or muons from the semileptonic decays of the heavysg A more
inclusive approach is available with high resolution silicon detectors. HIdwently published
results obtained with the Central Silicon Tracker (CHT) [13, 14]. Fohegck in the hadronic
final state a signed impact paramedeis determined. Large values are rejected as they are likely
to be caused by long lived strange particles. Then the significance digtndg = & /A& of the
track with thei-th highest significance are evaluated, see fifjure 11. An enhancefrthetheavy
quark contributions can be seen at high significance values due to tag léegth of the charm
and beauty hadrons. The light flavours background distribution onthiex band is smeared due
to resolution effects nearly symmetric around zero and can be reducadbcting the negative
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from the positive part of the distribution. The fractional contributions efttbavy quarks are then
determined by scaling the MC predictions for the light and heavy quarlepses to fit the data.
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Figure 11: Significance of the track with the second highest signifieg®ctogether with the scaled MC
distributions for light flavour ds), charm €), and beautylf) contributions on the left. The right hand side
is obtained by subtracting the negative from the positive piathe distribution to reduce the influence of

resolution effects.

From the reduced cross sections of the reaton- eccX the structure functions® andF®
are defined analogous to the inclusive case as

0 =F§* Y’ /Y, - F®,

(4.1)

and equivalent for the beauty contributioluEI. Up to now the published results are based on
HERA | data taken by H1. Th@cc— measurements obtained by this technique and exclusive meth-
ods and the first determination Bf® are shown in figur 12.
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Figure 12: Determination of the heavy qu_ark contributions to DIS with impact parameter method by H1
and quantified by the structure functioR& andF° [[3,[T4].
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The charm contribution at low and Q? is usually of the order 25% of the total DIS cross
section. The beauty contribution is smaller with only about 1% and depermugstonQ?. The
production of heavy flavours is described by pQCD within the presensunement accuracy. For
the HERA Il phase ZEUS has installed a “Micro Vertex Detector” and H1 umagraded their
silicon tracking in the forward and backward region. Both collaboratiorsirathe process of
understanding the alignment of their new detectors and analysing the rniaw Aa improved
precision is expected from the measurements performed using the datéecbdeElERA II.

5. QCD Fits and Parton Distribution Functions

Measuring DIS inclusive cross sections always serves the twofoldoparof determining
the parton distribution functions (PDFs), and testing our understandinigectheory of strong
interaction, QCD. For these goals it is necessary to analyse the struatetihs in the framework
of QCD fits. The scaling violations are predicted by the DGLAP equationgtemflavours can
be separated using fixed target deuteron data. BfEC data from the HERA experiments also
probe the flavour content.

Both H1 and ZEUS collaborations have performed this analyses with spgojathasis on
their own data. The results are shortly reviewed here and differendbg iassumptions, input
data, and goals are emphasised. All are based on solving NLO DGLARI@os and all give a
good description of their input data in termsyat/n.d. f.

5.1 H1 Gluon andas fit using inclusive DIS HERA | + BCDMS Data

The goal of this fit[R] was to determine the gluon distributigix, Q%) using H1 data (HERA I,
Q? < 3000 GeV) alone from the scaling violations. A simultaneous determination of flavour sep
arated parton distributions was not aimed at in order to keep the numbepafdineters small.
Therefore the fitted distributions were choserxasV = Ju, — 3d, andA=u— (u, — 2d,) (va-
lence and sea-like distributions). Together with additional BCDMS datangettive determina-
tion of the strong coupling constaat is possible and yields:

as(M2) = 0.1150-+ 0.0017(exp) F3350e(model ) +0.005(ren.scal e) .

The extracted gluon distribution and tiy& — x2, distribution as a function ofrs are shown in

figure[1B.

5.2 PDF Determination by H1 using inclusive DIS HERA | Data

Another fit subsequently performed by H1 is the so called H1IPDF 2000 kg HERA |
inclusive DIS data. The goal is to determine the flavour separated pastdabutions of the proton.
The fitted distributions were chosen different from the conventionalaglabalysesxg, XU, XU,

xD, andxD, where e.g.xU = X(u+c) is the sum of all up-type quarks and similar for the other
distributions. This choice of parametrisation reflects directly the quark distsibpdecomposition
of the measured NC and CC cross sections, and it weakens the inflfeagsumptions about the
flavour decomposition of the sea. The obtained results together with fits I6yTHE® and MRST
collaborations are shown in figufe| 14.
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Figure 13: The gluon distributiorxg(x, Q%) and the strong coupling constamj as determined by H1 by a
NLO QCD fit to DIS data of H1 and BCDM][2].
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Figure 14: Results of the HLPDF2000 fif [[L5] in comparison with globa.fit

5.3 ZEUS-S and ZEUS-JETS fits

The ZEUS collaboration has also published fit results to their DIS data. EZEWS-S fit
[Ld] HERA I inclusive DIS data was used together with various fixed tadlgea. In a more recent
analysis, the ZEUS-JETS f{t ]J17], jet production data has been audelé, the inclusive DIS data
from other experiments is not used any more. The fitted distributions in be#s e the more
conventional setuy, xdy, XS, xg, andx(d — ). Results of both fits are given in figufre] 15.

The addition of the jet data has the advantage, that the gluon evolution capdmted better
from the value of the strong coupling constant Therefore the fractional uncertainty of the gluon
distribution is reduced and a competitive determinationgf achieved, see figufe]16. The result
for agis

as(M2) = 0.11824 0.0028 exp) + (0.0008) (model ) 4 0.005(ren.scale) .
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5.4 ZEUS-pol fit using inclusive DIS + Jet HERA I+l data
In a preliminary analysis[J18], ZEUS has updated the JETS-fit by with jseldrhighQ?

HERA Il e p data to the ZEUS-pol fit. This leads to improved precision for the determination o

the valence quark distributions at highsee figurg 37. Also fits with two of the electroweak (light)

guark couplingsay, v, aq,Vq as free parameters were performed. The results presented in figure

7 are compatible with the Standard Model and are competitive with determinétisnother
collider experiments. They show an improved precision over the HERAultsggublished by H1

(9.
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Figure 17: Results of the ZEUS-Pol fits: improved accuracy for the vedequarks at higix (left) and
determination of the light quark couplings (rig@[18].

5.5 Status and Prospects for the PDFs

A precise knowledge of parton distribution functions is essential forigtieds and under-
standing the measurements at the LHC. As can be seen from figure &l ¢ey| < 2.5) pro-
duction of heavy M ~ 100 GeV) particles will use all the PDF information obtained in HERA
experiments in the range 1< x < 0.1. Up to now there has been fair agreement between the
PDFs extracted with different approaches. The level of uncertairgiede judged from a com-
parison of the “standard fits” by H1 and ZEUS, see fiduie 18. A resisleragreement as well as
some differences can be observed. For further discussion se§hlso [
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Figure 18: The kinematic plane itix, Q%) extended by the measurements of the Tevatron experimedts a
the region of interest of the LHC.
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To reduce the uncertainties, two things are important. First, further improusroéexperi-
mental input is possible in a number of areas. These include the ultimate pne@sigts in the
low Q? bulk and highy domain and the diredf. measurement with the run at reduced centre
of mass energy. Also the higQ? DIS measurements with high luminosity will enable flavour
decomposition within one experiment.

Following the highest experimental precision, further steps have to ba takielly exploit
these measurements. This should include a combination of all HERA dateae aipgoper treat-
ment of the correlated errors may lead to reduction of systematic uncertaiAtidNLO QCD
analysis of the combined data, and cross checks and improvements with skmivindata (e. g.
jets and heavy quarks) would be necessary from the theoretical side.

6. Conclusion and Outlook

HERA has still potential at lowQ? and improved results are expected soon due to a better

understanding of the systematic uncertainties. The run at lower protom &eergyE, expected
for next year, which will allow to measure the fundamental structure fumdéliodirectly for the
first time in the HERA domain. With increased luminosity and using the polarisettr@teand
positron beams, new and improved measurements will be possible aQhigiihe new silicon
detectors will help to determine the heavy quark content of the proton béittaily a reduction of
the PDF uncertainties with improved experimental input, HERA combined dada\lshO QCD
analysis will lead to valuable input for the LHC and will test our understandirQCD.
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