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Deep Inelastic Scattering
Kinematics of inclusive scattering is deter-
mined byQ2 and Bjorkenx.
In x “scale parameter” 1/3 - equal sharing
among quarks. Proton structure for

• x≥0.05— valence quarks

• x≤0.05 — coupled quark-gluon QCD
evolution. Large gluon density.

At smallx complex dynamics which must obey
simple asymptotic solutions
(unitarity).

DIS scattering experiments at HERA with
√

S = 318GeV provide

• A unique tool to study validity of the QCD evolution for a wide
range inx andQ2.

• Within the standard QCD evolution, measurement of the proton
parton densities.

Knowledge of the proton structure is vital for a number of “practical”
applications includingpp colliders (LHC).
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PDF determination

d2σNC
e∓p

dxdQ2
=

2πα2Y+
xQ4

(

F2 −
y2

Y+
FL ±

Y−
Y+

xF3

)

Y± = 1± (1− y)2

Leading order relations:

F2 = x
∑

e2
q(q(x) + q̄(x))

xF3 = x
∑

2eqaq(q(x) − q̄(x))

σCC
e+p ∼ x(ū + c̄) + x(1− y)2(d + s)

σCC
e−p ∼ x(u + c) + x(1− y)2(d̄ + s̄)

pp→ (ℓℓ̄)X ∼ ∑

x1x2q(x1)q̄(x2)

Gluonis determined fromF2 scaling violation and from jet cross
section.

FL = 0 at leading order; proportional toGluonat higher orders.
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HERA and LHC kinematics

x1, x2 are momentum fractions.
Factorization theorem states that
cross section can be calculated us-
ing universal partons× short dis-
tance calculable partonic reaction.
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M
√

S
exp(±y)
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Notation clash:y – rapidity (LHC) vsy – inelasticity (HERA,
Q2 = S xy).
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Case study: Higgs production at LHC, SM vs MSSM

In SM, bb̄ → H is small vs
gg→ H.
In MSSM, bb̄ → H can be
enhanced by× tan2 β

Even for MSSM
with tanβ = 10,
bb̄ → H dominates
overgg production.

→ production cross section measurement of Higgs is a key ingredient
to disentangle new physics scenarios.
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Proton PDFs
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• For x < 0.01 xS
andxG
dominate.

• Very rapid
evolution forxS
andxG.

• Analysis based
on very new H1
data.
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Intermediate Summary

• Production ofM ∼ 100 GeVparticles in the central
detector region at LHC corresponds to Bjorken
0.002< x < 0.02.

• For thisx range gluon and sea quarks dominate.

• Gluon and sea are determined from theF2 structure
function data, which for thisx range come from
HERA for 5 ≤ Q2 ≤ 500 GeV2 and evolved to higher
Q2 using QCD evolution.
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HERA, H1 and ZEUS. 1992-2007.
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DIS Event Reconstruction

Central Tracker

LAr

SpaCal
e→ ← p

e′

Q2 = 4EeE′e cos2
θe

2

Inelasticity:

y = 1−
E′e
Ee

sin2 θe

2

Bjorkenx:

x =
Q2

S y

Both the scattered electron and hadronic final state can be used to re-
construct event kinematics.
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Structure FunctionF2 at low x

H1PDF 2009
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Recent measurement
performed by the H1
collaboration.
Final H1 result base
on HERA-I data.
Precision reaches
∼ 1.5%.

F2(x,Q2) shows strong rise asx→ 0, the rise increases with
increasingQ2.

arXiv:0904.3513, submitted to EPJ
arXiv:0904.0929, submitted to EPJ
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F2 Scaling violation at lowx
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Large scaling violation at lowx — large gluon density. Good
agreement between the data and theory.
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∂F2/∂ ln Q2 at low x

H1PDF 2009
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Data precision allows for local determination of∂F2/∂ ln Q2 ∼ αS G.
Note that there is a strong anti-correlation between the data points.
Good consistency between data and QCD fit (even for extrapolation
to low Q2).
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Sources of Experimental Uncertainty
For a double differential cross section measurement, sources of uncertainties
are luminosity, kinematic determination and identification efficiency.

δL δσstat
r , δσcorr syst

r δσuncorr syst
r

• Global normalizations– arise from luminosity uncertaintyδL, global
inefficiencies. Affect data sets uniformly. Typical value∼ 1.5− 2%.
Most serious for PDFs: 3σ shift generates 4.5− 6% bias with only 9
units ofχ2.

• Correlated systematicuncertainties,σcorr syst
r – arise from

misreconstruction of event kinematics, background. Affect groups of
experimental points, typicallyy dependent→ can changex-shape
globally, affect xG(x).

• Uncorrelated systematicuncertainties,σuncorr syst
r – arise from local

efficiencies, miscalibrations. Often the largest source of uncertainty but
impact on PDFs is∼ 1/sqrt(Nmeas).

• Statisticaluncertainties,σstat
r – at HERA are small forx ∼ 0.005 range,

become important for highQ2, x.
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Luminosity measurement at HERA

• Useep→ epγ Bethe-Heitler process, detect the scattered photon
in a photon tagger∼ 100 m away from the IP.

• QED prediction with 0.5% precision (effect of higher orders).

• Experimental uncertainty dominated by detector acceptance
knowledge (∼ 90± 1%), energy calibration, and beam
longitudinal profile.

→ complicated measurement. Ultimate experimental uncertainty:
1%, uncorrelated H1 vs ZEUS.
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Correlated Systematic Uncertainties
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Example: scattered electron energyE′e. Affectsy,Q2.

• Calibrated to the electronbeam energyusing the scattered electron
angle and the angle of hadronic final state.

• CheckE′e using “kinematic peak” distribution —0.2%precision.

• Measure non-linearity withπ0 → γγ, J/ψ→ e+e−, QED-Compton
ep→ epγ events.
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Combination of HERA data

H1 and ZEUS Combined Data
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Combined HERA data

H1 and ZEUS Combined PDF Fit
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vs theory: stringent test of DGLAP evolution.
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PDFs extraction

0

0.2

0.4

0.6

0.8

1

-410 -310 -210 -110 1
0

0.2

0.4

0.6

0.8

1

 HERAPDF0.2(prel.)

 (exp+model+param)

 CTEQ6.6 90% CL

x

xf 2 = 10 GeV2Q

vxu

vxd

 0.05)×xS (

 0.05)×xg (

vxu

vxd

 0.05)×xS (

 0.05)×xg (

0

0.2

0.4

0.6

0.8

1

0

0.2

0.4

0.6

0.8

1

-410 -310 -210 -110 1
0

0.2

0.4

0.6

0.8

1

 HERAPDF0.2(prel.)

 (exp+model+param)

 MSTW08 90% CL

x

xf 2 = 10 GeV2Q

vxu

vxd

 0.05)×xS (

 0.05)×xg (

vxu

vxd

 0.05)×xS (

 0.05)×xg (

0

0.2

0.4

0.6

0.8

1

SeaS and gluong are far more important at lowx. Mind the×0.05
scale factor for them.

Fit to combined H1/ZEUS data returns much more precisexG(x)
compared to global fits of CTEQ and MRST: improved data precision
and also different data errors treatment.
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HERA-II Results

Days of running
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HERA-II upgrade provides better instantaneous luminosityand
longitudinal beam polarization.

Special low proton beam energy runsEp = 460,575 GeVto measure
FL
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Charged Current Cross Section
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CC cross section is linearly proportional to the degree of the longitudinal
beam polarization:

d2σ
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dxdQ2
= [1± Pe]

G2
F

2πx
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]2

φ±CC

Consistent with no right-handed weak currents
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Charged Current Double Differential Cross Section
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Recently ZEUS published analysis of the completee−p sample. CC
data allows to measureD, Ū andU, D̄ separately.

(DESY-08-177, accepted by EPJ C)
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NC Cross Section Polarization Dependence
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Neglecting pureZ exchange term, gen-
eralizedF2:

F̃±2 ≈ F2 + k(−ve ∓ Pae)F
γZ
2

wherek = 1
4 sin2 θW cos2 θW

Q2

Q2+M2
Z

At leading order

FγZ
2 = x

∑

2eqvq(q + q̄)

(DESY-08-202, accepted by EPJ C, Complete HERA-II sample).
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NC Cross Section Polarization Dependence
HERA
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measures directly NC parity violation.

23



Neutral Current Cross Section andxF3
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xF3 = x
∑

2eqaq(q(x) − q̄(x))

Large increase compared to
HERA-I of e− sample allows to
improve precision of the interfer-
ence structure functionxFγZ

3

• First combined H1-ZEUS SF
result

• xFγZ
3 is consistent with no-

enhancement for lowx, sup-
portsq-q̄ symmetric lowx sea.
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The Proton Structure Functions at lowQ2

For low Q2:

σr = F2 −
y2

Y+
FL F2 ∼ σL + σT FL ∼ σL

which implies0 ≤ FL ≤ F2.

• In Quark-Parton ModelFL = 0 for spin1/2 quarks.

• In QCD, FL > 0 due to gluon radiation.

• At low x, sea quark and gluon density are measured usingF2 and its
scaling violation,dF2/d logQ2.
FL measures gluon via cross section polarization decomposition.
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Measurement ofFL.
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Determination ofFL requires measurement at highy ≈ 1− E′e
Ee

H1 estimates background directly from data using the measured
charge of the electron candidate.
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Background Estimation

e+p scattering:

+ Scattered lepton has the beam
charge (positive).

− Background from hadronic
particles, γ conversions is
almost charge symmetric:
N+bg ≈ N−bg

→ requirepositive charge for the
signal sample. Estimate remaining
background usingnegativesample. 0
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E/p

10
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positive e-candidate charge
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Radiative Corrections

• Radiative corrections are large at high
y, δ = σtotal

σborn
− 1 > 50%.

• Simulated in DJANGO MC, checked
with HECTOR program.

• Mostly from initial state radiation
(ISR) - radiative return to lowy and
low Q2

(σ ∼ 1/y andσ ∼ 1/Q4).
0

20
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80

0 0.2 0.4 0.6 0.8 1
y

δ 
%

Total Correction

ISR

Total-ISR

Remove/check ISR radiation using the measured lepton beam
energy:

2Ee ≈ E− pZ |in = E− pZ |out =
∑

h

(

Eh − ph
Z

)

+
∑

e

(

Ee − pe
Z
) ≡ E− pZ
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Control plots: Highy low Q2 (SpaCal)
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• After background sub-
traction

• Ep = 460GeV
• E′e > 3.4 GeV.
• Lines indicate cut val-

ues
• E − pz is effective

against ISR radiation
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FL extraction
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FL

• Linear fit to getF2 andFL

• Relative normalization
from low y data

Data atEp = 575 provides cross check and extends measurement to
low x.

Consistent slope — consistentFL for differentx bins.
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Published H1 and ZEUSFL results
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Both H1 and ZEUS collaborations published their first measurements
of FL. ZEUS also extractsF2 without any assumption onFL.

DESY-09-046, to be published in Phys. Lett. B
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H1 extension to lowQ2
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Using the backward silicon tracker, H1 extended the measurement to lowQ2.
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H1 extension to lowQ2

0

0.5

1
2 = 2.5 GeV2Q

0

0.5

1
2 = 3.5 GeV2Q

0

0.5

1
2 = 5.0 GeV2Q

0

0.5

1
2 = 6.5 GeV2Q

0

0.5

1
2 = 8.5 GeV2Q

0

0.5

1
2 = 12 GeV2Q

0

0.5

1
2 = 15 GeV2Q

0

0.5

1
2 = 20 GeV2Q

0

0.5

1
2 = 25 GeV2Q

L
H1 Preliminary F

x

)2
 (

x,
 Q

L
F

H1PDF 2009

 H1PDF 2009)
2

 (R=0.25, FLF

 H1PDF 2009)
2

 (R=0.50, FLF

H1 Data
 = 460, 575, 920 GeVpE

0

0.5

1

0

0.5

1

0

0.5

1
-410 -310 -410 -310 -410 -310

-410 -310

Using the backward silicon tracker, H1 extended the measurement to lowQ2.
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FL measured by H1
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H1 measurements cover2.5 ≤ Q2 ≤ 800 GeV2 and0.00005≤ x ≤ 0.04 range
For Q2 ≥ 10 GeV2, agree well with H1PDF 2009 prediction.

33



FL measured atQ2 < 100 GeV2
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MSTW and H1PDF 2009 predictions use the same scheme to calculate FL.
Data agree better with calculation of CTEQ.
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FL vs phenomenological models.
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Dipole Models:
fits to low Q2 H1 data

Data is consistent with constantR ∼ 0.25.
Good agreement with IIM and GBW dipole models, NLL(1/x) prediction.
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Flavor Decomposition for processes at the LHC
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We want to have
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from b.

36



Measurement ofxS (x) by HERMES
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Measurements ofFcc̄
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Different methods to measureFcc̄
2

• Displaced secondary vertex
(lifetime tag).

• Tagging by measuringD∗

meson production.

Methods have different experimental/theoretical uncertainties: combine
taking into account correlations, significant reduction ofthe uncertainty.
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Measurements ofc, b using displaced vertex.
 H1 CHARM CROSS SECTION IN DIS
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Larger contribution toσr allows to determineσcc̄
r more precisely than

σbb̄
r . Data agree well with H1PDF2009/MSTW08 predictions.

arXiv:0907.2643

Complete HERA dataset
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DIS jet cross section
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mation onαS andxG(x).

H1 Analysis based on complete
HERA sample (395 pb−1).

αS (MZ) = 0.1168± 0.0007 (exp)
+0.0046
−0.0030 (th.)± 0.0016 (PDF).

arXiv:0904.3870, Submitted to
EPJC.
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Summary

• HERA enables precise determination of PDFs for the
LHC kinematic range.

• DGLAP evolution works very well so far.

• More information will come with finalization of
HERA analyzes, combination of H1/ZEUS data, from
the measurements of heavy flavors and ofFL.
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Extras
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Combinationχ2

χ2
exp (m, b) =

∑

i

[

mi −∑

j γ
i
jm

ib j − µi
]2

δ2
i,statµ

i
(

mi −∑

j γ
i
jm

ib j

)

+
(

δi,uncormi
)2
+

∑

j

b2
j .

• µi — measured central value at pointi

• γi
j, δi,stat, δi,uncor — relative correlated systematic, statistical and

uncorrelated systematic uncertainty.

The functionχ2
exp depends on the set of underlying physical quantitiesmi

(vectorm) and the set of systematic uncertaintiesb j (b).

All(normalization, correlated, uncorrelated) systematic uncertainties are
assumed to bemultiplicative and statistical errors are rescaled based on
estimated (instead of measured) number of events.
Extra procedural error for if only normalizations are considered
multiplicative.

Alternative: average/fit logσr, in this case all uncertainties should be treated
as additive (also normalizations). Consistent resulting average.
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Combination Procedure

• All NC,CC e±p data are combined in one step. This allows for
coherent propagation of the systematic uncertainties.

• Before the combination, the data are corrected to a common
x,Q2 grid using parameterizations of NC,CC cross section. QCD
fit is used forQ2 ≥ 4 GeV2 and fractal model fit for
Q2 < 4 GeV2 data.

• The data collected atEp = 820GeV are corrected to
Ep = 920GeV for all point excludingy > 0.35NC data. The
model uncertainty arising from this CME correction is negligible
compared to experimental errors.

• The correlated systematic uncertainties are considered
uncorrelated between H1 and ZEUS. To study importance of this
approximation, similar sources were identified and assumedto
be correlated. Additionalprocedural uncertainties are
introduced for possible correlation of photoproduction
background and hadronic final state simulation.
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