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Deep inelastic scattering at HERA

p(P )

X(P ′)

e(k) e(k′)

γ, Z0(q)

p(P )

X(P ′)

e(k) ν(k′)

W±(q)

Invariant kinematic quantities:

Q2 = −q2 = −(k − k′)2 negative four-momentum transfer squared

x = Q2

2P ·q
In proton infinite-momentum frame:
fraction of proton momentum

y = P ·q
P ·k

In proton rest-frame: energy-transfer

s = (k + P )2 = Q2

xy
squared cms energy

k, P fixed & 4-momentum conservation
⇒ 2 independent kinematic Quantities

Neutral Current (NC) Charged Current (CC)

Deep inelastic ≡ Q2 ≫ 1GeV2, here Q2>̃100GeV2
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Unpolarized inclusive cross sections

Neutral Current (NC) Charged Current (CC)

d2σe±p

dxdQ2
=

2πα2

xQ4
×

[
Y+FNC

2 ∓Y−xFNC
3 − y2FNC

L

]

FNC
2 = x

∑

q=u...b

Af [q + q̄]

xFNC
3 = x

∑

q=u...b

Bf [q − q̄]

σ̃ =
xQ4

2πα2Y+

d2σNC

dxdQ2

d2σe±p

dxdQ2
=

G2
F

4πx

(
M2

W

Q2 + M2
W

)2

×

[
Y+FCC

2 ∓Y−xFCC
3 − y2FCC

L

]

FCC
2,e+

= x [d + s + ū + c̄]

xFCC
3,e+

= x [d + s − (ū + c̄)]

σ̃e+p = x
[
ū+c̄ + (1−y)2(d+s)

]

Helicity-factor:
Y± = 1 ± (1 − y)2

in CC Fi depend on lepton charge

EW propagator & coupling

FNC
2 parity conserving (EM)

FNC
3 parity violating (weak)

purely weak

FCC
i coupling independent
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NC: Single differential cross sections

ZEUS
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Excellent agreement with SM using ZEUS-S PDFs



ZEUS Julian Rautenberg 5 NRW-Pheno 13./14.1.2006

CC: reduced cross section σ̃

ZEUS
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• Well described by ZEUS-S

• high-x: d + s dominant

• low-x: ū + c̄ dominant

Down-type (anti-)quarks contribution

suppressed by helicity:

σ̃e+p = x
[
ū+c̄ + (1−y)2(d+s)

]

Well described by SM with ZEUS-S
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From Inclusive HERA I measurements to PDFs
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2 ) HERA: Electron ideal (EW) “probe” for

structure function Fi(Q
2, x)-measurements

⇒ Input for PDF fi(x) extractions

⇒ Input for SM predictions

f
Q2

0
(x)

DGLAP
−→ Fi(Q

2, x)

⇒ Test of QCD

Confirmation of SM EW-sector

at scale up to Q2 ≈ MW
2 & above

Note: fi(x) process independent
while Fi(Q

2, x) process dependent
(fi are factorization scheme dep.)

Test of PDF evolution

HERA: DGLAP works surprisingly well!
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ZEUS-Standard QCD NLO-fit
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Data-sets: ZEUS NC 96-97, E665,

NMC, CCFR, BCDMS

Cuts: Q2 > 2.5GeV2

W2 > 20GeV2

Kinematic range: 6.3 · 10−5 < x < 0.65

2.5 < Q2 < 30000GeV2

DGLAP evolution: QCDNUM

Factorization scheme: MS-scheme

Heavy flavor scheme: TR-VFN

Parametrization: p1xp2(1 − x)p3(1 + p5x)

Constraints: sum-rules, etc.

Spilling functions: NLO

PDF p1 p2 p3 p5

xuv (1.69) 0.5 4.00 ± 0.01 ± 0.08 5.04 ± 0.09 ± 0.64
xdv (0.96) 0.5 5.33 ± 0.09 ± 0.48 6.2 ± 0.4 ± 2.3
xS 0.603 ± 0.007 ± 0.048 −0.235± 0.002 ± 0.012 8.9 ± 0.2 ± 1.2 6.8 ± 0.4 ± 2.0
xg (1.77) −0.20 ± 0.01 ± 0.04 6.2 ± 0.2 ± 1.2 0
x∆ 0.27 ± 0.01 ± 0.06 0.5 (10.9) 0
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ZEUS-S data comparison
ZEUS
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Impacts

Fixed-target:

• quark distributions at high-x

• valence quark distributions

• flavor composition of sea

ZEUS:

• quark distributions at low-x

• gluon distribution

ZEUS-αs:

αs(MZ) = 0.1166 ± 0.0053
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ZEUS-JET fit

γ

p

e

g

PDF p1 p2 p3 p4xuv (3:1� 0:7� 1:2) 0:64� 0:05� 0:08 4:06� 0:18� 0:24 2:3� 1:1� 1:0xdv (1:7� 0:3� 0:5 0:63� 0:05� 0:08 4:8� 0:7� 1:0 2:6� 2:2� 2:3xS 0:72� 0:03� 0:10 �0:217� 0:005� 0:020 7:0� 0:8� 2:0 0xg (0:9� 0:1� 0:3) �0:28� 0:02� 0:04 10:2� 0:7� 2:1 16� 4� 10Table 2: Table of PDF parameters at Q20 = 7 GeV2, as determined from theZEUS-JETS �t. The �rst un
ertainty given originates from statisti
al and otherun
orrelated sour
es and the se
ond un
ertainty is the additional 
ontribution from
orrelated systemati
 un
ertainties. The numbers in parentheses were derived fromthe �tted parameters via the number and momentum sum-rules.
17

Use only ZEUS data:

• avoid tensions between data-sets

spoiling χ2

• better control over systematic

uncertainties and their correlation

• avoid nuclear corrections

Use additional Jet-measurements:

• Dominant process for dijet is BGF

• Jet cross section directly sensitive

to gluons

• breaks high correlation between

αs and gluon PDF
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ZEUS-JET fit: Jet-Input
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Jet cross section via BGF directly sensitive to gluons
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ZEUS-JET fit: Data comparison
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cross section
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ZEUS-JET fit: Improvements
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Sizeable improvement
Compatible with other global analysis

though only ZEUS data!
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ZEUS-JET-αs fit
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• Jet data break correlation

between gluon-PDF and αs

• Fit with αs as additional

12th parameter

• Gluon PDF uncertainty

increases only slightly

• Very precise αs determination

from HERA data alone!
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HERA combined PDFs

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

 ZEUS-JETS Fit

 total uncert.

 

 H1 PDF 2000

 exp. uncert.

 total uncert.

 

 

x

xf 2 = 10 GeV2Q

vxu

vxd

 0.05)×xS (

 0.05)×xg (

0

0.2

0.4

0.6

0.8

1

0

5

10

15

20

-410 -310 -210 -110 1
0

5

10

15

20

 H1 Data (ZEUS analysis)

 exp. uncert.

 

 H1 PDF 2000

 exp. uncert.

 total uncert.

x
xf 2 = 10 GeV2Q

xS

xg

0

5

10

15

20

Goal: more precise HERA PDFs

But:

• Differences in Model

• Differences in Data

• Estimation of uncertainties
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HERA combined PDFs
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• Average cross sections and then fit or

• Fit to H1 & ZEUS data

Improvement in uncertainty of ×2 due correlations of syst.?
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HERA combined PDFs
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Main difference is uncertainty method
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HERA PDFs for LHC
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• Uncertainties from PDFs e.g. for

W/Z-productions are dominant ≃ 5%

• Crucial for lumi-measurement use

• But restricted overlap in kinematic

plane between LHC & HERA

Surprises when extrapolating?

• DGLAP sufficient?

• small x?

• (N)NLO?

• Non-linear effects?

• Saturation?
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HERA PDFs for LHC
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• Uncertainties from PDFs e.g. for

W/Z-productions are dominant ≃ 5%

• Crucial for lumi-measuremnt use

• But restricted overlap in kinematic

plane between LHC & HERA

Surprises when extrapolating?

• DGLAP sufficient?

• small x?

• (N)NLO?

• Non-linear effects?

• Saturation?

At LHC xi is measured with M and rapidity
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HERA PDFs for LHC
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• MRST (CTEQ) studied stability

vs lower x-cut of data-input

• Big effect at LHC

• But more stable at NNLO and

for positive gluon only
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Summary

HERA delivers precise cross section measurements

probing the structure of the proton

as input for PDF determinations

PDF determination is improving in

theory, phenomenology and experiment

A lot of HERA II lumi will yield

much improved precise PDFs


