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2 HERA: The World’s Only ep Collider
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• 1998 Ep upgrade: 820 ⇒ 920 GeV
(
√

s : 301 ⇒ 319 GeV)

• 2001 HERA-2 upgrade: L × 3, Polarised e+/e−

(〈P 〉 = 40%)

HERA-1 (1993-2000) ≃ 120 pb−1

HERA-2 (2003-2007) ≃ 380 pb−1

Final Data samples

H1+ZEUS: 2 × 0.5 fb−1



2 Physics at HERA

• HERA as Super-microscope

⊲ Proton structure at high resolution

⊲ Impact for LHC

• HERA as Energy frontier machine

⊲ Electroweak unification at work

⊲ Anything beyond the Standard Model?

• HERA as QCD laboratory

⊲ Putting QCD in stringent tests with:
◦ Jets (parton evolution schemes, NLQ QCD, αs)
◦ Diffraction (interplay of soft and hard physics)
◦ Heavy flavor sector (multiscale problem: Q2, MQ, Et)
◦ Particle production (parton dynamics and fragmentation)

⊲ HERA specifics: low x phenomena
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3 Deep-Inelastic Scattering at HERA

Neutral Current DIS: ep → e′X

Charged Current DIS: ep → νX

x

Q2

Kinematics:
Momentum transfer: Q2 = −q2

Bjorken x: x = Q2/(2p · q)

Inelasticity: y = (p · q)/(p · l)
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(p)

(p)



4 DIS: Cross sections and Structure Functions

NC

CC

Dominant contribution

Only sensitive at high Q2 ∼ M 2
Z

Only sensitive at high y

(similarly for pure weak CC analogues: W ±
2 , xW3 and W ±

L )



5 DIS at HERA: Unpolarised NC and CC cross sections
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6 Parity violation in polarised NC and CC DIS

. A = 2
PR−PL

·
σ±(PR)−σ±(PL)
σ±(PR)+σ±(PL)

σCC
pol (e

±p) = (1 ± P) · σCC
unpol(e

±p)
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7 Combination of H1 and ZEUS data

H1 and ZEUS
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• H1 and ZEUS data are fully

consistent (χ2/DOF = 637/656)

• Cross calibrate each other

(via correlated systematics)

• Precision improved, reaching 1%

in the bulk region



8 HERAPDF: QCD fits using HERA data only
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QCD factorisation: σDIS ∼
∑

a Ca ⊗ fa/p allows to determine non-pert. pdf, fa/p(x, Q2)

• Perfect desciption of the data by NLO QCD over many orders in x and Q2

• Good agreement with fixed target data

• Universal parton distribution functions determined with associated error bands



9 Longitudinal SF: FL vs QCD predictions
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• good description by QCD for Q2 ≥ 10 GeV2

• large spread in predictions for low Q2

⇒ FL data represent a valuable input for QCD fits



9 HERAPDF for LHC

W+ cross-section
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10 Any sign for New Physics?

So far all NC and CC HERA data were in good agreement with SM.
Try now to look more carefully at the tails, using two strategies:

1. Specific BSM signals search (LQ, LFV, SUSY, ...) – guided by theory

2. Model independent generic search (data vs SM) – guided by data



11 Search for Contact Interactions at HERA

L = LSM + LCI
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12 Search for Leptoquarks at HERA
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13 Model independent search for New Phenomena
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• Identify isolated (D(ηφ) > 1)
particles (objects): e, µ, γ, j, ν

• Select events, having at least two
objects with high PT >20GeV
in the detector acceptance
(10o <θ<140o)

• Classify into exclusive channels
containing from 2 to 5 objects

• Compare with SM predictions
⇒ good overall agreement

• Find interesting regions
with greatest deviations from SM
in kin. distributions (Mall, ΣPT )

⇒ Combine H1 and ZEUS data



13 Model independent search for New Phenomena
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• Identify isolated (D(ηφ) > 1)
particles (objects): e, µ, γ, j, ν

• Select events, having at least two
objects with high PT >20GeV
in the detector acceptance
(10o <θ<140o)

• Classify into exclusive channels
containing from 2 to 5 objects

• Compare with SM predictions
⇒ good overall agreement

• Find interesting regions
with greatest deviations from SM
in kin. distributions (Mall, ΣPT )

⇒ Combine H1 and ZEUS data



14 HERA as QCD factory

lead
Lx

0.1 0.3 0.5 0.7

le
ad

L
/d

x
σ

 d
D

IS
σ

1/

-310

-210

-110

H1 Data
SIBYLL 2.1
EPOS 1.99
QGSJET II-03
QGSJET 01

H1
Forward Photons

*|
 (

 p
b 

)
η∆

/d
|

σd

10

210

H1 FPS Data (Prel.)
RapGap / 1.23
NLO DPDF Fit B / 1.23 

H1 Preliminary

1 central jet + 1 forward jet

*|η∆|
0 1 2 3

R
   

0

1

2

*|η∆|
0 1 2 3

R
   

0

1

2

10
-1

1

10

10 2

10 3

10 4

ZEUS 82 pb-1

NLO     hadr     Z0⊗ ⊗

 Q2 > 125 GeV2

 -2 < ηB
 jet < 1.5

 |cos γh| < 0.65

jet energy scale uncertainty

 kT (x 100)

 anti-kT
(x 10)

 SIScone

 d
σ/

dE
je

t
T

,B  
 (

pb
/G

eV
)

0.8

0.9

1

1.1

5 10 15 20 25 30 35 40 45 50 55

 kT (+0.05)

 anti-kT

 SIScone

hadronisation uncertainty

  Ejet
T,B   (GeV)

ha
dr

on
is

at
io

n 
co

rr
ec

tio
n

(x) 
10

log
-4 -3.5 -3

(x
) 

(p
b)

10
/d

lo
g

σd

0

20

40

60

(x) 
10

log
-4 -3.5 -3

(x
) 

(p
b)

10
/d

lo
g

σd

0

20

40

60

H1 Data (Prel.)

NLO DPDF Jets 2007 (x 0.83)

VFPS DIS Dijets

H1 Preliminary

ZEUS

xL

(1
/σ

ep
 →

 e
X
)d

σ ep
 →

 e
X

n
/d

x
L

ZEUS 40 pb -1 pT
2 < 0.476 xL

2 GeV2

ep → ejjXn
Q2 < 1 GeV2

ZEUS 40 pb -1

ep → eXn
Q2 > 2 GeV2

ZEUS 6 pb -1

ep → eXn
Q2 < 0.02 GeV2

0

0.05

0.1

0.15

0.2

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

H1 and ZEUS

0

0.2

F
2  c
c_

Q2= 2 GeV2 Q2= 4 GeV2

O
ct

ob
er

 2
00

9

Q2= 6.5GeV2

0

0.5 Q2= 12GeV2 Q2= 20GeV2

H
E

R
A

 H
ea

vy
 F

la
vo

ur
 W

or
ki

ng
 G

ro
up

Q2= 35GeV2

0

0.5 Q2= 60GeV2 Q2=120GeV2

10
-4

10
-3

10
-2

x

Q2=200GeV2

0

0.5

10
-4

10
-3

10
-2

Q2=400GeV2

10
-4

10
-3

10
-2

x

Q2=1000GeV2

HERA (prel.)

MSTW08 NNLO
MSTW08 NLO
CTEQ 6.6
ABKM BMSN

H1 data

data correlated uncertainty

)hadrδ (1+×NLO H1 2006 Fit B 

Rapgap

H1 data

data correlated uncertainty

)hadrδ (1+×NLO H1 2006 Fit B 

Rapgap

H1 data

data correlated uncertainty

)hadrδ (1+×NLO H1 2006 Fit B 

Rapgap

H1 data

data correlated uncertainty

)hadrδ (1+×NLO H1 2006 Fit B 

Rapgap

H1 data

data correlated uncertainty

)hadrδ (1+×NLO H1 2006 Fit B 

Rapgap

H1 data

data correlated uncertainty

)hadrδ (1+×NLO H1 2006 Fit B 

Rapgap

H1 data

data correlated uncertainty

)hadrδ (1+×NLO H1 2006 Fit B 

Rapgap

H1 data

data correlated uncertainty

)hadrδ (1+×NLO H1 2006 Fit B 

Rapgap

H1 data

data correlated uncertainty

)hadrδ (1+×NLO H1 2006 Fit B 

Rapgap

 γ
jetsx

0.2 0.4 0.6 0.8 1

da
ta

 / 
th

eo
ry

0.5

1

 γ
jetsx

0.2 0.4 0.6 0.8 1

da
ta

 / 
th

eo
ry

0.5

1

 γ
jetsx

0.2 0.4 0.6 0.8 1

da
ta

 / 
th

eo
ry

0.5

1
(a)H1

 [GeV]jet1
TE

6 8 10 12 14

da
ta

 / 
th

eo
ry

0.5

1

 [GeV]jet1
TE

6 8 10 12 14

da
ta

 / 
th

eo
ry

0.5

1

 [GeV]jet1
TE

6 8 10 12 14

da
ta

 / 
th

eo
ry

0.5

1
(b)

 IP
jetsz

0.2 0.4 0.6 0.8

da
ta

 / 
th

eo
ry

0.5

1

 IP
jetsz

0.2 0.4 0.6 0.8

da
ta

 / 
th

eo
ry

0.5

1

 IP
jetsz

0.2 0.4 0.6 0.8

da
ta

 / 
th

eo
ry

0.5

1
(c)

H1 data / theory

)hadrδ (1+×NLO H1 2006 Fit B 

data correlated uncertainty

)hadrδ (1+×NLO H1 2007 Fit Jets 

)hadrδ (1+× 1.23 ×NLO ZEUS  SJ 

H1 data / theory

)hadrδ (1+×NLO H1 2006 Fit B 

data correlated uncertainty

)hadrδ (1+×NLO H1 2007 Fit Jets 

)hadrδ (1+× 1.23 ×NLO ZEUS  SJ 

H1 data / theory

)hadrδ (1+×NLO H1 2006 Fit B 

data correlated uncertainty

)hadrδ (1+×NLO H1 2007 Fit Jets 

)hadrδ (1+× 1.23 ×NLO ZEUS  SJ 

H1 data / theory

)hadrδ (1+×NLO H1 2006 Fit B 

data correlated uncertainty

)hadrδ (1+×NLO H1 2007 Fit Jets 

)hadrδ (1+× 1.23 ×NLO ZEUS  SJ 

H1 data / theory

)hadrδ (1+×NLO H1 2006 Fit B 

data correlated uncertainty

)hadrδ (1+×NLO H1 2007 Fit Jets 

)hadrδ (1+× 1.23 ×NLO ZEUS  SJ 

H1 data / theory

)hadrδ (1+×NLO H1 2006 Fit B 

data correlated uncertainty

)hadrδ (1+×NLO H1 2007 Fit Jets 

)hadrδ (1+× 1.23 ×NLO ZEUS  SJ 

H1 data / theory

)hadrδ (1+×NLO H1 2006 Fit B 

data correlated uncertainty

)hadrδ (1+×NLO H1 2007 Fit Jets 

)hadrδ (1+× 1.23 ×NLO ZEUS  SJ 

H1 data / theory

)hadrδ (1+×NLO H1 2006 Fit B 

data correlated uncertainty

)hadrδ (1+×NLO H1 2007 Fit Jets 

)hadrδ (1+× 1.23 ×NLO ZEUS  SJ 

H1 data / theory

)hadrδ (1+×NLO H1 2006 Fit B 

data correlated uncertainty

)hadrδ (1+×NLO H1 2007 Fit Jets 

)hadrδ (1+× 1.23 ×NLO ZEUS  SJ 

ZEUS

0

5

10

15

20

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

(a)γprompt + jet7 < ET 
γ
 < 16 GeV

6 < ET 
jet
 < 17 GeV

ηγ

dσ
/d

ηγ  (
pb

)

10
-1

1

6 8 10 12 14 16

ZEUS (77 pb-1)
NLO+had. (KZ) 0.5< µR< 2

NLO+had. (FGH)  µR=1
kT -fact.+had. (LZ)  0.5< µR < 2

PYTHIA 6.3

HERWIG 6.5

(b)

ET 
jet
 (GeV)

dσ
/E

T
 je
t   (

pb
 / 

G
eV

)

0

2

4

6

8

10

-1.5 -1 -0.5 0 0.5 1 1.5 2

(c)

η jet

dσ
/d

ηje
t  (

pb
)

0

2

4

6

8

10

0 5 10 15 20 25 30
Q2 [GeV2]

 b
 [

G
eV

-2
]

H1 HERA I
H1 HERA II

ZEUS HERA I

Dipole model
GPD model

W = 82 GeV

H1

| [degrees]φ|
0 20 40 60 80 100 120 140 160 180

)φ(
C

A

-0.6

-0.4

-0.2

0

0.2

0.4

0.6
H1 H1 HERA II

φ0.16 cos 
GPD model

*η
0 1 2 3 4 5 6

 *η
d dn  

N1  

0

0.1

0.2

0.3

0.4
 H1 Preliminary 

* > 1 GeV 
T

 p

 °    < 155θ < ° 10  lab 

H1 data (prelim.)
DJANGOH
RAPGAP (ALEPH tuning)
RAPGAP (default PYTHIA hadronisation)
CASCADE



15 QCD at low x

e+

p

e+

γ*

q
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Lots of glue in the proton ⇒ long gluon cascade at low x. Perturbative expansion

of evolution equations ∼ ∑
mn Amn ln(Q2)m ln(1/x)n hard to calculate explicitely

⇒ approximations needed

DGLAP: resums ln(Q2)n terms, neglecting ln(1/x)n terms

strong kT ordering in partonic cascade

BFKL: resums ln(1/x)n terms

no kT ordering in partonic cascade ⇒ more hard gluons

are radiated far from the hard interaction vertex

CCFM: angular ordered parton emission ⇒
reproduces DGLAP at large x and BFKL at x → 0

• How long is partonic cascade at HERA, at small x?

• Do the ln(1/x)n terms play a major role in parton dynamics as suggested by BFKL?

⇒ Look at (multi)jet final states at low x in different configurations



16 Jet Production at HERA in DIS regime
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Good description by NLO QCD in DGLAP formalizm

Low Q2 : 5 < Q2 < 100 GeV2 High Q2 : 150 < Q2 < 15000 GeV2



17 Strong Force Coupling measurement at HERA

 from Jet Cross Sections in DISsα  
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D0 incl. midpoint cone jets
Phys. Rev. D80, 111107 (2009)

Aleph Event Shapes, NNLO+NLLA
JHEP 08, 036 (2009)

Aleph 3−jet rate, NNLO
Phys. Rev. Lett. 104, 072002 (2010)

 jets, NLOTZEUS incl. anti−k
Phys. Lett. B691, 127 (2010)

 jets, NLOTZEUS incl. k
Phys. Lett. B 649, 12 (2007)

 multijets, NLOT k2H1 low Q
Eur. Phys. J. C67, 1 (2010)

 multijets, NLOT norm. k2H1 high Q
Eur. Phys. J. C65, 363 (2010)

H1+ZEUS NC, CC and jet QCD fits, NLO
H1−prelim−11−034

 trijet, NLO2H1 high Q
H1−prelim−11−032

 dijet, NLO2H1 high Q
H1−prelim−11−032

 inclusive jet, NLO2H1 high Q
H1−prelim−11−032

Running of αs in a single experiment αs(MZ) from different measurements

• Remarkable agreement between different datasets and methods

• Precision is limited by theory error ⇒ need to include terms beyond NLO



18 3-jet samples with different topologies

1 forward jet + 2 central jets
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• Large deficit at small x for 2-forward jet topology! There O(α3
s) calculation is insufficient

⇒ room for non-DGLAP dynamics!



19 Summary

� Standard Model survived 1 fb−1 of HERA data and is still in a good shape.
Next challenge will come from the LHC - stay tuned!

� Combining H1 and ZEUS data allowed proton structure to be measured
with unprecedental precision

� NLO DGLAP is surprisingly successful down to low Q2 and low x in describ-
ing bulk of HERA data. Although some room for parton evolution beyond
DGLAP is found at specific phase space corners, there are no unumbigu-
ous evidence for parton saturation at low x yet.

� Gained new insights into high energy diffraction:
Pomeron under the HERA microscope (large wealth of data)

� Is this the end of DIS experiments at the colliders? Or what’s next?



This is dummy text in order to force correct page orientation (landscape). Attempt to cure autorotation by pdf conversion

e±p
(60 − 140)GeV × 7000 GeV

Project under discussion

Support it!

For late LHC period:

∼ 2022−2032


