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Introduction

Experimental Signatures

Inclusive Diffraction and jet production

QCD analysis

Kinematics and Jet algorithm
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what is Diffraction ?

beam particle (proton) stays intact  

Large cross sections in hadronic interactions
(Regge pole phenomenology of the sixties)

colourless exchange, in QCD not fully understood yet

study with methods of pQCD

hard scale provided by Q2
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QCD hard scattering collinear factorisation (Collins) at fixed x
IP

 and t

Factorisation in Diffractive DIS

Applied after integration over measured M
Y
 and t ranges
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QCD hard scattering collinear factorisation (Collins) at fixed x
IP

 and t

Factorisation in Diffractive DIS

Applied after integration over measured M
Y
 and t rangese

e p p

at least one beam particle stays intact
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Introduction - what is diffraction?

Deep inelastic scattering Diffractive deep inelastic scattering

Parton densities in proton Parton densities in ÒPomeron Ó

!(D)
ep"eX(p) ~ fi/p

(D) # !i$"jk

ordinary Deep inelastic scattering

hard  interaction of exchanged photon with parton of proton 

advantage of HERA:

proton distroyed 
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Kinematics and Observables in Diffraction
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Diffractive DIS Kinematics and Observables

Large Gap in Rapidity`

Cross section:

standard DIS variables

proton may dissociate in low mass system Y

proton momentum fraction of exchange momentum fraction of exchange in hard interaction
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Diffractive DIS Kinematics and Observables

Large Gap in Rapid i t y`

Cross section:

assumed

colourless exchange

W
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QCD hard scattering collinear factorisation (Collins) at fixed x
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Diffraction at HERA

diffractive γ( ! )p interactions

x IP =
Q 2 +M 2

X
Q 2 +W 2

β = Q 2

Q 2 +M 2
X

x = x IPβ

zIP = β

for M 2
1,2 = 0
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discuss here large Q 2 , low |t |, Y = p
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e!

H1

Diffraction at HERA

diffractive γ(!)p interactions
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QCD Hard Scattering Factorisation for Diffractive DIS:-

(Trentadue, Veneziano, Berera, Soper, Collins . . . )
Diffractive parton densities f (xIP , t, x, Q2) express proton
parton probability distributions with intact final state proton at
particular xIP , t . . .

! (" ∗p → Xp) ∼
X

i

fi/p(xIP , t, x, Q2) ⊗ ö! ! ∗i(x, Q2)

At fixed xIP , t, f (xIP , t, x, Q2) evolve with x, Q2 according to

DGLAP equations.

ÔReggeÕFactorisation:-

Soft hadron phenomenology suggests a universal pomeron

(IP) exchange can be introduced, with flux dependent only on

xIP , t (Donnachie, Landshoff, Ingelman, Schlein . . . )

! (" ∗p → Xp) ∼ fIP /p (xIP , t) ⊗ F IP
2 (# , Q2)

∼ fIP /p (xIP , t) ⊗
P

i fi/IP (# , Q2)

⊗ ö! ! ∗i(# , Q2)
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¥ Transition from ÒsoftÓ to ÒhardÓ regimes
¥ Applicability of QCD factorisation approach a la proton PDFs
¥ Significant fraction of the inclusive cross section

¥ All essential to predict potential search
channels at the LHC
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Measure the t dependence

Low detector acceptance
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Proton Spectrometer

3) “M   method“ x

free of proton dissociation

consistent results of 3 methods

1) require large rapidity gap (LRG)

2) detect proton in forward spectrometers
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Figure 4: Distributions of ln M2
X (MX in units of GeV) at the detector level for

the W = 74 − 99 GeV, W = 200 − 245 GeVand Q2 = 40 − 50 GeV2, Q2 = 150 −
250 GeV2 bins. The points with error bars show the data, with the contribution from
proton dissociation, as predicted by SANG, for MN > 2.3 GeV subtracted. The light
shaded areas show the non-peripheral contributions as predicted by DJANGOH plus
the diffractive contributions from SATRAP+ ZEUSVM+ SANG(MN < 2.3 GeV).
The diffractive contributions from γ! p → XN , MN < 2.3 GeV, as predicted by
SATRAP+ ZEUSVM+ SANG(MN < 2.3 GeV), are shown as hatched areas. The
dark grey areas show the contribution of diffractive events in which the proton
dissociates into a system N , with MN < 2.3 GeV. The dash-dotted lines show the
results for the non-diffractive contribution from Þtting the data in the ln M2
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delimited by the two vertical dashed lines.

66

1 10 10
2

10
3

Events

1 10 10
2

10
3

0
5

10
0

5
10lnM

x 2

W
=

 74 - 99 G
eV

W
=

 200 - 245 G
eV

Q2= 40 - 50 GeV2Q2= 150 - 250 GeV2
Z

E
U

S
F

it exp(c+
b(lnM

X
2))

F
it D

+
exp(c+

b(lnM
X

2))

D
JA

N
G

O
H

+
S

A
T

R
A

P
+

Z
E

U
S

V
M

+
S

A
N

G
(M

N
<2.3 G

eV
)

S
A

T
R

A
P

+
Z

E
U

S
V

M
+

S
A

N
G

(M
N
<2.3 G

eV
)

S
A

N
G

(M
N
<2.3 G

eV
)

•
D

A
T

A
-S

A
N

G
(M

N
>2.3 G

eV
)

1

10

10
2

10
3

E
v
en

ts

1

10

10
2

10
3

0 5 10 0 5 10

lnM
x

2

W= 74 - 99 GeV W= 200 - 245 GeV

Q
2
=

 4
0
 -

 5
0
 G

eV
2

Q
2
=

 1
5
0
 -

 2
5
0
 G

eV
2

ZEUS
Fit exp(c+b(lnM

X
2)) Fit D+exp(c+b(lnM

X
2))

DJANGOH+SATRAP+ZEUSVM+SANG(M
N
<2.3 GeV)

SATRAP+ZEUSVM+SANG(M
N
<2.3 GeV)

SANG(M
N
<2.3 GeV)

• DATA-SANG(M
N
>2.3 GeV)

Figure 4: Distributions of ln M 2
X (MX in units of GeV) at the detector level for

the W = 74 − 99 GeV, W = 200 − 245 GeVand Q2 = 40 − 50 GeV2, Q2 = 150 −
250 GeV2 bins. The points with error bars show the data, with the contribution from
proton dissociation, as predicted by SANG, for MN > 2.3 GeV subtracted. The light
shaded areas show the non-peripheral contributions as predicted by DJANGOH plus
the di! ractive contributions from SATRAP+ZEUSVM+SANG(MN < 2.3 GeV).
The di! ractive contributions from γ∗p → X N , MN < 2.3 GeV, as predicted by
SATRAP+ZEUSVM+SANG(MN < 2.3 GeV), are shown as hatched areas. The
dark grey areas show the contribution of di! ractive events in which the proton
dissociates into a system N , with MN < 2.3 GeV. The dash-dotted lines show the
results for the non-di! ractive contribution from fitting the data in the ln M 2

X range
delimited by the two vertical dashed lines.
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the W = 74− 99 GeV, W = 200− 245 GeVand Q2 = 40− 50 GeV2, Q2 = 150−
250 GeV2 bins. The points with error bars show the data, with the contribution from
proton dissociation, as predicted by SANG, for MN > 2.3 GeV subtracted. The light
shaded areas show the non-peripheral contributions as predicted by DJANGOH plus
the diffractive contributions from SATRAP+ZEUSVM+SANG(MN < 2.3 GeV).
The diffractive contributions from γ∗p → X N , MN < 2.3 GeV, as predicted by
SATRAP+ZEUSVM+SANG(MN < 2.3 GeV), are shown as hatched areas. The
dark grey areas show the contribution of diffractive events in which the proton
dissociates into a system N , with MN < 2.3 GeV. The dash-dotted lines show the
results for the non-diffractive contribution from fitting the data in the ln M 2

X range
delimited by the two vertical dashed lines.
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results for the non-di! ractive contribution from fitting the data in the ln M2
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Inclusive diffractive 
cross sections

H1 and ZEUS in good agreement
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Kinematics and Jet algorithm
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in LO
(momentum fraction of exchange

into hard interaction)

Diffractive pdfs

quark pdfs well constraint 

NLO QCD (DGLAP) fits to 
inclusive cross sections

sizeable gluon density at high z  

more experimental input? 

but gluon not well constrained 
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When trying to use DPDFs

extracted at HERA to predict

diffractive dijets at CDF…

… it simply doesn’t work!

Exporting DPDFs to Hadron-Hadron machines

That’s a big problem when trying to

make predictions for Diffractive Higgs

production at the LHC
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Jet
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explained by secondary interactions which fill the gap
(e.g. Kaidalov, Khoze, Martin, Ryskin.)

cross sections suppressed

... but naive application of  diffractive pdfs
           fails in  
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photoproduction

Frixione et al.

H1 Diffractive Dijet Photoproduction
H1 Data

correlated
uncertainty

H1 2006 Fit B DPDF

FR NLO! (1+!
had

)

FR NLO

0

200

400

600

800

1000

0.2 0.4 0.6 0.8 1

z
IP

  jets

d
"

/d
z

IP
  

je
ts   

 (
p

b
)

H1 a)

0

250

500

750

1000

0.2 0.4 0.6 0.8 1

x
#

     jets

d
"

/d
x
#

  
  
 j
e
ts   
  

(p
b

)

H1 b)

Figure 4: (a) Single-differential cross section as a function of xobs
γ compared

with NLO QCD predictions, corrected for hadronisation, using the dPDFs from the
ZEUS LPS Þt (solid line), the H1 2006 Þt A (dashed line) and the H1 2006 Þt B
(dotted line) and the GRV γ-dPDF. The prediction with H1 2006 Þt A is also shown
using the AFG parametrisation of the γ! PDFs (dashed-dot ted line). Other details
are the same as in the caption of Fig. 3. (b) Ratio of data and NLO predictions
using the ZEUS LPS Þt and GRV. The histogram indicates the expectation with the
predicted resolved photon component scaled down by a factor of 0.34. The shaded
and hatched bands show the theoretical uncertainty. Underneath the hadronisation
corrections applied to the NLO prediction at parton level are shown.
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Factorisation tests at HERA

H1 saw that the cross section was

suppressed in photoproduction, but

independent of x!

Use photoproduction at HERA as a

hadron-hadron collider

How hadron-like the photon is

depends on the x!  variable

Expect Resolved (low x!)to be more

suppressed than Direct (high x! )

Direct

Less

hadron-like

Resolved

More

hadron-like

ZEUS saw

consistency with

no suppression but

did confirm the

absence of

dependence of x!

NLO
 Klasen, Kramer
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observe suppression with respect to NLO  based on diffractive pdfs 
independent of  
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ν ν̄ u d ū d̄ l + l " e+ e" µ

αs αs(M z) α3
s pp̄ e+e"

θ = 310

θe

Q2 = " q2 = " (l " l #)2

x B j = Q2/ 2p · q



panic08 J. Gayler1313

photoproduction

Frixione et al.

H1 Diffractive Dijet Photoproduction
H1 Data

correlated
uncertainty

H1 2006 Fit B DPDF

FR NLO! (1+!
had

)

FR NLO

0

200

400

600

800

1000

0.2 0.4 0.6 0.8 1

z
IP

  jets

d
"

/d
z

IP
  

je
ts   

 (
p

b
)

H1 a)

0

250

500

750

1000

0.2 0.4 0.6 0.8 1

x
#

     jets

d
"

/d
x
#

  
  
 j
e
ts   
  

(p
b

)

H1 b)

Figure 4: (a) Single-differential cross section as a function of xobs
γ compared

with NLO QCD predictions, corrected for hadronisation, using the dPDFs from the
ZEUS LPS Þt (solid line), the H1 2006 Þt A (dashed line) and the H1 2006 Þt B
(dotted line) and the GRV γ-dPDF. The prediction with H1 2006 Þt A is also shown
using the AFG parametrisation of the γ! PDFs (dashed-dot ted line). Other details
are the same as in the caption of Fig. 3. (b) Ratio of data and NLO predictions
using the ZEUS LPS Þt and GRV. The histogram indicates the expectation with the
predicted resolved photon component scaled down by a factor of 0.34. The shaded
and hatched bands show the theoretical uncertainty. Underneath the hadronisation
corrections applied to the NLO prediction at parton level are shown.
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Factorisation tests at HERA

H1 saw that the cross section was

suppressed in photoproduction, but

independent of x!

Use photoproduction at HERA as a

hadron-hadron collider

How hadron-like the photon is

depends on the x!  variable

Expect Resolved (low x!)to be more

suppressed than Direct (high x! )

Direct

Less

hadron-like

Resolved

More

hadron-like

ZEUS saw

consistency with

no suppression but

did confirm the

absence of

dependence of x!

NLO
 Klasen, Kramer

Conclusion :
factorisation ansatz works in DIS for inclusive data, for jets in DIS,

  charm production (not shown), but only approximately for photoproduction
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hard parton interaction,   nucleon destroyed
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increased sensitivity to gluons using inclusive ep 
and jets
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1 Introduction25

Jet production in neutral current (NC) deep-inelastic scattering (DIS) at HERA provides an im-26

portant testing ground for Quantum Chromodynamics (QCD). The Born contribution in DIS27

(figure 1a) generates no transverse momenta in the Breit frame1 [1]. Partons with significant28

transverse momenta PT in the Breit frame are produced in lowest order (LO) in αs by the QCD-29

Compton (figure 1b) and boson-gluon fusion processes (figure 1c). Thus the inclusive DIS cross30

section gives only indirect information on the strong coupling αs via scaling violations of the31

proton structure functions. While the production of jets with high transverse momentum in the32

Breit frame allow a direct measurement of the strong coupling constant αs. The gluon-boson fu-33

sion dominates the jet production below the four momentum transfer squared Q2 ! 1000 GeV2
34

(figure 2) and provides a direct sensuitivity to the gluon component of proton structure function.35
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Figure 1: Deep-inelastic lepton-proton scattering at different orders in αs: (a) Born contribution

O(1), (b) example of the QCD Compton scattering O(αs) and (c) boson-gluon fusion O(αs).

Analyses of inclusive jet production in DIS at high four momentum transfer squaredQ2 were36

previously performed by the H1 and ZEUS collaborations at HERA. The most recent analyses37

[2, 3] are based on HERA-I data sample taken between 1999 and 2000, here jet observables38

have been used to extract values of αs(MZ), where MZ is the mass of the Z boson, and test39

the running of the strong coupling. Those measurements were found to be consistent with each40

other and their combination allowed a precision measurement of αs(MZ) [4].41

In this paper new measurements of jet cross sections are presented, based on data corre-42

sponding to six times the integrated luminosity than available in the previous H1 analysis [2].43

This sample includes the full HERA-II data sample taken between 2003 and 2007 and the44

HERA-I data sample taken between 1999 and 2000. The later sample was reanalyzed in order45

to take advantage of improved understanding of the hadronic energy measurement and to mea-46

sure the 2-jet and 3-jet cross sections. The larger data set together with improved understanding47

of the hadronic energy measurement and limited detector acceptance and correction procedures,48

significantly reduces the total uncertainty of the results.49

The strong coupling αs is determined from the jet cross sections normaized to NC DIS cross50

section, which benefit from a partial cancellation of experimental and theoretical uncertainties.51

The measurements are compared with pQCD predictions at next-to-leading order (NLO), and52

αs is determined from a fit of the predictions to the data.53

1The Breit frame is a frame where the virtual boson, which has only space like component, collides head on

with the proton.

1

Kinematics and Jet algorithm
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Kinematics and Jet algorithm

F2 = x
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q(q(x) + q̄(x)) q
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! pp̄ γ x !

M 2
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(2)G

1
sin2$W

α3
s αs(M Z) = 0.118 ± 0.011

1/x
∑

A q(q " q̄) E % σtot
%N

R = σL/ σT F2 = x
∑

e2
q(q(x ) + q̄(x )) q q̄

{ }

ν ν̄ u d ū d̄ l + l ! e+ e! µ

αs α3
s pp̄ e+e!

θ = 310

θe

Q2 = " q2 = " (l " l ")2

x Bj = Q2/ 2p · q

ξ = x Bj(1 + M 2
jj/Q 2) , x p = x Bj/ ξ
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1 Introduction25

Jet production in neutral current (NC) deep-inelastic scattering (DIS) at HERA provides an im-26

portant testing ground for Quantum Chromodynamics (QCD). The Born contribution in DIS27

(figure 1a) generates no transverse momenta in the Breit frame1 [1]. Partons with significant28

transverse momenta PT in the Breit frame are produced in lowest order (LO) in αs by the QCD-29

Compton (figure 1b) and boson-gluon fusion processes (figure 1c). Thus the inclusive DIS cross30

section gives only indirect information on the strong coupling αs via scaling violations of the31

proton structure functions. While the production of jets with high transverse momentum in the32

Breit frame allow a direct measurement of the strong coupling constant αs. The gluon-boson fu-33

sion dominates the jet production below the four momentum transfer squared Q2 ! 1000 GeV2
34

(figure 2) and provides a direct sensuitivity to the gluon component of proton structure function.35
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Figure 1: Deep-inelastic lepton-proton scattering at different orders in αs: (a) Born contribution

O(1), (b) example of the QCD Compton scattering O(αs) and (c) boson-gluon fusion O(αs).

Analyses of inclusive jet production in DIS at high four momentum transfer squaredQ2 were36

previously performed by the H1 and ZEUS collaborations at HERA. The most recent analyses37

[2, 3] are based on HERA-I data sample taken between 1999 and 2000, here jet observables38

have been used to extract values of αs(MZ), where MZ is the mass of the Z boson, and test39

the running of the strong coupling. Those measurements were found to be consistent with each40

other and their combination allowed a precision measurement of αs(MZ) [4].41

In this paper new measurements of jet cross sections are presented, based on data corre-42

sponding to six times the integrated luminosity than available in the previous H1 analysis [2].43

This sample includes the full HERA-II data sample taken between 2003 and 2007 and the44

HERA-I data sample taken between 1999 and 2000. The later sample was reanalyzed in order45

to take advantage of improved understanding of the hadronic energy measurement and to mea-46

sure the 2-jet and 3-jet cross sections. The larger data set together with improved understanding47

of the hadronic energy measurement and limited detector acceptance and correction procedures,48

significantly reduces the total uncertainty of the results.49

The strong coupling αs is determined from the jet cross sections normaized to NC DIS cross50

section, which benefit from a partial cancellation of experimental and theoretical uncertainties.51

The measurements are compared with pQCD predictions at next-to-leading order (NLO), and52

αs is determined from a fit of the predictions to the data.53

1The Breit frame is a frame where the virtual boson, which has only space like component, collides head on

with the proton.

1

Kinematics and Jet algorithm

F2 = x
∑

e2
q(q(x) + q̄(x)) q

z = β x obs
γ pp̄ γ x γ

M 2
W = πα√

( 2)G

1
sin2 θW

α3
s αs(M Z) = 0.118 ± 0.011

1/x
∑

A q(q − q̄) E ν σtot
νN

R = σL/ σT F2 = x
∑

e2
q(q(x ) + q̄(x )) q q̄

{ }

ν ν̄ u d ū d̄ l + l − e+ e− µ

αs α3
s pp̄ e+ e−

θ = 310

θe

Q2 = −q2 = −(l − l ′)2

x Bj = Q2/ 2p áq

ξ = x Bj(1 + M 2
jj/Q 2) , x p = x Bj/ ξ
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Kinematics and Jet algorithm
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α3
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is determined by comparison of data 
with NLO pQCD calculations
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integrated above Q2
min = 125 and 500 GeV2 increases linearly with R in the jet-radius

range studied.

The measured inclusive-jet di! erent ial cross sect ions have been used to extract a value of
αs(MZ). A QCD Þt of the cross-section dσ/dQ2 with R = 1 for Q2 > 500 GeV2 yields
the determinat ion with smallest uncertainty,

αs(MZ) = 0.1207 ± 0.0014 (stat .) +0.0035
−0.0033 (exp.) +0.0022

−0.0023 (th.).

This value is in good agreement with theworld and HERA averages. Theextracted values
of αs at di! erent Ejet

T,B are in good agreement with the predicted running of the strong
coupling constant over a large rangein Ejet

T,B.
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Excellent description by NLO  ( DISENT, Catani, Seymour)

ZEUS used kt cluster algorithm with different jet radii R

2fit  for Q  > 500 GeV 2
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Ratio of inclusive jets to total NC DIS  (to improve precision) 

in addition 2-jets and  3-jet jets analysed
good agreement with HERA I and with NLO pQCD

395 pb-1

Normalised Inclusive Jet Cross Section
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Determination of       as function of Q         

Kinematics and Jet algorithm
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Normalised Inclusive Jet Cross Section
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Ratio of inclusive jets to total NC DIS  (to improve precision) 

using inclusive, 2-jets, 3-jet jets :

theoretical error large (and uncertain)small exp. error

(preliminary)(MZ)

Kinematics and Jet algorithm
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data shown this talk

limitation by theoretical uncertainties

Recent determinations of the strong coupling
 from HERA  jet analyses 
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precise                determinations
from jets in DIS

Kinematics and Jet algorithm
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Conclusions
Diffraction

factorisation holds, i.e. diffractive pdfs can be applied

in inclusive DIS

jet production in DIS

charm production (not shown)

only approximately in photoproduction

Non-diffractive jet production

limitation by theoretical uncertainties

precise       determinations

Kinematics and Jet algorithm
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(not straight forward in       )
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Check Factorisation in Diffractive photoproduction of D* 

Diffractive pdfs applicable
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Figure 5: Differential cross sections for diffractive D ∗ meson production in DISas a function
of (a) pt(D ∗), (b) ! (D ∗), (c) the inelasticity y and (d) thephoton virtuality Q2. The inner error
bars of the data points represent the statistical uncertainties of the measurement only, while
theouter error barsshow thestatistical and systematic uncertaintiesadded in quadrature. The
data are compared with a pQCD calculation in NLO using two alternative sets of diffractive
parton density functions (Fit A and Fit B) extracted by H1 [3] .
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Data-theory comparison
• Data/theory comparison

same for all x!
• “Suppression” factor of

~0.5

• Indications of ET

dependence (ZEUS sees

weaker global

suppression at higher ET)

• Sensitive to choice of

dPDF
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