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e
± p

HERA collided 27.5 GeV electrons or positrons with protons of 460, 575, 820 
and 920 GeV providing 0.5 fb-1 to H1 and Zeus between 1992-2007

→ Final precision data analyses are being delivered
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Deep-Inelastic Scattering and Diffraction 

Inclusive DIS

Diffractive DIS

ZEUS

e p

Q2  Photon vituality
x    Bjorken-x
W   Photon-proton cms energy
            W = Q2 (1/x-1)

xIP  Momemtum fraction of 
        colour singlet exchange
β      Fraction of exchange 
        momemtum of struck q
t    4-momemtum transfer
        at proton vertex squared
                x = xIP  β 

Photon probes internal proton structure: 
  → Proton parton densities (see M. Wing)
  → Inclusive Jets, charm and beauty
  → Hadronic final states, fragmentation …
  → Electroweak: e± polarisation at HERA-II
  → BSM searches / limits 

In 10% of events, proton stays intact 
and loses small momentum fraction
↔ Large rapidity gap / color singlet
     exchange (Pomeron at low x)
  → Diffractive PDF's → pQCD/PDF 
  → Jets, Vector Mesons, DVCS ...

Rapidity gap
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Diffraction: Selection methods

Large Rapidity Gap (LRG) Method:

MX Method:

 Request LRG in main detector (3.3<η<7.5)
 Meassure kinematic from e± and X system

   → No access to t
 Some proton dissociation contamination 

   → Corrected up to MY < 1.6 GeV  

 Flat (vs) ln Mx
2 for diffractive events

 Non diffractive events substracted from fits 
   → Small proton dissociation contamination
   → No access to t   

Tagged Leading Baryons Method:

H1 (FPS) and ZEUS (LPS) have Proton Spectrometers
           (and Forward Neutron Calorimeters)

 Free of proton dissociation background
 Proton 4-momentum measurement → t, xIP
 Lower statistic (acceptance) 

→ H1 VFPS @ HERA-II: Larger acceptance in xIP & t 
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Leading Proton Results :                   r
D 4 ,Q2, x IP , t 

H1 vs ZEUS: Integrated over t

Good H1-ZEUS agreement on 
kinematic dependence

15% difference in overall normalization
contained within both data uncertainties

Final datasets for both collaborations !

New H1 FPS results @ HERA-II (157 pb-1)
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Leading Proton Results :                    d  r
D /dt~exp−bt 

b = 7.0 ± 0.3 GeV-2

b = 6.9 ± 0.3 GeV-2

→ H1 and ZEUS results compatible (but ZEUS slightly higher than H1) 
→ b-slopes ~ 6-7 GeV2 for small xIP (Pomeron exchange region)
→ At high xIP, Reggeon exchange contribution leads to smaller b-slopes  
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First H1 VFPS Results :       r
D 3

→ Extended range in xIP vs FPS + Good agreement with FPS: 

→ Agreement with H1 LRG data (and DPDF QCD fit) in most bins. 
→ Positive scaling violations in most β bins. ↔ Diffractive DIS dominated by gluon exchange !  

Correction for proton dissoc. contamination below 
MY < 1.6 GeV estimated from FPS/LRG ratio
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LRG Results from ZEUS and H1:         r
D 3

xIP = 0.01

xIP = 0.0003 xIP = 0.001

xIP = 0.003

New  H1 data (370 pb-1)

Positive scaling violation 
in most β bins (gluons)

Precision of a few % over 
wide kinematic range

~13% difference between
H1 and ZEUS, i.e. within
normalization errors:
  – Relative norm Err.        ~ 7%
  – ZEUS Proton diss. Err. ~ 8%   

ZEUS * 0.87 :  on top of 0.91 factor to go from 
                        MY<2.3 (ZEUS) to MY <1.6 (H1) GeV
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Comparisons between Methods

LPS / LRG =

→ ~ 20% proton dissociation contamination
     in LRG data, independ of Q2, β or xIP  

MX (=FPC) Method (vs) LRG Method

→ Results of MX and LRG Methods in 
     agreement (MX scaled to correct for
      different proton dissoc. content)
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Ratio σr
D(3)/ σr

incl

Ratio is flat or weakly rises 
with Q2 except at highest β
→ Extract log derivative:

→ (gluon/quark)diff  ~
      (gluon/quark)incl
      if measured at same 
      (low) x = xIP β
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Factorization and DGLAP pQCD Fits 

  QCD hard scattering collinear
   factorization theorem (Collins) 
   at fixed xIP and t

→ DGLAP applicable for Q2 evolution
→ Can define diffractive parton densities:

NB: Reggeon contribution at high xIP 

        parametrized according to π pdf's 

  "Proton vertex” factorization
   of β, Q2 from xIP , t (and MY)
   dependences
           No form basis in QCD !

d i= f i
D ,Q2 , x IP , t ⊗d  i  , Q2

f i
D  , Q2 , x IP , t = f IP / p  x IP , t × f i

IP  , Q2

Pomeron flux fIP/p modelled by Regge theory:

f IP / p  x IP , t =
eb IP t

x IP
2 IP t −1  IP t = IP 0 IP

' t

→ Can define Pomeron parton densities:
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Tests of Vertex Factorization

→ Perform Regge fit with as free parameters 
     in every (β, Q2) bins:
         αIP(0) , αIP' , bIP , nIR and F2

IP(β,Q2)
     and fix αIR(0) , αIR' , bIR and F2

IR(β,Q2)

→ αIP(0) , αIP' , bIP independent  of Q2
     → Supports vertex factorization

For H1 FPS fit: 

   → αIP(0) consistent with soft IP (1.08)
   → αIP' smaller than soft IP in hadron-hadron

Assuming vertex factorization for IP:

H1 FPSH1 FPS

ZEUS: LRG, MX and  LPS
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Diffractive Parton Densities 

z∑  z ,Q0
2
=Aq z Bq1− zCqquarks:

zg  z ,Q0
2
=Ag z Bg1−z C g

zg  z ,Q0
2=Ag

gluons:

ZEUS S

 ZEUS C

Fit to ZEUS LRG+LPS:  Only data Q2 > 5 GeV2

→ quark PDFs well constrained
→ Large uncertainties for gluon PDF at large z
→ Not possible to do a fit to low Q2 data !

N.B.: Similar results from fits to H1 LRG data,
         see backup slides

S M Z=0.118

mc=1.35GeV ,mb=4.3GeV

Q0
2
=1.8GeV 2 F=r=Q

Heavy quarks:   general-mass VFNS scheme

→ quark:gluon ratio ~ 70%/30%

~β



     X. Janssen - 08/23/2010
Diffractive Physics at HERA - HCP2010

13/24

 *        is a few σ away 
    from zero

 *       is compatible 
    with NLO DGLAP   
    fit to        

*  No access to high β !  

First       MeasurementF L
D

 r
D 3 , Q2 , x IP =F 2

D 3−
y 2

Y +
F L

D 3

→ Sensitivity to       at high y (low Ee ~ 3-10 GeV )

→ Vary Ep to change y at fixed β, xIP and Q2 

probes directly the diffractive gluon densityF L
D

F L
D

→ Low Ep run: 11 pb-1 @ 575 GeV , 6 pb-1 @ 460 GeV

F L
D

r
D

F L
D
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Diffractive Dijets in DIS

Select 2 jets in central detector + LRG

          ZEUS:
5 < Q2 < 100 GeV2

100 < W < 250 GeV
ET (jet1) > 5 GeV
ET (jet2) > 4 GeV
xIP          <  0.03

0

            H1:
4 < Q2 < 80 GeV2

0.1 < y < 0.7 
ET (jet1) > 5 .5 GeV
ET (jet2) > 4     GeV
xIP          <  0.03

z IP=
M 12

2 Q2

M X
2 Q2

~

Different QCD fits give different predictions
→ Dijets cross-section sensitive to gluon 
     at high zIP
→ Include dijets data in QCD fit to constrain
     the gluon at high zIP
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Combined QCD Fits with Diffractive Dijets

ZEUS: LRG (Q2>5 GeV2)    + LPS + DiJets , VFNS 
   H1  : LRG (Q2>8.5 GeV2)            + DiJets , FFNS 

F=r=Q LRG , LPS  , ET  jet 

 No Change in quark PDF's
 Gluon PDF well constrained 

   at high z
 Similar description of Inclusive

   DIS (Dijet fit similar to one of 
   the standalone fits) 
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Forward Jets in Diffr. DIS: Beyond DGLAP ? 

Selection:  1 Central Jet + 1 Forward Jet + proton in FPS
Forward jet: pt > 4.5 GeV,    1 < ηfwd < 2.8
Central jet:   pt > 3.5 GeV,  -1 < ηcen < ηfwd
2 < Q2 < 110 GeV2,  |t| < 1 GeV2 , xIP < 0.1

→ Search for “hard” pQCD contributions breaking 
     DGLAP pT ordering at low x (BFKL ...) 
→ No evidence for effects beyond NLO DGLAP:    
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QCD Factorization Breaking in pp

10x

DPDFs fail to predict Tevatron data 

→ QCD factorization not expected
     to hold in pp diffraction !
     → Several possible reasons:
        – Multi-Pomeron exchange 
        – Remnant interactions
        – Screening / Absorptive effects

→ “Rapidity Gap survival probability”
     at Tevatron:  S2 ~ 0.1
  

p

Central Exclusive Higgs
Poduction at LHC ?

S2 ?

Can the Factorization Breaking be observed at HERA ?
→ Look at Diffractive Dijets in Photoproduction (Q2 ~ 0) 

→ Factorization should hold → Suppression expected S2 ~ 0.34 [Phys. Lett. B567 (2003) 61]

 xγ =1  xγ <1

 Xγ  : Momentum fraction of

      γ  entering hard process

N.B.: Separation between
         resolved and direct 
         only possible at fixed
         order ! 
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Diffractive Dijet Photoproduction → S2 @ HERA

→ Gap survival has no or little dependence on xγ
→ H1 vs ZEUS : Hint on a dependence on jet ET ?

ZEUS [ET(jet1) > 7.5 GeV]  →   No evidence for any gap destruction
   H1   [ET(jet1) > 5    GeV]  →   Survival probability < 1 at 2σ significance
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Diffractive Dijet Photoproduction ...

 Hadronization corrections migrations in xγ
 NLO corrections mix direct and resolved

Refined Gap Survival Model (KMKR)

 Direct contribution remains unsuppressed
 
 Suppression factor 0.34 applies to 

  Hadron-like (VMD) part of photon structure 
  only (low xγ < 0.1)

 Point-like (anomalous) part of photon 
   structure has less suppression (~0.7-0.8)

→ KMKR model (+experimental effects) 
    accounts for flat with xγ and smaller 
    Rapidity Gap Survival Probability

→ KMKR model includes some ET dependence
    allowing to describe both H1 and ZEUS 

[arXiv:0911.3716]

→ Progress in Diffractive Dijet Photoproduction and Rapidity Gap Survival Probability 
     understanding at HERA
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Beyond the diffractive peak: Leading Baryons

IP

IR
πN

π∆

Leading Protons

  Diffractive peak at xL (= 1-xIP) = 1 
  Flat at xL<0.95

   → Regge analysis:
        Low xL dominated by isoscalar meson 
        exchanges with αIR(0)~0.5: ω, f ... 
        (rather than isovector exchange: a, ρ ...)

  Going to 0 at xL (= 1-xIP) = 1 
  Drop at xL= 0.7 due to acceptance

    → Large xL:  due to π exchange →  απ(0) ~ 0 
    → Low xL:  standard baryon fragmentation

Leading Neutrons
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Leading Neutron Structure Function

r
L N 3

 ,Q2 , xL=F 2
L N 3

−
y2

Y + F L
L N 3

In particle exchange picture 
expect proton vertex factorization:

Fit                                    by power law:

  λ is independent of xL

   → consistent with vertex 
        factorization

 λ increases with Q2: from 0.23 to 0.3
    → similar Q2 evolution of 
         and  proton structure function F2

     

F 2
L N 3

 , Q2 , x L= f  x L⋅F 2
L N 3

 ,Q2


F 2
L N 3 ,Q2 , x L

F 2
L N 3

 ,Q2 , xL~
−

F 2
L N 3
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Leading Neutron Structure Functions

r
L N 3

 ,Q2 , xL=F 2
L N 3

−
y2

Y + F L
L N 3

In particle exchange picture 
expect proton vertex factorization:

Fit                                    by power law:

  λ is independent of xL

   → consistent with vertex 
        factorization

 λ increases with Q2: from 0.23 to 0.3
    → similar Q2 evolution of 
         and  proton structure function F2 

  → leading neutron production in the
        proton fragmentation region in 
        DIS is insensitive to Q2 and x

F 2
L N 3

 , Q2 , x L= f  x L⋅F 2
L N 3

 ,Q2


F 2
L N 3 ,Q2 , x L

F 2
L N 3

 ,Q2 , xL~
−

F 2
L N 3

→ Ratio to inclusive F2:
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LN: Pion Structure Function

r
L N 3

 ,Q2 , xL=F 2
L N 3

−
y2

Y + F L
L N 3

Assuming proton vertex factorization and 
the dominance of π+-exchange at high xL, 
we estimate pion structure function at low 
x from measured F2

LN(3) at 0.68<xL<0.77:

where Γπ is the integrated pion flux: 

BUT several parametrization for Γπ 
  → 30% normalization uncertainties

→ Fπ
2 following parametrization but

     a bit too low (30% uncertainties !)

→ Fπ
2 following inclusive F2 Q2 depend.

     → Universality of structure function
          at low x
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CONCLUSIONS

Diffraction has been explored in details by the H1 and ZEUS experiments at HERA 
providing an unique sensitivity to strong color-singlet exchange in pQCD regime
Inclusive Diffraction and Diffractive  PDFs:

  First H1 VFPS results (and recent FPS and LRG data)
  Proton Vertex Factorization holds with aIP(0) ~ 1.10 and b-slope ~ 6–7 GeV2  
  Relative agreement between H1 and ZEUS (large normalization uncertainties)
     →  Diffractive PDF's well constrained by combined fits with diffractive dijets in DIS

QCD Factorization Tests:

  QCD factorization broken in pp diffractive interactions: 
       → Rapidity Gap Survival Probability at Tevatron: S2 ~ 0.1
  At HERA, diffractive dijets in photoproduction shows smaller (or no) factorization 

   breaking (S2 ~ 0.3 expected for resolved photons)
       → Progress in theory side ! 

Leading Neutrons:

  Originating from both fragmentation (low xL) and pion exchange (large xL)  
  Precise measurement of LN structure functions and F2

π extracted

→ Input to diffraction, multi-parton interactions, LN studies … @ LHC
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BACKUP SLIDES
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QCD Analysis of H1 LRG Data
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H1 LRG QCD Fit Results 
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Pomeron Trajectory from H1 LRG QCD Fit

Regge fit to HERA-1 FPS data
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LRG Fits: High β sensitivity to gluon
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Diffractive Charged Current Cross Section
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ZEUS DPDF S: Results (1) 

Chi2/ndof vs minimum Q2 for
ZEUS DPDF S Fit: 

→ Fit quality bad below 5 GeV2
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ZEUS DPDF S: Results (2)

Comparison of ZEUS DPDF S Fit
to ZEUS LRG and FPS data
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LRG-Dijets Fit Results
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H1 LRG-Dijets Fit Results
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ZEUS DPDF SJ: Results
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QCD Fits: H1 vs ZEUS

M. Wing, DIS2010
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Leading Neutron Structure Functions

r
L N 3

 ,Q2 , xL=F 2
L N 3

−
y2

Y + F L
L N 3

In particle exchange picture 
expect proton vertex factorization:

Fit                                    by power law:

  λ is independent of xL

   → consistent with vertex 
        factorization

 λ increases with Q2: from 0.23 to 0.3
    → similar Q2 evolution of 
         and  proton structure function F2 

  → leading neutron production in the
        proton fragmentation region in 
        DIS is insensitive to Q2 and x

F 2
L N 3

 , Q2 , x L= f  x L⋅F 2
L N 3

 ,Q2


F 2
L N 3 ,Q2 , x L

F 2
L N 3

 ,Q2 , xL~
−

F 2
L N 3

→ Ratio to inclusive F2:
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BACKUP SLIDES:
VECTOR MESON PRODUCTION

AND DVCS
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