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Surprise of HERA
ZEUS


Diffractive Scattering 
expectation before HERA
~ 0.01%
seen  ~20% at Q2 = 4  GeV2


               ~10% at Q2 = 20 GeV2


90m







Diffractive Reactions in DIS


Rapidity Gaps
ΔY = ln(1/xIP) 
      ~ ln(W2/M2X) ≈Δη 


Q2  - virtuality of the incoming photon
W  -  CMS energy of the incoming photon-proton system
x    -   ≈ Q2 /W2 


MX  - invariant mass of all particles seen in the detector
t      - momentum transfer to the diffractively scattered proton 


β = Q2/(Q2 + M2)         xIP = (Q2 + M2)/(W2 + M2)


Forward protons
with xL = 1-xIP > 95%
xL ~ longitudinal 
fraction of proton 
momentum







Rapidity Gap Selection


Select diffractive events  by requirement:
No energy deposition in some area of the detector
- ηmax  cut


no energy means no cluster with > 400 MeV
note: noise O(100) MeV per cell







ZEUS Collaboration; M.Derrick et al. 
Observation of Events with a Large Rapidity Gap in Deep 
Inelastic Scattering at HERA 
DESY 93-093 (July 1993) 
Physics Letters B 315 (1993) 481-493 


First diffractive signal seen in DIS


 non-diff
diff


Spill of 
non-diff ?


Shape of MC ?
Shifts of MC ?


Luminosity 25 µb-1







ZEUS Collaboration; J.Breitweg et al. 
Measurement of the Diffractive Cross Section in Deep Inelastic Scattering using ZEUS 1994 Data 
DESY 98-084 (July 1998) 
The European Physical Journal C6 (1999) 43-66 


 as a function of W and MX



http://link.springer.de/link/service/journals/10052/bibs/9006001/90060043.htm

http://link.springer.de/link/service/journals/10052/bibs/9006001/90060043.htm









ΔY  =  ln(W/MX)2


ΔY  =  ln(1/xIP)   ?


➥Watch
the Monte Carlos 


Non-diff MC (Ariadne)
exponentially suppressed RG







Probability to see a gap ΔY in an non-diff event  -  exp(-λΔY)


Physical interpretation of the Gap Suppression Coef. λ ~ 1.7


cluster


Photon – Hadron 
Interactions, 
lecture 52


⇔ Regge 


⇔ phenomenology 







Δη


Δη
selection


Large 
Rapidity 
Gap - Δη
selection


MX  
selection


MX Method: 
selection of 


exponentially 
nonsuppressed 


RG


Diffractive Signatures  


Accidental 
LRG ?


diff non-diff


Δη ≈
 ln(W2/M2X) 


ZEUS


 ln(M2X) 


 FPC-E<0.2 GeV  







MX  and LRG methods have a different sensitivity to the 
proton dissociation background


 some control over p-diss systematic


p-diss p-diss


ZEUS







LRG vs MX


good overall 
agreement 


deviation at large 
values of xIP
are due to  
different 
treatment of the 
reggeon 
contributions 







H1 Diffractive Measurements


Limited by statistics and
p-tagging systematics
(as in ZEUS)


Limited by p-diss systematics
(as in ZEUS)







H1 VFPS/FPS/LRG


large coverage of phase space and good agreement of the different data 
sets in regions of mutual coverage  


H1 PRELIMINARY
H1 VFPS Preliminary


H1 FPS Preliminary


H1 LRG Preliminary x 0.81


H1 LRG Published x 0.81


H1 2006 DPDF Fit B x 0.81


H1 2006 DPDF Fit B x 0.81 (extrapol.)
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LRG vs LPS


 good agreement in shape in regions of mutual coverage
 from LPS/LRG ⇒ p-diss ~ 20% of LRG for ZEUS and H1







H1-LRG vs ZEUS LRG


 


comparison of 
LRG data is 
sensitive to
systematic 
effects 


(F2 data of H1 
and ZEUS 
agrees very well)


p-diss 
systematic 
differences?


Much better 
agreement 
between the 
ZEUS and H1 
LPS data







Partons vs Dipoles
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Infinite momentum frame: Partons                 


Proton rest frame: Dipoles  - long living quark pair interacts with 
the gluons of the proton                       dipole life time ≈ 1/(mp x)


                         = 10 - 1000 fm at x = 10-2 - 10-4


 


            for small dipoles, at low-x, dipole picture 
       is equivalent to the QCD parton picture
       σqq ~ r2 xg(x,Q2)


F2 measures parton density at a scale Q2                 


σγ∗p
tot =


∫
Ψ∗σqqΨ ; F2 =


Q2


4π2αem
σγ∗p


tot


F2 = Σf e2
f xq(x, Q2)







Diffraction as a shadow of DIS


 !qq ~ r2xg(x,µ) 
    for small r!


K, Lappi, Marquet, 
Venugopalan 
+ many others... 
first - Golec-Biernat&Wuesthoff 


Optical Theorem







Diffractive structure function
approach


Dipole approach


FD
2 = fIP (xIP , t) F IP


2 (β, Q2)


fIP =
ebt


x2αIP−1
IP


dσγ∗p
diff/dt ∝


∫
dzdr2Ψ∗σqq(x, r2, t)Ψ


fIP (xIP , t)


F IP
2 (β, Q2)


non-pert.


non-pert.


DGLAP


2


     σqq ≈ r2 xg(x,µ2=1/r2) 
⇒ suppression of small dipoles   β corresponds to x   







Pomeron intercept


■ pomeron+reggeon struct. func. fit
■ direct fit  (MX method)


no strong Q2 dependence of αIP observed 
in agreement with the dominance of non-perturbative effects in the pomeron SF


αIP (t) = αIP (0) + α′ · t


in agreement with the dipole model predictions; 
diffraction selects much larger dipoles than non-diff DIS 
⇒  much weaker Q2 dependence than in non-diff DIS 







Big question for LHC precision measurements:


is the inclusive diffractive component evolving with Q2 like in DGLAP
or like in the dipole model (or even in a more involved way) ?


The inclusive diffractive data do not have enough precision to answer it 


Clear hints provided by the exclusive vector meson production







 Pomeron intercepts from excl. Vector Mesons


σ ∝W δ


KMW Dipole model


Dipole model with the DGLAP evolution of the gluon density predicts 
well the δ’s for J/ψ, ρ, φ VM and for DVCS 


precision J/ψ measurement 







  W dependence of exclusive  Vector Mesons
 cross sections


Dipole model with the DGLAP evolution of the gluon density predicts 
well the rise with W of the ρ and φ VM cross sections 
Note: these are absolute predictions obtained from 


the gluon density determined from F2  







Note: these are absolute predictions obtained from 
the gluon density determined from F2  


Total VM cross sections from 
dipole model 


KMW Dipole model







Dipole model description of σL /σT  for VM    


KMW dipole model
with BG wf


Forshaw and Sandapen improved 
recently the BG wf by enhancing 
the end point singularity 
contributions  in the transverse ρ 
wf


γ* p → ρp 







t-distributions


transverse size of the 
interaction region 
b = bV  + bp  


Vector Mesons
bV  = 1/(Q2 +M2)


proton
bp ~ 5 GeV 
in dip. mod. bp ~ 4 GeV







        Extracting Proton Shape using dipoles                             


KT, KMW 


  


€ 


 dσ diff


dt
~ exp(B ⋅ t)


⇒ T(b) ~ exp(−
 
b 2 /2B)  
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dσVM
γ* p


dt
=


1
16π


| ∫ e− i
 
b ⋅
 
Δ ΨVM


* 2 1 − exp(−Ω
2


)
 
 
 


 
 
 
Ψ |2


    


€ 


 Ω =
π 2


NC


r 2α s ( µ2 )xg(x,µ2 )T(b)


  T(b)-proton shape 







KMW 


  The size of interaction region B for various VM
 Modification by Bartels, 
 Golec-Biernat, Peters
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2g proton radius charged  







B in inclusive diffraction


no dependence of B from Q2 observed
in agreement with the expected dominance of large dipoles?
precise evaluation in dipole model is still missing


Roman Pot Method







Diffractive jets 


good description of 
diffractive jets with 
diffractive structure 
functions,  DPDFs


with FPS
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H1 Data (Prel.)


NLO DPDF Jets 2007 (x 0.83)


VFPS DIS Dijets


H1 Preliminary







Diffractive jets at pp 


Evidence for strong absorptive effects in comparing diffractive jets in pp 
with HERA DPDFs predictions


S2  ~ 0.1 at Tevatron,  
S2  is expected to be significantly smaller at LHC 


     







Conclusions


Diffraction is a substantial part of DIS reaction


The success of the dipole description of the vector meson
production (based on the gluon density determined in F2 )
strongly indicates the existence of an universal hard Pomeron.


Inclusive diffractive data show that this pomeron is also soft, 
in agreement with the properties of a QCD-BFKL Pomeron which 
is hard and soft simultaneously


Good agreement of inclusive diffractive jet predictions based on 
DPDF’s together with Tevatron data 


strong absorption of hard diffractive processes at LHC
    e.g: diffractive Higgs,  abundance of MI   







Properties of the 
Discrete Pomeron Solution


(DPS)
of the BFKL equation


a determination from HERA data


arXiv:1109.0432v1


H. Kowalski, L.N. Lipatov, D.A. Ross
with a collaboration of


J. Ellis, G. Watt  



http://arxiv.org/abs/1109.0432v1

http://arxiv.org/abs/1109.0432v1





The dynamics of Gluon Density at low x is determined by the 
amplitude for the scattering of a gluon on a gluon, described by 
the BFKL equation


which can be solved in terms of the 
eigenfunctions of the kernel 


∫
dk′ 2K(k,k′)fω(k′) = ωfω(k)


∂


∂ ln s
A(s,k,k′) = δ(k2 − k′ 2) +


∫
dq2K(k,q)A(s,q,k′)


in LO, with 
fixed αs            


fω(k) =
(
k2


)iν−1/2 ;
ω = αsχ0(ν)


prevailing intuition (based on DGLAP) - 
gluon are a gas of particles
BFKL leads to a richer structure   -  
basic feature: oscillations







Quasi-locality 


K(k,k′) =
1


kk′


∞∑


n=0


cnδ(n)
(
ln(k2/k′ 2)


)


cn =
∫ ∞


0
dk′ 2K(k,k′)


k


k′
1
n!


(
ln(k2/k′ 2)


)n


k


∫
dk′ 2K(k,k′)fω(k′) =


∞∑


n=0


cn


(
d


d ln(k2)


)n


f̄ω(k) = ωf̄ω(k)


k


∫
dk′ 2K(k,k′)fω(k′) = χ


(
−i


d


d ln k2
, αs(k2)


)
f̄ω(k) = ωf̄ω(k)


Similarity to the Schroedinger equation  


Properties of the BFKL Kernel


Characteristic function 







⇓ kcrit


⇓ kcrit


⇓ kcrit


kcrit ~ c exp(4n)


The first 
eight 


eigenfunctions
determined at  


η=0


c ~ O(ΛQCD )







The frequencies ν(k)


Music analogy: 
eigenfunctions are tones with modulated 


frequencies







Comparison with HERA data
Discreet Pomeron Green function


Integrate with the photon and 
proton impact factors


A(k,k′) =
∑


m,n


fm(k)N−1
mnfn(k′)


( s


kk′


)ωn


.


A(U)
n ≡


∫ 1


x


dξ


ξ


∫
dk


k
ΦDIS(Q2, k, ξ)


(
ξk


x


)ωn


fn(k)


A(D)
m ≡


∫
dk′


k′ Φp(k′)
(


1
k′


)ωm


fm(k′).


F2(x, Q2) =
∑


m,n


A(U)
n N−1


nmA(D)
m







The final fit 
performed 


with 120 ef’s 
and 30 


overlaps and 
5 flavours







The rate of rise λ 
F2 ~ (1/x)λ


The first successful pure BFKL description of the λ plot.


 For many years it was claimed that BFKL analysis was not applicable to 
HERA data because of the observed substantial variation of λ with Q2


Q2 (GeV2)







DPS frequencies


SM SM + N=1  SUSY







DSP
eigenfunction


SM


SUSY







Backup slides







Backup slides


arXiv:1109.0432v1



http://arxiv.org/abs/1109.0432v1

http://arxiv.org/abs/1109.0432v1





Backup slides







J/ψ and ρ show a clear increase of αIP 
with the increase of scale 


(in agreement with the dipole expectations that σqq ~ (xg(x,µ2))2 )


αIP in exclusive VM reactions


 µ2 = (Q2 +M2)/4 


αIP  soft αIP  soft







H1-LRG vs ZEUS LRG


general overall 
agreement 


work in 
progress on 
understanding 
systematic 
differences and 
on combined H1 
and ZEUS 
inclusive 
diffraction data







H1 - first measurement of  the longitudinal 
diffractive structure function 


possible due to the excellent backward electron measurement in H1 
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