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à H1 2006 Fit B Diffractive PDFs 
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e (27.5 GeV) 

P (920 GeV) 

Hamburg, Germany (1992-2007) 

e.g. H1 publications on diffraction (similar numbers in ZEUS): 
 - Diffractive  cross sections:    15 papers 
 - Diffractive final states:     18 papers 
 - Quasi-elastic cross sections:    22 papers 
 - Total cross sections / decomposition:     2 papers 

ep collisions  
at √s ~ 300 GeV 

1992-2007 
~ 0.5 fb-1 per expt. 



- NC Q2 dependence in  
perturbative region 
driven by … 

-  needs 
 lever-arm  
in Q2 …  
reasonable 
precision  
only to  
x~10-3/10-4. 

€ 

dF2(x,Q
2)

dlnQ2 ~ G(2x)- e.g. Prytz 
approx: 

Gluon density knowledge entirely from inclusive NC HERA data … 
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•  ~2% precision on gluon over a wide range of x  
•  Gluon rises in a non-sustainable way  
à  emergent phenomena at high parton density & strong coupling  
(including diffraction, non-linear evolution, confinement, mass …) 



1)  [Low-Nussinov] interpretation as 2 
gluon exchange enhances sensitivity 
to low x gluon (at least for exclusives) 

2)  Additional variable t gives access to 
impact parameter (b) dependent 
amplitudes 

à Large t (small b) probes densest  
packed part of proton? 
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All 5 of the kinematic variables shown can be measured. 

Favourable kinematics to study X system (photon dissociation) 

By varying Q2, the process can be smoothly changed 
-  from a soft process (real photon, Q2 à 0)  
-  to a deep inelastic process (highly virtual photon, large Q2, 
resolving partons and probing QCD structure of diffraction) 

Diffractive γ(*)p processes … 
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- Basically known 

- Limits theoretical 
precision 

Dipole 
Models 
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In principle, VM production is a promising candidate to 
learn about the gluon distribution in the proton 

Many models on the details of σ(r) ! 

What is the relevant scale?... r depends on Q2 and Mv
2 

 Q2
eff = z (1-z) (Q2+Mv

2) ~ (Q2+Mv
2) / 4   [MRT…] 

- The interesting physics 
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Behaviour usually parameterised 
in Regge-theory motivated form 

- α(t)=α(0)+α’t is the effective pomeron trajectory 
   eg α(t)~ 1.08 + 0.25t  for soft pomeron 

-  ebt empirically motivated – Fourier transform of spatial 
 distribution of interaction  
 b = bdipole + bproton à bproton as dipole size à 0  

-  Signatures for ‘hard’ behaviour include increase in α(0), 
 decrease in b and (maybe) decrease in α’  



e.g. Elastic J/Ψ à µµ 

High W 

Low W 

e p 
2-prong decays give beautifully 
clean events.  

à  Select by requiring otherwise 
empty detector 

à  Decay muon direction is  
determined by W = √sγp 



Increasing Mv leads to  
harder energy dependences 

σ  α Wδ with δ=4α(<t>)-4 

-  Consistent with soft  
pomeron for light vector 
mesons 

- For J/Ψ, effective 
α(t)~ 1.20 + 0.13t  

… c, b mass implies pQCD  
already valid for J/Ψ, Υ at Q2 = 0 



- J/Ψ: W & t dependences ~ unchanged - already hard @ Q2=0 

-  Light vector meson behaviour evolves from soft to hard 

-  Vector mesons produced from longitudinal and transverse 
polarised photons behave slightly differently  
-  Fast reduction in cross section illustrates higher twist  
nature of process: σL~ 1/(Q2+MV

2)2.1 , σT~ 1/(Q2+MV
2)2.9   

… reasonably well described by dipole (2 gluon) models 



-  Approximate scaling between different 
meson species in (Q2 + MV

2)/4 

- t-slope approaches B~ 4-5 GeV-2 ~ 0.6fm  
… slightly smaller than EM size of proton? 

-  α’ shows no significant variation with any scale!?!? 



-  QCD models based on 2-gluon  
exchange describe data well & show  
power to discriminate between PDFs 
-  Sensitivity limited by theory  
uncert’s (wavefunctions, scales …) 
-  Now studied in Ultra-peripheral  
collisions at the LHC   [GeV]pγW
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(2S)ψà  pQCD predicts ratio ~0.17 
at Q2=0, rising as Q2 increases 
and <r> probed decreases 
à ZEUS measurement with  

   468pb-1 sample   
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-  Data in qualitative 
agreement with  
pQCD models 

- Some distinguishing 
power, though 
statistically limited 
at large Q2  
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Vector meson production is a ‘higher 
twist’ (Q2 suppressed) process 

There are ‘leading twist’ diffractive 
processes with same Q2 dependence as 
the bulk DIS cross section …  

~10% of DIS events 
have no forward  
energy flow 
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`Large Rapidity Gap’ (LRG) 
adjacent to outgoing  
(untagged) proton 

Limited by statistics and  
p-tagging systematics Limited by p-diss systematics 

Scattered proton in Leading 
Proton Spectrometers (LPS) 

•  The 2 methods have very different systematics 

ηmax 





•  LRG selections contain typically 20% p diss 
•  No significant dependence on any variable 
• … well controlled, precise  measurements 

LRG 

LPS 
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Main observable is the Diffractive `reduced cross section’ …  

… cross section (or structure fn.) dependent on 3 variables  
… 4 if you also include t à σr

D(4)(β,Q2,xIP,t) 
… can only realistically study 1 (maybe 2) variables at a time! 

“Semi-inclusive QCD Factorisation” 

- i.e. can define  
 diffractive PDFs (DPDFs),fi

D…  
- At fixed (xIP, t), DPDF Q2 evolvution  

  is same as inclusive PDFs! 



‘Proton vertex’ factorisation  
… completely separate (xIP, t) 
from (β, Q2) dependences. 

No firm QCD basis, but consistent 
with all experimental data 

… Regge-based parameterisation works  well à Ingelman-Schlein 

DPDFs fi
IP then measure  

partonic structure of the  
exchanged system (IP) 

€ 

fIP / p xIP ,  t( ) =  eB IP t

xIP
2α IP (t )−1

b ~ 6-7 GeV-2 
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[xIP = 0.0003] 

[xIP = 0.003] 

[xIP = 0.001] 

[xIP = 0.03] 

Huge topic  
with 

rich outputs 



αIP(0) consistent with soft IP  à Dominantly soft exchange  
αIP’ smaller than soft IP          à Absorptive effects?... € 

α IP 0( ) =  1.10 ±  0.02 (exp.) ±  0.03 (model)
α IP

/ =  0.04 ±  0.02 (exp.) ±  0.07 (model) GeV-2

BIP  =  5.7 ±  0.3 (exp.) ±  0.9 (model) GeV-2

Excellent consistency  
between experiments  
and methods. 

e.g. From H1 FPS data: 

27 





29 

Diffractive cross 
section measures 
quark density  

Similarly to Inclusive DIS … 

€ 

F2
D =  eq

2

q
∑  β (q + q )

Q2 dependence 
tells us gluon 
density via  
DGLAP eqns 
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-  NLO DGLAP QCD fits describe data over most of phase space 
-  Failure of diffractive PDF fits to describe data at lowest Q2 … 

Quarks 

DPDFs extracted 
through fits to  

inclusive (& jet)  
data, assuming  

NLO DGLAP  
evolution, similar  
to inclusive DIS 

… dominated by gluon 
density extending to 
large mom fractions, z 



•  Charm production up to 30% of total 
diffractive cross section 

•  Directly sensitive to gluon density 

•  Recent example:  
H1, Eur Phys J C77 (2017) 340 
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D* in diffractive DIS
- Sample of ~1170 D* mesons in 287pb-1 

- Differential cross sections compared  
with NLO QCD (HVQDIS in FFNS, 
H1 DPDF 2006, mc=1.5GeV,  
µR

2=µF
2=4Q2+mc

2, charm frag 
function from H1 non-diff analysis 
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Remarkable agreement over wide kinematic range 

Integrated over all phase space: 



- Most recent measurement  
H1 (2015) using rapidity gaps 
and ET

jet1,2 > 5.5 GeV, 4GeV 

- 50pb-1 compared with NLO QCD  
calculations à H1 2006 Fit B DPDFs,  
NLOJET++, µR

2=µF
2=Q2+<ET

*2> 

- Remarkably good description of all variables 
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-  Description remains excellent for all zIP, Q2 

- Many more observables tested (CC, FL
D, flow and spectra …)  

   …Factorisation works in diffractive DIS at current precision  



- χ2 / ndf increases systematically in H1 DPDF fits when data of 
Q2 < 8.5 GeV2 are included (slightly lower in ZEUS) 
… low Q2 breakdown of pure Leading Twist DGLAP approach 

- Dipole models also applied,  
but need qqbar-g terms (and 
perhaps higher Fock states) 

- Not yet describing fine detail 
- Unravelling this rich phenomonology can yield big rewards! 

qqT (Leading  
       Twist) 

qqL (Higher  
      Twist) 

qqgT (Leading Twist) 
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y
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φ

- Perturbative ‘2 gluon exchange’ 
process leads naturally to  
exclusive dijet Production  
(zIP à 1) 

- Leads to a different shape  
of the dijet azimuthal angle 
distribution from ‘resolved’  
pomeron (boson-gluon fusion) 

- A is +ve if 1 gluon enters hard interaction, -ve for 2 gluons    
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- Sensitive to quark component 
of DPDFs in standard resolved 
pomeron model 

- Potential direct pomeron / 2-gluon  
contribution if cross section large  

-  ZEUS analysis of 456pb-1 of LRG data 
-  Inclusive isolated photons  (ET

γ>5 GeV)  
and (photon+jet) topology 
-  Sample dominated by direct photons  
(xγà1) 
-  Data compared with (normalised) LO  
RAPGAP model – H1 2006 Fit B DPDFs 
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- Shape of zIP distribution can’t 
be described by ‘resolved pomeron’ 
model with standard DPDFs 

- Excess at large zIP à evidence for  
2-gluon exchange contribution 

- All other important distributions 
well described  



Strong evidence for 
absorptive effects 
in comparing Tevatron  
diffractive dijets 
with HERA DPDFs … 
`rapidity gap  
survival probability’ S2 ~ 0.1 

… photoproduction jets as the perfect control experiment?… 

“Direct”  
photon  

 (xγ à 1) 

“S2 = 1” 
GAP 40 

“Resolved”  
photon  
(xγ < 1) 

S2 ? 



•  Gap survival unexpectedly has little dependence on xγ
•  Hint of a dependence on jet ET? 

€ 

σ H1 data( ) / σ NLO( )  =  0.58 ±  0.12 (exp.) ±  0.14 (scale) ±  0.09 (DPDF)

ZEUS [ET
1 > 7.5 GeV]… No evidence for any gap destruction 

H1 [ET
1 > 5 GeV]… Survival probability < 1 at 2σ significance 
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- Extensive studies of diffraction 
at HERA have led to a revolution 
in our understanding in QCD 

 à Inclusive process is leading twist …  
original Ingelman-Schlein model works well  
with only slight modification to factorisable 
‘soft pomeron’ properties 

 à Evidence for non-factorising ‘2 gluon 
exchange’  contribution from exclusive jj and  
γj final states 

 à  Vector meson production is an  
Inherently exclusive process 

 à Turn-on of hard scales mapped 
for multiple meson species, (Q2 + MV

2)/4 is  
often a good choice of scale for comparisons  
  à Hard vector meson production sensitive to proton gluon 
density / saturation and showed the way for UPC at LHC 
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Novel test of diffractive gluon density  

… FL
D sensitivity @ highest y (Ee à 3.4 GeV) 

… vary Ep à change y at fixed β, xIP, Q2 
… 11pb-1 @ 575 GeV, 6pb-1 @ 460 GeV, 
in addition to 820 GeV, 920 GeV data 

•  FL
D shown to be 

several σ from zero 

•  Compatible with all  
predictions based on  
NLO DGLAP fits to σr

D 
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•  Electroweak scale ~ MZ
2 (as  

relevant to precision LHC physics) 
… gluon rise gets sharper … 

•  Starting scale ~ 1.9 GeV2 (as  
relevant to future sat’n studies 

•  Gluon close to zero in pure DGLAP  
approach (and coupling not so weak). 
  - Saturating hadrons with a  
small number of (“large”) gluons? 

 - Alternative language (dipole 
models, gluons not degrees of freedom)? 
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-  The idea of a universal pomeron dead from the outset  
at HERA!… harder scales give stronger energy dependences 

Low x Kinematics … W2 = Q2 / x 
The rise of F2 with decreasing x is equivalent to the rise  
of the total cross section with increasing W at fixed Q2 

F2 ~ x-λ  ßà      σtot ~ sα(0)-1  ……     λ = α(0) - 1  
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e.g. NNPDF: NLO DGLAP  
description deteriorates when  
adding data in lines Q2 > Ax-0.3  
parallel to ‘saturation’ curve  
in x/Q2. 

Final HERA-2 Combined PDF Paper:  
“some tension in fit between low &  
medium Q2 data… not attributable to  
particular x region” (though kinematic  
correlation) 
… something happens … interpretation? 



3) Extra factor of dipole cross section 
weights DDIS cross section towards 
larger dipole sizes à enhanced 
sensitivity to saturation effects.  

q
q-

Inclusive Cross Section 

Diffractive DIS 





•  `Cleanly’ interpreted as hard 2g  
exchange coupling to qqbar dipole 

•  c and c-bar share energy equally,  
simplifying VM wavefunction relative to ρ  

•  Clean experimental signature (just 2 leptons) 

•  Scale Q2 ~ (Q2 + MV
2) / 4  >~ 3 GeV2  ideally suited to reaching  

Lowest possible x whilst remaining in perturbative regime 

… eg LHeC reach extends to:   xg ~ (Q2 + MV
2) / (Q2 + W2) ~ 5.10-6  
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•  Huge database of measurements from  
HERA, Ψ, J/Ψ, φ, ρ, ρ’, DVCS … mapping soft- 
hard transition, unfolding σT, σL … 



-  Famous HERA plot … Rather flat 
diffractive/inclusive ratio v x at  
fixed Q2, taken as evidence for 
saturation 

- EIC ‘Day 1’ simulations confirm 
the importance of this sort of 
observable to disentangle  
saturation and shadowing … 
… increasing diff/incl ratio with  
A in saturation case … 



Additional variables 
for diffraction … 

Standard DIS variables … 

In most cases here, Y=p, 
(small admixture of low 

mass excitations) 

x   =  momentum fraction q/p 
Q2 = |γ* 4-momentum squared| 

t = squared 4-momentum  
      transfer at proton vertex 

xIP = fractional momentum  
        loss of proton  
       (momentum fraction IP/p)  

β = x / xIP  
     (momentum fraction q / IP)  

Most generally epàeXY … 
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γp system of  
invariant mass W  
fragments to produce 
particles over rapidity  
range ~ ln(W2/mp

2)  

Similarly, diffractive 
system of mass MX fragments over rapidity range ~ ln(Mx

2/mp
2) 

leaving rapidity gap of size ~ln(W2/MX
2) ~ -ln xIP  

Particle production within X shows similar patterns to ND  

X 
p 



FPS: Y=p  

LRG: MY < 1.6 GeV 

xIP dependence shows 
clear IP+IR structure  



•  Fit β and Q2 dependence of LRG data from  
fixed xIP binning scheme (χ2 minimisation) 

•  Parameterise DPDFs at starting scale Q0
2  

for QCD evolution …  
… evolve to higher Q2 using NLO DGLAP  
equations (massive charm) and fit β and Q2  
dependence for DPDFs  

•  Use proton vertex factorisation with αIP(t) from  
FPS and LRG data to relate data from different xIP  values  
with complementary β, Q2 coverage. 

•  Exclude data with low MX or high β (higher twist region) 
                 and with low Q2  (NLO insufficient?) 
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All data (Q2 >~ 0.05 GeV2)  
are well fitted in (dipole)  
models that include  
saturation effects 
- x dependent “saturation  
scale”, Q2

s(x) 

HERA 

“1TeV ep 
Collider” 

Q2
s 

[Golec-Biernat 
& Wuesthoff] 
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HERA 

“1TeV ep 
Collider” 

Q2
s 

[Golec-Biernat 
& Wuesthoff] 

… at HERA, Q2
s doesn’t get 

above about 0.5 GeV2 

à Saturation may have been 
observed at HERA … well  
described by CGC+dipoles 
à Gluon satn not observed? 
(and may not be in inclusive  
ep in foreseeable future) 



… yet x range of  
sensitivity at HERA  
is very well matched  
to LHC requirements! 


