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By convention there is colour,
by convention sweetness,
by convention bitterness,
but in reality
there are atoms, and space.

Democritus ~400BC

By convention there is colour,
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by convention bitterness,
but in reality
there are atoms, and space.
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400BC

In a manner of speaking, 
objects are colourless

L Wittgenstein 1921AD
Tractatus Logico-

Philosophicus

In a manner of speaking, 
objects are colourless

L Wittgenstein 1921AD
Tractatus Logico-

Philosophicus

1921AD

• natural cromophilosophy
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• photon (quantum) interaction
- elastic scattering

→ size and shape
- inelastic scattering

→ constituents

what
you see
is what
you get

what
you see
is what
you get

p

h
λ =

• diffractive horizons
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• hadron-hadron (pp) elastic scattering

- “clean” defined environment
(manifestly) “diffractive”

- rigours of unitarity+analyticity
↔ total x-section ← QCD?
- amplitude analysis

(real Coulomb+hadronic)

FT+ISR+TeV

Ferreira

Kundrat
et al.
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• hadron-hadron (pp) elastic scattering
- “clean” defined environment
- (lack of) s dependence
Regge asymptopia → QCD?

- geometrical analysis
Chou-Yang (1968) to now
→ hadron structure
→ QCD?

Luddy et al.

Erhan Schlein
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Cross sections !Cross sections !

ContextContext

Albrow for CHLM Nuc Phys B108 1 (1976)

• hadron-hadron (pp) inelastic scattering
- ISR pioneer → UA
- Regge asymptopia

→ unitarity → QCD? 
triple pole P P P  PMM

- UA4/8 to TeVatron
to hard dynamics?

I I I I

Erhan Ingelmann Schlein UA8
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• lepton-hadron (e±p) inelastic (pseudo-elastic)
- HERA: scale to partons 0 ≤ Q2

γ and γ* inelastic diffraction

- long ↔ short distance
hard P
P   R structure
pQCD ↔ npQCD

I
I I
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• experiment
- p isolated in rapidity
- forward hadrons MY

2 < 2.5 GeV2

isolated in rapidity }gap 
precisely
defined
x-section

precisely
defined
x-section

very empty!
MY<1.6 GeV

small

emptyfull

full with
BP secs
MY large

MX

Q2

e p

• unquestionably dramatic: void ← 920 GeV proton
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• we have a field theory of the strong interaction !

measured cross sections (structure functions)
as a function of appropriate variables

comprehension

comparison

• we have (expensive) and ingenious experiments !

predicted cross sections (structure functions)
as a function of appropriate variables

phenomenology

improved prediction
progress

improved experiment

• theory changes – (corrected) measurements don’t!

IP
q

?
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• QCD splitting functions … at high energy (low x)

dynamics at high energy
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• QCD at high energy

- (LO) splitting functions → rules of thumb

qq→qq

qq→gg

gg→gg
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Experimental FormalismExperimental Formalism

1~ −εεεε

• pQCD at high energy: HO splitting + BFKL ingenuity
→ eg elastic scattering qq→qq
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• pQCD at high energy: hadron Regge phenomenology/

(approx.) Regge h phenomenology in xex/i (xIP ξ ) tI

- Regge ← crossing/analyticity at high energy (low xP)
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• pQCD at high energy: Regge hadron phenomenology/

soft Regge h phenomenology in xex/i (xIP ξ ) t

- Regge “splitting” … … at high energy (low xex/i)
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• 2 noteworthy points: analyticity → crossing

- s-channel hadrons (resonances) ↔ t-channelIR
1
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• only data cannot be changed
- let data speak for themselves
- analyse data as they deserve
- leave results for posteriority

Reminder (Discipline pays off!)Reminder (Discipline pays off!)

for 

• QCD is difficult
• analytic approaches are

only approximately rigorous
more or less valid models
even outrageous

unitarity

Poghosyan



DIFF09
CERN Geneva
June 2009

2.Exclusive 
Diffraction
2.Exclusive 
Diffraction
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εεεεσσσσ 2~ s
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• improving technology

Pushing Elastic ScatteringPushing Elastic Scattering

• experience → new understanding
→ better prediction (LHC!)
→ better LHC extraction

• experience → new understanding
→ better prediction (LHC!)
→ better LHC extraction

Ferreira et al
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Cudell et al

totelastic
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tT
p

σσσσ== )0(Im
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• unitarity

and analyticity of  
tot

σσσσ
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T →

p
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p

p
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Vector ElectroproductionVector Electroproduction

• scale dependence of diffraction
- dimension of  P probe 
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• scale variable
- quark
virtuality
→ dipole size

• scale variable    ?

Vector ElectroproductionVector Electroproduction
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• evolution to hard pomeron

Vector ElectroproductionVector Electroproduction
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J/ψψψψ

γγγγ*
e±±±±

RL

γγγγ*

totelastic

CM

tT
p

σσσσ== )0(Im
1

• unitarity and analyticity of  tot
σσσσ

elastic
T →

pp ** γγγγγγγγ →

Compton ScatteringCompton Scattering

• analyticity
↔ pQCD

← W x→

pp γγγγγγγγ →

Cudell poles
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• evolution to hard pomeron

Vector ElectroproductionVector Electroproduction
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• amazing idea now maturing with data

Terascale pp→ppe+e- Albrow
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pXppp ++→+

where X is a simple state fully measured, and no other particles produced.

(Cannot detect p/pbar, down beam pipe, but BSC → η = 7.4 empty)

Motivation:

In CDF, sophisticated tests of QCD with large rapidity gaps ∆y

Looking forward to LHC:

Interesting examples � ...,
~~

,,, −+−+= llWWHhX

If see h, H : Mass, width, spin J, C = +1, Couplings H – gg, …

in a unique way, even if e.g.   bb(150)&bb(140) →→ Hh

Central Exclusive Production

(& VM)X

Towards “Higgs with no mess”?Towards “Higgs with no mess”?
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“Almost” exclusive di-jet,

Two jets and nothing else

0.8JJ

CEN

M

M
>

(~ polar angle)η

(azimuth)φ Transverse

Energy
T

E

JET

JETelse nothing~+++→+ pJJppp
Observed in CDF, QCD tests

& related to p+H+p

JJ
JJ

X

M
R = 1.0

M
≈

• pp→pp +2jets 

• “direct” P ?I
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• result pp→pp γγ ……

36 fb

& much smallerqqγγ γγ γγ→ →

Claim factor ~ 3 uncertainty ; Correlated to p+H+p

H

TE ( ) > 5 GeV; | ( ) | 1.0γ η γ <

3 candidates, 2 golden, 1 ?3 candidates, 2 golden, 1 ?

12Note : 2 10 !MEAS INELσ σ−≈ ×

00ππ
36 fb ���� 0.8 events

…… CDF = SM(QED)   LHC=SM(Higgs)?
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• elastic hadron-hadron
- the aristocrat of sub-nuclear physics
- rigorous forward amplitude analysis

critical for first measurements at LHC
underpins precision understanding of
strong interaction = diffraction

• electroproduction
- unique probe of scale interplay
- pQCD ↔ pQCD laboratory/

• exclusive electroweak production
- now SM(QED)
- tomorrow SM(EW)
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3.Inclusive 
Diffraction
3.Inclusive 
Diffraction
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• pp→pX
- CERN ISR
triple Regge

tM dd

d
2

σσσσ

precision
measurements
(archive)
→ precision 
phenomenology

• γp→pX
- HERA H1 1997
+ Chapin et al
Fermilab 1974

+ triple Regge
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β = Bjørken-x of 1C exchange
1-xL = xIP

Inclusive DiffractionInclusive Diffraction

• TeVatron pp→pp +jets Goulianos et al

g  q

?

probe-parton
jet

jet

p
p

remnant

gap

1C

• deep-inelastic structure of “diffraction”
- q sensitive and g sensitive probe 
- target =  P + R + … ?I I

?
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Goulianos
Mesropian

• deep-inelastic structure of “diffraction”
- q sensitive and g sensitive probe 
- target =  P + R + … ?I I

β

QCD factorisation fails
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Goulianos• factorisation restored when probe parton
from 1C ( P +  R + …)
- P probe ?

I I
I

How?
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g  q

?

probe-parton

jet

jet

p
p

remnant

gap

1C

?

g  q from target

?

jet

p

p
gap

p

1C target

1C probe

Inclusive DiffractionInclusive Diffraction

• gap suppression

• gap restoration
- remnant free  P
cf exclusive jets

I

• “direct” and “resolved” P ?I
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g  q

Inclusive DiffractionInclusive Diffraction

• deep-inelastic leptonic
probe of diffraction

?

probe-parton
jet

jet(s)
p

p

remnant

gap

1C

?
γγγγ*

e±±±±
RL

• xex/I : P + R + …II → fix xex/I
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● x-section x σr
- scaling violations →
flavour singlet qS evoln

- β depc ~ g/P→qq

Deep-Inelastic 1C StructureDeep-Inelastic 1C Structure

IP

_
I

Proskuryakov
et al
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● x-section x σr @ larger x
- scaling violations →
flavour singlet qS evoln

- β depc ~ g→qq + meson

IP

_

IP
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● H1 F2  1996 (Brussels)
- scaling violations →
flavour singlet qS evoln

- β depc ~ g→qq

D

_

~
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● H1 F2     1995
- F2 evolution
≈ F2 evolution

- F2 evolution
≈ boson-gluon 

D(3)
D

D

≈

g in  P  in p
look like g in p

I
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● H1 2008 → pdfs for diffractive dynamics 

- q and q
in FS =
g→qq
+g→qqg
+ …

- g in FS
= g +
g→gg
+ …

_

_

“hard” (~70%) g and g→gg g→qq splitting 
_

_
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• direct test of g component of structure 
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• eliminate dominant  P with t-channel flavour
- leading fragmentation ↔ leading neutron/N*?

I

eXnep →

?

• Q2 → “soft” and “hard” mesons ?
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• immense progress in the HERA/TeVatron era

- diffractive structure is (few) gluon dominated

- evidence for expected leading  P +  R + …

- intriguing factorisation issue ?
“direct” and “resolved” P ?

I I

• immense progress in the future

- on-going HERA analysis 
… t ?
flavour in t-channel

- HUGE potential from LHC @ Terascale (x<0.01)

- HUGE precision potential from LHeC @ Terascale

I
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4. Experiment4. Experiment
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Burkhardt
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• major opportunities for diffractive physics imminent
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• experiments already impressively instrumented
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The LHeC is not the 
first proposal for 
TeV scale DIS, but it 
is the first with the 
potential for significantly 
higher luminosity 
than HERA …

… achievable with a new electron
accelerator at the LHC …

[JINST 1 (2006) P10001]

LHeCLHeC
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Increasingly detailed design under constraints of 
simuiltaneous ep (eA) and pp (AA) running at power < 100 MW

[Holzer]

1) Lumi ~ 3.1033 cm-2 s-1

at Ee = 50 GeV with HERA
style focusing magnets
and 10o acceptance.
… or Lumi ~ 1032 cm-2 s-1

without focusing magnets
and 1o acceptance

2) Lumi ~ 1032 cm-2 s-1

At Ee = 20 GeV

3) Lumi ~ 3.1032 cm-2 s-1

at Ee = 100 GeV

LHeCLHeC
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New physics on

scales ~10-19 m

High precision

partons in LHC

plateau

Nuclear 

Structure 

& Low x 

Parton

Dynamics

High 

Density 

Matter

Large x

partons

710  at x −≥ 5.
2 2 1 GeVQ ≤

• High mass (Meq, 
Q2)  frontier

• EW & Higgs

• Q2 lever-arm 
at moderate &
high x � PDFs

• Low x and eA
Frontier � novel 
QCD …

s 2 V Te=
LHeCLHeC
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… and
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•how are leptons and quarks related ?

•put them together at the highest energy
at finest detail

ICHEP86 Berkeley



DIFF09
CERN Geneva
June 2009

5. Conclusion5. Conclusion
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• immense progress in the HERA/TeVatron era

- diffractive structure is (few) gluon dominated

- evidence for expected leading  P +  R + …

- understanding progressing of pQCD ↔ pQCD

I I

• immense opportunities in the future

- LHC: huge increase in all phase space

- LHeC/EIC/ERHIC: precision with ep eA ?

/

We are making huge progress in understanding
the strong sector in the SM ……
…… and soon also beyond SM?  

We are making huge progress in understanding
the strong sector in the SM ……
…… and soon also beyond SM?  
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On behalf of you all please
let me thank all the organisers

of DIFF09.
As always it has been a pleasure to

attend. The science has been gripping 
and the hospitality excellent.

On behalf of you all please
let me thank all the organisers

of DIFF09.
As always it has been a pleasure to

attend. The science has been gripping 
and the hospitality excellent.


