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Lepton-hadron interactions at the Fermi energy scale probe the 
structure of hadrons, the structure of the electro-weak interaction, and 
the structure of the hadronic interaction at the sub-femtoscopic
distance scale. After setting a context in such terms with well-known, 
encyclopaedic, measurements of deeply inelastic, posit(elect)ron-proton 
scattering of centre-of mass energy ~100π GeV, the first steps in 
identifying in data the essential features which characterise sub-
femtoscopic Rutherford scattering are reported.     
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● SLAC end station:
- 1959 nucleus size
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● CERN + Fermilab
- fixed target
- sub-fm (Q ≤ 20 GeV)
- 1972 weak NC
1977 QCD              
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Intermediate Vector BosonsIntermediate Vector Bosons

•••• SppS @ CERN

pp→X+Z0 → e+e-

µ+µ-

pp→X+W± → µν

_

W± → eν
Z0 → e+e-

Nobel
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•••• challenge: different particle species ep in collision
27.6 GeV electrons + 920 GeV protons

electronsH1

Hermes

A precision Fermiscale ep
Collider HERA @ DESY
A precision Fermiscale ep
Collider HERA @ DESY

HERA
DESY

Hamburg
ZEUS

uud +”sea”uud +”sea”

leptonlepton

1992-2007
RIP

HERA
+

ep cm energy 314 GeV (100π)

Liverpool HEP Seminar
December 1st 2015

2007-?
legacy



Rotating SpinRotating Spin

•••• “spin-rotator”

- subtle and precise

precession

- “Siberian snake”     

insertion device

eT → eRL → eT at IR

•••• stored e radiates
e → eT
transversely polarised e

synchrotron radiation

HERA

IR
HERA

Sokolov-Ternov
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A Precision Fermiscale
Experiment @ HERA
A Precision Fermiscale
Experiment @ HERA

•••• asymmetric e and p

electrons
27.6 GeV

•••• pT scale ≤ 300 GeV (Fermi)
•••• many bunch Δtep = 75 ns  
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electron

quark

electron

jet=quark

jet

•••• “Rutherford-like” back-scattering at Fermi scale

Constituents with CurrentsConstituents with Currents
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quark jetjet=quark

•••• >1992: inside Fermi’s β-interaction

Constituents with CurrentsConstituents with Currents
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≤2 am

~2 am

•••• now: resolved structure in GSW SU(2)L ⊗⊗⊗⊗ U(1)
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Glashow-Salam-Weinberg 
Quantum Flavour Dynamics
Glashow-Salam-Weinberg 
Quantum Flavour Dynamics

•••• quarks = LH Dirac fermions
LH leptons RH anti-leptons
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Fermi Scale Anti-matterFermi Scale Anti-matter

•••• chirality probes anti-matter
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•••• beat? ! precision space-like SM – where else ?

Fermi Scale CouplingsFermi Scale Couplings
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Fermi Scale – remainder!Fermi Scale – remainder!

•••• Fermi scale complete: EW unification
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● 2015: rise to low x
of proton structure
function F2
- the gauge field
theory QCD is
proton structure

xBj
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+ +

● discovery: but we don’t understand why: ln
�
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GeV

•••• matter = Dirac fermions 
force = colour, charge, gauge SB VB
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•••• the Standard Model landscape
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125mass  e =0.5 MeV µ =0.1 τ =1.8 GeVmass  e =0.5 MeV µ =0.1 τ =1.8 GeV

mass  <15 MeV s <0.3 c ~1.5 b ~4 t ~170 GeV ?mass  <15 MeV s <0.3 c ~1.5 b ~4 t ~170 GeV ?
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Colour Interaction DynamicsColour Interaction Dynamics

- probe hadronic interaction

ep→epXY
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- β depc → g→qq

Colour Interaction DynamicsColour Interaction Dynamics

IP

_

D
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● x-section x σr ~ F2 (ββββ,Q2,x )
- scaling violations →
flavour singlet qS QCD evoln



● x-section x .σr @ larger x
- scaling violations →
flavour singlet qS evoln

- β depc ~ 1g→qq

IP

_

IP

+ qmeson

Ruspa

Colour Interaction DynamicsColour Interaction Dynamics

c
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•••• Photon structure function  !" #,$"

γγγγ→qq
γγγγ→qq +qqg
γγγγ→qq +qqg +qqgg

+ internal +…



Hadronic StructureHadronic Structure
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valence
driven
q→q +
q→qg

+…

colour
driven
g →qq +gg

qqg +ggg +…

γγγγ→qq +qqg +… driven

•••• structure function  !" #,$"

- QCD                              QED     “γγγγ-splitting”
“g-splitting”         “q-splitting”



● the colour dynamics of the nucleon interaction
- NLO → 1c colour singlet inelastic q interaction

g→qq
+ g→qqg
+ …

g +
g→gg+
g→ggg
+…

_

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

_

_
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● the colour dynamics of the nucleon interaction
- NLO → 1c colour singlet inelastic q interaction

g→qq
+ g→qqg
+ …

g→gg
+ g→ggg
+…

_

internucleon interaction = gluons =

_

Colour Interaction DynamicsColour Interaction Dynamics
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Photon StructurePhoton Structure
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•••• photon structure function  !" #,$"

γγγγ→qq
γγγγ→qq +qqg
γγγγ→qq +qqg +qqgg

+ internal +…



Deep-Inelastic DiffractionDeep-Inelastic Diffraction

● flavour probe (electric charge) of 1c interaction
- space-like photon “probes for quark flavour   
in diffractive interaction of proton

Liverpool
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high energy hadron-hadron interaction 
= exchange of (coloured gluons)  
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high energy quark-hadron interaction 
= exchange of (coloured gluons in 1c)

Deep-Inelastic DiffractionDeep-Inelastic Diffraction
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e
space-like γ_
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+…1c 1c→→→→
space-like q space-like q
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● inelastic (dissociative) quark diffraction 
→ 1c q inelastic interaction ?
- space-like virtual photon → space-like quark+p

- small < space-like q virtuality < large

% %

� �

space-like γ



Elastic Quark ScatteringElastic Quark Scattering

e
q

e
γ _

+…1c

● exclusive VM electroproduction:  &� → &VM�

- (embedded) sub-fm Rutherford scattering
- quark virtuality ↔ � )*+

� 	,-./0
� % u d s c

↔ size of elastic interaction

1c JP=1-distance scale q

1c I=½

+…1c
q q'

q

1c I=½
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VM ρ ω(u,d) φ(s)  
ψ(c) Υ(b)

● elastic quark diffraction 
→ qp elastic interaction with 1c singlet exchange ?
- space-like virtual photon → space-like q
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Elastic Quark ScatteringElastic Quark Scattering

e
q

e
γ _

+…1c

● “exclusive” �∗� → �∗� elastic virtual photon-proton
- sub-fm Rutherford scattering Im	5��→�� 6, % � 0

- quark virtuality ↔ � % � 0 u d s c
↔ size of elastic interaction

1c JP=1-distance scale q

1c I=½

q

1c I=½
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● elastic quark diffraction 
→ qp elastic interaction with 1c singlet exchange?
- space-like virtual photon → space-like q

e
eγ

% � 0

optical theorem
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smaller ← time-like phase space ∝
>

#?#/A
→ larger
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•••• size of elastic interaction
  − transverse resolves and defines quark ∝ �

B
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Rutherford ScatteringRutherford Scattering
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•••• time-ordering of field action → exponentiation
→ sum to all orders (\a?) + 1c Dyson, Lipatov et al.
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•••• hadron-hadron:  pp → X   λλλλ (t = 0) ~ 0.1
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Elastic pp ScatteringElastic pp Scattering
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•••• hadron-hadron:  pp → pp   λλλλ (t)
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•••• photon-hadron:  γγγγp → VMp λλλλ(t)
- q -flavour (	,-./0

� ) sensitivity of W-dependence

VM “Photo”productionVM “Photo”production
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•••• virtual photon-hadron: eg γγγγp → ρρρρ(u,d)p   λλλλ(t)
- $"	sensitivity
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● kinematics and virtuality v of elastic q scattering
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1c

qvirtualityv

t =0

Q2 Q2

● forward elastic Y∗A
cross-section
∝ Im ��∗�→�∗� �, % � 0
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● VM electr/photoproduction: �� $" dependences

VM “Photo”productionVM “Photo”production



o size ~0.14 � 0.01 �
0.15
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● electro/photoproduction &� → &y/z�
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● electro/photoproduction �∗� → y/z�

•••• consistent with Bench ruler if c-mass ~ 1.5 GeV
≡ current c-mass

•••• size ~ 0.13 fm of cp → cp elastic interaction set 
by current c-mass
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● electro/photoproduction �∗� → ��

•••• consistent with Bench ruler if u/d -q mass ≤ 0.2 GeV
» current u/d -q mass

•••• 0.6 fm ≥ size ≥ 0.15 fm of u /d p elastic interaction 
with requirement of influence of $"

� “Photo”production� “Photo”production
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● electro/photoproduction �∗� → ��

•••• consistent with Bench ruler if s -q mass ≤ 0.5 GeV
≥ current s-q mass

•••• ~0.4 fm ≥ size ≥ ~0.5 fm of sp elastic interaction 
with suggestion of influence of $"

�	 “Photo”production�	 “Photo”production
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•••• asymptotic freedom ↔ confinement 

- current ↔ constituent 

- multiple scales at work 

- size of elastic interaction  … definitive … ?

- overall fit to all possible flavour cross-sections

- phenomenology ↔ QCD calculation … ?

•••• fundamental to quark matter ?

- lepton+nucleon/nuclei exclusive 

- “hot QCD” → exclusive
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•••• the

1992-2007
RIP

HERA
+

2007-?
legacy

legacy lives on ….

ALICE@LHC … +eIC? +eRHIC?
now “the” physics of the nucleus?

“Any chance of an MPhil student?” 
John Dainton Liverpool 2015

“Any chance of an MPhil student?” 
John Dainton Liverpool 2015

Sub-femtoscopic Rutherford 
Scattering

Sub-femtoscopic Rutherford 
Scattering

•••• so far … size matters in the way that 
chromodynamics says that it should !


