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Chromodynamics

● critical role in early Universe – how exactly?
- highest temperature/energy

● critical role in later Universe – how exactly?
- wide range of temperature/energy
- wide range of chemical potential


phase equilibria

astrophysics
super fm

 phase equilibria
sub+super fm

● rigorous 𝐒𝐔(𝟑)𝐜𝐨𝐥𝐨𝐮𝐫 non-abelian, gauge field theory
- asymptotic freedom ↔ confinement

● cornerstone of the Standard Model – how exactly ?
- QCD contribution to the vacuum 
- chirality ?
- unification ?

 sub fm

 sub fm

DIS17 Birmingmam
April 2017



Chromodynamics with Hadrons

● rigorous 𝐒𝐔(𝟑)𝐜𝐨𝐥𝐨𝐮𝐫 non-abelian, gauge field theory
- asymptotic freedom ↔ confinement

● cornerstone of the Standard Model – how exactly ?
- QCD contribution to the vacuum 
- chirality ?
- unification ?

● precision measurements of hadronic interaction
- in/exclusive: elastic + inelastic

non-pQCD invariance + analyticity
- deep-inelastic inclusive: pQCD
- deep-exclusive: elastic + inelastic

pQCD + analyticity 

nuclear dynamics in QCD 𝑅 = 𝑅0𝐴
1/3 ?

 sub fm

 sub fm

 super fm

 rigour

 sub fm: rigour
 sub fm

+ rigour

 sub fm
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 inelastic 𝒑𝒑 → 𝑿

Inelastic Inclusive
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𝑡 = 0

𝜎𝑝𝑝 𝑠 = 𝑊2 = 1
𝑊2 Im𝑇𝑝𝑝→ 𝑝𝑝 𝑠 = 𝑊2, 𝑡 = 0

forward elastic 𝑝𝑝 → 𝑝𝑝 amplitude

Hadronic Interaction

● optical theorem  𝑋 = 𝑋 =

𝑇𝑝𝑝→ 𝑝𝑝 𝑥ℙ, 𝑡 𝑥ℙ→0
Regge

∝
1

𝑥ℙ

1+𝜆 𝑡
𝑥ℙ =

𝑚𝑝
2 −𝑡

𝑠−𝑚𝑝
2

● analyticity +  rotational invariance of amplitude

𝜆 𝑡 ≲ 0.2

- Regge asympotic expansion →
𝑠 or 𝑥ℙ dependence of dynamics at fixed 𝑡

generic Regge asymptotic limit

● unitarity technology on 𝑝𝑝 → 𝑋
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Elastic Exclusive

peripheral elastic 𝑝𝑝 → 𝑝𝑝

19 ≤ 𝑠 ≤ 62 GeV

- analyticity →
d𝜎

d𝑡 𝑡
∝ 𝑠2𝜆 𝑡

𝑡 ≲ 1 GeV2

leading pole in 
“Regge asymptotic 
expansion”

fm+superfm

p 𝑵∗ …p
1c 𝒙ℙ 𝒕

𝑝
p 𝑵∗ …

𝜆 𝑡 ≲ 0.1
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Inelastic Exclusive

 inelastic 𝜋−𝑝 → 𝜋0𝑛 2.5 ≤ 𝑝𝜋 ≤ 200 GeV/c

peripheral

- analyticity →
d𝜎

d𝑡 𝑡
∝ 𝑠2𝜆 𝑡 𝑡 ≲ 1 GeV2

leading pole (or more) in “Regge asymtic expansion”

fm+superfm

np
1c 𝒙ℙ 𝒕

𝝅−
𝝅𝟎peripheral

𝜆 𝑡 ≲ −0.5
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+

Deep-Inelastic Inclusive

probe         70 am   20 am    7 am    2 am

e

q/p

e

q
γ Z0

γ Z0

+

+
γ Z0

valence
driven

 inclusive
epeX

∝ ln
𝑄2

Λ2 +…  

sub fm

xBj

Q2

colour
driven

g→qq
_

γ Z0
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xBj

Q2

+

Deep-Inelastic Inclusive

colour
driven

e

qv

e

q
γ Z0

γ Z0

+

+
γ Z0

valence
driven

NLO 2 = 10000 GeV2

probe @ 2 am (Fermi)

proton 
structure

@ 
diameter

1000

fraction of proton momentum

g→qq
_

γ Z0

sub fm

 inclusive
epeX
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𝑥Bj =
𝑄2

𝑄2+𝑊2 𝑥ℙ =
𝑄2+𝑀𝑥

2

𝑄2+𝑊2𝛽 =
𝑄2

𝑄2+𝑀𝑥
2

Deep-Inelastic Semi-Inclusive

 semi-inclusive epeXY
- 𝑌 ≥ 𝑝 isolated in forward 𝜂 → gap
- 𝑌 forward hadron(s)

𝑀𝑌
2 ≤ 2.5 GeV2deep-inelastic probe of

hadronic interaction
𝑥Bj = 𝛽𝑥ℙ

xBj

Q2 γ

𝜷

p 𝑵∗ …

q 

𝒒 + 𝒈…

p

𝒙ℙ 𝒕
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Deep-Inelastic Semi-Inclusive

semi-inclusive● x-section x σr~F2 (,Q2,x )
- scaling violations →

1f (qS) QCD evolution

- β depc  g→qq in

IP

_

IP

xBj

Q2 γ

𝜷

p 𝑵∗ …

q 

𝒒 + 𝒈…

p

𝒙ℙ 𝒕

𝜆 𝑡 ≲ 0.1
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● the colour dynamics of the nucleon interaction

g→qq
+ g→qqg
+ …

g +
g→gg +
g→ggg
+…

_

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

_

_
no valence!

1c
 e

x
ch

an
ge

pd
f

1c
 e

x
ch

an
ge

 
pd

f

LO+NLO LO+NLO 

Sub fm Colour Dynamics

xBj

Q2 γ

𝜷

p

1c 𝒙ℙ 𝒕
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Hadronic Structure

valence
driven
qq +
qqg

+…
colour driven
g-splitting
g qq +gg

+qqg +ggg +… EM charge driven  splitting

 structure functions 𝐹2 𝑥, 𝑄2 fixed and 𝐹2
𝛾

𝑥, 𝑄2 fixed
- hadron + QCD “-splitting” + QCD

“g-splitting”       “q-splitting”

qq +qqg +…
_ _
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Deep-Elastic Exclusive

 exclusive epeXY
- 𝑋, 𝑌 = 1𝑐 hadron  isolated in 𝜂
- eg deep-elastic exclusive 

𝑋 = 𝜌𝜔𝜙𝜓 𝑌 = p 𝑁∗ …

Q2 γ

p 𝑵∗ …p
1c 𝒙ℙ 𝒕

𝝆𝝎𝝓𝝍𝑞v 𝒗𝟐

 embedded Bethe-Heitler QCD
virtual photon splitting 𝛾∗1c → 𝑞 𝑞

 QCD dynamics with Dirac fermions
embedded 𝑞v𝑝 → 𝑞𝑝 Rutherford scattering

 QCD scale 𝑣 set by 𝑄2, 𝑀𝜌𝜔𝜙𝜓
2 ,𝑚𝑞

2 → 𝑣2 ≫ 𝑡

𝑚𝑞
2 − 𝑣min

max

2 =
𝑀2+𝑄2−𝑡

2
1 ∓ 1 + 4

𝑄2𝑡

𝑀2+𝑄2−𝑡 2 ∙ 1 − 4
𝑚𝑞

2

𝑀2

𝑚𝑞 = quark inertia in hadron chromodynamic field
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Deep-Elastic Exclusive

 QCD scale 𝑣 ?
Q2 γ

p 𝑵∗ …p
1c 𝒙ℙ 𝒕

𝝆𝝎𝝓𝝍𝑞v 𝒗𝟐

p 𝑵∗ …p
1c 𝒙ℙ 𝒕

𝑞v 𝒗𝟐
𝑞

𝑚𝑞
2 − 𝑣min

max

2

=
𝑀2+𝑄2−𝑡

2
1 ∓ 1 + 4

𝑄2𝑡

𝑀2+𝑄2−𝑡 2 ∙ 1 − 4
𝑚𝑞

2

𝑀2

← Δ~
0.2 GeV∙fm

𝑣
→quark “virtuality”

length Δ~
0.2 GeV∙fm

𝑣
of

collinear 𝑞∗𝑝 → 𝑞𝑝, 𝑞𝑌
−𝑣2 ↔

long and short elastic 𝑞v𝑝 → 𝑞𝑝 scattering 

long and short 𝑞v𝑝 → 𝑞𝑝 Rutherford scattering 

 quark flavour 𝑢/𝑑, 𝑠, 𝑐, 𝑏 ↔ 𝜌/𝜔, 𝜙, 𝜓, Υ
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● optical theorem

𝜎𝛾∗𝑝 𝑊2, 𝑄2 = 1
𝑄2+𝑊2 Im𝑇𝛾∗𝑝→ 𝛾∗𝑝 𝑊2, 𝑡 = 0, 𝑄2

𝑡 = 0

𝐹2 𝑥Bj, 𝑄
2

fixed 𝑄2

≡
𝑥Bj

𝑄2 Im𝑇𝛾∗𝑝→ 𝛾∗𝑝 𝑊2, 𝑡 = 0, 𝑄2 = 4𝜋2𝛼

𝑄2 𝐹2 𝑥Bj, 𝑄
2

forward Compton amplitude
𝑇𝛾∗𝑝→𝛾∗𝑝 𝑥Bj, 𝑡 = 0, 𝑄2

𝑥Bj =
𝑚𝑞

2+𝑄2−𝑡

𝑄2+𝑊2−𝑚𝑝
2

𝑥ℙ =
−𝑡

𝑊2+𝑄2−𝑚𝑝
2 ≡

−𝑡

𝑠𝑞∗𝑝−𝑣2−𝑚𝑝
2

● forward 𝑞∗𝑝 Rutherford scattering amplitude    
𝑇𝑞v𝑝→𝑞v𝑝 𝑠𝑞∗𝑝, 𝑡 = 0, 𝑣2 embedded in 𝐹2 𝑥Bj, 𝑄

2

● unitarity technology on 𝛾∗𝑝 → 𝑋

𝑊2 𝑠𝑞∗𝑝 𝑡 = 0

Deep-Elastic Exclusive
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● virtuality 𝑣2 of quark in forward 𝑞v𝑝 → 𝑞v𝑝
- rest frame of time-like 𝑞 in B-H splitting

Deep Forward Exclusive

𝐸𝛾
∗ =

𝑚𝑞
2−𝑄2−𝑣2

2𝑀𝑞
> 0 𝐸𝑣

∗ =
𝑚𝑞

2+𝑣2+𝑄2

2𝑀𝑞
> 0

𝑚𝑞
2> 𝑣2+𝑄2> −𝑚𝑞

2

𝑚𝑞
2→0

𝑣2 = −𝑄2 !

for 𝑞v= 𝑢/𝑑 quark virtuality = photon (𝛾∗) virtuality

● forward 𝑞v𝑝 Rutherford scattering amplitude    
𝑇𝑞v𝑝→𝑞v𝑝 𝑠𝑞v𝑝, 𝑡 = 0, 𝑣2 embedded in 𝐹2 𝑥Bj, 𝑄

2

𝑊2 𝑠𝑞∗𝑝

𝑥Bj =
𝑚𝑞

2+𝑄2−𝑡

𝑄2+𝑊2−𝑚𝑝
2

𝑥ℙ =
−𝑡

𝑊2+𝑄2−𝑚𝑝
2 →

−𝑡

𝑠𝑞∗𝑝−𝑣2−𝑚𝑝
2

𝑡 = 0

!

𝑞
𝛾∗
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● analyticity applied to forward scattering 𝑞v𝑝 → 𝑞v𝑝

𝑇𝑞v𝑝→𝑞v𝑝 𝑥ℙ, 𝑡 = 0, 𝑣2

𝑥ℙ→0
Regge

∝
1

𝑥ℙ

1+𝜆 𝑄2,𝑡=0
𝜆 ≲ 0.2

- “Regge asymptotic” limit ← 𝑊2 ≫ 𝑣2 ≫ 𝑡 ,𝑚𝑝
2, 𝑚𝑞

2

- independent of 𝑞 flavour 

structure function 𝐹2 𝑥Bj, 𝑄
2 = −𝑣2 + analyticity →

forward scattering amplitude 𝑇𝑞v𝑝→𝑞v𝑝 𝑥ℙ, 𝑡 = 0, 𝑣2

Deep Forward Exclusive

𝑊2 𝑠𝑞∗𝑝 𝑡 = 0

𝑞

sub fm ?

(low) 𝑥Bj dependence of 𝐹2 𝑥Bj, 𝑄
2 at fixed 𝑄2

where 
1

𝑥Bj
=

𝑊2+𝑄2

𝑄2 →
𝑊2

𝑄2 Regge
∞
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𝜎𝛾∗𝑝→𝑋 𝑊2, 𝑄2

= 4𝜋2𝛼
𝑄2 𝐹2 𝑥Bj, 𝑄

2

Regge
∝ 𝑥

Bj

−𝜆 𝑄2,𝑡=0

Deep Forward Exclusive

𝐹2
● (low) 𝑥Bj

dependence of 
𝐹2 𝑥Bj, 𝑄

2 at 
fixed 𝑄2

𝑊2 𝑠𝑞∗𝑝 𝑡 = 0

𝑞
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𝑄2 = 𝑣2

→ 𝜆 𝑣2, 𝑡 = 0

4𝜋2𝛼
𝑄2 𝐹2 𝑥Bj, 𝑄

2 ∝ 𝑥Bj

−𝜆 𝑄2,𝑡=0

𝑥Bj < 0.01

H1 Collaboration, Phys. Lett. B598 (2004) 159

𝜆 𝑄2, 𝑡 = 0 = 𝑎 ln
𝑄2

Λ2

𝑎 = 0.0481 ± 0.0013 stat ± 0.0037 syst
Λ = 0.292 ± 0.020 stat ± 0.0051 syst GeV

● the universal pomeron ℙ ?

Deep Forward Exclusive

𝑥Bj =
𝑚𝑞

2+𝑄2−𝑡

𝑄2+𝑊2−𝑚𝑝
2

𝑥ℙ =
−𝑡

𝑊2+𝑄2−𝑚𝑝
2

→
−𝑡

𝑠𝑞∗𝑝−𝑣2−𝑚𝑝
2

𝑊2 𝑠𝑞∗𝑝 𝑡 = 0

𝑞
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𝜆 𝑣2, 𝑡 ≫ −1 GeV2 = 𝑎 ln
−𝑣2

Λ2

𝑎 = 0.0481 ± 0.0013 stat ± 0.0037 syst
Λ = 0.292 ± 0.020 stat ± 0.0051 syst GeV

● 𝑞v𝑝 → 𝑞v𝑝 elastic scattering ?

𝑞v𝑝 → 𝑞v𝑝 in Proton

𝑊2 𝑠𝑞∗𝑝 𝑡 = 0

𝑞

−𝑣2 GeV2

𝑇𝑞v𝑝→𝑞v𝑝 𝑥ℙ, 𝑡 = 0, 𝑣2

𝑥ℙ→0
Regge

∝
1

𝑥ℙ

1+𝜆 𝑣2,𝑡≫−1 GeV2
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2. Chromodynamics of   
Quarks in a Hadron?
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Q2 γ

p 𝑵∗ …p
1c 𝒙ℙ 𝒕

𝝆𝝎𝝓𝝍𝑞v 𝒗𝟐

Q2 γ

p,n,A
1c 𝒙ℙ 𝒕

𝑞v 𝒗𝟐

1𝑐 hadron0,±1

1𝑐 hadron0,∓1

HERA: Quarks in Proton

● quarks in hadrons                 quarks in proton ?
𝑒𝑝, 𝐴 → 𝑒𝑋1𝑐

𝑝, 𝑛, 𝐴𝑍 𝑒𝑝 → 𝑒VM𝑢/𝑑𝑠𝑐p 𝑁∗ …

1c

● 𝑒𝑝 → 𝑒𝑋𝑝 to 𝜎tot 𝛾∗𝑝 → 𝑋𝑝 + 𝛾∗ → 𝑞 𝑞

- splitting d𝑃𝛾∗→𝑞∗  𝑞 = 𝑒𝑞
𝛼

2𝜋
𝑦2 + 1 − 𝑦 2 d𝑃2

𝑚𝑞
2+𝑃2 d𝑦 𝑦 =

𝑞∙𝛾∗

𝑄∙𝛾∗

- appropriate 𝑞v𝑝 phenomenology

𝑇𝑞v𝑝→𝑞v𝑝 𝑥ℙ, 𝑡 = 0, 𝑣2
𝑥ℙ→0
Regge

∝
1

𝑥ℙ

1+𝜆 𝑣2,𝑡≫−1 GeV2

H1
Zeus
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HERA: Quarks in Proton

𝑚𝑞
2 − 𝑣min

max

2 =
𝑀2+𝑄2−𝑡

2
1 ∓ 1 + 4

𝑄2𝑡

𝑀2+𝑄2−𝑡 2 ∙ 1 − 4
𝑚𝑞

2

𝑀2

● limits on quark “virtuality” −𝑣2 in quark splitting

● kinematics 𝛾∗ℙ → 1𝑐 hadron mass 𝑀

Q2 γ

p 𝑵∗ …p
1c 𝒙ℙ 𝒕

𝝆𝝎𝝓𝝍𝑞v 𝒗𝟐

Q2 γ

p,n,A
1c 𝒙ℙ 𝒕

𝑞v 𝒗𝟐

1𝑐 hadron0,±1

1𝑐 hadron0,∓1

● quarks in hadrons                 quarks in proton ?
𝑒𝑝, 𝐴 → 𝑒𝑋1𝑐

𝑝, 𝑛, 𝐴𝑍 𝑒𝑝 → 𝑒VM𝑢/𝑑𝑠𝑐p 𝑁∗ …

1c

H1
Zeus
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● deep-inelastic structure of the virtual photon in 
𝑒+𝑒− → 𝑒+𝑒− + hadrons 𝑒𝛾∗ → 𝑒 + hadrons

Virtual Photon Splitting

e

𝑄2
space-like 𝜸 ∗

e
𝑃2

space-like 𝜸 ∗

e

e

𝑄2 > 𝑃2 > 0 ↔

e

𝑄2
space-like 𝜸 ∗

𝑃2

space-like 𝜸 ∗

e

𝐹2
𝛾∗

consistent with (QFD) splitting 𝛾∗ → 𝑞 𝑞 𝑢, 𝑑, 𝑠, 𝑐
1

𝑦
𝐹2

𝛾∗

= d𝑃𝛾∗→𝑞∗  𝑞 = 𝑒𝑞
𝛼

2𝜋
𝑦2 + 1 − 𝑦 2 d𝑃2

𝑚𝑞
2+𝑃2 d𝑦 𝑦 =

𝑞∙𝛾∗

𝑄∙𝛾∗

𝐹2
𝛾∗

PLUTO Collaboration, Phys. Lett. B142 (1984) 120

𝛾∗
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● at face value, the “non-universal ℙ” ?
… some even say “two or more ℙs” !

● H1 and Zeus 𝜎𝛾∗𝑝→VM𝑝,𝑌 𝑊2, 𝑄2 ∝ 𝑊𝛿 𝑄2

Measurements

VM photoproduction
𝜌 760 electroproduction
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● for 𝑄2 evolution of 𝛿 𝑄2 in

𝜎𝛾∗𝑝→VM𝑝,𝑌 𝑊2, 𝑄2 =  𝑡
d𝜎𝛾∗𝑝→VM𝑝,𝑌 𝑊2,𝑄2,𝑡

d𝑡
d𝑡 ~𝑊𝛿 𝑄2

Implementation: Quarks in Proton

d𝜎𝛾∗𝑝→VM𝑝 𝑄2, 𝑡
𝑡 ≪𝑀VM

2 +𝑄2 ∝
𝛼

2𝜋
𝛽𝑝↔ℙ∗𝑁 𝑡,𝑚𝑝

2 𝛽𝑞∗ℙ∗↔𝑞 𝑡,𝑚𝑞
2 d𝑡

𝑡

∙
𝑀VMΓ

𝑀VM
2 +𝑄2 2  𝑧min

𝑧max 𝑧2+ 1−𝑧 2

𝑧

𝑊2+𝑄2−𝑚𝑝
2

𝑀VM
2 +𝑄2 1 +

𝑡

𝑀VM
2 +𝑄2

2𝛼ℙ −𝑣2,𝑡 −2

d𝑧

𝛼ℙ −𝑣2, 𝑡 = 0 − 1~𝛼ℙ −𝑣2, 𝑡 − 1 = 𝑎 ln
−𝑣2

Λ2 and
−𝑣2

Λ2 =
𝑧 𝑀VM

2 +𝑄2 −𝑚𝑞
2

Λ2

𝑎 = 0.0481 ± 0.0013 stat ± 0.0037 syst Λ = 0.292 ± 0.020 stat ± 0.0051 syst GeV

𝑧min
max

=
𝑚𝑞

2−𝑣min
max

2 −𝑡

𝑀VM
2 +𝑄2−𝑡

=
1

2
1 ∓ 1 + 4

𝑄2𝑡

𝑀VM
2 +𝑄2−𝑡

2 ∙ 1 − 4
𝑚𝑞

2

𝑀VM
2 −

𝑡

𝑀VM
2 +𝑄2−𝑡

𝑡 ≪𝑀VM
2 +𝑄2

𝒪
𝑡

𝑀VM
2 +𝑄2 ≤1

1

2
1 ∓ 1 + 4

𝑄2𝑡

𝑀VM
2 +𝑄2 2 ∙ 1 − 4

𝑚𝑞
2

𝑀VM
2 −

𝑡

𝑀VM
2 +𝑄2

where

2-scale dependence on 𝑄2 and 𝑚𝑞
2 (3-scale with 𝑡)



Universal 𝑞𝑣𝑝 → 𝑞𝑣𝑝 at work ?

● universal 𝑞𝑣𝑝 → 𝑞𝑣𝑝 scattering amplitude

2-scale dependence of 𝜆 𝑣min
max

2 = 4𝛿

on 𝑄2 𝑚𝑞
2 ( 𝑡 small)

𝑚𝑞
2 − 𝑣min

max

2 =
𝑀2+𝑄2−𝑡

2
1 ∓ 1 + 4

𝑄2𝑡

𝑀2+𝑄2−𝑡 2 ∙ 1 − 4
𝑚𝑞

2

𝑀2

dependence 𝜎𝛾∗𝑝→VM𝑌 𝑊2, 𝑄2 ∝ 𝑊𝛿 𝑄2
← data

𝜆 𝑣min
2 ≤

𝛿

4
= 𝜆 𝑣2 ≤ 𝜆 𝑣max

2

𝑇𝑞v𝑝→𝑞v𝑝 𝑥ℙ, 𝑡 = 0, 𝑣2
𝑥ℙ→0
Regge

∝
1

𝑥ℙ

1+𝜆 𝑣2,𝑡≫−1 GeV2

?
!
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−
𝑀𝐽/𝜓

2 +𝑄2

2
1 − 1 − 4

𝑚𝑐
2

𝑀𝐽/𝜓
2 ≳ 𝑣2 − 𝑚𝑐

2

≳ −
𝑀J/ψ

2 +𝑄2

2
1 + 1 − 4

𝑚𝑐
2

𝑀J/ψ
2

Experiment: Charm Quark

● electroproduction 𝛾∗𝑝 → 𝐽/𝜓 𝑝/𝑌

𝑡 ≪ MVM
2 ⋛ 𝑄2

𝛿
↔

4
𝜆
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𝑡 ≪ MVM
2 ⋛ 𝑄2

● electroproduction 𝛾∗𝑝 → 𝐽/𝜓 𝑝/𝑌

 beware 𝑄2 < 1 GeV2 !

Experiment: Charm Quark

𝛿
↔

4
𝜆
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𝑡 ≪ MVM
2 ⋛ 𝑄2

● electroproduction 𝛾∗𝑝 → 𝐽/𝜓 𝑝/𝑌

Experiment: Charm Quark

𝛿
↔

4
𝜆
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𝑡 ≪ 𝑀𝐽/𝜓
2 ⋛ 𝑄2● electroproduction 𝛾∗𝑝 → 𝐽/𝜓 𝑝/𝑌

● consistent with

𝑇𝑐∗𝑝→𝑐𝑝 𝑥ℙ, 𝑡, 𝑣
2 ∝

1

𝑥ℙ

𝜆 𝑣2,𝑡

● driven by current 1.28 GeV/𝑐2

~ constituent mass 

● “sub-fm” means 𝛥 ~ 0.08 fm

Experiment: Charm Quark

𝑚𝑐
2 − 𝑣min

max

2 =
𝑀𝐽/𝜓

2

2
1 ∓ 1 − 4

𝑚𝑐
2

𝑀𝐽/𝜓
2
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𝑡 ≲ MVM
2 ≲ 𝑄2

● electroproduction 𝛾∗𝑝 → 𝜌 760 𝑝/𝑌

 beware 𝑄2 < 1 GeV2 !

Experiment: 𝑢/𝑑 Quarks

−
𝑀𝜌

2+𝑄2

2
1 − 1 − 4

𝑚𝑢𝑑
2

𝑀𝜌
2 ≳ 𝑣2 − 𝑚𝑢𝑑

2

≳ −
𝑀𝜌

2+𝑄2

2
1 + 1 − 4

𝑚𝑢𝑑
2

𝑀𝜌
2

𝛿
↔

4
𝜆
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● electroproduction 𝛾∗𝑝 → 𝜌 760 𝑝/𝑌

Experiment: 𝑢/𝑑 Quarks

𝛿
↔

4
𝜆
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● electroproduction

● consistent with 𝑇𝑢/𝑑∗𝑝→ 𝑢/𝑑𝑝 𝑥ℙ, 𝑡, 𝑣
2 ∝

1

𝑥ℙ

𝜆 𝑣2,𝑡

● driven by mix of 𝑄2 and 𝑀𝜌
2

● constituent u/d mass ≲ 0.2 GeV/c2

𝛾∗𝑝 → 𝜌 760 𝑝/𝑌 𝑡 ≲ 𝑀ρ
2 ≲ 𝑄2

● “sub-fm” means 0.08 ≲ 𝛥 fm

−
𝑀𝜌

2+𝑄2

2
1 − 1 − 4

𝑚𝑢𝑑
2

𝑀𝜌
2

≳ 𝑣2 − 𝑚𝑢𝑑
2 ≳ −

𝑀𝜌
2+𝑄2

2
1 + 1 − 4

𝑚𝑢𝑑
2

𝑀𝜌
2

0 ≳ 𝑣2 ≳ − 𝑀𝑋
2 + 𝑄2 so 𝛥 ≳

1

𝑀𝑋
2+𝑄2

Experiment: 𝑢/𝑑 Quarks
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−
𝑀𝜙

2+𝑄2

2
1 − 1 − 4

𝑚𝑠
2

𝑀𝜙
2 ≳ 𝑣2 − 𝑚𝑠

2 ≳ −
𝑀𝜙

2+𝑄2

2
1 + 1 − 4

𝑚𝑠
2

𝑀ϕ
2

Experiment: Strange Quark

● electroproduction𝛾∗𝑝 → 𝜙 1019 𝑝/𝑌 𝑡 ≲ 𝑀VM
2 ≲ 𝑄2
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● electroproduction 𝛾∗𝑝 → 𝜙 1019 𝑝/𝑌

𝑡 ≲ 𝑀VM
2 ≲ 𝑄2

Experiment: Strange Quark

𝑡 ≲ 𝑀VM
2 ≲ 𝑄2
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● electroproduction 𝛾∗𝑝 → 𝜙 1019 𝑝/𝑌

𝑡 ≲ 𝑀VM
2 ≲ 𝑄2

Experiment: Strange Quark

𝑡 ≲ 𝑀VM
2 ≲ 𝑄2
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● electroproduction

● driven by mix of 𝑄2 and 𝑀𝜙
2

● constituent s mass ≲ 0.5 GeV/c2 (unconstrained!)

𝛾∗𝑝 → 𝜙 1019 𝑝/𝑋 𝑡 ≲ 𝑀ϕ
2 ≲ 𝑄2

● “sub-fm” means 0.08 ≲ 𝛥 fm (unconstrained!)

Experiment: Strange Quark

−
𝑀𝜙

2+𝑄2

2
1 − 1 − 4

𝑚𝑠
2

𝑀𝜙
2 ≳

𝑣2 − 𝑚𝑠
2 ≳ −

𝑀𝜙
2+𝑄2

2
1 + 1 − 4

𝑚𝑠
2

𝑀ϕ
2

● consistent with 𝑇𝑠∗𝑝→ 𝑠𝑝 𝑥ℙ, 𝑡, 𝑣
2 ∝

1

𝑥ℙ

𝜆 𝑣2,𝑡
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3. Conclusion and Outlook ?
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● exclusive VM electroproduction at high energy
probes quark degrees of freedom in hadronic matter

● VM flavour for Bethe-Heitler 𝛾∗ → 𝑞v  𝑞 flavour

● Regge asymptotic phenomenology for 𝑞v𝑝 → 𝑞𝑝 𝑁∗…

universal 𝜆 𝑡, 𝑣2 ↔ “diffractive” leading ℙ pole

Conclusion 

𝒗𝟐 xBj

Q2 γ

𝜷

p 𝑵∗ …

q 

𝒒 + 𝒈…

p

𝒙ℙ 𝒕

● fit 𝜎𝑒𝑝→eVM𝑝 for flavour independence of 𝜎𝑞v𝑝→𝑞𝑝 𝑁∗

stat limitation of HERA data
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● exclusive hadronic electroproduction at high energy
probes quark degrees of freedom in hadronic matter

● hadron flavour for Bethe-Heitler 𝛾∗ → 𝑞v  𝑞 flavour

● phenomenology for 𝑞vhadron → 𝑞hadron′

eg Regge asymptotic expansion for small 𝑡

Q2 γ

p,n,A
1c 𝒙ℙ 𝒕

𝑞v 𝒗𝟐

1𝑐 hadron0,±1

1𝑐 hadron0,∓1

1c

● towards quark dynamics in hadronic matter

“diffractive” 𝜎𝑒𝑝→eVMp @ HERA 
low lumi

consistency

Outlook 
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● exclusive hadronic electroproduction at high energy
probes quark degrees of freedom in hadronic matter

● hadron flavour for Bethe-Heitler 𝛾∗ → 𝑞v  𝑞 flavour

● phenomenology for 𝑞vhadron → 𝑞hadron′

eg Regge asymptotic expansion for small 𝑡

Q2 γ

p,n,A
1c 𝒙ℙ 𝒕

𝑞v 𝒗𝟐

1𝑐 hadron0,±1

1𝑐 hadron0,∓1

1c

● towards quark dynamics in hadronic matter

“diffractive” 𝜎𝑒𝑝→eVMp @ HERA 
low lumi

consistency

Outlook 
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Outlook 

● small 𝜎𝑒𝑝→𝑒1𝑐1𝑐
require large luminosity

towards quark dynamics in hadronic matter …
… at a high energy + lumi eIC (JLeIC,eRHIC ?)

● exclusive hadronic electroproduction at high energy
probes quark degrees of freedom in hadronic matter

Q2 γ

p,n,A
1c 𝒙ℙ 𝒕

𝑞v 𝒗𝟐

1𝑐 hadron0,±1

1𝑐 hadron0,∓1

1c

● develop better phenomenology for 
𝑞vhadron → 𝑞hadron′
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xBj

Q2 γ

𝜷

p 𝑵∗ …

q 

𝒒 + 𝒈…

p

𝒙ℙ 𝒕

Q2 γ

p 𝑵∗ …p

𝒙ℙ 𝒕

𝝆𝝎𝝓𝝍𝒗𝟐


