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SelecDon of content based on:  

๏ My ignorance of other topics.  

๏ Not presented before in plenary talks in the few 
previous DIS meeDngs.  

๏ Of potenDal interest to the DIS community. 

Apologies to the many nice results that I do not cover.  

J. G. Contreras,  Low x and forward physics, DIS2019 
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In this limit, the structure of hadrons is 
expected to reach the saturaDon region.
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In this limit, the structure of hadrons is 
expected to reach the saturaDon region.

One of the most interesDng quesDons 
nowadays in pQCD is the precise locaDon 

of the saturaDon region.



Low x and nuclear targets

 5

Ac
ca

rd
i e

t a
l, 

EP
JA

 5
2 

(2
01

6)
 2

68

The boundary between the dilute and 
saturated regimes is expected to appear 

at larger x in nuclei than in nucleons.
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The boundary between the dilute and 
saturated regimes is expected to appear 

at larger x in nuclei than in nucleons.

How can we study the evoluDon of the 
pQCD structure of nuclear targets? 

Today: RHIC and LHC. 
Tomorrow: EIC.

J. G. Contreras,  Low x and forward physics, DIS2019 



RHIC and LHC: our current photon-hadron colliders
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The EM field of nuclei at RHIC and LHC can be viewed as a 
beam of quasi real photons.

There are two potenDal sources, correspondingly two 
potenDal targets.
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The EM field of nuclei at RHIC and LHC can be viewed as a 
beam of quasi real photons.

There are two potenDal sources, correspondingly two 
potenDal targets.

The photons are coherently emi[ed by the source and its 
virtuality is restricted by the radius of the emi\ng parDcle:  
Virtuality of photons from Pb: Q2 ≈ (30 MeV)2.

The intensity of the photon beam is proporDonal to Z2.  
Heavy nuclei are intense sources of quasi-real photons!

The max energy of the photons in the lab system is 
determined by the boost of the emi\ng parDcle: 
Large photon energies are possible at RHIC and at LHC!

RHIC and LHC are  
photon-hadron and photon-photon colliders!

For b>R1+R2 only photon induced processes remain. 
These are called ultra-peripheral collisions (UPC).

J. G. Contreras,  Low x and forward physics, DIS2019 
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The process can be factorised in two parts: 
๏ Emission of the photon.

Only QED involved here
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The process can be factorised in two parts: 
๏ Emission of the photon.

Only QED involved here

QCD is in here

๏ InteracDon of the photon with the target.

J. G. Contreras,  Low x and forward physics, DIS2019 
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Centre-of-mass energy of the photon-target system: 

 
where 

๏ Εbeam is the energy of the incoming beam and 
๏ ω is the photon energy. 

J. G. Contreras,  Low x and forward physics, DIS2019 

W = 2ω2Ebeam
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where  

๏ y is the rapidity of the vector meson measured 
in the laboratory frame with respect to the 
direc*on of the target and 

๏ M is the mass of the vector meson.

Centre-of-mass energy of the photon-target system: 

 
where 

๏ Εbeam is the energy of the incoming beam and 
๏ ω is the photon energy. 
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W = 2ω2Ebeam

2ω = M exp(−y)
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where  

๏ y is the rapidity of the vector meson measured 
in the laboratory frame with respect to the 
direc*on of the target and 

๏ M is the mass of the vector meson.

Centre-of-mass energy of the photon-target system: 

 
where 

๏ Εbeam is the energy of the incoming beam and 
๏ ω is the photon energy. 

The rapidity of the vector meson determines the centre-of-mass energy of the photon-target interacDon

J. G. Contreras,  Low x and forward physics, DIS2019 

W = 2ω2Ebeam

2ω = M exp(−y)
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The square of the momentum transferred in the 
proton vertex -t is related to the transverse 
momentum of the J/ψ: 

J. G. Contreras,  Low x and forward physics, DIS2019 

−t ≈ p2
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The -t distribuDon is determined by the nuclear 
form factor, which gives, through a Fourier 
transform, the distribuDon of of gluons, in the 
transverse plane.

The square of the momentum transferred in the 
proton vertex -t is related to the transverse 
momentum of the J/ψ: 
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The -t distribuDon is determined by the nuclear 
form factor, which gives, through a Fourier 
transform, the distribuDon of of gluons, in the 
transverse plane.

The square of the momentum transferred in the 
proton vertex -t is related to the transverse 
momentum of the J/ψ: 

The -t dependence of vector meson producDon determines the transverse distribuDon of ma[er in the target!

J. G. Contreras,  Low x and forward physics, DIS2019 

−t ≈ p2
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Very clean experimental signature: 
๏ Vector mesons with low transverse momentum.  

(Few tens of MeV/c for nuclear targets.) 
๏ Nothing else in the detector.  

(For AA collisions at RHIC/LHC there may be forward 
neutrons from independent photon exchanges.)

J. G. Contreras,  Low x and forward physics, DIS2019 
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Very clean experimental signature: 
๏ Vector mesons with low transverse momentum.  

(Few tens of MeV/c for nuclear targets.) 
๏ Nothing else in the detector.  

(For AA collisions at RHIC/LHC there may be forward 
neutrons from independent photon exchanges.)

J/ψ 
๏ Small width and leptonic decays with a large BR. 
๏ Large mass of the charm quark allows for pQCD.

J. G. Contreras,  Low x and forward physics, DIS2019 



Exclusive photoproducDon of vector mesons: pQCD point of view
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Ryskin: Z. Phys. C 57, 89-92 (1993)

J. G. Contreras,  Low x and forward physics, DIS2019 

Cross sec*on depends on the square of the gluon distribu*on  
(Amplitude computed in the leading-log approximaDon of pQCD.)
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Dipole size Quark energy fracDonΔ2=-t Impact parameter
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Dipole size Quark energy fracDon

Photon-dipole wave funcDon

Vector meson wave funcDon

Δ2=-t Impact parameter

Dipole-Target cross secDon 
pQCD physics gets here!

J. G. Contreras,  Low x and forward physics, DIS2019 



News from RHIC: coherent J/ψ photoproducDon in UPC
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Data from  Au-Au UPC @ 200 GeV.

Measurement at mid-rapidity: 
WγAu ≈ 25 GeV. 
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Data from  Au-Au UPC @ 200 GeV.

Measurement at mid-rapidity: 
WγAu ≈ 25 GeV. 

Starlight: vector-dominance model 
MS: color dipole model + IPsat. 

CCK: color dipole model + energy dependent 
hot-spot model.

Slope milder than dipole-based models 
A hint of diffracDon minimum.
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Coherent J/ψ photoproduc*on in ultra-
peripheral collisions at STAR, Jaroslav Adam.

Wednesday in the WG2 session 

J. G. Contreras,  Low x and forward physics, DIS2019 

Data from  Au-Au UPC @ 200 GeV.

Measurement at mid-rapidity: 
WγAu ≈ 25 GeV. 

Starlight: vector-dominance model 
MS: color dipole model + IPsat. 

CCK: color dipole model + energy dependent 
hot-spot model.

Slope milder than dipole-based models 
A hint of diffracDon minimum.
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Data from  Pb-Pb UPC @ 5020 GeV  
Measurements by LHCb and ALICE.
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Data from  Pb-Pb UPC @ 5020 GeV  
Measurements by LHCb and ALICE.

Impulse ApproximaDon: no nuclear effects. 
LTA: leading twist approximaDon. 

Others: variaDons on the dipole model 
computaDon.
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Data from  Pb-Pb UPC @ 5020 GeV  
Measurements by LHCb and ALICE.

Impulse ApproximaDon: no nuclear effects. 
LTA: leading twist approximaDon. 

Others: variaDons on the dipole model 
computaDon.

There are shadowing effects! 
Data is sensiDve to variaDons in models.



News from the LHC: coherent J/ψ photoproducDon in UPC

 14

y

6− 5− 4− 3− 2− 1− 0

/d
y 

(m
b
)

σd

0

2

4

6

8

10

STARLIGHT

Impulse approximation

EPS09 LO (GKZ)

CGC (LM IPsat)

LTA (GKZ)
CGC (GM IIM BG)
CGC (GM BCGC LC)

ALICE data

 = 5.02 TeV
NN

s   ψ Pb+Pb+J/→ALICE Preliminary   Pb+Pb 

ALI−DER−117542 Recent ALICE results on coherent J/ψ photoproduc*on 
in ultra-peripheral Pb-Pb collisions, Evgeny Kryshen

Wednesday in the WG2 session 

J. G. Contreras,  Low x and forward physics, DIS2019 

Data from  Pb-Pb UPC @ 5020 GeV  
Measurements by LHCb and ALICE.

Impulse ApproximaDon: no nuclear effects. 
LTA: leading twist approximaDon. 

Others: variaDons on the dipole model 
computaDon.

There are shadowing effects! 
Data is sensiDve to variaDons in models.



News from the LHC: coherent J/ψ photoproducDon in UPC

 14

y

6− 5− 4− 3− 2− 1− 0

/d
y 

(m
b
)

σd

0

2

4

6

8

10

STARLIGHT

Impulse approximation

EPS09 LO (GKZ)

CGC (LM IPsat)

LTA (GKZ)
CGC (GM IIM BG)
CGC (GM BCGC LC)

ALICE data

 = 5.02 TeV
NN

s   ψ Pb+Pb+J/→ALICE Preliminary   Pb+Pb 

ALI−DER−117542 Recent ALICE results on coherent J/ψ photoproduc*on 
in ultra-peripheral Pb-Pb collisions, Evgeny Kryshen

Wednesday in the WG2 session 

J. G. Contreras,  Low x and forward physics, DIS2019 

Data from  Pb-Pb UPC @ 5020 GeV  
Measurements by LHCb and ALICE.

What is the value of WγPb ?

Impulse ApproximaDon: no nuclear effects. 
LTA: leading twist approximaDon. 

Others: variaDons on the dipole model 
computaDon.

There are shadowing effects! 
Data is sensiDve to variaDons in models.
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๏ At y=0 both UPC terms are equal. 
๏ In pPb UPC one term is much larger than the other. 
๏ In PbPb coll isions we need to perform the 

measurement at the same rapidity but at different 
impact parameters in order to disentangle both 
contribuDons.

J. G. Contreras,  Low x and forward physics, DIS2019 



Coherent photoproducDon in peripheral collisions @ 2.76 TeV
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What happens if b is slightly smaller than R1+R2?  
The EM fields will sDll be there …. 

… but the incoming nuclei will break.
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What happens if b is slightly smaller than R1+R2?  
The EM fields will sDll be there …. 

… but the incoming nuclei will break.
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Photonuclear cross secDon extracted from ALICE data
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Second opDon: use forward neutrons!

 18

Independent sou electromagneDc interacDons between the 
nuclei excite them; upon de-excitaDon they emit neutrons in the 
forward direcDon
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Independent sou electromagneDc interacDons between the 
nuclei excite them; upon de-excitaDon they emit neutrons in the 
forward direcDon

LHC/RHIC experiments  can measure these neutrons!

The emission of the neutrons changes the impact 
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The study of the quark-gluon plasma (QGP) and its properDes is 
one of the main topics of research at RHIC and LHC where such a 
state of ma[er is created in head-on (so called ‘central’) 
collisions of heavy nuclei.

It is expected that the QGP creates strong electromagneDc fields. 

Can we use photon-induced processes to study the QGP?

J. G. Contreras,  Low x and forward physics, DIS2019 
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γ

γ
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QCD is richer than just hadrons. 
It has a rich phase space with different states of ma[er.
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STAR, PRL 121 (2018) 132301

But other explanaDons are available: 
Kłusek-Gawenda et al, PLB790 (2019) 339. 
Zha et al, arXiv 1812.02820.
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Peripheral collisions consistent with γγ→ μμ. 
Shape changes with centrality.
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ATLAS, PRL 121 (2018) 212301
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Peripheral collisions consistent with γγ→ μμ. 
Shape changes with centrality.

Increase in kT due to re-sca6ering in QGP?
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Vector meson  
wave funcDon

Wave funcDons with a spacial and a spin part

Spacial part from soluDon of Schrödinger equaDon with different potenDals 

Inclusion of spin rotaDon effects have 
a large effect on 2S states  due to a 
nodal structure of the corresponding 
wave funcDons.

Čepila, Křelina, Němčik,Pasechnik, EPJC79 (2019) 154
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Recent CMS results on exclusive processes Bylinkin Aleksandr
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Wednesday in the WG2 session 

CMS arXiv:1902.01339

Measurements of the |t| and energy dependence of this process!
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Exclusive $\rho(770)$ photoproduc*on at HERA, Arthur Bolz.
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Measurement of exclusive and dissocia*ve cross secDons!
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ρ

Φ

J/ψ

Different colours, different Q2 values.

Posi*on of the maximum of the dissociaDve cross secDon depends on the scale.

It will be possible to open this window 
to satura*on at the EIC!

Diagram	from	CERN	Courier	
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Enjoy DIS2019!


