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ATLAS and CMS results
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Christophe Royon: CMS and TOTEM results on 
diffraction and low x
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Search for quartic ���� anomalous coupling
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Search for production of two photons
and two intact protons in the final state:
pp ! p��p

Additional channels: WW , ZZ , �Z , tt̄

Possible larger number of events than
expected in SM due to extra-dimensions,
composite Higgs models, axion-like
particles

Anomalous couplings can appear via
loops of new particles coupling to
photons or via resonances decaying into
two photons

JHEP 1806 (2018) 131; JHEP 1502
(2015) 165; Phys.Rev. D89 (2014)
114004; Phys.Rev. D81 (2010) 074003;
Phys.Rev. D78 (2008) 073005

CMS and TOTEM results on di↵raction and low x 11 / 20

- many interesting results; please see 
original talks for details 

- Here: tests of anomalous couplings

Conclusion

Measurement of hard di↵ractive events: Jet gap jet events observed for the first time with
intact protons in CMS; BFKL calculation in agreement with measurement for strong gap
definition

Observation of quasi-exclusive di-lepton production by CMS/TOTEM (one proton tagged
in PPS/AFP)

Consider the LHC as a �� collider: leads to very clean events (like at LEP) where we
measure intact protons and produced particles in CMS/ATLAS

Search for exclusive ��, ZZ , WW , tt̄ at high luminosity at the LHC: Leads to best
sensitivities to quartic anomalous couplings to date and also to the productions of
axion-like particles at high mass

CMS and TOTEM results on di↵raction and low x 20 / 20



Peter Bussey: Elastic and exclusive forward proton measurements 
with ATLAS
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Finally we can get the total cross section using the Optical theorem:

where 

- The widely used model COMPETE is in poor agreement with above  (predicts ρ = 0.13)
- It is a model with Odderon exchange tuned to TOTEM  

- ALFA and TOTEM disagree at 2.2 σ level (similar trend at 7, 8 GeV)

19

Most precise LHC measurements of σtot (pp) ,  from ATLAS :

- ATLAS values of ρ and  σtot are in tension with COMPETE 

- σtot somewhat lower than TOTEM, largely due to normalisation

Summary and conclusions

First completely exclusive measurements of diffractive pion pair production at LHC have 
been performed, 7 TeV LHC energy,  using ALFA system at ATLAS

The method is shown to work well
Much more statistics to be analysed in Run 2.  Resonances, glueballs?



Charged hadron multiplicity and hadronic 
entropy in DIS
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Large scales - description

Possible to describe H1 data, using a proposal 
by Kharzeev and Levin (even though 
uncertainties remain)

For DIS at high energies, this entanglement entropy
can be calculated using

Entanglement entropy – calculation and 
measurement

The charged particle multiplicity distribution  is measured in either the 
current fragmentation region or the target fragmentation region.

Fraction of events with charged hadron. Measurement performed in 
rapidity bins.P(N) = # hadrons in bin/total #

K. Kutak: Maximally entangled proton and charged 
hadron multiplicity in DIS
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For DIS at high energies, this entanglement entropy
can be calculated using

Entanglement entropy – calculation and 
measurement

The charged particle multiplicity distribution  is measured in either the 
current fragmentation region or the target fragmentation region.

Fraction of events with charged hadron. Measurement performed in 
rapidity bins.

Dipoles and mechanism of entanglement

segments – dipoles, color singlets
maximally entangled states

red circle – resolved area defined by
photon

entanglement arises because 
of dipoles that are partially in the red circle 
and partially in blue.

The broken dipoles contribute to final
state hadron multiplicity and entropy of
proton

If we go to lower x we have more  and 
more dipoles that cross the red line and
entanglement grows

“Entanglement of predictions arises from the fact that the two bodies at some 
earlier time from in the true sense one system  that is  were interacting and have 
left behind choices on each other.”
 E. Schrodinger

E. Schrödinger: “Entanglement of predictions 
arises from the fact that two bodies at earlier 
times … were interacting and left behind 
choices onto each other”

In DIS at low x: the color dipole as a useful degree of freedom → naturally entangled

Virtual photon: observe only subset of size 
→ entanglement entropy1/Q2

Kharzeev, Levin, 2017: 

Partonic, dipole cascade

set of partons is described by set of dipoles
with fixed sizes ,Y is rapidity and is related to 
energy
 

depletion of the probability to find n dipoles
due to the splitting into (n + 1) dipoles.

the growth due to the splitting of (n − 1) 
dipoles into n dipoles.

BFKL intercept =
where

Kharzeev, Levin ‘17

Assumptions

Mueller 95, Lublinsky, Levin ‘03

See also Kovner, Levin, Lublinsky,
JHEP 05 (2022) 019;

See also
Zahed ‘12
N. Armesto, F. Dominguez, A. Kovner, M.  Lublinsky, V. Skokov’19
Nowak, Liu, Zahed ‘22

and eventually

See also Liu, Nowak, Zahed 
 

At low x, this entanglement entropy 
can be estimated using 

+ can be obtained experimentally from 
hadronic entropy (from multiplicity 
distribution of produced hadrons)
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Flattenicity
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A grid in 5 − $ is built: "!$%% = 10×8

In the cell i, the charged particle 
multiplicity is computed: "!"!$%%,'

EbE the !!"!#$$ distribution
is obtained

Events with isotropic distribution of particles (very active 
MPI) are expected to have small : values

; =
("!"!$%%,' − "!"!$%% )(/"!$%%(

"!"!$%%

; = 0.07

Antonio Ortiz / MPI@LHC 2022, Madrid15/11/2022

A. Ortiz et al, arXiv:2204.13733
A. Ortiz, A. Khuntia, O. Vázquez et al, 
arXiv:2211.06093

Antonio Ortiz: Multi-parton interactions at LHC run 3 and beyondFlattenicity
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Events with jet structures are expected to have large :
values

A grid in 5 − $ is built: "!$%% = 10×8
EbE the !!"!#$$ distribution
is obtained

; = 0.18In the cell i, the charged particle 
multiplicity is computed: "!"!$%%,'

Antonio Ortiz / MPI@LHC 2022, Madrid15/11/2022
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Flattenicity vs MPI and “hardness” of the coll

12

UE as a function of the average 
midpseudorapidity charged-
particle density. Very similar 
correlation if the event selection 
is done either in multiplicity or 
flattenicity in the V0 region  

For a similar fraction of cross section, 
flattenicity and multiplicity in the V0 select 
pp collisions with very similar charged 
particle densities ( ) < 0.5)

Antonio Ortiz / MPI@LHC 2022, Madrid15/11/2022



Back-to-back dihadron and jets
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Piotro Kotko: Studying saturation effects in dijets 
production at forward LHC calorimeters
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4

FRAMEWORK Limiting cases of Color Glass Condensate (CGC)

  — saturation scaleQs ≫ ΛQCD

three scales:

  — jet transverse momentum imbalance kT

  — jet average transverse momentum PT

[C. Marquet, E. Petreska, C. Roiesnel, 2016]
[F. Dominguez, C. Marquet, B. Xiao, F. Yuan, 2011]

[C. Marquet, C. Roiesnel, P. Taels, 2018]
[T. Altinoluk, R. Boussarie, C. Marquet, P. Taels,  2019, 2020]

[PK, K. Kutak, C. Marquet, E. Petreska, S. Sapeta, A. van Hameren, 2015]

[T. Altinoluk, R. Boussarie, PK,  2019]
[A. van Hameren, PK, K. Kutak, C. Marquet, E. Petreska, S. Sapeta, 2016]

 PT ≫ kT ∼ Qs

 PT ∼ kT ≫ Qs

leading twist

all kinematic twists

 PT ≫ Qs

[S. Catani, M. Ciafaloni, F. Hautmann, 1991]
[M. Deak, F. Hautmann, H. Jung, K. Kutak, 2009]
[E. Iancu, J. Leidet, 2013]

[H. Fujii, C. Marquet, K. Wanatabe, 2020]

[P. Taels, T. Altinoluk, G. Beuf, C. Marquet,  2022]

[T. Altinoluk, C. Marquet, P. Taels,  2021]

+ Sudakov 
resummation 

+ Pythia initial state and 
final state shower
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RESULTS Kinematic setup

Overview of the computations

asymmetric 

• azimuthal correlations between jets 
• p-p and p-Pb cross sections in FoCal and ATLAS setup 
• nuclear modification ratios 
• ITMD framework with KS TMD gluon distributions using 

KaTie Monte Carlo 
• both the full b-space Sudakov resummation and the 

approximate MC-convenient approach 
• Pythia computations to estimate nonperturbative 

corrections

Kinematic cuts

• CM energy:  per nucleon 
• jet radius:  

s = 8.16 TeV
ΔR > 0.5

• jet transverse momenta:
• rapidity:      

45 GeV > pT1 > pT2 > 28 GeV
2.7 < y*1 , y*2 < 4.0

pT1 > pT2 > 10 GeV
3.8 < y*1 , y*2 < 5.1

13
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RESULTS FoCal kinematics

Azimuthal correlations for p-p and p-Pb

asymmetric 

ITMD+Sudakov 
• the full b-space Sudakov 

resummation as well as the 
simplified approach are similar 

• large suppression of the p-Pb 
cross section compared to p-p 

• the saturation effects do not 
go away when including the 
Sudakov resummation 

Lessons from Pythia: 
•  final state shower and 

nonperturbative corrections 
(MPI and hadronization) seem 
to significantly affect the 
spectrum 

• too low  cut? 
• can we extract nonperturbative 

“form factor”?

pT

Predictions for FOCAL



Xiaoxuan Chu:Back-to-back di-π0 azimuthal 
correlation at forward rapidities at STAR
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Saturation signatures on !!, #, $, %

varying 0
$!" = 3.5 GeV
$!# = 2.0 GeV

." = 3.5

C. Marquet, NPA 796, 41 (2007)

$!" = 3.5 GeV
." = 3.5, .# = 2.0

varying 13

C. Marquet, NPA 796, 41 (2007)
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1. More forward direction
2. Lower 55 hadron

p A

Xiaoxuan Chu MPI@LHC 2022 
MPI@LHC 2022 2

Gluon saturation

• The rapid increase of gluon density: gluon splitting → linear evolution
• Increase should be tamped at a certain point: gluon recombination → non-linear evolution
• A new regime of QCD: gluon saturation (#! < #"!) when gluon recombination = gluon splitting
• Saturation region is easier to be reached in heavier nuclei: #" ∝ &#/%

linear                              nonlinear

!"($)
!&'((/$) = "*#+,-.⨂% & − "*%/ &

Color Glass Condensate framework

'((*+)

'((-&)

Gluon density

How to probe nuclear gluon distributions at saturation region?

Balitsky-Fadin-Kuraev-Lipatov (BFKL) evolution equation
Balitsky-Kovchegov (BK) evolution equation 

Xiaoxuan Chu

Xiaoxuan Chu 3

Di-hadron measurement in d+Au
• Color Glass Condensate successfully described the strong suppression of the inclusive hadron yields in d+Au relative 

to p+p owning to gluon saturation effects → nuclear modified fragmentation serves as another interpretation?

• Di-hadron correlation, another observable to provide further tests, was first proposed by D. Kharzeev, E. Levin and L. 
McLerran from NPA 748 (2005) 627-640

!!" = 1.5 GeV
!!# = 0.2 − 1.5 GeV • Di-hadron in p+p as baseline: 2-to-2 process

• Suppression of away-side peak in d+A relative 
to p+p as a saturation signature

p p d A

Observable: ( ∆* = "!"#$(∆1)
"%$#& × ∆1!"#

MPI@LHC 2022 

∆* [rad]
Xiaoxuan Chu 3

Di-hadron measurement in d+Au
• Color Glass Condensate successfully described the strong suppression of the inclusive hadron yields in d+Au relative 

to p+p owning to gluon saturation effects → nuclear modified fragmentation serves as another interpretation?

• Di-hadron correlation, another observable to provide further tests, was first proposed by D. Kharzeev, E. Levin and L. 
McLerran from NPA 748 (2005) 627-640

!!" = 1.5 GeV
!!# = 0.2 − 1.5 GeV • Di-hadron in p+p as baseline: 2-to-2 process

• Suppression of away-side peak in d+A relative 
to p+p as a saturation signature

p p d A

Observable: ( ∆* = "!"#$(∆1)
"%$#& × ∆1!"#

MPI@LHC 2022 

∆* [rad]

Search for suppression of the 
away side peak
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Suppression linearly depends on A
1
3

             

↔   scaling of the saturation scaleQ2
s ∼ A

1
3



Related theory: Low x TMD distributions and 
double logarithms

15
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Standard HEF – resummation of ln 1/z

The setup of standard High-Energy Factorization [Collins, Ellis, 91’; Catani,

Ciafaloni, Hautmann, 91’,94’] in the LLA (
∑

n
αn
s lnn−1 1

z , z = q+

p+
) and in the LP

w.r.t. z, treatment like in [Kirschner, Segond, 10’]:

G(q2
T |Y = ln 1

z ,k
2
T )







p+ →

↑ qT

↑ kT

# p+,−kT →

q+ = zp+ % . . . % k+
2 % k+

1 % p+

. . .

k+
2 % k+

1

k+
1 % p+

Notice, that k+-conservation is taken care of by the MRK!

3 / 13

Region of applicability

The obtained solution for C̃ is applicable only if the integral over x− is
dominated by |qT |x− ! 1 tail of the Green’s function:

From the derivation, this is true if at least p+(1− z)/|qT | ! 1, i.e.
αsY2 # 1 still.

The hierarchy

q+
1− z
z

! |qT | # µ1,

can be realised e.g. in production of heavy particle (e.g. Higgs, pseudoscalar
quarkonium) in the direction of the projectile.

11 / 13

Region of applicability:

Realized for production of heavy 
particle (Higgs, quarkonium)Two-scale exponent

C̃ !
α̂s

q2
T (1− z)

Y1
∫

0

dY exp
[

−α̂s
(

Y 2 − 2Y (Y2 − γE)
)]

(

1− eY −Y1
)−1+2α̂sY

Γ(2α̂sY )
,

In the limit αsY1 ! 1, αsY
2
1 ∼ 1 the singularity at Y = Y1 can be replaced

by δ(Y − Y1) and the integral can be calculated to be:

C̃ ∝ exp

[

−α̂s

(

ln2 µ1

|qT |
− 2 ln

µ1

|qT |

(

ln
µ2

|qT |
− γE

))]

.

Let’s compare the scale-dependent exponent with the solution of CSS
equations for Γc(µ) = const.:

exp
[

Γc ln
2(µ|xT |)− 2Γc ln(

√

ζ|xT |) ln(µ|xT |)− γV ln(µ|xT |)
]

,

which leads to identification:

µ1 → µ, µ2 →
√

ζ and Γc = −α̂s,

the negative cusp anomalous dimension is weird...
Notation from [Vladimirov, Scimemi, 18’]:

d

d lnµ
lnF (x, xT , µ,

√

ζ) = γF (µ,
√

ζ),
d

d ln
√

ζ
lnF (x, xT , µ,

√

ζ) = −DF (µ, |xT |),

d

d ln
√

ζ
γF (µ,

√

ζ) = −
d

d lnµ
DF (µ, |xT |) = Γc(µ).

12 / 13

For certain limit: negative LO cusp anomalous dimensions

M. Nefedov: Two scale evolution from rapidity ordered BFKL cascade



Paul Caucal: Back-to-back dijets production in DIS at 
small x: Sudakov suppression and gluon saturation at NLO

17

In pure NLO result: soft double log with wrong (positive sign) 
Solution: 

Introduction Overview Back-to-back limit Conclusion

Solution: collinearly improved small-x evolution of the WW

Kinematic improvement: impose both k�
g and k+

g ordering (lifetime ordering).

=) Resum large transverse double logarithms to all orders.
=) Solve the instability of NLO B-JIMWLK evolution.

Beuf, 1401.0313, Taels, Altinoluk, Beuf, Marquet, 2204.11650

In practice, add an additional constraint in the LL evolution kernel

k+
g � k+

f =) k�
g 

k2
g?

Q2
f

k�
f

with Q2
f ⇠ Q2 ⇠ P2

?.

With this modification KLL ! KLL,coll , one recovers the expected double logarithm.

d��?!qq̄+X
NLO

⇠ H(P?)

Z
d2b?d

2b0
?e

�iq?(b?�b0
?)

⇥

1�↵sNc
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Comment: this is a great and useful observation, but we should also sort this out in a systematic way 
Within high energy factorization

+ interesting results on TMD limit at NLO
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Dijet photoproduction at NLO in the CGC

13

1

PT, Altinoluk, Beuf, Marquet (2022)

1

Final-state radiation leads to large 
Sudakov logarithms which drive TMD 
evolution:

<latexit sha1_base64="s6W+PzBlmB/wFyg8SKDGaoPHjuY="></latexit>

d�TMD

NLO
= d�TMD

LO
⇥�↵sNc

4⇡
ln

⇣P2

?(b� b0)2

c2
0

⌘2
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Rigorous inclusion of Sudakov 
resummation becomes closer 
provided kinematically improved 
high-energy evolution 

P. Taels: Gluon 
transverse 
momentum 
distributions and 
saturation



Exclusive photo production of vector mesons
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Evgeny Kryshen: Recent ALICE results on photon-
induced interactions

20

Vector meson photoproduction in UPC

QCD

Exclusive vector meson production in UPC can be factorized in two parts:
• QED: photon flux
• QCD: vector meson photoproduction: σ(Wγp)

6

Equivalent photon spectra 
in the target rest frame

kmax ≈ 200 ТeV

High photon flux ~ Z2

p, Pb p, Pb

J/ψ, ψ(2S), ρ0…
QED

QCD

Exclusive J/\ photoproduction

• Energy dependence well described with a power law fit 

• Nice agreement between HERA in ep, LHCb in pp and ALICE in p-Pb

• Caveat: saturation models (CGC) are also consistent with data at these energies

ALICE: EPJC 79 (2019) 402 + preliminary @8.16 TeV

8

Coherent J/ψ cross section
• Impulse approximation: no nuclear effects
• STARLIGHT: VDM + Glauber,

Klein, Nystrand et al:
Comput. Phys. Commun. 212 (2017) 258

• EPS09 L0 (GKZ): EPS09 shadowing
Guzey, Kryshen, Zhalov, PRC93 (2016) 055206

• LTA (GKZ): Leading Twist Approximation
Guzey, Kryshen, Zhalov, PRC93 (2016) 055206

• GM: Color dipole model + IIM CGC
Goncalves, Machado et al.:
PRC 90 (2014) 015203, JPG 42 (2015) 105001

• LM IPSat: Color dipole model + IPSat CGC
T. Lappi, H. Mäntysaari, PRC 83 (2011) 065202; 87 
(2013) 032201

• CCK: hot-spot model + Glauber-Gribov:
Cepila, Contreras, Krelina, PRC97 (2018) 024901 

• LS: Color dipole model + BGK-I CGC:
Luszczak, Schafer: PRC 99, 044905 (2019)

ALICE, PLB 798 (2019) 134926,PLB 817 (2021) 136280

• Strong suppression wrt impulse approximation

• No models describing all data
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Grzegorz Grzelak:  ratio with ZEUSψ(2s) over J/ψ
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cross section ratio R = � (2S)/�J/ (1S): Final Results

G. Grzelak (University of Warsaw)  0/J/ in ZEUS@HERA MPI@LHC 2022 21 / 66

for R vs. W ZEUS (full dots) and H1 (open markers) results are compared

no W dependence observed, moderate increase with |t|
good agreement between data and theoretical models (see next page)

errors at high-|t| points dominated by systematics (! proton dissociative fraction)

R vs. |t|
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Personal comment:  

- Rise vs. constant with W 
can give hints on the size 
of non-linear dynamics 
(different wave function) 

- What about the rise with 
? 

- Relative normalization of 
the  and  wave 
function?

| t |

ψ(2s) J/ψ



Mark Strikman: rapidity gap dynamics - color 
fluctuations vs knockout mechanism
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Main message: description of soft 
diffraction by Good and Walker 
requires t=0: 

dσelastic

dt
t=0

∝ ⟨G⟩2

dσdiffractive

dt
t=0

∝ ⟨G2⟩

Incoherent reaction = fluctuations: dσdiffractive

dt
t=0

−
dσelastic

dt
t=0

∝ ⟨G2⟩ − ⟨G⟩2 = ⟨ΔG2⟩

Can in general not be extended to t ≠ 0

Vector meson photoproduction in UPC

QCD

Exclusive vector meson production in UPC can be factorized in two parts:
• QED: photon flux
• QCD: vector meson photoproduction: σ(Wγp)

6

Equivalent photon spectra 
in the target rest frame

kmax ≈ 200 ТeV

High photon flux ~ Z2

p, Pb p, Pb

J/ψ, ψ(2S), ρ0…
QED

QCD

Diffractive: proton/Pb breaks up
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• HERA 2003 [9] : Inelastic cross sections for larger |t| with kinematic range 50 GeV <
W�p < 150GeV.

• HERA 2013 [10] : Inelastic cross sections for smaller |t| with kinematic range
25 GeV < W�p < 110GeV.

• HERA Elastic 2013 [10] : Elastic cross sections with kinematic range 25 GeV <
W�p < 110GeV.

Figure 2: Basic calculations with W 2 = 1002 GeV2 for larger range of |t|.

5

Large t calculation extrapolated to small t
Figure 8: Suppressed calculation (Yellow) and the fitting (Green) of the difference add
up (Red) to the data HERA 2013 (Blue) closely. The setting used here is : half scale,
t0 = 1.0GeV2, first 5 points fitted.

[6] A. Bzdak, L. Motyka, L. Szymanowski, and J.-R. Cudell, “Exclusive
$J/\ensuremath{\psi}$ and $\ensuremath{\Upsilon}$ hadroproduction and the
QCD odderon,” Phys. Rev. D, vol. 75, p. 094023, May 2007. Publisher: American
Physical Society.

[7] L. Frankfurt, G. A. Miller, and M. Strikman, “Coherent QCD phenomena in the
coherent pion-nucleon and pion-nucleus production of two jets at high relative mo-
menta,” Phys. Rev. D, vol. 65, p. 094015, May 2002.

[8] L. Frankfurt, M. Strikman, D. Treleani, and C. Weiss, “Evidence for color fluctuations
in the nucleon in high-energy scattering,” Phys. Rev. Lett., vol. 101, p. 202003, Nov.
2008. arXiv:0808.0182 [hep-ph].

[9] H. Collaboration, “Diffractive Photoproduction of J/psi Mesons with Large Momen-
tum Transfer at HERA,” Physics Letters B, vol. 568, pp. 205–218, Aug. 2003. arXiv:
hep-ex/0306013.

[10] H. Collaboration, “Elastic and Proton-Dissociative Photoproduction of J/psi Mesons
at HERA,” arXiv:1304.5162 [hep-ex], Apr. 2013. arXiv: 1304.5162.

12

Suppression included.

Overall no need for gluon hot spots.  
Fluctuation cross section t-slope is 

comparable soft physics, in particular 
spin flip contribution 

13

CONCLUSIONS 

Gap physics with J/psi promising direction for studying in ultra peripheral collisions

NLO BFKL dynamics in a wide range of virtualities predicts fast energy dependence

 

t=0 inel/el tests onset of black regime
Good Walker model is justified (as a useful model for t close to 0)

Interesting nuclear effects

14

Easier to measure with improved rapidity

 acceptance of the LHC detectors



Victor P. Goncalves: Double Vector Meson in 
photon induced reactions at the LHC
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Probing the QCD dynamics at high energies 
in photon – induced interactions at the LHC
Double vector meson in photon – photon interactions:

Maybe a very promising channel to 
explore the non-forward BFKL 
Pomeron

But also requires to estimate the size 
of background reactions

In this talk:
Double vector meson in photon – hadron interactions via the 
DOUBLE SCATTERING MECHANISM (DSM):

(*) VPG, Moreira, Navarra, EPJC76, 388 (2016) and Azevedo, VPG, Moreira, arXiv:2210.04861 [hep-ph]
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Double vector meson production at hadronic colliders: 
Photon – photon x Double scattering mechanism

Double  production:

Double J/Ψ production:

PbPb

PbPb

pPb

pPb

pp

pp

- Double scattering mechanism seems to dominate in  collisions  
- What about interference effects? Can one experimentally separate both reactions?

PbPb



Cristian Baldenegro: Jets separated by a large 
pseudo rapidity gap at the Tevatron and at the LHC
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ITheoretical description is a challenge (my opinion): 
- NLO BFKL evolution + NLO impact factors are complicated (numerical evaluation still in 

progress) 
- Experimental gap  theory gap  

(color singlet with no emissions);  
→ tool: Monte Carlo event generator 

- But also: remove colored exchange from data  
through extrapolation (my understanding) 

≠
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Considerable progress during the last years, but also many things 
left to be understood



Thanks a lot!
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