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Main topics
Exclusive and diffractive 

processes in DIS and 
ultraperipheral collisions

Total and elastic cross sections

New theory developments:
Higher orders

New observables for low x
TMDs and low x

Multi-jets and forward jets
Multi-parton interactions

Fluctuations and correlations at low x

WG2: Low x and Diffraction
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D*    diffractive production in DIS
Karel Cerny

H1

 3

Open charm in di�ractive DIS at HERA
Kinematics

gap

photon gluon fusion 

collinear factorisation in DDIS
- DPDF

- massive c(c) quark in FFNS

 4

D* production

charm fragmentation 

into D*(2010)

D* kinematics reconstructed fully
from tracks in golden decay channel

Charm production from photon gluon fusion

 12

Differential cross section

Diffractive ratio

Results compatible with previous measurements
Shape and normalization reproduced well by NLO QCD with fit H1B 2006

Support for collinear factorization in diffractive DIS

 16

WG2: Low x and Diffraction
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Diffractive production of prompt photons in 
photoproduction

4

More kinematics:

xIP =  fraction of proton energy
taken by Pomeron,
measured as 

Σall EFOs (E + pz) / 2 Ep

zIP =  fraction of Pomeron E+pz
taken by photon + jet
measured as 

Σγ + jet(E + pz) 

/ Σall EFOs(E + pz)

ηmax = maximum pseudorapidity
of observed outgoing                 
particles (E > 0.4 GeV)
(ignore forward proton).

Diffractive processes are
characterised by a low value of
ηmax and/or  low  xIP.  

direct

resolved

Peter J. Bussey
ZEUS
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Plot zIP and compare with Rapgap

Shape does not agree.
An excess is seen in the top bin.
Can reweight Rapgap to describe the
shape.

Unreweighted Rapgap here normalised to
zIP < 0.9 data.  Otherwise, unless 

stated, Rapgap is normalised to the 
full plotted range of data.

The ηmax distribution is  described better
by the reweighted Rapgap.

Red histogram shows what 10% of 
non-diffractive Pythia photoproduction 
(subject to present cuts) would look like.
(Not added into the Rapgap.) 

meas

14

meas
Distribution well described by RAPGAP with 
standard sets of DPDFs determined from DDIS.
Deviations only in the last bin.
Evidence for direct Pomeron interactions?

Possible direct Pomeron interactions require a different type of diagram.

e.g. 

Direct photon + direct Pomeron

Resolved photons also a possibility.

N.B.  The proton may become dissociated in diffractive processes 5

WG2: Low x and Diffraction
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Frigyes Nemes
TOTEM

Elastic and total cross-section

DIS2017 3-7/04/2017 Frigyes Nemes, TOTEM 21

B = 17.1 ± 0.26 GeV-2

σel /σtot = 25.7 ± 1.1 %

TOTEM preliminary

Result for B at 2.76 TeV consistent with 
previous trend observed at Tevatron
and lower energies: linear in 

Visible change in energy  dependence:
quadratic in        ??

What is the origin: multi-Pomeron 
exchanges …?

Note:
• Large amount of data (trigger rate 50× w.r.t. Run I)

DIS2017 3-7/04/2017 Frigyes Nemes, TOTEM 23

No structures at high-|t|:
rules out several models

TOTEM preliminary

Preliminary results at 13TeV
No structure at high |t|

p
s

p
s

The observed differential cross-section w.r.t. reference exponential:
• Fits with different assumptions on hadronic component 

• Pure exponential excluded with more than 7σ significance !

DIS2017 3-7/04/2017 Frigyes Nemes, TOTEM 14

Read more:
• EPL 101 (2013) 21004
• Phys. Rev. Lett. 111, 012001 (2013)
• Evidence for non-exponentiality

σtot  

[mb]

σel 

[mb]

σinel

[mb]

101.7 ± 2.9 27.1 ± 1.4 74.7 ± 1.7

DIS2017 3-7/04/2017 Frigyes Nemes, TOTEM 14

)exp( 1tbaAN  )exp( 3
3

2
21 tbtbtbaAN 

Nb σtot  [mb]

2 101.5 ± 2.1

3 101.9 ± 2.1
Observed differential cross section with respect 

to pure exponential (8 TeV)

Pure exponential excluded with more
 than 7σ significance

WG2: Low x and Diffraction
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Exclusive production of  J/ψ and ψ(2S) in p+Pb

In pPb in ALICE, Wγp from 20 GeV to 1.5 TeV

Jesus G. Contreras
ALICE

Martin Hentschinski

NLL BFKL calculation - no saturation
Very good description of the data
Approaches with saturation work well too..

WG2: Low x and Diffraction

Offers sensitivity to the gluon density (GPD)
Low scales open the window  to test gluon saturation
t-dependence provides access to investigating shape of the proton

• The exclusive production is studied in 
ultraperipheral pPb collisions

• Ions interact via photons
• The photon flux grows with the square of the 

charge, 𝑍ଶ

• Photoproduction process is sensitive to the 
gluon density squared in the nucleon (nucleus)

• Probe gluon distributions in the proton 
at low x (10ିସ to 2 ȉ 10ିଶ)

• Photonuclear cross-section shows power law 
dependence with 𝑊ఊ௣

Motivation: Exclusive vector meson production in pPb

14

Energy	dependence	of	J/ψ	exclusive	photoproduc8on

16

๏ ALICE	data	also	correctly	described	by	
recent	calcula8ons	using:		
๏ CGC	by	Armesto	and	Rezaeian	 
Phys.Rev.	D90	(2014)	054003,	

๏ NLO	BFKL	by	Bau8sta	et	el  
Phys.Rev.	D94	(2016)	054002. 
 
See	talk	by	Mar8n	Hentschinski	
later	today!

 (GeV)pγW
20 30 40 50 210 210×2 310

+p
) (

nb
)

ψ
 J

/
→

+p
 

γ(
σ

210

310
5−104−103−102−10

xBjorken-

ALICE (PRL113 (2014) 232504)

NLO BFKL
CGC (IP-Sat, b-CGC)

Introduction

The setup: di↵. Xsec. at t = 0

a) imaginary part of scattering amplitude:

I unintegrated gluon density from
NLO BFKL fit to combined HERA
data [MH, Salas, Sabio Vera; 1209.1353; 1301.5283]

I impact factor � ! J/ ,⌥ from
light-front wave function used in
dipole model studies
[Kowalski, Motyka, Watt; hep-ph/0606272]

b) real part:

I =mA(W 2
, t) dominant, real part

can be numerically large
recover real part using

dispersion relation

J/ ,⌥
�

⇤

p p

BFKL

k

t

x

k

t

x

0

Martin Hentschinski (UDLAP) BFKL & the growth of the VM Xsec. 04/04/1017 8 / 30

BFKL
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VM exclusive and dissociative production
...so we do not know if gluon density saturates (yet), but maybe it fluctuates?

Heikki Mantysaari

Model the geometric fluctuations of 
density inside the proton

IP-Glasma and HERA �p ! J/ p data

0.0 0.5 1.0 1.5 2.0 2.5

|t| [GeV2]

10�1

100

101

102

103

d�
/d

t
[n

b/
G

eV
2 ]

Incoherent

Coherent

Round proton, color charge fluctuations
+ geometric and Qs fluctuations
Coherent
H1 incoherent

Parameters fitted to H1 data

H.M., B. Schenke, PRD94 (2016), 034042

Large geometric fluctuations are needed

Also included Qs fluctuations that improve the description at small |t|
(⇠ large distance)

Heikki Mäntysaari (BNL) Proton fluctuations: HERA to LHC April 4, 2017 / DIS17 8 / 15

Coherent di↵raction = target remains intact

Target is at the same quantum sate before and after the scattering:
hi = target average (Miettinen, Pumplin, PRD 18, 1978, . . . )

d��⇤p!Vp

dt
⇠ |hA(x ,Q2, t)i|2

with

A ⇠
Z

d2bdzd2r ⇤ V (r , z ,Q2)e�ib·�
N(r , x , b)

Coherent t = ��2 spectra is Fourier transfer of the average density

Heikki Mäntysaari (BNL) Proton fluctuations: HERA to LHC April 4, 2017 / DIS17 3 / 15

Incoherent di↵raction = target breaks up

Total di↵ractive cross section � coherent cross section ! target breaks up

d��⇤p!Vp⇤

dt
⇠ h|A(x ,Q2, t)|2i �

��hA(x ,Q2, t)i
��2

with

A ⇠
Z

d2bdzd2r ⇤ V (r , z ,Q2)e�ib·�
N(r , x , b)

Incoherent cross section is variance , sensitive to fluctuations

Constraints

Simultaneous description of coherent and incoherent data allows us to
constrain the average shape and the amount of fluctuations

Heikki Mäntysaari (BNL) Proton fluctuations: HERA to LHC April 4, 2017 / DIS17 4 / 15

Coherent VM production: target stays intact

Incoherent VM diffraction: target breaks up. 

Jan Cepila

Results

25th International Workshop on Deep Inelastic Scattering and Related Topics 4.4.2017 14 / 17

At high energies the incoherent cross 
section decreases with energy, due to 

increase and overlap of hotspotsWG2: Low x and Diffraction

IP-Glasma and HERA �p ! J/ p data

Parameters fitted to H1 data
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H.M., B. Schenke, PRD94 (2016), 034042

Large geometric fluctuations are needed

Also included Qs fluctuations that improve the description at small |t|
(⇠ large distance)

Heikki Mäntysaari (BNL) Proton fluctuations: HERA to LHC April 4, 2017 / DIS17 8 / 15
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Bartłomiej Rachwał
LHCb

Exclusive production of ψ(2s) and Υ
Exclusive production ψ(2s) at 13 TeV

𝐽/𝜓 and 𝜓 2𝑆 @ 𝑠 = 13 TeV

12

Integrated cross-sections:
𝜎௃/ట→ఓశఓష 2.0 < 𝜂 𝜇± < 4.5 = 411.0 ± 16 𝑠𝑡𝑎𝑡 ± 21 𝑠𝑦𝑠 ± 16pb
𝜎ట(ଶௌ)→ఓశఓష 2.0 < 𝜂 𝜇± < 4.5 = 9.4 ± 1.3 𝑠𝑡𝑎𝑡 ± 0.5 𝑠𝑦𝑠 ± 0.4pb

Differential cross-sections: Luminosity
determination

LHCb-CONF-2016-007

𝐽/𝜓 and 𝜓 2𝑆 @ 𝑠 = 13 TeV

12

Integrated cross-sections:
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LHCb-CONF-2016-007

Cross-section as a function of 𝑊ఊ௣

19

• The cross section is 
estimated by

𝜎ఊ௣→஌ ଵௌ ௣ =
1
Φ
𝑑𝜎஌(ଵௌ)
𝑑𝑦

• Rapidity distribution of 
Υ(1S+2S+3S) used to 
estimate 𝜎஌(ଵௌ) vs 𝑊ఊ௣

• The cross-section is 
corrected for muonic
branching ratio, feed-down, 
upsilon (1S) fraction

CMS-FSQ-13-009

PLB 680(2009) 4-12

Cross-section as a function of 𝑊ఊ௣

19
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Υ(1S+2S+3S) used to 
estimate 𝜎஌(ଵௌ) vs 𝑊ఊ௣

• The cross-section is 
corrected for muonic
branching ratio, feed-down, 
upsilon (1S) fraction

CMS-FSQ-13-009

PLB 680(2009) 4-12

Alexander Bylinkin
CMS

Still missing:  energy dependence of t 
distribution for vector meson

WG2: Low x and Diffraction

Photoproduction cross-section as a function of |t|

18

• The differential cross section is 
calculated according to

𝑑𝜎஌
𝑑𝑡

=
𝑁௦௜௚
௎௡௙௢௟ௗ௘ௗ

𝐿 ȉ ∆𝑡
• 𝑁௦௜௚, the background subtracted, 

unfolded and acceptance corrected 
number of upsilon events in each |t| 
bin. 

• 𝑑𝜎/𝑑𝑡 fitted with an exponential 
function, provides the information on 
the transverse profile of the 
interaction region.

CMS-FSQ-13-009
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Exclusive production of  J/ψ and ψ(2S) in Pb+Pb
Kay Graham

ALICE

Forward&J/ψ&and&ψ(2s)&in&Pb;Pb&
•  pT$cut$applied$to$select$
coherent$J/ψ$

•  ConFnuum$background$

very$well$described$by$

Starlight$MC$

•  Around$50$Fmes$as$

many$J/ψ$as$in$Run$1$

•  ψ(2s)$seen$with$3σ$
significance$

•  σ(ψ(2s))/σ(J/ψ)$≈0.166$±$
0.011$fits$well$with$H1$

data:$0.166$±$0.007$(stat)$
±$0.008$(syst)$±$0.007$

(BR)$[Phys.LeT.B541:251Q264,2002]$
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Coherent&J/ψ&forward&cross&section&
•  Impulse$approximaFon:$no$
nuclear$effects$

•  STARLIGHT:$VDM$+$Glauber$
(Klein,$Nystrand$et#al#Comput.$Phys.$
Commun.$212$(2017)$258)$

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

•  LTA:$Leading$Twist$
ApproximaFon$(Guzey,$Kryshen,$
Zhalov,$PRC93$(2016)$055206)$$

•  CGC$GM:"color$dipole$model$+$
IIM/BCGC$(Goncalves,$Machado$et#al,$
PRC$90$(2014)$015203,$JPG$42$(2015)$105001)$

•  $CGC$LM:$Color$dipole$model$
+$IPSat$(Lappi,$H.$Mäntysaari,$PRC$
83$(2011)$065202;$87$(2013)$032201)$
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Cross$secFon$consistent$
with$moderate$nuclear$
gluon$shadowing$

Run 2 data pT&distribution&of&forward&J/ψ&
•  Coherent$J/ψ$(photon$couples$
coherently$to$whole$nucleus)$

•  Incoherent$J/ψ$(photon$
couples$to$single$nucleon)$

•  Nucleon$dissociaFon$shape$
comes$from$HERA$data$

•  Sizes$of$templates$for$coherent$
and$incoherent$J/ψ$from$feedQ
down$fixed$as$fracFons$of$
direct$J/ψ$

•  ConFnuum$template$size$fixed$
to$yield$under$mass$peak$

04
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$

7$pT$templates$from$Starlight$MC$
Both nucleon dissociation and 

incoherent production are needed to 
describe the data.

WG2: Low x and Diffraction
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Multi-jet production in UPC in Pb+Pb
Oldrich Kepka

ATLAS

2D cross section
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• The xA and z� reach depends strongly on the minimum mass of jet system

• Small xA requires large z�

O. Kepka page 13

Jets and kinematics

• Jet selection

– Anti-kt R = 0.4 jets with |⌘| < 4.4
– pleadT > 20GeV
– psubleadT > 15GeV
– mjets > 35GeV

• Measure di↵erential cross-section as a function of xA, z� , HT

HT ⌘
P

jets pTi

mjets =
�
(
P

Ei)2 � (
P

~pi)2
�1/2

yjets =
1
2 ln

⇣P
i Ei+

P
i pziP

i Ei�
P

i pzi

⌘

xA = mjetsp
s
e�yjets z� = mjetsp

s
e+yjets

• Observables generalized to n jet final states

• For 2 ! 2 scattering:

– xA - energy fraction of struck parton in the nucleon
– z� = x�y� (x� energy fraction of parton in the photon, x� = 1 for
direct processes)

– HT = 2⇥ pT = 2Q

O. Kepka page 8
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Results: HT dependence
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Data
Pythia+STARlight
scaled to data

• Slices of xA

• Theory prediction normalized to
data in the measured kinematic
range

• Theoretical uncertainty does not
include luminosity uncertainty
(6.1% constant e↵ect)

• F (x,Q2) like plot, however, z�
photon kinematics included in
the cross-section

O. Kepka page 14

First  study of  photo-nuclear jets in Pb+Pb ultraperipheral collisions
Potential for constraining nuclear PDFs in extended kinematics

WG2: Low x and Diffraction

Direct and resolved topology

Direct
Nucleus intact 
No neutrons

Nucleus breaks up 
Multiple neutrons

Rapidity 
gap

No rapidity 
gap

Resolved
Nucleus intact 
No neutrons

Nucleus breaks up 
Multiple neutrons

Gap partially 
filled

No rapidity 
gap

• About 1/3 of the contribution

• Depends on the structure of the
photon

• Photon fluctuates to vector meson
or virtual qq̄

• Gap partially filled by particles

O. Kepka page 4
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Diffractive dijets in DIS and UPC

Fourier image Real space
inverse 2-dim FT 

transform

Diffractive VM production, especially t - dependence, can provide with the 
valuable information about the spatial distribution of the target.

It is similar to image processing:

Diffractive dijets provide access to 
Wigner distribution or Generalized 
Transverse Momentum Distribution 

Diffractive dijet production

Jet 1

Jet 2

Dijet relative momentum

Proton recoil momentum

Fourier transform of 

for small-

Altinoluk, Armesto, Beuf, Rezaeian (2015)  
YH, Xiao, Yuan (2016)

dominated by 

Yoshitaka Hatta

WG2: Low x and Diffraction

W (x,~k, ~�)
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Diffractive dijets: higher order calculations

Renaud Boussarie

Higher order corrections to diffractive dijets

Diffractive DIS Computation framework NLO open production Dijet production Vector meson production Phenomenological applications

Phenomenological applications : exclusive dijet production at NLO accuracy

HERA data for exclusive dijet
production in diffractive DIS can
be fitted with our results

We can also give predictions for
the same process in a future
electron-ion or electron-proton
collider (EIC, LHeC...)

For Q2 = 0 we can give
predictions for ultraperipheral pp
and pA collisions at the LHC

rapidity gap

Q2

Amplitude for diffractive dijet production

HERA data fits, ultraperipheral pp and pA collisions at the LHC, EIC/LHeC
predictions...

41 / 44

Diffractive dijet in CGC 
formalism at NLO

Diffractive VM production in 
CGC formalism at NLO

Diffractive DIS Computation framework NLO open production Dijet production Vector meson production Phenomenological applications

Phenomenological applications

Most general kinematics

The hard scale can be Q2, t or
m2.

The target can be either a
proton or an ion, or another
impact factor.

Finite results for Q2 = 0

One can study ultraperipheral
collision by tagging the particle
which emitted the photon, in the
limit Q2 → 0.

rapidity gap

Q2

Amplitude for diffractive V production

HERA data fits, large-t ultraperipheral pp and pA collisions at the LHC,
EIC/LHeC predictions...
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Diffractive dijets: higher order calculations

Renaud Boussarie

Radek Zlebcik

Higher order corrections to diffractive dijets

Diffractive DIS Computation framework NLO open production Dijet production Vector meson production Phenomenological applications

Phenomenological applications : exclusive dijet production at NLO accuracy

HERA data for exclusive dijet
production in diffractive DIS can
be fitted with our results

We can also give predictions for
the same process in a future
electron-ion or electron-proton
collider (EIC, LHeC...)

For Q2 = 0 we can give
predictions for ultraperipheral pp
and pA collisions at the LHC

rapidity gap

Q2

Amplitude for diffractive dijet production

HERA data fits, ultraperipheral pp and pA collisions at the LHC, EIC/LHeC
predictions...
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Diffractive dijet in CGC 
formalism at NLO

Diffractive VM production in 
CGC formalism at NLO

First study of diffractive dijets in 
collinear formalism at NNLO!

9

Total Cross Sections - Scale dependence
Renormalization scale dependence Factorization scale dependence

● Comparable NLO and LO 
renormalization scale dependences
(characteristic for gluon-dominated 
processes)

● NNLO  has smaller renormalization 
scale dependence

● Factorization scale dependence lower 
with every orderReduction of the renormalization (and 

factorization) scale dependence at NNLO

Higher order corrections are large: NNLO substantially 
higher than NLO for some distributions.

Need more detailed study, NNLO DPDFs?

16

● NNLO predicts more jets in the forward 
(=proton) direction

● The inclusive jet variable           filled for 
each jet in the event shows the biggest 
observed di⇤erence between NLO and 
NNLO - factor 2!

Di⇤erential x-sections

�/�NLO
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Finite results for Q2 = 0

One can study ultraperipheral
collision by tagging the particle
which emitted the photon, in the
limit Q2 → 0.
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Amplitude for diffractive V production

HERA data fits, large-t ultraperipheral pp and pA collisions at the LHC,
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The unfolded p+Pb spectrum
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Observations
Large sys. uncertainty, significant contribution from model dependence
Hijing describes data (very!) well
EPOS and QGSJet have wrong slope and underestimate the data progressively with energy.
At 2.5 TeV data and QGSJet deviate by 2.5 orders of magnitude!
! Forward inclusive jet spectrum in p+Pb has strong discriminative power!

M. van de Klundert (Antwerp University, Belgium) 12 / 16

The key result: the unfolded ratio p+Pb/Pb+p
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The key result: the unfolded ratio p+Pb/Pb+p
p+Pb cross section order of magnitude smaller than Pb+p
Ratio is quite flat, scale uncertainty largely cancels
! Ratio opportune observable
Hijing describes shape well but an overall factor ⇡ 2 off, due to poor Pb+p description
EPOS and QGSJet have wrong shape, partially describe data

M. van de Klundert (Antwerp University, Belgium) 14 / 16

Very forward jets in p+Pb and Pb+p with CASTOR
Merijn van de 

Klundert
CMS

Very strong suppression of the p+Pb/Pb+p ratio
Caveat: compromised by boost of center of mass frame
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Very forward jets in p+Pb and Pb+p with CASTOR
Merijn van de 

Klundert
CMS

Very strong suppression of the p+Pb/Pb+p ratio
Caveat: compromised by boost of center of mass frame

Krzysztof Kutak

  18

Result consistent with pT spectra.
Measurable in CASTOR

Single inclusive  jet in CASTOR- energy spectra  

At lower energies better agreement between KS-lin and PYTHIA

Calculation of very forward inclusive jet in pp 
using formalism
of hybrid factorization for CASTOR kinematics.
Comparison of calculations with and without the 
gluon saturation. 
Strong suppression expected at low transverse 
momenta even in the proton - proton case.

WG2: Low x and Diffraction
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Low x and angular dependence

Grigorios Chachamis

  

Integrate over a central rapidity bin

  

Low x dynamics, BFKL or saturation affects  transverse momentum distribution of gluons. 
This can be tested by studying angular dependence of three partons

Three jet production in pp:  forward, central and backward 

  

Introduce higher order corrections
and check stability

●  For the partonic cross section change from

   LLA GGF to NLLA GGF

●  Jet vertex corrections are missing and need to be

   included
●  Use BLM scheme                                                      

[S.J. Brodsky, G.P. Lepage, P.B. Mackenzie, Phys. Rev. D 28, 228 (1983)]
●  Consider three cases for the pT of the central jet

  

How would an experimentalist
measure this*?

* Coming from theorists, this would appear to be more of a cooking recipe, apologies to

our experimental colleagues in advance for any naivety here. 

BFKL predicts very flat dependence on the rapidity 
difference between forward and backward jets

WG2: Low x and Diffraction
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Low x and angular dependence

Grigorios Chachamis

  

Integrate over a central rapidity bin

  

Low x dynamics, BFKL or saturation affects  transverse momentum distribution of gluons. 
This can be tested by studying angular dependence of three partons

Three jet production in pp:  forward, central and backward 

  

Introduce higher order corrections
and check stability

●  For the partonic cross section change from

   LLA GGF to NLLA GGF

●  Jet vertex corrections are missing and need to be

   included
●  Use BLM scheme                                                      

[S.J. Brodsky, G.P. Lepage, P.B. Mackenzie, Phys. Rev. D 28, 228 (1983)]
●  Consider three cases for the pT of the central jet

  

How would an experimentalist
measure this*?

* Coming from theorists, this would appear to be more of a cooking recipe, apologies to

our experimental colleagues in advance for any naivety here. 

BFKL predicts very flat dependence on the rapidity 
difference between forward and backward jets

Jamal Jalilian-Marian
Three parton production in DIS  within Color Glass Condensate

Diffractive DIS Computation framework NLO open production Dijet production Vector meson production Phenomenological applications

Phenomenological applications : exclusive trijet production at LO accuracy

HERA data for exclusive trijet
production in diffractive DIS can
be fitted with our results

We can also give predictions for
the same process in a future
electron-ion collider

For Q2 = 0 we can give
predictions for ultraperipheral
collisions at the LHC

rapidity gap

Q2

Amplitude for diffractive trijet production

[Ayala, Hentschinski, Jalilian-Marian, Tejeda-Yeomans]

HERA data fits, ultraperipheral pp and pA collisions at the LHC, EIC/LHeC
predictions...
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� ��� ��� ���

Figure 2: We fix z

1

= z

2

= 0.2, |p| = |k| = |q| = 2 GeV and Q = 3 GeV. Left: Normalized
cross-section against �✓

q̄g

with �
qg

= 2⇡/3 for proton and gold up to linear and quadratic
order in N

(2). Right: Combined �✓

qg

and �✓

q̄g

dependence of the normalized cross-section
for proton and gold at quadratic order.

where ✓
p

, ✓

q

, ✓

k

denote the azimuthal angle of final state momenta and |p|, |q|, |k| their trans-
verse momenta.

In absence of experimenally constrained quadrupole distributions we use for this first
study the large N

c

and Gaussian approximation to write the quadrupole S

(4) in terms of the
dipole S

(2) [6]. Furthermore, we use a model of the dipole profile which is motivated by a fit
to the solution of rcBK equation [4]

S

(2)

(x1x2)
=

Z
d

2

l e

�il·x12 �(l2) = 2

✓
Q

0

|x
12

|
2

◆
⇢�1

K

⇢�1

(Q
0

|x
12

|)
�(⇢� 1)

,

where �(l2) =
⇢� 1

Q

2

0

⇡

✓
Q

2

0

Q

2

0

+ l

2

◆
⇢

, (15)

and Q

0

is a scale proportional to the saturation scale. Since we are working in the dilute
limit we study the cross-section at large photon virtuality Q

2 = 9 GeV2 and expand Eq. (10)
up to quadratic order in N

(2) = 1 � S

(2). The free parameters are taken as ⇢ = 2.3 and
Q

proton

0

= 0.69 GeV which are motivated by inclusive DIS fits of the dipole distribution at
x = 0.2⇥ 10�3. For the gold nucleus we use Q

Au

0

= A

1/6 ·Qproton

0

= 1.67 GeV. At the linear
order in N

(2), the cross-section is directly proportional to the Fourier transform of the dipole,
�
�
(p+ k + q)2

�
and therefore gives direct access to the gluon distribution in the target. In

analogy to the back-to-back configuration in di-parton production we take |p| = |k| = |q|.
The ‘collinear’ limit p+ k + q = 0 of vanishing transverse momentum transfer between pro-
jectile and target corresponds then to the angular configuration {�✓

qg

,�✓

q̄g

} = {2⇡/3, 4⇡/3}
and {�✓

qg

,�✓

q̄g

} = {4⇡/3, 2⇡/3}, i.e. a Mercedes-Benz star configuration, which is charac-
terized by strong peaks of the angular distribution at these points. We observe vanishing of
the partonic cross section at these ‘collinear’ configurations, Fig. 2, accompanied by a strong
double peak. This behavior is also observed in studies of quark-gluon, photon-quark and
dilepton-quark angular correlations [13]. This vanishing of the partonic cross-section at these
points is due to the vanishing of the partonic matrix element at leading order in N

(2) for
zero momentum transfer between projectile and target. Indeed such a behavior is expected

6

Dependence of the 
normalized cross section on 

the angular differences 
between gluon and quark/

antiquark p Au
WG2: Low x and Diffraction
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Low x and angular dependence
Leszek Motyka

Low x dynamics can be also tested in Drell - Yan process by studying lepton angular distribution.   

Lam-Tung relation holds up to NNLO in collinear approx.
Can be violated by kT and/or higher twist effects.

24

Lam-Tung relation from GBW and BFKL
in q

T
 integrated structure functions

Lam-Tung relation from GBW and BFKL
in q

T
 integrated structure functions

 Lam – Tung relation breaking in BFKL occurs at any mass

      

5

Drell-Yan structure functions:Drell-Yan structure functions:

Lepton angular distributions: 4 Drell-Yan structure 
functions (W

a
 – frame dependent)

Helicity structure functions → elements of virtual photon 
production helicity density matrix

Photon decays into leptons → interference between 
different polarisations possible:

             W
T 
:  T(+) → T(+)      W

L
 :  L → L 

          W
LT

 : T → L, L → T       W
TT

 : T(+) → T(–) 6

Lam-Tung relation Lam-Tung relation 

Hence: DY helicity structure functions: projections of DY 
amplitudes on virtual photon polarization states 

Lam-Tung relation (1980, 1982): vanishing combination of DY 
structure functions at leading 

twist up to NNLO in ollinear QCD

Advantage of Lam-Tung relation: it is invariant under frame 
rotations w.r.t. axis perpendicular to reaction plane

 Lam-Tung relation breaking by higher order QCD effects 
related to parton k

T

At twist 4 – non-zero contribution → enhanced higher twist 
contributions kT  effectshigher twist  

effects

WG2: Low x and Diffraction

Ã0 � Ã2 = 0

Lam-Tung relation
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Transverse momentum distributions (TMD)
Ian Balitsky

Aleksander Kusina
Elena Petreska
Radek Zlebcik

A lot of theoretical effort to further develop TMD formalism

The main task is to understand the connection between the TMD and the low dynamics

WG2: Low x and Diffraction
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Transverse momentum distributions (TMD)
Ian Balitsky

Aleksander Kusina
Elena Petreska
Radek Zlebcik

A lot of theoretical effort to further develop TMD formalism

The main task is to understand the connection between the TMD and the low dynamics

Ian Balitsky
New evolution equation that interpolates between DGLAP  at moderate x and 

nonlinear Balitsky-Kovchegov equation at small values of x 

Lipatov vertex at arbitrary momenta

“Interpolating formula” between the shock-wave and light-cone Lipatov
vertices

Lab
µi(k, y?, xB)light�like

= g(k?|F j�xB +
k2
?

↵s

�

n↵xBsgµi � 2k?
µ ki

↵xBs + k2
?

(kjU + Upj)
1

↵xBs + p2
?

U†

� 2k?
µ U

gij

↵xBs + p2
?

U† � 2gµjU
pi

↵xBs + p2
?

U† +
2k?

µ

k2
?

gij

o

|y?)ab + O(p2µ)

This formula is actually correct (within our accuracy ↵fast ⌧ ↵slow) in the
whole range of xB and transverse momenta

I. Balitsky (JLAB & ODU) Rapidity evolution of gluon TMD from low to moderate x DIS 2017, 6 April 2017 28 / 43

Lipatov vertex  at arbitrary momenta:

WG2: Low x and Diffraction
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Giovanni Chirilli
NLO calculations of impact factor in DIS

Full NLO corrections for DIS structure functions in the dipole factorization formalism

One-loop correction to the �
T,L ! qq̄ LF wave-functions

Diagrams for �T and �L LFWFs: 3 steps graphs

�⇤T : q,�

0

1

x+ = 0x+ ! �1

00

2

000

EDLO EDA EDLO

Diagram A

�⇤T : q,�

0

1

x+ = 0x+ ! �1

10

2

100

EDLO EDB EDLO

Diagram B

�⇤T : q,�

0

1

x+ = 0x+ ! �1

00

2

10

EDV EDA EDLO

Diagram 1

�⇤T : q,�

0

1

x+ = 0x+ ! �1

00

2

10

EDV EDB EDLO

Diagram 2

Full NLO corrections for DIS structure functions in the dipole factorization formalism

DIS at NLO in the dipole factorization: combining the pieces

Tree-level diagrams for �L ! qq̄g LFWFs

2 diagrams contribute to �
L

! qq̄g (and 4 to �
T

! qq̄g):

�⇤L : q+ , Q2

0

1

2

Diagram (a)

�⇤L : q+ , Q2

0

1

2

Diagram (b)

! Standard calculation in momentum space using LFPT rules, but to be
done in dimensional regularization

Then: Fourier transform to mixed space

High-Energy Operator Product Expansion

DIS amplitude is factorized in rapidity: η

z1

z2

y x

|B〉 is the target state.

〈B|T {̂jµ(x)̂jν(y)}|B〉 =
∫

d2z1d2z2

z4
12

ILO
µν (x, y; z1, z2)〈B|tr{Ûη

z1
Û†η

z2
}|B〉+ . . .

G. A. Chirilli (University of Regensburg) Non-linear dynamics in DIS at NLO Birmingham - UK - April 5, 2017 6 / 26

Guillaume Beuf

γ*g impact factor

Next steps: phenomenology to NLO accuracy in DIS

|qq̄i(1) |qq̄gi(0)

WG2: Low x and Diffraction

Virtual and real corrections to the photon impact factor in light-front perturbation theory
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Victor Fadin

Violation of Regge factorization at NNLL

WG2: Low x and Diffraction

Introduction

For elastic scattering processes A + B ! A0 + B0 in the Regge
kinematic region: s ' �u ! 1, t fixed (i.e. not growing with s)
the Reggeization means that scattering amplitudes with the
gluon quantum numbers in the t-channel (colour octet and
negative signature) can be presented as

pA pA0

pB pB0

AA0B0
AB = �c

A0A

"✓�s
�t

◆j(t)
�

✓
s
�t

◆⌘(t)
#
�c

B0B ;

V.S Fadin Violation of a simple factorized form of QCD amplitudes and Regge cuts

s ! 1Regge limit: �t fixed

Property of QCD in the Regge limit: gluon Reggeization
Allows to express (many) amplitudes in terms of effective 
vertices and gluon trajectory
Valid at LL and NLL in powers of ln s
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Violation of Regge factorization at NNLL

WG2: Low x and Diffraction

Introduction

For elastic scattering processes A + B ! A0 + B0 in the Regge
kinematic region: s ' �u ! 1, t fixed (i.e. not growing with s)
the Reggeization means that scattering amplitudes with the
gluon quantum numbers in the t-channel (colour octet and
negative signature) can be presented as

pA pA0

pB pB0

AA0B0
AB = �c

A0A

"✓�s
�t

◆j(t)
�

✓
s
�t

◆⌘(t)
#
�c

B0B ;

V.S Fadin Violation of a simple factorized form of QCD amplitudes and Regge cuts

s ! 1Regge limit: �t fixed

Property of QCD in the Regge limit: gluon Reggeization
Allows to express (many) amplitudes in terms of effective 
vertices and gluon trajectory
Valid at LL and NLL in powers of ln s

Violation of the Regge pole factorization

For comparison of Regge and infrared factorizations the
representation of scattering apmlitudes

M[8]
rs

✓
s
µ2 ,

t
µ2 ,↵S

◆
= 2⇡↵s H(0),[8]

rs

⇥
(

Cr

✓
t
µ2 ,↵S

◆
A+

⇣s
t
,↵S

⌘
+  rs A�

⇣s
t
,↵S

⌘�
Cs

✓
t
µ2 ,↵S

◆

+ R[8]
rs

✓
s
µ2 ,

t
µ2 ,↵S

◆)
, gg = qg = 0, qq = (4 � N2

c )/N2
c ,

was used. H(0)[8]
rs represents the tree-level amplitude.

A+
� s

t ,↵S

�
and A�

� s
t ,↵S

�
represent contributions of Regge

poles with negative and positive signature respectively,
R rs is the non-factorizing remainder.

V.S Fadin Violation of a simple factorized form of QCD amplitudes and Regge cuts

Violation of Regge factorization at NNLL
New structures appear

Non-factorizing remainder

Regge cut contributions

It is well known that Regge poles generate Regge cuts.
Due to the signature conservation the cut responsible for the
violation has to be 3-Reggeon one

pA pA0

pB pB0

1

V.S Fadin Violation of a simple factorized form of QCD amplitudes and Regge cuts

Source of violation:
3 Reggeon cut
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Underlying event studiesUnderlying Event

• Refers  to  anything  that  accompanies  the
main hard scattering process:

➢Beam remnants

➢Multiple Parton Interactions (MPI)

➢Initial and Final State QCD Radiation

• It is not possible to derive properties of UE
from first principles

→  Described  by  phenomenological  Monte
Carlo (MC) models including various tunes to
experimental data

Underlying event & DPS with ATLAS Oleg Kuprash 05/04/17 3

Underlying Event (UE)

Oleg Kuprash
ATLAS

Benoit Roland
CMS

WG2: Low x and Diffraction
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Underlying event studiesUnderlying Event

• Refers  to  anything  that  accompanies  the
main hard scattering process:

➢Beam remnants

➢Multiple Parton Interactions (MPI)

➢Initial and Final State QCD Radiation

• It is not possible to derive properties of UE
from first principles

→  Described  by  phenomenological  Monte
Carlo (MC) models including various tunes to
experimental data

Underlying event & DPS with ATLAS Oleg Kuprash 05/04/17 3

Underlying Event (UE)

Leading Track Underlying Event at 13 TeV

• 13 TeV, L = 1.6 nb-1   

• At least one hit in Minimum-Bias scintillators

• Presence of a leading track with pT of at least 1 GeV → 
fully efficient trigger

• Presence of the primary vertex; no second vertex with
four or more tracks

→ Contribution from tracks from additional interactions < 0.01%

→ Rate of background events from non-colliding beams < 0.01%

• Tracks selection: pT > 0.5 GeV, |η| < 2.5 + quality cuts

• Divide phase space into three regions with respect to the leading track in the event

• Within the transverse region, identify side with the maximum sum of track pt's (“trans-
max”) – the opposite side (“trans-min”) has maximum sensitivity to UE

→ Study charged particle distributions in the tranfsverse region

Underlying event & DPS with ATLAS Oleg Kuprash 05/04/17 4

JHEP 03 (2017) 157

Underlying event with leading particles and jets at 13 TeV

[CMS-PAS-FSQ-15-007]

Average particle density versus leading jet pT for charged particles - pT > 0.5 GeV - |⌘| < 2
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2 di↵erent regimes:

at low pT : sharp rise due to the increase of the MPI activity

at higher pT : MPI activity saturates, slow increase due to the ISR and FSR contributions

TransMIN flatter at high pT (MPI saturated) than TransMAX and TransDIF (radiative increase)

Benôıt Roland (DESY) Minimum bias and underlying event measurements with CMS DIS 2017 Workshop 8 / 17

Transverse Region with Minimum Σ pT

• Region with most sensitivity to Underlying Event

• Significant variation in performance between the models

• PYTHIA 8 Monash and Herwig7 give a good description in the plateau region

• None of models describe well the initial rise between 1 and 5 GeV

Underlying event & DPS with ATLAS Oleg Kuprash 05/04/17 7

Transmin: region with most sensitivity to MPI

Large discrepancy between MC models in the low pT region.

Oleg Kuprash
ATLAS

Benoit Roland
CMS

WG2: Low x and Diffraction
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Oleg Kuprash
ATLAS

Gilvan Alves
CMS

Hard Double Parton Scattering (DPS)

• Two hard parton interactions
occur in the same hadron-hadron
interaction

→ Pocket formula:

σDPS

AB =
m

2

σSPS

A σSPS

B

σeff

⇒

σeff=
m

2

σSPS

A σSPS

B

σDPS

AB
=
m

2

σ SPS

A σSPS

B

f DPSσtot

AB
 (symmetry factor m = 1 if A = B, m = 2 if A ∩ B = )∅  

• σSPS

A(B)
is the inclusive cross section of single hard scattering A (B)

• σ
eff is a universal parameter of the proton:

➢Assumed to be process and cut independent

➢No dependence on sqrt s observed

➢Measured to be 20-30% of σinel

Underlying event & DPS with ATLAS Oleg Kuprash 05/04/17 9

A

B

Double parton scattering

Gilvan A. Alves 3/30/2017 10 

 DPS not well described by all models 
 HERWIG++ and PYTHIA8+MPI agree in some regions 
 Models w/ MPI-off completely fail at most sensitive region (small ΔS) 
 Better DPS implementations are needed 

 

2b jets + 2 light jets

Need better implementation of DPS to describe the small ΔS region

Results: Effective Cross Section

JHEP 11 (2016) 110

• Uncertainty is systematics dominated

→ Mostly due to jet energy scale 
uncertainty

• Compatible with most of previous 
measurements performed at different 
centre-of-mass energies and with 
different final states, except for two 
measurements with double heavy vector
meson production by DØ

Underlying event & DPS with ATLAS Oleg Kuprash 05/04/17 15

Effective cross section consistent with 
the previous measurements using jets

WG2: Low x and Diffraction

Theoretical framework The all-leg QCD amplitudes in HEF via BCFW SPS plus parton showers in HEF Summary

DPS for 4-jets: the case of the CMS data

pT (1, 2) � 50 GeV , pT (3, 4) � 20 GeV , |⌘|  4.7 ,R = 0.5

�S = arccos

 
~pT (jhard

1

, jhard

2

) · ~pT (jsoft

1

, jsoft

2

)

|~pT (jhard

1

, jhard

2

)| · |~pT (jsoft

1

, jsoft

2

)|

!
,

~pT (ji , jk ) ⌘ pT ,i + pT ,j

Expected to be flat for DPS
Not well described by available tools (1)

jhard
1

jhard
2

jhard
1 + jhard

2

jsoft
1

jsoft
2

jsoft
1 + jsoft

2

1
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ATLAS

Results: fDPS
• fDPS: fraction of DPS events in the inclusive 4-jet data sample

                                     Post-fit distribution

Sources of systematic uncertainties:

Source Δ fDPS

Reweighting of AHJ ±6%

Jet energy and angular resolution ±15%

JES uncertainty
+32%

-37%

Total syst. uncertainty
+36%

-40%

(9±4)% of 4-jet events originate through Double Parton Scattering

→ uncertainty dominated by jet energy scale variations

Underlying event & DPS with ATLAS Oleg Kuprash 05/04/17 14
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Multi-jet production and DPS

Theoretical framework The all-leg QCD amplitudes in HEF via BCFW SPS plus parton showers in HEF Summary

High Energy Factorization

High Energy Factorization (Catani,Ciafaloni,Hautmann, 1991 / Collins,Ellis, 1991)

�h1,h2!qq̄ =

Z
d2k

1?d2k
2?

dx
1

x
1

dx
2

x
2

fg (x
1

, k
1?) fg (x

2

, k
2?) �̂gg (m, x

1

, x
2

, s, k
1?, k

2?)

where the fg ’s are the gluon densities, obeying BFKL, BK, CCFM evolution equations.
Usual tool: Lipatov’ effective (though not in the RG group sense) action

Lipatov, Nucl.Phys. B721 (1995) 111-135
Antonov, Cherednikov, Kuraev, Lipatov, Nucl.Phys. B452 (2005) 369-400

Se↵ = SQCD +

Z
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1
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1
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± , reggeized gluon fields

U[v±] = P exp
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!
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Sudakov parameterisation of initial state for for HEF:
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Mirko Serino

Description of multi-jet production within kT (high-energy) factorization: 

Theoretical framework The all-leg QCD amplitudes in HEF via BCFW SPS plus parton showers in HEF Summary

Gauge invariant amplitudes with off-shell gluons
Kutak, Kotko, van Hameren, JHEP 1301 (2013) 078

Problem: general partonic processes must be described by gauge invariant amplitudes
) ordinary Feynman rules are not enough !

THE IDEA:
on-shell amplitudes are gauge invariant, so off-shell gauge-invariant amplitudes could

be got by embedding them into on-shell processes...
...first result...: 1) For off-shell gluons: represent g⇤ as coming from a q̄qg vertex,

with the quarks taken to be on-shell

pA pA 0

pB pB 0

k2

pA pA 0

pB

pB 0

+ +

pA pA 0

pB pB 0

k1

k2

=

pA pA 0

pB pB 0

+ · · ·

• embed the scattering of the off-shell gluons in the scattering of two quark pairs
carrying momenta pµA = kµ

1

, pµB = kµ
2

, pµA0 = 0, pµB0 = 0
• Assign the spinors |p

1

i, |p
1

] to the A-quark and the propagator i p/1
p1·k instead of ik/

k2

to the propagators of the A-quark carrying momentum k; same thing for the
B-quark line.

• ordinary Feynman elsewhere and factor x
1

q
�k2

?/2 to match to the collinear limit
• Big advantage: Spinor helicity formalism ) see talk by Jalilian Marian
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Off-shell gauge invariant amplitudes, constructed by embedding 
them into processes involving on-shell states

Theoretical framework The all-leg QCD amplitudes in HEF via BCFW SPS plus parton showers in HEF Summary

�S : HEF with DLC2016 plus CCFM parton showers

• Jets equally hard or harder than those
from the hard matrix element can come
from the showering.

• The predictions without parton showers
roughly agrees with the data

• Once we include showers and full remnant
treatment, we see that we recover a
similar result as in the collinear case.

• We conclude that, in this ME+PS
scenario, High energy Factorization seems
to suggest the need for MPI’s .

• PRELIMINARY. UPDATES COMING
SOON
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Theoretical framework The all-leg QCD amplitudes in HEF via BCFW SPS plus parton showers in HEF Summary

�S in High Energy Factorization: the only-matrix-element prediction

No collinear MonteCarlo manages to really describe �S over the whole range.
Better job for the other two variables. What could HEF say about it ?
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CMS data > 50 GeV
T

 jet: p
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1

 > 20 GeV
T

 jet: p
th

, 4
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3

SPS + DPS
SPS HEF

DPS HEF

• We roughly describe the data via pQCD effects within our HEF approach which
are (equally partially) described by parton-showers and soft MPIs by CMS. K.
Kutak, R. Maciula, MS, A. Szczurek, A. van Hameren, JHEP 1604 (2016) 175

• We seem to overshoot the data when adding DPS
• Natural to ask what happens when we include initial and final state radiation )

we need to match parton-level kT -factorization with parton showers.
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High energy factorization with 
DPS overshoots the data.

Now HEF without DPS consistently 
undershoots the data at small ΔS. 

Suggest the need for DPS in 4jet production.

Include parton shower and 
perform matching to off-shell 

matrix elements

WG2: Low x and Diffraction
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Nestor Armesto

Quark correlations in Color Glass Condensate

One of the most striking observations at LHC is the ridge: long range correlation in rapidity.  
Long range two-particle correlations appear in pp and pA, and show features which were 
previously thought to be present in AA only.

Within Color Glass Condensate (one of) the explanations is the Bose enhancement of the 
gluons in the wave function:

Bose enhancement for gluons:

5

● The appearance of the ridge in the final state, within the glasma 
graph approach, can be traced to the Bose enhancement of gluons 
in the (rapidity invariant) wave function:

gluons in the WF

Bose enhancement for gluons:

5

● The appearance of the ridge in the final state, within the glasma 
graph approach, can be traced to the Bose enhancement of gluons 
in the (rapidity invariant) wave function:

gluons in the WF

rescattering on the target

● Question: do quarks in the CGC wave function experience Pauli 
blocking and, if so, is it short or long range in rapidity?

Calculation of the quark correlations in the CGC framework
Quarks are fermions so should experience Pauli blocking
Calculations give negative correlations: Pauli blocking present in CGC
Short range correlation: peaked for �⌘ ⇠ 2
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Tibor Zenis
ATLAS

Measurement of Bose - Einstein correlations 

April 4, 2017 DIS 2017 17

Parameters λ and R vs particle multiplicity 

● Multiplicity, nch, dependence of  (left) λ and (right) R from the exponential fit to 
R2(Q) functions at √s = 0.9 and 7 TeV, compared to measurements of the CMS 
and UA1 experiments. 

● The curves are the results of (λ) the exponential and (R) 3√nch for nch < 55 fits.

● The dotted line in (R) is a result of a constant fit to minimum-bias and high-
multiplicity events data at 7 TeV for nch ≥ 55   saturation of ⇒ R at high 
multiplicities:  – expected in a Pomeron-based model   

● The error bars – quadratic sum of the statistical and systematic uncertainties.

R = 2.28± 0.32 fm

Saturation of the BEC 
radius observed at high 

multiplicity

April 4, 2017 DIS 2017 3

Motivation
● Bose-Einstein correlations (BEC) represent a unique 

probe of the space-time geometry of the hadronization 
region and allow the determination of the size and shape 
of the source from which particles are emitted.

● BEC effect corresponds to an enhancement in two 
identical boson correlation function when the two particles 
are near in momentum space. It is a consequence of their 
wave function symmetry.

● Studies of the dependence of BEC on particle multiplicity 
and transverse momentum are of special interest. They 
help in the understanding of multiparticle production 
mechanisms.

April 4, 2017 DIS 2017 4

Bose-Einstein correlations
Correlations in phase space between two identical bosons from 
symmetry of wave functions.
– Enhances likelihood of two particles close in phase space

– Allows one to 'probe' the source of the bosons in size and shape

– Dependence on particle multiplicity and transverse momentum
probes the production mechanism

Correlation function C2(Q) is a ratio of probabilities:

BEC effect:

– described by a function with two parameters: 

● the effective radius R,

● the strength  parameter λ –  incoherence or chaoticity factor

  Probability to observe two particles with momenta p
1
 and p

2

Probability to observe one particle with momenta p
1
, p

2
 respectively

Normalization constant

Long distance correlation

C2(Q) =
P( p

1
, p

2
)

P( p
1
)⋅P( p

2
)

Q
2 = −(p

1
− p

2
)2

C2(Q) = C0⋅[1 + Ω(λ , RQ)]⋅(1 + Qε)

Correlation function

April 4, 2017 DIS 2017 4

Bose-Einstein correlations
Correlations in phase space between two identical bosons from 
symmetry of wave functions.
– Enhances likelihood of two particles close in phase space

– Allows one to 'probe' the source of the bosons in size and shape

– Dependence on particle multiplicity and transverse momentum
probes the production mechanism

Correlation function C2(Q) is a ratio of probabilities:

BEC effect:

– described by a function with two parameters: 

● the effective radius R,

● the strength  parameter λ –  incoherence or chaoticity factor

  Probability to observe two particles with momenta p
1
 and p

2

Probability to observe one particle with momenta p
1
, p

2
 respectively

Normalization constant

Long distance correlation

C2(Q) =
P( p

1
, p

2
)

P( p
1
)⋅P( p

2
)

Q
2 = −(p

1
− p

2
)2

C2(Q) = C0⋅[1 + Ω(λ , RQ)]⋅(1 + Qε)Parametrized using different models. 
Basic parameter: source radius R
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Final remarks
• Apologies to speakers whose talks were omitted in the summary.

• Many new results from experiments: exclusive production, (mostly 
from UPC), diffraction, jets, multi-parton interactions.

• Theoretical developments: new observables, higher order 
calculations in low x physics, building connection between low x 
formalism and other approaches, lots of new phenomenology.

• Finally, we would like to thank all the speakers in Working 
Group 2 for their excellent presentations. We would also 
like to thank all the participants who attended our session: 
we had great attendance and very lively discussions!

WG2: Low x and Diffraction
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Ultraperipheral  Pb+Pb collisions
Electromagnetic interactions in Pb+Pb collisions

2RPb < b

[Fermi, Nuovo Cim. 2 (1925) 143]
[Weizsacker, Z. Phys. 88 (1934) 612]
[Williams, Phys. Rev. 45 (10 1934) 729]

Equivalent Photon Approximation (EPA)

�EPAA1A2(��)!A1A2X =

ZZ
d!1d!2 n1 (!1) n2 (!2)���!X (W��)

with n (b,!) = Z2↵em
⇡!

����
R
dq?q2?

F(Q2)
Q2 J1 (bq?)

����
2

Q2 < 1
R2 and !max ⇡ �

R
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Marcin Guzik 
ATLAS

Search for light-by-light scattering
[arXiv:1702.01625]

Motivation

• first direct observation of
�� ! �� scattering

• previous indirect measurements used:
a) multi-photon Breit-Wheeler
reaction
(! + n!

0

! e+e�) [PRL 79 (1997) 1626]
b) photon splitting
c) Delbrück scattering

Pb Pb

� �

��

Pb Pb

Recent SM Predictions for ATLAS
[A. Szczurek et al. PRC 93 (2016) 4, 044907], [D. d’Enterria et al. PRL 111 (2013) 080405]
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Light-by-light scattering

Search for light-by-light scattering
[arXiv:1702.01625]

Results:
• significance of 4.4� estimated using profile likelihood
method (expected significance of 3.8�)

• x-sec measured in fiducial region of p�T > 3GeV, |⌘� | < 2.4,
m�� > 6GeV, p��T < 2GeV, Aco < 0.01
� = 70± 20 (stat.)± 17 (syst.) nb
SM predictions: 45± 9 nb ([PRL 111 (2013) 080405]), 49± 10 nb ([PRC 93 (2016) no.4, 044907])
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Summary

• Cross-section for the exclusive production �� ! µ+µ� was
measured with ATLAS Pb+Pb data at

p
sNN = 5.02TeV

• good agreement with LO QED predictions of Starlight.

• The first direct evidence for �� ! �� scattering with
significance of 4.4� has been reported.

• improvements in the precision expected with more Pb+Pb
data to be collected in 2018
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Search for light-by-light scattering
[arXiv:1702.01625]

Results:
• significance of 4.4� estimated using profile likelihood
method (expected significance of 3.8�)

• x-sec measured in fiducial region of p�T > 3GeV, |⌘� | < 2.4,
m�� > 6GeV, p��T < 2GeV, Aco < 0.01
� = 70± 20 (stat.)± 17 (syst.) nb
SM predictions: 45± 9 nb ([PRL 111 (2013) 080405]), 49± 10 nb ([PRC 93 (2016) no.4, 044907])
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Ultraperipheral and exclusive production
Exclusive γγ→𝑊ା𝑊ି: event selection

5

Alexander Bylinkin
CMS

Exclusive production of  W pairs in proton proton collisions
Motivation: Exclusive electroweak boson pairs

4

The electroweak sector of Standard Model predicts QGC

Any deviation from SM expectations can reveal
a sign of new physics
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Ultraperipheral and exclusive production
Exclusive γγ→𝑊ା𝑊ି: event selection

5

Alexander Bylinkin
CMS

Exclusive production of  W pairs in proton proton collisions
Motivation: Exclusive electroweak boson pairs

4

The electroweak sector of Standard Model predicts QGC

Any deviation from SM expectations can reveal
a sign of new physics

Exclusive γγ→𝑊ା𝑊ି production at 7 and 8 TeV

6

JHEP08(2016)119
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Ultraperipheral and exclusive production
Exclusive γγ→𝑊ା𝑊ି: event selection

5

Alexander Bylinkin
CMS

Exclusive production of  W pairs in proton proton collisions
Motivation: Exclusive electroweak boson pairs

4

The electroweak sector of Standard Model predicts QGC

Any deviation from SM expectations can reveal
a sign of new physics

Exclusive γγ→𝑊ା𝑊ି: aQGC limit

7

JHEP08(2016)119

The most stringent limit so far,
two orders of magnitude more
stringent than LEP

Exclusive γγ→𝑊ା𝑊ି: aQGC limit

7

JHEP08(2016)119

The most stringent limit so far,
two orders of magnitude more
stringent than LEP
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