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▪ Use variety of final states to provide insight  
into different stages of HI collisions 

▪ Soft probes & bulk particle production  
▪ Initial conditions & geometry 
▪ Collective effects, thermalization 

▪ Hard probes 
▪ Colour objects e.g. jets -> partonic energy loss in QGP 
▪ Colourless objects e.g. EW bosons -> ‘standard candles’, nPDFs

Introduction

 2

Overview of ATLAS results, Sept 23rd, 2016

INTRODUCTION

➤ Use a variety of final states to provide insight 
into various stages of heavy-ion (HI) collisions 
➤ Hard probes:  

➤ Colourless objects e.g. electroweak 
bosons – standard candles in the QGP, 
nPDFs 

➤ Colour objects e.g. jets, hadrons, 
quarkonia – partonic energy loss in the QGP 

➤  Bulk particle production: 
➤ Initial geometry, initial conditions, collective 

behaviour, ridge etc
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One of the main 
goals of heavy-ion 
physics is to study 
the QGP

➤Use pp and p+Pb collisions 
➤Disentangle initial- and final-state effects 

➤NEW: utilise Xe collisions to shed light 
on a role of geometry in HI collisions

Heavy Ions: Results from the LHC

Hadron Freezeout
Hydrodynamic"

Evolution
Energy Stopping
Hard Collisions

Initial state

Time 

Figure 1. The time evolution of a high energy heavy ion collision.

interferometry, correlations and fluctuations, resonance production, particle ratios,
etc. provide crucial information about the thermodynamics of the system.

• Electromagnetic probes: The electromagnetic probes, i.e. photons and dileptons
are produced at different phases of evolution. They are not distorted by final state
interactions and once produced can escape the interaction region, unaffected, carry-
ing to the detectors information about the conditions and properties of the medium
at the time of their production. The measurement of direct thermal radiation can be
used as a direct fingerprint of the hot and dense medium.

• Quarkonia and heavy flavour: Quarkonia (J/ ,  0, �c and ⌥ family) production
is considered to provide an unique signature of QGP [1]. It is a sensitive probe of
the hot and dense matter and of the gluon distributions and their modifications in
nuclei. The suppression of J/ production has long been predicted as an important
probe of a QGP formation [1], which occurs because a cc̄ pair formed by fusion
of two gluons from the colliding nuclei cannot effectively bind inside the QGP be-
cause of Debye screening. Excited states of the cc̄ system, such as  0 are more
easily dissociated and should be largely suppressed. For the heavier ⌥(bb̄) shorter
screening lengths are required than for the charmonium states. Heavy flavor pro-
duction, open and hidden, is considered among the most important probes for study
of QCD properties of the QGP.

• Electroweak probes: With the increase of center-of-mass energy at the LHC, elec-
troweak boson measurements are possible for the first time in heavy ion collisions.
The lifetimes of W and Z bosons are quite short and they decay within the medium,
and go unaffected through the hot and dense matter. Since leptons lose negligible
energy in the medium, be it partonic or hadronic, the leptonic decay channels of W
and Z may provide information about the initial state in heavy ion collisions.

• Hard probes: The availability of large amount of energy in the very early part of
the collision gives rise to a subset of high transverse momentum processes which
take place independent of the bulk, with the outgoing partons subsequently propa-
gating through the bulk medium. Jet quenching and energy loss of high pt hadrons
constitute the most important hard probes, which play important role in determining
the properties of hot and dense QCD matter.

3. LHC and its experiments

The accelerator complex at CERN is a succession of particle accelerators that can reach
increasingly higher energies, starting with the duoplasmatron source for the protons and
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Also: 
pp and p+Pb collisions  
->reference to Pb+Pb and  
to understand initial-state effects  

Xe+Xe vs Pb+Pb collisions (NEW) 
->role of geometry in HI collisions
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▪ A+A collisions can be characterized by the centrality, quantified 
using the energy in FCal/VZero etc.

Centrality estimation
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centrality

centrality based on energy deposited in both sides of the Forward

Calorimeter (3.1 < |⌘| < 4.9)

pile-up events are removed from the analysis

 [TeV]FCal
TEΣ

0 1 2 3 4 5

ar
bi

tra
ry

 u
ni

ts

8−10

7−10

6−10

5−10

4−10

3−10

2−10

1−10

1

10
-12015 Pb+Pb data, 0.49 nb

-1bµ2017 Xe+Xe data, 3 
 = 5.44 TeVNNsXe+Xe, 
 = 5.02 TeVNNsPb+Pb, 

 PreliminaryATLAS

0-10%

0-10%

10-20%

10-20%

20-30%

20-30%

30-40%

30-40%

40-60%
40-60%

60-80%
60-80%

Xe+Xe hTAAi [mb
�1

]

0–5% 13.89±0.09

5–10% 10.87±0.07

10–20% 7.54±0.09

20–30% 4.50±0.10

30–40% 2.55±0.09

40–50% 1.37±0.06

50–60% 0.69±0.04

60–80% 0.23±0.02

Petr Balek charged hadron RAA 15 May 2018 6 / 21

S. Bufalino - LHCP2016 
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  Centrality estimation 

ATLAS-CONF-2011-075 

ALICE PRL 113 (2011) 032301 

A-A collisions can be characterized by the centrality, defined through b, Npart (Nspec)  

Ultra-peripheral collisions

0-10% corresponds  
to the most central 
collisions
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▪ Comparing HI and pp collisions where the geometrical scaling  
is removed

Nuclear modification factor
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Nuclear modification factor

7

pp reference

Yields in A+A

Typical observable: nuclear modification factor.

QCD in vacuum

QCD in medium

Compares HI and pp collisions and remove the geometrical scaling.
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(I) Inclusive and identified  
hadron production
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▪ Inclusive charged-particle multiplicity distributions 
▪ <Multiplicity>/Npart ‘scales’ (approximately)  

between Xe+Xe and Pb+Pb 
▪ Sharper increase for central  

collisions -> Origin not fully  
understood?

⟨dNch/dη⟩ in Xe+Xe
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5.4 fm 6.6 fm XeXe: how does it look? 

Marta Verweij 3 

CMS-PAS-HIN-17-006 

Talk, Initial state physics, Wed. 17:50, R. Bi 

Xe Pb 

No conclusive evidence for either 
flat plateau or Gaussian shape 

For fixed and large Npart: XeXe>PbPb 
à no system size scaling 

Charged hadrons Charged hadrons 

⟨dN/dη⟩ in Xe-Xe (3)
Two scaling violations observed:

(1.) Npart scaling violated
à known since a long time, 
confirmed by new Xe-Xe data
à well described by participant 
quark scaling Nq-part and many 
theoretical models

(2.) Central collisions of medium-size 
nuclei produce more particles per 
Npart than mid-central collisions of 
large nuclei at the same Npart
à not explained by participant 
quark scaling and not fully 
reproduced by models
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[arXiv:1805.04432]
B. Kim, Wed 17:10arXiv:1805.04432

CMS-PAS-HIN-17-006
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RAA in Xe-Xe collisions

RAA in central Xe-Xe collisions is 
similar to RAA in Pb-Pb collisions at 
similar multiplicity.

à Possibly the result of a non-
trivial interplay of geometry and 
path length dependence.

[arXiv:1805.04399]

30

D. Sekihata, Tue 09:00

▪ RAA in Xe+Xe collisions is similar to RAA in Pb+Pb collisions at 
similar ⟨Npart⟩ or ⟨dNch/dη⟩

Charged-hadron RAA in Xe+Xe
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XeXe: charged hadron RAA 

Marta Verweij 11 

CMS-PAS-HIN-18-004 

Within uncertainties RAA consistent 
Talk, Jet modifications, Tue. 9:20, A. Baty 

Similar scaling in XeXe and PbPb 

RAA RAA vs Npart 

RAA FOR CHARGED HADRONS IN XE+XE
➤ Measurement of charged-hadron spectra 

measured in Xe+Xe collisions at 5.44 TeV 
➤ Addresses a question about a role of 

geometry in HI collisions

�16

➤ RAA shows a centrality-dependent suppression with 
characteristics already observed in Pb+Pb 
➤ Increase to pT=2 GeV (maximum), decrease to 

pT~7 GeV (minimum), and again increase up to 
pT~60 GeV 

➤ RAA in Xe compared to Pb in similar <Npart> 
intervals 
➤ In central events, hadron yields in Xe more 

suppressed to those in Pb, while in peripheral 
events, milder suppression in Xe than Pb 

➤ Also shapes of RAA seem to be systematically 
different in two collision systems

Talk by P.Balek on Tue 9:40

NEW
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 PreliminaryATLAS
|<2.5η|

-1, 25 pbpp 
 = 5.02 TeVs

(extrapol. to 5.44 TeV)

-1bµ Xe+Xe, 3 
 = 5.44 TeVNNs

-1 Pb+Pb, 0.49 nb
 = 5.02 TeVNNs

〉partN〈Xe+Xe,   
    5-15%, 194
  30-40%,   84
  55-70%,   24

〉partN〈Pb+Pb,   
  20-30%, 189
  40-50%,   87
  60-80%,   23

ATLAS-CONF-2018-007

ATLAS-CONF-2018-007

arXiv:1805.04399

CMS-PAS-HIN-18-004

Nuclear	ModificaNon	Factors	

QuanNfy	medium	effects	on	parNcle	producNon	at	high-pT	

ΔEg	>		ΔEq	>	ΔEc	>	ΔEb	
à	RAA,g	<	RAA,q	<	RAA,c<	RAA,b?	

RAA =
1
Ncoll

dN AA / dpT
dN pp / dpT

=
1
TAA

dN AA / dpT
dσ pp / dpT

≡
[medium]
[vacuum]

RAA	>	1	enhancement	
RAA	=	1	no	modificaNon	
RAA	<	1	suppression	
	
Requires	reference	spectra	in	pp	
collisions	

TAA = Ncoll /σ NN from	Glauber	MC	

R.	Rapp	and	H.	van	Hess,	,	World	ScienNfic	(2010)	111	
17	
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▪ Yields of (anti-)(hyper-)nuclei are measured at 5.02 TeV 
▪ Hypertriton production identified via 3He + π± decays 

▪ Thermal model vs final-state coalescence  
▪ Strangeness population factor -> independent on the chemical potential  

of the particles
▪ New data compatible with 2.76 TeV measurement and equilibrium 

thermal models 

▪

(Hyper-)nuclei production in Pb+Pb
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(4) D.H. Davis., Nucl. Phys. A 754 (2005) 3-13 
(5) H. Kamada et al., Phys. Rev. C 57 (1998) 1595-1603
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Hypertriton	in	ALICE

Hypertriton: lightest known hypernucleus   
                 bound state of p, n and Λ  

Mass
(4)

 = 2.99116 ± 0.00005
 
GeV/c2     

Decay Channels: 
1. Mesonic 
2. Non Mesonic (B.R. < 0.02%)

Mesonic decay

Charged B.R.(5) Neutral
3ΛH ⟶ 3He+"-       25% 3ΛH ⟶ 3H+"0

3ΛH ⟶ d+p+"- 41% 3ΛH ⟶ d+n+"0

Hypertriton	in	ALICE	

• The study of the production of the  
(anti-)hypertriton is important to constrain 
thermal and coalescence models 

• Open puzzle on the lifetime of the 
hypertriton 

• Study of the production in the accessible 
decay channels (charged products only)  
- 2 body 
- 3 body

Stefania Bufalino HADRON 2017, Salamanca
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Strangeness population factor

Stefano Trogolo Quark Matter 2018 - Venezia

Strangeness population factor S3 [7,8] is 
defined as: 

• It is independent on the chemical potential of the 
particles and any additional canonical 
correction factor for strangeness is cancelled 

• ALICE results obtained at 5.02 TeV (blue 
marker) is:

- compatible with the published results at 2.76 
TeV and with those at lower energies 

- in agreement with the prediction of the 
equilibrium thermal model (GSI-Heidelberg) 
and of the Hyrbrid UrQMD model  

• Coalescence predictions available only up to 
top RHIC energies, needed at the LHC energies

S3 =

3
⇤H

3He
⇥ p

⇤

[7] E864 Collaboration, T. A. Armstrong et al. Phys. Rev. C 70, 024902 (2004) 
[8] S. Zhang et al. Phys. Lett. B 684, 224-227 (2010)
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▪ Comprehensive measurement of flow coefficients (identified hadrons)  
▪ π±, K±, p, Λ, K0S, and ϕ-mesons are studied 
▪ v2-v4 coefficients extracted as a function of pT and centrality 

▪ Mass ordering & baryon/meson grouping is observed 
▪ Hydro calculations (coupled to hadronic cascade model, UrQMD) describe the 

data reasonably well

Flow of identified particles in Pb+Pb @5.02 TeV
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Vojtěch Pacík  |  Elliptic flow coefficients of identified hadrons in p-Pb and pp collisions Quark Matter | May 14, 2018 | Venice |

What about small systems?

3

Pb-Pb collisions

Medium induced collectivity
Initial geometry, hydro evolution, EbE fluctuations

Mass ordering & baryon/meson grouping
v2, v3, v4 signal

b

p-Pb collisionb

Flow-like signatures
Mass ordering? (What about grouping?)

Small droplet(s) of QCD medium? 
No clear picture

[ALICE, Phys. Lett. B 726 (2013) 164-177 ][ arXiv:1805.04390 ]
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(II) Jet-medium interactions

  

Hard probes gallery

10

Different hard probes interact with medium differently. 

     

 

 

Vector bosons Jets

Interactions of medium and colored probe.
elastic scattering.
induced radiation.

fast partons loose energy      jet quenching

    
     

 

 

  

Update on di-jet asymmetry

18

ATLAS fully unfolded di-jet asymmetry distributions

   

ATLAS-CONF-2015-01

Significant shift toward large di-jet asymmetry in central HI 
collisions w.r.t. pp reference.
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 and luminosity uncer.〉
AA

T〈

 = 2.76 TeV [PRL 114 (2015) 072302]NNs0 - 10%, 
 = 5.02 TeVNNs0 - 10%, 
 = 2.76 TeV [PRL 114 (2015) 072302]NNs30 - 40%, 
 = 5.02 TeVNNs30 - 40%, 

ATLAS | < 2.1y| = 0.4 jetsR tkanti-

Figure 5: The RAA values as a function of jet pT for jets with |y | < 2.1 in 0–10% and 30–40% centrality intervals
compared to the same quantity measured inpsNN = 2.76 TeV Pb+Pb collisions [9]. The error bars represent statistical
uncertainties, the shaded boxes around the data points represent bin-wise correlated systematic uncertainties. Forp

sNN = 2.76 TeV measurement, the open boxes represent uncorrelated systematic uncertainties. The coloured
shaded boxes at RAA = 1 represent the combined fractional hTAAi and pp luminosity uncertainty. The horizontal
size of error boxes represents the width of the pT interval.

respectively. This decrease was predicted in Ref. [48] as a consequence of a steepening of jet pT spectra
in the forward rapidity region.

A comparison of the RAA values with theoretical predictions is provided in Figure 8. The RAA values
obtained as a function of jet pT are compared with five predictions for jets with |y | < 2.1 where theory
calculations are available: the Linear Boltzmann Transport model (LBT) [49], three calculations using
the Soft Collinear E�ective Theory approach (SCETG) [50–53], and the E�ective Quenching model
(EQ) [48]. The LBT model combines a kinetic description of parton propagation with a hydrodynamic
description of the underlying medium evolution while keeping track of thermal recoil partons from each
scattering and their further propagation in the medium [49]. The SCETG approach uses semi-inclusive jet
functions [54] evaluated with in-medium parton splittings computed using soft collinear e�ective theory.
It provides three predictions with two di�erent settings of the strong coupling constant associated with
the jet–medium interaction (g = 2.2 and g = 1.8) and the calculation at NLO accuracy. The EQ model
incorporates energy loss e�ects through two downward shifts in the pT spectrum based on a semi-empirical
parameterisation of jet quenching e�ects. One shift is applied to quark-initiated jets and a larger shift to

11

Jet RAA in Pb+Pb @5.02 TeV

 11

J E T S  I N  P B + P B

!4
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-1 data, 25 pbpp2015 
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100                      200          300                500                 900

Suppression of jet yields to study energy loss 
by radiative & collision processes in hot, dense medium. 
Final ATLAS results on jet suppression from 2015 data: 
2018 will provide increased statistics needed at high pT

RX
AA =

NX

NAA�
pp
X hTAAi

!8

Medium-induced radition

If λ < τf, multiple scatterings  
add coherently

2ˆ~ LqE Smed αΔ

2
2
T

f k
ω

τ =

Zapp, QM09

Lc = τf,max

propagating  
parton

radiated 
gluon

Landau-Pomeranchuk-Migdal effect 
Formation time important

Radiation sees  
length ~τf at once

Energy loss depends on density:
ρ

λ
1

∝

λ

2

ˆ
⊥

≡
q

q

and nature of scattering centers 
(scattering cross section)

Transport coefficient

HION-2017-10

Nuclear	ModificaNon	Factors	

QuanNfy	medium	effects	on	parNcle	producNon	at	high-pT	

ΔEg	>		ΔEq	>	ΔEc	>	ΔEb	
à	RAA,g	<	RAA,q	<	RAA,c<	RAA,b?	

RAA =
1
Ncoll

dN AA / dpT
dN pp / dpT

=
1
TAA

dN AA / dpT
dσ pp / dpT

≡
[medium]
[vacuum]

RAA	>	1	enhancement	
RAA	=	1	no	modificaNon	
RAA	<	1	suppression	
	
Requires	reference	spectra	in	pp	
collisions	

TAA = Ncoll /σ NN from	Glauber	MC	

R.	Rapp	and	H.	van	Hess,	,	World	ScienNfic	(2010)	111	
17	

arXiv:1805.05635

▪ “Final” ATLAS results on jet  
suppression from 2015 data 

▪ Comparison with 2.76 TeV results 
▪ No √sNN dependence seen 

▪ Comparison with theory predictions 
▪ All models reproduce trends
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▪ Isolated photons act as calibration probes in HI collisions 
▪ Initial parton energy constrained by ETγ 

▪ Measure xJγ = pTj/ETγ in Pb+Pb/pp  
▪ xJγ fully unfolded for detector effects  
▪ Centrality and ETγ-dependence is studied 

▪ Data qualitatively described by models

Photon-tagged jet asymmetry @5.02 TeV
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Figure 4: Photon–jet pT balance distributions (1/N�)(dN/dxJ�) in pp events (blue, reproduced on all panels)
and Pb+Pb events (red) with each panel denoting a di�erent centrality selection. These panels show results with
p�T = 63.1–79.6 GeV. Total systematic uncertainties are shown as boxes, while statistical uncertainties are shown
with vertical bars.
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and Pb+Pb events (red) with each panel denoting a di�erent centrality selection. These panels show results with
p�T = 79.6–100 GeV. Total systematic uncertainties are shown as boxes, while statistical uncertainties are shown
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CHARGED PARTICLES VS. R IN PB+PB
➤ More differential look at jet FF 

➤ Charged particles inside and around a jet (r<0.6) in 
Pb+Pb/pp at 5.02 TeV 

➤ Dependence on centrality, jet- and charged-particle pT  
➤ Quantities D(pT, r) and RD(pT,r) are fully unfolded
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➤ In 0-10% centrality, RD(pT,r) is: 
➤ Above unity (enhancement) for 1.6<pT<4 GeV 
➤ Below unity (suppression) for pT>4 GeV 
➤ In agreement with inclusive jet FF for r<0.4 
➤ RD(pT,r) changes for r<0.3 and then saturates 

➤ Energy lost is transferred to particles with pT < 4.0 
GeV with larger radial distances 

NEW

ATLAS-CONF-2018-010
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▪ Charged particles inside and around a jet 
▪ More differential look at jet FF 

▪ As collisions become more central: 
▪ pT < 4 GeV: enhancement 
▪ pT > 4 GeV: depletion 

▪ Energy lost is transferred to particles with 
 pT < 4 GeV and larger radial distances

Jet shapes Pb+Pb @5.02 TeV

 13

r
0 0.1 0.2 0.3 0.4 0.5

 (P
bP

b 
/ p

p)
drJD

dN  
JDN1

0

0.5

1

1.5

2

2.5

3

3.5
CMS
Preliminary

 + jet0D

 (5.02 TeV PbPb)-1bµ (5.02 TeV pp) + 404 -127.4 pb

 < 20 GeV/cD
T

4 < p

| < 2D|y

| > 60 GeV/cjet

T
|p

| < 1.6jetη|

Jet shapes 
light vs heavy 

Inclusive: Quark/Gluon mixture 

Marta Verweij 14 

arXiv:1803.00042 
CMS-PAS-HIN-18-006 
CMS-PAS-HIN-18-007 

 
Talk, Jet modifications, Wed. 11:10, J. Wang 

D-jet: Heavy flavor + gluons 

pT<2 GeV: enhancement 
pT>4 GeV: depletion 

Hint of D0 mesons with pT>4 GeV  
appearing at large angle 

What mechanism could cause this? 

0-10% 
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pT,jet>120 GeV 

0-100% 
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Jet mass and splitting function measurements with 
substructure techniques in pp and PbPb collisions  

with the CMS detector at the LHC is presented  
using 5.02 TeV data

We see no modification for the mass of the core 
of the jet in PbPb

For the flat grooming setting, some modification 
is seen for zg and to a lesser extent jet mass

▪ Jet grooming techniques within HI environment 
▪ Further “clean-up” of jets 

▪ Iterative declustering 
▪ Soft drop condition: 

▪ In general: 
▪ No modification for the mass of the core of the jet seen 
▪ No enhancement in the number of splittings passing Soft drop in medium

Jet substructure in Pb+Pb

 14

Substructure

 6

Large structure

Momentum sharing 
Jet mass 

Opening angle

PRL 120 (2018) 142302 
HIN-16-024, arXiv 1805.05145

ALI-PREL-155677

vNo	enhancement	in	the	number	of	splittings	passing	Soft	Drop	in	medium

vRather:	enhancement	in	number	of	untagged	jets;	trend	to	lower	nSD

v Contrast	to	expectations	from	correlated	medium	response	or	coherent	
collinear	emissions

Recursive Splittings

12Harry	Andrews	|	Quark	Matter	2018,	Venice,	Italy|	13-19	May	2018	|	ALICE

arXiv:1805.05145

jet grooming with soft drop

!10

3

related underlying event, the samples generated with JEWEL and Q-PYTHIA are embedded in a
simulated thermal background with particle momenta following a Maxwell-Boltzmann distri-
bution [44] with an average pT of 1.2 GeV and an average energy density corresponding to that
from events in the 0–10% centrality class in PbPb data.

3 Jet reconstruction
Offline particle candidates are reconstructed with the PF algorithm. This algorithm aims to re-
construct and identify each individual particle (PF candidate) using an optimized combination
of information from various elements of the CMS detector. For this analysis, the PF candidates
are treated as massless. Jets are clustered from PF candidates using the anti-kT algorithm with
a distance parameter of 0.4. Only jets with p

jet
T > 140 GeV and |hjet| < 1.3 are included in the

analysis due to the trigger.

In PbPb collisions, the constituents of the jet are corrected for the UE contribution using the
“constituent subtraction” algorithm [45]. This algorithm uses a particle-level approach that
removes or corrects jet constituents for the uncorrelated background based on the average UE
density in a given h region. This particle-by-particle subtraction allows the correction of both
the four-momentum of the jet and its substructure. A more detailed description of this method
can be found in Ref. [26].

The energy of reconstructed jets is corrected to the particle level with the corrections derived
from simulation and applied to the reconstructed jets in pp and PbPb collisions. Additional
corrections for the mismodeling of the detector response are also applied [46, 47].

4 Groomed jet mass
Jet grooming isolates the hard sub-components of a jet and removes soft and wide-angle radi-
ation, thereby highlighting jet substructure features. This procedure can be used to isolate a
hard splitting in the parton shower evolution. The soft components of a jet can originate from
many sources, including uncorrelated UE, initial state radiation, other uncorrelated hard scat-
tering in the collision, or soft gluons radiated by the hard parton which initiated the jet. The
SD jet grooming algorithm is used to extract the hard structure of jets, which is sensitive to the
impact of parton-medium interactions during the jet evolution. With this grooming technique,
the hard and soft parts of the jets can be separated in a completely theoretically controlled
way [20, 21, 48–51]. The procedure starts with a jet and reclusters the constituents with the
Cambridge–Aachen algorithm [52] to form an angular-ordered structure. A recursive pairwise
declustering step is then performed. In each step during the grooming procedure, the softer
leg of the considered subjet pair is dropped if the SD condition is not satisfied, resulting in a
smaller groomed pT than that of the original jet. The SD condition is the following [21]:

zg =
min(pT,i, pT,j)

pT,i + pT,j
> zcut

✓DRij

R0

◆b

, (1)

where the subscripts “i” and “j” indicate the subjets at that step of the declustering, DRij is
the distance between the two subjets in the h � f plane, R0 is the jet resolution parameter, and
zcut and b are adjustable parameters. The parameter zcut is the threshold for zg when the two
subjets are separated by the jet resolution parameter R0, and b controls the grooming profile as
a function of subjet separation DRij. When b = 0, the SD grooming threshold is independent
of DRij, and the grooming procedure is equivalent to the modified mass–drop tagger [20]. The

soft drop: recluster the jet with Cambridge-
Aachen then go through the constituents and 

exclude the softer leg unless

Larkoski et al. 1402.2657

Harry Andrews, Tuesday
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(III) Electroweak probes
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Fig. 24 The values of �2/Ndata from the Baseline fit (red bars) and EPPS16 (green bars) for data in Table 3.
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Fig. 25 Comparison of the EPPS16 nuclear modifications (black central curve with shaded uncertainty bands) with those
from the nCTEC15 analysis [32] (red curves with hatching) at Q2 = 10GeV2.

line fit gives a very large value but this disagreement
disappears when these data are included in the fit. How-
ever, upon including the new data no obvious conflicts
with the other data sets show up and thus the new
data appear consistent with the old. While it is true
that on average �

2
/Ndata for the old data grows when

including the new data (and this is mathematically in-
evitable) no disagreements (�2

/Ndata � 1) occur. For
the NMC Ca/D data �

2
/Ndata is somewhat large but,

as can be clearly seen from Fig. 13, there appears to be
large fluctuations in the data (see the two data points
below the EPPS16 error band). While the improvement
in �

2
/Ndata for the CHORUS data looks smallish in

Fig. 24, for the large amount of data points (824) the
absolute decrease in �

2 amounts to 106 units and is
therefore significant.

5.4 Comparison with other nuclear PDFs

In Fig. 25 we compare our EPPS16 results at the scale
Q

2 = 10GeV2 with those of the nCTEQ15 analysis [32].
The nCTEQ15 uncertainties are defined by a fixed tol-
erance ��

2 = 35, which is similar to our average value
��

2 = 52 and in this sense one would expect uncer-
tainty bands of comparable size. The quark PDFs were
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▪ W boson yields in µ channel @5.02 TeV  
▪ Statistics improved by x4 wrt Run-1  

▪ Yields/<TAA> flat with <Npart> 
▪ Scaling with the number of binary collisions holds  

▪ Lepton charge asymmetry consistent with theory 
▪ Some small deviations in the forward direction

W boson production in Pb+Pb

 16

ATLAS-CONF-2017-067
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▪ W boson yields in µ channel @8.16 TeV  
▪ Comparison to calculations with nPDFs  

from EPPS16 and nCTEQ15 
▪ Nuclear modification needed to describe  

the data (free-nucleon PDF excluded at >7σ) 

▪ Measurement constraints quark and  
antiquark nPDFs at 10-3 < x < 10-1

W boson production in p+Pb
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▪ First observation of the top quark production in pA collisions 
▪ Lepton+jets channel is studied 
▪ Cross-sections compatible with pQCD calculations including 

nPDFs

Top-quark pair production in p+Pb @8.16 TeV
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(IV) EM-induced reactions



M. Dyndal Soft and Hard ProbesLHCP 2018

▪ Boosted nuclei are intense source of quasi-real photons 
▪ Coherent photon flux 

▪ Q ~ 1/R ~ 0.06 GeV for Pb @ LHC 
▪ Emax ≾ γ/R ~ 80 GeV @5.02 TeV 
▪ Each photon flux scales with Z2 

▪ Various types of interactions possible:

Quasi-real photons from Pb

 20

INTRODUCTION

QUASI-REAL PHOTONS FROM LEAD-NUCLEI

�4

Photon and Gluon Induced Processes 507 

Chapter 2 

Equivalent Photon Approximation 

A nucleus moving at nearly the speed of light has almost transverse electromagnetic fields; the electric 
and magnetic fields have the same absolute value and are perpendicular to each other. Therefore an 
observer can not distinguish between these transverse electromagnetic fields and an equivalent swarm 
of photons, see Fig-S.1 Equating the energy flux of the electromagnetic fields through a transverse plane 
with the energy content of the equivalent photon swarm yields the equivalent photon distribution n(w), 
which tells how many photons with frequency w do occur. This derivation is presented in the first 
Subsection. 

v=o 

Figure 2.1: Fermis idea leading to the Equivalent Photon Approximation: As the velocity of the charge ap 
proaches the speed of light, its electromagnetic field becomes Lore&-contracted (b) and similar 
to a parallel-moving photon-cloud (c). 

This is already the idea of the Equivalent Photon Approximation. It has been first developed by 
E. Fermi [57]. Often this method is also called Weizsiicker-Williams-Method as E. J. Williams [I351 
and C. F. v. Weizsicker [134] independently extended Fermis idea. A good review of results and various 
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Probing small x parton densities in ultraperipheral AA and
pA collisions at the LHC

Mark Strikman∗

Pennsylvania State University, University Park, PA 16802, USA
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Department of Physics, University of California, Davis, CA 95616, USA

and Nuclear Science Division LBNL, Berkeley, CA 94720, USA

Sebastian White‡
Department of Physics, Brookhaven National Laboratory, Upton, NY 11973, USA

(Dated: January 6, 2014)

We calculate production rates for several hard processes in ultraperipheral proton-nucleus and nucleus-
nucleus collisions at the LHC. The resulting high rates demonstrate that some key directions in small x research
proposed for HERA will be accessible at the LHC through these ultraperipheral processes. Indeed, these mea-
surements can extend the HERA x range by roughly a factor of 10 for similar virtualities. Nonlinear effects on
the parton densities will thus be significantly more important in these collisions than at HERA.

PACS numbers:

Studies of small x deep inelastic scattering at HERA
substantially improved our understanding of strong in-
teractions at high energies. Among the key findings of
HERA were the direct observation of the rapid growth
of the small x structure functions over a wide range
of virtualities, Q2, and the observation of a significant
probability for hard diffraction consistent with approx-
imate scaling and a logarithmic Q2 dependence (“lead-
ing twist” dominance). HERA also established a new
class of hard exclusive processes – high Q2 vector me-
son production – described by the QCD factorization
theorem and related to generalized parton distributions
in nucleons.

The importance of nonlinear QCD dynamics at small
x is one of the focal points of theoretical activity (see
e.g. Ref. [1]). Analyses suggest that the strength of
the interactions, especially when a hard probe directly
couples to gluons, approaches the maximum possible
strength – the black disk limit – for Q2 ≤ 4 GeV2.
These values are relatively small, with an even smaller
Q2 for coupling to quarks, Q2 ∼ 1 GeV2, making it
difficult to separate perturbative and nonperturbative
effects at small x and Q2. Possible new directions
for further experimental investigation of this regime in-
clude higher energies, nuclear beams and studies of the
longitudinal virtual photon cross section, σL. The latter
two options were discussed for HERA [2, 3]. Unfor-
tunately, it now seems that HERA will stop operating
in two years with no further measurements along these
lines except perhaps of σL. One might therefore expect
that experimental investigations in this direction would
end during the next decade.

The purpose of this letter is to demonstrate that sev-
eral of the crucial directions of HERA research can be

continued and extended by studies of ultraperipheral
heavy ion collisions (UPCs) at the LHC. UPCs are in-
teractions of two heavy nuclei (or a proton and a nu-
cleus) in which a nucleus emits a quasi-real photon
that interacts with the other nucleus (or proton). These
collisions have the distinct feature that the photon-
emitting nucleus either does not break up or only emits
a few neutrons through Coulomb excitation, leaving a
substantial rapidity gap in the same direction. These
kinematics can be readily identified by the hermetic
LHC detectors, ATLAS and CMS. In this paper we
consider the feasibility of studies in two of the direc-
tions pioneered at HERA: parton densities and hard
diffraction. The third, quarkonium production, was dis-
cussed previously [4, 5, 6]. It was shown that pA and
AA scattering can extend the energy range of HERA,
characterized by √

sγN , by about a factor of 10 and,
in particular, investigate the onset of color opacity for
quarkonium photoproduction.

p
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x1

2

p
   
T

−

FIG. 1: Diagram of dijet production by photon-gluon fusion
where the photon carries momentum fraction x1 while the
gluon carries momentum fraction x2.

k1

k2

Pb

Pb

Pb

µ+

µ−
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324 PHENIX Collaboration / Physics Letters B 679 (2009) 321–329

(a) (b)

Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-

Photon-pomeron:  
production of vector mesons  
(sensitivity to nPDF)

Photo-nuclear:  
jet photoproduction  
(probe nPDF directly)

Photon-photon:  
dilepton, diphoton!  
(& other exclusive states)

Experiments at RHIC & LHC have begun a systematic investigation of UPC, including:

• Boosted nuclei are intense source of quasi-real photons 

• Typically treated using EPA (Weiszacker-Williams) 

• Quantize classical field  

• Photons with E≾(ℏc/R)γ are produced coherently (Z2) 

• Up to ~80 GeV for Pb+Pb @ 5.02 TeV, 1.4 TeV for p+p!
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Observing light-by-light scattering at the Large Hadron Collider

David d’Enterria1 and Gustavo G. Silveira2

1CERN, PH Department, 1211 Geneva, Switzerland
2UC Louvain, Center for Particle Physics and Phenomenology (CP3), Louvain-la-Neuve, Belgium

Elastic light-by-light scattering (γ γ → γ γ) is open to study at the Large Hadron Collider thanks to
the large quasi-real photon fluxes available in electromagnetic interactions of protons (p) and lead
(Pb) ions. The γ γ → γ γ cross sections for diphoton masses mγγ > 5 GeV amount to 105 fb, 260 pb,
and 370 nb in p-p, p-Pb, and Pb-Pb collisions at nucleon-nucleon center-of-mass energies

√
s
NN

= 14
TeV, 8.8 TeV, and 5.5 TeV respectively. Such a measurement has no substantial backgrounds in
Pb-Pb collisions where one expects about 70 signal events per run, after typical detector acceptance
and reconstruction efficiency selections.

PACS numbers: 12.20.-m, 13.40.-f, 14.70.-e, 25.20.Lj

Introduction. – The elastic scattering of two photons in vacuum (γ γ → γ γ) is a pure quantum-mechanical
process that proceeds at leading order in the fine structure constant, O(α4), via virtual one-loop box diagrams
containing charged particles (Fig. 1). Although light-by-light (LbyL) scattering via an electron loop has been
precisely, albeit indirectly, tested in the measurements of the anomalous magnetic moment of the electron [1]
and muon [2], its direct observation in the laboratory remains elusive still today. Out of the two closely-related
processes –photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [3] and photon-splitting in
a strong magnetic field (“vacuum” birefringence) [4, 5]– only the former has been clearly observed [6]. Several
experimental approaches have been proposed to directly detect γ γ → γ γ in the laboratory using e.g. Compton-
backscattered photons against laser photons [7], collisions of photons from microwave waveguides or cavities [8] or
high-power lasers [9, 10], as well as at photon colliders [11, 12] where energetic photon beams can be obtained by
Compton-backscattering laser-light off electron-positron (e+e−) beams [13]. Despite its fundamental simplicity, no
observation of the process exists so far.

In the present letter we investigate the novel possibility to detect elastic photon-photon scattering using the
large (quasi-real) photon fluxes of the protons and ions accelerated at TeV energies at the CERN Large Hadron
Collider (LHC). In the standard model (SM), the box diagram depicted in Fig. 1 involves charged fermions (leptons
and quarks) and boson (W±) loops. In extensions of the SM, extra virtual contributions from new heavy charged
particles are also possible. The study of the γ γ → γ γ process –in particular at the high invariant masses reachable
at photon colliders– has thus been proposed as a particularly neat channel to study anomalous gauge-couplings [11,
12], new possible contributions from charged supersymmetric partners of SM particles [14], monopoles [15], and
unparticles [16], as well as low-scale gravity effects [17, 18] and non-commutative interactions [19].

γ

γ

γ

γ

p,Pb

p,Pb

p,Pb

p,Pb

FIG. 1: Schematic diagram of elastic γ γ → γ γ collisions in electromagnetic proton and/or ion interactions at the LHC. The
initial-state photons are emitted coherently by the protons and/or nuclei which survive the electromagnetic interaction.

Photon-photon collisions in “ultraperipheral” collisions of proton [20, 21] and lead (Pb) beams [22] have been
experimentally observed at the LHC [23–27]. All charges accelerated at high energies generate electromagnetic
fields which, in the equivalent photon approximation (EPA) [28], can be considered as γ beams [29]. The
emitted photons are almost on mass shell, with virtuality −Q2 < 1/R2, where R is the radius of the charge,
i.e. Q2 ≈ 0.08 GeV2 for protons with R ≈ 0.7 fm, and Q2 < 4·10−3 GeV2 for nuclei with RA ≈ 1.2A1/3 fm,
for mass number A > 16. Naively, the photon-photon luminosities are suppressed by a factor α2 ≈ 5·10−5 and
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have zero neutrons in one direction and one or more neutrons in the opposite direction, referred to as the
“0nXn” event topology. The photon-going direction is defined to be the direction in which zero neutrons
are observed. Background events are removed by requiring a minimum rapidity gap in this direction
and requiring that there is no large gap in the opposite direction. Corrections are applied to account
for signal events removed by these requirements, and thus they are not part of the fiducial definition
of the measurement. Event-level observables are constructed from all jets having transverse momenta
pT > 15 GeV and pseudo-rapidities |⌘ | < 4.4. Events are required to have two or more such jets and at
least one jet with pT > 20 GeV. The jets are used to define the event-level variables:
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where i runs over the measured jets in an event, E and ~p represent jet energies and momentum vectors,
respectively, and pz represents the longitudinal component of the jet momenta. The signs of pz are chosen
to be positive in the photon-going direction. A further requirement is imposed that the jet-system mass,
mjets, satisfies mjets > 35 GeV.

The di�erential cross-sections are measured as a function of HT and
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mjetsp

s
e
+yjets , xA ⌘

mjetsp
s

e
�yjets . (2)

In the limit of 2! 2 scattering kinematics, xA corresponds to the ratio of the energy of the struck parton
in the nucleus to the (per nucleon) beam energy. z� = x� y, where y is the energy fraction carried by the
photon. For direct processes, x� is unity, while for resolved events, it is the fraction of the photon’s energy
carried by the resolved parton entering the hard scattering.

The remainder of this note is structured as follows: Section 2 describes the ATLAS detector and the
triggers used for the measurements in this analysis. Section 3 describes the data and Monte Carlo (MC)
samples used in the analysis and provides information on how the MC sample obtained from P�����
is re-weighted for use in Pb+Pb collisions. Section 5 describes all aspects of the data analysis and the
measurement of the photo-nuclear dijet production cross-sections. Section 6 discusses the evaluation of
the systematic uncertainties, and Section 7 discusses possible backgrounds to the measurement. Section 8
presents the final results figures with comparison to Monte Carlo and theory. Section 9 summarizes this
note and provides conclusions.

2 ATLAS detector

The measurements described in this note are performed using the ATLAS detector [18] in the Run 2
configuration. They rely on the calorimeter system, the inner detector, the zero degree calorimeters,
and the trigger system. The calorimeters, which cover the pseudo-rapidity range |⌘ | < 4.91, are used
for measuring the jets and for the rapidity gap analysis. The inner detector is used to measure charged
particle tracks over |⌘ | < 2.5. The zero degree calorimeters (ZDCs), which measure neutrons emitted at
1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector

and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The
pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2).
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Excellent agreement with PYTHIA6 reweighed to STARLIGHT
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Photo-nuclear 
(e.g. photoproduction of jets)

Photon-photon 
(e.g. LbyL scattering)
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New LHCb results on charmonium in UPC
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analysis result

di↵erential coherent cross section

LHCb preliminary
� = 5.27± 0.21± 0.49± 0.68µb

The analysis is repeated in
bins of half unit rapidity yJ/ 
Uncertainties for statistics,
systematic and luminosity are
of comparable magnitude

The LHCb acceptance is
interesting to discriminate
between the models
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Excellent momentum resolution, can 
see detailed structure of t distribution

Cross sections consistent with ALICE where 
they overlap in rapidity.

▪ LHCb well suited for UPC studies 
▪ Good forward acceptance 
▪ Excellent resolution, PID  

▪ Dimuon events with no extra  
activity around the vertex  
are studied  

▪Cross section measured  
differentially in y(J/ψ) 

▪ Measurement acceptance interesting  
to discriminate between the models 

▪ Potential access to nuclear gluon  
distribution at low-x (down to 10-5) 

▪ Clear extension of ALICE Run-1 analyses

Exclusive J/ψ in Pb+Pb @5.02 TeV

 21

LHCb-CONF-2018-003

A. Angerami Quark Matter 2018, Venice, Italy May 18, 2018

New LHCb results on charmonium in UPC
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analysis result
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The analysis is repeated in
bins of half unit rapidity yJ/ 
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The LHCb acceptance is
interesting to discriminate
between the models
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Fig. 1: Exclusive ALP production in ultra-peripheral Pb-Pb collisions.

LEP and LHC [13–15]. In Fig. 2, we show the expected sensitivity from performing a bump hunt in
m�� for UPCs, assuming a luminosity for the current (1 nb�1) and the high luminosity (10 nb�1) Pb-Pb
runs.1 For each mass point we computed the expected Poisson limit [16]. The dominant backgrounds
are estimated to be light-by-light scattering [3] and fake photons from electrons, and become negligible
for m�� & 20 GeV. In the region which there is background, we assume the entire signal falls into a
bin of width 1 GeV. The signal selection criteria in this case are ET > 2 GeV and |⌘| < 2.5 for the
two photons and |��� � ⇡| < 0.04. The analogous limit from the exclusive p-p analysis performed by
CMS [17] is also shown, which is very weak due to low photon luminosities. For the FF̃ operator the
heavy-ion limits are significantly stronger, whereas for the BB̃ operator, traditional p-p collider limits
are enhanced due to additional production channels through the Z coupling.

Light-by-light scattering has been measured by the ATLAS collaboration [2], and the results were
consistent with our estimates and those in earlier computations [18–20]. Using the observed m�� spec-
trum, we then derive an observed limit on ALPs for F eF and B eB couplings, which are shown in black
in Fig. 2. In detail, we generated Monte Carlo samples for the ALP signal using a modified version of
the STARlight code [21],2 which assigns a small virtuality to the photons and as such leads to a typical
p��T . 100 MeV for the recoil of the ��-system. We then follow the ATLAS analysis and apply the
following selection cuts on the signal:

1. Require exactly two photons with ET > 3 GeV and |⌘| < 2.4

2. Demand |��� � ⇡| < 0.03, where ��� is the azimuthal angle between the two photons

The signal efficiency is ⇠70% near threshold and becomes fully efficient if the sum of the photon ener-
gies exceeds 9 GeV. The selection criteria are slightly different from our previous theoretical analysis,
however we note that only the larger ET cut leads to noticeable changes for the efficiencies. Given
that we do not model photon identification at the detector level, we apply an extra total reconstruction
efficiency of 90%, which roughly takes into account the per-photon ID efficiency of 95% measured by
ATLAS.

The m�� spectrum measured by ATLAS is plotted in bin-widths of 3 GeV, starting at m�� = 6
GeV. For our exclusion, we generated samples with m�� = 7, 10, 13, 16, ... GeV, and assume that all the
events are contained in their respective bins after final selection. We further assume that ATLAS did not
observe any events with m�� & 30 GeV. The 95% exclusion limits on the coupling 1/⇤ are obtained
assuming only statistical uncertainties. A more detailed CLs analysis that includes a proper treatment of
systematics would yield slightly more conservative limits, and we encourage the experimental commu-
nity to include such an analysis as it is beyond the scope of our simulation framework.

In summary, we have found that heavy-ion collisions at the LHC can provide the best limits on
ALP-photon couplings for 7 GeV < ma < 100 GeV, confirming our previous estimates. The very

1Limits from the p-Pb runs are not competitive despite their higher luminosity, because of the less advantageous Z2 scaling
of the production rate. Collisions with lighter elements, e.g. Ar-Ar, may set relevant limits if the luminosity could be enhanced
by two to three orders of magnitude, as compared to current Pb-Pb run.

2Our patch for ALP production is now included in the latest STARlight release.
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Fig. 2: Left: We show 95% exclusion limits on the operator 1
4

1
⇤aF F̃ using recent ATLAS results on heavy-ion

UPCs [2] (solid black line). The expected sensitivity assuming a luminosity of 1 nb�1 (10 nb�1) is shown in solid
(dashed) green. For comparison, we also give the analogous limit from 36 pb�1 of exclusive p-p collisions [17]
(red dot-dash). Remaining exclusion limits are recast from LEP II (OPAL 2�, 3�) [22] and from the LHC (ATLAS
2�, 3�) [23, 24] (see [1] for details). Right: The corresponding results for the operator 1

4 cos2 ✓W

1
⇤aBB̃. The LEP

I, 2� (teal shaded) limit was obtained from [14].

large photon flux and extremely clean event environment in heavy-ion UPCs provides a rather unique
opportunity to search for BSM physics.
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Light-by-light scattering 
Significance of signal: 4.1σ (4.4σ) observed (expected) 
Measured fiducial cross section: σfid = 122 ± 46 (stat) ± 29 (syst) ± 4 (th) nb 
à Consistent with Standard Model (σfid,SM = 138 ± 14 nb) 

Marta Verweij 26 
Talk, Electromagnetic and weak probes, Wed. 12:30, D. d’Enterria 

Invariant mass 

CMS-PAS-FSQ-16-012 

Light-by-light event 
candidate 

▪ First direct evidence for γγ->γγ interaction 
▪ 4.4σ (3.8σ expected) in ATLAS 
▪ 4.1σ (4.4σ expected) in CMS 

▪ Event selection 
▪ Two back-to-back low-ET photons  

and “nothing else” in the detector 

▪ Fiducial cross-sections consistent with SM 
▪ ATLAS measurement already interpreted  

in terms of limits on specific BSM models

Light-by-light scattering in Pb+Pb @5.02 TeV
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▪ Ions act as a source of photons  
even in non-ultraperipheral case 

▪ Centrality-dependent broadening of  
dimuon acoplanarity distribution 

▪ Modification possibly due to re-scattering  
of muons in the QGP 

▪ <kT> ~70 MeV imparted to each muon  
in most central events 

▪ First observation of EM interactions with QGP? 
▪ Theory input needed!

γγ->µµ in non-UPC Pb+Pb @5.02 TeV

 23

EXCLUSIVE DIMUONS IN NON-UPC PB+PB
➤ Exclusive production of μ+μ- pairs in non-Ultra-Peripheral 

Collisions (non-UPC) in Pb+Pb at 5.02 TeV 
➤ Muons are back-to-back in azimuth [ATLAS-CONF-2016-025] 
➤ What happens to acoplanarity in the QGP?

�14

➤ Centrality-dependent broadening of ⍺ 
distribution 

➤ Modification qualitatively consistent 
with re-scattering of muons in the QGP 
➤ 70 MeV per muon imparted 

➤ MC model (signal from STARlight+MB 
event from data) does not describe the 
data 

➤ First observation of EM interactions 
with the QGP? 

ED to be replaced by a new one!
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γγ→µµ IN PB+PB

CORRECTED SIGNAL DISTRIBUTIONS

▸ Simulated STARLIGHT events show no centrality-dep. broadening  
▸ HF-determined backgrounds saturate tails 
▸ No obvious contribution from Drell-Yan, ϒ, or dissociative processes
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▪ Many new results from all LHC collaborations 
▪ LHC Run-2 data analysis in full swing 
▪ More Pb+Pb data coming this year 

▪ First measurements from Xe+Xe run @5.44 TeV taken in October 2017 
▪ Similarities between Xe+Xe and Pb+Pb  

▪ Exploring old and new methods to probe jet quenching mechanism 
▪ Including photon-tagged jets, jet shapes, jet substructure, … 

▪ New p+Pb measurements constrain nPDFs 
▪ Also: first observation of top-quark production in nuclear collisions 

▪ Observation of broadening of acoplanarity distribution for muons from  
γγ->µµ process 

▪ New way to probe QGP?  

▪ Light-by-light scattering evidenced in both ATLAS and CMS 
▪ LHC HI data (for first time?) sets the most stringent limit on specific BSM models  

(e.g. ALPs)

Summary

 24
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▪ More details in parallel session talks: 
▪ Wednesday, 11:30-13:00 (soft probes) 
▪ Friday, 14:30-16:30 (hard probes) 

and at: 
▪ https://twiki.cern.ch/twiki/bin/view/ALICEpublic/ALICEPublicResults 
▪ https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HeavyIonsPublicResults 
▪ https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIN 
▪ http://lhcbproject.web.cern.ch/lhcbproject/Publications/

LHCbProjectPublic/Summary_IFT.html

Summary
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Backup

 26
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Collision systems & energies @LHC

 27

…and already eight years of data taking

• LHC Run 2 data analysis is in full swing.
• Significant increase in integrated luminosity in pp, p-Pb, and Pb-Pb collisions 

allows more and more precise investigation of statistics hungry probes.

System Year(s) √sNN (TeV) Lint

Pb-Pb
2010-2011 2.76 ~75 μb-1

2015 5.02 ~250 μb-1

by end of 2018 5.02 ~1 nb-1

Xe-Xe 2017 5.44 ~0.3 μb-1

p-Pb
2013 5.02 ~15 nb-1

2016 5.02, 8.16 ~3 nb-1, ~25 nb-1

pp
2009-2013 0.9, 2.76, 

7, 8
~200 μb-1, ~100 nb-1, 
~1.5 pb-1, ~2.5 pb-1

2015,2017 5.02 ~1.3 pb-1

2015-2017 13 ~25 pb-1
Pb-Pb 5.02 TeV
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▪ RAA measured in very fine centrality bins, up to most peripheral 
▪ Significant change of behavior found for >80% centrality 

▪ Can be explained by biases induced by event selection and collision 
geometry 

▪ Described with a simple PYTHIA-based model without nuclear modification

RAA in very peripheral Pb+Pb collisions @5.02 TeV

 28

RAA in very peripheral collisions (1)

àRAA measured in very fine 
centrality bins up to very 
peripheral.

àSignificant change of behavior 
found beyond 80% centrality.

àCan be explained by biases 
induced by event selection 
and collision geometry.

27

M. Knichel, Tue 10:20
RAA in very peripheral collisions (3)

àRAA in very peripheral 
collisions can be described 
with a simple PYTHIA based 
model without nuclear 
modification just by event 
selection and geometry 
biases.

à Jet quenching signal smaller 
than typical systematics above 
~80% centrality consistent 
with RpPb results at similar 
multiplicities.

29

M. Knichel, Tue 10:20 arXiv:1805.05212
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Thermal statistical model fits Pb-Pb 5.02 TeV

àAlso at 5.02 TeV, yields 
of light flavor hadrons 
are qualitatively well 
described by equilibrium 
thermal models over 7 
orders of magnitude.

àFit at 5.02 TeV converges 
to slightly lower Tch than 
at 2.76 TeV (153 w.r.t to 
156 MeV) due to proton 
yield.

15

F. Bellini, Wed 12:50

▪ Measuring absolute  
yields (dN/dy) 

▪ Also at 5.02 TeV, yields  
of light flavor hadrons  
are qualitatively well  
described by equilibrium  
thermal models over  
7 orders of magnitude  

▪ Biggest deviations for 
▪ Protons 
▪ K*0 (not in fit)  

▪ Fit @5.02 TeV converges to slightly lower Tch than @2.76 TeV 
(153 MeV vs 156 MeV) mostly due to proton yield

Thermal statistical model fits Pb+Pb @5.02 TeV

 29
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▪ Xe+Xe smeared to match Pb+Pb UE fluctuations 
▪ No clear difference between Xe+Xe and Pb+Pb

Dijet asymmetry in Xe+Xe
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ATLAS-CONF-2018-007

W H AT  C O N T R O L S  D I J E T  A S Y M M E T R Y ?
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Not yet unfolded, but Xe smeared to match Pb UE fluctuations. 
No clear preference for geometry vs. density
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M. Dyndal Soft and Hard ProbesLHCP 2018

▪ Inclusive isolated prompt-photon spectrum @8.16 TeV 
▪ At forward and central rapidity, RpPb consistent with unity  
▪ RpPb < 1 for η* < -2 and large Et -> nuclear valence region  

▪ Comparison to JETPHOX with nPDF from EPPS16 and nCTEQ15 
▪ With current uncertainties, the data is unable to constraint 

nPDFs -> work is ongoing

Inclusive photons in p+Pb
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INCLUSIVE PHOTONS IN P+PB
➤ Inclusive prompt photons in p+Pb collisions at 8.16 TeV 

➤ At forward and central rapidity, RpPb consistent with unity 
➤ RpPb<1 for η*<-2 due to isospin effects 

➤ Comparison to JETPHOX with nPDF from EPPS16,  nCTEQ15 
➤ With the current uncertainties, the data is unable to constraint 

nPDF 
➤ Ongoing work to reduce uncertainties
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