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QGP

fundamental interaction & 
degrees of freedom 

exactly known

?

emergent near-
perfect fluidity
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QGP

How does the behavior of Quark-Gluon Plasma 
emerge from the microscopic QCD theory?

fundamental interaction & 
degrees of freedom 

exactly known

?

emergent near-
perfect fluidity
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jets: multi-scale, internally generated 
probes of the QGP medium…

collective, strongly-
coupled, long-

distance behavior

short-distance, 
asymptotically free 
quarks and gluons
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proton beam
proton beam

 5Precision tools, near-ubiquitous in modern HEP…
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Years of work by many across HI community to 
make / improve reconstructed jet measurements!
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Phys. Lett. B 790 (2019) 108

Run 1 LHC data: suppression 
of inclusive jet production

Nuclear modification factor 
(Pb+Pb/pp ratio) for 
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1. Significant improvements in systematic 
control over jet energy scale

Run 1 LHC data: suppression 
of inclusive jet production

Jet RAA

Nuclear modification factor 
(Pb+Pb/pp ratio) for 

inclusive jets



 [GeV]
T
p

AA
R

0.5

1

40       60         100             200      300        500          90040       60         100             200      300        500          90040       60         100             200      300        500          90040       60         100             200      300        500          90040       60         100             200      300        500          90040       60         100             200      300        500          90040       60         100             200      300        500          90040       60         100             200      300        500          90040       60         100             200      300        500          90040       60         100             200      300        500          900

 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-

2015 Pb+Pb data

!9

Phys. Lett. B 790 (2019) 108

1. Significant improvements in systematic 
control over jet energy scale

2.  Extension of kinematic reach + more 
differential measurements  

(2018 data 3.5x luminosity for ATLAS+CMS)

Run 1 LHC data: suppression 
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1. Significant improvements in systematic 
control over jet energy scale

  

Rüdiger Haake 24ML-based jet momentum reconstruction

Nuclear modification factor RAA for R=0.2

3. Advanced techniques 
to separate lower-pT jets 
from the HI background 2.  Extension of kinematic reach + more 

differential measurements  
(2018 data 3.5x luminosity for ATLAS+CMS)

Run 1 LHC data: suppression 
of inclusive jet production

Jet RAA



(longitudinal momentum) 
fragmentation function 

jet mass

splitting function

Jet (sub)structure in Heavy Ions - 
growing topic with lots to learn 

from HEP community
!11



(longitudinal momentum) 
fragmentation function 

how is development of parton shower modified? 
structure of in-cone radiated energy / thermal QGP “response"?

!12



Fragmentation functions

increase in soft particles
“softening” in moderate-pT region
survivor bias? (also note pT sum rule)

!13
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Fragmentation functions

increase in soft particles
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Phys. Rev. C 98 (2018) 024908

Ratios at small pTh similar at all pTjet…  
must be related to absolute QGP 

scales (soft thermal response)

http://dx.doi.org/10.1103/PhysRevC.90.024908


(longitudinal momentum) 
fragmentation function 

jet mass

does QGP filter out soft modes, leaving hard core (decrease mass)? 
soft particle response to deposited energy (increase mass)?

how is development of parton shower modified? 
structure of in-cone radiated energy / thermal QGP “response"?

!15



Jet mass
Phys. Lett. B776(2018) 249-264

!16

First measurement of jet mass in Pb–Pb and p–Pb collisions ALICE Collaboration
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Fig. 6: Fully-corrected jet mass distribution for anti-kT jets with R = 0.4 in p–Pb collisions, compared
to PYTHIA and HERWIG simulations for three ranges of pT,ch jet. Statistical uncertainties in data are
smaller than the markers and in the models are smaller than the line width.
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Fig. 7: Fully-corrected jet mass distribution for anti-kT jets with R= 0.4 in minimum bias p–Pb collisions
compared to central Pb–Pb collisions for three ranges of pT,ch jet.
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√
s = 2.76 TeV and

√
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energy loss. In JEWEL each scattering of the leading parton with constituents from the medium is
computed giving a microscopic description of the transport coefficient, q̂. By default, JEWEL does
not keep track of the momenta of the recoiling scattering centers (“recoil off”). This leads to a net
loss of energy and momentum out of the di-jet system, and is expected to mostly affect low-pT-particle
production. For the jet mass measurement, low-momentum fragments are important, so JEWEL was
also run in the mode in which it keeps track of the scattering centers (“recoil on”). In that mode, more
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First measurement of jet mass in Pb–Pb and p–Pb collisions ALICE Collaboration
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Fig. 10: Fully-corrected jet mass distribution for anti-kT jets with R= 0.4 in the 10% most central Pb–Pb
collisions compared to PYTHIA with tune Perugia 2011 and predictions from the jet quenching event
generators (JEWEL and Q-PYTHIA). Statistical uncertainties are not shown for the model calculations.
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Fig. 11: Fully-corrected mean jet mass compared to PYTHIA Perugia2011 and the jet quenching event
generators (JEWEL and Q-PYTHIA) for anti-kT jets with R = 0.4 in the 10% most central Pb–Pb colli-
sions.

collisions. By constraining both energy and virtuality experimentally, differential jet mass measurements
could provide further non-trivial tests for models of in-medium shower evolution.

The ratio of the jet mass distribution in central Pb–Pb collisions and minimum-bias p–Pb collisions is
compared to that in PYTHIA Perugia 2011 simulations at the two center-of-mass energies. The data ratio
is compatible with the PYTHIA expectation at the two center-of-mass energies within systematic uncer-
tainties. A hint of a difference within statistical uncertainties only in the ratio and in the mean jet mass in
the lowest pT,ch jet range is of interest to motivate further work on reducing the systematic uncertainties
in order to increase the precision in jet mass measurements as well as pursuing more differential studies,
for example with respect to hard fragmenting jets.

The fully-corrected results are consistent with the observation based on detector level comparison with
PYTHIA embedded jets. The measured jet mass in Pb–Pb collisions is not reproduced by the quenching
models considered in this letter and is found to be consistent with PYTHIA vacuum expectations within
systematic uncertainties. These results are qualitatively consistent with previous measurements of jet
shapes at the LHC [20, 62], which show only relatively small changes of the particle distributions in jets
in Pb–Pb collisions compared to pp collisions. The JEWEL model with “recoil on”, which describes

15

selected/surviving jets have smaller mass…

PLB 776 (2018) 249

ungroomed mass in pTjet selections
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how is development of parton shower modified? 
structure of in-cone radiated energy / thermal QGP “response"?

(longitudinal momentum) 
fragmentation function 

jet mass

splitting function

does QGP filter out soft modes, leaving hard core (decrease mass)? 
soft particle response to deposited energy (increase mass)?

do nearby subjets lose energy the same way (stochasticity of E-loss)? 
can the medium resolve independent subjets (color coherence)? !17
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additional advantage: some substructure 
observables robust by construction against 

HI background…

subjet pT-sharing 
modified by QGP

PRL 120, 142302 (2018)



balancing jet(?)

high-pT jet

 19

did both jets lose 
energy?

was the surviving 
jet created near 

surface?

do selected jets have 
same flavor fraction as 
pp comparison jets?



balancing 
jet(s)?

 20

HCal

EMCal

pT = 200 GeV 
photon

Run: 286834
Event: 124877733
2015-11-28 01:15:42 CEST
Pb+Pb √sNN = 5.02 TeV
photon + multijet event
ΣETFCal = 4.06 TeV

EW boson-tagged jet 
quenching



jet (Pb+Pb)
jet (pp)

jet jet 
particles

jet

quenched 
energy
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ɣ or  Z

ɣ or  Z

ɣ or  Z

Where does the lost energy end up 
(angular and momentum modes)?

How is the parton shower in 
cone modified by medium?

What is the (absolute) amount 
of energy lost in cone?



!22

in 0-10% Pb+Pb events, 
distribution of outcomes!

in 50-80% Pb+Pb events, 
sharp peak at xJɣ~1, as in pp 

P(pTjet << pTɣ) > 0
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P(pTjet ~ pTɣ) > 0

Photon+jet pT balance
xJɣ = pTjet / pTɣ

P(pTjet ~ pTɣ) = large

Phys. Lett. B 
789 (2019) 167



Photon-tagged jet structure
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test multiple aspects of theory: flavor difference, multiple 
momentum scales, etc. 
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Heavy flavor probes6
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Figure 3: The B ! D0 nuclear modification factor RAA for PbPb collisions at
p

s
NN

= 5.02 TeV
(red circles) compared to other particles [16, 18, 19, 24] (upper panel), and to various theoret-
ical predictions [34–41] (lower panel). The vertical bands around the data points and at unity
represent the bin-by-bin and global systematic uncertainties, respectively.

quark diffusion in the medium [34, 35]. The PHSD model is a microscopic off-shell transport
model based on a Boltzmann approach that includes collisional energy loss only [40, 41]. At
higher pT, the CUJET, EPOS2+MC@SHQ and TAMU models all match the data well. However,
at pT below 5 GeV/c, our measurements show a hint of stronger suppression than predicted by
all available models in this pT range. This could indicate a stronger energy loss of b quarks
in QGP than predicted at low pT, where collisional parton energy loss begins to dominate. It
could also be due to other effects. For example, the fraction of b baryons out of all b hadrons
may be enhanced at low pT in PbPb collisions, because b quarks can hadronize by coalescing
with light quarks in the medium [42–45]. Given the much lower decay fractions of b baryons
! D0 with respect to the B± ! D0 and B0 ! D0 cases, fewer b hadrons are seen in this anal-
ysis than expected by the models. This baryon enhancement effect is not accounted for by the
models considered.

In summary, this letter presents the transverse momentum spectra of D0 mesons from b hadron
decays measured in pp and PbPb collisions at a center-of-mass energy

p
s

NN
= 5.02 TeV per nu-

cleon pair with the CMS detector at the LHC. The D0 mesons from b hadron decays are distin-
guished from the prompt D0 mesons by the distance of closest approach of the D0 path relative
to the primary vertex. The measured spectrum in pp collisions is close to the upper limit of a
Fixed-Order Next-to-Leading Logarithm perturbative quantum chromodynamics calculation.
In PbPb collisions, the B ! D0 yield is suppressed in the measured transverse momentum
(pT) range from 2 to 100 GeV/c. The B ! D0 nuclear modification factor RAA is higher than
for prompt D0 mesons and charged hadrons around 10 GeV/c, which is in line with a quark
mass ordering of suppression. Compared to theoretical predictions, the measured RAA is con-
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Figure 3: The B ! D0 nuclear modification factor RAA for PbPb collisions at
p
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NN

= 5.02 TeV
(red circles) compared to other particles [16, 18, 19, 24] (upper panel), and to various theoret-
ical predictions [34–41] (lower panel). The vertical bands around the data points and at unity
represent the bin-by-bin and global systematic uncertainties, respectively.

quark diffusion in the medium [34, 35]. The PHSD model is a microscopic off-shell transport
model based on a Boltzmann approach that includes collisional energy loss only [40, 41]. At
higher pT, the CUJET, EPOS2+MC@SHQ and TAMU models all match the data well. However,
at pT below 5 GeV/c, our measurements show a hint of stronger suppression than predicted by
all available models in this pT range. This could indicate a stronger energy loss of b quarks
in QGP than predicted at low pT, where collisional parton energy loss begins to dominate. It
could also be due to other effects. For example, the fraction of b baryons out of all b hadrons
may be enhanced at low pT in PbPb collisions, because b quarks can hadronize by coalescing
with light quarks in the medium [42–45]. Given the much lower decay fractions of b baryons
! D0 with respect to the B± ! D0 and B0 ! D0 cases, fewer b hadrons are seen in this anal-
ysis than expected by the models. This baryon enhancement effect is not accounted for by the
models considered.

In summary, this letter presents the transverse momentum spectra of D0 mesons from b hadron
decays measured in pp and PbPb collisions at a center-of-mass energy

p
s

NN
= 5.02 TeV per nu-

cleon pair with the CMS detector at the LHC. The D0 mesons from b hadron decays are distin-
guished from the prompt D0 mesons by the distance of closest approach of the D0 path relative
to the primary vertex. The measured spectrum in pp collisions is close to the upper limit of a
Fixed-Order Next-to-Leading Logarithm perturbative quantum chromodynamics calculation.
In PbPb collisions, the B ! D0 yield is suppressed in the measured transverse momentum
(pT) range from 2 to 100 GeV/c. The B ! D0 nuclear modification factor RAA is higher than
for prompt D0 mesons and charged hadrons around 10 GeV/c, which is in line with a quark
mass ordering of suppression. Compared to theoretical predictions, the measured RAA is con-

data compatible with physically 
intuitive ordering of  E-loss: 

light < charm < bottom 

PRL 123 (2019) 022001
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charm “feels the shape” 
of the QGP region

C.Terrevoli Open HF review17

Event Shape Engineering with D-mesons
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New 2018 Pb-Pb

Models with different transport parameters (ex. POWLANG HTL and lQCD)
describe large-q2/unbiased in similar way: 
• v2 sensitive to initial condition or to underlying bulk processes?

20% smallest q2: 

 v2  reduced

20% largest q2: 

v2 increased

2018 data improve 
measurement reported in 
JHEP1902 (2019) 150
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Talk: 
S. Jaelani

Further investigate the dynamics of hq in the medium

Initial-condition fluctuations and event eccentricity: event-by-event variation of the flow coefficients at fixed centrality can be large 

‘reduced flow vector’ q2 to 
quantify the eccentricity of 
the event

v2 in classes of events 
selected in 30-50% with 
different initial geometrical 
shape eccentricity

D-meson v2 sensitive to event shape selection confirming a 
correlation with the collective expansion of the bulk matter 

C.Terrevoli Open HF review17

Event Shape Engineering with D-mesons

2 4 6 8 10 12 14 16
)c (GeV/

T
p

0.1−

0

0.1

0.2

0.3

0.4

0.5

|>
0.

9}
η

Δ
 {S

P,
 |

2v

ALICE Preliminary
 = 5.02 TeVNNsPb, −50% Pb−30

Syst. from data
Syst. from B feed-down

2 4 6 8 10 12 14 16
)c (GeV/

T
p

1−

0.5−

0

0.5

1

1.5

2

2.5

3

 (u
nb

ia
se

d)
2v

 (E
SE

-s
el

ec
te

d)
 / 

2v

|<0.8y average, |+, D*+, D0Prompt D

TPC
2

q20% small-
TPC
2

q20% large-
unbiased

TPC
2

q20% small-
TPC
2

q20% large-
unbiased

ALI−PREL−319588

New 2018 Pb-Pb

Models with different transport parameters (ex. POWLANG HTL and lQCD)
describe large-q2/unbiased in similar way: 
• v2 sensitive to initial condition or to underlying bulk processes?

20% smallest q2: 

 v2  reduced

20% largest q2: 

v2 increased

2018 data improve 
measurement reported in 
JHEP1902 (2019) 150
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Initial-condition fluctuations and event eccentricity: event-by-event variation of the flow coefficients at fixed centrality can be large 

‘reduced flow vector’ q2 to 
quantify the eccentricity of 
the event

v2 in classes of events 
selected in 30-50% with 
different initial geometrical 
shape eccentricity

D-meson v2 sensitive to event shape selection confirming a 
correlation with the collective expansion of the bulk matter 



!25

Change nuclear species: change QGP size/shape/
temperature — crucial lever arm for nuclear physics!  



RAA of charged particles in Xe–Xe collisions at
p

sNN = 5.44 TeV ALICE Collaboration
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Fig. 6: Comparison of the nuclear modification factor in Xe–Xe and Pb–Pb collisions integrated over
identical regions in pT as a function of hdNch/dhi. The vertical brackets indicate the quadratic sum of the
total systematic uncertainty in the measurement and the overall normalization uncertainty in hTAAi.The
horizontal bars reflect the RMS of the distribution in each bin. The dashed lines show results from
power-law fits to the data and are drawn to guide the eye.

tistical uncertainties in hpTi are negligible. Systematic uncertainties are estimated by vary-
ing each source of systematic uncertainty in the spectra at a time, by varying the fit range to
0.15 GeV/c < pT < 0.5GeV/c, and by changing the interpolation range to 0–0.2 GeV/c. All
contributions are then added quadratically. The relative systematic uncertainty is 1.8% (1.3%)
for the 0-5% (70–80%) centrality class.

The average transverse momentum is presented in the top panel of Fig. 7 for Xe–Xe collisions atp
s = 5.44 TeV (squares) and Pb–Pb collisions at

p
s = 5.02 TeV (diamonds) for nine centrality

classes. An increase of hpTi with centrality is visible in both collision systems and is attributed
to the increasing transverse radial flow. The bottom panel of Fig. 7 shows the ratios of hpTi in
both collision systems. The ratio is flat within uncertainties but allows for relative variations
of up to two percent. Comparison to results from hydrodynamical calculations [42] are shown

13

How does energy loss depend on system size?

…select same (dN/dη) range — 
i.e. similar εL2 (radiative E-loss?)

sensitive to flow?

sensitive to E-loss?

sensitive to ??
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RAA of charged particles in Xe–Xe collisions at
p

sNN = 5.44 TeV ALICE Collaboration
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Fig. 4: Nuclear modification factor in Xe–Xe at
p

sNN = 5.44 TeV (filled circles) and Pb–Pb collisions [5]
at
p

sNN = 5.02 TeV (open circles) for nine centrality classes. The vertical lines (brackets) represent the
statistical (systematic) uncertainties. The overall normalization uncertainty is shown as a filled box
around unity.

particles is apparently stronger for the same centrality class but still in agreement with Xe–Xe
collisions within uncertainties.

Nuclear modification factors from Xe–Xe and Pb–Pb collisions and their ratios at similar ranges
of hdNch/dhi are shown in Fig. 5. In 5% most central Xe–Xe collisions, the nuclear modifi-
cation factor is remarkably well matched by 10–20% central Pb–Pb collisions over the entire
pT range. ln the 30–40% Xe–Xe (40–50% Pb–Pb) centrality class, again agreement is found
within uncertainties.These findings of matching nuclear modification factors at similar ranges
of hdNch/dhi are in agreement with results from the study of fractional momentum loss of
high-pT partons at RHIC and LHC energies [41].

A comparison of the nuclear modification factors as a function of hdNch/dhi in Xe–Xe and Pb–
Pb collisions for three different regions of pT (low, medium, and high) is shown in Fig. 6. A
remarkable similarity in RAA is observed between Xe–Xe collision at

p
sNN = 5.44 TeV and Pb–

Pb collisions at
p

sNN = 5.02 and 2.76 TeV when compared at identical ranges in hdNch/dhi,
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Obvious “non-scaling” in relative 
fractions of AA cross-section…

Phys. Lett. B 788 (2019) 166
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Impact on theory comparisons…

Cancel common data & theory 
uncertainties in the Pb/Xe ratio… 

… better extract temperature / 
path-length dependence of E-loss
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At a glance, good matching 
to theory models…
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Figure 3: The ratio of pPb to pp hdijet spectra compared to NLO pQCD calculations with
DSSZ [18] and EPS09 [14] nPDFs, using CT14 [57] as the baseline nucleon PDF. The red boxes
indicate systematic uncertainties in data and the height of the NLO pQCD calculation boxes
represent the nPDF uncertainties.
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How does the nucleus 
affect hard processes 
before QGP effects?

Run 1 p+Pb/pp ratios of dijet-η, bins of pTavg

PRL 121, 062002 (2018)!28

⇒ test in p+Pb collisions 



Information on “cold” nuclear 
effects before “hot” quenching
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with the dijet data.

direction a slight enhancement in the central prediction can be
observed, but this is far less prominent than the suppression
in the forward bins. In total, we obtain an improvement in the
goodness of fit from c2/Ndata = 1.68 to 1.41 with a penalty
P/D c2 = 0.14.

The corresponding effects on the EPPS16 nuclear modifi-
cations in lead at the parametrization scale Q

2 = 1.69 GeV2

are presented in Fig. 10. There is a striking impact on gluon
modification uncertainties, which are reduced across all x.
In the best-constrained mid-x region, the uncertainties are
reduced to less than half of their original size. As the uncer-
tainty band lies clearly above unity in this region, we find
strong evidence for gluon antishadowing in lead. At small
x, the reweighted uncertainty band goes respectively below
unity, giving evidence for gluon shadowing. These findings
are in accordance with those of Ref. [37], where inclusive
heavy-flavour production data from measurements at the
LHC were used to study the gluon PDF modifications in nu-
clei. As expected from inspecting the ratio of the dijet spectra,

the new central set seems to support stronger shadowing than
in the original EPPS16 central fit.

Even with the increased gluon shadowing, the most for-
ward bins of R

norm.
pPb are not well reproduced by the reweighted

results, which is also the reason why the c2/Ndata remained
somewhat high even after the reweighting. To be consistent
with these forward data points, a very deep shadowing for
the gluons would be required. Moreover, the probed x region
changes very little between the last and second-to-last hdijet
data point, and thus such a steep drop as that suggested by
the data is difficult to attain. This is because the DGLAP
evolution efficiently smooths out even steep structures in
the gluon nuclear modification, as can be seen in Fig. 11
where we show the gluon nuclear modifications evolved to
higher scales. We also note that the systematic uncertainty
dominates in the last hdijet bins, and thus taking into account
the data correlations, once available, could improve the fit
quality. These findings should, in the future, be contrasted
also with the recent ATLAS conditional yield measurement,

impact of Run 1 dijet data on nPDF 
modification for gluons
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Input for universal 
“nuclear-PDF” picture

hep-ph/1903.09832 
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Figure 13: Display of an event with large rapidity gap taken with the ZDC XOR trigger, firing on more
than one spectator neutrons on one side and no neutrons on the other side. Rapidity gap is on the side
with no neutrons in the ZDC.
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single sided ZDC triggers select photonuclear events:  
unwanted background to “normal” HI events…
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Figure 13: Display of an event with large rapidity gap taken with the ZDC XOR trigger, firing on more
than one spectator neutrons on one side and no neutrons on the other side. Rapidity gap is on the side
with no neutrons in the ZDC.
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single sided ZDC triggers select photonuclear events:  
unwanted background to “normal” HI events…

Ultra-peripheral processes
• EM interactions with nuclei separated, such as light-by-light scattering 

• Photo-nuclear (ɣ+A) interactions: 

➡ significantly cleaner environment than p+Pb 

➡ opportunity to do some “nuclear-DIS”-like physics before LHeC/EIC

!31
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Coherent photo-production of J/ψ 
as probe of nuclear gluon content 

(see also: photo-nuclear dijets in ATLAS, 
Upsilon in CMS, far forward J/ψ in LHCb)

symmetric “ridge” in high-
multiplicity ɣ+A events!  
Interpreted here as v2… 

…QGP-like signatures even in lower-
energy 𝜌+A collisions?

Coherent J/y photoproduction at forward rapidity in Pb-Pb UPC ALICE Collaboration
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Figure 4: Measured coherent differential cross section of J/y photoproduction in ultra-peripheral Pb–Pb colli-
sions at

p
sNN = 5.02 TeV. The error bars represent the statistical uncertainties, the boxes around the points the

systematic uncertainties. The theoretical calculations [10, 16, 22, 31, 34–39] described in the text are also shown.
The green band represents the uncertainties of the EPS09 LO calculation.

5 Conclusions

The first rapidity-differential measurement on the coherent photoproduction of J/y in ultra-peripheral
Pb–Pb collisions at

p
sNN = 5.02 TeV has been presented and compared with model calculations. The

Impulse Approximation and STARlight models overpredict the data, indicating the importance of gluon
shadowing effects. The model based on the central set of the EPS09 gluon shadowing parametrization,
the leading twist approximation, and the hot-spot model coupled to the Glauber-Gribov formalism un-
derpredict the data but remain compatible with it at most forward rapidities. The majority of color dipole
models underpredict the data. The ratio of the y 0 and J/y cross sections is in reasonable agreement both
with the ratio of photoproduction cross sections off protons measured by the H1 and LHCb collaborations
and with LTA predictions for Pb–Pb UPC.

The nuclear gluon shadowing factor of about 0.8 at Bjorken-x values around 10�2 and a hard scale
around c-quark mass was estimated from the comparison of the measured coherent J/y cross section
with the Impulse Approximation under the assumption that the contribution from low Bjorken x ⇠ 10�5

can be neglected. Future studies on coherent heavy vector meson photoproduction accompanied by
neutron emission may help to decouple low-x and high-x contributions and provide valuable constraints
on poorly known gluon shadowing effects at Bjorken x ⇠ 10�5 [43].

Acknowledgements

The ALICE Collaboration would like to thank all its engineers and technicians for their invaluable con-
tributions to the construction of the experiment and the CERN accelerator teams for the outstanding
performance of the LHC complex. The ALICE Collaboration gratefully acknowledges the resources and

11

nucl-ex/1904.06272

ATLAS-CONF-2019-022

!32



0 0.005 0.01 0.015
α

0

200

400

600

αd
s

Nd   s
N1

 

0 - 10 %

0 0.005 0.01 0.015
α

10 - 20 %

0 0.005 0.01 0.015
α

20 - 40 %
ATLAS

 = 5.02 TeVNNs
-1Pb+Pb, 0.49 nb

0 0.005 0.01 0.015
α

40 - 80 %
Pb+Pb data
> 80% data
 

data overlay
STARlight +

0 0.05 0.1
A

0

20

40

60

80Ad
s

Nd  s
N1

 

0 - 10 %

0 0.05 0.1
A

10 - 20 %

0 0.05 0.1
A

20 - 40 %
ATLAS

 = 5.02 TeVNNs
-1Pb+Pb, 0.49 nb

0 0.05 0.1
A

40 - 80 %
Pb+Pb data
> 80% data
 

data overlay
STARlight +

0 0.005 0.01 0.015
α

0

200

400

600

αd
s

Nd   s
N1

 

0 - 10 %

0 0.005 0.01 0.015
α

10 - 20 %

0 0.005 0.01 0.015
α

20 - 40 %
ATLAS

 = 5.02 TeVNNs
-1Pb+Pb, 0.49 nb

0 0.005 0.01 0.015
α

40 - 80 %
Pb+Pb data
> 80% data
 

data overlay
STARlight +

0 0.05 0.1
A

0

20

40

60

80Ad
s

Nd  s
N1

 

0 - 10 %

0 0.05 0.1
A

10 - 20 %

0 0.05 0.1
A

20 - 40 %
ATLAS

 = 5.02 TeVNNs
-1Pb+Pb, 0.49 nb

0 0.05 0.1
A

40 - 80 %
Pb+Pb data
> 80% data
 

data overlay
STARlight +

PRL 121, 212301 (2018)

Electromagnetic processes still 
occur even if nuclei overlap 

Recent interest in ɣɣ→𝓁+𝓁- as 
probe of the QED content of QGP

di-muons balanced in UPC events…
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Future hard probes of QCD matter

Higher luminosity, detector 
upgrades, smaller collision systems

sPHENIX @ RHIC: dedicated “LHC-
style” jet detector in early 2020’s
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BDMPS [400] and SCETg [401] calculations when the medium density (q̂ for BDMPS and g for SCETg)
is varied. In addition, the expected precision will also provide the ability to distinguish different physical
mechanisms and scales relevant for jet quenching as is shown for the role of coherence in Fig. 36 in the
HT theoretical calculations [402]. A measurement of the groomed jet mass with the 2015 LHC Pb–Pb
data already showed that jet quenching might cause an increase of high mass jets [361]. Figure 37 shows
the expected performance for the groomed jet mass at HL-LHC which will allow measuring the high
mass region with higher precision.
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(sub)structure EW+jet heavy flavor future probes

D and B RAA: Theoretical model comparison

• indication of larger suppression for 
2 < pT < 5 GeV/c: stronger energy 
loss of b than predicted? More b 
baryons at low pT?
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• POWLANG, BAMPS el, TAMU: do not include radiative energy loss 

➡determination of onset of radiative contributions by deviations from experimental data at a certain pT

Energy loss:  
Do we understand all the 

involved processes?

?quarks are expected to lose energy via 

collisional (dominant at low pT) and radiative 
(dominant at high pT) energy loss


