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Centrality dependence of hdNch/dhi in Pb–Pb at
p

sNN = 5.02 TeV ALICE Collaboration

Centrality hdNch/dhi hNparti 2
hNparti hdNch/dhi

0–2.5% 2035 ± 52 398 ± 2 10.2 ± 0.3
2.5–5.0% 1850 ± 55 372 ± 3 9.9 ± 0.3
5.0–7.5% 1666 ± 48 346 ± 4 9.6 ± 0.3
7.5–10% 1505 ± 44 320 ± 4 9.4 ± 0.3
10–20% 1180 ± 31 263 ± 4 9.0 ± 0.3
20–30% 786 ± 20 188 ± 3 8.4 ± 0.3
30–40% 512 ± 15 131 ± 2 7.8 ± 0.3
40–50% 318 ± 12 86.3 ± 1.7 7.4 ± 0.3
50–60% 183 ± 8 53.6 ± 1.2 6.8 ± 0.3
60–70% 96.3 ± 5.8 30.4 ± 0.8 6.3 ± 0.4
70–80% 44.9 ± 3.4 15.6 ± 0.5 5.8 ± 0.5

Table 1: The hdNch/dhi and 2
hNparti hdNch/dhi values measured in |h | < 0.5 for eleven centrality classes. The

values of hNparti obtained with the Glauber model are also given. The errors are total uncertainties, the statistical
contribution being negligible.

losses due to physical processes like absorption and scattering, which may result in a charged particle
not creating a tracklet. The fractions of active pixels in the inner and outer SPD layers were about 85%
and 97.5%, respectively. The estimated combinatorial background amounts to about 18% in the most
central (0–2.5%) and 1% in the most peripheral (70–80%) centrality classes. A correction of about 2%
for contamination by secondaries from weak decays is applied based on the same simulation.

Several sources of systematic uncertainty were investigated. The centrality determination introduces an
uncertainty via the fitting of the V0 amplitude distribution to the hadronic cross-section, due to the con-
tamination from electromagnetically induced reactions at small multiplicity. The fraction of the hadronic
cross-section (10%) at the lowest multiplicity, where the trigger and event selection are not fully efficient
and the contamination is non-negligible, was varied by an uncertainty of ±0.5%. This uncertainty was
estimated by varying NBD-Glauber fitting conditions and by fitting a different centrality estimator, based
on the hits in the SPD. The uncertainty from the centrality estimation results in an uncertainty of 0.5%
for central 0–2.5% collisions, increasing in the more peripheral collision classes, reaching 7.5% for the
70–80% sample, where it is the largest contribution. Conversely, the uncertainty due to the subtraction of
the background is largest for the central event sample, where it is about 2%, and becomes smaller as the
collisions become more peripheral, amounting to only 0.2% for the 70–80% event class. This uncertainty
is estimated by using an alternative method where fake hits are injected into real events.

All other sources of systematic uncertainty are independent of centrality. The uncertainty resulting from
the subtraction of the contamination from weak decays of strange hadrons is estimated, from the tuned
MC simulations, to amount to about 0.5% by varying the strangeness content by ±30%. The uncertainty
due to the extrapolation down to zero pT is estimated to be about 0.5% by varying the number of particles
below the 50 MeV/c low-pT cut-off by ±30%. An uncertainty of 1% for variations in detector acceptance
and efficiency was evaluated by carrying out the analysis for different slices of the z-position of the
interaction vertex distribution and with subsamples in azimuth.

Other effects due to particle composition, background events, pileup, material budget and tracklet selec-
tion criteria were found to be negligible. The final systematic uncertainties assigned to the measurements
are the quadratic sums of the individual contributions, and range from 2.6% in central 0–2.5% collisions
to 7.6% in 70–80% peripheral collisions, of which 2.3% and 7.5%, respectively, are centrality dependent
and 1.2% are centrality independent.

The results for hdNch/dhi are shown in Table 1. In order to compare bulk particle production at different
energies and in different collision systems, specifically for a direct comparison to pp and pp collisions,
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•  In central Pb-Pb collisions (5 TeV): 
� dN/dη ∼ 2000
� Energy density (ε ∼ 18 GeV/fm3) 

above deconfinement transition                  
(~1 GeV/fm3)

•  Caveat: only necessary not sufficient 
condition for QPG

11Estimate of energy density from dN/dη

Central collisions

arXiv:1202.3233

● System undergoes rapid evolution

● Using 1 fm/c as an upper limit 
for the time needed to “thermalization”

● Leads to densities above the 
transition region (also for AGS)

– However, only necessary not sufficient condition for QPG

Bjorken, PRD 27 (1983) 140

Bjorken estimate:

ALICE, Phys. Rev. Lett. 116 (2016) 222302

dN/dη
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Bjorken estimate:
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dN/dη

5% most Pb–Pb 
√sNN = 5.02 TeV

5% most Pb–Pb at 5.02 TeV: dN/dη ~ 2000


• Energy density ε ~ 18 GeV/fm3


• Above deconfinement transition  (~1 GeV/fm3)
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Flow harmonics 

• Max v2 observed in semi-central collisions


• vn+1 < vn, except for central collisions

Identified particle flow 

• Low pT, mass ordering


• High pT, quark content grouping



Anisotropic flow 4
Phys. Rev. C93 (2016) 024907 ALICE Phys. Rev. Lett. 107 (2011) 032301

• Flow — initial fluctuations + hydrodynamic evolution (+ hadronic scatterings)


• Differential measurements are required
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• v5 = v5L + χ523v2v3


• v7 = v7L + χ725v2v5L + χ734v3v4L + χ7223(v2)2v3

CMS arXiv:1910.08789

• Higher order vn (n>3), arise from some order anisotropy or that of lower orders


• Nonlinear response coefficient measured up to n =7, sensitive to both initial 
conditions and medium transport coefficient 

9

Centrality (%)
20 40 60

χ

0

2

4

6
422
χ(a) 

5.02 TeV
2.76 TeV

Centrality (%)
20 40 60

χ

0

2

4

6 633
χ(d) Centrality (%)

20 40 60

χ

0

2

4

6
523
χ(b) 

Centrality (%)
20 40 60

χ

0

2

4

6 7223
χ(e) Centrality (%)

20 40 60

χ

0

2

4

6
6222
χ(c) 

Centrality (%)
20 40 60

χ

0

2

4

6

iEBE-VISHNU

Viscous Hydro
/s = 0.08, Gaussη

/s = 0.08, Glbη
/s = 0.08, KLNη

AMPT

CMS PbPb  < 3.0 GeV/c
T

0.3 < p

Figure 5: Nonlinear response coefficients, c422, c523, c6222, c633, and c7223 from the scalar-
product method at

p
s

NN
= 2.76 and 5.02 TeV, as a function of centrality. Statistical (bars) and

systematic (shaded boxes) uncertainties are shown. The results are compared with predictions
at

p
s

NN
= 2.76 TeV from AMPT [42] as well as hydrodynamics with a deformed symmetric

Gaussian density profile as the initial conditions using h/s = 0.08 from Ref. [21], and from
iEBE-VISHNU hydrodynamics with both Glauber and the KLN initial conditions using the
same h/s [22].

brid approach with the IP-Glasma initial conditions using h/s = 0.095 [44] at
p

s
NN

= 5.02 TeV
and from iEBE-VISHNU hydrodynamics with the KLN initial conditions using h/s = 0, 0.08
and 0.2 [22] at

p
s

NN
= 2.76 TeV. All the calculations describe the c422 well, but none of them

are successful for c523 and c7223. The model calculations of c7223 are quite different for various
initial conditions and h/s, which suggests that the first-time measurement of c7223 presented
in this paper could provide strong constraints on models.

7 Summary
The mixed higher-order flow harmonics and nonlinear response coefficients of charged parti-
cles have been studied as functions of transverse momentum pT and centrality in PbPb colli-
sions at

p
s

NN
= 2.76 and 5.02 TeV using the CMS detector. The measurements use the scalar-

product method, covering a pT range from 0.3 to 8.0 GeV/c, pseudorapidity |h| < 0.8, and a cen-
trality range of 0–60%. The mixed higher-order flow harmonics, v4{Y22}, v5{Y23}, v6{Y222},
v6{Y33}, and v7{Y223} all have a qualitatively similar pT dependence, first increasing at low pT,
reaching a maximum at about 3–4 GeV/c, and then decreasing at higher pT. As a comparison,
the overall vn harmonics (n = 4–7) with respect to their own symmetry planes are measured
in the same pT, h, and centrality ranges. The relative contribution of the nonlinear part for v5
is larger than for other harmonics in the centrality range 20–60%. In addition, the nonlinear
response coefficients of the odd harmonics are observed to be larger than those of even har-
monics for pT less than 3 GeV/c. At pT less than 1 GeV/c, a viscous hydrodynamic calculation
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vn{4} = vn{6} = vn{8} only if P(vn) follows Bessel-Gaussian

F(vn) = σ(vn) / <vn>


• σ(vn) ≈ √(vn{2}2 - vn{4}2)/2


• <vn> ≈ √(vn{2}2 + vn{4}2)/2

• pT dependence — inference from 
the final state (?)


• Particle species dependence in 
models is not observed in data
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n /FPbPb

n from data [21] (solid symbols) and model [46, 47] (solid lines) and vXeXe
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n

for data [30] (open symbols) and model [31] (dashed lines) as a function of centrality for n = 2 (left), n = 3 (middle
panel) and n = 4 (right), respectively. The error bars and shaded boxes on the data represent statistical and systematic
uncertainties, respectively. The vertical error bars on the theory calculations represent the statistial uncertainties.

of the initial geometry may have a di�erent system-size dependence from its transverse structure described
by eccentricities.

In summary, ATLAS presents the first measurement of longitudinal decorrelations for harmonic flow vn
in Xe+Xe collisions at psNN =5.44 TeV, based on 3 µb�1 data. The results are compared with results
from Pb+Pb collisions at psNN =5.02 TeV. The decorrelation signal increases approximately linearly as a
function of the ⌘ separation between the two particles. The slope of this dependence is nearly independent
of centrality percentiles and pT for n = 3 and 4. For n = 2, the e�ect is the smallest in mid-central
collisions and increases for more central or more peripheral collisions, and the slope also depends on pT.
Furthermore, the slope in most of the centrality range is found to be larger in Xe+Xe than Pb+Pb for n = 2,
while an opposite trend is observed for n = 3. This reverse ordering was not observed for the v2 and v3
when compared between the two collision systems. Hydrodynamic models are found to describe the ratios
of vn between Xe+Xe and Pb+Pb, but fail to describe most of the magnitudes and trends of the ratios of the
vn decorrelations between Xe+Xe and Pb+Pb. This suggests that models tuned to describe the transverse
dynamics may not necessarily describe the longitudinal structure of the initial-state geometry. System-size
dependence of flow decorrelations provides new insights on the dynamics of vn in the longitudinal direction.
The measurement provides an important input for the complete modeling of three-dimensional initial
conditions of heavy-ion collisions that is used in hydrodynamic models.
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2

fluctuations in the longitudinal direction is limited, since
most experimental methods assume flow angle to be inde-
pendent of ⌘. Nevertheless, theoretical studies based on
either an EbyE hydrodynamic model [26, 27] or a trans-
port model [28] have shown that the correlation between
flow angles in two ⌘ regions decreases with their ⌘ sep-
aration. This decorrelation e↵ect was also explored by
the event-shape selection technique in Ref. [18]: events
selected with smaller or larger vm in very forward ⌘ ex-
hibit a strong forward/backward (FB) asymmetry of vm
near mid-rapidity, and this asymmetry also feeds to other
flow harmonics vn (n 6= m) via non-linear e↵ects [18].

One possible explanation for the event-plane decor-
relation is based on the “torqued fireball” idea, pro-
posed by Bozek et.al. [26] (see Fig. 1(a)). The idea
can be explained briefly below (with some generaliza-
tion): Particles in the forward (backward) rapidity is
preferably produced by the participants in the forward-
going (backward-going) nucleus (responsible also for the
FB-asymmetry of the multiplicity distribution in p+A
collisions). Since the shape and the orientation of the
participating-part of the two colliding nuclei fluctuate
semi-independently, the shape of the fireball in forward ⌘
should be more similar to that of the participants in the
forward-going nucleus and vice versa. In other words, if
one calculate the eccentricity ✏m and participant-plane
angle �⇤

m separately for the two nuclei (labeled by the
subscript F and B), then we expect the orientation of
the initial fireball along ⌘ to interpolate between (�⇤

m)F
and (�⇤

m)B. The hydrodynamic expansion of this torqued
fireball leads to a torqued collective flow, resulting in the
systematic rotation of the flow angle. This is a generic
initial state long-range e↵ect, which is naturally included
in the AMPT transport model [29]. The authors also pro-
posed a cumulant method to measure this rotation, but
the expected signal is rather small once averaged over
many events.

FIG. 1: (Color online) The two scenarios for the rapidity
fluctuation of v2: (a) the fluctuation arises from a systematic
rotation as a function of ⌘ [30], (b) the fluctuation is random
between di↵erent rapidity ranges.

In this paper, we propose an experimental method with
increased sensitivity to the longitudinal flow fluctuation
and decorrelation e↵ects. This method can distinguish
between a continuous rotation of the flow angle with ⌘
from a random fluctuation from one ⌘ region to the next
region (see Fig. 1(b)). Our method is based on a simple
procedure called “event-shape twist”. A twist of themth-
order EP angle between the forward and backward ref-

erence pseudorapidity regions, ��m, is calculated event-
by-event. Events are then divided in ranges of ��m, and
within each class, the nth-order flow angle �n is then cal-
culated as a function of ⌘. If the process contributing to
Fig. 1(a) is significant, one expects to observe a grad-
ual rotation of �n with ⌘ in the same direction as ��m.
This procedure preferably selects events with large twist
angle in a particular direction, so the resulting signal is
easier to measure. We show two implementations of the
method, based on either the single particle distribution or
two-particle correlations. The AMPT model [29] is used
to validate these implementations, as well as to provide
predictions that can be compared to experimental data.

II. THE SINGLE PARTICLE METHOD

The AMPT (“A Muti-Phase Transport”) model [29]
has been used to study the harmonic flow [31–33]. It com-
bines the initial fluctuating geometry based on Glauber
model from HIJING and final state interaction via a par-
ton and hadron transport model, with the collective flow
generated mainly by the partonic transport. The ini-
tial condition of the AMPT model contains significant
longitudinal fluctuations that can influence the collec-
tive dynamics [18, 34–36]. The model simulation is per-
formed with string-melting mode with a total partonic
cross-section of 1.5 mb and strong coupling constant of
↵s = 0.33 [32]. This setup has been shown to reproduce
the experimental pT spectra and vn data at RHIC and
the LHC [32, 37].
The AMPT data used in this study is generated for

b = 8 fm Pb+Pb collisions at LHC energy of
p
sNN =

2.76 TeV, corresponding to ⇠ 30% centrality. The parti-
cles in each event are divided into subevents along ⌘ as
shown in Fig. 2. There are five independent subevents
labelled as SB, SF, A, B and C, together with subevent S
obtained by combining SB and SF, are used in the anal-
ysis. Note that one half or one quarter of the particles
in �6 < ⌘ < �3 (3 < ⌘ < 6) are randomly selected for
subevents SB (SF) or A (C), respectively. Furthermore,
the particles in subevents SB and SF are used only for
event-shape selection, and are excluded for the vn cal-
culation. This choice of subevents and analysis scheme
ensures that the event-shape selection does not introduce
non-physical biases to the vn measurements.
The flow vector in each subevent is calculated as:

*qn = (qx,n, qy,n) =
1

⌃w
(⌃(w cosn�),⌃(w sinn�)) ,

tann n =
qy,n
qx,n

, (5)

where the weight w is chosen as the pT of each particle
and  n is the measured event-plane angle. Due to finite
number e↵ects,  n smears around the true event-plane
angle �n. In the limit of infinite particle multiplicity, the
magnitude of the flow vector defined this way is equal to
the weighted average of vn: (vn)w = ⌃wvn/⌃w. In this

Characterized by rn(η) 

• rn(η) = 1 — no de-correlation


• rn(η) < 1 — decorrelations
• Fn — slop parameter of rn(η)


• FnXeXe / FnPbPb ∝ rnXeXe / rnPbPb

Important constraints on 

• Longitudinal structure of 
the initial-state geometry


• Dynamics of vn in the 
longitudinal direction

ATLAS-CONF-2019-055

Phys. Rev. C90 (2014) 034905
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• RAA of high-pT hadrons reaches to unity


• Strong suppression on jet production up to TeV
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Jets and parton energy loss

Motivation: understand parton energy loss by tracking the gluon radiation

Qualitatively two scenarios: 
1) In-cone radiation: RAA = 1, change of fragmentation 
2) Out-of-cone radiation: RAA < 1

Large radius jets 9
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• Hint of energy recovery in central collisions, important constraint on predictions



Jet profiles 10
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Where does the lost energy go?

17

0 0.2 0.4 0.6 0.8
rΔ

0.5

1

1.5

2

2.5

3ppr)
Δ(

Ρ/
Pb

Pb
r)

Δ(
Ρ

 > 0.7 GeVtrk
T

p

 > 2 GeVtrk
T

p

 > 4 GeVtrk
T

p

CMSSupplementary

0-10%
 (5.02 TeV)-1bµPbPb 404  (5.02 TeV)-1pp 27.4 pb

JHEP 05(2018) 006

 jets R=0.4Tanti-k

>120 GeVjet
T

p

Radial jet profile: momentum density  
as a function of radius

Energy extend to large angle 
Carried by low-energy particles

P(Δr) ∼ d
d Δr ∑ pT

JHEP 05(2018)006

4 GeV

0.7 GeV

CMS JHEP 1805 (2018) 006

• Low-pT (z) enhancement at large Δr


• More collimated at high-pT (z) (?)

• Consistent with radial profile results


• Tensions on model predictions



γ-jets and jet charges 11
ATLAS Phys. Rev. Lett. 123 (2019) 042001

Jets and medium response

Jet charge in pp and PbPb
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• γ-jets vs inclusive jets

➡Quark / gluon jets

• No significant modification observed in Pb–Pb



Jet grooming 12

ALI-PREL-339327

Quark Matter, Wuhan, 04-09 Nov 2019 Michael Weber (SMI)

Jet substructure

49

Constrain parton (in-medium) radiation 

by declustering reconstructed jets

Lund plane

Shared momentum fraction between 

two subjets in parton shower

L. Havener, 6 Nov 2019, 09:00

New

R
g
 > 0.2 R

g
 < 0.1 

z
g 
distribution

Study momentum fraction z
g 
for small and large angles 

of first hard splitting

Quark Matter, Wuhan, 04-09 Nov 2019 Michael Weber (SMI)

Jet substructure
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Jet substructure

49

Constrain parton (in-medium) radiation 

by declustering reconstructed jets

Lund plane

Shared momentum fraction between 

two subjets in parton shower

L. Havener, 6 Nov 2019, 09:00
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• Suggest more collimated and harder core jets in Pb–Pb w. r. t. pp
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Jets and parton energy loss

Motivation: understand parton energy loss by tracking the gluon radiation

Qualitatively two scenarios: 
1) In-cone radiation: RAA = 1, change of fragmentation 
2) Out-of-cone radiation: RAA < 1

Jet quenching at the LHC 13

Challenge 

• Mapping energy (re)distribution


• Low-pT large and radius jets

Since LHC Run 1 

• In-cone: more collimated hard core


• Out-of-cone: large energy redistribution

LHC Run 2 

• More precise, more differential studies

arXiv:1502.02730



Toward low-pT and large radius jets 14

Quark Matter, Wuhan, 04-09 Nov 2019 Michael Weber (SMI)

Jet energy loss 

46

Option 1) Using Machine Learning for 
background estimation

● Improve resolution compared to the 
standard area-based method

● But purely based on Pythia 
(fragmentation) 
→ R

AA
 for independent of jet R also 

at low p
T
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Semi-inclusive measurements 

• Dependent on knowing of FF
ML-based studies 

• Sensitive to models



Heavy quark transport 15

Jing Wang (MIT), LBNL HF/MVTX Workshop (Berkeley)Jing Wang (MIT), Open HF: Experiments, QM 2019 (Wuhan) 14

Energy loss in medium: Flavor hierarchy
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• Low-pT:
➡ RAA(beauty) ? RAA(charm) > RAA(light)
➡ Radial flow? shadowing? etc

• Intermediate pT: 
➡ RAA(beauty) > RAA(charm) ≈ RAA(light)
➡ Dead cone effect?

Jing Wang (MIT), LBNL HF/MVTX Workshop (Berkeley)Jing Wang (MIT), Open HF: Experiments, QM 2019 (Wuhan)
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Open charm collective flow in AA

Open charm v2 compilation

h±

CMS D0

ATLAS c→μ

ALICE D0

• High-precision
• Prominent flow structure
• Good agreement among measurements
➡ c→μ shift a bit to low-pT: daughter μ 
• v2(h±) > v2(open charm)

New!

New!

S. Lim, 5 Nov, 9:00

ATLAS-CONF-2019-053
CMS-PAS-HIN-19-008

C. Bernardes, 5 Nov, 15:20• LHC Run 1 hint of RAA hierarchy, RAA and v2 puzzle


• LHC Run 2 more players on the table, higher precision, more complemented

J. Wang QM’19



Charm quark transport 16
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• Improved discrimination power for models


• Recombination and elastic energy loss are important to describe data at low pT



Beauty quark transport 17
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17

 Muons from HF decays.

 µ from charm: non-zero v2 and v3 up to ~20 GeV. 

 µ from beauty: non-zero v2 up to ~20 GeV, but smaller than for charm.

 First measurement of v3 for beauty (consistent with zero in all centrality bins).

Charm and beauty flow

in Pb+Pb collisions
ATLAS-CONF-2019-053ATLAS-CONF-2019-053

• Double ratio of RAA(D←B) / RAA(D)


• Further constraint on beauty transport
• Beauty quarks are flowing


• Effect less pronounced than charm



Heavy quark hadronization in bulk 18
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• Hint of Λc enhancement in Pb–Pb


• Tensions on fragmentation
• Hint of enhanced Bs RAA


• Challenge on predictions

ee, ep



Heavy-flavour jets 195

systematic uncertainty in the resolution unfolding, which varies in the range 1.3–31% in pp
and 0.7–32% in PbPb data.
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Figure 2: Distributions of D0 mesons in jets, as a function of the distance from the jet axis (r)
for jets of p

jet
T > 60 GeV/c and |hjet| < 1.6 measured in pp and PbPb collisions at

p
s

NN
=

5.02 TeV. The measurement is performed in the p
D
T range 4–20 GeV/c (left) and p

D
T > 20 GeV/c

(right). Each spectrum is normalized to its integral in the region 0 < r < 0.3. The vertical bars
(boxes) correspond to statistical (systematic) uncertainties. The PbPb spectra are compared to
the CCNU energy loss model [23], while the pp spectra are compared with predictions from the
PYTHIA and SHERPA pp MC event generators. The ratios of the D0 meson radial distributions
in PbPb and pp data are shown in the middle panels. In the bottom panels the ratios of the D0

meson radial distributions of pp over the two MC event generators are presented.

The top panels of Fig. 2 show the measured D0 meson radial distributions in pp and PbPb
collisions, for two D0 mesons pT intervals: a low-pT interval 4 < p

D
T < 20 GeV/c, and a high-

pT one, p
D
T > 20 GeV/c. The calculated hri for the PbPb (pp) distributions is 0.205 ± 0.016

(0.162± 0.007) and 0.049± 0.003 (0.046± 0.001), for the low- and high-p
D
T intervals, respectively,

where the quoted uncertainties are statistical. This result indicates that D0 mesons at low pT
are farther away from the jet axis in PbPb compared to pp collisions. At high p

D
T , the measured

spectra in pp and PbPb collisions fall rapidly, at a similar rate, as a function of r, similarly to
what was observed in inclusive jet-hadron correlation functions [20].

The pp results are compared to calculations from two pp MC event generators: PYTHIA [43],
a leading-order event generator, and SHERPA [58], which computes the next-to-leading QCD
matrix elements matched to parton shower to generate the charm-jet events [23]. For low-pT
D0 mesons, the measured spectrum in pp collisions reaches a maximum at 0.05 < r < 0.1, con-
sistent with both PYTHIA and SHERPA [23]. In the r > 0.3 region however, PYTHIA captures the
features of the data better than SHERPA, which underpredicts the pp spectrum, in both p

D
T inter-

vals. The PbPb spectra is compared to an energy-loss model, CCNU [23], which uses SHERPA

CMS JHEP 1803 (2018) 181
CMS-HIN-18-007
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• Hint of wider D meson profile in Pb–Pb than pp


• Imbalance / suppression of b-jets is consistent 
with inclusive jets for the most central collisions



Bottomonium 20

the results for ⌥(1S) and ⌥(2S), the combined results of excited states, ⌥(2S+3S), are presented as ⌥(3S)
peaks are barely seen in Pb+Pb data. For the top panel, data points for ⌥(2S+3S) are slightly shifted to the
right in order to avoid overlap with those for ⌥(2S). The ⌥(nS) states are observed to be suppressed over
the whole kinematic range investigated, and the RAA values of ⌥(2S) and ⌥(2S+3S) are always lower than
those of ⌥(1S), which is consistent with the sequential suppression expectation. The RAA decreases with
centrality for all three states. No strong pT or |y | dependence is observed.
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Figure 3: The nuclear modification factor RAA of ⌥(1S), ⌥(2S), and ⌥(2S+3S) as functions of centrality (top), pT
(bottom left), and |y | (bottom right) at 5.02 TeV. The error bars indicate the statistical uncertainties and the boxes
represent the systematic uncertainties. The grey boxes around RAA = 1 correspond to the correlated systematic
uncertainty. For the top panel, data points for⌥(2S+3S) are slightly shifted to the right in order to avoid overlap with
those for ⌥(2S).

Figure 4 shows the double ratio ⇢⌥(nS)/⌥(1S)
AA of ⌥(2S) and ⌥(2S+3S) as functions of Npart (top), dimuon pT

(bottom left), and |y | (bottom right). For the top panel, data points for ⌥(2S+3S) are slightly shifted to the
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• Data suggests the sequential suppression


• Υ(1S) v2 is consistent with zero — insensitive to regeneration (?)
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Charged particle multiplicity 

• Energy density reaches ε ~18 GeV/fm3, collision geometry is important

Anisotropy flow 

• More differential studies, new constraints on initial state, η/s, EOS…

Jet production 

• Energy redistribution, quark- / gluon-jets, toward low-pT large radius jets

Heavy flavors 

• Open HF Collisional vs. radiative energy loss, recombination, hadronization


• Bottomonium Dissociation vs. regeneration
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Production mechanism of A=3 nuclei

● Thermal, coalescence, …?

Small systems: L. Barioglio, 6 Nov 2019, 11:00

Pb-Pb: E. Bartsch, 5 Nov 2019, 15:40
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Identified particle production Bulk properties, thermodynamics

System size dependence Collision geometry, path-length dependence

Magnetic effects Fundamental symmetry restoration

UPC and photoproduction nPDF down to low Bjorken-x

Hadron interactions and light nuclei

Small systems

…
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Light-by-light scattering

 Event selection: 2 photons: ET>6 GeV, |h|<2.37, mgg > 6 GeV, 

pTgg < (1)2 GeV, Aco = (1-Df/p)<0.01; no tracks

 2015: 13 events (2.6 expected bkgr), 4.4 s evidence

2015 data

Nat. Phys. 13 (2017) 852
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Thanks for your attention!
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• Low-pT: 2.6σ excess w. r. t. models in 0–20% central — thermal contribution


• Teff = 304 ± 11(stat.) ± 40 (syst.) MeV in central collisions — way above Tc ~ 170 MeV
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• Tkin decreases with increasing <βT> from peripheral 
to central Pb–Pb collisions
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• Npart scaling violation: known since long 
time ago


• Confirmed by new Xe–Xe data


• Neither explained by participant quark 
scaling nor fully reproduced by models


• Collision geometry plays an important role 
on particle production


