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Quark-gluon plasma (QGP)
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Credit: Antonin Maire, CERN-THESIS-2011-263

What we are learning from QGP 
• Property of QGP 
• QCD matter phase transition 
• Color confinement

Time

Form
ation of atom

s 400,000 yr

Form
ation of light nuclei 3 m

in

Form
ation of nucleon 10 -4 s

Quark-gluon plasm
a 10 -6 s

Form
ation of star 10 9 yr

Today

Big bang

• Probing early universe
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Heavy ion programs at RHIC and LHC since 2010
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LHC Run1 LHC Run2 LHC Run3 HL-LHC Run4-5

3-yr run plan EIC

2023 Au+Au  
@ 200 GeV

Year

2011 Pb+Pb  
@ 2.76 TeV, 0.16 nb-1 2015 Pb+Pb  

@ 5.02 TeV, 0.5 nb-1

2018 Pb+Pb  
@ 5.02 TeV, 1.8 nb-1

2023 Pb+Pb 
@ 5.36 TeV 

2016 Au+Au  
@ 200 GeV, 52 nb-1

2014 Au+Au  
@ 200 GeV, 44 nb-1

2027 Au+Au  
@ 200 GeV (?)

★ Today

BESIIBESI

LHC 
Operation

RHIC 
Operation

• Have we discovered QGP in experiment?  
• We have defined QGP as a new phase of QCD matter!
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Life of QGP at collider
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QGP

Hadron gas

g

g
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Q̄
Production 
Q = c or b  

Heavy flavor quark-QGP 
interaction 

Heavy flavor quark 
hadronization

Thermalization

Non-equilibrium 
QGP

Coll
isi

on
 

sp
ec

ta
to

rs

Time

Space

Freeze out

Two most important experimental 
signatures of QGP: 

• (Soft) Collective motion of particles 
• (Hard) Energy loss of hard particles
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Soft particle correlation in heavy ion collisions
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Typical Pb+Pb collision event
dN
dϕ

∝ 1 + (2∑
n

vn cos(n(ϕ − Ψn)))

vn = ⟨ cos(n(ϕ − Ψn)) ⟩ ∼ ⟨ cos(n(ϕ1 − ϕ2)) ⟩
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Soft particle correlation in heavy ion collisions
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Typical Pb+Pb collision event
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Flow and Viscosity in Relativistic Heavy Ion Collisions 36
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Figure 8: (a) Integrated elliptic flow at 2.76 TeV (126) in the 20–30% centrality class compared

with results from lower energies taken at similar centralities. (b) The v2(pT ) for pions and protons

measured by STAR compared to hydrodynamic calculations with different eccentricities and η/s

(109).
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Figure 9: (a) The centrality dependence of vn{2} from 2.76ATeV Pb+Pb collisions measured

by ALICE (102) compared to viscous hydrodynamic model calculations (71). (b) Comparison of

vn(pT ) for the same collision system at 20−30% centrality from ATLAS (133) with hydrodynamical

calculations, using both a constant average and a temperature dependent η/s (71).

dN
dϕ

∝ 1 + (2∑
n

vn cos(n(ϕ − Ψn)))

vn = ⟨ cos(n(ϕ − Ψn)) ⟩ ∼ ⟨ cos(n(ϕ1 − ϕ2)) ⟩

• Observable: azimuthal anisotropy using Fourier decomposition 
coefficients 

• Interpretation: Collective flow from hydrodynamic evolution of 
QGP → strongly coupled fluid
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Figure 3: The distribution for same event pairs (left), mixed event pairs (middle) and correlation function
(right) for p

a,b
T 2 (2, 3) GeV for the (0-5)% centrality interval in Pb+Pb collisions.
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Figure 4: The distribution for same-event pairs and mixed-event pairs projected along �� for several
|�⌘| slices in the (0-5)% centrality interval with p

a,b
T 2 (1, 2) GeV. The last panel shows the correlation

functions. Figure taken from previous conf note [10].

Figure4 shows such 1D correlations for several |�⌘| slices along with the corresponding same-event and183

mixed-event pair distributions. These plots also demonstrate how the mixed-event distribution corrects184

for detector e↵ects.185

Similar to the single particle distribution Eq.1, the 2PC in relative azimuthal angle �� = �a � �b can186

be expanded in �� as a Fourier series as:187

C(��) = C0
⇣
1 + ⌃1

n=1vn,n(p
a

T, p
b

T) cos(n��)
⌘
, (6)

where p
a

T and p
b

T label the pT ranges of the particles used in the correlation. It can be shown that for188

single particle distributions described by Eq.1, the Fourier coe�cients of the 2PC in factorize as [3]:189

vn,n(p
a

T, p
b

T) = vn(p
a

T)vn(p
b

T). (7)

The factorization of vn,n given by Eq.7 is expected to break at high pT when the flow picture begins to190

break. The factorization is also expected to break when the �⌘ separation between the particles is small,191

as such particles may have additional correlations such as HBT or may have been produced from decay192

of the same parent particle. In the phase-space region where Eq.7 holds, the vn(p
b

T) can be evaluated from193

Construct two particle angular correlation

8

Construct two-particle  correlation with inclusively selected particlesΔϕ, Δη
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Figure 3: The distribution for same event pairs (left), mixed event pairs (middle) and correlation function
(right) for p

a,b
T 2 (2, 3) GeV for the (0-5)% centrality interval in Pb+Pb collisions.
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Figure 4: The distribution for same-event pairs and mixed-event pairs projected along �� for several
|�⌘| slices in the (0-5)% centrality interval with p

a,b
T 2 (1, 2) GeV. The last panel shows the correlation

functions. Figure taken from previous conf note [10].

Figure4 shows such 1D correlations for several |�⌘| slices along with the corresponding same-event and183

mixed-event pair distributions. These plots also demonstrate how the mixed-event distribution corrects184

for detector e↵ects.185

Similar to the single particle distribution Eq.1, the 2PC in relative azimuthal angle �� = �a � �b can186

be expanded in �� as a Fourier series as:187

C(��) = C0
⇣
1 + ⌃1

n=1vn,n(p
a

T, p
b

T) cos(n��)
⌘
, (6)

where p
a

T and p
b

T label the pT ranges of the particles used in the correlation. It can be shown that for188

single particle distributions described by Eq.1, the Fourier coe�cients of the 2PC in factorize as [3]:189

vn,n(p
a

T, p
b

T) = vn(p
a

T)vn(p
b

T). (7)

The factorization of vn,n given by Eq.7 is expected to break at high pT when the flow picture begins to190

break. The factorization is also expected to break when the �⌘ separation between the particles is small,191

as such particles may have additional correlations such as HBT or may have been produced from decay192

of the same parent particle. In the phase-space region where Eq.7 holds, the vn(p
b

T) can be evaluated from193

S(Δϕ, Δη) =
d2Npair

dΔϕdΔη
B(Δϕ, Δη) =

d2Nmixed
pair

dΔϕdΔη

Particle pairs from the same event
Particle pairs from the different event, 

 ~ detector acceptance for particle pairB(Δϕ, Δη)
C(Δϕ, Δη) =

S(Δϕ, Δη)
B(Δϕ, Δη)

η = − ln tan(θ/2)
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Two-particle correlations from different collisions
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Removing known angular correlation
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Unknown = Measured - Known 
“Flow” = Measured - “non-flow”

⓵. gap: |Δη | |Δη | > 2

• With , the only known source is inter-jet 
correlation at  

• Removed using inter-jet correlation template, often 
from low multiplicity collisions 

• Fourier decomposition, extracted vn magnitude 
depends on inter-jet correlation modeling, but sign 
of vn is almost model-independent 

|Δη | > 2
Δϕ ∼ π

v2 (Ridge yield)

⓶. inter-jet correlation subtraction
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1D long-range correlation in different systems
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 [PRC 101 (2020) 024906]-1bµ = 5.02 TeV, 22 NNsPb+Pb 
 [PRC 101 (2020) 024906]-1bµ = 5.44 TeV,  3 NNsXe+Xe 
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 [EPJC 80 (2020) 64] -1-tagged), 36.1 fbZ=13 TeV (s pp

• Inclusive soft particle are correlated in all 
collisions: Pb+Pb, Xe+Xe, p+Pb, p+p, 𝜸+Pb  

• Interpretations: 
• Pb+Pb, Xe+Xe: QGP hydrodynamic evolution 
• p+Pb, p+p, 𝜸+Pb: ???

Extracted anisotropies in hadronic collisions
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Physics implication

13

Life time

Size

QGP formation 
boundary condition?

QGP formed in small collisions: 
• What are the boundary conditions? Size/energy threshold? 
• Implication for hard-QCD measurements?

No QGP formed in small collisions: 
• What is the origin of measured correlation? 
• Implication for hard-QCD measurements? 
• Implication for large system correlation measurement?

Credit: MUSIC arXiv:1209.6330 

https://arxiv.org/abs/1209.6330
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Physics implication — cont.
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Life time

Size

QGP formation 
boundary condition?

Credit: MUSIC arXiv:1209.6330 

QGP formed in small collisions: 
• What are the boundary conditions? Size/energy threshold? 

• Implication for hard-QCD measurements?

➡ Long-range azimuthal correlation observed in all 
examined hadronic collisions 

➡ Boundary not reached 
➡ A phenomenon without size/energy threshold 

(present in hadrons themselves)

https://arxiv.org/abs/1209.6330
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p+p collisions in Pythia8
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Figure 1: Schematic of the structure of a pp ! tt event, as modelled by PYTHIA. To
keep the layout relatively clean, a few minor simplifications have been made: 1) shower
branchings and final-state hadrons are slightly less numerous than in real PYTHIA events,
2) recoil effects are not depicted accurately, 3) weak decays of light-flavour hadrons are
not included (thus, e.g. a K0

S meson would be depicted as stable in this figure), and 4)
incoming momenta are depicted as crossed (p! �p). The latter means that the beam
remnants and the pre- and post-branching incoming lines for ISR branchings should be
interpreted with “reversed” momentum, directed outwards towards the periphery of the
figure; this avoids beam remnants and outgoing ISR emissions having to criss-cross the
central part of the diagram.
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Potential impact on general QCD measurements: 
• Does the anisotropy created by underlying event 

depend on presence of hard process? 
• Does hard process exhibit the same anisotropy? 

Modeling of hard scattering in p+p 
collision from Pythia8

Hard process

Soft underlying event

Credit: Pythia8.3 arXiv:2203.11601

If there is QGP-like matter created in p+p collisions, 
we have missed it in our modeling (eg. Pythia8) 

https://arxiv.org/abs/2203.11601
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Soft particle anisotropy in Z/jet events

16

1 2 3 4 5
 [GeV]a

T
p

0.05

0.1

0.15

)
a T

p(
2

v

13 TeV inclusive

5 TeV inclusive

-taggedZ13 TeV 

-taggedZ8 TeV 

ATLAS

Template Fits
|<5.0η∆2.0<|

<5.0 GeVb

T
p0.5<

100≤
sig

trkn40<

1 2 3 4 5
 [GeV]a

T
p

0.5

1

1.5

2

2.5

 r
a
tio

 t
o
 1

3
 T

e
V

 in
cl

u
si

ve
2

v

5 TeV inclusive

-taggedZ13 TeV 

-taggedZ8 TeV 

ATLAS

Template Fits
|<5.0η∆2.0<|

<5.0 GeVb

T
p0.5<

100≤
sig

trkn40<

Soft particle v2:  
event with Z vs. inclusive events

Soft particle v2:  
event with Z vs. inclusive events

• Does the anisotropy created by underlying event depend on presence of hard process? 
➡ Soft particle v2 shows no obvious dependence on the presence of hard process

ATLAS, EPJC 80 (2020) 64
ATLAS, arXiv:2303.17357, submitted to PRL 

https://link.springer.com/article/10.1140/epjc/s10052-020-7606-6
https://arxiv.org/abs/2303.17357
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Anisotropy of hard process

17

ATLAS, PRL 124 (2020) 082301
ATLAS, arXiv:2303.17357, submitted to PRL 

• Charm-soft correlation, v2 > 0 

• Bottom-soft correlation, v2 = 0 

• Jet particle-soft correlation, v2 = 0

• Does hard process exhibit the same anisotropy? 
➡ Charm hadron shows similar anisotropy as inclusive hadrons  
➡ Very hard process is not correlated with soft particles

v2 =
⟨ cos(2(ϕhard

1 − ϕsoft
2 )) ⟩

⟨ cos(2(ϕsoft
1 − ϕsoft

2 )) ⟩

https://arxiv.org/abs/2303.17357
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Two-particle correlation in e+p collisions
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Figure 6: Two-particle correlation C(∆η,∆ϕ) for (a) low and (b) high Nch. The peaks near
the origin have been truncated for better visibility of the finer structures of the correlation.
The plots were symmetrised along ∆η. No statistical or systematic uncertainties are shown.
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ZEUS at HERA, e+p, S = 318 GeV
ZEUS, arXiv:1912.07431
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Figure 10: Correlations c1{2} and c2{2} with and without a rapidity separation as a function
of Nch compared to the predictions from Monte Carlo event generators. Correlations meas-
ured in the full kinematic interval are shown in (a) and (b), while (c) and (d) represent the
interval given by pT > 0.5GeV and |∆η| > 2. Panels e) and f) separate out contributions
from events with ≤ 1 jet and 2 jets. The correlation from a non-diffractive component in
ARIADNE is shown with dashed lines. The other details are as in Fig. 7.
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Figure 10: Correlations c1{2} and c2{2} with and without a rapidity separation as a function
of Nch compared to the predictions from Monte Carlo event generators. Correlations meas-
ured in the full kinematic interval are shown in (a) and (b), while (c) and (d) represent the
interval given by pT > 0.5GeV and |∆η| > 2. Panels e) and f) separate out contributions
from events with ≤ 1 jet and 2 jets. The correlation from a non-diffractive component in
ARIADNE is shown with dashed lines. The other details are as in Fig. 7.
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c2{2} = ⟨ cos(n(ϕ1 − ϕ2)) ⟩ ∼ v2
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Figure 10: Correlations c1{2} and c2{2} with and without a rapidity separation as a function
of Nch compared to the predictions from Monte Carlo event generators. Correlations meas-
ured in the full kinematic interval are shown in (a) and (b), while (c) and (d) represent the
interval given by pT > 0.5GeV and |∆η| > 2. Panels e) and f) separate out contributions
from events with ≤ 1 jet and 2 jets. The correlation from a non-diffractive component in
ARIADNE is shown with dashed lines. The other details are as in Fig. 7.
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• Measured two-particle correlation consistent with MC.  

• No obvious unknown long-range correlation in examined e+p data

Ridge signal extraction: 

⓵. gap:  

⓶. inter-jet correlation subtraction

|Δη | |Δη | > 2

https://arxiv.org/abs/1912.07431
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FIG. 1: Two-particle correlation functions for events
with the number of charged particle tracks in the event

Ntrk � 30 in the lab coordinates (left) and thrust
coordinates (right) analyses. The sharp near-side peaks
arise from jet correlations and have been truncated to
better illustrate the structure outside that region.

Collaboration using a similar dataset [22] were success-
fully reproduced within uncertainties, a�rming that the
archived data is analyzed properly.

The analysis is performed with a procedure similar to
previous studies of two-particle correlation functions [3].
For each event, the e�ciency corrected di↵erential yield
of the number of charged-particle pairs ( d2Nsame

d�⌘d�� ) is calcu-
lated. Here the superscript “same” indicates that both
particles in the pair come from the same event. This
di↵erential yield is scaled by the corrected number of
charged particle tracks in the event (Ncorr

trk ) averaged over
all events of interest. This forms the per-charged-particle
yield of particle pairs:

S(�⌘,��) =
1

Ncorr
trk

d2Nsame

d�⌘d��
. (1)

A mixed-event background correlation function pair-
ing the charged particles in one paired event with asso-
ciated charged particles in 12 random events (5 in MC
simulation studies) having the same multiplicity is also
calculated:

B(�⌘,��) =
1

Ncorr
trk

d2Nmix

d�⌘d��
, (2)

where Nmix denotes the e�ciency corrected number
of pairs taken from the mixed event. This mixed-
event background correlation function, when divided by
B(0, 0), represents the pair acceptance of the detector
when particles in the pair are uncorrelated. Experimen-
tally, B(0, 0) is calculated by using pairs with |�⌘| < 0.32
and |��| < ⇡/20. Thus, the acceptance-corrected di↵er-
ential yield of particle pairs is given by

1

Ncorr
trk

d2Npair

d�⌘d��
= B(0, 0)⇥ S(�⌘,��)

B(�⌘,��)
. (3)

To study the event multiplicity dependence of the cor-
relation function, the analysis is performed with events

Ntrk range Fraction of data (%) hNtrki hNcorr
trk i

[5, 10) 3.1 8.2 8.9
[10, 20) 59.2 15.2 15.8
[20, 30) 34.6 23.1 23.4
[30,1) 3.1 32.4 32.6
[35,1) 0.5 36.9 37.2

TABLE I: Fraction of the full event sample for each
multiplicity class. The last two columns show the

observed and corrected multiplicities, respectively, of
charged particles with plabT > 0.2 GeV/c and

| cos ✓lab| < 0.94.

in 5 multiplicity intervals classified by the number of re-
constructed charged particle tracks (Ntrk) with plabT > 0.2
GeV/c. The multiplicity ranges used, the corresponding
fraction of the total sample, and the average number of
tracks for each multiplicity class before (hNtrki) and after
detection e�ciency correction (hNcorr

trk i) are summarized
in Table I.
The analysis is first performed with lab coordinates,

similar to previous analyses at hadron colliders. In a hy-
drodynamics picture, the lab coordinate analysis is sen-
sitive to the QCD medium expanding transverse to the
beam axis. However, this coordinate system, although
identical to what was used in the studies of heavy ion
collisions, may not be the most suitable for the analy-
sis of e+e� collisions. Instead, using a coordinate system
with the z axis defined by the outgoing qq̄ from the Z de-
cay enables a search for signal associated with the QCD
medium expanding transverse to this direction. Exper-
imentally, the thrust axis [21] is closely related to the
outgoing qq̄ direction and is used to define the coordi-
nate system for the thrust coordinate analysis. For the
purposes of calculating the thrust direction, an extra par-
ticle corresponding to the unreconstructed momentum of
the event is included. This reduces the e↵ects of detec-
tor ine�ciencies on the final correlation function. Then
every track passing quality selections has its kinematic
variables (pT, ⌘, �) recalculated using the thrust axis to
replace the role of the beam axis. The variation of the
thrust axis direction causes the ALEPH detector accep-
tance in the thrust coordinates to vary on an event-by-
event basis. This is accounted for by recalculating the
kinematics for particles in paired events with respect to
the thrust axis in the signal event. The ⌘ and � distribu-
tions of the charged tracks in the paired events are then
reweighted to match that of signal events.
The systematic uncertainty of the result is evaluated

following a procedure similar to previous ALEPH stud-
ies [19]. The required number of hits a track leaves in the
ALEPH time projection chamber was varied from 4 to 7.
From this variation, the tracking uncertainty is estimated
to be 0.7% in the lab coordinate analysis and 0.3% in the
thrust coordinate analysis. The hadronic event selection
was studied by changing the required charged energy in

Two-particle correlation in e+e- collider
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ALEPH + MIT
PRL 123 (2019) 212002

ALEPH at LEP, e+e-, S = 91 GeV

Beam axis

3

an event to be 10 instead of 15 GeV. This only a↵ects
the lowest multiplicity bin, where an uncertainty of 0.6%
(3.4%) is quoted for the lab (thrust) coordinate analysis.
A small correlated uncertainty of 0%–0.1% (0.1%–0.9%)
on the value of B(0, 0) in the lab (thrust) coordinate
analysis arising from statistical fluctuations is also in-
cluded as a component of the systematic uncertainties.
An additional systematic of 0.2%-10% (0.1%-0.5%) in
the lab (thrust) coordinate analysis is included to quan-
tify the residual uncertainty in the reconstruction e↵ect
correction factor derived from the pythia 6.1 archived
MC sample, which is mainly from the limited size of the
archived MC sample. In general, the systematic uncer-
tainties in thrust analysis are smaller than the beam axis
analysis because the thrust correlation function before
the combinatorial background subtraction described later
is quite flat, and variations a↵ecting the correlation shape
are less pronounced.

The two-particle correlation functions for events with
Ntrk � 30 are shown in Fig. 1. The left panel shows
the correlation function using lab coordinates, while the
right panel shows the result when using thrust coordi-
nates. In both cases, the dominant feature is the jet peak
near (�⌘,��) = (0, 0) arising from particle pairs within
the same jet. For the analysis using lab coordinates, the
away-side structure at �� ⇠ ⇡ arises from pairs of parti-
cles contained in back-to-back jets. In the thrust coordi-
nate analysis, this peaking structure is related to multijet
topologies. For instance, the thrust axis points to the di-
rection of the leading jet in a three-jet event and the
correlation between the particles in the subleading and
third jet can create a narrow peak at small �⌘ and at
�� ⇠ ⇡. Because many charged particles are approx-
imately aligned with the thrust axis, i.e., at very large
⌘ in the thrust coordinate, particle pairs in back-to-back
jets frequently have a �⌘ larger than the �⌘ range exam-
ined here, and do not contribute the correlation function
in the analyzed �⌘ window. This reduces the absolute
magnitude of the correlation function in the thrust co-
ordinate analysis compared to that in the lab coordinate
analysis. Unlike previous results from hadron collisions,
no significant “ridge” structure is found around �� = 0
in either the lab or the thrust coordinate analysis.

To investigate the long-range correlation in finer de-
tail, one-dimensional distributions in �� are found by
averaging two-particle correlation function over the re-
gion between 1.6 < |�⌘| < 3.2. The size of any po-
tential enhancement around �� = 0 is calculated by
fitting this distribution from 0 < �� < ⇡/2 and then
performing a zero yield at minimum (ZYAM) subtrac-
tion procedure using the fit minimum, cZYAM [23]. A
constant plus a three term Fourier series was used as
the nominal fit function, but a fourth degree polynomial
fit and a third degree polynomial plus a cos 2�� term
fit were also attempted. Discrepancies resulting from
these di↵erent choices of fit function were found to be
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FIG. 2: Correlated yield obtained from the ZYAM
procedure as a function of |��| averaged over
1.6 < |�⌘| < 3.2 in lab (left) and thrust (right)

coordinate analyses. Statistical uncertainties are smaller
than the marker size and the systematic uncertainties

are shown as gray boxes. The subtracted ZYAM
constant for the data is listed in each panel. Unlike the
data points, the thrust ZYAM constant has not been

scaled by a factor of 20.

small and are included in the systematic uncertainties
of the total near-side yield calculation. The results af-
ter this subtraction and correction for reconstruction ef-
fects are shown for Ntrk � 30 in Fig. 2. Because of the
relatively small associated yield, the results from thrust
coordinates are scaled by a factor of 20 for visual clar-
ity. A peak structure is observed at �� = ⇡ in both
lab and thrust coordinate analyses, but the spectra de-
crease to values consistent with zero at �� = 0. To
test the impact of the perturbative and nonperturbative
aspects of the implementation in MC event generators,
these results are compared to calculations from pythia
v6.1 [20] (from archived MC), pythia v8.230 [24], her-
wig v7.1.5 [25, 26] and sherpa v2.2.6 [27]. Both pythia
versions use a Lund string hadronization model, whereas
sherpa and herwig implement cluster hadronization.
The predictions from the pythia v6.1 model, which was
tuned to describe the ALEPH data, give the best de-
scription of the data. Both pythia v8.230 and sherpa
v2.2.6 slightly underpredict the magnitude of the peak at
�� = ⇡. The data are incompatible with the prediction
from herwig. Unlike the results with high multiplicity
selection, all four generators studied were able to repro-
duce the lab coordinate correlation function in the 10–20
multiplicity bin and are therefore expected to give a rea-
sonable model of inclusive e+e� collisions.

The total size of any excess yield of particle pairs
around �� = 0 is quantified by integrating the data from
��= 0 to the position in�� of the ZYAM fit’s minimum.
In general, no significant enhancement of particle pairs
is observed in any of the multiplicity bins examined for
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an event to be 10 instead of 15 GeV. This only a↵ects
the lowest multiplicity bin, where an uncertainty of 0.6%
(3.4%) is quoted for the lab (thrust) coordinate analysis.
A small correlated uncertainty of 0%–0.1% (0.1%–0.9%)
on the value of B(0, 0) in the lab (thrust) coordinate
analysis arising from statistical fluctuations is also in-
cluded as a component of the systematic uncertainties.
An additional systematic of 0.2%-10% (0.1%-0.5%) in
the lab (thrust) coordinate analysis is included to quan-
tify the residual uncertainty in the reconstruction e↵ect
correction factor derived from the pythia 6.1 archived
MC sample, which is mainly from the limited size of the
archived MC sample. In general, the systematic uncer-
tainties in thrust analysis are smaller than the beam axis
analysis because the thrust correlation function before
the combinatorial background subtraction described later
is quite flat, and variations a↵ecting the correlation shape
are less pronounced.

The two-particle correlation functions for events with
Ntrk � 30 are shown in Fig. 1. The left panel shows
the correlation function using lab coordinates, while the
right panel shows the result when using thrust coordi-
nates. In both cases, the dominant feature is the jet peak
near (�⌘,��) = (0, 0) arising from particle pairs within
the same jet. For the analysis using lab coordinates, the
away-side structure at �� ⇠ ⇡ arises from pairs of parti-
cles contained in back-to-back jets. In the thrust coordi-
nate analysis, this peaking structure is related to multijet
topologies. For instance, the thrust axis points to the di-
rection of the leading jet in a three-jet event and the
correlation between the particles in the subleading and
third jet can create a narrow peak at small �⌘ and at
�� ⇠ ⇡. Because many charged particles are approx-
imately aligned with the thrust axis, i.e., at very large
⌘ in the thrust coordinate, particle pairs in back-to-back
jets frequently have a �⌘ larger than the �⌘ range exam-
ined here, and do not contribute the correlation function
in the analyzed �⌘ window. This reduces the absolute
magnitude of the correlation function in the thrust co-
ordinate analysis compared to that in the lab coordinate
analysis. Unlike previous results from hadron collisions,
no significant “ridge” structure is found around �� = 0
in either the lab or the thrust coordinate analysis.

To investigate the long-range correlation in finer de-
tail, one-dimensional distributions in �� are found by
averaging two-particle correlation function over the re-
gion between 1.6 < |�⌘| < 3.2. The size of any po-
tential enhancement around �� = 0 is calculated by
fitting this distribution from 0 < �� < ⇡/2 and then
performing a zero yield at minimum (ZYAM) subtrac-
tion procedure using the fit minimum, cZYAM [23]. A
constant plus a three term Fourier series was used as
the nominal fit function, but a fourth degree polynomial
fit and a third degree polynomial plus a cos 2�� term
fit were also attempted. Discrepancies resulting from
these di↵erent choices of fit function were found to be
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procedure as a function of |��| averaged over
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coordinate analyses. Statistical uncertainties are smaller
than the marker size and the systematic uncertainties

are shown as gray boxes. The subtracted ZYAM
constant for the data is listed in each panel. Unlike the
data points, the thrust ZYAM constant has not been

scaled by a factor of 20.

small and are included in the systematic uncertainties
of the total near-side yield calculation. The results af-
ter this subtraction and correction for reconstruction ef-
fects are shown for Ntrk � 30 in Fig. 2. Because of the
relatively small associated yield, the results from thrust
coordinates are scaled by a factor of 20 for visual clar-
ity. A peak structure is observed at �� = ⇡ in both
lab and thrust coordinate analyses, but the spectra de-
crease to values consistent with zero at �� = 0. To
test the impact of the perturbative and nonperturbative
aspects of the implementation in MC event generators,
these results are compared to calculations from pythia
v6.1 [20] (from archived MC), pythia v8.230 [24], her-
wig v7.1.5 [25, 26] and sherpa v2.2.6 [27]. Both pythia
versions use a Lund string hadronization model, whereas
sherpa and herwig implement cluster hadronization.
The predictions from the pythia v6.1 model, which was
tuned to describe the ALEPH data, give the best de-
scription of the data. Both pythia v8.230 and sherpa
v2.2.6 slightly underpredict the magnitude of the peak at
�� = ⇡. The data are incompatible with the prediction
from herwig. Unlike the results with high multiplicity
selection, all four generators studied were able to repro-
duce the lab coordinate correlation function in the 10–20
multiplicity bin and are therefore expected to give a rea-
sonable model of inclusive e+e� collisions.

The total size of any excess yield of particle pairs
around �� = 0 is quantified by integrating the data from
��= 0 to the position in�� of the ZYAM fit’s minimum.
In general, no significant enhancement of particle pairs
is observed in any of the multiplicity bins examined for
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an event to be 10 instead of 15 GeV. This only a↵ects
the lowest multiplicity bin, where an uncertainty of 0.6%
(3.4%) is quoted for the lab (thrust) coordinate analysis.
A small correlated uncertainty of 0%–0.1% (0.1%–0.9%)
on the value of B(0, 0) in the lab (thrust) coordinate
analysis arising from statistical fluctuations is also in-
cluded as a component of the systematic uncertainties.
An additional systematic of 0.2%-10% (0.1%-0.5%) in
the lab (thrust) coordinate analysis is included to quan-
tify the residual uncertainty in the reconstruction e↵ect
correction factor derived from the pythia 6.1 archived
MC sample, which is mainly from the limited size of the
archived MC sample. In general, the systematic uncer-
tainties in thrust analysis are smaller than the beam axis
analysis because the thrust correlation function before
the combinatorial background subtraction described later
is quite flat, and variations a↵ecting the correlation shape
are less pronounced.

The two-particle correlation functions for events with
Ntrk � 30 are shown in Fig. 1. The left panel shows
the correlation function using lab coordinates, while the
right panel shows the result when using thrust coordi-
nates. In both cases, the dominant feature is the jet peak
near (�⌘,��) = (0, 0) arising from particle pairs within
the same jet. For the analysis using lab coordinates, the
away-side structure at �� ⇠ ⇡ arises from pairs of parti-
cles contained in back-to-back jets. In the thrust coordi-
nate analysis, this peaking structure is related to multijet
topologies. For instance, the thrust axis points to the di-
rection of the leading jet in a three-jet event and the
correlation between the particles in the subleading and
third jet can create a narrow peak at small �⌘ and at
�� ⇠ ⇡. Because many charged particles are approx-
imately aligned with the thrust axis, i.e., at very large
⌘ in the thrust coordinate, particle pairs in back-to-back
jets frequently have a �⌘ larger than the �⌘ range exam-
ined here, and do not contribute the correlation function
in the analyzed �⌘ window. This reduces the absolute
magnitude of the correlation function in the thrust co-
ordinate analysis compared to that in the lab coordinate
analysis. Unlike previous results from hadron collisions,
no significant “ridge” structure is found around �� = 0
in either the lab or the thrust coordinate analysis.

To investigate the long-range correlation in finer de-
tail, one-dimensional distributions in �� are found by
averaging two-particle correlation function over the re-
gion between 1.6 < |�⌘| < 3.2. The size of any po-
tential enhancement around �� = 0 is calculated by
fitting this distribution from 0 < �� < ⇡/2 and then
performing a zero yield at minimum (ZYAM) subtrac-
tion procedure using the fit minimum, cZYAM [23]. A
constant plus a three term Fourier series was used as
the nominal fit function, but a fourth degree polynomial
fit and a third degree polynomial plus a cos 2�� term
fit were also attempted. Discrepancies resulting from
these di↵erent choices of fit function were found to be
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coordinate analyses. Statistical uncertainties are smaller
than the marker size and the systematic uncertainties

are shown as gray boxes. The subtracted ZYAM
constant for the data is listed in each panel. Unlike the
data points, the thrust ZYAM constant has not been

scaled by a factor of 20.

small and are included in the systematic uncertainties
of the total near-side yield calculation. The results af-
ter this subtraction and correction for reconstruction ef-
fects are shown for Ntrk � 30 in Fig. 2. Because of the
relatively small associated yield, the results from thrust
coordinates are scaled by a factor of 20 for visual clar-
ity. A peak structure is observed at �� = ⇡ in both
lab and thrust coordinate analyses, but the spectra de-
crease to values consistent with zero at �� = 0. To
test the impact of the perturbative and nonperturbative
aspects of the implementation in MC event generators,
these results are compared to calculations from pythia
v6.1 [20] (from archived MC), pythia v8.230 [24], her-
wig v7.1.5 [25, 26] and sherpa v2.2.6 [27]. Both pythia
versions use a Lund string hadronization model, whereas
sherpa and herwig implement cluster hadronization.
The predictions from the pythia v6.1 model, which was
tuned to describe the ALEPH data, give the best de-
scription of the data. Both pythia v8.230 and sherpa
v2.2.6 slightly underpredict the magnitude of the peak at
�� = ⇡. The data are incompatible with the prediction
from herwig. Unlike the results with high multiplicity
selection, all four generators studied were able to repro-
duce the lab coordinate correlation function in the 10–20
multiplicity bin and are therefore expected to give a rea-
sonable model of inclusive e+e� collisions.

The total size of any excess yield of particle pairs
around �� = 0 is quantified by integrating the data from
��= 0 to the position in�� of the ZYAM fit’s minimum.
In general, no significant enhancement of particle pairs
is observed in any of the multiplicity bins examined for
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FIG. 1: Two-particle correlation functions for events
with the number of charged particle tracks in the event

Ntrk � 30 in the lab coordinates (left) and thrust
coordinates (right) analyses. The sharp near-side peaks
arise from jet correlations and have been truncated to
better illustrate the structure outside that region.

Collaboration using a similar dataset [22] were success-
fully reproduced within uncertainties, a�rming that the
archived data is analyzed properly.

The analysis is performed with a procedure similar to
previous studies of two-particle correlation functions [3].
For each event, the e�ciency corrected di↵erential yield
of the number of charged-particle pairs ( d2Nsame

d�⌘d�� ) is calcu-
lated. Here the superscript “same” indicates that both
particles in the pair come from the same event. This
di↵erential yield is scaled by the corrected number of
charged particle tracks in the event (Ncorr

trk ) averaged over
all events of interest. This forms the per-charged-particle
yield of particle pairs:

S(�⌘,��) =
1

Ncorr
trk

d2Nsame

d�⌘d��
. (1)

A mixed-event background correlation function pair-
ing the charged particles in one paired event with asso-
ciated charged particles in 12 random events (5 in MC
simulation studies) having the same multiplicity is also
calculated:

B(�⌘,��) =
1

Ncorr
trk

d2Nmix

d�⌘d��
, (2)

where Nmix denotes the e�ciency corrected number
of pairs taken from the mixed event. This mixed-
event background correlation function, when divided by
B(0, 0), represents the pair acceptance of the detector
when particles in the pair are uncorrelated. Experimen-
tally, B(0, 0) is calculated by using pairs with |�⌘| < 0.32
and |��| < ⇡/20. Thus, the acceptance-corrected di↵er-
ential yield of particle pairs is given by

1

Ncorr
trk

d2Npair

d�⌘d��
= B(0, 0)⇥ S(�⌘,��)

B(�⌘,��)
. (3)

To study the event multiplicity dependence of the cor-
relation function, the analysis is performed with events

Ntrk range Fraction of data (%) hNtrki hNcorr
trk i

[5, 10) 3.1 8.2 8.9
[10, 20) 59.2 15.2 15.8
[20, 30) 34.6 23.1 23.4
[30,1) 3.1 32.4 32.6
[35,1) 0.5 36.9 37.2

TABLE I: Fraction of the full event sample for each
multiplicity class. The last two columns show the

observed and corrected multiplicities, respectively, of
charged particles with plabT > 0.2 GeV/c and

| cos ✓lab| < 0.94.

in 5 multiplicity intervals classified by the number of re-
constructed charged particle tracks (Ntrk) with plabT > 0.2
GeV/c. The multiplicity ranges used, the corresponding
fraction of the total sample, and the average number of
tracks for each multiplicity class before (hNtrki) and after
detection e�ciency correction (hNcorr

trk i) are summarized
in Table I.
The analysis is first performed with lab coordinates,

similar to previous analyses at hadron colliders. In a hy-
drodynamics picture, the lab coordinate analysis is sen-
sitive to the QCD medium expanding transverse to the
beam axis. However, this coordinate system, although
identical to what was used in the studies of heavy ion
collisions, may not be the most suitable for the analy-
sis of e+e� collisions. Instead, using a coordinate system
with the z axis defined by the outgoing qq̄ from the Z de-
cay enables a search for signal associated with the QCD
medium expanding transverse to this direction. Exper-
imentally, the thrust axis [21] is closely related to the
outgoing qq̄ direction and is used to define the coordi-
nate system for the thrust coordinate analysis. For the
purposes of calculating the thrust direction, an extra par-
ticle corresponding to the unreconstructed momentum of
the event is included. This reduces the e↵ects of detec-
tor ine�ciencies on the final correlation function. Then
every track passing quality selections has its kinematic
variables (pT, ⌘, �) recalculated using the thrust axis to
replace the role of the beam axis. The variation of the
thrust axis direction causes the ALEPH detector accep-
tance in the thrust coordinates to vary on an event-by-
event basis. This is accounted for by recalculating the
kinematics for particles in paired events with respect to
the thrust axis in the signal event. The ⌘ and � distribu-
tions of the charged tracks in the paired events are then
reweighted to match that of signal events.
The systematic uncertainty of the result is evaluated

following a procedure similar to previous ALEPH stud-
ies [19]. The required number of hits a track leaves in the
ALEPH time projection chamber was varied from 4 to 7.
From this variation, the tracking uncertainty is estimated
to be 0.7% in the lab coordinate analysis and 0.3% in the
thrust coordinate analysis. The hadronic event selection
was studied by changing the required charged energy in

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.212002
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FIG. 1: Two-particle correlation functions for events
with the number of charged particle tracks in the event

Ntrk � 30 in the lab coordinates (left) and thrust
coordinates (right) analyses. The sharp near-side peaks
arise from jet correlations and have been truncated to
better illustrate the structure outside that region.

Collaboration using a similar dataset [22] were success-
fully reproduced within uncertainties, a�rming that the
archived data is analyzed properly.

The analysis is performed with a procedure similar to
previous studies of two-particle correlation functions [3].
For each event, the e�ciency corrected di↵erential yield
of the number of charged-particle pairs ( d2Nsame

d�⌘d�� ) is calcu-
lated. Here the superscript “same” indicates that both
particles in the pair come from the same event. This
di↵erential yield is scaled by the corrected number of
charged particle tracks in the event (Ncorr

trk ) averaged over
all events of interest. This forms the per-charged-particle
yield of particle pairs:

S(�⌘,��) =
1

Ncorr
trk

d2Nsame

d�⌘d��
. (1)

A mixed-event background correlation function pair-
ing the charged particles in one paired event with asso-
ciated charged particles in 12 random events (5 in MC
simulation studies) having the same multiplicity is also
calculated:

B(�⌘,��) =
1

Ncorr
trk

d2Nmix

d�⌘d��
, (2)

where Nmix denotes the e�ciency corrected number
of pairs taken from the mixed event. This mixed-
event background correlation function, when divided by
B(0, 0), represents the pair acceptance of the detector
when particles in the pair are uncorrelated. Experimen-
tally, B(0, 0) is calculated by using pairs with |�⌘| < 0.32
and |��| < ⇡/20. Thus, the acceptance-corrected di↵er-
ential yield of particle pairs is given by

1

Ncorr
trk

d2Npair

d�⌘d��
= B(0, 0)⇥ S(�⌘,��)

B(�⌘,��)
. (3)

To study the event multiplicity dependence of the cor-
relation function, the analysis is performed with events

Ntrk range Fraction of data (%) hNtrki hNcorr
trk i

[5, 10) 3.1 8.2 8.9
[10, 20) 59.2 15.2 15.8
[20, 30) 34.6 23.1 23.4
[30,1) 3.1 32.4 32.6
[35,1) 0.5 36.9 37.2

TABLE I: Fraction of the full event sample for each
multiplicity class. The last two columns show the

observed and corrected multiplicities, respectively, of
charged particles with plabT > 0.2 GeV/c and

| cos ✓lab| < 0.94.

in 5 multiplicity intervals classified by the number of re-
constructed charged particle tracks (Ntrk) with plabT > 0.2
GeV/c. The multiplicity ranges used, the corresponding
fraction of the total sample, and the average number of
tracks for each multiplicity class before (hNtrki) and after
detection e�ciency correction (hNcorr

trk i) are summarized
in Table I.
The analysis is first performed with lab coordinates,

similar to previous analyses at hadron colliders. In a hy-
drodynamics picture, the lab coordinate analysis is sen-
sitive to the QCD medium expanding transverse to the
beam axis. However, this coordinate system, although
identical to what was used in the studies of heavy ion
collisions, may not be the most suitable for the analy-
sis of e+e� collisions. Instead, using a coordinate system
with the z axis defined by the outgoing qq̄ from the Z de-
cay enables a search for signal associated with the QCD
medium expanding transverse to this direction. Exper-
imentally, the thrust axis [21] is closely related to the
outgoing qq̄ direction and is used to define the coordi-
nate system for the thrust coordinate analysis. For the
purposes of calculating the thrust direction, an extra par-
ticle corresponding to the unreconstructed momentum of
the event is included. This reduces the e↵ects of detec-
tor ine�ciencies on the final correlation function. Then
every track passing quality selections has its kinematic
variables (pT, ⌘, �) recalculated using the thrust axis to
replace the role of the beam axis. The variation of the
thrust axis direction causes the ALEPH detector accep-
tance in the thrust coordinates to vary on an event-by-
event basis. This is accounted for by recalculating the
kinematics for particles in paired events with respect to
the thrust axis in the signal event. The ⌘ and � distribu-
tions of the charged tracks in the paired events are then
reweighted to match that of signal events.
The systematic uncertainty of the result is evaluated

following a procedure similar to previous ALEPH stud-
ies [19]. The required number of hits a track leaves in the
ALEPH time projection chamber was varied from 4 to 7.
From this variation, the tracking uncertainty is estimated
to be 0.7% in the lab coordinate analysis and 0.3% in the
thrust coordinate analysis. The hadronic event selection
was studied by changing the required charged energy in
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an event to be 10 instead of 15 GeV. This only a↵ects
the lowest multiplicity bin, where an uncertainty of 0.6%
(3.4%) is quoted for the lab (thrust) coordinate analysis.
A small correlated uncertainty of 0%–0.1% (0.1%–0.9%)
on the value of B(0, 0) in the lab (thrust) coordinate
analysis arising from statistical fluctuations is also in-
cluded as a component of the systematic uncertainties.
An additional systematic of 0.2%-10% (0.1%-0.5%) in
the lab (thrust) coordinate analysis is included to quan-
tify the residual uncertainty in the reconstruction e↵ect
correction factor derived from the pythia 6.1 archived
MC sample, which is mainly from the limited size of the
archived MC sample. In general, the systematic uncer-
tainties in thrust analysis are smaller than the beam axis
analysis because the thrust correlation function before
the combinatorial background subtraction described later
is quite flat, and variations a↵ecting the correlation shape
are less pronounced.

The two-particle correlation functions for events with
Ntrk � 30 are shown in Fig. 1. The left panel shows
the correlation function using lab coordinates, while the
right panel shows the result when using thrust coordi-
nates. In both cases, the dominant feature is the jet peak
near (�⌘,��) = (0, 0) arising from particle pairs within
the same jet. For the analysis using lab coordinates, the
away-side structure at �� ⇠ ⇡ arises from pairs of parti-
cles contained in back-to-back jets. In the thrust coordi-
nate analysis, this peaking structure is related to multijet
topologies. For instance, the thrust axis points to the di-
rection of the leading jet in a three-jet event and the
correlation between the particles in the subleading and
third jet can create a narrow peak at small �⌘ and at
�� ⇠ ⇡. Because many charged particles are approx-
imately aligned with the thrust axis, i.e., at very large
⌘ in the thrust coordinate, particle pairs in back-to-back
jets frequently have a �⌘ larger than the �⌘ range exam-
ined here, and do not contribute the correlation function
in the analyzed �⌘ window. This reduces the absolute
magnitude of the correlation function in the thrust co-
ordinate analysis compared to that in the lab coordinate
analysis. Unlike previous results from hadron collisions,
no significant “ridge” structure is found around �� = 0
in either the lab or the thrust coordinate analysis.

To investigate the long-range correlation in finer de-
tail, one-dimensional distributions in �� are found by
averaging two-particle correlation function over the re-
gion between 1.6 < |�⌘| < 3.2. The size of any po-
tential enhancement around �� = 0 is calculated by
fitting this distribution from 0 < �� < ⇡/2 and then
performing a zero yield at minimum (ZYAM) subtrac-
tion procedure using the fit minimum, cZYAM [23]. A
constant plus a three term Fourier series was used as
the nominal fit function, but a fourth degree polynomial
fit and a third degree polynomial plus a cos 2�� term
fit were also attempted. Discrepancies resulting from
these di↵erent choices of fit function were found to be
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FIG. 2: Correlated yield obtained from the ZYAM
procedure as a function of |��| averaged over
1.6 < |�⌘| < 3.2 in lab (left) and thrust (right)

coordinate analyses. Statistical uncertainties are smaller
than the marker size and the systematic uncertainties

are shown as gray boxes. The subtracted ZYAM
constant for the data is listed in each panel. Unlike the
data points, the thrust ZYAM constant has not been

scaled by a factor of 20.

small and are included in the systematic uncertainties
of the total near-side yield calculation. The results af-
ter this subtraction and correction for reconstruction ef-
fects are shown for Ntrk � 30 in Fig. 2. Because of the
relatively small associated yield, the results from thrust
coordinates are scaled by a factor of 20 for visual clar-
ity. A peak structure is observed at �� = ⇡ in both
lab and thrust coordinate analyses, but the spectra de-
crease to values consistent with zero at �� = 0. To
test the impact of the perturbative and nonperturbative
aspects of the implementation in MC event generators,
these results are compared to calculations from pythia
v6.1 [20] (from archived MC), pythia v8.230 [24], her-
wig v7.1.5 [25, 26] and sherpa v2.2.6 [27]. Both pythia
versions use a Lund string hadronization model, whereas
sherpa and herwig implement cluster hadronization.
The predictions from the pythia v6.1 model, which was
tuned to describe the ALEPH data, give the best de-
scription of the data. Both pythia v8.230 and sherpa
v2.2.6 slightly underpredict the magnitude of the peak at
�� = ⇡. The data are incompatible with the prediction
from herwig. Unlike the results with high multiplicity
selection, all four generators studied were able to repro-
duce the lab coordinate correlation function in the 10–20
multiplicity bin and are therefore expected to give a rea-
sonable model of inclusive e+e� collisions.

The total size of any excess yield of particle pairs
around �� = 0 is quantified by integrating the data from
��= 0 to the position in�� of the ZYAM fit’s minimum.
In general, no significant enhancement of particle pairs
is observed in any of the multiplicity bins examined for
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an event to be 10 instead of 15 GeV. This only a↵ects
the lowest multiplicity bin, where an uncertainty of 0.6%
(3.4%) is quoted for the lab (thrust) coordinate analysis.
A small correlated uncertainty of 0%–0.1% (0.1%–0.9%)
on the value of B(0, 0) in the lab (thrust) coordinate
analysis arising from statistical fluctuations is also in-
cluded as a component of the systematic uncertainties.
An additional systematic of 0.2%-10% (0.1%-0.5%) in
the lab (thrust) coordinate analysis is included to quan-
tify the residual uncertainty in the reconstruction e↵ect
correction factor derived from the pythia 6.1 archived
MC sample, which is mainly from the limited size of the
archived MC sample. In general, the systematic uncer-
tainties in thrust analysis are smaller than the beam axis
analysis because the thrust correlation function before
the combinatorial background subtraction described later
is quite flat, and variations a↵ecting the correlation shape
are less pronounced.

The two-particle correlation functions for events with
Ntrk � 30 are shown in Fig. 1. The left panel shows
the correlation function using lab coordinates, while the
right panel shows the result when using thrust coordi-
nates. In both cases, the dominant feature is the jet peak
near (�⌘,��) = (0, 0) arising from particle pairs within
the same jet. For the analysis using lab coordinates, the
away-side structure at �� ⇠ ⇡ arises from pairs of parti-
cles contained in back-to-back jets. In the thrust coordi-
nate analysis, this peaking structure is related to multijet
topologies. For instance, the thrust axis points to the di-
rection of the leading jet in a three-jet event and the
correlation between the particles in the subleading and
third jet can create a narrow peak at small �⌘ and at
�� ⇠ ⇡. Because many charged particles are approx-
imately aligned with the thrust axis, i.e., at very large
⌘ in the thrust coordinate, particle pairs in back-to-back
jets frequently have a �⌘ larger than the �⌘ range exam-
ined here, and do not contribute the correlation function
in the analyzed �⌘ window. This reduces the absolute
magnitude of the correlation function in the thrust co-
ordinate analysis compared to that in the lab coordinate
analysis. Unlike previous results from hadron collisions,
no significant “ridge” structure is found around �� = 0
in either the lab or the thrust coordinate analysis.

To investigate the long-range correlation in finer de-
tail, one-dimensional distributions in �� are found by
averaging two-particle correlation function over the re-
gion between 1.6 < |�⌘| < 3.2. The size of any po-
tential enhancement around �� = 0 is calculated by
fitting this distribution from 0 < �� < ⇡/2 and then
performing a zero yield at minimum (ZYAM) subtrac-
tion procedure using the fit minimum, cZYAM [23]. A
constant plus a three term Fourier series was used as
the nominal fit function, but a fourth degree polynomial
fit and a third degree polynomial plus a cos 2�� term
fit were also attempted. Discrepancies resulting from
these di↵erent choices of fit function were found to be
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FIG. 2: Correlated yield obtained from the ZYAM
procedure as a function of |��| averaged over
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coordinate analyses. Statistical uncertainties are smaller
than the marker size and the systematic uncertainties

are shown as gray boxes. The subtracted ZYAM
constant for the data is listed in each panel. Unlike the
data points, the thrust ZYAM constant has not been

scaled by a factor of 20.

small and are included in the systematic uncertainties
of the total near-side yield calculation. The results af-
ter this subtraction and correction for reconstruction ef-
fects are shown for Ntrk � 30 in Fig. 2. Because of the
relatively small associated yield, the results from thrust
coordinates are scaled by a factor of 20 for visual clar-
ity. A peak structure is observed at �� = ⇡ in both
lab and thrust coordinate analyses, but the spectra de-
crease to values consistent with zero at �� = 0. To
test the impact of the perturbative and nonperturbative
aspects of the implementation in MC event generators,
these results are compared to calculations from pythia
v6.1 [20] (from archived MC), pythia v8.230 [24], her-
wig v7.1.5 [25, 26] and sherpa v2.2.6 [27]. Both pythia
versions use a Lund string hadronization model, whereas
sherpa and herwig implement cluster hadronization.
The predictions from the pythia v6.1 model, which was
tuned to describe the ALEPH data, give the best de-
scription of the data. Both pythia v8.230 and sherpa
v2.2.6 slightly underpredict the magnitude of the peak at
�� = ⇡. The data are incompatible with the prediction
from herwig. Unlike the results with high multiplicity
selection, all four generators studied were able to repro-
duce the lab coordinate correlation function in the 10–20
multiplicity bin and are therefore expected to give a rea-
sonable model of inclusive e+e� collisions.

The total size of any excess yield of particle pairs
around �� = 0 is quantified by integrating the data from
��= 0 to the position in�� of the ZYAM fit’s minimum.
In general, no significant enhancement of particle pairs
is observed in any of the multiplicity bins examined for
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an event to be 10 instead of 15 GeV. This only a↵ects
the lowest multiplicity bin, where an uncertainty of 0.6%
(3.4%) is quoted for the lab (thrust) coordinate analysis.
A small correlated uncertainty of 0%–0.1% (0.1%–0.9%)
on the value of B(0, 0) in the lab (thrust) coordinate
analysis arising from statistical fluctuations is also in-
cluded as a component of the systematic uncertainties.
An additional systematic of 0.2%-10% (0.1%-0.5%) in
the lab (thrust) coordinate analysis is included to quan-
tify the residual uncertainty in the reconstruction e↵ect
correction factor derived from the pythia 6.1 archived
MC sample, which is mainly from the limited size of the
archived MC sample. In general, the systematic uncer-
tainties in thrust analysis are smaller than the beam axis
analysis because the thrust correlation function before
the combinatorial background subtraction described later
is quite flat, and variations a↵ecting the correlation shape
are less pronounced.

The two-particle correlation functions for events with
Ntrk � 30 are shown in Fig. 1. The left panel shows
the correlation function using lab coordinates, while the
right panel shows the result when using thrust coordi-
nates. In both cases, the dominant feature is the jet peak
near (�⌘,��) = (0, 0) arising from particle pairs within
the same jet. For the analysis using lab coordinates, the
away-side structure at �� ⇠ ⇡ arises from pairs of parti-
cles contained in back-to-back jets. In the thrust coordi-
nate analysis, this peaking structure is related to multijet
topologies. For instance, the thrust axis points to the di-
rection of the leading jet in a three-jet event and the
correlation between the particles in the subleading and
third jet can create a narrow peak at small �⌘ and at
�� ⇠ ⇡. Because many charged particles are approx-
imately aligned with the thrust axis, i.e., at very large
⌘ in the thrust coordinate, particle pairs in back-to-back
jets frequently have a �⌘ larger than the �⌘ range exam-
ined here, and do not contribute the correlation function
in the analyzed �⌘ window. This reduces the absolute
magnitude of the correlation function in the thrust co-
ordinate analysis compared to that in the lab coordinate
analysis. Unlike previous results from hadron collisions,
no significant “ridge” structure is found around �� = 0
in either the lab or the thrust coordinate analysis.

To investigate the long-range correlation in finer de-
tail, one-dimensional distributions in �� are found by
averaging two-particle correlation function over the re-
gion between 1.6 < |�⌘| < 3.2. The size of any po-
tential enhancement around �� = 0 is calculated by
fitting this distribution from 0 < �� < ⇡/2 and then
performing a zero yield at minimum (ZYAM) subtrac-
tion procedure using the fit minimum, cZYAM [23]. A
constant plus a three term Fourier series was used as
the nominal fit function, but a fourth degree polynomial
fit and a third degree polynomial plus a cos 2�� term
fit were also attempted. Discrepancies resulting from
these di↵erent choices of fit function were found to be
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FIG. 2: Correlated yield obtained from the ZYAM
procedure as a function of |��| averaged over
1.6 < |�⌘| < 3.2 in lab (left) and thrust (right)

coordinate analyses. Statistical uncertainties are smaller
than the marker size and the systematic uncertainties

are shown as gray boxes. The subtracted ZYAM
constant for the data is listed in each panel. Unlike the
data points, the thrust ZYAM constant has not been

scaled by a factor of 20.

small and are included in the systematic uncertainties
of the total near-side yield calculation. The results af-
ter this subtraction and correction for reconstruction ef-
fects are shown for Ntrk � 30 in Fig. 2. Because of the
relatively small associated yield, the results from thrust
coordinates are scaled by a factor of 20 for visual clar-
ity. A peak structure is observed at �� = ⇡ in both
lab and thrust coordinate analyses, but the spectra de-
crease to values consistent with zero at �� = 0. To
test the impact of the perturbative and nonperturbative
aspects of the implementation in MC event generators,
these results are compared to calculations from pythia
v6.1 [20] (from archived MC), pythia v8.230 [24], her-
wig v7.1.5 [25, 26] and sherpa v2.2.6 [27]. Both pythia
versions use a Lund string hadronization model, whereas
sherpa and herwig implement cluster hadronization.
The predictions from the pythia v6.1 model, which was
tuned to describe the ALEPH data, give the best de-
scription of the data. Both pythia v8.230 and sherpa
v2.2.6 slightly underpredict the magnitude of the peak at
�� = ⇡. The data are incompatible with the prediction
from herwig. Unlike the results with high multiplicity
selection, all four generators studied were able to repro-
duce the lab coordinate correlation function in the 10–20
multiplicity bin and are therefore expected to give a rea-
sonable model of inclusive e+e� collisions.

The total size of any excess yield of particle pairs
around �� = 0 is quantified by integrating the data from
��= 0 to the position in�� of the ZYAM fit’s minimum.
In general, no significant enhancement of particle pairs
is observed in any of the multiplicity bins examined for
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FIG. 3: Confidence limits on associated yield as a
function of hNcorr
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coordinates are shown as red (black) arrows. The lab
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Scaled results (see text) from pp, pPb and PbPb

collisions are shown as black circles, blue crosses and
green boxes.

either the lab or the thrust coordinate analysis. There-
fore, a confidence limit (C.L.) on the near-side excess
of particle pairs is calculated using a bootstrap proce-
dure [28]. This method calculates the distribution of the
associated yield after allowing the one-dimensional cor-
relation function data points to vary according to their
uncertainties. For each Ntrk bin, 2⇥ 105 variations were
sampled in the bootstrap procedure. Most of these vari-
ations result in a correlation function that has a mini-
mum at �� = 0 and therefore zero associated yield. If
more than 5% of the data variations have a yield above
1⇥ 10�5, a 95% C.L. is quoted. Otherwise, a C.L. corre-
sponding to the fraction of data variations having a yield
below 1⇥ 10�5 is reported. This occurs in the low mul-
tiplicity selections, where the small uncertainties make it
extremely unlikely that a bootstrap variation produces
any nonzero associated yield. The C.L.s are shown as a
function of hNcorr

trk i in Fig. 3 by the red arrows for the lab
coordinate analysis and black arrows for the thrust coor-
dinate analysis. In general, the constraining power of the
data is driven mainly by statistical uncertainties, with
multiplicity bins having more events also having lower
C.L.s. The results are also compared to the associated
yield measurements in pp, pPb and PbPb collsions re-
ported by CMS [1, 3, 29], where the x axis of the CMS
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FIG. 4: A comparison of the data to three simple
pythia-based models that assume progressively larger

values of v2.

data was scaled by the pseudorapidity acceptance ratio
between ALEPH and CMS (0.725) and corrected for the
CMS minimum-bias tracking ine�ciency in pp collisions
(a factor of 1.15). The reported thrust C.L.s are com-
patible or lower than the central values of the associated
yield reported by CMS, although the systematic uncer-
tainties of the CMS measurements at low multiplicity are
large. These C.L.s contrast measurements of a nonzero
azimuthal anisotropy signal in lower multiplicity pp col-
lisions [30, 31].

In hadronic collision systems, the azimuthal anisotropy
of charged particle production is typically quantified with
the azimuthal anisotropy coe�cients, vn [10, 32, 33]. In
particular, the second order coe�cient, v2 is sensitive to
the collective behavior and the level of thermalization
of the system in relativistic heavy ion collisions [9, 34].
However, it is often di�cult to make a direct quantita-
tive connection between the size of any associated yields
and the corresponding value of v2 because most of the
structure of the correlation functions comes from jetlike
correlations. These correlations are sometimes referred
to as “nonflow” [35–38]. To give an idea of the sensi-
tivity of this analysis to nonzero values of v2, a simple
model was constructed using the archived pythia v6.1
as a baseline. In this model, it is assumed that the por-
tion of the one-dimensional correlation function that is
subtracted by the ZYAM procedure could have an addi-
tional azimuthal modulation of 10, 20, or 30%. The new
one-dimensional correlation function, after adding this
additional v2 component, is shown by the red, blue, and
pink lines in Fig. 4. Under this assumption that only the
ZYAM-subtracted portion of the correlation could have
an additional v2 component, it appears that the mea-
surement in the lab coordinates is not compatible with
v2 values of 0.2 or 0.3, but could perhaps still be com-
patible with v2 = 0.1. In the thrust axis, the spacing be-
tween the di↵erent v2 assumptions is larger because the
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7.2.2 [45] and sherpa 2.2.5 [46] event generators for long-range azimuthal di↵erential

associated yields after performing the ZYAM method. In this sub-section, we will call the

pythia6-based Belle MC by its version number pythia6, in comparison with other event

generators. Figure 10 displays the results.

Generators (pythia8, herwig and sherpa) compared here are configured based on

their default settings. More specifically, in pythia8 event generation, the Monash 2013

tune [47] (e+e� collision’s default tune) is used. The e
+
e
�

! qq̄ annihilation process

is simulated with the full interference between photon and Z-boson propagators (option

WeakSingleBoson:ffbar2gmZ), and the on-resonance production is generated by decaying

the ⌥ (4S) particle evenly into charged and neutral B-meson pairs, where the mass and

decay width of ⌥ (4S) are set to the corresponding world-average values [48].

In the herwig event generation, we require the order of electroweak coupling to be 2

(OrderInAlphaEW=2) and the order of strong coupling to be 0 (OrderInAlphaS=0) in the

hard process simulation. For the ⌥ (4S) resonance production, the built-in matrix element

for e
+
e
� colliding into a spin-1 vector meson (MEee2VectorMeson) is used. Decays of B

mesons are further done by the evtgen/pythia8 interface.

The sherpa MC samples are generated with ↵S(MZ) = 0.1188, and a two-loop cor-

rection of the running of ↵S (ORDER ALPHAS=1) is specified. Full mass e↵ects of charm and

beauty quarks are considered. For the ⌥ (4S) resonance production, charged and neutral
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Figure 14: A schematic diagram indicating how a special arrangement of two B decay

system can have a long-range near-side correlation. The orange cones represent the decay

products from one of the B mesons, and the blue cones are from the other B decay. Two

B decay directions are expressed with notations êB,1, êB,2. The event thrust direction n̂

is prone to lie on the plane spanned by êB,1, êB,2, hence dividing the decay products into

two parts, aggregating at azimuthal coordinates around � or ⇡ + �, respectively. In this

configuration, the decay products from the opposite B mesons (the orange and blue cones)

easily contribute to the long-range near-side correlation.

measurements in hadron collisions and high-energy e
+
e
� collisions in its shape, with the

significant near-side peak structure, interpreted as intra-jet correlation, not being seen. In

this paper, we research qualitatively the correlation structure taking advantage of simula-

tions. By studying with the sherpa event generator, we characterize the evolution of the

near-side-peak correlation magnitude from low-energy collisions towards the high collision

energies.

The two-particle correlation measurement with the ⌥ (4S) on-resonance dataset is pre-

sented for the first time. A low-scaled long-range near-side enhancement is observed in

data for the thrust-axis two-particle correlations. However, this enhancement is di↵erent

from the more familiar elongated ridge structure over a broad �⌘ range as reported in pp

collisions and heavy ion experiments. Monte Carlo simulations are able to qualitatively

replicate these new features of the on-resonance correlation data. It is concluded that such

a special topological arrangement within a decay system can give rise to such correlations.
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the e+e− center-of-mass frame. The former is the same
as that presented in most of the two-particle correla-
tion studies, while in the latter, initiated by Ref. [26],
the event thrust axis [39] is used as the reference axis,
with missing momentum of the event included. The con-
struction of mixed events in the thrust axis analysis is
identical to that in the beam axis analysis, requiring the
multiplicity matching only. In the thrust axis coordinate
analysis, the kinematics (pT, η,φ) of a mixed event are
calculated with respect to the thrust axis of its matched
physical event. To adjust the kinematics distribution of
the mixed event to physical kinematic (pT, η,φ) spectra,
a reweighting correction is adopted.
In the e+e− annihilation process, when the interacting

system is located in between or along the color string con-
necting the qq̄ pair, measuring with a coordinate system
defined by the event thrust axis provides a more direct
picture. From the viewpoint of relativistic fluid dynam-
ics [7], conventional beam-axis measurements are sensi-
tive to features within the plane transverse to the colli-
sion axis, probing any anisotropic behavior of the QCD
medium, which are widely studied as the phenomena of
elliptic or triangular flow [6, 40, 41]. The insensitive re-
gion of the two-particle correlation function in the beam
axis analysis is at the beam pipe, where a particle pair
with a large pseudorapidity difference is excluded from
the finite ∆η region of interest (e.g., |∆η| ≤ 3.0 in this
analysis). In addition, the on-axis track-pair correlation
is too deformed to form an obvious correlation structure,
since the φ coordinate is ill-represented near both poles
of the spherical coordinate. Correspondingly, the insen-
sitivity of the thrust-axis correlation function is at its ref-
erence thrust axis which quark-initiated dijets are close
to; however, they are sensitive in the mid-rapidity region,
where additional soft gluons emit apart from the leading
quark-antiquark dijet-like structure. The sensitivity to
the finer structure allows one to check in details if there
are special correlations among the color activity in the
small system.
In Fig. 1, correlation functions with multiplicity Nrec

trk ≥
12 are shown for both beam and thrust axis coordinates.
In the beam axis coordinate view, the peak near the ori-
gin (∆η,∆φ) = (0, 0) has contributions from pairs orig-
inating in the same jet, while the structure at ∆φ ≈ π
is from back-to-back correlations. These features reflect
the two-particle correlation of dijet-like qq̄ events, which
mainly contribute in e+e− collisions. In contrast, for the
thrust axis coordinates, the dominant structure is the
hill-like bump near (∆η,∆φ) ≈ (0,π), while a sizeable
near-side correlation is lacking. The decrease of the near-
side-peak correlation is because that leading two jets are
brought to insensitive regions around poles of the refer-
ence thrust axis. As a result of balance for the event
thrust calculation, track pairs amongst on-axis jets tend
to yield larger ∆φ angular differences. Compared to col-
lisions at high center-of-mass energies, jets are composed

of fewer constituents and have broader shapes at the low
energy regime. This makes it hard to form a significant
near-side-peak correlation. We calculated the magnitude
of the near-side-peak correlation with respect to differ-
ent collision energies with sherpa 2.2.5 [42] simulation
of e+e− → hadrons at the leading order, and found re-
sults suggesting a significant correspondence.
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FIG. 1: Two-particle correlation functions for beam (top) and
thrust (bottom) axis analyses with the multiplicity Nrec

trk ≥ 12.

Evidence for the ridge signal can be best examined
in the azimuthal differential yield Y (∆φ) by averaging
the correlation function over the long-range region with
1.5 ≤ |∆η| < 3.0. A “zero yield at minimum”(ZYAM)
method [43] is further implemented to separate any en-
hanced near-side correlation around∆φ = 0 distinct from
a constant correlation. The constant contribution along
∆φ, denoted as CZYAM, is estimated by the minimum of
the fit with a third-order Fourier series to the data points.
A fit with a third-order polynomial plus a cosine term,
and with a fourth-order polynomial are also checked to

• Two-particle angular correlation is also applied to Belle data ( ) 

• Observed ridge yield attribute to special event topology and thrust axis alignment in two B 
meson decay systems 

N rec
trk ≥ 12

https://arxiv.org/abs/2201.01694
https://arxiv.org/abs/2206.09440
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• Azimuthal anisotropy of inclusive particles is observed in all hadronic collisions 
• Azimuthal anisotropy of hard QCD process depends on its hardness: 

• Low pT charm — similar anisotropy as soft light hadrons 
• Intermediate pT charm — probing the switch between hard-soft correlation ?? 
• Hard jet fragments / bottom — no significant anisotropy 

• No significant anisotropy observed in e+p or e+e- collisions

Summary on small system two-particle correlation

22



Application of hard sector methodology
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Hard Probes of QGP

24

RAA =
per-NN yields in A-A

yields in pp
Nuclear 

modification factor

RAA < 1 due to presence of QGP

pT

RAA

1

yield

pT

Energy 
loss

p+p  
spectrum

A-A 
spectrum

Dissociation

QGP induced energy loss 
Transportation

Dissociation due to color screening

Hard probes: 
• Created in the early stages of QGP formation 
• Reliable pQCD calculations 
• Triggered and detected easily 
• Ideal hard probes: energetic jets, heavy flavor hadrons
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Centrality in Pb+Pb collisions at ATLAS

25

0 1 2 3 4 5
 [TeV]TEΣ

5−10

4−10

3−10

2−10

1−10

Ev
en

t f
ra

ct
io

n

ATLAS
-1Pb+Pb 5.02 TeV, 0.49 nb50-80%

30-50%
20-30%

10-20%
0-10%

PLB 789 (2019) 167

Energy deposition in FCal in MinBias Pb+Pb collisions

** Ignoring Lorentz contraction 
for demonstration purpose 
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Map to collisions geometry via MC Glauber
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• Simple quarkonium potential in vacuum: 
• Simple static potential with screening: 

• Color screening effect depends on resonance size

Color screening

26

V(r) = −
α
r

+ kr

V(r) = −
α
r

e−r/λD

C
or

re
la

tio
n 

le
ng

th
 b

et
w

ee
n 

qq̄

Bound state

Dissociation

PLB 178 (1986) 416

Lattice QCD

Temperature of gluonic heat bath



Qipeng Hu (USTC), HAPOF, June 9, 2023

Color screening in experiments

27

CMS, PRL 120 (2018) 142301
ATLAS, PRC 107 (2023) 054912

)2 (GeV/cμμm
8 9 10 11 12 13 14

 )2
Ev

en
ts

 / 
( 0

.1
 G

eV
/c

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

310×

 < 30 GeV/c
T

p

| < 2.4|y
 > 4 GeV/cμ

T
p
Cent. 0-100%

PbPb
Data
Total fit
Signal
Background

pp
Overlaid

 (5.02 TeV)-1bμPbPb 368 

CMS

Sequential melting of Upsilon(nS)

b b̄

Υ(1S) Υ(2S)

b b̄ b b̄

Υ(3S)

0 50 100 150 200 250 300 350 400
〉partN〈

0

0.2

0.4

0.6

0.8

1

1.2

AAR ATLAS
-1 = 5.02 TeV, L = 0.26 fbs, pp

-1 = 5.02 TeV, L = 1.82 nbNNsPb+Pb, 

 < 30 GeV, |y|<2.4
T

(1S) CMS, pϒ

 < 30 GeV, |y|<1.5 
T

(1S) ATLAS, pϒ

 ATLAS correlated uncer.
 CMS correlated uncer.

0 50 100 150 200 250 300 350 400
〉partN〈

0

0.2

0.4

0.6

0.8

1

1.2

AAR ATLAS
-1 = 5.02 TeV, L = 0.26 fbs, pp

-1 = 5.02 TeV, L = 1.82 nbNNsPb+Pb, 

 < 30 GeV, |y|<2.4
T

(2S) CMS, pϒ

 < 30 GeV, |y|<1.5 
T

(2S) ATLAS, pϒ

(2S) ATLAS, 95% CLϒ 

 ATLAS correlated uncer.
 CMS correlated uncer.

http://dx.doi.org/10.1103/PhysRevLett.120.142301
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.107.054912


Qipeng Hu (USTC), HAPOF, June 9, 2023

Quarkonium binding energy vs. RAA

28
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Table 1 Binding energies of the quarkonia shown in Fig. 3

Quarkonium Eb (MeV) Quarkonium Eb (MeV)

χb2(3P) 36 χc0 315

ψ(2S) 44 χb0(3P) 326

χb1(3P) 47 Υ (2S) 536

χb0(3P) 62 J/ψ 633

χc2 174 χb2(1P) 647

Υ (3S) 204 χb1(1P) 666

χc1 219 χb0(1P) 700

χb2(2P) 290 Υ (1S) 1099

χb1(3P) 304
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Fig. 4 Comparison between the measured values [12–14], integrated
over the probed centrality range, and the results computed for 〈ε〉 = 450,
500, 550 and 600 MeV, respectively shown in green, brown, red and
violet

physical events where, for example, quarkonia produced in
the scattering of nucleons in the nuclear halos (small ε) can
survive even in the most central collisions (large 〈ε〉). The
modelling of this “tail” effect and, therefore, of the shape
of the plateau, reflects the shape of the ε distribution (here
simply assumed to be a symmetric Gaussian). Future mea-
surements of very small suppression factors close to the cen-
tre of the plateau (for example, the one of the Υ (3S) state,
for which only upper limits exist so far) will probe different
shape hypotheses. We also note that the increase of RAA as
Eb → 0, determining the prediction that the ψ(2S) is less
suppressed than the Υ (3S), is actually a “pp effect”, caused
by the presence of fpp ∝ Eδ

b in the denominator of RAA
(Eqs. 1 and 4), as illustrated in the bottom panel of Fig. 3.

3 Global fit of the RAA data

Having introduced and motivated our model in the previous
section, we will now move to a more quantitative analysis
of the experimental data. As mentioned before, the CMS
and ATLAS Collaborations have reported quarkonium sup-
pression measurements using pp and Pb–Pb collisions at
5.02 TeV, in comparable experimental conditions, for four
different states, J/ψ , ψ(2S), Υ (1S) and Υ (2S), comple-
mented by upper limits for the Υ (3S) [12–14]. We performed
a global analysis of 37 RAA J/ψ , ψ(2S), Υ (1S) and Υ (2S)
values, measured in several Npart bins, testing the hypothesis
of a universal mechanism, the intensity of which is measured
by an average shift 〈ε〉 of the binding energy Eb, common to
all states and depending on Npart.

Preliminary fits for individual Npart bins show a definite
correlation between 〈ε〉 and the logarithm of Npart, while no
significant dependence of σε on Npart is seen. Therefore, the
global fit of all data is performed assuming a linear depen-
dence of 〈ε〉 on ln(Npart). The two coefficients of this depen-
dence and the (Npart-independent) σε are the parameters of
the fit. While there is, a priori, no reason to assume that σε is
independent of Npart, the accuracy of the presently available
measurements justifies approximating it by a constant, which
provides a very good description of the data and makes the
global fit more robust than if we would have included more
free parameters. Other functional forms can be considered
once more precise and detailed data will become available.

Two global uncertainties, common to all ATLAS or CMS
data points, and four uncertainties correlating the CMS points
of each quarkonium state are taken into account by intro-
ducing corresponding constrained (nuisance) parameters in
the fit. Further nuisance parameters are δ = 0.63 ± 0.04,
parametrizing the power-law dependence on Eb, and several
constrained factors used to model the uncertainties in the
direct production cross sections and feed-down branching
ratios entering Eq. 5. The latter uncertainties have a negligi-
ble impact in the results.

Figure 5 shows how the fit results (coloured bands) com-
pare to the measurements, as a function of Npart. The fit
has a high quality, with a total χ2 of 40 for 34 degrees
of freedom, and a 22% probability that a higher χ2 value
would be obtained if the data points were statistical fluctua-
tions around perfectly modelled central values. The measured
(inclusive) ψ(2S)-to-J/ψ charmonium suppression double
ratio, not included in the fit, is well reproduced in its seem-
ingly inexistent Npart dependence. A strong deviation from
the approximately flat behaviour should be observed through
more precise and finely binned measurements in the low-
Npart region.

Figure 6 shows that the fitted 〈ε〉 parameter grows logarith-
mically with Npart, reaching 566± 15 MeV for Npart = 400.
The fitted value of σε is 30 ± 5 MeV.
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Fig. 3. Top: Calculated nuclear suppression factor as a func-
tion of the quarkonium Eb for direct (curves) and inclusive
(markers) production of S- and P-wave states. Results are
shown for �✏ = 30MeV and for h✏i = 20, 250, 550 and
1000MeV, respectively shown in green, brown, red and violet.
Bottom: Individual contributions (Eq. 4) of the long-distance

bound-state transition functions in pp (1/f /⌥
pp , scaled by 0.1)

and Pb-Pb (F /⌥
PbPb, for the same �✏ and h✏i values).

The Eb dependence of Rdir
AA is shown in Fig. 3-top

as four continuous curves, corresponding to di↵erent h✏i
values, while the corresponding Rinc

AA discrete values, ac-
counting for the state-specific feed-down contributions, are
shown as sets of points, placed at the binding energies of
the physical quarkonium states, reported in Table 1. In
this preliminary illustration we have not shown the ef-
fect of the uncertainties a↵ecting �, the branching ratios,
and the cross sections. The Rdir

AA continuous curves show
a strong suppression up to Eb ' h✏i, followed by a power-
law increase (determined by �). This shape reflects the
behavior of the Pb-Pb bound-state transition function,
modelled in Eqs. 2 and 3, and shown in Fig. 3-bottom.

As illustrated in Fig. 4, the model reproduces the ob-
served hierarchy of centrality-integrated suppression val-

Table 1. Binding energies of the quarkonia shown in Fig. 3.

Quarkonium Eb [MeV] Quarkonium Eb [MeV]

�b2(3P) 36 �c0 315
 (2S) 44 �b0(3P) 326
�b1(3P) 47 ⌥ (2S) 536
�b0(3P) 62 J/ 633
�c2 174 �b2(1P) 647
⌥ (3S) 204 �b1(1P) 666
�c1 219 �b0(1P) 700

�b2(2P) 290 ⌥ (1S) 1099
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Fig. 4. Comparison between the measured values [12–14], in-
tegrated over the probed centrality range, and the results com-
puted for h✏i = 450, 500, 550 and 600MeV, respectively shown
in green, brown, red and violet.

ues, with a universal h✏i around 550MeV. The importance
of accounting for the feed-down contributions is clearly
seen in the J/ and ⌥ (1S) cases, where Rinc

AA and Rdir
AA

are particularly di↵erent. The ATLAS J/ measurement
does not include the most peripheral Pb-Pb collisions,
which might explain the slightly smaller RAA value, rel-
ative to the CMS measurement. While the ⌥ (nS) data
points are very well reproduced by the computation made
with h✏i = 550MeV, the measured J/ and  (2S) RAA

are higher than the computed values. This might be an
indication that charmonium production in Pb-Pb colli-
sions at the LHC energies includes an extra contribution
with respect to those at work in pp collisions, one option
being the binding of uncorrelated quarks and antiquarks
(produced in di↵erent nucleon-nucleon interactions), made
possible by the very large number of charm quarks pro-
duced in these collisions [16, 17] and seemingly observed
at low-pT by ALICE [18]. The level of this contribution
should be significantly reduced in the pT region probed by
the CMS and ATLAS data, pT > 6.5 and 9GeV, respec-
tively, but it could well be that the residual contamination
has a visible e↵ect.
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values, while the corresponding Rinc

AA discrete values, ac-
counting for the state-specific feed-down contributions, are
shown as sets of points, placed at the binding energies of
the physical quarkonium states, reported in Table 1. In
this preliminary illustration we have not shown the ef-
fect of the uncertainties a↵ecting �, the branching ratios,
and the cross sections. The Rdir

AA continuous curves show
a strong suppression up to Eb ' h✏i, followed by a power-
law increase (determined by �). This shape reflects the
behavior of the Pb-Pb bound-state transition function,
modelled in Eqs. 2 and 3, and shown in Fig. 3-bottom.

As illustrated in Fig. 4, the model reproduces the ob-
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ues, with a universal h✏i around 550MeV. The importance
of accounting for the feed-down contributions is clearly
seen in the J/ and ⌥ (1S) cases, where Rinc

AA and Rdir
AA

are particularly di↵erent. The ATLAS J/ measurement
does not include the most peripheral Pb-Pb collisions,
which might explain the slightly smaller RAA value, rel-
ative to the CMS measurement. While the ⌥ (nS) data
points are very well reproduced by the computation made
with h✏i = 550MeV, the measured J/ and  (2S) RAA

are higher than the computed values. This might be an
indication that charmonium production in Pb-Pb colli-
sions at the LHC energies includes an extra contribution
with respect to those at work in pp collisions, one option
being the binding of uncorrelated quarks and antiquarks
(produced in di↵erent nucleon-nucleon interactions), made
possible by the very large number of charm quarks pro-
duced in these collisions [16, 17] and seemingly observed
at low-pT by ALICE [18]. The level of this contribution
should be significantly reduced in the pT region probed by
the CMS and ATLAS data, pT > 6.5 and 9GeV, respec-
tively, but it could well be that the residual contamination
has a visible e↵ect.
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tion between the charmonium and bottomonium fami-
lies, nor between states of di↵erent masses and spins. The
model is used to fit the nuclear modification factors, RAA,
measured by CMS and ATLAS at

p
s = 5.02TeV, in bins

of collision centrality defined using the number of par-
ticipant nucleons, Npart. The result of this global fit, us-
ing the most detailed and precise measurements currently
available, is that a simple hierarchy in binding energy can
explain the observed quarkonium suppression patterns. In
other words, the presently available data provide a clear
signature of the sequential suppression conjecture, accord-
ing to which the more strongly-bound states are progres-
sively suppressed as the temperature of the medium ex-
ceeds certain thresholds.

2 Quarkonium suppression patterns

At the current level of experimental precision, the pT-
di↵erential charmonium and bottomonium production
cross sections measured in 7 and 13TeV pp collisions
at mid-rapidity [5–10] are well reproduced by a simple
parametrization reflecting a universal (state-independent)
energy-momentum scaling [4]. In this description, the
shape of the mass-rescaled transverse momentum (pT/M)
distribution is independent of the quarkonium state, while
its normalization (at any chosen pT/M value) shows a
clear correlation with the binding energy, calculated as
the di↵erence between the open-flavour threshold and
the quarkonium mass, Eb = 2M(D0) � M( (nS)) or
2M(B0)�M(⌥ (nS)). The observed correlation, shown in
Fig. 1, is seemingly identical for the charmonium and bot-
tomonium families, and for the two collision energies.

The linear correlation seen in the log-log representa-
tion of Fig. 1 suggests that we can faithfully parametrize
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the Eb dependence of the S-wave direct-production cross
sections using a power-law function:

f /⌥pp (Eb) ⌘
✓
�dir( /⌥ )

�(2mQ)

◆

pp

=

✓
Eb

E0

◆�
. (1)

Here, �(2mQ) is the extrapolation (at fixed pT/M) of
the cross section to twice the relevant heavy quark mass,
computed from the mass of the lightest quarkonium state:
2mc = M(⌘c) and 2mb = M(⌘b) [11]. One single expo-
nent parameter � is used for both quarkonium families,
so as to minimize the number of free parameters in the
model, especially in view of the uncertainties of some ex-
perimental measurements. Independent fits at the two col-
lision energies give the values � = 0.63 ± 0.02 at 7TeV
and 0.63± 0.04 at 13TeV [4]. The equation defines a uni-

versal “bound-state transition function”, f /⌥pp (Eb), pro-
portional to the probability that the QQ pre-resonance
evolves to a given  /⌥ state. The transition process in-
volves long-distance interactions between the quark and
the antiquark, for which no theory calculations exist.

Given the current lack of P-wave cross section data,
we assume that the direct production of �c and �b is
described by an analogous bound-state transition func-
tion, with identical dependence on the binding energy
(same � value as for the S-wave states), but an inde-
pendent E0 value (reflecting the di↵erent angular mo-
mentum and wave-function shape). Complementing this
long-distance scaling with the short-distance production
ratio �(2mb)/�(2mc) = (mb/mc)�6.63±0.08 [4], we ob-
tain a complete parametrization of the direct production
cross sections for all states of the charmonium and bot-
tomonium families. Together with the relevant feed-down
branching fractions [11], this provides a full picture of in-
clusive quarkonium production in pp collisions, including
the detailed contributions of the feed-down decays from
heavier to lighter states, as reported in Ref. [4]. This data-
driven model is used in the present study as a baseline for
the interpretation of the Pb-Pb data.

Our hypothesis on how the pp baseline is modified in
Pb-Pb collisions is guided by the experimental observation
that the  (2S) and J/ exhibit very di↵erent suppres-
sion patterns in Pb-Pb collisions as a function of collision
centrality [12], as shown in Fig. 2-top. The RAA of the
 (2S) shows a significant departure from unity already in
the most peripheral bin probed by the experiments, cor-
responding to an average number of colliding nucleons of
Npart = 22, and then seems to be almost independent of
Npart up to the most central Pb-Pb collisions. Instead, the
RAA of the J/ shows a more gradual decrease from pe-
ripheral to central collisions, being relatively close to unity
in the most peripheral bins. We can also see in Fig. 2-top
that the ⌥ (1S) and ⌥ (2S) suppression patterns [13] are
very similar to those of the J/ and  (2S), respectively.

The di↵erent suppression patterns of the 2S and 1S
states can also be appreciated through the double sup-
pression ratios (RAA(2S)/RAA(1S)) measured by CMS,
as shown in Fig. 2-bottom for the two quarkonium fami-
lies. The charmonium double ratio is significantly smaller
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Fig. 2. Top: Nuclear modification factor as a function of cen-
trality for the (inclusive) J/ ,  (2S), ⌥ (1S), ⌥ (2S) and ⌥ (3S)
quarkonia, as measured by CMS comparing pp and Pb-Pb data
at 5.02TeV [12,13]. Bottom: Corresponding double ratio of the
2S and 1S nuclear modification factors.

than unity already in the most peripheral collisions, con-
firming that the  (2S) is strongly suppressed even in the
most “pp-like” nuclear collisions. The J/ and  (2S) sup-
pression patterns reported by ATLAS [14] show similar
features.

The apparent fragility of the  (2S) can be attributed
to its binding energy, 44MeV, very small with respect
to both its mass and the open charm mass threshold,
2M(D0). A fluctuation of around 1% in the invariant
mass of the pre-resonance QQ or in the threshold energy
above which open charm production becomes possible is
su�cient to inhibit the formation of this weakly-bound
quarkonium state. This concept can be formalized through
a minimal modification of the pp production baseline, in
which the short-distance partonic production of the QQ
state is assumed to remain unchanged, while the long-
distance bound-state transition function (Eq. 1) becomes

f /⌥PbPb(Eb, ✏) ⌘
✓
�dir( /⌥ )

�(2mQ)

◆

PbPb

=

✓
Eb � ✏

E0

◆�
(2)

for Eb � ✏ > 0 and vanishes for Eb � ✏ < 0. Here, ✏ repre-
sents a shift in the di↵erence between the di-meson thresh-
old energy and theQQmass. The magnitude of ✏measures
the strength of the observable nuclear suppression e↵ects:
as ✏ increases it becomes progressively less probable to
form the bound state and once ✏ exceeds Eb the QQ pair
never binds into a quarkonium state.

This empirical parametrization implicitly reflects dif-
ferent possible physics e↵ects. For example, multiple scat-

tering e↵ects may increase on average the relative mo-
mentum and invariant mass of the unbound quark and
antiquark [15], pushing such pairs towards or beyond the
di-meson threshold. Alternatively, or simultaneously, a
screening of the attractive interaction between the quark
and the antiquark may disfavour the formation of a bound
state, tending to separate the two objects and ultimately
leading to two independent hadronizations. Both exam-
ples can be described in this model, assuming ✏ > 0.

We indicate with h✏i and �✏ the average and width
of the ✏ distribution characterizing a given experimental
condition, mainly defined by the collision energy and the
centrality-distribution of the events. Correspondingly, we
define the event-averaged bound-state transition function

F /⌥PbPb(Eb, h✏i,�✏) =
R Eb

0 [(Eb � ✏)/E0]� G(✏; h✏i,�✏) d✏
R Eb

0 G(✏; h✏i,�✏) d✏
,

(3)
where ✏ is distributed following a function G, assumed, for
simplicity, to be Gaussian.

The resulting nuclear suppression ratio for direct
quarkonium production is calculated in this model as
the ratio between the long-distance bound-state transition
functions of the Pb-Pb and pp cases:

Rdir
AA(Eb, h✏i,�✏) = F /⌥PbPb(Eb, h✏i,�✏) / f /⌥pp (Eb) . (4)

In principle, the energy-shift e↵ect, and therefore h✏i
and �✏, may depend on the identity of the quarkonium
state. However, in line with the seemingly universal prop-
erties of quarkonium production in pp collisions, we will
work under the hypothesis that also the suppression can
be parametrized with a “universal” ✏ distribution, identi-
cal for all quarkonia. Throughout the following discussion
this will remain our central hypothesis, which we want to
test using the J/ ,  (2S), ⌥ (1S) and ⌥ (2S) measurements.

While Rdir
AA is defined continuously for any value of

Eb (including values not corresponding to physical bound
states), the nuclear suppression ratio for inclusive quarko-
nium production depends on the feed-down contributions
specific to each observable state, therefore becoming a dis-
creet set of points. We model the observable suppression
for the quarkonium state  k as

Rinc
AA( k, h✏i,�✏) =P
j R

dir
AA[Eb( j), h✏i,�✏] �dir

pp ( j) B( j !  k)P
j �

dir
pp ( j) B( j !  k)

,
(5)

where, according to the hypothesis that the observed sup-
pression is driven by a state-independent energy-shift ef-
fect, h✏i and �✏ do not depend on j and k. Naturally,
B( j !  k) = 0 if m( k) > m( j) and B( j !  j) = 1.

For �dir
pp ( j) we use the full set of direct production

cross sections determined, as mentioned above, in the
global parametrization of mid-rapidity 7TeV data [4]. The
choice of a specific energy for the pp reference does not
a↵ect Rinc

AA as long as the cross section ratios (as e↵ec-
tively appearing in Eq. 5) do not depend on the pp colli-
sion energy, an hypothesis fully consistent with the scaling
properties discussed in Ref. [4].
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Charmonium-like exotic hadron — X(3872)
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• X(3872), aka , is the first and most-studied 
charmonium-like exotic hadron 

• Still with unknown structure and production mechanism: 
• Compact teraquark 
• Di-quark molecule  
• Charmonium-molecule mixture
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X(3872) existence in HIC
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Fig. 3. Top: Calculated nuclear suppression factor as a func-
tion of the quarkonium Eb for direct (curves) and inclusive
(markers) production of S- and P-wave states. Results are
shown for �✏ = 30MeV and for h✏i = 20, 250, 550 and
1000MeV, respectively shown in green, brown, red and violet.
Bottom: Individual contributions (Eq. 4) of the long-distance

bound-state transition functions in pp (1/f /⌥
pp , scaled by 0.1)

and Pb-Pb (F /⌥
PbPb, for the same �✏ and h✏i values).

The Eb dependence of Rdir
AA is shown in Fig. 3-top

as four continuous curves, corresponding to di↵erent h✏i
values, while the corresponding Rinc

AA discrete values, ac-
counting for the state-specific feed-down contributions, are
shown as sets of points, placed at the binding energies of
the physical quarkonium states, reported in Table 1. In
this preliminary illustration we have not shown the ef-
fect of the uncertainties a↵ecting �, the branching ratios,
and the cross sections. The Rdir

AA continuous curves show
a strong suppression up to Eb ' h✏i, followed by a power-
law increase (determined by �). This shape reflects the
behavior of the Pb-Pb bound-state transition function,
modelled in Eqs. 2 and 3, and shown in Fig. 3-bottom.

As illustrated in Fig. 4, the model reproduces the ob-
served hierarchy of centrality-integrated suppression val-

Table 1. Binding energies of the quarkonia shown in Fig. 3.

Quarkonium Eb [MeV] Quarkonium Eb [MeV]

�b2(3P) 36 �c0 315
 (2S) 44 �b0(3P) 326
�b1(3P) 47 ⌥ (2S) 536
�b0(3P) 62 J/ 633
�c2 174 �b2(1P) 647
⌥ (3S) 204 �b1(1P) 666
�c1 219 �b0(1P) 700

�b2(2P) 290 ⌥ (1S) 1099
�b1(3P) 304
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Fig. 4. Comparison between the measured values [12–14], in-
tegrated over the probed centrality range, and the results com-
puted for h✏i = 450, 500, 550 and 600MeV, respectively shown
in green, brown, red and violet.

ues, with a universal h✏i around 550MeV. The importance
of accounting for the feed-down contributions is clearly
seen in the J/ and ⌥ (1S) cases, where Rinc

AA and Rdir
AA

are particularly di↵erent. The ATLAS J/ measurement
does not include the most peripheral Pb-Pb collisions,
which might explain the slightly smaller RAA value, rel-
ative to the CMS measurement. While the ⌥ (nS) data
points are very well reproduced by the computation made
with h✏i = 550MeV, the measured J/ and  (2S) RAA

are higher than the computed values. This might be an
indication that charmonium production in Pb-Pb colli-
sions at the LHC energies includes an extra contribution
with respect to those at work in pp collisions, one option
being the binding of uncorrelated quarks and antiquarks
(produced in di↵erent nucleon-nucleon interactions), made
possible by the very large number of charm quarks pro-
duced in these collisions [16, 17] and seemingly observed
at low-pT by ALICE [18]. The level of this contribution
should be significantly reduced in the pT region probed by
the CMS and ATLAS data, pT > 6.5 and 9GeV, respec-
tively, but it could well be that the residual contamination
has a visible e↵ect.
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ues, with a universal h✏i around 550MeV. The importance
of accounting for the feed-down contributions is clearly
seen in the J/ and ⌥ (1S) cases, where Rinc
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are particularly di↵erent. The ATLAS J/ measurement
does not include the most peripheral Pb-Pb collisions,
which might explain the slightly smaller RAA value, rel-
ative to the CMS measurement. While the ⌥ (nS) data
points are very well reproduced by the computation made
with h✏i = 550MeV, the measured J/ and  (2S) RAA

are higher than the computed values. This might be an
indication that charmonium production in Pb-Pb colli-
sions at the LHC energies includes an extra contribution
with respect to those at work in pp collisions, one option
being the binding of uncorrelated quarks and antiquarks
(produced in di↵erent nucleon-nucleon interactions), made
possible by the very large number of charm quarks pro-
duced in these collisions [16, 17] and seemingly observed
at low-pT by ALICE [18]. The level of this contribution
should be significantly reduced in the pT region probed by
the CMS and ATLAS data, pT > 6.5 and 9GeV, respec-
tively, but it could well be that the residual contamination
has a visible e↵ect.



However color screening is not the only factor
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events will scale as A4/3. Individual collisions between protons are thought 
to occur independently of each other, and their number can be computed 
from the distributions of the nuclear densities, the nuclear overlap for a 
given impact and the inelastic proton–proton cross-section.

Collisions of nuclei differ from collisions between protons in that the 
hard scattered partons may traverse the quark–gluon plasma before or 
during their hadronization into a jet. Jets are characteristic of collisions 
between protons in which two constituent partons scatter and recede 
from each other with a significant fraction of the initial beam momen-
tum. In the plane transverse to the beams, the momenta are large and 
opposite in direction. The two scattered partons hadronize mainly into 
mesons that are emitted in a cone — the jet — around the direction of 
parton momentum. It was realized very early31 that the quark–gluon 
plasma could modify jets resulting from collisions between nuclei. 
Calculations showed that a parton traversing a hot and dense medium 
consisting of other partons — that is, a quark–gluon plasma — should 
lose substantially more energy than one traversing cold nuclear mat-
ter32–34. This prediction appears to be borne out by data from all four 
experiments at RHIC.

A jet is much more difficult to see in a heavy-ion collision than after a 
collision between protons. The reason is the sheer number of particles 
produced: a single central (head-on) gold–gold collision generates about 
5,000 charged particles, and unless the jet has very high (transverse) 
momentum, it will not stand out in the crowd. But the presence of jets 
will affect the overall transverse momentum distribution. At low trans-
verse momenta, the spectrum in a heavy-ion collision is complex, as it is 
a superposition of hydrodynamic expansion effects and random thermal 
motion. Nevertheless, for particles of a particular species with transverse 
momenta that are significantly larger than their mass, the resulting spec-
trum is nearly exponential. The contribution of jets with high transverse 
momentum leads to a distinct power-law behaviour typically visible for 
values of transverse momentum of a few GeV or more.

To judge a possible modification of the shape of the spectrum in a 
high-energy nuclear collision, the transverse-momentum distribution 
of π mesons produced in central gold–gold collisions at RHIC can be 
compared with that measured in proton–proton collisions. To quantify 
this comparison, the ratio of the gold–gold-collision spectrum to the 
proton–proton-collision spectrum is scaled to the total number of ine-
lastic collisions in the nuclear case, providing the suppression factor RAA. 
For larger transverse momenta, this factor settles at about 0.2 (Fig. 4); 

that is, the production of high-momentum π mesons is suppressed by a 
factor of five in gold–gold collisions.

What is the origin of this suppression? The transverse-momentum 
spectrum for collisions between protons agrees well35 with theoretical 
calculations that use next-to-leading-order quantum chromodynamic 
perturbation theory. When the spectra of deuteron–gold collisions of 
varying centrality are compared with the proton–proton spectrum, RAA 
is 1 or larger (for more central collisions, values larger than 1 are even 
expected — a phenomenon known as the Cronin effect, caused by the 
scattering of partons before the hard collision). For peripheral gold–gold 
collisions, the values of RAA also correspond well to the expectation from 
collisions between protons. The clear implication is that something 
special and new happens in central gold–gold collisions: the precursor 
parton of the jet produced must lose a lot of energy, causing the trans-
verse-momentum spectrum of the mesons in the jet to fall off steeply.

Several researchers have shown that only calculations including large 
energy loss in the medium can account for these data. The clear implica-
tion is that the medium present in the collision fireball is hot and dense, 
and when partons pass through it, they lose energy. Both radiation of 
gluons and elastic scattering seem to be important here. In deuteron–
gold collisions, by contrast, the jet sees at most cold nuclear matter (or 
a vacuum), and does not seem to be perturbed.

Calculating the energy loss of a fast parton in a quantum chromody-
namic liquid, as suggested by the data discussed in the previous section, 
is beyond the current theoretical state-of-the-art. To gain insight into the 
underlying physics of energy loss, it is helpful to resort to another aspect 
of the medium: that it contains many gluons. Indeed, the RHIC data on 
parton energy loss are well explained by modelling the medium formed 
by the collision as an ultra-dense gluon gas with a density of the number 
of gluons (Ng) per rapidity interval of dNg /dy = 1,100. Here, the rapidity y 
is a logarithmic measure of the gluon’s longitudinal velocity, v. With the 
simple assumption that v = z/t (z is the longitudinal space coordinate), 
Bjorken36 showed how to map rapidity densities to spatial densities. The 
spatial gluon density in turn is linked directly to entropy density. Using 
relations from statistical mechanics for a relativistic gas of bosons (and 
fermions if quarks are included), the temperature and energy density 
can be obtained from these gluon densities. The high gluon densities 
needed to reproduce the observed gold–gold RAA correspond to an initial 
temperature of about twice the critical temperature for the formation of a 
quark–gluon plasma. The initial energy densities of 14–20 GeV fm–3 are 
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Figure 6 | Charmonium suppression. a, At low energies, the quark–gluon 
plasma screens interaction between the only pair of charm quark and 
antiquark produced (red dots) and any other two quarks (up, down, 
strange) will find themselves paired with the charm quark/antiquark in 
D mesons at hadronization (purple circles). At high energies, by contrast, 
many charm–anticharm pairs are produced in every collision and at 
hadronization, charm and anticharm quarks from different original pairs 
may combine to form a charmonium J/Ψ particle. Grey dots indicate 

light partons produced in the collision. b, Theory and experiment 
compared quantitatively. Model predictions55 for the charmonium 
suppression factor agree well with recent RHIC data from the PHENIX 
collaboration66. Owing to the increased level of statistical recombination 
expected, enhancement rather than suppression is predicted for LHC 
conditions. What the experiments deliver will be a further crucial test of 
theories of the quark–gluon plasma. Part b reproduced, with permission, 
from ref. 55.
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Energy loss

Other effects: 
- Feed down contribution 
- Quark recombination  
- Parton energy loss
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production, e.g., by measuring them across colliding
systems like Pb-Pb, Au-Au, Xe-Xe, Cu-Cu, O-O, d-A/p-
A, etc.
We next present the rapidity distribution of the X(3872)

production in Fig. 3 as well as the transverse momentum
spectra in Fig. 4 in minimum bias Pb-Pb collisions. The
rapidity dependence of both scenarios is similar to that of
various normal hadrons [71,72], being relatively flat in the
region close to central rapidity while decreasing toward
more forward/backward region. Even though the molecular
X(3872) has a large size, the two coalescing constituent D
mesons are typically close in rapidity as otherwise they
would have a large relative momentum and could not easily
satisfy the mass constraint. The pT spectra of the X(3872)

show a similar overall trend to those for normal hadrons
and are indicative of production from thermal source with
radial flow. The tetraquark case shows a harder slope at
higher pT than the molecular case. The reason could be that
the diquark and anti-diquark in a tetraquark-X(3872) are
from close-by fluid cells with more collimated flow and can
more easily add together to form a larger-pT X(3872)
particle.
One interesting question is are the produced X(3872)

hadrons part of the collective flow? To this end the
anisotropic flows would be the key observables. The first
such result, for X(3872) elliptic flow v2ðpTÞ, is shown in
Fig. 5 and compared with experimental data for v2 of J=Ψ
and D mesons [73–76]. Within 1M event, the limited
statistics would only allow a meaningful evaluation for the
molecule case. Our result predicts a considerable elliptic
flow for the produced X(3872) with a characteristic pT
dependence similar to other hadrons. We compare the result
with measured v2 of J=Ψ, which also contains c=c̄ and has
a mass value not far from X(3872). The computed v2 of X
(3872) is comparable to that of J=Ψ (within the very large
error bars). Our next comparison is with D mesons. The
molecule state is formed via coalescing two D mesons. If
the X(3872) size were to be compact, these two constituents
would be from nearby fluid cells with their flow effect
added coherently into the X(3872), in a way similar to the
well-known constituent quark scaling observed in light and
strange hadron elliptic flow [73]. Instead the constituent
scaling would break down for X(3872) if it has a large size
with two D mesons originating from remote patches of the
fluid. Our computed X(3872) elliptic flow is smaller than
the D meson v2 data, in consistency with a large size
hadron molecule. Future measurement of the X(3872)
elliptic flow would be highly interesting to help decipher
its nature.
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FIG. 2. The centrality dependence of the X(3872) in Pb-Pb
collisions at

ffiffiffi
s

p
¼ 2.76 TeV for hadronic molecular configura-

tion (red solid boxes) and tetraquark configuration (blue shaded
boxes), computed from our framework. The bands reflect both
statistical uncertainty from our simulations and the uncertainty
due to constituent composition as discussed around Eq. (1) that
are obtained from varying the composition fraction by $10%.
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FIG. 3. Rapidity distribution of the X(3872) yield in Pb-Pb
collisions at

ffiffiffi
s

p
¼ 2.76 TeV for hadronic molecular configura-

tion (red solid boxes) and tetraquark configuration (blue shaded
boxes), computed from our framework. The bands are similarly
determined as described in Fig. 2.
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FIG. 4. Transverse momentum spectra of the X(3872) yield in
Pb-Pb collisions at

ffiffiffi
s

p
¼ 2.76 TeV for hadronic molecular

configuration (red solid boxes) and tetraquark configuration
(blue shaded boxes), computed from our framework. The bands
are similarly determined as described in Fig. 2.
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Fig. 4 Centrality dependence of the X (3872) production yields
(vs. number of participant nucleons, Npart , in the collision), normal-
ized to the number of primordial NN collisions corresponding to each
centrality class (red bars: tetraquark scenario, blue and orange bars:
molecule scenario with Tdiss = 180 MeV and 140 MeV, respectively).
Also shown are the values of the equilibrium limit at chemical (purple
dots) and thermal freezeout (green dots). The results in the upper and
lower panel are calculated without and with nuclear shadowing, respec-
tively. The uncertainties in the transport results reflect our previously
defined range of widths with n = 3
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Fig. 5 Transverse-momentum spectra of the X (3872) in 0–20% cen-
tral Pb-Pb collisions for the molecular (blue band for Tdiss = 180 MeV
and orange band for Tdiss = 140 MeV) and tetraquark (red band) sce-
narios, compared to blastwave spectra at chemical (dashed line) and
thermal (dash-dotted line) freezeout. The width ranges and temperature
exponent are as in Fig. 4, with no nuclear shadowing on the charm cross
section included

dent blastwave expression for the X (3872)and then renor-
malize the total pT spectrum to the final yield obtained from
the rate equation. The results are shown in Fig. 5, together
with the blastwave results for the equilibrium limit at chemi-
cal and thermal freezeout. As expected, the pT spectrum for
the tetraquark is close to the blastwave at the hadronization
temperature, while for the molecular scenario it is harder,
although not by much if regeneration starts at T0 = 180 MeV,
as most of the yield is still generated relatively early in
the hadronic evolution. If the onset of regeneration is at
lower temperatures, the hardening of the spectra is more pro-
nounced.

5 Conclusions

We have investigated the production of the X (3872) par-
ticle in heavy-ion collisions using a thermal-rate equation
approach, focusing on the hadronic phase of the fireball. We
have found rather moderate differences in the yields within
the two X (3872) structure scenarios, by around a factor of 2,
which is smaller than in most coalescence model calculations
which predict differences of up to two orders of magnitude.
In our approach, the sensitivity to the internal structure is
encoded in the reaction rate, which is expected to be much
larger for the loosely bound hadronic molecule compared
to the tetraquark as a compact bound state of colored anti-
/diquarks. This implies that the yield of the molecule freezes
out later in the hadronic evolution. Since the equilibrium limit
decreases with temperature we expect a smaller yield for a
molecule relative to a tetraquark, which is qualitatively dif-
ferent from coalescence models where the production phase
space is largely driven by the spatial size of the X (3872) con-
figuration. While the absolute yields of the X (3872) pro-
duction depend quadratically on the charm-quark fugacity
(which is an input to our approach that is beset with uncer-
tainties due to the charm cross section in pp collisions and
nuclear shadowing), our findings for the ratio of the molecu-
lar over the tetraquark yield are independent of γc. We have
also computed transverse-momentum spectra and found that
they provide additional constraints on the production time
in the fireball evolution, with harder spectra indicating later
production. An open problem remains at which momenta
the X (3872) production in heavy-ion collisions transits from
kinetic production, as calculated in the present paper, to a pp-
like power law shape characterizing the remnants of primor-
dial emission (presumably from the fireball surface). This
could be at a higher momentum scale than for light hadrons
(even charmonia), due to the X (3872)’s fragile nature in
the fireball while its thermal blastwave is rather suscepti-
ble to blue-shift effects in late-stage production (due to its
large mass). If the X (3872) indeed turns out to be more of a
tetraquark structure, it will be in order to scrutinize its trans-
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Pythia8 Pythia8 + HIJING (heavy ion event generator)

 major background: 
• Combinatorial from randomly distributed pions produced from the 

same vertex! 

Every true  can form ~20  candidates passing 
realistic selections

X(3872) → J/ψππ
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Heavy ion physics program is rich and growing 

Heavy ion collision/methodology is useful for general high 
energy physics: 

• Long-range azimuthal correlation in hadronic collisions 
(QGP formation, hadron structure) 

• Nature of exotic hadrons 

• UPC as photo-nuclear, gamma-gamma interaction sources 

• Nuclear structure

Summary

34

LHC Run3 HL-LHC Run4-5

3-yr run plan EIC operation

2023 Au+Au  
@ 200 GeV

2023 Pb+Pb 
@ 5.36 TeV 

★ Today

Pb+Pb 
p+Pb 

p+O/O+O

Integrated luminosities (ATLAS) 
• 2015: Pb+Pb, 5.02 TeV, 0.5 nb-1 
• 2018: Pb+Pb, 5.02 TeV, 1.8 nb-1 

Planned: 
• 2023: Pb+Pb, 5.36 TeV, 3 nb-1 

• Run3+Run4 Pb+Pb, 13 nb-1 
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Heavy ion beam as gamma source
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• 𝛄𝛄 → 𝛄𝛄 

• 𝛄𝛄 → 𝛕𝛕 (𝛕 g-2) 

• 𝛄𝛄 → exotica 

• Monopole search 
• Graviton search

Cons: 
- Large photon flux 
- Negligible pile-up 
Pros: 
- low luminosity 
- No control on photon energy
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Recorded Pb+Pb luminosity at ATLAS
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ATLAS detector
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