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QCD phase diagram and critical point
Many evidences of the quark-gluon plasma (QGP) phase, but not yet direct 

observations of…
q Change in degree of freedom (d.o.f.) at high temperature (!) as predicted by Lattice QCD
q Transition of d.o.f. from low to high-! regions
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Lattice QCD 
(2+1 flavors)

Normalized pressure, entropy and energy densities vs !

S. Mukherjee 

Crossover region

PRD 90 (2014) 094503 



Speed of sound (!")
In a fluid: velocity of the longitudinal compression wave 

propagating in the medium
q !#$ = ⁄'( ') (( is pressure, ) is energy density) à
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EoS is poorly constrained by data

Bayesian

PRL 114 (2015) 202301

Lattice QCD 
(2+1 flavors)

Speed of sound squared (!#$) vs temperature 

Directly constraint the 
equation of state (EoS)

PRD 90 (2014) 094503 



Speed of sound extraction using AA data 
Nature Physics 16 (2020) 615

q ALICE PbPb data at 2.76 and 5.02 TeV (0-5% collision centrality)

q Varied collision energy at a fixed centrality (constant volume)

§ !"# $%&& = ()
(* = +,(-

-(, -.//
= (01 23

(01 ⁄(567 (8 = 0.24 ± 0.04

o Hydrodynamics simulation: $%&& ≈ ⁄?@ 3
– Longitudinal expansion à smaller than the initial $

q Uncertainties limited: only two data points

q Energy dependence of ?@ and BCD not unique to AA
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In this work - analysis method
Proposed by PLB 809 (2020) 135749
!" (related to Teff) vs #$% (related to &)
q Expected an increase in !" when reaching ' ≈ 0

Similarly as in the previous procedure: fixed volume…
q But varying !" and #$%
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Simple observables to constraint
the system equation of state and
degree of freedom
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Non trivial prediction by hydrodynamics!

Slope à squared speed of sound (*+,) 



The CMS detector
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Tracker

Hadron Forward 
(HF) Calorimeters

!"#, $%

Event selection
Collision centrality



Samples and track selections

Minimum bias PbPb collisions at 5.02 TeV
q About 4.27 billion events, Lint = 0.607 nb-1

Monte Carlo (MC) simulations: HYDJET generator
q Efficiency corrections, cross-checks, closure tests, etc…

Track selection: !" > 0.3 GeV, + < 0.5
q Better tracking performance
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Ultracentral (UCC) PbPb collisions
Collision centrality
q Experimentally: sum of 

transversal energy (!") in HF

q Related to impact parameter 
(#), system volume/geometry

q For b ≈ 0 (~0-1% centrality)
§ Volume almost constant
§ But energy density can 

fluctuate 
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b ≈ 0
UCC

JHEP 08 (2011) 141



Analysis method - observables
The c"# depends on the relative variation of $% vs &'(
q Can be extracted using

§
)*
)* + ~

-./
-./+

'01
, where $% 2 and &'(2 are obtained in 0-5%
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Analysis method - observables
The c"# depends on the relative variation of $% vs &'(
q Can be extracted using
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Analysis method - !" and #$%
To avoid other sources of correlations between !" and #$%
q Both are measured first in bins of &", ()*+, (bin width of 50 GeV)
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Analysis method - !" extrapolation to zero
!" and #$% are corrected for 

tracking efficiency

Extrapolation to !" ≈ 0 by fitting 
the spectrum in !( > 0.4 GeV

q Hagedorn function 

q/ is the pion mass and 0" , 1, 2 are 
free parameters
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After corrections, for each bin of ;", =>?@A à !" BCD? vs #$%BCD?
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q Trajectum: global Bayesian analysis based on many 
data observables

§ Uncertainties within the allowed parameter space

q Gardim et.al.: EoS from 2+1 flavors Lattice QCD

Significant increase of !" toward UCC events 

Trajectum à dip at #$%~1.05 #$%(0-5%)
q The physical origin is unclear!
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(hybrid simulation models)

arXiv:2305.00015
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§ Uncertainties within the allowed parameter space
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Significant increase of !" toward UCC events 

Trajectum à dip at #$%~1.05 #$%(0-5%)

q The physical origin is unclear!
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(full heavy ion collision process)
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Extracting the speed of sound - general
Example with Trajectum simulation
Fit !" #$%& vs '()

#$%& using

q !" #$%& = +,-
./01

2%$3 +,-
./01

456

§ '47
89:; '47

89:; = '47
89:; − σ >

?

@AB C
DEF
GHIJKDEF

LGMM 6

6N6

@%O(
DEF
GHIJKDEF

LGMM

6N

o '47
P8QQ and R (mean and rms width of '4789:; at S = 0)

o orrect for multiplicity fluctuations effects

Do not model the dip à fit starts from better U> at '4789:; > 1.12
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Multiplicity fluctuations at fixed S
Sum of Gaussians corresponding to each S
Details on the backup



Extracting the speed of sound - general
Example with Trajectum simulation
Fit !" #$%& vs '()

#$%& using

q !" #$%& = +,-
./01

2%$3 +,-
./01

456

§ '47
89:; '47

89:; = '47
89:; − σ >

?

@AB C
DEF
GHIJKDEF

LGMM 6

6N6

@%O(
DEF
GHIJKDEF

LGMM

6N

o '47
P8QQ and R (mean and rms width of '47

89:; at S = 0)
o orrect for multiplicity fluctuations effects

Do not model the dip à fit starts from better U> at '4789:; > 1.12
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Extracting the speed of sound - general
Example: Trajectum simulation
Fit !" #$%& vs '()

#$%& using

q !" #$%& = +,-
./01

2%$3 +,-
./01

456

§ '47
89:; '47

89:; = '47
89:; − σ >

?

@AB C
DEF
GHIJKDEF

LGMM 6

6N6

@%O(
DEF
GHIJKDEF

LGMM

6N

o '47
P8QQ and R (mean and rms width of '4789:; at S = 0)

o orrect for multiplicity fluctuations effects

Do not model the dip à fit starts from better U> at '4789:; > 1.12
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Results
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Results
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Significant increase of !" toward UCC events as predicted by the simulations 
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Speed of sound extracted from the fit!
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Results
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Significant increase of !" toward UCC events as predicted by the simulations 

Speed of sound extracted from the fit and #$%% from !" &
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b ≈ 0

at #$%% = !" &/3 = 219 ± 8 0102 MeV
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Results
First time determination of the speed of sound with high 

precision in AA ultracentral collisions 
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) 5.02 TeV-1PbPb (0.607 nbPreliminary CMS

non-interacting limit
In agreement with Lattice QCD (!"~0 and 
2+1 flavors) and previous measurements

Compatible with a deconfined phase at high-T
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Results
First time determination of the speed of sound with high 

precision in AA ultracentral collisions 
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) 5.02 TeV-1PbPb (0.607 nbPreliminary CMS

non-interacting limitRobust method to extract !"# from UCC 
events à scan of !"# at low energies

Important implications to the search of the
critical point 
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Summary
Extracted the speed of sound for the first time using ultra-central AA events

q c"# = 0.241 ± 0.002 +,-, ± 0.016 (+0+,) at    2344 = 219 ± 8 +0+, MeV

Under assumptions, in agreement with Lattice QCD (:;~0 and 2+1 flavors)
q Constraint on the QCD equation of state
q Compatible with a deconfined phase at high temperature
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Robust method to extract ="# à Scan of ="# at low energies à Search for the critical point 

150 200 250 300 350
T (MeV)

0.1

0.15

0.2

0.25

0.3

0.35

2
/c

)
s

(c

CMS Ultra-Central Data
Lattice Quantum Chromodynamics
Trajectum Hydrodynamic Simulation
Nat. Phys. 16 (2020) 615

) 5.02 TeV-1PbPb (0.607 nbPreliminary CMS

non-interacting limit

0.8 0.85 0.9 0.95 1 1.05 1.1 1.15 1.2
0-5%
ch/NchN

0.995

1

1.005

1.01

1.015

1.02

1.025

0-
5%

> T
>/

<p
T

<p

) 5.02 TeV-1PbPb (0.607 nb

|<0.5h>0 GeV (extrapolated), |
T

p

0.016 (syst)±0.002 (stat) ± = 0.2412/c)s(c

Preliminary CMS

Data
2/c)sFit to extract (c

Trajectum
Gardim et. al.

CMS PAS HIN-23-003



Thank You!!!
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Extrapolation to !" ≈ 0 - Monte Carlo
HYDJET generator
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Extracting the speed of sound - general
Example with Trajectum simulation
Fit the curve using

q !" #$%& =
()*
+,-.

/01
2#33 /01

#$%&

456

§ /01
2#33 /01

#$%& = /01
#$%& − 8 9

:

3;< =
>)*
+,-.?>)*

@+AA 6

6B6

3%C0
>)*
+,-.?>)*

@+AA

6B

o /01
2#33 and 8 (mean and r.m.s. width of /01

#$%& at D = 0)
o Used to correct for multiplicity fluctuation effects

Do not model the dip à fit starts from better F9 at /4G
HIJK > 1.12
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To fit /01 (next slide), integrate over all b values.



Extracting the speed of sound - !"#$%&& and '
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Exactly same procedure is performed with Trajectum
q Fit !"#$%&& !"#%()* function to !"#%()* distribution

q Here with CMS data

§ Extract !"#$%&& and '

§ Extracted values

o !"#$%&& = 1.1, ' = 0.027
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b ≈ 0

Excellent description by the model!

Negligible statistical uncertainties
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Systematic uncertainties and cross-checks
Systematics

q Tracking efficiency corrections

q Extrapolation to !" ≈ 0

q Choice of fit range (only for %&')

Main cross-checks
q HF energy resolution

§ Data HF energy smearing
§ Vary bin width 
o 50GeV à 25GeV and 100GeV

q Efficiency correction
§ Dependence on particle species

q Extrapolation to !" ≈ 0
§ Use of different fit function
§ Closure using simulations

31



Results
Tracks with !" > 0.3 GeV
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Effective 
temperature
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<pT> vs T (Hydrodynamic simulation)
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<pT> vs T (Hydrodynamic simulation)
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