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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...

O Change in degree of freedom (d.o.f.) at high temperature (T) as predicted by Lattice QCD
O Transition of d.o.f. from low to high-T regions

Normalized pressure, entropy and energy densities vs T
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Speed of sound (cg)

In a fluid: velocity of the longitudinal compression wave
propagating in the medium

2 , , _ Directly constraint the
¢ =dP/de (P is pressure, € is energy density) 2

equation of state (EoS)

EoS is poorly constrained by data
Constraining Eq. of State with RHIC/LHC Data (MADAI Collab.)
Lattice: Hot QCD / BW

upper/lower ranges (arXiy:-148
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Speed of sound extraction using AA data

Nature Physics 16 (2020) 615
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O ALICE PbPb data at 2.76 and 5.02 TeV (0-5% collision centrality) I

10 —

s/T® x (he)*/k

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

I Heavy-ion data
Lattice quantum

dpP sdT dln ) chromodynamics

" i (Tegr) =— = = W) _ 024 4 0.04 ‘ ‘ |

de ~ Tdslr ., ~ din(dNcn/dn)
o Hydrodynamics simulation: Tegr = (p)/3 05 |- I
— Longitudinal expansion = smaller than the initial T g
U Uncertainties limited: only two data points I
Q Energy dependence of (p) and N, not unique to AA 150 200 250

T (MeV k')




In this work - analysis method

Proposed by PLB 809 (2020) 135749

(pT) (related to T4) vs Ny (related to s)
 Expected an increase in (p) when reaching b = 0

Similarly as in the previous procedure: fixed volume...
CMS PAS HIN-23-003

Q But varying (pt) and N,

2o d_P _ dInT _ din(pr)
$ de dlns dInNg,

Non trivial prediction by hydrodynamics!

Slope = squared speed of sound (cZ) O O @

O



The CMS detector

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0m Pixel (100x150 ym) ~16m* ~66M channels Tra C ke r
Overall length :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels

Magnetic field :3.8T
SUPERCONDUCTING SOLENOID

Niobium titanium coil carrying ~18,000A

MUON CHAMBERS N ch- pT

Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels
/

Hadron Forward
Calorimeters

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

ent selection
llision centrality

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels




Samples and track selections

Minimum bias PbPb collisions at 5.02 TeV
U About 4.27 billion events, L., = 0.607 nb!

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

Track selection: pt > 0.3 GeV, |n| < 0.5

 Better tracking performance



Ultracentral (UCC) PbPb collisions

JHEP 08 (2011) 141

CMS

Collision centrality — 576 TeV
\'Syn = 4 €

O Experimentally: sum of
transversal energy (Et) in HF
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O Forb = 0 (~0-1% centrality)
= \Volume almost constant

Fraction of events / 0.05 TeV
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Analysis method - observables

The cZ depends on the relative variation of (pt) vs Ny,
[ Can be extracted using

cg
. o (Zf,h) , where (p1)° and N3, are obtained in 0-5%

0
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2o d_P _ dInT _ din(pr)
5 de dlns dInNg,
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Analysis method - observables

The cZ depends on the relative variation of (pg) vs Ny,

[ Can be extracted using

cg
. Pr) (NCh) , where (p1)° and N3, are obtained in 0-5%

0
(pT)O Nch
CMS PAS HIN-23-003

Analysis observables

(pT) N dP dinT dIn(p;)
<pT>norm — T VS nhorm — gh Cf~=—= _ T
(pT)° C g de dlns dInN.,

© © ©

(p1)° (used to estimate Teg)
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Analysis method - (p) and N

To avoid other sources of correlations between (pr) and Ny,
 Both are measured first in bins of E T E um (bin width of 50 GeV)
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Analysis method - pt extrapolation to zero

_l_
V1—{(Br)? nf

 m is the pion mass and (ft), n, T are
free parameters

After corrections, for each bin of Ef'%,,, 2 (pr)"°™ vs Nj>™

dpr
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(pT) and N¢y, are corrected for CMS Prelimimary ______ PbPb (0607 nlb), 5.02 TeV
tracking efficiency i 0% contaliy |
10 1 ~ E
— i \\
Extrapolation to pt = 0 by fitting 3 [ \\
the spectrum inpy > 0.4 GeV g | ~
Z
 Hagedorn function © 10F * Measured .
- o Extrapolated for pT<0.4 GeV .\.\ .
dN., < 1 (\W . <BT>pT)>_n | — Fit by Hagedorn function to p_>0.4 GeV ’0,\..\:
- =pr| 1 L S P T P R



Theoretical predictions

Trajectum & Gardim et. al. models (hybrid simulation models)

O Trajectum: global Bayesian analysis based on many
data observables PbPb 5.02 TeV

Vvlvvvv‘vvvv‘vvvv‘vvvvvvvvvvvvvvvvvvvvvvv,

1.025F p; >0 GeV (extrapolated), Inl<0.5 i'! E

= Uncertainties within the allowed parameter space

L

1.02 S
3 F [ Trajectum model arXiv:2305.00015 ,_;'
O Gardim et.al.: EoS from 2+1 flavors Lattice QCD ~ A"'S| -~ Gardim et. al. model PLB 809 (2020) 135749
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Theoretical predictions

Trajectum & Gardim et. al. models (full heavy ion collision process)

O Trajectum: global Bayesian analysis based on many
data observables

1.025F

= Uncertainties within the allowed parameter space
1.02

>0 -5%

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

1
[

>/<p

1.01
Significant increase of (pr) toward UCC events $1.00s

1

Trajectum =2 dip at N.,~1.05 N, (0-5%) 0,995

O The physical origin is unclear!

PbPb 5.02 TeV

015

Vvlvvvv‘vvvv‘vvvv‘vvvvvvvvvvvvvvvvvvvvvvv,

p; >0 GeV (extrapolated), Inl<0.5

TTT T

Frm.

[] Trajectum model arXiv:2305.00015
----- Gardim et. al. model PLB 809 (2020) 135749
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Extracting the speed of sound - general

Fit (pr)™°™ vs N3 using

ynorm Cs
D <pT>norm = ch PLB 809 (2020) 135749
Prob(NEOT™) (2020)

I

AN

Multiplicity fluctuations at fixed b
Sum of Gaussians corresponding to each b
Details on the backup




Extracting the speed of sound - general

Prob(N3°™) free parameters values at b = (
Fit n3or™ distribution

1 norm norm H
Fit (pr) vs Ncp, using . CMS Preliminary PbPb (0.607 nb™)) 5.02 TeV
10_:—'I""I""I""I"I""I""I'"'I""I"'—E
Nnﬁ)rm Cg
Q norm _— ( C ) - i
(pT) Prob(N(r:lﬁ)rm) g 1072 : -
8 -
PRC 97, 014905 (2018) c 3 i
b=12 fm — Q107 F E
0.10 —— Gaussian fit ) s
O
@
0.08 1 C_N“ 1074 E
= p>0 GeV (extrapolated), ml<0.5
—~ 0.06 5 L ]
S Z10°F .+ Data ;

Fit by the S. Das et. al. model ‘
08 085 09 095 1 105 11 115 12
0-5%
| Ner/Ney
0 25 50 75 100 125 15 175 200

h Excellent description by the model!




Extracting the speed of sound - general

Example: Trajectum simulation arxiv:2305.00015

Fit (pr)™°™ vs N3 using

Trajectum

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

c? : /:
Horm N<r:11(1)rm S 1.025 / 7
d (pT> = norm r Inl<0.5 /
PI'Ob(NCh ) 1.02F / 4
5 : / ]
S, 1.015F / g
o i 2 / :
vV 101F (cS/c) = 0.283+0.045(syst) / -
A C 1
A /
V 1.005 / ]

Do not model the dip

1t 1

Fit starts from better y2 at N3>™ > 1.12 0.995]- _f
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Results




Results

Significant increase of (py) toward UCC events as predicted by the simulations
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Results

Significant increase of (py) toward UCC events as predicted by the simulations

1.025}

1.02

>0-5%

1.015

1.01
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—

0.995F

Speed of sound extracted from the fit and T,¢ from (pr)°
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e
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e Data
— - Fit to extract (c /c)* m
---- Trajectum -
----- Gardim et. al. !

at Tegr = (p7)°/3 = 219 + 8 (syst)MeV I~

(c/c)? = 0.241+0.002 (stat) +0.016 (systl -

R 4,'6
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Results

First time determination of the speed of sound with high
precision in AA ultracentral collisions

CMS PAS HIN-23-003
CMS Preliminary PbPb (0.607 nb™") 5.02 TeV

0.357

T
T

In agreement with Lattice QCD (ug~0 and oaf

2+1 flavors) and previous measurements
0.25

2

Compatible with a deconfined phase at high-T fg’

0.2}

® CMS Ultra-Central Data ]
—— Lattice Quantum Chromodynamics —
Trajectum Hydrodynamic Simulation ]
Nat. Phys. 16 (2020) 615
L | L L L L | L L L L | L L L L | L L L L | L L
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Results

First time determination of the speed of sound with high
precision in AA ultracentral collisions

CMS PAS HIN-23-003
0.35 CMS Preliminary PbPb (0.607 nb'1) 5.02 TeV
I non-interacting limit
Robust method to extract ¢ from UCC 0l :
events = scan of ¢Z at low energies [
~ 025f
Important implications to the search of the o°
critical point !
® CMS Ultra-Central Data ]
0.15 —— Lattice Quantum Chromodynamics —
i Trajectum Hydrodynamic Simulation ]
[ Nat. Phys. 16 (2020) 615
070 200 250 300 350
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Summary

Extracted the speed of sound for the first time using ultra-central AA events
O cZ =0.241 £ 0.002 (stat) £ 0.016 (syst) at Te = 219 + 8 (syst) MeV

Under assumptions, in agreement with Lattice QCD (ug~0 and 2+1 flavors)
O Constraint on the QCD equation of state

O Compatible with a deconfined phase at high temperature

Robust method to extract cZ = Scan of c? at low energies = Search for the critical point

CMS Preliminary PbPb (0.607 nb™) 5.02 TeV 0.35 CMS Preliminary PbPb (0.607 nb™) 5.02 TeV
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[ e Data i A e 0.3f 1
[ 5 K , e or
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Extrapolation to pt = 0 - Monte Carlo

HYDJET generator
CMS PAS HIN-23-003

54 x10% CMS Simulation Preliminary PbPb 5.02 TeV
. : I... T T T | T T T T | T T T T | T T T T | T T T T |_
2.2F 4 =
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F L\ . .

_ 1.8 :_#, ‘ Generated <p>: 0.700 GeV E
‘-'> 1.6 :—, x o Extrapolated <p_> 0.703 GeV =
(\50/ 1.4 —, \ — - Fit by Hagedorn function to p_>0.4 GeV -
12 3 ]
SN A 1
Z 0.8} A :
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Extracting the speed of sound - general

Fit the curve using

2

Nnkcl)rm Cs
norm _— C
D (pT> - ((Nknee norm>> PLB 809 (2020) 135749
ch
2
o < (Ngrcl)rm Nklrllee) >
- Nknee norm\ _ paynorm 2 &P 252
ch — Y¥ch —0 - yhorm_yKknee
erfc( —<h ch
V2o
o NXP®€ and o (mean and r.m.s. width of N3°™ at b = 0)

o Used to correct for multiplicity fluctuatlon effects

PRC 97, 014905 (2018)

b=12 fm . X
—— Gaussian fit

b=0 fm

25 50 75 100 125 150
n

175 200

To fit N, (next slide), integrate over all b values.



Nknee

Extracting the speed of sound - N, ~ and o

Exactly same procedure is performed with Trajectum

O it (v

Cnhorm> function to Nj'™™ distribution  cvseashin-az.003
CMS Preliminary PbPb (0.607 nb’) 5.02 TeV

10T T T
J Here with CMS data eeecoeoceas
- : g —6-6-6-90-90-0-090-9o bNO
00 d
g R
— [ WM
= Extract N3"®® and ¢ e [ NS> 1
Q107 oS- E
(0] - NE“" ‘b;‘f‘
el Nony
m = 3 e E
Extracted values g - p>0 GeV (extrapolated), Inl<0.5
(@)
o NE®® = 11,6 =0.027 210°F . Daa
; Fit by the S. Das et. al. model ‘
Negligible statistical uncertainties 10° 55085 09 095 1 106 11 115 12

0-5%
No/NG:
Excellent description by the model!



P(n):/o P(nl|cp)dcey.

P(n)

Plofeq) = 1) (0

o(cy)V2m 20 (cp)? o ALICE @ §

e ALICE - MC Glauber &

( ) 1 this paper

n(cy 106 - : : -

) =2 |1+ erf 0 5000 10000 15000 20000
e [ (a(cb)ﬂ>] n

1071

fi(ch) = NMknee €Xp (—aicy, — azcy — ascy)

o(c) = o(0)y/n(cy)/n(0)

D
1072 4%
X
3

10—3 4

P(n)

1 The results in this paper use the variable ¢, but one can easily 10-%
express them in terms of b by using the change of variables ¢;, =
b2 /oine1. The value of oi,e1 needs to be taken from either data
or some collision model. 1073 100 200 300




Systematic uncertainties and cross-checks

Systematics Main cross-checks
 HF energy resolution
= Data HF energy smearing
= Vary bin width
o 50GeV = 25GeV and 100GeV

[ Tracking efficiency corrections

U Extrapolation to pt = 0

[ Efficiency correction
O Choice of fit range (only for cZ) = Dependence on particle species

U Extrapolation to pt = 0
= Use of different fit function
= Closure using simulations



Results

Tracks with pt > 0.3 GeV
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CMS Preliminary _PbPb (0.607 nb) 5.02 TeV
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. and total entropy, S, at freeze-out. Precisely, we define the eftective
Effe Ct Ive temperature, T, and the effective volume, Vg4 as those of a uniform
fluid at rest which would have the same energy and entropy as the

te m p e rat ure fluid at freeze-out (see the illustration in Fig. 1). They are defined

by the equations

Nature Physics 16 (2020) 615 E= [ T%do, = €(Tet) Verr
f.o

S= [ su*do, = s(Ter)Vest 0
f.o.

where do, denotes the elementary hypersurface element, and the
integrals run over the freeze-out (f.o.) hypersurface. T% is the first
line of the stress-energy tensor T* of the fluid, and u* denotes
the fluid 4-velocity'’. € and s denote, respectively, the energy and
entropy density in the fluid rest frame. By taking the ratio E/S,
one eliminates V5, and one can solve the resulting equation for T,
using the same equation of state as in the hydrodynamic calculation.
Note that T, and s(T;) are related by the equation of state of the
fluid by construction. The effective temperature is smaller than the
initial temperature because of the longitudinal cooling. However,
it is larger than the freeze-out temperature, because the energy E
defined by equation (1) contains the kinetic energy due to the col-
lective motion of the fluid.




<p:>vs T (Hydrodynamic simulation)

Nature Physics 16 (2020) 615
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<p>vs T (Hydrodynamic simulation)

. | —.—(p.) O T,
Nature Physics 16 (2020) 615 750 R
A
S 700 =
2 g
3&' 1220 &
650
0-5%
-1200
600 : . :
150 155 160

T, (MeV kB")

Fig. 3 | Estimate of the theoretical uncertainty on the effective
temperature. Variation of (p,) and T,; as a function of the freeze-out
temperature in ideal hydrodynamic simulations of central Pb + Pb collisions
at \/syy = 5.02TeV. Lines are drawn to guide the eye.




