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Hot QCD matter probed via measurements of
the speed of sound with CMS
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Highlights: Measurement of QGP thermodynamic properties

Measurements that can

JHEP 08 (2011)

constrain the EoS: T
D o CMS _
Q speed of sound (c2) and = 10 PbPb \'s,,, = 2.76 TeV
temperature (Teg) 2 ﬁi || ’ | '
~ -2
= in ultracentral PbPb collisions 2 -
(UCC)at 5.02Tey  ===========- i
g
= in pPb collisions at 2.76 and 5 00
5.02 TeV with two methods 2
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Long time back, L. Van Hove...

- sharper structure
expected for a given
..in P.L.B118 (1982) 138: 'mpact pargmeter
U observing ISR data in pp collisions, . /
suggests: P 3 =
= flattening of p; spectrum with dN/dy in """""
central rapidity region = probe of EoS ,/'
of hadronic matter
= correlation (pr) vs dN/dy = QGP signal| _,,.
(deconfinement phase transition) \ /9

v
= measuments —> decades after: speed of _ Expected correlation of

sound c? (essential ingredient) (pr) versus dN/dy resulting
from the phase transition



Speed of sound extraction: SPS

Access the Equation of State (EoS) of the medium

Q Relativistic hydrodynamics
2 __
- CS R (aP/ae)(adiabatic)
Studies using PbPb collisions at SPS energies
O Landau hydrodynamics model
= Fits to rapidity distribution of hadrons related to c,
 Dashed line: Idealgas: c2=1/3
« Solid line: t=1/5
- ¢2 from fits - below the the ideal gas expectation

Phys. Rev. C 68, 064903 (2003)
J. Phys. G: Nucl. Part. Phys. 31, 1345 (2005)

200

dN/dY
E

; P:= pressure, €:= energy density
L.D.Landau &E.M.Lif "~ =
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Speed of sound: Lattice QCD, RHIC & LHC

O Lattice QCD calculations O Bayesian analysis: constraints on c?
= (2+1)-flavor = significant overlap between
= deconfined medium constrained and predicted cZ
PHYSICAL REVIEW D 90, 094503 (2014) N PRL114’202301(2015)
0.35 L B N I I D D I N D N Y D D O Y Y B B B |
- 5 non-int. iimit -
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New estimates and measurements




Thermodynamical properties: ¢ using AA data in different /Sy

F. Gardim et al., Nature Physics 16 (2020) 615:
o Mimicking QGP at freeze-out, with entropy S & energy E...

: _ _ _ c?(Teg = 222 £ 9MeV) =
abcP)— - by uniform gas at rest with effective V «and T, — 0.24+0.04

PR 7526107 K |

(in this "effective system" E and S are conserved!)

ol RS <}
R 2] _ Op _ =2 151
=4 L / T™doy = €4, Veyy N
S =) I
«Qg" S 10}
B =
“ZUBPb —_— M pu— X i
/ S sutdoy, = s,V ;; -
f.o. &
~
RA T T T T S T S S

O Varied collision energy at a fixed centrality (~constant V) :
L Using ALICE data (0-5%): PbPb at 2.76 & 5.02 TeV <p;> vs. chh/dr] 0.5

T

€ S Teff " ch/ &1 © B Heavy-ion data ]
Main assumptions: [ Lattice quantum ]
0.3 chromodynamics -
J S~Ne, Tere ~ <pr>/3, dV, 150 200 250
Limitations discussed in Sun, Yan, arXiv:2407.05570; T (MeV kz')

Gavassino et. al.: arXiv:2503.20765


https://www.nature.com/articles/s41567-020-0846-4

Another approach: using UCC events

Non-trivial prediction by relativistic L e 0)
hydrodynamics Z
A Trento MC for IC E ] KE?Z’EP\Z)K( e
= rescale entropy to match S per rapidity in data  &10™* , re,sc )
L When impact parameter b = 0 (UCC) ) e
o Increasing entropy S ~ N¢p, /8\60 4_,././'
os”A T2 = (pp)/ = | e .
O Analytical model: capture trend from hydrodyn. 53p*
norm ( ancl)rm CSZ | 0
@) = L ) ~~o | ® trentop=
(pT PTOb(N?}?rm) ‘~~~~~ &;‘\22 —-—- analytical 4‘5“
0 Slope associated with TS f | i
................. LAl e e e e . _ 8- o
= 2 = dIn(pp)/AdINNgpy queessemeesserserss= 50 ; R
= N, - in the same rapidity window . L 111
ch» {pr) pIaity 14000 16000 18000

S

— Gardim et al., PLB 809 (2020) 135749:



https://doi.org/10.1016/j.physletb.2020.135749

Measuring ¢Z in UCC events in PbPb collisions

Ultracentral (UCC) collisions

Based on PLB 809 (2020) 135749:

Q (pr) (~Teg) Vs Nep (~ 5 = S/V)
= expected: (pr) increase forb =~ 0

O fixed volume (similar to previous procedure)
= Radius change by 1% 2> ~ Same V4
= Entropy density increase by ~ 13%

d By varying (pt) and N,
= slope: x c?

Collision centrality

O experimentally: sum of transverse energy (Et)
in HF

O related to impact parameter (b), system
volume (geometry)

O Forb = 0 (~0-1% centrality)
= volume V = constant
= energy density (&) = can fluctuate

Fraction of events / 0.05 TeV

0.1%

0.01%

c?l ;
Q2 ]
1 JlllJllp (Dl "

171
167 =

160 2.
149 &

134 =
116 __
94
69 |

39 =


https://doi.org/10.1016/j.physletb.2020.135749

Measurement using the CMS detector

CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0m Pixel (100x150 pym) ~16m* ~66M channels T ra Cke r
Overall length :28.7m Microstrips (80x180 pm) ~200m?* ~9.6M channels
Magnetic field :3.8T ¢
SUPERCONDUCTING SOLENOID N chs PT ->
p— ~

Niobium titanium coil carrying ~18,000A

with tracks
MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers 1
Endcaps: 468 Cathude’ Strip, 432 Resistive Plate Chambers I n | r] | < 0 . 5

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

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

Hadron Forward (HF)
Calorimeters \

CRYSTAL

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

- event selection
— collision centrality
in 3<|/n|<5

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels




Analysis method (observables) and measurement of ¢?

From PLB 809 (2020) 135749:

Analysis observables

cZ: depends on the relative variation of O (pp)"°™ = % vs Niorm — Zeh
(D) vs Nep, o

[ Can be extracted using Q (pr)° (used to estimate Teg)

cs
u (pT) - (Nch)
(pT)° Ngh
o ratios: cancel some SYSt. uncert.

o reference (pr)® and N3}, >
chosen in 0-5% centrality

— extrapolatedtopt = 0
* (see extra slides)
o Tefr = {p7)°/3 in 0-5% . O

Rep. Prog. Phys. 87, 077801 (2024)

In - In{ 1)
In In .p



https://doi.org/10.1016/j.physletb.2020.135749

Analysis method - (pt) and Ny,

CMS Supplementary PbPb (0.607 nb), 5.02 TeV

To avoid other sources of correlations of-
between (pr) and Ny °
Q Both are measured first in bins of EXE a3
. . ! G 10F
(bin width of 50 GeV) = o
= n-gap of 2.5 units o
Q (pr) and N, are corrected for tracking i\
efficiency ob o8 —— L |
Q Extrapolation to pp =~ 0 by fitting the B om (GeV)
spectrum in pr > 0.4 GeV (see extra slides) Particle of Interest (POI) for
. . dN t
O After corrections, for each bin of EFf5, = P> aNG en MEASUTEMEN's
<pT>norm VS nhorm ' -5 -3-2.4 05\ 05 243 " 5
C
HF T HF
™ _

T

Centrality estimator




Extracting the speed of sound: CMS data

Gardim et.al.: EoS from 2+1 flavors ems_ —POPb (0607 nb 1)5.02TeV.
Lattice QCD (pLB 809 (2020) 135749) | ..f P, >0 GeV, [1}<0.5 A
Nnorm CSZ . : s Data E ,,.;', /:
(ppynorm — 1.02F —=Fitto extract ¢ _;:""f -
! Prob(N porm osf TRAJECTUM ,/ :
= JpE— Gardim et al. 2 E
O Models the trend from hydrodynamlcsv s ardimeta :/ ]
O Does not model the dip in data 3" MOTE 62 =0.241+0.002 (stat) + 0.016 (syst / E
: - j
O fit starts to have better x? for 1.005F Pl -
JorM>1.12 > ¢ from the fit 1f_u.!.?_‘.‘._'..’.:f-_.'_-?_-ﬁ_-.u.,._,,x_._;;...-;‘ V4 E
- Te‘cf - <pT>O/3_ 219 £ 8 (SySt) MeV 0_9955- Rep Prog Phys. 87, 077801(2024) -
O Trajectum: global Bayesian analysis 08 085 08 09 1 105 11 115 12

based on many data observables N /N°

ch/ ch

= Uncertainties within the allowed
parameter space Significant increase of (pt) toward UCC events as

(https://arxiv.org/abs/2305.00015) predicted by the simulations

Rep. Prog. Phys. 87, 077801 (2024)



https://doi.org/10.1016/j.physletb.2020.135749
https://arxiv.org/abs/2305.00015

Extracted results

Speed of sound (c2) = determined for 15t time
with high precision in AA UCC
O In agreement with Lattice QCD
= ug~0and 2+1 flavors
= and with previous measurements
(d Compatible w/ deconfined phase at high T
Q Extract ¢ from UCC events: robust method E
= can be used to scan c? at various energies
= Limitations recently pointed out

dV ~ 0? = need to consider fluctuations and
volume correction

0.35

0.35
0.25 —
0.2}

0.15
o relation of the ratio to c? = more complex than :
initially thought; very big theory uncertanties; 01—

CMS _

PbPb (0.607 nb™) 5.02 TeV

noninteracting limit

® CMS Ultra-Central Data )
~——— Lattice Quantum Chromodynamics .
TRAJECTUM Hydrodynamic Simulation
Nat. Phys. 16 (2020) 615 ]

 Gavassino et. al.: arXiv:2503.20765

Sun, Yan, arXiv:2407.05570;

. i 1 i i i 1
150 200 250 300 350

T.q (= (p,)7/3) (MeV)

Rep. Prog. Phys. 87, 077801 (2024)




Partial Summary

Extracted the speed of sound for the first time using ultracentral AA collisions
0 c2 =0.241 +0.002 (stat) + 0.016 (syst) at Tef = 219 + 8 (syst) MeV

Under assumptions, in agreement with Lattice QCD (ug~0 and 2+1 flavors)

L Constraint on the QCD equation of state
0 Compatible with a deconfined phase at high temperature

Robust method to extract cZ = can be applied to different energies

CmMS___ - PbPb (0.607 nb;‘) 5.02 TeV 0,35 CMS PbPb (0.607 nb™) 5.02 TeV
E b >0 GeV, i<0.5 . S ' ' — ]
1.0256p T ;o i ing limi
C + Data ’{ / L noninteracting limit
1.02F == Fitto extract c§ _,-::',,'f - 0'3:
. | ---: TRAJECTUM / 5 ;
/5_'-1'015 F - Gardim et al. ’,;'{ 1 0.25}
g i y ] N !
oF 101E 2-0.241+0.002 (stat) £ 0.016 (syst) ~ * / B i
~ - /I' ,' ] 0.2
1.005 ey 4 . I
i PR ]
T T " ] ® CMS Ultra-Central Data i
1_—' ""-'-'---~-~-*---'3‘3"“-"!’::'.‘;_."_‘,0" 7 0.15 ~——— Lattice Quantum Chromodynamics -
1 [ TRAJECTUM Hydrodynamic Simulation ]
0.995F . g . . . g g g o] [ Nat. Phys. 16 (2020) 615 ]
08 085 09 085 1 105 11 115 12 01755 200 250 300 350
0
Nai/Noy Rep. Prog. Phys. 87, 077801 (2024) Ten (= (P,) 73) (MeV)
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Could these methods apply to small colliding systems?

By ¢ %%
Probe thermodynamics in small % e
colliding systems with <p> vs. dN, B _‘ e
:_‘0 — AN — % e
O Gardin et al.,, PRC109 (2024) 0140904
= Hybrid model:  p-Pb m_o 02 Tev i
800F Pt > 0.15 GeV, || < 0.3 e
Trento IC + MUSIC + UrQMD = R0 E.?
= (p7)=3.05 Teff (179 < T <257 MeV) < 700} =
u Compatlble with LQCD for 30% g 6005‘ % ALICE :200%
h|gh est Nch i ®  hybrid model
500F B Ten ‘
0 20 40 60

dNCh / d’l]



Could these methods apply to small colliding systems?

Study by Mu et. al. (arXiv:2501.02777)
O Limitations/Complications (Mu et. al.: arXiv:2501.02777)

= Quantum fluctuations tend to reduce the extracted c.?

<pT>O o cS NO

especially for smaller systems

Q T4 not well defined for non-boost invariant system
" <p>~(2.22-2.8) T4 for 5.02 TeV
" <p;>~(2.16—2.58) TeV for 8.16 TeV




Method 1: energy depedence, fixed centrality

Pb
. P po BLILIN
HF TracKer CMS-PAS-HIN-25-001
CMS Preliminary
085 T PP
Er-based centrality estimator: 4 < nf% < 5 Fp.>0GeV, <15 pPo (186 nb7) 816 Tev 3
0.8F pPb (0.509 nb™) 5.02 TeV 3
£ R EARE" 075 e * =
Q0 10 | - .. et -
~ 10 3 S‘ - "o -
R | o 07 —~
3 12 s z
= 10°E 2 3 065" Data HIJING -
S e & ook e 8.16TeV o 8.16 TeV -
3 ’ PE + 5.02TeV 5.02 TeV -
1 - - : : 3
g NG s 5:: 055__ esse Flt — Flt —
? —0—8TeV-30-80:/o - o 5]:_ & R —— —:
c 107 ~©-5TeV - 30-80% = B ol B T B B B B B B
= -aTeV-1-80% . 40 60 80 100 120 140 160 180 200
O - —o-5TeV - 1-30% -
.SD_’. o[ o 8Tev-001-1% |
£ 10° - 5Tev-0.01-1% E .
TR TN W T [N SN N TR W | PR W A T SRR WY TR Y SO WO MO
0 0.5 1 1.5 2 25 Fit with (p)~(N_.},)¢s
T h
p, [GeV] Pr/™ e


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-25-001/index.html
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Method 1: energy depedence, fixed centrality

Assuming boost invariant medium: T__~(pr)/3
(1 Data on pPb together with those from PbPb

CMS Prellmlnary

047 r ]
- pr (0.509 nb ) 502 TeV .
035:3Pb (186.0 nb™) 8.16 TeV ~ — — — —
- noninteracting limit -
0.3 ]
S - ]
< 0250 -
T - 1
/\\’_ 0.2 :— _:
o N ]
= 0.15 -
o - —— (T Lattice ]
0.1F =
- —e— Data .
0.05/— . =
- p >0 GeV h]' <15 CMS PbPb UCC 5.02 TeV .
l | L L A A 1 1 | L .

0750 200 250 300 350

=(p,) /3 [MeV] CMS-PAS-HIN-25-001
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Method 1: energy depedence, fixed centrality

Assuming boost invariant medium: T__~(pr)/3 (Trajectum)
1 Data on pPb together with those from PbPb
CMS Prellmlnary

0-4 T T I T T T T I T T ]
-1 ] . . .
035 pPb (0.509 1) 5.02 TeV 1  Trajectum model predictions:
“JFpPb (186.0nb") 8.16 TeV =~ ———— .
0al noninteracting limit consistently below both data (1-20)
§ F ] and LQCD EoS input
< 0250 & .
= : s (reflects small system size?)
>~ 02 | | =
- - ]
£ o.1s] ‘% T Kl =
5 - ~ C2(T) Lattice .
0.1 —e— Data =
0055 ® CMS PbPbUCC5.02TeV J
’ _p >0 GeV, h]' < 1.5 == pPb Trajectum FCAL Cent]
0 I l T .

150 200 — 250 300 350
=(p ) / 3 [MeV] CMS-PAS-HIN-25-001
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Method 1: energy depedence, fixed centrality

Assuming boost invariant medium: T__~(pr)/3 (Trajectum)
( Data on pPb together with those from PbPb

CMS Prel/m/naly

0.4¢ . —
0.35 _pr (0.509 b ) 5.02TeV E Trajectum model predictions:
“EPPb (186nbT) 8.16 TeV o — e — consistently below both data (1-2¢)
£ 08F and LQCD EoS input
z - - :
£ OF E (reflects small system size?)
= 02 =
o k _+ Lo ]
¥ 0.15F | =
5 - — G2(T) Lattice -
- -e— Data _- . . .
01 % o CMS PHPb UGG 5.02TeV HIJING (incoherent N-N interactions
0.05F ~5- pPb Trajectum - FCAL Cent: fails to describe the data
p >0GeV,In|<1.5 —E-—prHIJING .

50 200 e300 350
Ty = (p )/ 3[MeV] CMS-PAS-HIN-25-001
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Method 1: energy depedence, fixed centrality

Assuming non-boost invariant medium: T__~(pr)/2.45
(J Data on pPb together with those from PbPb

CMS Prehm/naly

0.4 : S
0 -pr (0.509 b )5 02 TeV .

0-35E0Pb (186 nb ) 8.16 TeV =~ — — — — —1

0.3 - noninteracting limit
Z oo25F =
S = -H_ .
~ QZE— E
Z 0.15[ E
£ 0 - —— C2(T) Lattice . . . . ]
= oif o o e toonT, ] HIJING (incoherent N-N interactions):

LA a n n - . .
: oeohune 1 fails to describe the data
"PEp, > 0GeV, < 1.5 E

PR PR PR ST R S T SN S
150 200 250 300 350
Teir = (p,) / 2.45 [MeV] CMS-PAS-HIN-25-001
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Method 2: multiplicity depedence, fixed energy
UCC in pPb : ~108in EHE

pPb (0.509 nb') 5.02 TeV, (186 nb™) 8.16 TeV

centrality
CMS Preliminary

1 .05 B T Ll L) ] T T T [ T Ll Ll ] T Al L} I T T Ll ] Al T T I T T LS ' Ll 4
[ <15 </
—
- -~ ° 4
{peecceceecccccccnccccccnce.. A1 LNy 0“",3%&:'&"""‘
- . e 1@5& ’ ]
- g ¥ ge8° -
- u o —+— j‘.— .
2095  +¢ & —
o [ LI ]
g N ; 8 i
2"0'9 = 5 Data MC, 8.16 TeV -
~ F * . $ *816TeV,p, >03GeV = HUING, p, >0.3 GeV
s o » 5.02TeV, P, > 0.3GeV o HIJING, P, > 0 GeV -
0.85[- © 8.16 TeV, p_ > 0 GeV ]
B 0 5.02 TeV, p, > 0 GeV ]
- o -
0.8 —
1 1 I 1 1 1 l 1 1 1 I 1 1 L I 1 1 1 l 1 1 1 l 1 1 I
0 0.2 0.4 0.6 0.63 1 1.2 1.4
NCP/Nch

o Initially rapid rise, followed by a near
plateau

o Indication of a second rise at very high N,
(“UCC” in pPb) = Systematic uncert.? Not
identified so far)

CMS-PAS-HIN-25-001

= NB: reference (p?), N3, — chosen from
0-0.01% centrality
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Summary

Rep. Prog. Phys

[87,077801 (2024)

Extraction of ¢Z with UCC in PbPb

O enhanced precision
O good agreement with Lattice QCD
(d May constrain the QGP thermodynamics (EoS)

First inspection of thermodynamical
properties in pPb collisions
O Faster increase of <pt> vs. N, at different
collisions energy than Trajectum, albeit
large uncertainties

O Indication of a faster rise in <p;> vs N, toward
UCC pPb (syst. uncert. related?)

O Expect to explore more observables and other
small systems (OO, pO, NeNe)!
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cZ extraction depenc

Extracted c2 vs. minimum

s on centrality estimator?

An| gap

O The extracted cZ:is higher with the E; estimaor than the N_, estimator
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Different choices of centrality estimator
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Extracted c2

Different choices of centrality estimator

E-based: strong bias
by (semi)hard processes

ALICE-PUBLIC-2024-002
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Full pt range: extrapolation of p; — 0

(pt) and N, are corrected for
tracking efficiency

Extrapolation to pt = 0 by fitting the
spectrum in py > 0.4 GeV

O Hagedorn function

dNew _ [ 1 (V3 +m? — (Br)pr) B
dpr T\ T (B2 T

A m is the pion mass and (B1), n, T are
free parameters

O contributes to about 4% on syst.
uncertainty on extracted c? in data

After corrections, for each bin of Ef 5 m = (pr)"°™ vs

eV’

O
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Multiplicity fluctuations in UCC collisions
Fitted by p(n) = [ 1P(n|cb)dcb.1

Rep. Prog. Phys. 87, 077801 (2024) Pnlcy) n(cp) (n —n(cp))?
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Excellent description by the model fit! = Fitted values: N knee=1.1, 0=0.027




Systematic uncertainties and cross-checks

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

U Tracking efficiency corrections

U Extrapolationto pyr = 0

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

U Extrapolationtopr = 0
= Use of different fit function
= Closure using simulations
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