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al flow in heavy-ion collisions 2115 ¥

Isotropic expansion of the quark—gluon plasma.
Inferred from the transverse momentum (p,) spectra of pions, kaons, and protons.

Final-state p_ distribution arises from a combination of radial flow ({8,)) of the
medium and thermal motion of particles (Tkin).
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Radial flow in heavy-ion collisions Akl

% Isotropic expansion of the quark—gluon plasma.
< Inferred from the transverse momentum (p.) spectra of pions, kaons, and protons.

Final-state p_ distribution arises from a combination of radial flow ({8,)) of the
medium and thermal motion of particles (Tkin).

— =| ALICE: Phys. Rev. C 101, 044907 (2020)
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=]y E.Schnedermann et al.. Phys. Rev. C 48, 2462 (1993)

%  Simultaneous fit with blast-wave model gives only an average radial flow velocity
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Anisotropic flow: azimuthal (¢) correlation

=] ALICE: JHEP09 (2018) 006
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- Low-p,: Mass ordering (hydrodynamics)

-> Intermediate-p.: Baryon-meson splitting
(quark recombination)
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Anisotropic vs. radial flow: What’s missing? 3115 H%%E

Anisotropic flow: azimuthal (¢) correlation Radial flow: P; correlation

=] ALICE: JHEP09 (2018) 006

-> Average value (B;) extracted.

” , :
03k ALICE Pb—Pb |5, = 5.02 TeV : => No p.-differential study!
g fhgyas o ’
S ol M&% ¥, % p+p - Non-flow correlations not accounted for.
S 8 e A 40-50% -
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Are mass-ordering and baryon-meson
splitting present ) ?

- Low-p,: Mass ordering (hydrodynamics) How do we test it for radial flow?

-> Intermediate-p.: Baryon-meson splitting
(quark recombination)
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New observable: v (p;)

< V,(p;) represents fluctuations in p. spectrum.

| B. Schenke, et al., Phys. Rev. C 102, 034905 (2020)

% Inclusive charged particles:

1 (6N(pr)dpr])
"oPr) = T or))

O pr]
where,
> &lp,] = [py] - (lp,)),
> SN(p,) = N(p;) — (N(py)),
= 0o[p;] —> Fluctuation in [p],
- (..)—> event average.

N(p;)
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ALICE

A

Event averaged p, distribution

(lo7D). (N(p:))

Single event p_ distribution

[o;], N(p,)
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< V,(p;) represents fluctuations in p. spectrum.
| B. Schenke, et al., Phys. Rev. C 102, 034905 (2020) A

Event averaged p, distribution
% Inclusive charged particles: (lo;]), {N(p:)

1 (5N(pr)dlpr))
B0 = N o

where,

> 5[pT] - [pT] _ <[pT]>’ g— Single event p_ distribution
> 3N(p;) = N(p,) — (N(p; ), = o], Nipr)

= 0o[p;] —> Fluctuation in [p],

- (..)—> event average.

< ldentified particles, N(p;) — N (p;):

B 1 (dNs(pr)dlpr])
v0sPr) = TNy oy
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% B. Schenke, et al., Phys. Rev. C 102, 034905 (2020)
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Hydrodynamic model: IP-Glasma+MUSIC+UrQMD — PbPb 5020GeV 30-40%
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< Linear p; dependence \
0.151
» Negative vo(pT) at low p_ implies | E -
anti-correlation between [p_] fluctuations and S
particle production 0.05-
% Mass-ordering similar to anisotropic flow 0.00-
coefficients.
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v,(p;) and {B.) in blast-wave model

How v, (p;) is related to radial flow velocity, 8.7

In blast-wave model, v, (p;) calculated by introducing Gaussian
fluctuations in radial flow velocity, S..

{Bt) = 0.655
o . o
L X4 - -
*  V,(p;) is sensitive to (B.). 0.10
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ALICE

Uniform acceptance at mid-rapidity and
fie ity excellent particle identification capability

. ITS SSD (Strip)
VO and TO
FMD

panop
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ITS

FMD, TO, VO
TPC

TRD

TOF
HMPID
EMCal
DCal

. PHOS, CPV
10. L3 Magnet
11. Absorber

CeNOOAWNE

12. Muon Tracker
13. Muon Wall
14, Muon Trigger
15. Dipole Magnet
16, PMD

17. AD

18.ZDC

19. ACORDE
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ALICE

Uniform acceptance at mid-rapidity and
) ity excellent particle identification capability

c. ITS SSD (Strip)

d. VOand TO
e. FMD

A Inner Tracking System (ITS)
tracking, vertexing, trigger

1®
$®

A Time Projection Chamber (TPC)
tracking, PID via dE/dx

CoNOOOAWNE
—
]
m

A Time-Of-Flight (TOF)
PID via time of flight

. PHOS, CPV
10. L3 Magnet
11. Absorber
12. Muon Tracker
13. Muon Wall
14, Muon Trigger
15. Dipole Magnet
16, PMD
17. AD
18.ZDC
19. ACORDE

a Vo
trigger, centrality estimation

Run 2 data Pb—Pb collisions at \/sNN =5.02 TeV



mailto:swati.saha@cern.ch

i} i} swati.saha@cern.ch
Analysis details (I) 8/15 %

ALICE

% I. Parida, et al., Phys. Lett. B 857 (2024) 138985

-|0.8 0 0.8
| | |

A < > B

< Analysis performed using n gap to suppress [T """ T T T TTT oo oo oo o oo oooo-
short-range correlations > f,(p;) = N,(p;)/IN,—>fraction of

(fa(pr)lprls) — {falpr)){lPTlB) i particles in a given py window

vo(pr) = (fa(pT))O(py]

> [p;], 0r [p;]g —mean p_in
window A or B

o =V ([ptlalprls) — (lprla)(ptls) .. |
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ALICE
% I. Parida, et al., Phys. Lett. B 857 (2024) 138985

_ - IS L B B
|0'8 (|) 0'|8 S_g | ALICE Performance 1
! ! : > 0.2|- Pb-Pb, Sy =5.02TeV, 7| <08 -
A < An > B - Centrality: 10-20% ]
e o :
% Analysis performed .using n gap to suppress 01 B a$=o==c=$ ; E‘;
short-range correlations o
0
L L
vo(p1) = (fa(pr)lp1lB) — (fa(PT))({lPT]B) ~ .." 00 . Ao
— - ¢ An=0. n=0u.
<fA(pT>>G[pT] 0 —..'. ¢ An=04 ¢ An=0.6 -
e ¢ An=08 ¢ An=1.0
Opr) = V ([prlalprls) — ([prla)([P1]B) L [
2 4 6 8 10
< An=0.4is considered as the optimum P, (GeV/c)

value, while its variation is considered for the
systematic uncertainties
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ALICE
Q - ALICE Preliminary + Q
"2 0.4 Pb-Pb, {5 =5.02GeV 1 —40.4 2
> L I71<0.8, An=0.4 1 >
- ¢ Data 1 ]
a5l g O 1 = Jos Features predicted in theory are
L | 00 ® o 1 observed in data
L e® ® o g & 4
= 8 . 7/ 1
07/____ _________________________ N — 1o < Negative v (p;) at low p_
i Centrality: 10-20% T Centrality: 30-40%
~~ ]ttt [t —t—t—+—+—+ o
S I T Centrality N ;\
SN T o 10-20% 115 o
H i o 30-40% ] ‘;5
0.5+ H + ¢ 60-70% 110
Cl : ]

5 10 5 10
p, (GeV/c) p. (GeVic)



mailto:swati.saha@cern.ch

. - . swati.saha@cern.ch
v,(p;) of inclusive charged particles L %

ALICE
Q - ALICE Preliminary + Q
"2 0.4 Pb-Pb, {5 =5.02GeV 1 —40.4 2
> L I71<0.8, An=0.4 1 | >
- ¢ Data -+ .
0ol g O 1 . 1as Features predicted in theory are
L 1 AL e observed in data
L ’Q o0 4 ] [} - / 4
- 48 = @, H
o;nz ____________________________ S 1 % Negative v,(p,) at low p
I Confelit-20% [N ComIVSHA0E % Linear p, dependence
AI— 1 T N g ¥ T L g v ¥ 1 ] o
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~ i T o 10-20% 115 o
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ALICE

Q - ALICE Preliminary + Q
"2 0.4 Pb-Pb, {5 =5.02GeV 1 —40.4 2
> L I71<0.8, An=0.4 1 >

- ¢ Data 1 ]

a5l g O 1 Y Features predicted in theory are
L | AR 1 observed in data
L " L [ ] ] L ] - / i
- = - / H
074 ____________________________ N — 1o < Negative v (p;) at low p.

I Comiifys10-20% QN ContEitnStAlE % Linear p, dependence
= L T —+—t & & —+—+—1] o
S I T Centrality N ;\
>t T o 10-20% 115 o

H i o 30-40% ] ‘;5
0.5+ EI - & 60-70% R 10
g ¥ . v,(P;)/v, removes the system-size
dependence, where v, represents
integrated v,(p;)
.F. L ! L] % I. Parida, et al., Phys. Lett. B 857 (2024) 138985

5 10 5 10
p, (GeV/c) p. (GeVic)
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Q ALICE Preliminary e . Q.
"2 0.4 Pb-Pb, {5 =5.02GeV 1 —40.4 2
> L I71<0.8, An=0.4 1 | >
¢ Data + ] Hydro & : IP-Glasma+MUSIC+UrQMD with
- HIJING 4 _ or
0.0 IP-GlasmasmusiCsUraMD T e 02 T-dependent specific shear (n/s) and bulk
- + o0 ® = - (¢/s) viscosity for the QGP
L e® ® o g & 1 4
0/ _________________________ _/ _________________________ Jo *  reproduces data up to p.= 2.0 GeV/c
: Centrality: 10-20% - Centrality: 30-40% : across all centralities
—~ i - H — ———f o
2 T Centrality .5 i._ HIJING: includes mini-jet production but no
~ r T o 10-20% 7] Q - i
H I3 soaom 172 hydrodynamic collective flow
05r T 110 * fails in central and semicentral collisi
| g o T ] ails in central and semicentral collisions
E i . : : :
* agrees up to high p.. in peripheral
collisions
T N [1] = H. Miintysaari, et al., Phys. Rev. C 110, 054913 (2024)

p. (GeV/c) p. (GeV/c) = X.-N. Wang, et al.. Phys. Rev. D 44, 3501 (1991)
T T
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ALICE

T T T T T T T T T T T T T T T T T T T T 13

T |
Q [ ALICE Preliminary 1 0.3 Hydro:IP-GlasmasMusiCsuramp 1 L, Dama
=} . ¢
N 0.2} Po-Pb, s =5.02 GeV - i i k. |
L 7| <0.8,An=0.4 1 [ H ] oB)  * I
[ B Jo.of —'0'5" “
e 1 T g1 | § &
0.1+ ® w4 H @ b |
NEW 3 1o _ g F
25 N | |
)
e [ ge® ] nget
0 "O."E;m' """"""""" N 0"." L s MR RO S IS B = 0 -..::. """""""""" -
F@?ﬂ Centrality: 10-20% ] .'ﬁ;ﬁﬁ Centrality: 30-40% | | o#% Centrality: 60-70%
X | " 1 " |- _O 1 -.l 1 1 | 1 | 1 l. [ 1 1 | 1 | 1 I
2 4 6 2 4 6 2 4 6
[N (GeV/c) P, (GeV/c) P, (GeV/c)

% Mass-ordering for p. < 3 GeV/c, consistent with expectations from the hydrodynamic model.

< For p; >3 GeV/e, significant difference between proton (baryon) and mesons, suggests quark
recombination as the particle-production mechanism. Difference decreased in peripheral collisions.
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ALICE
% H. Méntysaari, et al.. Phys. Rev. C 110, 054913 (2024) % X.-N. Wang. et al., Phys. Rev. D 44, 3501 (1991)

—r L S D A L L N
&'_ | ALICE Preliminary 1 0.3 Hydro:IP-GlasmasMusicsuramp ] |, Data HUING Hydro
= L _ s ¢
N 0.2} Po-Pb, s =5.02 GeV 470 1 | ks |
L 7| <0.8,An=0.4 1 [ H . o) + I
/B 17 s 1 ; - I
0.1F B8 m 5| | i E g 1 | . E .
NEW I 10.1F e , < | - |
: '_'.lbj : : ‘H“_ ' ; J ;i:_' s
i .; | e, ] - gle” )
ORI = =i e s simn e ] DR s s e s s s < OLpldg-------------------- -1
E!@ - 4 Centraliy: 10-20% ] ™ Centrality: 30-40% | Centrality: 60-70% |
1 1 1 | 1 1 L 1 1 1 " |- _O 1 -!1 1 1 | 1 1 1 | 1 1 1 l- [ 1 1 | 1 1 1 | 1 1 1 I
2 4 6 2 4 6 2 4 6
[N (GeV/c) P, (GeV/c) P, (GeV/ce)
Hydro: excellent agreement found for protons up to 3 GeV/c, while pions and kaons are described up
" to ~2 GeV/c and ~1.5 GeV/c.
HIJING: fails to describe data in central and semicentral collisions, no baryon-meson difference.

However, captures trend and magnitude of data in peripheral collisions up to high p-.
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ALICE

i} NEW
g /'\|_ T | T T T T | T T T T | T T T T
Q| S " ALICE Preliminary i

= i i
= > 0.1L Pb-Pb, sy, = 5.02 GeV ﬁ
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(=] | e |
Q| L T o : i
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O e 3
< 0.05 ”~ -
2 I - |

al C

2 : . :
Q &
\: L D —
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S ; n/s(T), &1s=0 -
© - _ _ _
g 0050 | | n/s|_0.06, g“/sl_O =
: 1 L 1 il L 1 L L 1 L 1 1 L 1 L L Il | 1 i
S 0.5 1 1.5 2 2.5
x [N (GeV/c)
)%

% influenced only by bulk-viscosity,
(/s of the QCD medium
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ALICE

2
=
=
2
)
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§ /'\|_ T | T T T T | T T T T | T T T T /'\|_ T | T T T T | T T T T | T T T T T
Q| S " ALICE Preliminary i L " ALICE Preliminary

o B - o B N
> > 0.1 Pb-Pb, sy =5.02 GeV a > 0.1 Pb-Pb, {5y =5.02 GeV |
5 - 7] <0.8,An=0.4 - 7] <0.8,An=0.4 1
Q' o o | » L
= i Centrality: 10-20% ol 1 S i Centrality: 10-20% - ]
2 0.05- 7 . N 005 . " .
o I - i S - - i
E : ; : 3 : . :
Q i £ 2 ] X i E 3 I
3 0 oo B = e 0 oo e =
S L - IP-Glasma+MUSIC+UrQMD 4 . o c2(EOS1) > c3(EOS2) §
g - n/s(T), ¢/s(T) 1 5 . IP-Glasma+MUSIC+UrQMD
8 ’ /s(T), §/s=0 | o I EOST |
g —0.05 l l 7]/S|=0.06, §/S|=0 I n § -0.05+ | | EOSZl | I _|
: 1 1 1 1 L 1 L L L 1 Il 1 1 Il L L L I L i | 1 1 1 1 L 1 1 L L 1 L L L Il L L Il I Il i |
S 0.5 1 1.5 2 25 S 0.5 1 1.5 2 25
T p_ (GeV/c) U p_ (GeV/c)
()Y

% influenced only by bulk-viscosity, % sensitive to equation of state (EOS)

(/s of the QCD medium of the QCD medium
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ALICE

v, (p;) probes the radial flow of the QGP medium. The analysis
technique uses a pseudorapidity gap to suppress non-flow
contributions.


mailto:swati.saha@cern.ch

swati.saha@cern.ch

14/15

v, (p;) probes the radial flow of the QGP medium. The analysis
technique uses a pseudorapidity gap to suppress non-flow
contributions.

[ Presented the first measurement of v (p;) for inclusive charged
particles and identified hadrons in heavy-ion collisions with
ALICE

* Low p;: Mass ordering observed, consequence of
hydrodynamic collective flow

* Intermediate p.: Baryon-meson difference, suggests quark
recombination as the particle production mechanism

0.1}

- T 1

[ ALICE Preliminary
[ Pb—Pb, Y5 = 5.02 GeV _
L 1 <0.8,Aan7=0.4 ]

ﬂﬁ Centrality: 10-20%
4 G
P, (GeV/c)
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v, (p;) probes the radial flow of the QGP medium. The analysis
technique uses a pseudorapidity gap to suppress non-flow
contributions.

[ Presented the first measurement of v (p;) for inclusive charged
particles and identified hadrons in heavy-ion collisions with
ALICE

* Low p;: Mass ordering observed, consequence of
hydrodynamic collective flow

* Intermediate p.: Baryon-meson difference, suggests quark
recombination as the particle production mechanism

Q2 v,(p;) is sensitive to:
%  Bulk-viscosity of the QCD medium
%  Speed of sound of the QCD medium

0.1}

- T 1

[ ALICE Preliminary
[ Pb—Pb, Y5 = 5.02 GeV _
L 1 <0.8,Aan7=0.4 ]

ﬂﬁ Centrality: 10-20%
4 G
P, (GeV/c)
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Thank you for listening!
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giw":—"'i.\ T =

s L . 0.15< p_<2GeVic

\E 'As—'\\ -

5 \_.\ 1 > Previous [p.] fluctuation measurements

"'\\ l did not implement pseudorapidity gap An!
= '\ .

O ps] VCn NN

{pr)  M(pr)m 102F o ALICE, Pb-Pb: {5y, = 2.76 TeV" long-range hydrodynamic correlations.
[ = STAR,Au-Au: |s, =0.2TeV

Fit: A (Vs)* (chh/dn)'°"'°5
! SR | | |

k\ > Reflect both nonflow correlations and

|
1

1.1

= g '_ﬂ:_h e, __1 | Advantage of v,(p,) is that it can be studied
s 09 *+«,_ 4 | bysuppressing short-range nonflow
S os % 1 | correlations similar to v_(p.).
0.7F- :
10 102 163<chh/dn>
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