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m Creating a little bang in the laboratory : formation of quark gluon plasma (QGP)

Initial-state effects v.s. Final-state effects

Initial-state effects : Final-state effects : final detected
e.g., strong (chromo-) medium int. distributions
EM fields Kinetic

Hadronization

pre-
equilibrium : .
namics viscous hydrodynamics

free streaming

~
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1 yoctosecond = 1024 s
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Global A polarization in HIC

m The measurement of global polarization of A hyperons revealed the spin-orbit
interaction & strong vorticity in heavy ion colliSions. z.-7. iang & x-N. wang, PRL. 94, 102301 (2005)

(relativistic Barnett effect) < Self-analyzing via the weak decay : A - p + ™~
BBC
= 3 .
s | Nature548.62 (2017) . / 8 5 a6 @A
T _ \ 4 Do P
o - oA OA o v BBC
! {] / :‘t | ‘ /
B PRC76.024915 (2007) 3
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2 | E] ) A qualrk-gluon ’
i [(—j "?  this analysis == A/
: J W NE kit s )
1‘ s Successfully described by the modified Cooper—Frye
B H HH H . F. Becattini, et al., Ann. Phys. 338, 32 (2013)
I formula in global equilibrium : ~ o, et ol PG 98, 024504 (2010
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_ \~ ’]Dru fdz p ( )(1 T | )) MVPUqupJ
| STAR AuvAu 20%50% | Tl 8My [dX - pfy £ |
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L. Adamczyk et al. (STAR), Nature 548, 62 (2017) " 3
F. Becattini et al., PRC95, 054902 (2017)



Longitudinal (local) polarization

m Longitudinal polarization along the beam direction in HIC :

F. Becattini, I. Karpenko, PRL 120, 012302 (2018)

J. Adam et al. (STAR), PRL. 123, 132301 (2019)
©: P*, \/snx =200 GeV RHIC . 0001 —
T e BiiE 3 " STAR  Au+Au s, =200 GeV
ol 20%-60%
0.012 @ 0.0005 P, >0
0.008 3 - '
9 i
0.004 ~ Y I s E/
0.000 V.S %;
: -0.004 T r !
' —— ~0.00051 fit: p,+2p sin(20-2)
o o Lo ki L *A  p =0.016+0.003 [%]
PQ,z = <Pz sin 2(¢ qj?)) -0.012 0001~ #% P, =0.015:0.003 [%]
f“d(@ v )stiuQ(qb—‘I'g) \ ~0.016 _ _ R B T
~ D — Wo o 1 2 3 |
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(0) (0 _pvpo _ ;
% Thermal-shear corrections : p+ — JdZ pfp (1= f )P qy [wpe — upmarp™ /(T - )]
(local equilibrium) 8My [ d¥. ‘pf;()O) Y. Hidaka, S. Pu, DY, PRD 97, 016004 (2018)

S. Liu, Y. Yin, JHEP 07, 188 (2021)

15

F. Becattini, et al., PLB 820,136519 (2021)

T 1 x10="
[P, (1/1000) 1 strange-memory = - :
10 | 2 . : FN isothermal approx. :
- squark - =~_ { scenario: i \/,::-...\\ no T gradient
5 i , ’ A N Mp = ms = 21 Q‘\ . ! correction
0 B.Fuetal, PRL127, = Sl | F. Becattinietal, PRL. 127,
5 ) P 1 142301 (2021) N T o T 272302 (2021)
S5+ N - N N T
S~ -7 ] Y AN P N Fa Thee=133 MeV
10 | = T S\ N — T3=150 MeV
i -- - W e ASTARNT =7/ dec=150 Me
g L ——Total = - W/O shear NE ARSTAR — = Tu=165 MeV
0 2 3 - — Tie=173 MeV
0, [rad] 0 m/2 T
¢ — Upp
s The overall sign depends on adopted approximations. 4

see also C. Yi et al., PRC 104. 064901 (2021), W. Florkowski et al., PRC 105, 064901(2022)
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Small-collision systems

m Longitudinal polarization in high-multiplicity pA collisions :

C1MS, PRL135 (2025) 13, 132301 ppp 186 nb™ (8.16 TeV) .CM.S IIDLEIB 7?5 (|201|7) .19? ——————
T T T T | T T T T | T T T T | T T T T | T T T T —
" CMS Data  T.ENTo-3D+CLVisc]| 0.10|PPb \S\y=5Tev  m v {4} -
L 08<p, <60Gevic ® A A eq. ] VA2, 1An>2) '<'>' Vzg
—_ = e . i sub \"
9 0.5_|ﬂ| <24 ¢ A _ iso-theq. ] o v3°{2, |[Anl>2} 5 VZ{LYZ}
= - . + A+A squarkeq. _2 _
oo I & il ,.—-“' ° , © ee0eg5,
A B T S o o
& R N -
E 0_ i 0.05 . l * ‘H Q. * + -
£ - . y
7 ; i
N °
5 L
~ 0.5 — _
- T 0.3< p, < 3.0 GeV/c
i o, = 0.750+ 0.009 o_=-0.758+0.010 | ml <2.4 T
| | | 1 | 1 1 | | | | | | 1 | 1 1 1 1 | | | | 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1
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N?r]:”ne C.Yietal., PRC 111 (2025) 044901 N?r]:“ne

+ Thermal vorticity + thermal shear as the final-state effect fails to describe
the measurements

s An opposite trend w.r.t the flow : initial-state or non-equilibrium effects?



Spin alignment of vector mesons

m  Angular dep. of the decay particle w.r.t the spin quantization axis: p. th=9p

K
dN . — Dy 6| (total AM)
———— o [1 — pyo + cos*0" (3ppy — 1)) (PP H
dcos 0 P00 = 3+ (7) PJ>J ¢ meson g
Poo > 1/3 : Z.-T. Liang and X.-N. Wang, PLB 629, 20 (2005) \ﬁ}(—

Poo * 1/3 : spin correlation

T ‘ T T TTTT ‘ T T T T TTT ‘ T T T
= *0 (yl<1.0&1.2<p <54 GeVic) -
0-4f oK (ly|<1.0&1.0< p, <5.0 GeVic) |
L —CY = 1109 + 143 fm® .
B. Xi, QM23 ‘ 0.351 i 7
S Ll B TR s in i
Q | - —
0.5f Event plane -+ Event plane (b)40.5 - .
0.3 -
0.4} 40.4 - ]
! %} H iﬂgi-i-%---ﬂ ........ i f |
S l RSN | filled: Au+Au (20% - 60% Centrality) ]
02k 1 doo 0.25 open: Pb+Pb (10% - 50% Centrality) B
--p :1/3 ’ H‘ | I\\\H‘ | \\\\II‘ | |
| 1 00 i ) 3
0.1 Pb-Pb, {5, = 2.76 TeV 0.1 10 10 10
O T S R R B S Vs (GeV)
P, (GeV/c) P, (GeV/c)

M.S. Abdallah et al. (STAR), Nature 614
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Spin polarization beyond subatomic swirls?

m  Spin alignment puzzle : the deviation of p,, from 1/3 is unexpectedly large

2
e.g. poo ~ = — (£)7, £ ~0.1% at LHC energy. (from A pol.~ s quark pol.)
.. i -0
m Flavor & collision energy dep. : ¢ K
ALICE | poo < 1/3 (pr <1 GeV) | poo < 1/3
STAR Poo > 1/-3 Poo = 1/3
g 06— 7 T T
. . = o5k ALICE. Pb- Pb |5 =5.02 TeV
m  Spin alignment for J /¢ : 0ar Inclusivediy i 25 <y <4
S. Acharya et al. (ALICE), PRL 131,042303 (2023) 2'2 : 5
0.1; -
1—3 1 : e -
/\g—ﬂ>0:> P00 < 3 ot g —
1+ poo 3 JF 4 0-20%
702; % 30-50% Event plane 7
D T Sy
pT(GeVlc)

m Other sources for the spin correlation (alignment) beyond vorticity?
0 Small spin pol. & large spin correlation imply that the source may be fluctuating.

O Electromagnetic fields can polarize the spin. How about gluon fields in
QCD matter? Px B —ux FE

magnetic pol.  spin Hall effect with momentum anisotropy



An intuitive picture

m An intuitive construction of color-singlet spin observables :
¢ Building blocks for quark transport :

FCL — g(ECl _|_ U X _BCA!,)7 P(’L — (j(B” —u X E(.'L)'

chromo-Lorentz force chromo-magnetic polarization & spin Hall effect

¢ Parity-even correlators only :
(B (x) BT (2)) = 6B (2) E' (2)), (B'(x)B’(x)) = §'(B'(x)B'(x)), (E'(x)B’(x)) =0.

. : : . 1
> spin alignment (without flow) : 6p00 = poo — 3™ (P*-P*) ~(B"-B")

» spin polarization of A (strange-equilibrium scenario) : p — even scalar
P~ ((p- F*)YP) flow-induced polarization
~ [('p x u)((B*- B) + (E“ . E“))] p — even axial-vector

m  Such effects as non-equilibrium spin transport can be systematically
derived from the quantum kinetic theory, as the generalization of the
Boltzmann equation, with spin & color degrees of freedom.

Review : Y. Hidaka S. Pu, Q, Wang, DY, PPNP 127, 103989 (2022)

8
DY, JHEP 06, 140 (2022)
B. Miiller, DY, PRD 105, L011901 (2022)




m [nitial-state gluons may form the glasma phase characterized by predominantly
longitudinal chromo-electromagnetic fields from CGC.

Y=In1/x

Saturation

@ Dilute system C
[ BFKL
DGLAP @

2
In A%y InQ?

m  Assuming the early quark production in glasma
N. Taniji, J. Berges, PRD, 97, 034013 (2018)

(at top RHIC & LHC energies)

Reviews : F. Gelis et al., Ann.Rev.Nucl.Part.Sci.60:463-489,2010
} J. Berges et al., Rev. Mod. Phys. 93 (2021) 3, 035003

% Why glasma fields for spin alignment?
(1) intrinsic saturation scale Q; > w
(2) fluctuating (no effect on global A pol.)
(3) intrinsic anisotropy (need not be along n)

__ 1-Tn(Py(a/2)Pf(a/2))a=0
3% TPy (a/2)Pila/2) gy

3in relaxation or
Nolarization from
collisions

Updated coalescence
model :

poo(q) glasma effect :

Tre(P; (a/2)P5(4/2))g=0 < 0
_ 5/900 = poo — % X —<Baz(I)BCIJZ($1)>6_2A1;/TR < () A Kumar, B. Miiller, DY, PRD 107, 076025 (2023)
(mesons at rest) glasma effect relaxation in QGP 9
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Transverse spin alignment spectra

Out-of-plane spin alignment (¢ mesons) :

boost color fields for momentum dep.

DS itial- - hi - . .
% Initial-state effect (glasma) : high-energy weighting o — [ 6oy (oo (@]
PP —— oo OO needed: ‘OIS N
— 0357 // - - - T T T - T T T T T T T T T T T T T T T
E ________ .(7.. _________________________ 0.5 Event plane (a)T Event plane (b)q0.5 d)
/ X =Y af +° 1o. I
g 0.30¢ / v v O 04....‘f.:.’!‘..i*HéH;;...éH ) &I i i ' o E
@ ngs- H - - _ T !ﬂ ’ I ’ H_O'3Q8 Ty .ﬂ-i;‘i-’--?. -
08 _ 0.2k H - H0.2 i ﬂ
Q 025' 1 yq - 04 P =13 o
overa . ‘ 1 lo.
< 1 3 — Pb-Pb, /sy = 2.76 TeV Au+Au 200 GeV
Pao / Yq R RN A e e ,
0'20-{) 1 2 3 4 5 DY, PRD 110, 056005 (2025) prene Pr(GeViE 0 80 % centrality
qr (GeV) 038 % ¢ STAR  — Out-of-Plane
. . . -- In-Plane
% Final-state effect (strong-force fields in QGP) : low-energy oss m )
0.355 — — — _ fluctuating S 0.34 N T @ ]
-— T == ¢ fields «VF @ Bom T ]
0.350 -7 -
g 0.345 - - g 032
g 0340} -~ —— oau . (fluctuating ¢ fields)
= _ (a) |
g 0.335f - Poo > 1/3 color fields 030 o T T ; ;
from 10_] i ,:_2|_ . F;%
anisotropy aE sf -
£ T . 1
0 y 5 3 4 5 X.-L. Sheng et al., PRD 109, 036004, (2024) W T ——— 1
PRL 131, 042304 (2023) 0'5'\(13) R £
qr (GeV) B. Miiller, DY, PRD 105, L011901 (2022) 10 55 % 50 555
_ _ _ o DY, JHEP 06, 140 (2022) i
(isotropic color fields from QGP : qualitative) S (GeV)
10

O Collision-energy dependence may come from initial v.s.

final state effects



Observables for future measurements

m Longitudinal spin alignment along the beam direction :  ov, pro 110, 056005 (2025)

0.60
0.350}
=% pgser > 1/3 __ 0345}
£ 0.50} & 0.340f
initial-state 3 0.45} V.S, So3ss S — final state
o8 <g 0.330f overall 1/3
€ 0.40} yg=1 o35 Poo (qualitative)
O35f....oeeeeeeeeeeeeseeessesesseseseesesmsesesessess =0 0320}
L L L L L 2 yq - A L L L L "
0 1 2 3 4 5 0 1 2 3 4 5
qr (GeV) qr (GeV)
. . . . w 1 IS ( i IS (00) - 1 H prog
m  Spin-spin correlation of hyperons : ¢iy(w.p) = Jd¥(x1) - pr [ d¥(ws) - pa PY Py fr fo
D. Shen, Ji. Chen, A. Tang, arXiv: 2407.21291 Nevent St [ dZ(a1) - p1 fi] [ dE(x2) - p2 fo]

J.-p. Lv et al., PRD 109, 114003 (2024)
initial-state : nucleon spin fluct., glasma fields? final-state : meson fields, thermal-gluon fields?

-4
= Pb+Pb | | X10 T
TR 0.12} Z " BF xx 2z
10F  VaaN = 5.02 TeV = 0-2% a \
= a" OO 5k s T yy
= 38-40% a" 000 4 K %  abpy STAR exp.
— ] - .
= —02 00 02 _m ) ~ N
= 0 % --'OOOO S st .
= % 0.06f " o0 ~ .
-5 " ooo 2F S 4
5 ] OO . ~ @
o -~
a"00 W+ =l ]
—10 . | 208 0 = TR g P
P =0.032 mo® o “"Pbh+""Pb |Z|
50 B 129%0t129%0 0 . . .
—10 -5 0 5 10 0.00 ‘ ‘ , , 10 20 50
x (fm) 0 10 20 30 40 50
centrality (%) Vs (GeV)
X.-L. Sheng et al., arXiv:2508.03496 11

G. Giacalone, E. Speranza, arXiv: 2502.13102



Longitudinal A polarization (focused on pA)

m Longitudinal polarization from the corona of glasma (early hadronization) :

ik A(NZ —1)QAt /dZ (" Y Uy P X u structure
o~ c s plput — pru
161\-'14,\N§ep f dX - pfs DP\I 1 ,
( pu/Qs Q /E’p) 'pou/Q fl, f (p u/Q ) _ﬂ'(p u)? /|9Ea|_
0.015[
0.004}

glasma (Qs=1.5 GeV)
= glasma (Qs=2 GeV)

¢ =mn/4
Yp =0

0.002}
. 0.000

0.010f

—————
4“
-

[

-0.002 ="~ glasma (Qs=1.5 GeV) 0.005}
— glasma (Qs=2 GeV)
-0.004}
O 0.000L - - - )
weak initial anisotropic flow 00 05 10 15 20 25 30 0 1 2 3 4
p pr(GeV)

from pressure gradient
H. Sung, B. Muller, DY, arXiv: 2507.23210

v’ consistent sign & comparable order of magnitude

with observations
For smaller systems & high pT

For larger systems & low pT

NGLPéL + NQGPPéGP

< Fullpol.: pz —

Ng

L + Nqap

(Psin[2(- )]} (%)

06

0.4

0.2

- CMS
Fnp <24

+ 1855 N e <250 |
W G0N <120 -
4 3<N™<60

a, =0.750+ 0.009 7
0. =-0758+ 0.010 -

12



Conclusions & outlook

L Conclusions :

v Initial-state effects such as glasma fields could play a significant role on local
spin polarization and spin alignment, while there exist competing final-state
effects.

v The size and energy dependence of collision systems may be helpful to
disentangle the competing effects.

v New observables like longitudinal spin alignment & spin-spin correlations of
hyperons will be also useful.

O Outlook :
» More sophisticated modeling & simulations are needed.
e.g., more accurate estimation on spin relaxation in QGP

» (Collective) spin transport for heavy quarks : more sensitive to the initial-state
effects.

13



Thank you!
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QKT for relativistic massive fermions

m  Quantum kinetic theory (QKT) : tracking the spin evolution in phase space
Review : Y. Hidaka S. Pu, Q, Wang, DY, PPNP 127, 103989 (2022)
m Axial kinetic theory (AKT) : scalar/axial-vector kinetic egs. (SKE/AKE)
> SKE . p ] AfV _ C[fV} AM — a‘u + €F Mal/ K. Hattori, Y. Hidaka, DY, PRD 100 (2019), 096011
Ll 3 17 p .

DY, K. Hattori, Y. Hidaka, JHEP 20, 070 (2020)

standard Boltzmann (Vlasov) eq.

~ ~ ﬁ Voo : NG r < ~. h ) ol
» AKE: p-Aa” +eF"Ma, — -t pﬂ(aﬁeFi‘f’}’/)dﬁf"' = ql/zl\//a'u +eee _Elrwpg(]u(Aaz‘a",ﬁ))._f‘/’v
( a*(p, x): effective spin four vector) entangled f, & a*

2 2
AP — A<PR> _ A>np<
( /, : gradient corrections in phase space) AB =A"B" = A" B~
f d>-pJ5'(p.v)
2m [ d¥X - N(p.x)’
AF =27 (5(p2 —m?*)a" + hé' (p* — mz)eF“”p,,fv)

(dynamical) (non-dynamical)

O Spin alignment from quark coalescence :
KE for vector mesons : ¢ - df; z[e:()\, q)e. (N, q)CL (g, )]

(par o fy, A = 0,£1)

o) [dEx -aff@,X) -
) a0 X) + (0 %)+ T (@) ’ 15

q

O Spin pol. spectra:  pr(p) =

F;u(pﬂj) OC/deAH(p: ‘T)

guark-meson int. :

Ling = gpoy* V/,L (0
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Axial kinetic theory with color fields

m Incorporation of background color fields into Wigner functions and kinetic equations.

- lor m ition - _ s asa U. W. Heinz, Phys. Rev. Lett. 51, 351 (1983)
Colo dECO pOS tio O O I+O t H. T. Elze, M. Gyulassy, D. Vasak, Nucl. Phys. B276, 706 (1986).

€g. A(p.x)=A%(p.x)l + A*(p,x)t". fv(p,x)= fv(p,x)] + [{(p,x)t*
at(p,x) =a(p,x)l + (_L.a“(p.;}_.) Al

m  Kinetic equations : DY, JHEP 06, 140 (2022) .
d ca

‘ S a o S b —
SKEs: 1 (9,745 FL 00 01) = P (Op i+ B, 00 fir + S5 FL, 00 fi7) = Co
diffusion dynamical spin polanzatlon
) ~SIL q a v~ (L L avL ~a ﬁ L pa a n‘i'- (1 1
AKES . pl 0 '[ 2N ( E/pdp ! F ! I/) —l\? 6! ! ])f’(() qF)’u) V],)jfl” — Cé 3
bca
, - ~C f vpo a .‘"' °S apL
ppal)da.,u_l_q( p}:‘;tp(); a4 F(WH&T/) i ( pEf,oO; CfL Fb'/“&,;) ZI HVE p,)(() gFs )i pjf{f = Co,
Axial Wi Sy _ 1 ~sp h ﬁa;w 9 a.
xial Wigner = A*(p,r) = 5|7 AN Opw IN — m;,»( lep) )|
functions : p e po=¢p
a 1 ~all h ajfpr
A (p,a) = s—[a = SF (0,5 = LO,(F /)]
€p . Po=€p
dynamical (w/ memory effect) non-dynamical (w/o memory effect)
Spin
Jd2-pTr A* (p, x) B [dX - p A (p, x)

polarization: P*(p) =

2m [dX - p(2ep)~ 1 fy(p.x)  2m [dE - p(2ep)" 1 f3(p. x) 16
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Spin alignment from glasma

m  Generalized AKT with color fields : a"(p,x) = a**(p.x)] Ha""(p, =

DY, JHEP 06, 140 (2022 .

B. Mller, DY, PRD( 105,)L011901 (2022) (more dominant in the perturbative approach)

Dynamical spin polarization from glasma fields : A Kumar, B. Miller, DY, PRD 108, 016020 (2023)
5 suppressed

@ (p. ) v ke~ (TR (B (4)0, e t) -

4 N*Q o 1)
. ey . . 2 , 5 (* :
= Correlation of initial color magnetic fields : 9° (5" (2)B**(2))so=t ~ =
+'c
K. J. Golec-Biernat and M. Wusthoff, Phys. Rev. D 59, 014017 (1998)
P. Guerrero-Rodr’iguez and T. Lappi, Phys. Rev. D 104, 014011 (2021)

= Initial quark distribution function : f3 (ép.ti) = 1/(e?/ %= +1)

/

QZ
» spin correlation :  (P;P7) ~ 5 o—2(ts—t:) /g
TTLQTT?@

1 1
% Order-of-magnitude estimation (for ¢p) :  pgo ~ : —— < =
Qs~1~2GeV 3+ 10e2—t)/ = 3

glasma effect  relaxation effect

205(F)Ym4T -
% Heavy-quark approx. : m ~ (g 026( W)LTD lng> ~5fm/c = pog ~ 0.24
m

M. Hongo et al., JHEP 08, 263 (2022) (model dependent) 17
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Spin correlations from color fields

m  Spin density matrix can be directly related to Wigner functions of the
coalesced quark and antiquark through the quark-meson interaction.

+» Kinetic theory of vector mesons :
q-0fy = e\ @es(\ @) [Choy (@ 2) (1 + 1Y) = Chiila, ) £] A en (N @)en (A, @)Chiry (g, )

guark-meson int. :

I:> [)(]O(q) — | deX . Qf((jﬁ’(qu) ﬁ ¢ = (]37”\;“‘/ ’l-“‘"‘if‘
J S - alfi (@ X) + 1200 X0 + £2,(0. X)) goU Vi

_ 1= Tr(P(a/2)PY(a/2)) =0
3= imrys Trc< Oi(a/2)Pi(a/2))g=0
% Spin correlations in the non-relativistic limit :
L 4 [dEx - p({A%(p, X) A% (p, X)) + (.AC”’( .JX)AE”( p.X))/(2N,))
T.C P P ~ 9 49
re(Py(p)P;(p)) [dSx - pf,(p. X) f5.(p. X)

» Weak coupling : 7% % T (p. X)

q a
4-field correlations 2 field correlations é
2 a

4 —
08 g »
color singlet g2 color octet (Z’Jf‘ (p,Y)

A. Kumar, B. Miller, DY, PRD 107, 076025 (2023) A. Kumar, B. Miiller, DY, PRD 108, 016020 (2023)|8

X)

v %
A
Naip.S
L Py

- (p,
q
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Color fields from the glasma

m Solving linearized Yang-Mills egs. : [D,,, F"] = J¥

P. Guerrero-Rodrguez, T. Lappi, PRD 104, 014011 (2021)

m Color-field correlators in the glasma : evolution in time
AH
i aj r m m e
eg. (EY(X")EY(X")) = ¥ f f (wson) L < (X)X
LiguJ Lilw q
' _ X qnlm
(BE(X)BY(X")) = —N.emem f f O (w1, o) o T (X0 T (IXD),
| Ligu J Lilv q[
1\ c = § i\rc(i' T(‘? — 1),
Q;('lu-, v) = |Gi(uy, ULIGQ(UL-, M] F hi(uy. u)?lz(uL M)]]-,
5 T~ e
/ /d qL /dQ.uJ_e'iQL(X,U)L. unpolarized & linearly polarized
Liqu 27)2 Gluon distribution functions

m Golec-Biernat Wusthoff (GBW) distribution : K.J. Golec-Biernat and M. Wustho, PRD 59, 014017 (1998)

Q 0 QF (1 — e @ur—vi]?/4
(ug,vg) =Qug,vy) = FN2\ Q2 — v /4
19
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More on spin polarization from color fields

m Isochronous freeze-outin3+1D: 7 = /72 — 22 — 2

d¥ - p = drd®dnrv1 — €2 (G1 cosh(y, — ) + GQ)’ G =/ (m? + P77y

G = —(zp” +yp¥)
m  Manifestation of sin2¢ : when [p-u| < Q.
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| QGP case : when |p . ’u,‘ Z T = G, dominates H. Sung, B. Miiller, DY, arXiv: 2507.23210

single freeze-out thermal model at /svnv = 130 GeV

| — QGP (30-60%)
0.0010f ===== QGP (0-15%)
0.0005} —0.0005;
A 0.0000 Q
-0.0005¢ -0.0010¢
-0.0010¢
-0.0015F, . . . . . —0.0015-. .
0.0 0 5 10 15 20 25 3.0 0 1 2 3 4

¢ pr(GeV) 20



