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Stongly interacting QCD under new extreme conditions
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New QCD phase diagram: See YQ Zhao’s talk on Nov.25




Experiment results

ALICE, Phys. Rev. Lett. 131 (4) (2023) 042303.
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J /Y are preferably to be transversely polarized.

STAR, Nature 614 (7947) (2023) 244-248.
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Theoretical Methods
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|. Spin alighment

XL Sheng,YQ Zhao SW Li, F Becattini, DF Hou PRD 110 (2024) 056047

> S-matrix element(J/y = [+ and ¢ — [+1):

C. Gale and J. I. Kapusta, Nucl. Phys. B 357 (1991) 65-89

5, = / dxdy(f 10, ()G (x — y) I ()]}
where

J.  isthe current that couples to V.M. ;
]f, is the leptonic current

T(x) = gy (X)L (x)

» Propagators (vacuum):
" + p'p*/p°
p* +m3 £ imy T

G‘LI{\’I}A - =

2024/11/28 Light-Cone 2024:

> Retarded current-current correlation:
D(x.p) = [ 000N (). IO e
» Spectral function:

Qa[)’('xﬂ p) = _ImDa[)’(xﬂ p)

» Differential production rate:

%(1_%) 1+4m% 2

3(2x)° 2

n(x,p) = - p

PuPv
(1 + 25 ) G (el )CE ().
Y. Burnier, M. Laine, M. Vepsalainen,, JHEP 02 (2009) 008.
L. D. McLerran, T. Toimela, Phys. Rev. D 31 (1985) 545.
H. A. Weldon, Phys. Rev. D 42 (1990) 2384-2387.

Hadron Physics in the EIC era@Huizhou



Spin space

XL Sheng,YQ Zhao SW Li, F Becattini, DF Hou PRD 110 (2024) 056047

> Spectral function: > Dilepton production rate:

v *L ~ 2 2
0" (x’ p) - Z ’Uﬂ(ﬂa p)v (Afa p)QM’ (xa p) n(x, p) = —M (1 —%>
LA =0,£1 32y P
» Polarization vectors: - +4m; p2ng(x, )5,(x. p)
PP (7 + m)? + i
p-€ p-€
v (4, p) = ( MA € +M(a) +AM) P) » Spin alignment:
Orthonormality conditions:
Yy ) (x p) - fda) n()(X, p)
00\A> =
M (4, p)v™ (A, p) =0, D i—0+1 ) dony(x, p)

Completeness condition:

> v (4, p)v (4, p) = (" + p*p¥/ p?)
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Il. Correlation function from AdS/CFT

> AdS/CFT dictionary: » Two-point correlators
0 57 FZ g
Zorr[4] = Zgniy[A,) (9, 0) = D" & — 5 = —
0A, " 0Ay O0A, " 0Ay
where » Bulk mesonic action: T. Sakai, 8. Sugimoto, Prog. Theor. Phys.
o o 113 (2005) 843882.
Zorlal") = (exo{ [ ralax}), Stue = = [ XAEQ(OFy MY

T. Sakai, S. Sugimoto, Prog. Theor. Phys. 114
(2005) 1083-1118.

A.Karch, E. Katz, D. T. Son, M. A. Stephanov,
Phys. Rev. D 74(2006) 015005.

Z ravity|[A,) = eXp {—Shuic|A,] } > Equation of motion:

> Bulk geometry: Iu[Q(OFMN] =0

2 2
ds~ = gﬂydx”dx” + ggcdé“ Radial gauge condition: Ac: = ()

d4p

(2m)*

0<C <y Fourier transformation: A,(x,{) = / e”'"*A,(p,¢)
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Il. Correlation function in spin space

> Electric fields: D (p) = Tim ¢ O 5)5[0¢Aa(p, 9)

{=0 6A,(p.¢)

Aﬂ(p,O):O
Ei(pai:)E_pOAi(p’él)eriAO(p’é’) D pﬂpk 1 .
D*(p) = —11m0—] (g”k -— ) EagEk(jaPaC),
> Boundary condition: <=0 Po p
DK ) =1 (ﬂk P”pk)laf?(' ¢)
?B&Ei(j,}?aé') = 0j (P ~ =o\? P N S
» Equation of motion : » Ward identity:
0:0()g**] p? gy — Up —
OZE;(p.{) +W 0:E:(p.¢)] _FEI'(p7€) puD _p;uD =0
— : - d-g" )|0-A,(p, =0,
+ (=P0oGiu + Pi90u)(0:9 ) [0:A, (P O] > Spectral function:
> Correlation function: - y
— pv
D.T. Son and A. O. Starinets, JHEP 09 (2002) 042 01.(P) Vu (4, p)v, (4, p)ImD**(p)
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The spectral function of heavy vector mesons

Mamani , Hou, Braga, PRD 105, 126020 (2022)
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Yan-Qing Zhao, Defu Hou, Eur.Phys.J.C 82 (2022) 12, 1102+ e-Print: 2108.08479




[1l. J/y and ¢ mesons in hot plasma

Motion of J /¢y relative to a thermal background breaks symmetry
between longitudinally polarized state and transversely polarized state

Spectral function

12, —— 2.5
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At zero .nomentum, spectral functions for all spin states are degenerate because of the rotation symmetry.

XL Sheng,YQ Zhao SW Li, F Becattini, DF Hou PRD 110 (2024) 056047
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Spin alignment in the helicity frame

XL Sheng,YQ Zhao SW Li, F Becattini, DF Hou PRD 110 (2024) 056047
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A positive deviation from1/3, corresponding to a A negative deviation from 1/3, absolute value becomes larger at larger |p|.

negative 15 parameter.

pf,‘o atT = 0.1 GeV has a nonmonotonic dependence to |p]|.
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Global Spin alignment of J/1Y and ¢

pr =2 GeV, T = 150 MeV

-0.02¢

004}
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at center rapidity Y = 0, the spin alignment shows a negative deviation from
1/3 when ¢ = 0, then increases with ¢ and reaches the maximum value at
@ = 1t/2,whichis larger than 1/3.

atY =0, Pgo is larger than 1/3 at ¢ = 0 and decreases to a
minimum value at ¢ = /2, which is smaller than 1/3.

At a more forward rapidity Y = 1, the spin alignment is always smaller than 1/3. U2 1S Y = LR & B2 Sillil GEIMpEIE: 1D REiB el = U

16



Global Spin alignment

0.01F

Y

Ooo—1/3

Pgo increases with increasing pr. Pgo <1/3whenY < 0.5.

y .y
For all cases, pj > 1/3 at center rapidity and decreases to a Absolute values for deviations from 1/3 become larger at larger p;, whose

negative value at a larger rapidity. We can naturally expect that magnitude can be as large as 0(10—2)' which is the same magnitude as
Poo < 1/3 in a more forward rapidity region 2.5 <Y < 4 those observed in STAR experiments.
qualitatively agrees with the ALICE experiment.
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IV. J /13 meson in magnetized plasma

Yan-Qing Zhao ,Xin-Li Sheng ,Si-Wen Li DF Hou , JHEPOS8 (2024)070

> Action: 12 > Hawking temperature:
5 12 4 _ 2
N, I'=s—|——3
Si= 15 [d'a ]0 dCQC)Tx (F7 + FR) , G 316
» Magnetic field constraint conditions

» Holographic background metric: 3 1.6 1.96

eB 316 oy 196
2 <Vig R

5 L . . : d¢?
ds® = ] (—f(C)a’tz + hp(¢)(da? + dy?) + hp(C)d2? + m) .

C4 2 PJBZ C

=1- —I— In > + O(e*BY),
0 =1-5+ 258 s s ot
48232 4 ¢/Ch y3lny 44
hT(C)=1—§ﬁ.h/) l_y4dy+0(€ B7),
8 Psz /S y3lny dod
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Yan-Qing Zhao ,Xin-Li Sheng ,Si-Wen Li DF Hou, JHEP08 (2024)070

- Magnetic field parallel to momentum = 5 G

> Spectral Function:l
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» Magnetic field parallel to momentum
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0.00—="---=
> Spin aIngnment:l _0_05;_ ____________
\, = L300 T o 010 eaagprr T
1 - —
+ poo ~0.15] mp=0
[ . —— T=015GeV mp=5GeV -
—0.20; mp=10GeV:
High T->monotonic ; _0.25t- s-ns- T=02Gev TP=V5C
. ' 8.0 02 04 06 08 1.0
Low T > non-monotonlc.l eB (GeV2)
0.05, . . : .
— T=015GeV L.... ----- T=02GeV
0.00; e S
To -o.osé- . ____________ g
W eB=032GeV? N\ 0 1 el TTmeeeeaaeeeeed
_0'10;" M eB=0.64 GeV? T Feswaesseestil]
—0.15¢: B eB=0.96 GeV? (@) 1 (b)
0 2 4 6 0 2 4 6 8 10
p (GeV) p (GeV)



~ Magnetic field perpendicular to momentum

> Spectral Function:|

T = 0.2 GeV

—— p=5GeV MeB=032GeV’-
0.005p\-"-"-" p=10GeV M eB =0.64 GeVz-:
W eB = 0.96 GeV? ]
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~ Magnetic field perpendicular to momentum Yan-Qing Zhao , Xin-Li Sheng , Si-Wen Li DF Hou, JHEPOS (2024)070

» Spin alignment:l

0,05
I 0.00} 000
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| ot 'z, 0,004

201 B
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the direction of magnetic field does not affect the qualitative behavior for the B-dependence of )\?.

2024/11/28 Light-Cone 2024: Hadron Physics in the EIC era@Huizhou 23



Magnetic field perpendicular to momentum _
g p—(p,0,0)

> Spin alignment:l
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Application to heavy-ion collisions

» magnetic field along the y-direction,

| T =0.15 GeV D= (pTCOS%pT sing, /M2 + g2 sinh(Y))

» Spin alignment: angular distribution of the dacay productsl

|
| W (0%, ") x 37 (1 + Ageos®0* + A, sin® 6% cos 2¢* + Ag,, sin 20* cos *
7
+A, SIn“ 6" sin + Ap, SIn 20° sin
I A sin” 0% sin 20" + Az, sin 26" sin ¢*
I /\9 _ 1 — 3p00 N — 2Rep1,—1 Ao — \/§Re(p01 — p0,_1)
| 1+ poo T 14peo ] ’ 1+ poo ’
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Yan—Qing Zhao , Xin—Li Sheng , Si—Wen Li

DF Hou, JHEPO8 (2024)070

v v v L Ll v p o v 1 Ll v Ad
: ‘ Collins—Soper frame} T Event Plane
2 : ;
: e XX TT TP
| f
02% Y=0B=02GeV? ! Y=0,B=04GeV? 5
-+ C L Y=1,B=02GeV? } = -.... Y=1,B=04GeV? 1} ]
0.1} ¥ . 2 :
> . - b r _— Pt >
- [ - < 1 b ¢ < o ; S —— :
0.0} * * 1 g i = 1 s s —————
[ h h & 1 1 :
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0.2} i
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For the helicity frame and the Collins-Soper frame, we find that the Ay parameter is dominant
when measuring along the event plane direction, all three parameters A5,

ALY, and ApY are of the same order.

ALICE Collaboration, S. Acharyaetal., Phys.
Rev.Lett. 131 no.4,(2023) 042303



V Summary

» We develop a general framework for spin alignment p00 for vector mesons by gauge/gravity duality.

» The spin alignment can be purely induced by the motion of vector meson relative to the background.

» The holographic prediction shows that J /3 and ¢ have opposite behaviours. J/P(¢) are preferably to be
transversely(longitudinally) polarized.

» The meson’s spin alignment is a non-perturbative property in the strongly interacting matter.
» Magnetic field induces Ag > 0 when the meson’s p is very small, while Ag < 0 when p is large enough.

» show qualitative agreement with experimental data for A9 and 4, in the helicity and Collins-Soper frames.

> significant differences between our results for Ag(p and 25" with experiments .
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Thank you all very much !
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Global spin polarization: Experiments

First measurement of A polarization by STAR@ RHIC

Beam-beam

STAR, Nature 548,62 (2017)

counter J § Au+Au 20-50% |

~ 8 ¥ A this study —

T @ A this study |

Beam-beam ‘eﬂ +¥r A PRC76 024915 (2007)

eieIrter 6~ O A PRC76 024915 (2007) |

Quark-gluon |

plasma 4 —

Forward-going I |

beam fragment 2 %ﬂ $ $ .

AT ﬁ

Liang, Wang, PRL(2005) I L |2 L]
Betz, Gyaulassy, Torrieri, PRC (2007 10 10

Becattini, Piccinini, Rizzo, PRC (2008)
Becattini et al, Annals Phys (2013)
Becattini, Karpenko, Lisa, Upsal, Voloshin, PRC (2017)

Vorticity interpretation of global A polarization works well!



e Spin alignment for a vector meson (J¥ = 17) o) K*0 J/Y
is 00-element pg, of its ©) ) ©)

normalized spin density matrix, S @D ©

probability of spin-0 state

[ P+1,+41 P+1,0 P+1,—1 1 1
Prs = £0,+1 P00 £0,—1 = -+ =F3; +T5;3;;
3 2
P—1,+1 P—-1.0 P—-1,—1 \L \
Vector polarization Tensor polarization
(3 components, (5 components,
® Measured through polar not measurable) measurable)

angle distribution of decay products

| proceses | Exampies | Polar angle dlstrbution WO) | comiien

0 + —
Strong K* —> K +7 % |:1 — L£00 — (3p00 — ].) C(:)S2 9] OAM
p-wave decay ¢ > K"+ K"
llEEion J/Y = ut +pu” % [1 + poo + (1 — 3poo) cos? 9] Spin

decay

K. Schilling, P. Seyboth, G. E. Wolf, NPB 15, 397 (1970) [Erratum-ibid. B 18, 332 (1970)].
P. Faccioli, C. Lourenco, J. Seixas, H. K. Wohri, EPJC 69, 657-673 (2010)
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Theoretical Methods

Theoretical approaches

|

-

<Coalescence model with spin >
Quark/antiquark polarized by
external field

Non-equilibrium process described
by kinetic theory
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