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Introdution on

1 ¢ meson’s

spin alignment
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Relativistic heavy-ion collision

QGP and hadronic phase
initial state hydrodynamic expansion and freeze-out

- Global angular v icity field
———momentum (-~ — )

-

Z.-T. Liang and X.-N. Wang, Phys. Rev. Lett. 94, 102301 (2005).
Z.-1. Liang and X.-N. Wang, Phys. Lett. B 629, 20 (2005).
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Global spin polarization of hyperon
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Weak decay: - +

Beam-beam
counter i
\ JS S

Beam-beam
counter

Quark—gluon
plasma

Forward-going
beam fragment

Daughter proton (antiproton)’s angle
distribution in ’s rest frame:

dN 1
= — (14 ay|Py|cos 0*
d cos 0~ 2( H| H| )

> Serves as an important probe of the system's angular momentum
and vorticity dynamics in heavy-ion collisions.
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Global spin alignment of meson
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> The spin alignment of meson is above

1/3, while the spin alignment of 9 is

consistent with 1/3.

Spin density matrix of vector meson

( =1):

117 O 0
- .= 0 Tq 0
0O 0 "1

: the number density of particles in
spin state A

Spin alignment

00 — —

> The 00-element (g of its normalized
spin density matrix

> The probability of mesons in the spin-
0 states

P4 Wiap BN 011\,115, L. Jlivd, Y. VVuLlé, 1I'iN1J 1VY1, VJUUUJ \AUAU}, LINLJ 1YVI, VI T TUI \LUAA}

O LN, LNAtlul e, Ul—r\/,/—r/).A—r—r*A—ro, LVULD.
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Meson’s motion leads to energy splitting

e Different resistence: Z

r
- - + Power: P= .7
. o w - * Different applied power:  #
(2)

Disc in water flow Mesons pass through
r QGP
S I\ mr— Reference system Rest frame of meson
. U - Moving QGP
Moving water flow  background relative to
(b) meson

Direction of rotation :
Spin state of mesons

Disc in water flow. (a) and (b) represents that axis
the rotation axis is parallel and perpendicular to Different applied .
the flow direction, respectively. power Different energy

>Motion leads to mesons in different spin states having different energy.
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Energy splitting may lead to spin alignment

The vector meson’s mass
will depend on its spin.

Meson’s motion break
the rotation symmetry

Diagonal spin density matrix of meson in bound state:

1
exp( /)—1
Mean value of of mesons under different spin states:
- 1
-3
=0,+1
_ — A
0— + +1 — _ PX

@ Non-trivial
spin alignment

0 1 A 1 A 2
+0 -—

Spin alignment of vector meson:

+ _
1+ o+ 1 3 3 exp( of )—1

00
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Relating K* K~

pair production
. to ¢ meson’s

properties
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How to measure meson?

' 1q_s ! I |
- a)¢ Breit-Wigner distirbution:
0.6~ Au+Au 27 GeV & 20-60% -
| lyl<1.0&1.2<p_<1.8GeV/c L
o A f(E) =
T - — BW-res. bkg. @ (E? — M?)2 + M2T?2
&) 047 .- res. bkg. ) /3
24/2 MT
= - =, 7=y /M2 4T
o my/ M? +
¢(1020) DECAY MODES
Scale factor/
Mode Fraction (T';/T) Confidence level
 KTK— (499 +05 )% S=15
h, KYKS (336 +0.4 )% S=13
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How to extract ?

B )
Pk L y 05
o Nuclear 0.0~
o _' b J fragments ol
® meson f. 0s
\ ﬁK- o.o"l
; b
ﬁK* .
9* x 0.5
K*0 mesoni. 00 < 1/ 3
,é/ Nuclear R e R
> fi t n '// N / |
Pr eameme yid) "~ Mesonstendto; ' Mesons tend to
- beinthe spin- | | be in the spin-
- 0 state ) ’
SR - u : ; . T 1 state. ;
Angular distribution of daughter particles’s S y AR

momenta in the mother meson’s rest frame:

3 atur - 44—
_° . . 2 STAR, Nature 0614(7947): 244-248, 2023.
- 4 [1 oot (3 00 1)COS ] Chen J, Liang 21, Ma Y G, Wang Q, Sci.Bull. 68

CoS

(2023), 874-877.
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— pairs production through meson decay

S-matrix element for scattering from an initial state i to a final state f witha * ~
pair:
4 4 v K .
Spi= [t [y KK 0D o — ) IE @)
J K_
I/,
¢ Lo
s x Kt
QGP 7”
S
Kaon’s current:
]d4$1fd xo " (1) TV (x5 21, 22)p(22)
Applying () to the state By =\\/pi+ My
(KK @) = ——= / O e
Y oVIELE]) (2m)i” .
v
C. Gale, J. I. Kapusta , Nucl.Phys.B 357 (1991), ___ S
65-89, Nucl.Phys.B 357 (1991), 65-89. Ty (q; p1, p2) = (2m)*0W (g + p1 + p2) T3 (p1, p2)

arXiv:2503.23919v1 [hep-ph] .
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— pairs production through meson decay

The transition probability per unit space time volume:

_ 1 \Sfi\z o d3P+ dBP— —ipy /i T _
Rp= Jim BHe = [ i e [ e T, /D) ) U (2 i

X DR (P (s p-) | DI ()T (- )} ,

Production rate of

Total energy: || Total momentum:
Z B 1

!

: d3p+ d? P- Tvac % rvac
= —2 (2n)P2E, (QW)SQE_nB(w)Fﬂ (P, ) " ()T (P, p—)

Spectral function of meson:

P (p) = = | DRt @) [I0IT5 (9)] DY ()
Retarded current-current correlator:
I, (p) = _i/d4y 0y )e Y ([Ju(y), J,(0)])
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Relating the production rate to spin alignmnet

The momentum integral in the rest frame of = ~: jf 6 = Vw? —p?
7

1 AMZ
Ppid’p. = -E,E_,|1— K d4p sin 0*dO* do*

2

Differential production rate:

d?’LK+K— 1 4M?( SR y -
d*p d cos 6% do* - "~ 4(2m)6 1- ]\/jd% np(w) U7 (py, p- )" (0)T (P4, p-)

Project the spectral function into spin space

P (p)=— > e (Ap)e” (N, p)on(p)

A=0,%+1 pp”
. .. (A, p)e” (A p) = —g" +—;
Spin polarization vectors: A=0, £1 P
P €\ P €\
“(Ap) = ;€N T
“d2) ( Mg " My(w + M¢)p)
The spectral function can be decomposed into longitudinal and transverse | b
components as €= A (\P\a w‘?)
v v v _ PP v
P (p) = —ex(P)er(p)pL(p) + [9“ - T en (P)enr (p)] pr(p)
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Relating the production rate to spin alignmnet

The differential production rate experssed with  and

dng+ k- 1 4Mz R 2
d*pdcos0*dp*  4(2m)S mnﬂ(“) IGH(p)F,u (P+»P—)‘ loL(p) — pr(p)]

vac * rvac Qv p,upy
~I e (py, p )T (P10 ) | 9" — ;- pr(p) ¢

The effective three meson vertex in vacuum:
C(py,p-) = qul T (pr,p-) + 0I5 (040 )
Pu€(p) =0, pu(g" —p'p"/p*) =0
Final differential production rate:

dn g+ i -
iy ; -t o & g€z (P)]” [Pz (p) = pr(p)] — ¢*pr(p)

Spin alignment: pL(P)
poo(p) =
p(p) + 2 pr(p)
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Properties of

X Chiral symmetry
- G x ) - @)

- 7 #0 - pion/kaon

X No quark confinement

- Free quark states exist

I Non-Renormalizable

- Requires a truncation scheme
3D hardcut, Pauli-Villars,...

- Coupling constant G fitted to light
meson masses

( ) NJL model

X Effective Low-Energy Model
of QCD

- Tree-level QCD NJL via
integrating out gluons

- Approximates gluon exchange
with local 4-fermion interaction

-~ X

contract
Iinteraction
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Lagrangian density of ( ) NJL model

Lagrangian density : scalar interaction
B y
L =(i7,0" —m)p +Gs D |(BAar)? + (Birsat))?]

_____ a=0_

_________________________________________________________

Lagrangian density under the Mean Field Approximation:

Lyp = Z @f(ify“(’)“ — M)y — 2Gs Z JJ% +4K 0,040
f=u.d,s f=u.d,s

Chiral condensate: =

.
Dynamic quark mass: My =my —4Ggsoy + 2K I | g
f#f
. V\Jbl ali\u Yv. VV\zlo\z,ll\Jb.LuAL. LVMVI.IIIJJ. Ar/) 1A JJ \l//l}-
A 1Aalouuuca ailiu 4. lxulllllll\_l) 8 llJ e l\\;l_]l{. P4 v L) et bt A \l S /‘r}.
Y. l_l\zlllul\/l’ AN. Ao, JLlll\;’ AllI\U U. J. lVl\zlJJll\/l, 1NYuUuvili. 1 ll] De AJ J\JU’ I JJI \l /UU/.

. INLLLIL, dVE. 1. dVL. L/Uls, U. VUL, dliU V. yyulobv, INuLl. L 1lyoS. A J1YV, T/ \(1 77V ).
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Kaon and quark-meson coupling -

Random phase approximation:

— H
D (ko, k) = %] = Koq

L—AGHIE (ko F) G =Gs— =04
Kaon’s self-energy:
p—Kk
d*p ~ ~
: 5= —iN. | =7 T | S(p+ k)155(p)s )
(2m)
P
. _ 1l . (ko,0)
Quark-meson coupling: x5 = 5
Ok
kBeSt:MK
P. Rehberg, S.P. Klevansky, J. Hufner, Rev.C 53 (1996), 410-429.
S.P. Klevansky, Rev.Mod.Phys. 64 (1992), 649-708.
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Quark mass, kaon mass and

0.6 ———————— s
3D hardcut 0 5; """""""""""""
{ , ., }={5555140.7} MeV 045 )
A = 0.6023 MeV >
Q 0.3F
= 5.058 GeV 2 :
= 02}
K= 1559 GeV > :
0.1}
| = —20113Gev2 ;
ol
ehberg, S. P. Klevansky, and J 0.00
0.55 —— s
—_— = O 55 [
0.54} Pl
..... Ip| = 0.5 GeV 5.0
?)': O88F  ceamsens Ip| = 1 GeV o 45
[ X
= ] B2k D 4.0f
s | —— Ip|=0
0.51} 3.5F ... Ip| = 0.5 GeV
0_50:. . (a) SO0F  covenen p| =1 GeV
............................. 5 PN EEPEEEEPE BRI SRR SRR I SR SR
0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
T (GeV) T (GeV)
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Triangle graph
Effective three-meson vertex:

f’“(p.,.,p_) = - chuS(p-l—)gKUS(p—)/

x 7°Su(k — p-)7°S, (k)]

-

d*k
(2m)*

Tr [fy“gs(k — P+ — p—)

+ —— P pausla(py,p-) ~ +T -
Simplified three-meson vertex : = ++ _

TH(py,p-) = (P — P )T1(p4,p-) = (! — p" )Ton(My, |P|)

L.D. 11V, J. L1ULLIVL, O.d . INIUVALISA Y, 1. INCIIULL &, LNULL L ALYy S. A VIV LSS0 ), [ 177 [T,
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Triangle graph

A S —— ——o! = 0115 (aq)
'3'05' """"""""""" T =0.145
_35- ’ \\ ]
L (M, Ip) (GeV) L% e
45 (1.00, 0) T.= 0.161;
----- (1.02, 0) S
-5.0
-------- (1.04, 0)
~5.5 : :
0.06 008 0.10 0.12 0.14 0.16
T (GeV)

...................

0.10

0.12

If the temperature is high enough, we will have / 2+ 2<2 , thekaon

loop does not contribute to the imaginary part of ¢ meson’s self energy.
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meson ‘s self-energy

Dyson-Schwinger equation:

=4 O+ [ ()0 O

()=

+ & // /) / punnnnnan

L]
£ :
full propagator 3 .y
four-fermion vertex meson’s self-energy

Meson’s self-energy: . : :
&Y Next-to-leading order in 1/  expansion

tot( ) = q—loop( )+[ K—Ioop( )+ K-tadg )]

_____________________

1
1
1
v : |

(a) (o) (c) (d)

L.D. 11C, J. 1Julict, o.r. INICVallSKy, I'. NCHUCL g, INUCLITILYS.A VOV \LTJT0), /1T7=-174.
vi. UCLLWCL, 1vl. DUUdlla, allu J. vvdlloaclil, INUClL, rilys. A O /0, 25/ (&£UUVU).
vi. UCLLCL, 1vl. DUbdlla, allud J. vvdllloaCll, ©llys. ALVl INUCL, 05, U706 (&LUU L ).

vi. UCILWCL, 1vl. DUbdlla, dalld J. vvdlllvaCll, riys. LCw. b =/ /, /1 \&UUU).
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meson ‘s self-energy

Quark loop contribution(LO):

q—Ioop( ) —

Kaon loop contribution(NLO):

k-loop y —_ 2 (- - == ()

Approximate kaon-loop contribtion:
i 2 - )2 -

)

K—Ioop( ) ——8 on( , ) 2

L.b). 11L, J. LA1ULLIVL, DL INIUVALISA Y, 1. INVIHIULVL 5, LNULL L 1LY DA UJV L7 70 )y I L I T4
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C

£

meson ‘s self-energy

Kaon tadpole contribition(NLO):

K—tad( ) S

2

K—Ioop( )

Decompose the self-energy into longitidinal mode and transverse mode:

0.00F
_0.01f
_0.02}
_0.03}

~-0.04}

2025-6-4

_ 2
tot( ) =~ O+ = /°+ ) ()
(T, Ip]) (GeV) (b) A
(0.1,1) ===-- (0.15, 1)
(0.1,2) oo (0.15, 2) :
1.02 1.03 1.04 1.00 1.I01 1.62 1.63 1.04
M, (GeV) M, (GeV)
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Invariant mass spectrum

Longitidinal / Transverse polarized propagator of meson:
4Gy
D p) = =
L/7(p) 1+ 4Gy I (p)

Spectral functions for longitudinally and transversely polarized modes

AGy ?
pL/T(p) 1+4G\/Ht0t( ) ImHEO/tT( )

vac

Invariant mass spectrum of * 7 pair :

dTLK+K— 3/2
Fva,c M
dﬂ/qu X qu (Md’ 4MK Vd.C) ‘ ( flf?)‘ p(p)

x107*

4F O STARdata

— NJL model

dnK+ K—/dMK+ K~
N w

N
T

1.03 1.04

1.00 1.01 1.02 1.03 1.04 1.0 1.01 1.02
Mg+ k- (GeV)

[© 20 Wi \l\, AV“LLI[\.«, Ul_l'\I /_l'I}.I—-_r_r Lt_rU’ et \J i T &
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Numerical result for meson’s spin alignment
Spin alignment
_ | 2 [y My (p)
Poo(P) — 3= Moo
3 [y dMy [3fr(p) + 6f(p)]

Auxiliary function:

(F8) = Znasd - Mg o2 o) (|, o7@ )

T w

pr(p) — pr(p)
<0°
Of— ' : :
-1 _ “‘ . .~
o |
T -2 \
é [ A ) ’
-3} o T =005GeV]
f L A T =0.10 GeV
o T=0.15GeV]
0.0 0.5 1.0 1.5 2.0
Ipl (GeV)
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Summary

Key Findings
X Derived analytical expression for differential K K production rate.

I At zero temperature, the invariant mass spectrum agrees with the
experimental data observed in experiments.

I Mass spectrum of * ~ pair is nearly temperature-independent
for T < 0.1 GeV, but quark coalescence broadens it significantly at
higher T (disagreeing with data).

I Kaon loop corrections in self-energy open physical decay channels,
giving meson a finite width.

Implication

I Provides quantitative description of meson behavior in QCD matter.
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