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RHIC energies, species combinations and luminosities (Run-1 to 22)
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Center-of-mass energy \sxn/GeV (scale not linear)
1 RHIC B AT R R Fh 2 | R BE R A 52 B ST (1t RHIC XHE ML AN E #3781 1 3243

Fig. 1. RHIC operation collision species, beam energy and luminosity (courtesy of RHIC CAD).

# 1 1999—2020 4FLLE STAR AT RS L RFRINE R, W5 T BR3EEGEIEFSN EE ok 22k EE B
Table 1.

List of STAR detector subsystems and upgrades from 1999 to 2020+ with major contributions from funding
sources other than DOE.

Detector Primary functions DOE+(in-kind) Year
TPC+Trigger [n] < 1 tracking 1999—
Barrel EMC In| < 1 jets/v/n%/e 2004—

FTPC Forward tracking (Germany) 2002—2012

L3 Online display (Germany) 2000—2012
SVT/SSD V0/charm (France) 2004—2007

PMD Forward photons (India) 2003—2011

EEMC 1 <n<2jets/n%/e (NSF) 2005—
Roman Pots Diffractive 2009—

TOF PID (China) 2009

FMS/Preshower 25 <n<42 (Russia) 2008—2017
DAQ1000 x10 DAQ rate 2008—

HLT Online tracking (China/Germany) 2012—

FGT L<p<2 W* 20122013

GMT TPC calibration 2012—
HFT/SSD Open charm (France/UIC) 2014—2016

MTD Muon ID (China/India) 2014—
EPD Event plane (China) 2018—
RHICS n>5n’ (Japan) 2017
iTPC |n| < 1.5 tracking (China) 2019—
eTOF -2 <n<-1PID (Germany/China) 2019—
FCS 2.5 < n < 4 calorimeter (NSF) 2021—
FTS 2.5 < 1) < 4 tracking (NCKU/SDU) 2021—
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Fig. 2. Global polarization measurements from RHIC-STAR
based on the data collected in early period of RHIC opera-
tion®. The filled and open markers represent the measure-
ments from 200 GeV and 62.4 GeV Au+Au collisions, re-

spectively.
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Fig. 3. Spin alignment measurements of vector mesons from
RHIC-STAR based on the data collected in early period of
RHIC operation!?.

T AR AL N B A 1 F BEHES I
X5 S AR T A I R X, PR LIS Y 10 4
o, SRR B 2R AT — B AR A T TR R . (1
JE, HTE R DL S B R 2, e
WAL B YI 5

TSGR A 10 AFrpr 3 R 178 52 560 75 31
T, 1555 THEERTHECE L TOF 480 25w
TR 52, W25 RHIC 529 e 4 — 13 %)
(Beam Energy Scan Phase 1) %04 >R 5 56 1,
STAR GAEAT 2017 FFEAESE AL T T4k
WAk (ANIE 4 FioR). SERGE5 AR R dst i SCas K 6
CHSR) 24k B0 25 oR ) 78 B AR 0 i fE
TR AR AR5 T B

UL, STAR & 1F 41 fie 38 s 0 B 2R &
2023 4F 1 A &R (AR ) F4EmM K BN T AE
HEZII & L A& 5 BT LA, 7E o4+ w2
TKRT 1/3 WIEES. STAR HEATEZ LI i
T EZTTER. VR EN T HIEHES I G 5 R
P F 2z —, TR 10 XX 0k B AT T
TEANMRRE. [RIR), 2018 4F STAR HEMS 55
FHHPEREN S (EPD) FARETE T 2.1 < |n] < 5.1
I L T B, 7E 27 GeV 4 K% -4 K 0 B0 1Y
T B e rh R T EEAEH.

T 2R AL AR AL, AR A R 5 A A B
FRAR A IR, JEAF SR B L PR BE R i g ik
BRI E 1. i EE it sy 27, 54.4 A1 200 GeV 4
Wi X RG24 S R, PR R Ak b % R
TRAE R A R B N AR # . [FIR, RHIC AN

112401-3



¥ 12 % Acta Phys. Sin

. Vol. 72, No. 11 (2023) 112401

LHC SE9e 3 K BL 18 RGI7 [0 B AE 78, Bl
SRy A, SRR A S R A A 3 2

p;’ Py
A

Forward-going
beam fragment

(a)

Beam-beam

Quark-gluon
plasma

st
6 F
Beam-beam
counter
4

L= R AL ARG, EoR AT /N AR
NSRS B S BT VIR T

(b)

[\

_+“&$$$ |
4

10t

102
\ SNN/GEV

W&

[ 4 RHIC-STAR bR IUE T RMMAL R4 2R 0, AL 5 EORE0 AR A S A, 20 FE STAR R RYI 2521
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SPECIAL TOPIC—Spin and chiral effects in high energy heavy ion collisions

Global polarization of hyperons and spin alignment of
vector mesons in quark matters”

Ruan Li-Juan?  Xu Zhang-Bu®’ Yang Chi??

1) (Department of Physics, Brookhaven National Laboratory, Upton 11973, USA)
2) (Key Laboratory of Particle Physics and Particle Irradiation (MOE), Institute of
Frontier and Interdisciplinary Science, Shandong University, Qingdao 266237, China)

( Received 31 March 2023; revised manuscript received 1 May 2023 )
Abstract

Relativistic heavy ion collider (RHIC) as a dedicated nuclear facility has made a few major discoveries in
physics. This year marks the 30th year STAR Collaboration formation and the 23th year of STAR detector
operation and data collection at RHIC. In the last two decades, STAR has collected many datasets, exhibiting
scientific versatility and flexibility of the RHIC facility. The total dataset in the first year is less than 1 million
good events, and currently there are about 1 billion events per dataset.

The Global Hyperon Polarization was proposed in 2004. This immediately prompted the STAR
Collaboration to search for this phenomenon from the early datasets. The null results were presented at Quark
Matter Conference in Shanghai in 2006 and subsequently published. Although there were peripheral and
continuous efforts in the following decade, no positive result has been observed experimentally. This situation
changed in the following decade with the upgrade of high data rate and time-of-flight (TOF) detector and the
progress of the Beam Energy Scan Phase I (BES-I). The experimental discoveries of the global polarization of
hyperons in 2017 and the spin alignment of vector mesons in 2023 at RHIC-STAR confirm the theory which
was established nearly twenty years ago. The theory and these measurements open the way to studying the
properties of the hot and dense nuclear matter created in high-energy heavy ion collisions from a new degree of
freedom, spin.

We briefly review these discoveries from the proposals of theory to the experimental measurements, and
summarize the related measurements at the existing facilities and the theoretical explanations to the original
proposal. The basic understanding and the original proposal are still valid and fundamental, that is, the angular
momentum of system can transform into a spin effect observable in experiment. However, it appears that in
each case a new model is needed to explain the new experimental observation. We need a more basic theory to
help us unify all these spin related phenomena.

Over the past five years, STAR has successfully installed 3 new detectors and we have begun to see the
physical analysis results from datasets with those new functions. What makes the STAR detector viable after 20
years of operation is its continuous evolution through successful upgrades, with new scientific programs added
year by year. The next big thing is to forward upgrade a tracking system (3 layers of silicon strips and 4 layers
of STGC chambers) and a calorimetry system (electromagnetic and hadronic calorimeters). In addition to
studying the spin structure of protons by using the polarized proton beams at RHIC, the upgrades also provide
a unique ability to investigate the origin of A Global Polarization as a function of rapidity and rapidity
(de-)correlations in Au+Au collisions.

Keywords: relativistic heavy ion collider, STAR, global hyperon polarization, spin alignment of vector mesons
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LE. BHEE TR B 1 5 FAEHA
e EAE R FRRI B 5EEKEX

F AR

(T EREBET AU BT, & 5B LG, 22H 730000)

(2022 4F 12 J1 30 AY®]; 2023 4F 3 H 12 AYEMENR)

G0 T AHXT 6 T B R S A A A S UL () S B A ST R, R AR SR S R Pk T
H it 5 HzZ shnd o 758, i £ a8y 81 7151 & 19 A BERLN (shear-induced polarization, SIP), LA K& 3%
P2 P N B AE [ FERFSE T AR T . A T3S T SIP R%8 LA K HiAth [ g AE B 6 B ALY 7E T B T R4 S0 0

AT RELS 5, FEXT Rk A Al T R B

KR BrOsh ek, A
PACS: 12.38Mh

pai(1%

1 3

TP 53 W0 i v T 1 2 A 00 o e IO 1 R A A B
FE L. & 651 1% (quantum chromody-
namics, QCD) fHE 45 T #um a4 N Pas i m:mi
5 DU S TR R ) e R (B 23R 28
#k [2]). 2 &% 20 4F, FAIXT QCD AHE, JLHIEXT
AERT 18 i 5 AR ST 4 i 7 s A 1 DX S DT, B
BT —FRHNERIEREBL Fan scst r= 4
(R B i oA R A T 2SS R piF o R R
5 5 B K (quark-gluon plasma, QGP )&
— M EWARBT VIR 2240 (shear viscosity) 3T
FRAEAR. S I — MR R 5 — R
PR AR s IR AT DA R B AR BTG 2 B2 XY
QCD Y BOIRAE T 2.

SR, ERTXTAH BB A R AR 1
YR e BRI n sy R 2L BT
SR N B R A TR RS R
IR R 2 LY SR R B OC R IR
RS B, B RO 2 T, XA AN

*ER HRBIARES (S 12175282) W BhAYIRALL
T W(EVEE . E-mail: yiyin@impcas.ac.cn
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IS, A& E SRR, 2016 4EA976 DR
KT 7 =it m I IME R R = K.
I, B Rl S B 5 — > E ST R I i
Dt 7RSSR A BEAHOC I Y &, 1T T RE
T TN, Zim QCD Wy ok o A BT
HRTE 2005 4F, IR R 52 AR B R M1 56 [ 07
AR E R = 1 RS 1 i Hi S,
TN ComlAR = A 1 KR 2 PTG AR Bl i, X
B SRR T ORI AT A e e T
Fe 1l K ERA B ). 2013 AETFIR, B 1B K
2211 Becattini BAZFMBLA SIEE P ER T — RS
TAE, BTSSR, WF T AshamEn
Wi (vorticity) ¥ 51 & A KT HBEM AL, 2017 4,
STAR GEH K RLEHR, Tk 1 FIS T 6. it
J& , AR IS B 5 XHE HL (relativistic heavy ion
collider, RHIC) FI K #l 5 X f# HL (1arge hardon
collider, LHC)A MR T —RF| KA T (W0
Kaon, ¢, J/¥) HBEH AR 7.
TERIS b, KRR T30 )2 e
(quantum kinetic theory) — B &R 5. )
RIEZIR S HLE N T AR FAEREAON (chiral
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magnetic effect) 10 & Fl & FAF S A G A RL
N P25 JUAR SE 0 X H BELEE i I i, i — 20
Hegh TRl I IS R & (SF S0k (13, 14]
MIZRIR). T3 —ANT 32 I W IR R A AR 12
IR FE H HR B RS e AR, BT R A AR
MST UK T2 B R RSB F . A A T2
) B AR R B e 5 R 2 B RS
WAL -2 (HAR IR RS, FIARTNE R RAERERE
YR AH A A ) R A LT i . F g iR T
TR TRy &3l 15 FAESN 1% (chiral kinetic
theory), C.8%) WZ W T Weyl -4 & B9 BTiF5T .

5 2020 4 Z Hf B R ZHMETE b, ek L5
ZAHIE B T8 BRI A A s B il A8 A T 7 A A
) EEHL. R AR, — R G B K 20
AAT LA A Tt A BTN A B AR SORX —
KRG« H e Hiz s O &0, [5G
T TH R TE R 0 55 DT 3R A Ak 20 (shear-induced
polarization), ‘EATA] LAB RS2 F HERE RN 1 “IT
7L XN AT LA S [ e T B R
th, T A R 2 A R B, B AT Ui
FRAE LR, AT I SR . A X
— B, A SO R —.

ARSI T3 — A AR A G LM ) 1 B AT
5% B RN Th . R, XN TIEATRZ
P, AnBE TR HEL, W LA AT R IR BE 418 1 A
PO T RGER T B RERON . ERTXT H RERK
N FIRIESR LT VA 7853 AR B i iy 35 1)
TR PRUHAS SO 36 T G AH DG R .

ARSCRNUWNT : 55 2 WA H AR S5k
B RIS 56 3 v R gt nm N BRI AE A R
I H N, LA A4 AR <« B 18 Bl OCHK
5 4 W ARAECSEIRER, 2 5 TR AT R

2 I E %

&N A BEN 1/2 ok AR 21k R
G, TAT e 225 | I LE 5K T I HER AL AR50
— ARG K E RS A B BIL IR X 28 G it I e e
PORTUNR FIE s W& M T 1], HAE R 2R,
DRI AT 55, P2 LU £ Sl 2 977 1]
(s) o< £2, (1)
X () FIRX RELRTH.
HR eI AR T K FER AL B ME— iR 72, i

BERBRG T, —AF R ATEEI/RSN (spin
Hall effec, SHE)R2. 4n& 1 s, X T A BEE R
B, AR E y I EH— Y B, S RIS
B PR T AT I 2 . HEE R
BN 5k T S v iR A R A

Sxvx E. (2)
FE—SREE IETE, FERE KRR i REE LT
TR ARG AR METEL, HT DR X 53 AN ]
FFHFME 291,

v E

K1 HBEERBN R B X T A BERE R AR (3t sk 2
SR, DLSCHR [22] BOEE), TR T RSB T, Bk
T v 5 H A BETT I s K7 A R, ILIE SO (2)
Fig. 1. An illustration of spin Hall effect (SHE). For SHE
material (such as semi-conductor as listed in Ref. [22]), the
velocity of a fermion v will be correlated with its spin dire-
ction s, see text and Eq. (2).

QR OB BB R AR (2) SOMEE 351 A 1Y
FUE (1) X, AR B F g Ik b a5 2201
XSS A B, FBETS I AR T 2K 11
SR EERE. SR, 15 ARSI, B
Ji& 75 10 5 iz gl R e . R UL, AR IR
FEFIE S SCIRAE 1 ke, PR A R 2R A e —
ANKE eSS 38K T2 Bl SEIBGR R B B R

Xob TR 1 Ll 4 S A SR A A
MW, BB e Sz s 5cHk?
PR A EE, AR (2) =0 B L gt A ) £
7, FATIIRE A B -2 SO0k, X B,
XF—NZHRRG, AR, #27
J1, W EERERE | AL BB, A Al LS K A
BERSUSE. N — T F A% B B T A i i — s

3 # ®

3.1 ZMHNmAIEid

2 M N PR R Y 2R R G MR Y E
WTFE. ZE—MEERS (IR B2k
250, AT LI sZ R G, SR G W IT 48 10 W
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WEAEPLS T LA (Z24k). WSR3 r AR iR
AR/, T LAASCER P S AN, e o 1 A O 1) S B bR £
FERIRFER, FETHARZSE I RIS
1 HRL A2 — A BRI 7 P 4 e 7 3L 1Y) 61
. FIERES K & T XTI (MVEREE) PR Bh
A L. BT LA T FAR 1223, BIVRE Gt % B e 5
BB T, WARHEEE w LU EATH B 1T R TT.
TEXA IR, FrA W2 XTFRERT Lorentz A8 14
FHER T 225 T k. F At 0w 25 T - 25350 7 1y
REZh sk AT, EAEMS BN FRHE R, B e
JETF IR 56—, J
ATH = b 4 ¢ A 9, 3)
KH A = (uFfu” + g™, g SRR 55 i e =
O uw” ZNIEIY 2 R G IR, HO Y R T R AL (i
i5 Z240) /2 bulk viscosity, B T RE sl & X ik
e R . AE (3) NAEE —Tirh ) BT IBK R Y
e
o — % (8“u” O — gmv 9) L@

Fean, SRR o 07 1 A T e (y) OB T
y Ak, oF R BT UI KRN AR BTk
KBRS A I 2 B 5 7, T DRI, B 2R
FAE T RARIIR S HELFIR.

FIFH Kubo Je %, it i 8 G sREL (TH To8)
A BURE R 1S Kubo 36 R YA AR
T L3 3l {1 R — A S o o i) 2 ) A )
FE WA FIAE T3 BT SE B 2R 5 L, I e L B R S
7 A AR 1258 €, wi B R 50 43 A LA % I e )
VA, DA B RURTRE Sk R X B, Rt
S BREL (T TP) 408 T AR RE S K H it 1A 1
A FEE I 107 1 435 18, ST T LA h i i
FH IERET Kubo 25, 1 LLGE N 25 HAE
T AR R AR 57, 1538 QOD WIAER
[ 41 B2 R B S A TR (4 0 2R

R T DA B S R A EAE O LA B
BRI O = (O). 44 3%t 17 i (e K
SRR T RGMOREE (L ansE @ K e
FEFEARE) I, 7T X WS A T A 1247 e
BRI A BT Ok, T LU R IT R BRI
B BR B (O TH ) B ZGE SR B0, 2T, it
K 2R

A 7 T ST TR 12 T |

KW HBEIG:. #R 2oK g ¢ 1) [ e L R 3l 25 ]
A B YL T Wigner PREL:
A (t, z, p) o

T N
XHL e, S AR KB SRR p AT LARRAR R 9
KT = Fik. AT DA A 3 oA T T I AR R
' AL fa = A - u FIEE LTI 40 AX L
IEEATRR L JRIF. AR SCH T A5 L3RR Flw & EL
. TSR AR SR, XA R
AT, FEFARRERIE R v = (1,0,0,0), $2KF HBEXR
NS (R RN Bl RO O 3R, fa 1Y 283K ZORX ]
AT LASE SCHK [24]. 7T LAEER], X574k
TP, WA INHTERR RS, FIES A AN X
FETEM M, PRI A* FERS B R TF I S B % %t
TR, 55 —Br A R T AR an T PU:

A =c, " +er Ny, v, B0 B)
+ 9o €U, Q8 0pa + 90 Q" wy,  (6)
o = P2y L ik T s
25 6] ) Y B AR JEquaudrupole moment), 8 =1/T.
(6) Zr, 55— A2 | B O & B Y
W E w = (1/2)e"*Pu, 0qus 5| K1 A EHRAL. 5
R TERN AN, i T Y = S0 A T 3% oK i
v, =pl/(p-w), BRI SCBR T 328 3 E TE R DGR AK
I I TR E— 20 AR X T ) ) R S
(6) ZHr, IELET e IR B T BRI BEA B2
SR A TEMIE SO, anRAE iR n L R b
ZEHzs A B, BE RN v x (VT),
AHY T R R AN KR (2) i L4
TR, EUCETRIRF T, B AR co = cr. T
RIS, cw, e FRITAT DAG IF K, 158] A
1E T 27 R E 2rf = T[0*(BuP)— 0°(Bu®)].
{HJE 5 ZR A2, M — IR RS, cw, cr I
e HE ST Y.
TE 2021 4 Z i, #0985 T 12 2 W 1) T2
(6) A HIE - F R I3k & o (I HIE T g., YT
BT R e T B D) kR E S DU RS
NE ] Jsz 38 RN 2 [ s 38 X B i, e AT TR A2
FOVFH LAY, R K b st e, SR IE T A0 R T
ARG, BN 2335t T A 90 B Fe v/ i3, 41
BRERGER. AR, Al LI 5y P15k &t o
1 5T K #X/E shear-induced polarization (SIP). iX
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TR AT R, X T REshsk R S
BYD)gK = A AR, 33X 0T LB 2R H50n ISR
HFFR (T-parity) & . B ZE /2 T-odd, &
MR T IE FL Tt At ], BT LA e o g 4 B
FEHCHY . 52 A, F0 SIP Al R R A F B T-
even, MR X AN AT BEZIEFERLTY.

A H b AR R B S R A e, g TG
I BRI B AR A . i R T T 5 2 e v 7 B A
— B i, X S R BAT DL SE B R B (0 (L
—y/2)y" Y0P (¢, +y/2) T ) L. STk [24] X
TR T RGM T ——RBH5, 25588

AM (ta $7p) = (_n{:D) |:w/t + euyakuupaa)\ logﬁ

,p2
+ J‘e””a)‘quapapA} . (7)

(p-u)

1E ik —PE R, g0 A% MR SCHR Y 22 3 —
H, co = cr o (—ngp) . XM nep TR FOK-FKAL T
Gitt, nip WL RTIAR T 27 1 B B A7 1 A
e LY PR RS AR, XTSI 2D RE T
STIP RN FYAFAE. b T A4l R e 13 g2 A K
BET% AR B AT TSR A5 R — B 5 R Y 2,
HEE T — D RORY e, AJEI i, a] i
KK RER G A k. FAYES R R —Rli
PWHYLER, ARR— DAY T7 10 2T s BRI,
s AR (g fi07 k) TR

KT IAIHBBET K0 A BERL, AR ZTT
JROVE RS A e, BAR T 2 225 30K [26]. 1
n, SIP 51k A BEMAL T J5 i) Py PRIE B TERERY.
TE— P THR R, AN B RESON B 2B 4 E L
KER, IR RA IR R . 1L [R] 7 B
RETEASK AT A 2 i .

s T LASENIA BT 5T 9 8 A R 14 B 1Y)
RGrh. XA — R Tk, Wt E
B o B P ) TR 27):

SoxvxV(ug/T) . (8)
KA AT IR VR A e R B (2) AU
B

3.2 XENF

XtF =AM R, AR 13T, s
AELEZ E T7 0] n EEIBGE, ATLIA s =0, £1 =
A ABERS. b H A eI A (1945 LA pos i 5 5

DA 8o HOFR AT, T LASMF MU R o, X
pS o P AY

pss () = 85 + pog () + p5u(R). (9)
FONFRHALRE p* A 3 DAL i, EATHL A S
ATLIAN AR 1 AR AL 3 S iR 5
P ANIAL, A5 AT A3 i Y oS 1R R SR “ok Rk
7. XOE HEEN 1 BRiFFH EN 1/2 ki +AH
PO A . SEge b2 302 G UL
J& H i HES (spin alignment) pg,. 3R pSy #0,
B poo T 25 1/3, ZEMAE I EHT A nJy [l 1Y H BERS
W RE NI 5T 0 07 ] B85 BEANAHAE, RO T A iésr
AT i 1) AR 1 ). SR8 TE S AU poo
51/3 20 AR A A HEHES .

X T PMAEAE S O B A, o A) DL
T R BRI, BIFTIALAAR O 2R BE X 1 e
BN, FEAL RS 1) W k' TR R
it (polarization), ¥4 BERR 4RI SA 11 Wigner
PRVEICEE 2Bk 5 2) X Wigner pREHS B SR I ; 3) 18
T TR IR PR SCHA S AH I Y R T AR5 T T 1 B
XTSRRI EE R TR RN, TR
AR A R ZE R R A R “spin alignment”
Poo IE L6 T UAARR BE 197 J7 251, R LK B A
IIRFAEE Ik R B SR 25 SR A AR

5, FABER 1/20KF AR, XFT45 5 3l
HEIABEN 1 HPBLT, “spin alignment” pd, TE#
FE RIS R AN E . XA LA 5 B0
KGR, TRV, s = 0 A BESHA ZUR
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Fig. 3. The qualitative comparison between the effects of hydrodynamic gradient and experiment data, see Ref. [30].
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SPECIAL TOPIC—Spin and chiral effects in high energy heavy ion collisions

Quantum correlation between spin
and motion in quantum chromodynamics matter”
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Abstract

Recently, the A polarization has been observed at relativistic heavy-ion collider (RHIC) and large hadron
collider (LHC). This observation has inspired many studies on spin dynamics of quantum chromodynamics
(QCD) many-body physics, thus opening a new avenue to studying the hot and dense nuclear matter. This
paper reviews the recent progress of spin effects in relativistic heavy-ion collisions, with an emphasis on the
quantum correlation between spin and motion in QCD matter, including newly discovered shear-induced
polarization (SIP), a novel effect that fluid shear polarizes the spin. The linear response theory’s applications to
studying those effects are also systematically reviewed. Finally, their observational signatures in experiments are
discussed.
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TEs . Fo & S & A EAE B IE 2K
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IEB T

(e 20) e
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SPECIAL TOPIC—Spin and chiral effects in high energy heavy ion collisions

Relativistic spin transport theory for spin-1/2 fermions”
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Abstract

Global polarization effect is an important physical phenomenon reflecting spin-orbit couplings in heavy ion
collisions. Since STAR’s observation of the global polarization of A hyperons in Au+Au collisions in 2017, this
effect has attracted a lot of interests in the field. In the hot and dense matter produced in heavy ion collisions,
the spin-orbit couplings come from non-local collisions between particles, in which the orbital angular
momentum involves the space and momentum information of the colliding particles, so it is necessary to
describe the particle collisions with spin-orbit couplings in phase space. In addition, the spin-orbit coupling is a
quantum effect, which requires quantum theory. In combination of two aspects, the quantum kinetic theory
based on covariant Wigner functions has become a powerful tool to describe the global polarization effect. In
this paper, we introduce the quantum kinetic theory for spin-1/2 Fermion system based on Wigner functions as
well as the spin transport theory developed on this basis. The recent research progress of spin transport theory
provides a solid theoretical foundation for simulating the space-time evolution of spin polarization effects in

heavy ion collisions.
Keywords: Wigner function, quantum kinetic theory, spin transport theory
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Fig. 1. Magnetic field strengths in nature.
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Fig. 20. (a) Spatial distributions of e?(E - B) in the transverse plane at ¢t =0 for b= 10 fm in Au+ Au collisions at the RHIC
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energy, where the unit is my; (b) zone-averaged density of (E - B) from different calculation methods (open symbols) at ¢ =0 in

the transverse plane of y < 0 fm and the slope parameter (red filled symbol) as functions of Npar in Au+ Au collisions at the
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Fig. 21. (a) (v2) dependence of the slope of Ag, — Ava; (b) (v2) dependence of the difference of the integrated three-particle correlator.
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SPECIAL TOPIC—Spin and chiral effects in high energy heavy ion collisions

Electromagnetic field effects and anomalous chiral phenomena
in heavy-ion collisions at intermediate and high energy”

Zhao Xin-LiY?  Ma Guo-Liang V?7 Ma Yu-Gang V2!
1) (Key Laboratory of Nuclear Physics and Ion-beam Application, Ministry of Education, Institute of
Modern Physics, Fudan University, Shanghai 200433, China)
2) (Shanghai Research Center for Theoretical Nuclear Physics, National Natural Science
Foundation of China, Fudan University, Shanghai 200438, China)

( Received 20 February 2023; revised manuscript received 31 March 2023 )

Abstract

Heavy-ion collisions can produce high-temperature and high-density quantum chromodynamics (QCD)
matter under extremely strong electromagnetic fields, which triggers off many important anomalous chiral
phenomena, such as the chiral magnetic effect and chiral magnetic wave. The anomalous chiral phenomena can
help to find the evidence of CP symmetry breaking in the strong interaction, deepen the understanding of the
QCD vacuum fluctuations, and disclose the mystery of asymmetry of antimatter-matter in the universe.

In this paper, firstly, the magnetic fields are investigated for small and large colliding systems at relativistic
heavy ion collider (RHIC) and large hadron collider (LHC). These studies indicate that collision energy and
initial nucleon structure have significant effects on magnetic fields. And, the lifetimes of magnetic field in
different media are very different in heavy-ion collisions. Then, in order to study the chiral magnetic effect,
some experimental observables are studied by using a multi-phase transport model without or with different
strengths of the chiral magnetic effect. For small systems, if QGP exists, the chiral magnetic effect could be
observed in the peripheral collisions. For isobaric collisions, the correlators with respect to the spectator plane
can imply a much cleaner signal of chiral magnetic effect than that with respect to the participant plane. Our
results support that the strength of chiral magnetic effect may be absent or small in isobaric collisions. Next,
some new strategies are applied to study the chiral magnetic wave. Moreover, a novel mechanism for the
electric quadrupole moment can also explain the charge-dependent elliptic flow of pions generated by the chiral
magnetic wave. In addition, some interesting phenomena also occur, owing to the magnetic field in heavy-ion
collisions at intermediate energy. The directed flow and elliptic flow of photons have no effect on magnetic field
at pr < 25 GeV. However, because of the magnetic field, the directed flow of photons decreases and the elliptic
flow of photons increases at pr > 25 GeV. Besides, the magnetic field has a significant effect on giant dipole
resonance, i.e. the magnetic field increases the angular momentum and enhances some observables of the giant
dipole resonance spectrum. In conclusion, magnetic field plays a key role in heavy-ion collisions at both high
energy and intermediate energy. It provides an unprecedented opportunity for studying the microscopic laws of

nuclear physics. However, there are still many unsolved problems that need further studying in the future.
Keywords: magnetic field, deformed nuclei, chiral magnetic effect, chiral magnetic wave
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corresponds to the most central collisions.
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STAR Isobar post-blind analysis, snny = 200 GeV, Ru+Ru/Zr+Zr, 20%—50%
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SPECIAL TOPIC—Spin and chiral effects in high energy heavy ion collisions

Progress on the experimental search for
the chiral magnetic effect, the chiral vortical effect,
and the chiral magnetic wave”
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Abstract

In quantum chromodynamics, the interactions of quarks with the topological gluon field can lead to
nonconservation of local parity (P) and conjugated parity (CP) , which provides a solution to the strong CP
problem and a possibility to explain the asymmetry of matter-antimatter in the current universe. Under the
action of a strong magnetic field, the nonconservation of P and CP can lead to the separation of particles
according to their electric charges, which is called the chiral magnetic effect (CME). An observation of the
CME-induced charge separation will confirm several fundamental properties of quantum chromodynamics
(QCD), namely, approximate chiral symmetry restoration, topological charge fluctuation, and local parity
violation. In relativistic heavy-ion collisions, there are other chiral anomalous effects similar to the CME, such
as the chiral vortical effect (CVE) and the chiral magnetic wave (CMW). This review briefly summarizes the

current progress of experimental research on the CME, CVE, and CMW in relativistic heavy-ion collisions.
Keywords: chiral magnetic effect, quantum chromodynamics, heavy-ion collisions, chiral symmetry
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SPECIAL TOPIC—Spin and chiral effects in high energy heavy ion collisions

Non-Abelian chiral kinetic equations in the
Cartan-Weyl basis”

Luo Xiao-Li Gao Jian-Huaf

(Shandong Provincial Key Laboratory of Optical Astronomy and Solar-Terrestrial Environment,
School of Space Science and Physics, Shandong University, Weihai 264209, China)
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Abstract

Non-Abelian gauge field is the fundamental element of the standard model. Non-Abelian chiral kinetic
theory can be used to describe how the chiral fermions in standard model transport in a non-equilibrium
system.

In our previous work, we decomposed the non-Abelian chiral kinetic equations into color singlet and
multiplet in the SU(N) color space. In this formalism, the chiral kinetic equations preserve the gauge symmetry
in a very apparent way. However, sometimes we need to describe the microscopic process of the specific color
degree, e.g. the color connection in the hadronization stage. In order to describe such a process, it will be more
convenient to decompose the non-Abelian chiral kinetic equations in the Cartan-Weyl basis.

In this work, we choose the matrix elements of the Wigner function in fundamental representation of color
space as the direct variables and decompose the gauge field or strength tensor field in the Cartan-Weyl basis.
By using the covariant gradient expansion, we decompose the non-Abelian chiral kinetic equations into the
coupled kinetic equations for diagonal distribution function and non-diagonal distribution function up to the
first order. When only diagonal elements exist in the gauge field with non-diagonal elements and diagonal
elements decoupled, the non-Ableian chiral kinetic equation will be reduced to the form in the Abelian case.
When the non-diagonal elements of the gauge field are present, the kinetic equations are totally tangled between
diagonal distribution function and non-diagonal distribution function. Especially, the 0th-order non-diagonal
distribution function could induce the 1st-order diagonal Wigner function, and the O0th-order diagonal

distribution function could also induce the 1st-order non-diagonal Wigner function.
Keywords: non-Abelian field, Wigner function, chiral kinetic equation
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BlRERESFE LY, 10 H BEFNH0E /1 3 mT LU A A E
Eefk.

ALLIXS g, omr Fil o (K 5 i 1 5E, X
T Fnem ATLIARE] (KR5S 3 194, #EH Minkowski
Wz M g, = diag(1, =1, -1, -1)):

"= nut + i, (5)

O = (e + P)utu” — Pg"¥ + @%, (6)

Horbn, e B P Ay SRR 508 BE | B 25 R LR

5, 6 TR BE R IT iy 4k B (BPO(1) Bir). T hr

()R BB TF 1 O, 7 O 15 K i
T OB B AMI

@éil”) = 2hy?) 4 o 4 2gltV 4 i (7)

Hor (ab) 7R RHEBR a, bAOFRAL. 5 1A 15
B LU E A
h“u# — q“uu = 1", = ¢ u, = vl — ¢(W) =0.
(8)
[RYEE| RECHRNIOE 78 S IR E Y S R I
ik a w LEANAL S R AR X S A
AP, T ©05) 1 S ATFRHE 52 TE M2 M
W A B ETRA 1, 5L EATA] LAy bR R
Gy FBEAEE M sl A B A AR, B (4) 5L
HR, X T A BER sor, AT LI (5) 2, M T
i

EQ}LU — uaS,U,V + 2(0(1[.)141/’ (9)

o, S9 = g S ~ O(1), FIREIRM F e
B, 1T S5 ~ O(0) B T RS TE. F 80,
[y oo 36T IR BIASHEBR R ALBR, BT SP e —
ARG, JAT 6 41 .

T R BUE- 1 ERHE A0 R G R R I,
U1K R AT . 2 LR T n AT AL
SRR, TSI TR S ARG
S w0 ~ 0(0), I FLEHASI ¥ F g 2924

e+ P =Ts+ un+w,sS", (10)
de =Tds + pdn + w,,, dS", (11)
dP = sdT + ndy + S*dw,, (12)
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Hodr T s 4391 2 o S AR 2%

& Hb M AR X 8 A R G O R 1290 AT L
ERIENTE WS A e I i 2 B 24;
u

P . 1
oo YV opv no_ Ho_ PO, 1 2
Stin = O + ' — FWor S"ut + 0(0%)

Uy v .
= sut + ?(9?1) — %Jﬁ) + 0(82), (13)

AP — I sut S R GUIR B kiR 4 1,
RIUE R GAL TIPS A IE. & EEER
JE , AT V-0 SR 0 A AN ME— Y. X R N AR
(13) AT — T B D 2 B AR AN 22 A 4 7
A2 2R 0, Stan HIIESENE, MITIAE TP 558 e

AR A A R ERCR G T R,
g", oM BIAR I AR, ARG A FRIA (13), AT LA
TR = R R

B e+ P ., 1 1
QLSéfm = <h“ — n j(1)> (a#T + TDU'LL>

1 1 1
+ Tﬁ”yauu,, + q“ (QLT — T

Du,,

4 v 1 174
+ f‘*’wu ) + Tﬁbu (Opun + 2%“/)(14)

FEf S (14) SURGILEETR, 5 BAE] (2) Reb g
IR AP AR 0,80 > 0, (14) K9
AT K E A YO0, L)

= Sy = KT AT — (w0, (15)

w =m0 (A0 ), (16)

" = AT PAM0,T + (u- Q)ut — 4w, ], (17)
O = (2 = 2T A A ), (18)

Hirp () FrtHEET w, v BUGEFRE, A = giv —
utu",

OF = — AP A7, (Bug)) (19)

PERRAEBIR R A 20, (15)—(18) RBrg | Afbkiia
FE R, A ERRAE B Ky, (o IR R H
UIRUINERF 20 SN TR B HE Y G N AE b Y T ]
Ay 2 B ETAR TR 1, BATTR F e S 0E A 3l
A EFAA G, AMERBL, (15) 2F (16) XA
5 ATEA R, BTSSR b A R 2Rk
AR, 1 (17) A (18) A & Atk w,n
PR, TR e 3l | IR BE DL A TiE b
“SERILEE R R S A er AR L.

B (15)—(18) AT A (2) 2K, w15 2| HA FEHL

SO FVEVE R 12078, 78 BRI, AT
B BUAE 0, St P S AL BUAE OO 3% FECT
S FWRINE T 780 D20 ek,

2.2 Belinfante 3B 34 it B i€ AR A
=T rp R T RE Rk o A AEE
JXFFRATE, NG Jan” ¥ (3) 2o AR H iR
s fHJE X MBI IR X T A T 6 B RE ok
LR B AR ST T X O L JGh" UKL
oG, Wit iR AR g A T
TH — M 4 KM, (20)

1
KA;W _ §(EA;LU _ Z[L)\l/ _ Z”#A). (21)

FER R S ST IR AR R SRR, B KA 2
QISR I AHESRE, T 09 R F >
FERE A L T A B A ST AR
0 TH = 9,0 =0, (22)
L, Tedesr s, DO T IENDE T i RE )
kA 01 JRATR T FrA Belinfante JE R fiE
ghigskit. iR RIHGIA
TN = G + Oy KO
B SR YOS S VR
00T MY = 00 JEMY = 0. (24)

A TR HAFR A Belinfante JE A9 & M s, F—
A, FIH (20) XATREE (23) RE AL
T = phTV v ok, (25)

F AT A& B Belinfante JE X 1Y g 3l i 7k & 7+ SO%
FRER 43 4% N 2% | Belinfante 1 2 10 5L/ 3h & i
T R (25) PR A ARER Y. Bk 2.1 77
HR R FH B IE D43 fig X T RN T e SRS, (HR
X I A E IR ETE Belinfante 1220 T ok F 2 H g
B IE.

12 T k1118 Belinfante 1 2 B9 AH XS H HER
. HAEN T o e &30 (20) HAR 1S5

1
THY — RV L 58,\(1/\5“” —ut SN 4w’ S*N) 4+ 0(9?)

— 2K, (23)

|
= OW) 4 SO\ + 'S + 0(8%), (26)

Hrp o) 5 2.1 Fhiy (7) WM. (26) PS5 A
HEAFSE O T BAE— 35 4 T T
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1
5(%\ (" SY Mu” PN = deut ur+28hFut ) +3mH | (27)

b oe, sh, snt B HARSR IR AN

8e = u,0,5"7, (28)

Sht — %[Agaksﬂ Fu, S0, (29)
S = 9y (ulhSVIN) + SITAMY (30)
ST = %&(UUS"’\)AM. (31)

(31) Y SIT R BB IE. R (26) X, TR

Se, 8h#, dnt” B AL FEXTRERRE | PRt I |

B ok i o B IE . Ik, FRATT& 3 Belinfante
TEB T+ BISONFRA A, iX AR Belinfante
BT BA ANE, A BERIAFTESSEI T HX FRER
gy, BARIMAXTRE R B | AR = AR Tk i
FIEIE ((28)—(31) ).

BUAE, X Belinfante JE2XH H eSS R8T
S3Hr, TLAE BRT RN e gl & gk i o 1 RO FR
T4 q* 1 oMY 2> H PR TE Belinfante 1 201 H i€
AR BRIENDE X R (13) 2, X BRI
Belinfante JEZ A

Y P . 1
St = T g = Kt 500w 4 O(0?)
= sut 4 e g4 0(0?) (32)
7' Tl ’

Forr T i S
Ty = 2n%u”) + 7 4 %8/\(14“5”)‘ +u’SM). (33)
T LASR R A L A7 A 6.

e+ P 1 1
St = <hﬂ B Jé1)> <8MT+TDuM>

+ %n‘”aﬂuu + A+ 0(6%), (34)
H A B)RBAH
1 v o o
A= S0 +ur SN0, (F) = “H2on(wh5).
(35)
TERR], KEHE O(0%) Bm, oK™ = 0 0] AT AL
0O\ (uMS* + ut S + u” SM) = 0. (36)
¥ (36) ACA (35) 2, A TS A
1 v
A= 50 [ 4wt 4 5#) 2
1 A o Uo wpa
— SOAu*S™) 0, (?) + 27} NG Yo

KT ARIERR T 2258 —E R, B (37) S e T AL
I i WA B R A ) e e 2 ok 2 o X
Belinfante B AIH 7R S

St =8+ — %&(UAS’“’ +ut SN + u”S")‘)%. (38)
1 .
UV 07 (10 577) SHFA
7%@(’@5“’) = 2" o, (39)

AR (37) R, A& L 0,8 5 1E NI
(14) by 0,8k 58 2 —FF. LI L 0,8™ > 0,
W AT LAARE] (15)—(18) R A 5 2.

S Ja, R b T AR U 3 AT SO LR B . Ok,
(37) 2 i BB 4 S HOI R RSk 27, 28] Y
Vi o i Ve R AR IR T AR 2051807
% 19 8h 1127 Kubo-Martin-Schwinger (KMS) 2%
fF. K, (38) b AR 2R LT SCHR [29] Hhoxd
WAL BE . FESCHR [29] H ok T AR A R R
7, 5B SIS I AR R b,
Je, FRATERYE, H AR I FR AN W] Y RE B
sk RN F R, 0 Sha 1 S, EATHE Vi
SN0, MAEARP AR, o T AERR
B, EATAS AR B2,

TS Belinfante JE X T A e X £~ 1) 2
HABIE & X ARPEA RS TR T 22 10—l e
A VA 2 B R P AR T B e N R ME— TR E 11, i
FENRFIE 1w R T PR Y I &R . AT AR B
TEA AT RERY I R P RE R e PN ok i o
HRAN Sy 2 25381 DT AE A 1Y) i 2 R v A AT LURE
(28) A (30) 2 H A 8 N SmH BRAF A X i 1 2 T
G w0 B BEBIE. (B2, IR h FEH H 1
Landau Z& ™48 0%, M Sh# A BE-FH-fifk FE L AR
WAEIE. RIS Landau &4 Sh+ B L.

B e ZHER Landan R GG AE. B TE
T4, T HAE L SRR TEIZ & e SRy Py
. 7E Landau 1, A5HEE] O (0) By, U wf’ A2 259

AL T, = 0. (40)
Landau FR i uf 5B P RHEIE v RN
1
up =+ —5 (W + 3. (41)

TR (40) A1 (41) RACA (26) 2, LB Landau %
Hr T R RLS B I

TH = (e+8e)uf'uf —(P+SIT) Al 4+ +-8m}” +0(9?).
(42)
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MHFTLUE ) Landau FH 7+ () FR8 AR SEA
BB I AL T A =00 Hk, FRATR A
Landau %*ﬂﬁiﬂ@ﬂﬁlﬁ,ﬁ\i%%ﬁlﬂq&@JTjf(l)
M FRIEA

Jtay = <J(“1) - €+Ph"> +8jfy,  (43)
. n
Bify) = —— 5o (44)
. e ‘ n s
(43) o135, — i ) B

AR T AR 129], 3T DA S AR GE B 5 R AR
SEXFAIED. (43) KI5 0671 S5 o fy
K AT IET. ST B X, Sedt 5w
AT

SHv = 9gliy Ml — e"Plu,S,, (45)
Hrru,s# = u,S"* = 0. K5 FHBCEEFXHENFR, B
u = (1,v) Flo - 0. (B3 SIHEIE v By — B, 35,
23 [E] 535 ] LS s an g

djy = —ﬁ[VxS—i—z}xS—&-(V-'v)s
—2(s - V)v + 8. (46)

MAFETLAE H, 16 Landau 290 iESA S HH—I0
5 HBERHEV x SA MY, X FIE -+ [ e B
W BRI A e —EL

A5 [ B T 1E U AT Belinfante T 2 A AH X8
H BEAAR T3 27. X AL XA RE o) ok B FLE A 3
T I A AR AR R . IENDE e sh ik i
A O FRI, Belinfante 1B 31 B8 8 & vk 2 2 %
PRIyl A, IRATEAIE T iz gl 5
SEEETIR), B AR (R 7 A SR A 25— A

. gkAh, i & IAE Belinfante JE X BE R ¢

PR b | R sk i o AT RN Y F JiEAS I 3
de, dhH, dm | TR EF B &, 7F Landau & A R
E, A BB IE I ShH AN B2 X IR I IE , 172X
KFRMEBIE, BiESH T IERT ARRER—Br
Wi djy o V x S. iR gh B Ar i B T Bl 5 2
7 T B 1 FH A e g — 2P ST

3 XA A B ® T AL H R
(s

PE—FRAEASCENE, JAR A dr R e T L
i 3 — A RIE T AR B ST XA HE i

& 122 0 5 1 B — eI IR AT DAFE SCRiR [33, 35]
HEF. FEX—HEYE D REZh ok i T 2R FE AR
Y1 9,0 MR ST AR, MSFIE JHRAE R A,
PRSI AR AMERS, F AR ) 27t mT DLE i
AP IEAT R, IEAF S ZEe AR Y. HX B2
R, FBE oK B A BER S w0 (I 25 B e
YIAHDE) IR, ML 7% [ A B 25 15 52,
Bl Einstein-Cartan JLof. iFHRMFAE, — Bl
B 5 BB 45 AR J2: Levi-Civita BC45, & HA —
AR5, IS REh Rtk AN IE & TAER
JERLT gy IR, TR ARG e, (IR T A1)
(X Hh TIX 55, ok kFnhesha k)P

SW e, wi’] = /d4xe (9‘;8(3&” — ;Z‘flb&u;b> ,
(47)
HEh, Wle, w27 5 e, o A R
i, e AR50 T K3 2 il i 2
P SRR T R R FH BT IE A5 22 A B (5 Aty
o A ), 3X B RE S AR 2T AR, AT XS T
Minkowski B 7ap = diag(—1,1,1,1), T H g, &
e A S B BERL. A T R, X H R
AR X O A P ER X B ) SRR g7 . A
N O USSR sl i JHre ST AR X AR S o6 T
ok FI X! 195 — B Ak AR S 4 FE 3] Lorentz% 4
AR PSR 1) Ward 18 88 5. T 17 ok #fE ik g
Ward fHAFZ. % &—DTC55/NEAR S FITE S5 /)
Y 7€ 38 Lorentz A8 ¥, ‘A1 4 5 H = & ¢ (x) Ml
a®(z) = —a(x) RAE. FRALAFN A HERE L ) A
B8 b5 w1 5E 38, Lorentz 4845 a, b5 53 51| 2 5 X
TRz, I
oef, = £V 0,e, +€9,0,8" — asel (48)

7

dw, ) = gl’ayw““b—i-w,,“baugy+8Ma%—a‘2wucb+ozcbc(u:a3.
9

A (47) 453

1
W = /d4xe{2a“b [@ab — Opa + (D) — G)3H, |

a ]‘ (&3
— € [(Dy = GO + O T = ST R
(50)
:/H\:rh TTLV:FZV_Ffuﬂ‘jHTJ‘?ETJ%$7 GMZTI;,M,
Rabcdﬂ\7 Riemann %%7 Du%%ﬁfj}/ﬁ‘%ﬁ, Hﬁﬁn
DAY, = 9,A% + T},A% —w? A%, (51)
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R A AR Je (48) XA (49) 2UHR 2 W IR FRYE, B
PLSW = 0%t TAL B o+ Fl o IR T., M
i

(Dl‘« - GH)@% = _Q%Tl:m‘ + %ZubcRbc;La’ (52)

(Du — Gu)E, = 0" — . (53)
X R B E] A Ward THE, B TEFEEIZS
Nl 1] B T RO RE- 2l i SF AL B e SR A SEIE
R (2) 1 (4).

ST TEAL TV ST A, FLGh BT 25
MR 2. BN TR GA TP, b L2
BAETE— 2K Killing 48 V| 5% AT {a]
I A Ly (- ) =0, X H LFRRZEEL XFF
IENREZEM S, XA AT IR T, WA s
w', A TE S p b SR RAED, AT S VLTS S
SEER N Y

ab ab
T = 7T0 uM = VH lvtab = 7‘/“&)!‘ + 9V
v—v2’ 2’ V—V?2 ’

(54)
Hoh Ty B—A B B RN W R, 030 B—AE
I Lorentz 28 TS &, BRITIAZER T
5 u® 1N 38 Lorentz Z8 4t T AYTK &, v FrliA
YRR B BE . T TR T A 4k 1, AR UL
0% = O, EA I Killing £4FLv g, = 0 FILy e, =
Lywh, = 0HfE. HIETHEE]

0="Lygu =

2T06{cr,“, + %QAW + Buyu, DT
L 1+ BVET 1+ BV ET 55
-3 {u#(uy—kﬂ > 1) 4wy (i, +6V, )} }, (55)

0= EV e“u

1 . )
= 5e‘“’ﬁv Guv — ToB{e™ [ug, (t,) — /J’V,f]T)

+ Cpvpot’w” +uP K 5 + i}, (56)
0=Lywi® =Ty [u’Re +TV,(Bu™)], (57)
XH, B=1/T, V, &% Chiristoffel B £ 1
AR, Th OJEBORKE, Ke R BRI, Jf
HIRACT 40 R B sk 40

. 0
Vo, =0 + gAﬁw — Uyl — Epupett’w?,  (58)

ab

et = uaab

—uba® — ecdy hy. (59)
1 o o
HA AL =g +upu, o= i(Vf;ul, + Viu,)—

QAW, QZAW@“U”, u”:Du“Eu-ﬁu“’ Wwh =
3

]_ ° s P
§€#Upguuvpuo" F L, 15 20T P S A5
OZO'MVZHZDT:D,UJGZ)’
i, = —pOLT,

u”(@uwl,“b — &,wuab) = T@j(ﬁ,u “b),

u”ubKu“b =a”% —e%u”,
b cd b bed
Ut ATAGK = p P — e ewa. (60)

ATRVE R, WAL TP A A8 2 w] DLRA I i
B, AELIZON 8 T I B T o R A o T LA
HA RS (boost), HEL (60) X &5 ™
AT RRAS B R B AT. 3 Ak, ik S i A AR R
YRFRATAE S A0 A0 WG i 1 2 10 S 7R A B SR I A
) — B XF R, 33X 45 358 WA [] 0 3 T 2800 )
(power counting rule) AR H B, A [F] A9 7
YR HEIO 0) F) 32E BB 2 A5 B A (] 1) 1 e i AR g 2 AR
FIOEFR . AR RGIT, AN B EOR I

T, u, et = O(1), (61)

'
T I 23 B A DB B Y — [, oAt B AR
WA I FECR IR AT (60) Wi . 25 &3 -1
AR WMASE AT LUEA R, FR T A S E T
i B L TPANTIREN

Wi w) = [[atee PR K20 K), - (62)

w L
Hor ko —iik, BREd I CRE XH:
ut ALAYK, = —ePhu K. PRAR AR ) 2 A
R 2T LA (47) A53). FH

de = ee/'de’, (63)
0T = Tu“u”eb,jnab&z“/J = Tuqu"de’,, (64)
duf = ufu,utde’,, (65)
ducd = ,uc‘iuau“éie“# + u“&ulfd, (66)
SK,f0 = dw,™ — 8;2 ’;absea, (67)

A

S BONITTK TR R 153

© K T A A EIRARIE, 2K — 3 ] o0 SR FRA 3, TR — 3 iy wab
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1
@au = - Ll = Euauu + PAaH
e de?,
1.
= gVa (S =8 =8, (68)
2 oW
) I — — P W
ab e 6wl:zb u Sab + S ab’ (69)
Hof
oP oP
Sgb = = 2Wf‘«‘abcdu'u[(Cud - mé’abcdu#hcud
o . oP
= U EgbcdU Tf(d, (70)
_por 2 OP o OP oP
e=Tom + 27 55 + 2K o + 2K - hore— = P
OP oP oP
— I n = 17 _
_T8T+h o T8 g (71)
oP . oP
= c 27 K
Sab EabedU ( 3h2h + oK - h )
OP
= Eabcduc%- (72)

BUAE AT LABOP L 2 A PR, b i 22 s B SOt

T A —

1
O = culul + PAM — 205 (MY — SM — ),

(73)
SHPT = PGP 4 GO (74)
apP oP
Y A H _
e=Tom +h o — P. (75)

Fhbh, Sh RS AT SR B (70) SR (72) s
ATLAE S, SRS b T RE R, Rl
(75) 2IE& Gibbs-Duhem £ %, X i3 P it 2%
9. AR B T AR B RE AR T A AR DGR,
R T A BIFEHUSON X B AR SC R, RITA R
(7 BRI T USRI Yy, A 5 A — 2 BT
—ANBEAR I AT B — 2 8 b 3Ry 3 I SR R O A
B S AR IR, IE AR 2 T AR FR A AR EE,
TEMAN PR,

4 B EFHEELRIEMTH
B WA Ay 2

[ B3t 4] FH 5o 7 A A HE S AR X8 A eI
Py B9 2 gy B R KL B4 73 A R
f(t @, p) RFIR B SRR 25 45 (¢, ) o3 — > 2h i
N p WKL LR, i T Y IRESE T, SIS

5 Wigner SEOK KL THIATR4 A 1041,

4 ‘ B
v [ e oo

wU(e+ Y- Du(e-2): ). (0

Horr (o) FORARZF I FIE M, @ RRFAS
FRER KRR, Uz, ») RN = 3 y IRLEEE.
TOETRE, BT EAER G S 9ok T &
Gt MRt rTLAZ0E (76) b B RIESEE U (2, y) 1042,
i# 1 Dirac 7 #2, o] IHESH Wigner pRE0 2 1Y
Bl )5 )y R A

[m<w+;W>mbw%m0 (77)

FRAT— e ad a0 B JR T i J7 7R % Wigner R
B AEMTIS AR S 2A ) — % IR Knudsen 44
Kn =1/L < 1RJEFF, Hrh [ 5SRO0 H 2
K, MM LA DL B A 3R R 2 W &R B EE 1/L ~
10,0/0|. AT H, B BRI 454 T Knudsen %
JEH.

BRGEAT AlEAHER, HIEIAT 12
Bxs Ak F e AL, xS Ebn] LONERRLF19°F
1 F e A BT YA e A AR R R A

b

Xs ™~ - (78)

ISR A e O 2 F G EE SR R, T RUB I s ~
Kn, K A BER /TN SETE O(Kn) EH L. -
TS, T RTHE P Z E—A -5 b R
Gxs S Kn. XY R0 & 0% B 7B O0(1),
—Br I O(Kn) Fl O(xs), B O(Kn?) . O(Knys)
MO(X?).
JIRE (77) W AT LIS A

W =W, + oW, (79)
Horbr ) Wo 26 B R T B Sk By, W J& = B IE .
TERDEE I LBy, Al LIAS3):

1

Wo(z,p) = WS(PZ —m?)

x Y {0(°) [us (p) @ ur (p)) £ (2, P)

—0(—p°) [0s (=p) @ vr (=p)] fr5(x, —p)},  (80)
b, FEFES A £ (o, p) OB FIRORE 1 77 AR
TR EAF I R L5 3 1949, Tef* (z, p) kL
oY SR AR ZS a] Rk TR . Tro [+ (z, p) 45 11
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TR E IS RN TR AR . W, fE
TEAT K Bl /2 28 IR 2% 2 05

p-Of (z,p) =0, (81)
Horp pt = (Ep,p) RAES R T3, I Ep =
VD2 + m2 . 5 (T7) F(81) HEEA LA SR [45-49)]
Hh e Rl T S SR A Bl T R (77) 453
Winger BRETE O(0?) B 2 i N

1
i V", 0, Wo(z,p)]

16% (v-9) Wo(z,p) (7 : <5)

Y-p+tm
8m (p* —m?)
O(0) Br i 45 R 53¢k [50-54] Mas R —2. ik
Wigner BRI AL 550k A 3R E BOCEK B IE, X
BEAEE R A T H A 250 A 23 A 5 1S A H A R
L BEALHRR AR B C R B IE. dEFEC R
R & IEAL ] B Wigner pRE 5T RE (p% — m?—
02 JMYW (z,p) = 0FF3| 11421,
TERI PR R £ (o, p) BA SCHR [55]
HrE

fob s, p)

1 — 1 v -1
— 5 Bp—E—§BwH o 1)
2mur(zo) (e + us(p),
feqrs(@: D)

1 ] ) -1
= — —70,(p) (eﬂ'ﬁ&iﬁ“’“ 7+ 1) vs(p),

2m
(83)

*Wo(z,p). (82)

Hortug (p), vs (p) AL T HY I PREL,

o =2 9"], B=1/T, B =Bur, E=Pu, (84)

Y& gamma FEFF. X HURBELEE BB 1 B0
T, M BREL S (2, ) BT 5 42 R T A [ 2
B, BAKXFBSH S (), E(z) Fwh” (z) #RiE
S ZS AR AL

N T IS, B A BEst R N T RS
PALI ], RV RS0 ER AL T R A X
SR AT E i SRR, BT R (83) HYFA
AL T A e S ot A 1 F e
e FEFAL xs S Kn < VFLLT, AR T2
A Kn, xs BT

=0 pem 4.

B = 5(0)u +B(1)u 4

Wt = Mm@ (85)
Hrb E48H5 (0), (1), - - Rs Kn il x BB &L F-AT
I xs YRR S H AP A wor g 1Y, DRI
BEAL2E S wh ~ O(xs) B R—Br iy, Hoit2s S8
0w ~ O(Knys) B/, AT R (83)
HEAT T

forrs(@,p) = exp(=B - P+ &)

1
1 — BPwh v TS
x{<+16,8w wu>6

1
g B () (p)]
fe?l,rs(m?p) =exp(—6-p—¢§)
X |:<1 + 11662wl“/w;,w> 57“5
1
B )| (50)

B Il HROF- 7 1) Wigner pREL AT L3 #3857 2 (86)
FRAGEK i (80) NAUBTEIN (82) HAk1H.

A Wigner eRELI AT 20 B
BEFLAAR. Wigner pRECAT DL i< 43 B an T et
S 12

W= % (]-" + VP + 4V, + VAL + ;ows,w> :

(87)
BT RELF PV, Au, Suw 5351 0 Wigner pRELT)
brfe | e R i mAkE o, BT
SEER. SPIE G R 5 (o) L REZh A K B O (x) FLH
K 2 B S () W] DL i AV, Rl i AL,
AT

() = / d4p V¥ (. p), (s5)
O (z) = / d'pp V(). (39)

R / d'pAy(@.p),  (90)

XL or Fr s e JEENPE X g gl & ik i f [
JiE .

Wt R (88) A (89), ] LAAS 1 i tl A
TR jlq FOL ()
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1
1652wo‘ﬁwa3> Kiu* si

it = (1+

0?[(2BK5 — 5K1) ut sinh ¢]

+ 47;2&, { [25u[“wy(lua (K2 + B K1) + Buw” (K2 — 5*1[{1)} sinhﬁ} ,

v 1 2 o v vo—1 1
oL (z) = (1+ 1—65 w Bwa[g) (u'u’ Ky — A B K1) cosh € + 2

+

16m2

o K e SO

d3
Ki(8) = g | S
HLs R R
Kl H_TlKl 1+m Kl Q—ZTQ’ITLQK[ 3. (93)

B ARVFFRATAT LA FE B PSSR B9 K A K %%/%
K. T ERCE ALK A A BRBORFOR K

& (91) H =B gE rrve i e T IHER IR S K lEﬂ
(P
I = utu"u* Kz + = (A’“’uo‘ 4+ AFYyY

—+ A”au“) (m2K1 — Kg) . (94)

TR B, AR (91) H iy e 28 b 2

O(*)Br. T KnFl xs ALY, k5 Ok FIEAE
PR T2 ) 235 R — 5 061, g RE K 40 7] 75

jéfl = nequu + Sjﬁ),

O = coquu’ — Py + O, (95)

L1 neq, €eq FIl Peg 73901 2 5 Bl AT 25 T R4

WL %E%ﬂ)—?@?

Ek} b

1

p— — v _ LV
Neq =UpJLgs Eeq=1pU, Ok, Peq——gAW@éq. (96)

AT,
— 3Py = <1 T

+ 207 (T — 263) coshe] . (97)

1165250“5(4}@5) m?Kqcoshé

(95) A 85(;, O IR T 5 SRR T~ g 2
MR 12205, BTEDE 097 .
PRSP, T LIS [ ek

S — i (ﬁu%ﬂ" n 26u[“w”]’\) K coshe, (98)

Horp Ky SCH IR (92) Za . A el e wr
EAT 6 AT AR SR, S A 3 AV AR B

a, [(wwa[ﬂﬂ’]"a + Bw“pu”mQKl) cosh 5}

* {[g" (2K> — 587" K1) — u'u” (K2 + 28m* Ky + 87 'K1)] coshé} (91)

|
BT BT B 342 U, 31 AR
D (z) = / d'p S (z, p), (99)

Hirr S 2 Wigner PR K & o 18 WA K 2
Dr KX T B B8R SO FRSK I, AT AR a0
iy

D = EruY + EYut

— By, Mg, (100)

1
EH = DMy, MP = —ZetBy,Dys,  (101)

399 A R AR R R e AL AR R O B 7 AT
iy, R AR

1 1
Ea= — m—ﬁ(ﬂw‘“’uu + §Buyﬁyu”)[(1 sinh &
1 u )
+ %V (Kl SlIlhf)7
L 1 v po — .
Méq = - mﬂel ’ U’prO'(KQ - ﬁ 1K1) smh§
1 .
- %Gwaﬁuu(aaug)l(l sinh &. (102)

I (AR AR S8 A =03 DTER, 23wl DRI T A H
LY SRR NS | BT 5= 1 v a2 NS s e A v g
AR . WA B ME L B R4, SR — IR IE LT
P U, w0 St ATE A EEIN BT, 5 —3B IR T
TR TG B8 590 B e P u,, (Daus ) BLIE HE I FILE
sl
L0 g () T OH () Sy il ~E. ¥ 7 (91) h

1y gt () B O () (1) ~F- A 2 35 AR A SF 1E 2
(5) 2, ATLIERE D 8, & Mk 1 is 3l e

d8  Ky+B7'Kjcosh®¢

dr K, Kscosh? ¢ — K2sinh®¢

¢ (K2 + B71K1) Ky — K1 K3

dr K Kscosh®¢ — K2sinh? ¢

du K,

— = hEAM D€ — = AP

G = Ty g, WA DL — S AN,
(103)

K0,

0 sinh £ cosh &,
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Ho=0-u. FIFHIEE (96) 1 (97) 7] L & .
K| = neq/sinh§ = P/ cosh¢,
Ky & e¢q/ cosh,

Ks = %KQ + (m2 + ;’2) K. (104)

I, R (103) AT LAH AP B AR neq , Peq Fll g
s Xy, TRUE BN EIEF R w TE Kn il xs
ARk Rk B A BTk, X B, T A At
TS Em BB IR 2D O(Kn?, Knxs, x3) B
S ESPE AT LSS 1 o iz 8l 5 FE:
dBwHv dBwb dpwve
BdT = Aad% BdT - BdT

dSwHe
—+ UV/BdiT'U,a,

Uq

(105)

Hrp

dpw?
dr

—1 v
ﬁ AHaA B
= C3 A%, A% 4 1Al G 0P
1
— 504 (V[Hwy]p) uf + CQC4W[%UPVV]§,
dpwH
-1
b dr b

= C1wuy, + C2 AR WPV, €

ot uf + %AF;, (V') (106)
Sl ol = (T V)2 - A3, K38 R
Ci(i = 1,2,3,4) AR R

5 5df BmPK, dB de

= —— _— _ = h —_
Co= 0 S T Ry g ar ey
1 5K, m232K?
Cho=—-|1- — tanh
? 2( K1+ 8Ky (K, + BK,) :
28°m?K, 6 de
= —|5— Z _tanh&—
Cs {5 2 (K1 + GK>) +52m2K1] g —tanh&q
s [ _ m2B (3K, — BKa) ] a8
2(K1+ BK2) + B*m?Ky | Bdr
C _ BszKl 9
YT 2(K + BKs) + BZm2K, (107)

TERRERITHIHELL R, wh ~ O(xs) , TR (105)
(4 P 1 O(Knxs) Bir. 75 & (105) A —4>F JLfg
W =0, O TI0 A BERY SO, 527 SCHR [57)
eSS

Zx BTk, FIHITCH EAE -GN T B 513 )
SFHSHE T I T B BEE R AR S
FOEMERITT, 58] T Wigner PR — Bl
fif . T G A9 Wigner pREL, 1S T HIR
W R AE K . eSS AT | AR,
SMAMSFIEERE N &, S0 TIRIESE6, € v
Flwh 11z sh 5 2.

5 Bjorken A 5§ Gubser A i i 9 £
Bl € it 1 AR AT At

FEAHRT S B - hifE S5, P2 AR ) QGP 1R
IR B E B LUS , AT DUHARX S i A g 22k
RRGEAE AL, BTGP H B T ) 3 4
POGHE, X AR A ) QGP E 2 & I\ m ik .
FERCECRFAE T, 38 5 A7 PR RR 37 1k R i A 0 ] DL
Ktk R pyEAL, 43 512 Bjorken % Fll Gubser
RURZ K A AR, T TP [ B i PR 2R B kA7 10 T A
X8 A TR i 2 R ATE AT fie (05990,
R TSR ABARNT IS B e AR AT X i A i,
T L | A EUHMPAPIRES T 8. B e U HAR I
PR B SR PR T AR S T
e =3P. (108)
MRISGETHII, 26 R 805 S5k 3 Z Al 26
F, BT IRIELU T AR S 5 A gt 3
whv Z [ 2 T AR T
SH x5 aT?wh (109)
Hrr o JFRAE B BERE AL —AH AL
J T, R T bR 0 ACRY B LEYI R o i
ZIRHUE, Weo =€ (T =10).

5.1 Bjorken BT B ERIARETE
Bjorken B i, AR R 58 B A Y1) [
IRASAE Y, BIMBBRAE TR BE X, R R T i 25 Fh )
PR O RO T PR EE g, SRR T R A R T =
V2 — 22 TR ) R R
ut = (t/7,0,0,2/7). (110)
MR E sl 5k <P E 0,01 = 0, W] LI il
) 58 5 7 45 5 B 0, 0,01 = OFN A4 i J7 i
Ayad, O =0,
(u-0e+(e+P)-u+ (99 +q"(u-0)u,
— TP, + 1, 0 =0, (111)
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1

(u : a)ua = 2 [A;BVP - (q ’ 8)”04 + Qa(a : u)

+ Aua(u : a)qu -

- Aua8u¢l“/]' (112)
R TR G DY R e A R AR, AR
A g, T o ARK R (16)—(18) ATl #Frw'™ =
W =W =W = w¥* =0, HfA W™ # 0, HENH
(u-0)uq =0, Bl ARG 1] VL — EH AR FF Bjorken 3 &
((110) 2X). 2eMelth, ¥ q», 7+, o BIAKITRE (16)—
(18) fRARER AL r #, WI15:

d 4e 2ns ¢\ 1
Y (LN )
ar’ + 3T S(3s+s>7'2

AR AE A g s iE (4) XFE 0(0) B i X
N(uNSH) = =2(g'u” — q"ut + ¢), BB A TT
R AT e AL T 7

Y
dS™ gyl _ Y ey

dr T T
AT 220 B BARAETT 2 (108) A1 (109) Al%H

v
Ay Oy

(113)

(114)

\Y3 1 (2n, ¢
T(r)=1To | — —— =+
(7) 0(7’) 2T<38+8

1/3
o) =t (2) e |-
T

2970 L 1
a1T3 2

a2
He T(r), w (r)fRIE] (115) A1 (116), 155
o= ()25 (32 ) - (2)

() = anes T (22 ) exp {‘
T

(120)—(123) = B & Bjorken 4 ¥E % [ i€ i
PRIGEERR. IRATEIT ~ 7713 s~ 77t e n 77 /3,
55 B8 Y Bjorken Ui AR A5 B il — . 2 7R HLAE
Bjorken AR HUIMAFERI N, S5 T, e A 5
FERURE G I ETI. #7 FEAEFERL Bjorken ik 5]
A BBERFRGY, By # 0, w™, S™ 23 AR, 1724

2y19 (T2 2ns ¢\ 3y
AT (T ) xd1 (2048
a1 T§ (7’02 3T TS 2a1 T

o () () (%))
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e(T,w™) = ;T + 30, T?w iy, (115)

T,w™) = ST 4 20, Tw? 11
s(T,w )—gcl + 2a, Twy,, (116)

Horp,

wmy 2
oegi (%) -
TE R R BR w2, /T < 1
(115) A1 (116) o AR ABERSFIETFE (113) 5
FIIER BE AL R (114) 5, 758 Fe 2 nT i i) )y e
d 17 1/2n ¢\ 1 Wey \2\
w“37‘3<3s+s>2 O((T)>_O’
(118)

380 3 wgy 2
aTy ~ 2" <T0> '
(117)
ERLT, % (109) .

d d
Ty Ty
T i w4+ 2w i

4 oy 2
+ 1;201“’4—(9((?) ):0.
FEAHXHE T B TREE T, A ns/s,¢/s < 1, B
it

1
T+ Tw"™ —
pu

(119)

@ e(G))
MO ER IO
wo(F) (9 (%) o

of(£). () () o
()"

(123)

0 (T2
'y%OHﬂL, exp { Q?TOB (2 1)]«{% AR T 1,
S w(T) ~ 7173 58%(r) ~ 171,

Gubser B K FE 8L B e A A g

Gubser AU {4 6061 ARALAL T Bjorken JiARAY
ARk, 7% T8 T AR AR 1) i k. — L Ad B

5.2
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Gubser BRI AT Z 1T Weyl A #e. T5 25005 &
4t N Minkowski [ 25 1) (¢, z, y, 2) #4746 b A2 e 2|
(T7 zL? @7 77) :
ds? = — dt® + da? + dy? + d2?
= —dr? +da? + 21 de? + 2y, (124)
R, X R Minkowski FERUE g, = diag(—1,
N ., . 1
1,1,1). FXJ RS 25 [ A IR AR 4 d5? = ﬁds2(ﬂﬂ
}J\{dSQﬂ (T7 xXy1,¥, W)}“I}ﬁ%ﬂ {d’§27 (7_3 T, P, 7))} ):
ds* = iz (—dT2 +da? + xidch) +dn?
T
= —dp® + cosh® p (d6? + sin® 0dp?) + dn®.  (125)
7 2y AR
L2 — 7%+ 22
2Lt ’
2LIL
L2+ 72— 22"
Hrr, L& dSs @ RG2S REFFERE. BT
D, B AT KR TE dSs © RIS H ) 45 Fif
o, 0 dSs @ R 23 JF L g, = diag(—1, cosh? p,
cosh? psin6,1).
H) i AE Weyl 28 4 J5 15 31 7Y dSs @ RN 25 th
(m, n) Bk AR BIE A
At (o) — Apiopm = QUARL B (2), (128)
H i =[Al+m—n, [AHERY R KE A BIIE4E
B ARTAARCR T D, B2 = 7, FH_ B A
CIEEE
L . .

i, =7 tu,, W' =T1ut, é=r1, P=71'P,
(129)

sinhp = — (126)

tanf = (127)

T=1T, =1, S =775"" Q=1 "wu,
(130)
G = T g = p2ghv ARV = P2 ARV (131)
1 Minkowski i 25 5 dS3 @ RIS 25§y 1 4% AT LA
i T U R R
r), =1+ % (29 + 62V = G Var)
(132)
Gubser B A 2R 1E dS5 @ RN 25 T 4
HIHR AL N
i, = (~1,0,0,0), (133)
AR HA] Minkowski B2 | X f4 97 2

1 LP+72423 1 xy
U= (_ cosh p 2Lt coshp L’ ’0>
(134)
FATR XA 2T Bjorken BUR ARG KA |
275 I8 T RF A 1) AR
TR b RS R H 2T Gubser BUAKRFE
WA e AT . |, N (129) AT LA B 1T =
—(V,ut 5 ¢+= )\(—%A““@VT—l—uO‘Vau”—Hluyw’“’)
ANEAIIE A TE. T AR, W=
T3¢ =0, A=773% = 0. AL REI LS
FAKG AT LA R 1 A

OM = £0M0Y + PAM 7" 4 g (135)
7 = —f VRG>, (136)
o =4 (QAWAV%QB - @fa"]) , (137)

Hodis, 5 = 0. i TS T A bR e 284k,
I3k ZR B 7 R A 8 B O, O BIVE TR V.
I, dSs @ RISASTN P27 R R AL

E4+P=T5+d,,5", (138)
dé = Td3 + &, dSH, (139)
dP = 3dT + S*di,, . (140)
Xof 7 FPRZS 7 A (108) AT (109) 28 J8ih
=3P, (141)
SH = ay T . (142)
MR ) F R FR S TR, AT A5
£=1T" (co + 2%012) , (143)
~ 3 4 _9
5=T <300 +aw ) ; (144)

Horr, co = 20/T3 — 3atg /2 = 330/ (41) — 3awg /4,
It H f0=2(p0), S0=>5(po), To=T(po), wj=
w?(po). FIMGIANT —DHHT p TN
0% = W JT? = G, 0" JT? = T2 (p).  (145)
e, A3 BI7E dSs @ REF 25T RE sl it Al ) it
BREVE
V.0 =2rtelmly T, (146)
Va (aaSW) — 20" = (1, 8 g

T a8 1 G — 5y (147)
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HATEI—BIEDL T R ~FE T B I A B
I AP AR R TR 19 2 WA dSs © RES
25 AR T p, T HAT AN HL PR B o AS Ry 1) 43
i, AT MR (146) 2UAT (147) 20 A7 R 2
TEAR AR .

MBE-Bl i Sy B AT 1

(A“VMp + AoV,

e+p

+Aua@u($#y - 2771gauﬁg)“y@u7> ) (148)
. 5/
j—p + gstanhp -3 (Z) stanh®p=0.  (149)
(148) LG A I RS Al 45

~ 1L ~ NITE - A
at Vuup =0, @'V,iy =0,

2 cosh? pfin2 0 (iy) S(—00"
E+P

AIL .
'V i, = 3

— cotO%? + 2&19‘9771897),

~ 2 A
Pyl = —— <7) 5(— 02
e+ s

— cot 0 + 2071771 ). (150)
ATk RA Yo%, 0% = 0Bf, Gubser i #H A &
FesE ANARRY . PR, BRI IRIRZS Ry &P, 0f = 0.
Jy—J7, A s ESFE IR A LA B LA T Iy
8,,5’”“’ + 3tanh pS’W + 8% 19,1 = 0,
9,8P" + 2tanh pSP7 + SOy = 0,

6p5'9“’ + 4 tanh pS?° + cosh™2 pSPPr 1dyT

+4 (”) 300 =0,
S

apS"" + 3tanh pS?" + cosh™2 pSPr 19T

+4( )M"" 0,
S

9,57 + 3tanh pS®" + 4 (

w> |-

)mwzq
(151)

A& B S0, 50115 See Sen A AR A fE—iE.
I, T B WIURIRASIT I wre, 0P, P, SP1 = 0., F
XAER TR, WTLLR B a4V i, = 0, (a = p,6,
o, n)TE BT, B Gubser it 2 8 ANAE, [A] A @re,
wen, See, SPiil o — T IRFE R, ERSERL T, H
TESR T EL (143), (144), (149), (151), (152).

9,57 + 3tanh pS*? = 0.

W7 (143) T (144) K
(151) Hr, AT4%

L 2. 2 (1N
94 27 tanhp 9 (Z) tanh” p + O@”) = 0,

Z (
a A2

9,57 + 3tanh pS*? = 0.
T AR 1 B R

(o) = Ty (l;pp) (1 " ZfB(p)) +0 (@),

(142) SARA TR (149) A

apS'“D” + 3tanh pS¥7 +

Wy | 2>

> 358%1 =0, (153)

(154)

(155)
o (t))
§%(p,0) = c1cosh™? p, (157)

S5€7(p,0) = cocosh™ psin™ 9 A(p) +O (@?), (158)

{smh3 pF (6 3 ; — sinh? )
. 735 .
—sinh® poF (67 5; 5; — sinh? p0>},
4 [* Y\ S(p
A(p) = exp —*/ do’ (7> 5()
@ Jpo 5/ T(p')?
4\ 6 So 2
1 = =
" (3) a1 Tg 7o

114
{sechs poF ( sectho)

3723

114
—sechdpF (3 5,3,sech2 )}

~ N ~ 2 AN 2 aa
L0 waﬁwaﬁ Ns Y Vs
TQ b § b § b §2 b

(159)

c1 = 5% (po, 8o) cosh® py,
ca =S¢ A (po) cosh® pg sin B,

XL F(a,b; c; z) JeB LT pRER.
e, AT LLBEAE dSs @ RIS 25 R B fif b fide 5 [nl

(160)
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Minkowski 45, #55):

:@<E>% G(Lﬂ'o,:EJ_o) %
o \T G(L,7,z,)

x (1 + 4%3(;))) +0 (wz, ("5)2> . (161)

412

ST — TC+G(L7T7 )7t (162)
4172
S% =" C G(L,1,x.)"", (163)
T

Tz 4L2 —1

S = TDJ,_G(L,T,Z‘J_) N (164)
z 4L2 —1

SY? = —D_G(L,7,2.)" ", (165)

-
Her,

G(L,7,x1) = 4L + (L* — 7% + 27 ),
Cy(t,x,y,z) = ¢1 coshncos g £ co sinhnsin pA(p),

Dy (t,z,y,z) = —c; sinhncos ¢ =+ ¢o coshnsin p A(p).
(166)

oL < LIRS, ATERL2G(L, 7,0.)" " ~
L_Q’ jT?T—EJLiIJE ~ 7.74/3, Hsox’ SOy’ sz, SYZ ~ 7_71’
iX 5 Bjorken % [ Ji it A i A7 i A7 6 2500000 S0
A

6 % %

7 A I R e 2 2 T AR AR P Y 5 5
T S-S R (QGP) 3
YRR E R W E B IR —. HAT, E3050
b R RS R S0 T AR — A 7
XS QGP FEREEAY R A R S
5 P 5 il 4R 1 0 B T4 5 ok St QG
. it it & 20 ZARM L MBS Y, AT
fift 2 QGP — IR 5 MR 1R, 0T AR
TR RO Y B TR SR R AR, YT A
FEM AL R A F BEHES SL 50 I 2 A S8R, (5
AT RBEREXT QGP W i) [ HEZE #4 Fn [ g fi iz
PEHEATIFST. XA E T S FAEMXHE T R g
FIIER AL TN F ek R R HE I ZE. TR
SEAERIA QGP WAL REUS TR ), dE%
F AR b, A7 SR RE RS L AR ) 4 okt ot A
FERHZ NG, DXHZER K JRAXTIE A TR 2.

ARSCE TR T U] 38 ik fE- 3l i <P AR A S ST

ERAT BIAXE A e A S22, tHE T =AY
D7, AT B ) 2 R A E S
S R S R A TS e 1 T
SO AR EIHAR A TR R IA T B A R
XTFRIRESh ik i, B3R AE T A BEA shat fpE
A, I H i TR AL S8 A e Ak o
A G R IR RIS, I A S 2250
A ME G 24 R 7 VRS N ULBE & A T A 4
Sy AR T AR A 2R 1 T AR S
W HA e T s B Y v 0 OV R
WH R EATIFFERY. X =AM S5 B R B eHE H.
HONANTER). SRR R ESAE SRS, e T AN
] 75 7 Ffr 2R AE 1) g2 1K A& 22 —— Bjorken i Jik F1
Gubser BZAKIAR Z R AgAHXTE A BERAR J1 245 FE.
SRRl QU 2N TP SRR DOy
M TP A QGP Ak, PRI ASCAYSE AR E AL T
KT QGP H H e b Al iz i — 2o S ARy
fiE, AP R ST E R i B R ) R B At
T5%.

TR XT I8 [ e DA 1 2E R A G ) R R 2
R SC AR R T I — AT AR [l — A
FISIR, ST LT AE RS, 5 T
TE I 46 SCHR AR B, 40 SCER [23, 24, 36—39, 59,
62—79]. [RIFF, FHXTIE A e A T Be HE L
WIRAFAERFHE— 25 VT TR SR R L, WS F I A0
AR B S T AR 2 BRI AR
P T AT T2 g AR RS RE0RTT
AR T3 b, BB SR FBETAR T 25 I
FHZ =5 B 5 Rl 2 iR A e R . AR
W H e AT LME A A e ik 5 % s A+ H
TREHES 1 7 WSS, AR BB ASALLRS Sy B A H A
AT V8 B 25 T il S 0 v (AR Ak I SRR RS B it
Hb, FEFAXE A BERAA TS IR B e k2= 3o A
JER B, 2%t A e Ak % A BT B IE B0, HLAR Y
B IEHCHE T A BETAAR A BB, Xt B AR TR 2
ff DL [ R Z — . FRAT TR AE AR J LA, axX ]
RRSAT B Pl R Ao

Bt Cao Z, Hattori K, Hongo M, Kaminski M,
Matsuo M, Stephanov M, Taya H, Yee H U, Wang D,
Fang S, Xie X ZE7EAHCIRE AT HE A 1E.
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SPECIAL TOPIC—Spin and chiral effects in high energy heavy ion collisions

Relativistic spin hydrodynamics®
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Abstract

In recent years, due to the discoveries of hyperon spin polarization and vector meson spin alignment in
relativistic heavy-ion collision experiments, the spin transports in quark-gluon matter has received intensive
studies. The relativistic spin hydrodynamics is one of the important theoretical frameworks to describe the spin
transports, which encodes the spin degree of freedom into a hydrodynamic theory. The relativistic spin
hydrodynamics have the conservation equations for energy-momentum tensor, currents and total angular
momentum. In this article, we give an overview of the recent progresses of the relativistic spin hydrodynamics.
We focus on the following topics: 1) The derivation of the relativistic spin hydrodynamic equations, including
the phenomenological approach, the effective theory method, and the kinetic approach, 2) Some special
properties of spin hydrodynamics, especially the asymmetric energy-momentum tensor and the pseudogauge
transformation, and 3) The analytical solutions to the relativistic spin hydrodynamics for systems under

Bjorken and Gubser expansion.
Keywords: Spin hydrodynamics, hyperon spin polarization, realtivistic heavy-ion collisions
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Fig. 1. Global polarization of Lambda and anti-Lambda hype-
ron in non-central nuclear-nuclear collisions at different en-

ergies.
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Fig. 2. A and A global polarization as a function of the

collision centrality in Au+Au collisions at /Sy = 200 GeVI7.
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Fig. 3. Polarization of A, A as a function of n (a) and pr
(b) for the 20%—60% centrality bin in Au+Au collisions at
V/Snn = 200 GeVIT.
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at 200 GeV, and compared with A polarization!?.
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Fig. 5. A sketch illustrating the system created in a noncen-
tral heavy-ion collision viewed in the transverse plane. Velo-
city field and expected vorticities are shown, the colliding
beams are along the z axis and z-z plane defines the reac-

tion plane.
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Fig. 10. Example of ¢ and K™ distributions in Au+Au collisions at relativistic heavy-ion collider: (a) and (b) Examples of invariant
mass distributions; (c) and (d) the extracted yields as a function of cos§*ll.
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Fig. 11. py as a function of transverse momentum for ¢p-mes-
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Fig. 12. py as a function of transverse momentum for K™ for
beam-energy scan energies and for the high statistics
200 GeV datal®.
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Fig. 13. Measurements of ¢ and K™ global spin alignment in
heavy-ion collisions!®l. Solid points are data from STAR measu-
rement, open symbols indicate ALICE results with the pp
bin nearest to the mean py for the 1.0-5.0 GeV/c range as-
sumed for each meson in the STAR analysis. The red solid
line is the fitting of the local fluctuation theory of the n
meson field to the experimental data, and the red dotted

line is the extension of the fitting to the LHC energy region [*1l.
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Abstract

The experimental data of the global polarization of A hyperon, ¢ and K™ vector mesons in high-energy

heavy ion collision confirm the new phenomenon of global polarization of hot-dense QCD matter, which has

attracted extensive attention from researchers and has become a new hot research direction in the frontier of

high-energy nuclear physics. This paper reviews the recent global polarization measurements. We focus on the

global polarization measurements of A hyperon and ¢, K™ mesons, carried out by the solenoidal tracker
detector (STAR) collaboration group at the Relativistic Heavy Ion Collider (RHIC) at its Phase I of Beam
Energy Scan program, and extend to the global polarization measurements containing multiple strange quark

particles, such as =, Q and the local polarization studies of A along the beam direction. In the paper, we also

briefly comment on the measurements at higher energy from the large hadron collider (LHC) and at very low

energy in HADES experiment. In the end of the paper, the physical information given by these experimental

results is also briefly discussed.
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(2023 4E 1 A 22 HULE; 2023 4F 2 A 12 AU EIEHH)

FEAR XS DA 18 5 5 TR, 245 ROV B9 T B R SR HAT BRI W) U LIS f dl i, 220 o A AR
FHB A BE-BAE R £, X — BRI PE A Sl a] LS AE o 7™ A 19 45 -8 1 2 B TR i B A A . o A A2
P AE S PRI R, B S SE A v SO S A A XS R T R LAY STAR S8 BTl s, ik
TN S () R I, B S 43 0y BELAE S 1) — A3 7 1) —— T 1 i 4 11 e B A SR B[] ot
TR AL UG A AR ST R R S AR G JUAR R B

SRR e UL A, B, B RERUE, A S TR TR

PACS: 25.75.Nq, 12.38.Mh

2017 4, 3% [ A5 45 v v SC [ 5 52 56 5 1 A X
WHE TXHEIL (RHIC) | STAR [ R4 1ESL 56
HAE C HIR ) Zoik B LLE IS C & £ T AT xt
A BRI A I 5 S 1)) S8 SR A b
N, AHXHE T B TR P R AR A BT R E R
JoF TR 7 1) I R T TRl AR ). 2 SRR 25 SRIESE T
2004 E7EHE LA TS P, 7R R A G iR A
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U E 2 Rl AR ) PR AT B BT T 1) it STAR 3¢
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A B RBPUE M Zha R sRAE BAE Y R R S, 8
X RN R AR AR T F BERR AR B I 5, 7] AR
W @3 )12 (QCD) SZAL T B R 4 A -
BUBARE A AP

2004 4, SCHR (2] e R 3 B R A X
—FERL, IR T A R 3 [ 5 AR S U HEA
BERE LR, IR T ek i, FR A Y BLE A B
A LU A AR 1% A R Ak, AT il 2
- ilf 8 R AR - B W SN TV 27 [l I 1)
1) A T Ak, SCHR [2] FrZ A BARD AR ASN (global
polarization). SCHR [2] BYTHE M & F 78 FE A R
BRI, IR T P25 37530 ALl M ) P iy R ) A
RURSAR R Ge b4 e 5 HA K FIOAR BEARH], iR
PRI 2T B | 3 AR I L S5 B, (A
AV TR RN 5 i3S . 78 SOk (2] 102
filt b, SCHR [13] AT B PRI B T 5
BRI, NI S5 R B a] 4. ax st
AR e E B S T, AH A T — R Y 4
RO RE B TR R, W IR ARl
ZYCHiE, SCHR [16] 801X 5T 22, mSCEk [17]
F Oz B 25 1 T Z2 UK. ASSCE 4 9%
X SCHR [2,13—16] HEAT 17 % 0] 3.

SCHR (18] e i, VIS RSB KA f 5
it i LB RGIIRIE, TR A 15 s ) i &
Gt ik e, Il [ ie-BuE s &R N
RGN He-i e 5. BEAE, SCER [19] HEAIHSE
T2 45 T — N SOR TR R GRS
BTG OL T, RS S RIEECR. 557
W X AR A TR T 2 i 3R AT TR AR
6 19 15 B 2 AT M - AR B TR S e
WAFEA R ARSI T AL LA S 5250 LU AL 0.

H1 T8 B TR P 2 5 ROV R G IR
1, BERIBE M W AUR AR, 52
FHOCHY A BE (TAEME) 00 A5t 2 B S - hlf 4
FURH B 73— B 7 T, IXSE N 7] LSS
R [20,21]. BEEBFSERIIRA, AW 7 HoBT Y Il
PAESE 7 A S R T LU R4S

2 AR ETERPEEE-PEEE

FUBERRLT O HEAS [ 2 —, fRir (U By
KRt A R T E A, BRI B
(4 1 BEFL T2 | SRR B SE A AR | R fE

TP BT A e 22200 45 S SEAFRER) [ RN
=5 A B S BWIKRTE R, A SO
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Fig. 1. Illustration of non-central heavy-ion collisions!?.
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Fig. 3. The average longitudinal momentum distribution!'.
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Fig. 4. Normalized rapidity distribution f,(Y,z,b, /s) 3.
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AgiB(q, k) = Agle) (k. q)
G- -k —q k)(E—k), (52)
A (g, k) = Mgy (k. q)

21.2

=§(§—2k2—q-k)—<k2—q~’f—q§,k)kQ’ (53)
Ad®) (0 k) =AcD (k. q) = 3(3 2_k2_g.k
Imp (0, k) =Agpn(k,q) = 8(5+¢ q-k)
2k2
N GETE TR PO

i 26 380k AT DUAR 75 5 & T 201 X ok
fla. k)= f(k, q) BRI R Af(q, k)=—Af(k.q).
X85 ZR PRI TR 13 2 R 8] B A A 5 (43) A
(44) FRILSLHY. BIRIXLEL RS T/ MR LT Y
U IR 2, (R ] LASG I A2 2 s ] o
PR AR T 2 2R B 6 A2 T Y — PR I X ((30) 5K

i1 (31) ).
e SR B I ARy, s
_ gleqq d?qr f(q,q)
(o) = "355 /qm, o g Y

by == Lz [ 10 [V e
852 J_p 2=n —ET=q,? 2n

X/\/WcﬂfmAf(qm,qy;km,Qy)
gz 2n (ks — ¢2) A(q)A(k)

ML EUE S RN 6 Fis, VéIRe 5 it
AR PO RER, TR, T IE IS
B L2 V3 /T M HRAR K, IARRETEIE 2
RETF I U Ry, SRALRE /MR R, SR B — ARk
{EJG, FHHRAE /N, 3 —S5H AT i 32 B2 A B
VEI ARG RS DTRRIY , BT LA IR o7 B8 17 320 B
SR o — 2L

0.30

. (56)

— a,=0.1

0.25
0.20F "% T

= 015
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0

—0.05 - . . .
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B 6 Z7ibiE - Pyl as Ml VE/T HIMKIE R 13
Fig. 6. Quark polarization - P, as a function of \/§/T for

different o sl*3l.
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17 —283 ), (B RS Y PR EMR AR R 1 2 1
15 BB X B AR 7 A 195 - T4 B A
Hh, AHSBEI PSS e Z ) R A HUM IR, IR A
PEHIRY [ - BB &, P14R R BIE # 3l i e T
LATR I s 5 A R U 5 945 se i fl. X — b R
5 3 v E A BB T A 2 e R A B e A AR AT
(ENOR NI NG Sl Pss = ig T RSk o A IR
T AR A ST AR T FRTR T 18], I 2875 ) R SR AR T
FEAERLT B Bl E Y, FEAR Rl REE R R AR
KT LA AR B 75 18 i LR AR AL 2 1 S
JOL AT R ZRETT 18], X AT [ % T — B 2 ) Rl =
B2 Rl —AT5 1) 45T, JRR SCHR (2] 25X Ak
et 4 W BEARAL, X —BLR K 7 FiR.

ES I | DU IR S A £ L ARk A N i N
Fig. 7. Illustration of the global quark polarization in non-

central heavy-ion collisions .
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A 4 2 RS B B RN X S R AR
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AN ZR I S B 5 ST B9 17 B0 T A el A AT
PRI 07 AR R A AL RO iz 77 R
HAA 34 22 SRR 0N B9 TAE AT L 225 30K [17].

4.3 ZXREGEREENSRERRL

N T RERE T 2 RIS AR R 5 T B B A
b, T 2K 4.2 xR R IS T BUR R
B A 17 BLHEATHE) 10, 22 SR AE B — YR I
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- CTaz
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NI, FEZSE —RHUI R, 4 S AL
Ao 1— P
Fr = I - 2E((E + mz) )—lgn,up' (59)
XS5 RR B, AU KA TS TR AR ALY,
Bi P =0, M (59) X5 4.2 LR E—ZY. H
TR o BT RG] gl e 2 TR, U
Py < Py, BVEUN G 4 iy A BE#E— 20 m R G REIAK
fashi s (Bl —y J5 1)) $eifl 1. AR5 i
ZUCHUST, DOIAR A B 1 2 X (EDRE AN B i LAY
Py =10, A2 Py = Py, Qn3RA T B R ARFE.
BT, RN SRR A IR TE] (B sg L

SFF 1) B PSP 247 [, DDA DL A R 5 s i A
AL

P AP P;—P 1

1 (1= P)mpp
7q 2E(E +m) — Prpp’
(60)
2, A RIRAXPH P AT P 1E QGP ',
S SR B TS 2 B R TE] 7 R
ol e 7y & 97y /4, TG X T QGP 1Hiizs M it
EHEVEVER], I QGP WA DI R BT
LIRIR N

a7, Ty

1
n R~ §p<ptr>Tg =Tpty, (61)

H (pe) RSz, p = 18¢(3)T° /n* MK
TR XA, RS R R R
QGP HIYIREPERR R AR 1

4P 4Tps (- PPy

dt  9s n2E(E+m)— Prup’
Hoolt s QGP MR RE. X — 7 A RRRA T
JEFNEE—ERIIEOL T, VIR R B0 N sl
Ao B LAt 32 D D UIDR ity 28 K08/ N 45 5
AP35 [ ph st ()RR FRATIRNIE , DDFE T R EUE R

(62)

Iy S s R BX T IE# A QGP
AR ERARA T RN Ry F Y Rl it A )
ST AT AR5 sE V-2 i, AN S i 4
TR (62) Bl ISR P(t). B 8 458 T
TR A 500 S AL BT P(¢) Bl 8] ) A
A LU B AN [ A4 U R i 28 8015 0 88 BE 2 LE L A
[7i) 114 5 RA) 46s ¥ 3 wo (HRUA U AR g 27 AL T B I
QGP I GAL Y\ 1) R ) X 45 Stk Ak B T Ak i) 5%
Wi, XT8N /s, P () AL THBRR

0 F
Ao /o(t =tp), no transverse expanstion

O n/s =1/4n, vy =0.7
—o2F \ v N ---n/s=1/4n, vy=0.9
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Fig. 8. Quark polarization P = Ac/o as a function of

timel10],

5 EEMAHZ N RES FH7

e LTI, i 2 v ST A HU T
TSR A e AL, fEttd T RIS B
SRR [ R AL B SR IR AR X0 B TR AR
LR R A HIE A Bl 5 5 T F e SR R
N TR v F AL R AT it — 2 Y B , IR )
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R

1
wh = 56“””"11,,8,)110, (63)

S, w R A, 0= (1v), Hrhy =
1/v/1 — v2 J& Lorentz A7, FEAEAXTISHBR T, w*
02 8 BB AL R IRFE w — (1/2)V x 0.
AT, A4 F B3 B B AR, 51 A IO R
SR, S R R AR

D=~ O~ 0B, (60)

Horb B, = Buy,. REREEE XIET, TEHRRL
TRAEPPET, EE TSRz, B
ik — a5, B EUNR A ESEAT 1) A T HA
SE BT 1A

e = exp{ - [azm P 6)s.w)

- 55 )] | (65)

e v i1 S1eee 4353|363 TE U B By 3 0 4
Takte, Zus FoRBLor BREL, =, RR— sl
T, T LA B A D A . K 0 0 A
VBT LR P 23, Ho A an el e =a 34 2 T
THROA, FTLIRR ppo 19 A BEAL A S — R, pre
Jes Bl I 18] 22 Ak 14, PR A B A T R it T =L al o
BRGHNBEWEMEEIG, pue L5 AS H BE I H]
AR, RIVAS FEARORE TR il T 2 A R B, X 2R

0y [T 4)8.0) ~ 55 )| = WA 878
AT AR RN WU . F
R 3 R

9, T* =0, (66)
9, 81ro = — (Tﬂo — TUP) , (67)
1 B R AT
OBy + 0uBu =0, (68)
Hpo = @po, (69)

P 0,8 = 0. Ik, nTUIE B, fER P iAST,
DA B T fb 2 3550 4 H IR i w0 1 E T K.
TR S TS T I TORF RER A
TEM A IR, AR 5ok A SCER [19,38]. X1
— AR Heisenberg #45 O(x) , FIH pre AT AT

O(z) = (O(z)) = Tr[pLe O ()] = ZLLETr[eAJrBOA(m)],
(70)
il
A=—Prp,(z), (71)
B [ 4z, )A5.)
— 58 ) ()] (72)

L P = / 45, )T (9) , DB (y)=Buy) — Bu().
%5 00 9 HEb f ke 2052 78 1% B9 L I, T
SN, P ) 2 SR 2 OB
FERRTEA /N, MTTTT LR B i/ . P S0
JEIF ABL(y) = (y — 2)*0xBu(z) + - = 0(8), Al LI
A5 RLE T O () AT F I 2L

O(z) = Og(z) + O1(x) + - -+, (73)
O0(z) = (O(x))o = ZiOTr (¢"0), (1)
O1(x) = (O(2)) (1) + (O(x))(s) (75)

Hrp Zy = Tre? | JFH.
1
(O())ry = - / a\ / 45, (1) A8 (y)
X (TH (y — iAB(2))O(2))o.e
O =5 [ O [ 45 wuely)
x (8107 (y —iAB(2))O(x))o,c, (76)
AT, (Yoo FORBOCHE FECBEE T, I ELA]
FHT S eATB = eA 4 eA/ e MpBer ...
0
BUAEAE LR AE SR B BT A . % 1

Dirac #K¥, HAEW A B EAF N

5177 (@) = (a) {17,077} (o)

- [ G en.

Hefrorr =iy, 4v]/2, 81r7 (, p) Frm 12 ] Y
RN A RESEAT, B n] KL Wigner 4731 HiK:

S‘#’Pa(x’p) = iTrD [{'y“, O'pg} W(I,p)] s (78)
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AR, (79) 2R W (2, p) B 5 X rp B
A B0 6 LRE Wigner 55 2% 19 B30 B3 25 1
AN R EMIE S B O(x) =
Srpo (. p), B (70)—(76) =X, AT LB 1 E
HERHOTE pre T 675 1O R L5 E HOT-H 1

1
SH(x,p) = _EewpapywpanF(l —nr), (80)
p

XL 2% po M 0 F] oo B3 M AR~ 119 57 ik 44
WSk (BORLF 5Tk A 3 5 1), JF HE 24k
W RGLIR B T AT 8 I AE A f1p0 = @0
(80) = & T2k Ml iz B AT 5 v A el
1k, PR iz B AT LS R AR 2 ] v i 7 A
AL AH DGR B H2, (80) IFAIE & F ik
FIEAE R TR, RO AR AR T A ol 2 7
ARG (freeze-out) &N _E =40, A T
15 238 A T A ) 2 B R TR R A A =
SH(x, p)FERB I = L BCF-EA{E (1958);

B /dE'pSlt(xvp)
St(p) =

2 [d=Z-png

/dE ~peumﬁp”waﬁnp(1 —np)
= - ) (81)
8E, /dE -pnp

Horppr &R F B9 7E 5% (on-shell) DU 2 5. 38 i
(81) =X, AT LU DA ik A g 2 A5 1Y v i B0 S ke 1Y
QGP JiA IR B, TR A5 AE VR Es Hn i i i
7= A5 B Bl a2 TR E- X8 A TE S A, AT AT
DI R a1 [ e A . L HbA 2 pL T  7E
TR S 2R B Cooper-Frye 2338 (%2328
AT LK QGP JARIARLEE | s S AR ik
e A s H AR AS [ 4 A ), PR AT AR
 E i Cooper-Frye A2, 7ES2BRI A, T
+ (W0 ABEF) 19 B B A TE S50 R e IR &R
W Y, 75 BT (81) A — A~ Lorentz A8 # %
L3 AT IE R . 4 5% = (0,8%) RIRIEA
1R R F e e, )

'7)1), (82)

M A5 B T 46 B — 45 5 J7 1) n i A e iR A6 52
P, =8*-n/s(X T Dirac $¢ Kk Fs=1/2). HHl,
C 2 K EHERUE I 722, 45R B,
X TREAR B A, 2 ARG o 3R T S g &5
B A 9 B RR TR E AL S IR ARG
AT FIERR AL ), AT DUE B3R A5 R
TESHIR2E N5 SR AT &

AuAu |Y]<1, 20%—50% * STAR A
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Fig. 9. A global polarization as a function of collision en-

ergy,
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TR I, AR X0 B 7l A v A B % v -
0S8 B A I S VLT S 7 T AR R AR Y, (H
% SE AR P Y TR, %5 5 BRI AL T AN RE RS
B FRERN, fs e HRB il R AR T B AL R AT ST
B AT [l R AR T B P A e EE L A R
A DL R R B T B iEHES) (alignment). BR
T X0, T I = (1/2)T B AREE W LIE S [ O 5
SR AR, TR TR HERS
S B BERELRE 00 73t A T LA 222 7= ) i £
SIS E, X AR AR S RE A e B
BTG XS TR A R R AR A
JEARER L T 3R [2,40]. B BRSBTS
I AR, WA T A [R5 bL
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AR R BN T 22k 7 1) B 575 1) —n A0 i
TALTT I, ARG Z AT, S s S S A e
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|
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A AT o MRy

ﬁqu]zqs = ﬁ‘h Y ﬁq‘z ® ﬁ%' (84)
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; (85)
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oy, m) J& HIY B ER; pREL, (Ju, m|ma, ma, m3) & Clebsh-Gordon 4. T H B AL BE It e 25 B i b

XHTCR 2

P = pu(1/2,1/2) = pu(—1/2,-1/2). (86)
er‘ﬂ:xrj‘ﬁ qu}g%g%ﬁ% ﬁq, E*R f)qlqzqgﬁi%xﬁﬁ E/:J, /ﬁ\:qj pqlqzqg(méami):Hi(l + pqri)(smi,m;/S;

P,, = sign(m;)P,,, N

va H](l + qu')<jH7m/|m17m25m3><m17m27m3|jHam>

pu(m',m) =
2

HRLCRINEE 1 5. BUE Py = Pa= P = Py, s
TR A G AT S e Pu = P, K 1
WA T RERBR AT SR, R, = f,, R
B2 2R FJR A A R 1/3.

EHEATHES T I i S r R F e e
2T 09 A et fb, B AT AL, (A52Pr
AR S PRI A A B 2 Y A TGk A
TR SR 3R R AR AR HROR A T4 5
HEEE IR I, 2500 A e A a0 ] 7 1 il
TR AR R ARERL T RS B AT (B AR T) X
A1 PR 20 8 43 BT (=181 3% F AR R, oA
SR A RS A A, BT LA TS E—
— B PR AR i R

m,m; H](l + qu)|<jH,m|m1,m2,m3>\2

(87)

\

P> D+X, (88)
Hr pFRIREERIT, DR X TR 28 = A )+
FLF, R, DK R FE R AR T B AT
Dhitk—20 828 S A -0k, AT H AR
WHIIA PRiF IR e Pe s LT, B8 DAL
T IR ALK & Pp . %R P B H ER 2
B %5 BE B plyp,aap, = (Mp|p* | Mp) 2R, Horf
Mp FR e — 452 5 1 b (BUH S R 2
Bl B E IR . ST AR AR, SR AR R A e
TR A e AR RE (R A e &1 AR ECA A R
R BBl T W)

PfAD,\X;,\'DA'X = (ApAx P INpNy), (89)

R 1 TS AL A BRI SR S50 LA TR S 28 ns Ml fs 709N S T0- I 725 85 1A

A ORGSR A B R RS AN T T S e R P
Table 1. Hyperon’s polarizaiton from quark combination or fragmentation mechanism. In the fragmentation calculation,

ns and fs denote the strange quark abundances relative to up or down quarks in QGP and quark fragmentation, respectively!?.

T A ot »0 = =0 E-
ZE% Ps 4P, — Ps 2(Pu + Pd) — Ps 4P; — Ps 4Ps — P, 4Ps — Py
3 3 3 3 3
ﬁélb‘%% nsPs 4fSP’u(7nSPS QfS(P’UfJ”Pd)*nSPS 4f5Pd7nsPs 4nsP57fsPu 4nsPsffSPd
ns + 2fs 3(2fs + ns) 3(2fs + ns) 3(2fs + ns) 3(2ns + fs) 3(2ns + fs)
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Fig. 10. Theoretical calculation and comparison with experimental result for A, =

count in the left panel while not in the right panel*.
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Fig. 11. poo as a function of A in central collisions2.
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SPECIAL TOPIC—Spin and chiral effects in high energy heavy ion collisions

Spin-orbital coupling in strong interaction and
global spin polarization®

Gao Jian-Hua P’ Huang Xu-Guang?  Liang Zuo-Tang?
Wang Qun*  Wang Xin-Nian®

1) (Shandong Provincial Key Laboratory of Optical Astronomy and Solar-Terrestrial Environment,
School of Space Science and Physics, Shandong University, Weihai 264209, China)
2) (Shanghai Research Center for Theoretical Nuclear Physics, Key Laboratory of Nuclear Physics and Ion-beam Application, Ministry
of Education, Center for Field Theory and Particle Physics, Physics Department, Fudan University, Shanghai 200433, China)
3) (Key Laboratory of Particle Physics and Particle Irradiation, Ministry of Education, Institute of Frontier and
Interdisciplinary Science, Shandong University, Qingdao 266237, China)
4) (Department of Modern Physics, University of Science and Technology of China, Hefei 230026, China)
5) (Nuclear Science Division, MS 70 R0319, Lawrence Berkeley National Laboratory, Berkeley 94720, USA)

( Received 22 January 2023; revised manuscript received 12 February 2023 )
Abstract

In non-central relativistic heavy ion collisions, the colliding nuclear system possesses a huge global orbital
angular momentum in the direction opposite to the normal of the reaction plane. Due to the spin-orbit coupling
in strong interaction, such a huge orbital angular momentum leads to a global spin polarization of the quark
matter system produced in the collision process. The global polarization effect in high energy heavy ion
collisions was first predicted theoretically and confirmed by STAR experiments at the Relativistic Heavy Ion
Collider in Brookhaven National Laboratory. The discovery has attracted much attention to the study of spin
effects in heavy ion collision and leads to a new direction in high energy heavy ion physics—Spin Physics in
Heavy Ion Collisions. In this paper, we briefly review the original ideas, the calculation methods, the main
results and recent theoretical developments in last years.

First, we present a short discussion of the spin-orbit coupling which is an intrinsic property for a relativistic
fermionic quantum system. Then we review how the global orbital angular momentum can be generated in non-
central heavy ion collisions and how the global orbital angular momentum can be transferred to the local orbital
angular momentum distribution in two limit model---Landan fireball model and Bjorken scaling model. After
that, we review how we can describe the scattering process with initial local orbital angular momentum in the
formalism of scattering cross section in impact parameter space and how we calculate the polarization of the
quarks and antiquarks in quark gluon plasma produced in non-central heavy ion collisions after single or
multiple scattering. We also give a brief review on how the global polarization can be predicted from the
formalism of relativistic hydrodynamics with the generalized Cooper-Frye formula with spin. Finally, we discuss
how the quark's polarization can be transferred to the final hadron's polarization. We focus on the hyperon's

polarization and vector meson's spin alignment produced in heavy-ion collisions.
Keywords: spin-orbit coupling, global polarization, spin effects, relativistic heavy ion collisions
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XK, B poo T 1/3 (A 5 5 SO AR 5 TE, J2
— TR R, 22 s Ak R A S TR
81, TE5 FORAAR NG, SR A e 25 E
BN AHTE B TR AL AR 23 AR, 2Kk A
T ABEHESAR L b S B T 45 50 5 5 st AL =y

R A T I, BRI R/ B R % vl S s el
AAE SR A - PRI BN S TA) )R 2 1) SR i J32 ok
HE.

AR SCAE TR LSS T IR B e, ax st e
KT o T HEHS P By iE . AL o T3
DA K E AT Ry Sl DG B 251 22 RV R 1Y Uik TE %5 )&
o T ARG, HICHE A R R, 71 5+
5y 5 H R se A AT DUAT AR R 0GR, AT -5
Mo N FHIRHSS 1/3AMRKMME, STAR
AR SE B SRR RIHIL. X5 ¢ A A EHES A
BN ERER T 5w R RS seiE
AR 25 SCIBRE BT, SRR AH AR I 3 T — A
AR

VR, XSARXS 18 8 B e # rh e f A 58
R B R FIBIFTE IEARTE DR e, 5256 55 B
WFFTER IS T E SRR, Al -t AR 22 w5 A
A E . 1, RN TAREZ, BT
WA R EEAE TR ¢ 75, IXLEHFFERT LA SR
Mot B AR T, AL EER A T4F, MR B
SEREH ARG, ok B TR AR SN ML 45 5 A
YERE R AR (5 2. ok, BRTXH R EA T H
TR I SE 2 TP e R A T FEHES, RIA
T BEH R poo it SEHG b, R BE AR PR A
X A T AT D A P MR AR oA EA T L G
S ] N A A R A AT 2 A A
XA S AR

35N, TR EA TR FRESON RERS [ s
HEAEZ R 2 CHRAE B, X NS T 1258 1
PSR AR AR P BT A A 418 1R 0 1 AT
Ko AT, 38 A & v ife SO KSR 2 AR
BT R E A R e as T
W BEE R, KA 058 TR KB R X4 |
W] TSR A I, AT ) A7 SIS
A SR g 2R 53 4h, LRI b A ik A 44
NICA (nuclotron-based ion collider fa c ility) SZ4,
P8 - H0 GSI (gesellschaft fiir schwerionen-
forschung) #) FAIR (facility for antiproton and
ion research) A K 3 [ IF 7F 2 M € 3 () HIAF
(high intensity heavy-ion accelerator facility)
S AR AT LATE M D5 T REAIF ST, i Se S Ry
B TR P ST A RO ST R AL
IR AR R A .
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SPECIAL TOPIC—Spin and chiral effects in high energy heavy ion collisions

Global spin alignment of vector mesons in
heavy ion collisions”

Sheng Xin-LiYf Liang Zuo-Tang?  Wang Qun?
1) (INFN-Firenze, Via Giovanni Sansone, 1, 50019 Sesto Fiorentino FI, Italy)
2) (Key Laboratory of Particle Physics and Particle Irradiation, Ministry of Education, Institute of Frontier and
Interdisciplinary Science, Shandong University, Qingdao 266237, China)
3) (Department of Modern Physics, University of Science and Technology of China, Hefei 230026, China)

( Received 14 January 2023; revised manuscript received 13 February 2023 )

Abstract

In non-central relativistic heavy-ion collisions, the large initial orbital angular momentum results in strong
vorticity fields in the quark-gluon plasma, which polarize partons through the spin-orbit coupling. The global
polarization of quark matter will be converted to the global polarization of baryons and the global spin
alignment of vector mesons. The spin alignment refers to the pgo element of the spin density matrix for vector
mesons. When a vector meson decays to two pseudoscalar mesons, the polar angle distribution for the decay
product depends on pgo, through which the spin alignment can be measured. Theoretical studies show that the
global spin polarization of baryons reflects the space-time average of the quark polarization, while the spin
alignment of vector mesons reflects the local phase space correlation between the polarization of quark and
antiquark. In this article, we review recent theoretical works about the spin alignment of vector mesons. We
consider a non-relativistic quark coalescence model in spin and phase space. Within this model, the spin
alignment of the vector meson can be described through the phase space correlation of quark's and antiquark's
polarization. The contributions to the spin alignment of ¢ mesons from vorticity fields, electromagnetic fields,
and effective ¢ meson fields are discussed. The spin alignment of vector mesons opens a new window for the

properties of strong interaction fields in heavy-ion collisions.

Keywords: global spin polarization, spin alignment of vector mesons, spin-orbit coupling, quark coalescence

model, heavy ion collisions

PACS: 25.75.—q, 24.70.4s, 13.88.+e DOI: 10.7498 /aps.72.20230071
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Fig. 1. Illustration for the dilepton photoproduction in the

heavy ion collisions [*2l.
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Fig. 2. (a) Differential cross section as a function of transverse momentum; (b) transverse momentum distributions for dilepton pho-
toproduction at 60%-80% centrality in /sy = 200 GeV Au-Au collisions [*.
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Fig. 3. Azimuthal angle distribution for dilepton photopro-
duction in \/Syn = 200 GeV Au-Au collisions! .
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TR HRAL TR B B ASAESS [ AR b, H EEAE
P M 55 2 B0 B R b 5 't 8 Sl R FE AR ]
T SRR ) AR =X e SR [34, 78] th
TR . ARES Dy ik — A 207 7 MO
JE. TEGk QED By, Rl 245 5 1 o)) & BG4

B AT DASRIA SN R T A 1H047);

dg,

0

d?py 1 d%pa; dy1dy2d?b
_ 204? 1
© QY (2n)?
Hrp Q HBEF XA ERTE. v, y2 /35 AT
FERFIREE. o i LR g 5 PLZ A
. 8 REOT IR OGRS i o A LR IR
H. T QED WEIHE, 1526 REARIC

[A+ Bcos2¢ + Ccos4dg], (43)

/ P11 ko P AL 5% (q1 — Ky s — kay )eAabe

X (k- k) (Ror - k) + (Bas- kot ) A% — (kii- Ar)(kar- AL

X f($17k%i)]:*('rhklli)]:(x%kgL)f*(ank/22L)a (44)

DY)
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Z4a?

C= — 27e/d2]€1J_d2k2J_d2AJ_52(ql — k1L — ]CQJ_)eiALbL

X {2[2(kar-qu) (k1L Gr) — kuo-koa] 2Ky, - qu)(kyy - Gu) — Ky ko]
— (k1 - Ky ) (kor - Ky, ) 4 (krp- ket )AT — (ki Ay)(kai- AL)]}
X ]:(xla k%L)]:*(xla k;i)f(xQ, k%i)]:*(‘r27 kéi)? (45)

Horp ) ko FUE ORI AE PR IR -5 LB bR 0w b s B
(R, B PERIn TRRH AL = ki — k), =
Ky, — Koy X T EERME F (s, k3 )RR
HTF I LRIR . F IBCE I IE a7 s it
LR, BIDGT TMD 436, i (12) 45
PRI Gu o U G = qu/|qu ] WIS ESFE
SHese 4, R R ASHE T B9\ 35

P2 2 P2 2
T = / Ll‘m (eyl—i-ey?)ﬁb: / L"L‘m (e—y1+

e v2), Hm 28R FFa, s HBOEE. kB
QED J15 8 B R EU B & m? /Q* B AR BTk, ixX
L 2 I TTRR.

b, R T AERET
TMD %5 FLPEMALEF TMD X — KR, WA
TTFRAEMALR, A RE B, CHRF 24k,
X BRI —Fh A% 7 A S R Y cos 49 T A 1Y
YrEE E e . LRI T IR0 2 A TE A e
HH1E &N L B ESRE T, A B e
R 1R RGBT, 7 SRR i P
B BERN 106 FRlE I g2 5%k, T8 2 4 b
(X 5T A BIE fA i 2, T SRR i
AT B BB f sl i 2. AR AN ]
MUIE A Bl IR0 PR Y S I E R T AR M
BT cosdp I LA BRI . FELL BRI,
ZWE TR . R R R, IR AX AR
I ORI — MR E B B AL AL . JE X — Pl
JEWALGF TMD 54 LG+ TMD MHE&
2538 cos 20 T AKX RIS .

USRS F Y QED STk, A0 Al LA i
REHOCTFRITBON ARG — D S P i i 7E R
By, B SHE IE STER S A0 — D KU EL In(Q? /m?) .
R T HCEE L R AU S, R B SRR RR
MBTCFBr. BRTC KR —E RG R R 2
2 [49:50.79:80] Sfe b PR3 — [A] R Hg 3 A 1 R o0
S YRS [a] @, w] LA 2 E R S i A

NS

do(q.) / d*ry i 01 o= Sud(r 1)
dP.S.

~ ) (e

/
« /dzqiei”'ql M‘ (46)

dP.S.
BRI Sudakov K CLFESCHK [49,50) thef
sur) = Sn@nll

n——
2 27
I

Horb p 7€ SCH pr = 26778 [y | REEFOLT 48 5t
2575 3 AR R cos 20, cos 4¢ J5 A FI A KR53
A7 AHSEX R0 HA TR 52X i 2yt X
Pk 3, AR s X A 5 SRR A
1) T SHLHEMR L TRyt fl. R g RE T
BB ISR S XA T B, IR S RO R
SRR X S A AN BRI DTk A B R

THEAFEBUE A LR, cos(ng)(n = 1, 2, 3,
4) I FARXTRRBE AT Oy = X

do
P cos(ng) dP.S.
do

/ ip.5 IPS.

FIF LA _Efg b st 58, 78 RHIC 18 8h2F X e, 114415
£ UPC 4] 1 cos 4 77 fof Fi AN X FREEH 16.5%.
XF e STAR S5l #4528 16.8% + 2.5%07, #i
T DAY s 0ORG FEAS SRS X s BEA R 1 g
ORI, K TR TRl G = A X
T AL R 60%—80% Ak -CoAilf 48, 7F RHIC iz
o X, BETH AL T 34.5% A cos 46 i A AT
FR. AT, SERRMEAS BRI ATFRE R 27% + 6%.
TESLIEE AT L B T TR R A SR
SN AN X FREE /N T BRIS TR, SBGX—22011
KA T i — 2 e

K425 T FE AR R s B X3k A R R A il
UPC Al FARic i UPC 34 b 515 7= AR 1Y
cos 4 J7 v F AN KT FR BE X F- X B Bl i g K
1. X FARARIE UPC 6, FoATHEiE S 508 H
[2R, 00) N X} cos 4¢ J7r FHASKT FRBEMCERY . X TFhp
LM UPC F4, B Rik=h

(cos(ng)) = /

(48)
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(a) Au+Au 200 GeV Pb+Pb 5.02 TeV
0.2 0.2 F
N
Sioa H 01 ERN
© < N
N N AN
g g - B
- NS
o - .. =-= ~.
| 0 NTr - t-|> 0 N TR T T -
—— Centrality: 60% —80% \\\ - —— Centrality: 60% —80% ST
- — - Centrality: 80% —99.9% Se_ - — - Centrality: 80% —99.9% AN -
—0.1F - Tagged UPC —0.1F---- Tagged UPC S---
----- UPC -----UPC
0 0.02 0.04 0.06 0.08 0.10 0 0.02 0.04 0.06 0.08 0.10
q.1/GeV q1/GeV

4 (a) RHIC EIX (/s = 200 GeV) 44 X4 1 oL T4 77 A 1 cos dep J7 67 F AR SRR E, B 12 A - A b J3E AR sl 1 LG9 IX
[&]43 %14 [-1, 1] F1[0.2 GeV, 0.4 GeV]; (b) LHC fEX (/s = 5.02 TeV) 1% -H5#% Xt th & 1 X 72 4 (4 cos 4¢p J5 57 F A X FRBE .
ST 8T AR RRE Bl AR DX R 43 3 [-1, 1) B[4 GeV, 45 GeV]. B i b i1 S % 70 B SR sh i, RO RO 3¢

ik [47]

Fig. 4. (a) cos(4¢) azimuthal asymmetry in dielectron production in Au-Au collisions at RHIC energy (+/s =200 GeV). The

rapidity and transverse momentum integration regions for ete™ are [-1, 1] and [0.2 GeV, 0.4 GeV], respectively. (b) cos(4¢) azi-

muthal asymmetry in dimuon production in Pb-Pb collisions at LHC energy (/s = 5.02 TeV). The rapidity and transverse mo-

mentum integration regions for ptp~

are [-1, 1] and [4 GeV, 45 GeV], respectively. The horizontal axis in both figures represents

the total transverse momentum of the lepton pair. The figures are taken from Ref. [47].

o0
om / bidb, P3(b))da(by, ), (49)
2R

Horb P(by ) iR — b FAERE U S N EE BT
J7 R R J LS. XA LR A X i FE S
HsE S EE I R IR B

P(by) = 5.45 x 10—5W
Z3(A - 2)

AR |
M (50) ZATLAE Y, HhFFric UPC S 714
EE S E BT /N T AR UPC S i pliE 2
BOV(E. R L E AR A LS5, BEH 5 T
FHric UPC S rh ) cos 4 J5 (i FA AR XIFREE. A
B 4 T LUE ) AT FR EE Bl R S50 8,
INTITHE K. 7E qu ~ 30 MeV T 0 B 60%—80%
B, AL AARTIREE IS B R R, 78 17%—22%Z [H].
Fric UPC 3 ] 1 i R X FR BE K 20 J& K A id
UPC Ff]11y 2 5.

XIF UPC X =4, i T4 RHIC R

X 2T AN Al 20, BS TR T S LRt T2
BT E N cos 20 T AAXTFR. HET STAR
PRI 1 25 A E R T cos 20 J5 v FA )
MG B Gy Hh, AR — R, TR AR
T AT LA 2o 2 o B OO O A 1) R
PRI B FEBIRE Rk, SCHR [51] IBTE T 3FX A4
HOULIN 2] Y cos 4g 7 1 FAAKTRR, B A2 1 IR FE
b TG S5 HP R R UE T BRS TR B G AE SR G

x exp | —5.45 x 107° (50)

BT S BIG. DURT, H25 BT 4 HAE R SO0
W) A5 2] (] ger ik 152,

LI F ST —FIEHY cos 49 7
BLAAXFR, BRI S8 ST (8U T ) #9)
AN TR FR I3 . T LATESRZR R HE
BRI A A TR T B K 1

do B 2;043

d?P, dy dyad®b, Q4
Hrof o, 5P ZMMJEM. RECARFCHLL
IR A TERE ) A AR (B8] 4341 eREL A B AR

[A+Ccosdd], (51)

2 2P2
A= % /dzbudzbu(p(bl — by +b2y)
1
x @1 fry (21,07 )z fry (22,05 ), (52)
DI

C=— 2/d2bud2bu52(m —bi +bay)
N N N N N “ 2
X {2 (2(bu~ bi)(byi-by)— bu'bu> - 1}

X xlf;/(xlﬁb?L)folw(xQ’b%i.)’ (53)

Horp £, 0% ) 2067 AR ] AR AR O PR KL,

2 211 ,

X (k,J_ ’ ku_)]:(l‘,k‘i)}—*(l‘,kf). (54>

USRI AR e B R 1) S i (A L) =S, F5 A
BN SO oA R AR ) AR AR S 8], TR
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PE AL R AT T by X — e F R IR 5 S
T CHFT AR cos 40 T AL FAARXTFR. FIH LA 45
F, M BUETE S (WL 5), FRATT A B MRt
T T AH 58 1) cos 4¢ 7 FA SCHK. fi 00 B T
Tl XU ) )RR R A (DU AL ) A R A i
SRS RSB TR 2 S P P . 2%
AN EFax BLAFSE 0 7 0 A DR B SE 4ok H I
FL A A B AR FH AR, T 58 3 R AR R 3>k A 142
F AR i I 45 B VR A BAE AN R,
W5 400 25 FELRRE AR AR S B0 L A SRR 431 DA
S0 0] A9 AR RS T P X T DA DO AR 3 P A B
i ST B R O L. R T A
AR A BRI T —Ff B B4 1 2 L T 25 TRl S
GNP R

TS 2R 75 Al F R 25 T T R Y
JER R L A I 1) 22 R RGO O, B2k
PEM AL AR BT 28 e 0 SO PR IR 1 T
Zo WFEETHRUL, 72— MERIEE, Fit
A LB ZECT R SR MBI B, A X
AR RS T A 2 D7k R 1Y) 2 F LR
S AR, e R T — RIS B 2= Xk ——
I X IR, 32l S T AR Bl K TR A
fEshat, TR A . e pE—
AFRIR 032 Bl X, AR AS v SR 51X 7R
A ] AR RS ] R R G AR /. AR T IR
K, NREHHRR XTI N RS H . A ig i, xF 1
— AR UL, X IR H R R I,
FESCIRIX S5k, 2% 5 F B 22 B 1) 22 5 Al el o
FESTSK TR B mT LA Z 0. 245K, 78 HoAMhiz sh 2 X 5,
ZH MBS A —EZFER. FE L, £H

0.35
()
0.30 F ST ——
s ;. ———
0.25F
< :
X 0.20¢f
7 s
3 r
S 015k
[} -
‘ -
0.10F RHIC
r —— P1: 0.2—0.4 GeV
0.05 F -—--P;:0.4—-0.6 GeV
: -..- P:0.6—0.8 GeV
O T S S ST S S N S ST S S S S ST S S S
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bL/fm
K5 (a
B (B
Fig. 5. (a

FEL A ERCSR AR0 2 % J  X6 7 A B J A T o k— A
WEWEIEIN. 33X — U038 AR RSB I, SC
BRI E A TR BRI 192,

SR AE Bethe-Heitler 342 He + A — ¢ + A+
v, ASTH 5B Z A 2 E iR EUN IR
BB FEARHLE] . 76 TMD T AeAELL N Al Dkt &2
o LG SR N B TE 55 W, JF AR L B0
TMD FRECRATE SCRYRLTEBE 9]

dyidzy ik-
[ W sy, 0wt 0.)

< Uy )FY L )P, - (55)

MR U (0, )U (y )T T — A MOt 51055
I T P 960 55 P 4 B ST
FH 25 1 LR 1) TVID 445 B S 2 BB b
kR TR S B S T LA 4 B B
81 Lo+ (S - O ) b by 1 %,
A A5 SRS b (B R 86 F TMDBRCA
S HERR LB MR 2D T TMD B4 MU 0 EL
Pkt T2

U(yL) :,Peieff;:dz*A+(z’,yl)7 (56)
HPREH ] th i AT QED TH534531:

+o0
V) =e [ a A )

Z . F(g?
ozT dque*Iyqu qi(j‘%)z’
o, F() ZHEE AT, 2 HEEEc i)t
TN B B E MR RO 0. 62 2—ANZ04ME

(57)

0.35

F(b)
0.30 F

0.25 F
0.20 F

0.15 F

—2(cos(49))

0.10 f

0.05 F

0 L
0 10 20 30 40

) 4-x X e (BULAE /5 = 200 GeV) 2 FXI 7 A B i by 5 Py 2 A1 cos 4 J7 37 1 I, B R by ; (b) 45-4 0
LE /5 = 5.02 TeV) B T-XT cos 4 J7 3 i AXHFR, 56T X HeBE B B4 IX W [-1, 1), FEA BB SCifk [48)
)

cos4¢p azimuthal correlation between the impact parameter b, and the transverse momentum P, of the lepton pair

produced in Au-Au collisions at /s =200 GeV. The horizontal axis represents b, . (b) cos4¢ azimuthal asymmetry of lepton

pairs produced in Pb-Pb collisions at /s = 5.02 TeV. The rapidity integration range is [—1, 1]. The figures are taken from Ref. [48].
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HAL T, X8 R fe A 4 2R PO iR 4.
AT TMD JE T e E‘Jﬁ‘ﬁ?%?ﬁ%?&%ﬁf‘

P2 UL AL

400 o 2 M2
Fr(x,y1) E/_oo dy= eV R (y7 ) = 1 /dzq e Ut (ig ((] YV )v (58)
xS YN B AR W EEE 5 R Rk A G, SR E RIS T R EE STk TMD FR
Moo geiks
/dzyi:;yL k- =v) v (g, yl)}'*”(x,y’l)ei[v(“)*v(yl)]. (59)

R R IR — D OR AT HURE T, WU (59) sUAFTEMNTAR. 1558, R mCR A Bk A r L X T
F(qt) = 1R F(q} +2°MJ) = 1, Mk S muigsn ik i ik Xy h

i 4
Viyr) = 22a fim Ko(ly.|0) ~ Za (_27E+1n y252) (60)
1
© Ze y
AR H A5 3 -
Pyid®y iy, YLyl 2N 7
Zha [ S e e A (e (' o) (
5‘“’ k# k.u 5;“/
- ?xff(x,ki) + ( 22 _ 2) chi (2, k2). o2

FEREBILLAMEM T 0 BOHOBITE X — BRI R 1. Xty My BURIE, RCFATEE DG T TMD 7345 pR AL

CIEYL <3t by 1N ik

Z4 3(1+ZQ 2)k‘2

of] (z,k3) = ahy " (2, k%) =

X oIy

S, o F R AR LT B T, X T
HUBER UL, 152 18K ST EAE IS, AL T
TMD 154 MM AL T TMD 4R 2 52 2 AR 0.
kT, WA A AR M R R
kﬁﬁ@kﬂﬁmﬁ?ﬁﬁﬁiﬁg—ﬁf i
Atk [ Mx. Fl 6/ B THER= f1/f105<3L7"rE'
ol ) g R 2 it e 7,1k E b Ay
p
At iy WW KB 1 TMD 404 sR 5L, B &
P A A AT T 6T TMD 43 B %55
Fih, KL TR T TOEF L s X
50, IR B, PRI TE B ST b B
T4 A BB RS R B4 10 188 25 0 15
WW 25 T TMD 434 B8 10 22 {1 F 5t

M4x4

1+iZa,2+1Za, 2,

k2
2F1 1—iZOt,2 1Za 2 M2 2
k2 2 2
M2 2‘| (eZom_eZom) ? (63)
|
4
272
[ [ k) — oy k)] = - 222 f(Za)

H d, f(Za)=Rev(1+iZa) +velh K ¥(z) =
dInI'(z)/dz . X—ZERHBGHK [21] 1 Bethe-Maxi-
mon HISHESL 16 B9 3 (25 JR— 2

X T~ HLar SR 0 A BRI, 4R IR A%,
PESABIERDEF TMD 4347 (19 5Tk H RE A [E K .
XFTE%, B 6(b) 4 it TS EXHOLF TMD
3 FRATARE Bl i DX 8 R IR AR . AR5 & BT LA
FH -2 5 T XHE A A Bethe-Heitler 1 B9 4
CAEIERON B3 AT DL FH R A I ) H - R A
LT Sl i SR e R B . &
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e fi(a, k) /2 f] o(x,k?)

Point like
— Z =282
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B6  MBAERAEDET TMD 5 WW 685 7 TMD Z Wi L R = £/ f7
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(a) 25 HL A R B 6 T TMD BREICAY LU AR, Bl ok

——; (b) FHRZ AR T F TMD By L8, BE5h5h ko . PR BUA SCRik [83]

M,

Fig. 6. Ratio R = f]'/f] ; between the dipole-type photon TMD f] and the WW-type photon TMD f/: (a) R as a function of

ki
My

X EIC 5 EicC g X AEUE TR M, A 3HiE X
— 7 A TE YOOI F) A T

ZE LA, AR IX — RPN 5 St
ezl T AT HE 2 e v b iR S AP TR
FERL . — 7 T, LZRBFSE T IF T F5E 58 QED
AT SIS, 5 o o B R 2 B QCD BB T
HLAT LAY LRGN, DT T 4 BT %
RS A R B QCD #ig T 2. % — 7T, &
B P I R AR G T AR L T LR R R R
ARSI 2 AR B . A 3 ) — A TR 29) BF
55 T BT 56T TR IR X2 X0 75 67 i AN KT
FRIFEM, A RHIC SEREEZS H T8 mEE
THASHEBERMAR. &5, & ELmict
TR AT LS 5 R e Y T & A A AR
FH. AR 5 g R = A B A S R F B O AN
X FR A SRR T — A BT E  S  IRE F SE R A
M. X5 T AR R AE T — T R A,

4 - R

TER IS B TR, O — AR
SHERAHOE TR IS 50— A EE T H
PRAEMEAR, X — 2 B - O 3T
1 22 TS ORI T 007 R e 58 BE A
Jo¥-H S X TP IR ST R L FBE S =
2 I A1 2 ST Ak B R G- S I R ) T B
PR T (0 i A A 5 0, 0 0 3R 25 oA
. X BEHEHERL N, ST B e B RN IE R 5 5
Xt T — A AR, G AR RS S
AL o K SORE, TIPS I, PR A U

for a point like charged particle; (b) R as a funciton of k; for lead. The figures are taken from Ref. [83].

FIRTET= g, i S A — R BN T A
T EBERETREN FIEC- RN AT =4,
R Wl A FH 2w PR 13X — B i) A
WSS TS, DA T e S FA% i i) =
Yoy AR A LY B

TESTSR TR ML T /Eikonal LT, A1t
TFHIARES S LB B RS KB AT it
RN T IR =) AN PR A% I [, e 7
DAAARKFRG I3, F52 E, STAR AVELH A S
2| 7 UPC =4 pP i R 5 AT ALY cos 2¢ 5 cos 4¢
TS F AN BRSO 5 881, DR R AT T STk [56—59]
O T PR I EIR b, S T 0 AR R Y
cosng (n=1,2,3,4) ANXFFRME = EHLENFL T /7=
Az iR cos 26 P AERL, FEEE T T X £ )5
AR, NS R TEAER BT

TE BRI T UPC HESDE T B EH
G- SO AR AR, 5kA 5 —AE
BT CGC Rk Tk 2 maldys, Wi
AT, S 13 ) K A T AR Rk
R DL R, BRWE 7 R

A n+

A

7  UPCERET o0 FATH A m
Fig. 7. A shematic diagram for diffractive p° meson pro-

duction in ultraperipheral heavy ion collisions.

072503-14


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 72, No. 7 (2023)

072503

SCHR [62, 89] HHEA T A B R AR R R 15
UPC o B2 AR M AT 7 i, B35 B4 43 aner
JETF e B ALAR A S, BRI % 18 UPCOET
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(1 Eikonal JE{LUF &R EERIMER, b7E T
LR % 5 5 XA 58 AR R ) (37 8 R AR 1 H e
T8 A RS A KA S, BT LA AE S CGC
e S e 22 TR 2 S RS AN AR | AN A% 45
REKENT. HC-R R0 R B8R s 7T s
TN PREL (3R FHR G A IE IS 5 X Y
PRUE) FNK BEA T R AL (AR A T IR 0 IE
% TN AR IR ) A F 8 435 (M A S PR
TEARFR 2SR AR

A(AJ_ /de elAL bl/der_/

X Lpryg)qq(T‘J_, Z, EL)N(TL, bJ_)
X WV (ry 2 €Y, (65)
Hop — AL 2 PR Bl z%%ﬁﬁﬁ%%ﬂ@?ﬁ“

AL, ~ Ay e 5t

X /d2bJ_TA(bJ_)
(66) AR BT AT 5ETEAN

SEHEIEJT T B B8, € F el o il st
T ESREREN TR E. N(ro, b)) et
R RUBE A e A E B 5 A% R
P, Foh RS ECR by . SRR AT S R AR
AR TS AT R X o R PR L. U SR A B AT
R TR — R 5 i T AH EAE R, AR
JE VR TFAZATS AL T LA, M T B0 B 42 9 A %
T PRI O B (1 (A)y 2), AR EIR
O BRI, SR R A A T 7 A 3 A R o
BB/, 22 e 4 X R A R S i 0 K
PR 5 3 A 0 R ) i R B fE— 2, DR 2
BURAN = W A%, M R B N A Bl
XIRHR AL ~1/R~ 30 MeV . NS JEF P TR
SRSB4 TIOR3, FR
F AR R A AR TR I, 1T
TR TP o 6 D A% PN T A% R R SR AR
FoRAOLE T (JAP2) ,L@@ﬁﬁ%ﬂﬂﬁﬁﬂ@
SATTR, PR TR BT (A2 — [ (A)y [
JEAR = AR W R Ty LA T Sy 190.91]

2 1 2
/ d4’;L / de”‘”’q(m, z, GI)WV—n]q* (TJ_a 2, €K)N(TL)G—27[(A—1)BPTA(bJ_)N(TJ_) ’ (66)
0

— T EEN, BEHIRIE N (), B TR 1504

F JE A% L PR AR (thickness function) Ta(by) i3k, SR AT HS5F T A - 178G, B+
e 2m(A-DBTACON L) BRI A K AR FPE BT LR, Hdh 280 B, 7F TPsat BRI H 298] By 4 GeV ™2,
e 3 RTIR, AL F R 2L MR, HA R iR AT TOGF MR s iy ). 388 43k B

QED BIH5, F2D6 T A R B T

= ee
— Yy _ q
v qq(TJ_7z7€J_) - om 6{1

Hrhe] =k =ky/lkol, ki RCFIOBEER, o Flo' A3 HIEE 505 R4 e MIRIERE, ol a
mq Fl eq JEWRIE A q (9% E i o IR . Ko /250 2K

i T 009
= (bR
T2k 02.98),

FiE ARS8, 38

TV 2 € ) =6gar {507_0/ [(Qz —1)ie -7 + o€l x rl} —

B R B R B 0 (|1 |,

a/{ég)g [(1—2z2)ie] -1 +o€] xr ] —

z)nl il it HERA B, Horp—MESY AT S EAE A8 “Gaus-

-1 90
[r1| Olry| + Gogrmg (€] +ioe] )}K0(|71|€f)
(67)
T EIER.

DI ZEIR PRER, ef Q%z(1 fz)+mq, szkﬁ_quQMpz,
TR, AT REE A L QCD B E B sk (H2 % IR R A T 5 T AR
i 5T I R BB AESS L, T DB i Ak i 00 A

TR S HA

0
o] e g (e} +1ae{2)}¢(|u|,z). (68)

LO 1R

2
B2 (||, 2) = 52(1—z)exp( sz) M PO F, B =447, RY =219 GeV > JS AL ELRH

Mix—ZHie .

072503-15


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 72, No. 7 (2023) 072503

G PRI 9 5 245 S0 0T R, PRI R S TE P T D40 7 o103
BEATEEDL T B T B U TR, 723 PR T P RSB R, AL << 1/,
AT 20053 A7, 0 -4 5 A T RO BT 7

a,a’ 0,0’

DR 2R A A ] ee"zN/d ”{ [2%H(1-2)?]

91 0P* (71|, 2) OKo(|rLler)

+m§¢*(|m7Z)Ko(lmlef)},

AT LRI E O TR i 50 TR SRR & € - ], WNETRTIA, 32 Bikonal JTIRYES
P, AR AR 7 AR Aco (A L) S ARAH T A IRIE Ain (A L) AT IR AT

. d2
Aclig Ar) = [0 [ SEL NG b)) @K 1)

, 2
Ain(zg, A1) = \/AQT:BPe’BPAL/2 [/(14;L

Hrp[o KL 53 BB TR B S R T R By B &, Hakikah

* _ Neeey ! 2 g% 2 N2
[P*K](r.) = - /0 dz {mq¢ (Irel, 2)Ko(|roler) + [z +(1-2) ] A ] A ]

X T8 B R O A A A, R
MURRY — U AEE TR, RS F IR
TARAE R BT, 0] DUE B g A s
SRR AR 1) - R O AR . X — AR S
2, AR TS (40 M, ~ 770 MeV ,
My ~31GeV) L KT 1/R. FE— 4 B9 1 1]
g by, REAAT B ERIEIE TR — )
7B AT AR 2 — TR W FLRE 3N 5 A — Al
AL A T % . S 5 R Y
R S AR A A, KRENT

A LD AN [ A AR [ - T A &ﬂ]THELJT

do’pgmn 1

Olry| Olr|
(69)
N(TL)6721I(A71)BPTA (b )N (ry) [Q*KKTL)] , (70)
8¢*(|TL‘,2) 8K0(|’I"J_|@f)} ) (71)

\
RSN F AR XX AR R . i,
N7 S 4 3 P AR AR 0 S, X s A T B .
AT ROV AR LA [ T80, AT 1
ARSI IS 2 e B, e AR e 0Ky [F] st
M T4 B B AR S 4k 1 B X I ANE RORH E
PRI, PRA A4 S 0008 B2 PN TR A A A ) 4
XS AR Bl % 0 A 2 2R i A7 AR R AR XL
B RTINS SCEE I WL SCHR [96]).
FEHIERBEN TN EN, 256 DL ETHE,
Ft- 18] B4 FH Breit-Wigner JE 2R $ b o0 2] n /-
XoF B REAR, A3 o A 0T

d2p | d2pa s dyydy2d?b,

f2

- 2(2m)7 (@2 — M?) + M2

X /d2ALd2de2ki52(kL + AL —q)(PL-ky)(PL-E))

X { / d2b, 0L WL kD) [T (b)) Ain (22, A L)AL (22, A ) Flar, k1) F(z1, k) + (A < B)]

+ |efbr(ki- ) Ao $2,AL)A:O($2,Al)f(fchk‘ﬂ]:(ﬁ,ki)]

+ [ iby (4] — A2) Ao $1,AL)AZ0(SE1,Al)]:(xz,/ﬁ)]:(l%kl)}

+ [eibr (AL k) A x27AL)A:O(I'LAl)}q(xlakL)F(I%ki)}

b [ 80 4 A )AL (e, A ) F s ) Fla K)] } (72)

072503-16


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 3B £ 3R Acta Phys. Sin. Vol. 72, No. 7 (2023)

072503

Hodyy My S HE RS at Fla AT HHRIE, ko,
— AL G SRR B T A B Bl AR R
BB, T K A — A D02 i B v ) % A B
BOWESETEERE AL =K + A bR
AR A 2 (] RS T S . F (o, Ko ) TNERS 3 19 T
i, RECF R LRIES M. A TR0 & 7E
(72) 2Xd5eJ PO T I A8 A PR .

(72) Yy (Py- ko) (Py- K )05 T 578
Yy AT X AL ARG B T AR
ok R w N F 00, BT A BE G EK
(e - ko )(eY - k)40 hy pO (8 [l i Ak 5 ok 2y
() 2Z A SRk 2(eY ™ - o) — 1. 5 — o, T
B sFiE, p0 — nta AR IR M oc e Hir
o AT PO T LA, AR o0 I AL IERS, At
BRI T 07 5 A MR B e T p° AR ARAR S, T
P B ALK A TR . fln, 2 Te T Ak
WAk, WX = 0, SRS AHT 25 1) A WIS 2k
PR AR 8 6, AT LK HL R b 7 IRE Ry
A=1M\=-1SNE L. FEREP RSN T
XTHEAT 1 ALY ) Bl it A SR R A
X HEHT — 1B I BIE fA B i, W Z R T
BT cos 20 )5 i FIAKIFR. 8 FE 9 45 T )5k
AT FRPE R P B s B, Ho R 8(a) 1036
T 3R cos 2¢ 1) EDURTE .

(a)

+1
0
(b)
2 N
AVAVAV: +2 iF1

+1oN_o>_ L/ F1
+1 : 0

B8 7 o A X AR s I
(b) (+2| F 1) ~ cos3¢/ cos ¢
Fig. 8. Illustration diagrams for azimuthal asymmetry: (a)

(+1] = 1) ~cos2¢; (b) (+2| F 1) ~ cos3¢p/cos¢.

(a) (+1] — 1) ~cos2¢;

Ses | SBIAR 0O4 F I et e
O H M. et AR B ET, BRT 00
1Y Breit-Wigner LRI, BN T ntn™ />F X5 H
e AW TTHR, KA 0T o0 A8 R TR,
(BAERRARRE B i X, B A iR ] s

FHECL, BCAZEFRATTRT OG0 1) UPC 32 X ).
U AT D 3E i 2SOk F X 8 QED /R H AR
e AR+ 1 A1 &, A5
PP HEAE PR T i AR T W, A T B cos oIk
cos 3¢ B (i A XTFRYE, BRI 8(b) FiRiEiE. B
IS SR [57).

(a) nt
PR N
N pO
+3 {1
+1 ~ // -1
+2 o 0
(b)
rNsJ\NJ_‘\ ,
— 43 —1f
+1 \\A’VV_V‘/__’/ —1
0 0

9 cosde N FAARX IR EE, (+3] — 1) ~ cosdg
(a) i [ I8 F Wigner 434 B9 5Tk ; (b) K & 806 T 48 5 19
BTk

Fig. 9. lllustration diagrams for cos4¢ azimuthal asym-

metry: (a) Contributions from elliptic gluon Wigner distri-
bution; (b) contributions from final state soft photon radi-

ation.
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Fig. 10. Unpolarized cross section for coherent p° photo-
production in XnXn events at RHIC energy. The red dots
are experimental data points taken from Ref. [97]. The blue
line shows our numerical result for this unpolarized cross

section. The figure is taken from Ref. [56].
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Fig. 11. The cos2¢ azimuthal asymmetry of the XnXn
events for the photoproduction of p® at RHIC. The blue
solid line represents the numerical calculation result, and
the red dots represent the experimental result from
STAR[55], where the errors are not shown here.
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Fig. 12. Invariant mass distribution of the unpolarized cross
section for mTn~ production. The blue dashed line repres-
ents the decay of p® mesons, which is calculated using for-
mula (72). The magenta dotted line represents the direct
production of wta~, which is calculated using the amp-
litude A, from equation (80). The cyan dash-dotted line
represents the interference term between them. The red sol-

id line is the total result.
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Fig. 13. (a) cos4¢ asymmetry as a function of g, for the ntn~ photoproduction process for RHIC Au-Au collision at 200 GeV,
where the integration range of the rapidity yi, y2 of nT and n~ mesons is [—1,1], and the integration range of the invariant
mass Q is [0.6 GeV, 1 GeV]; (b) cos4¢ asymmetry as a function of g, for the ntn~ process in electron-nucleus collisions at a
center-of-mass energy of 100 GeV at EIC, where yi1,y2 is integrated over [2,3], and Q is integrated over [0.6GeV,1GeV]. The
blue solid line in the figure represents the total result, the black dashed line is from the contribution of final state radiation, and the
red dotted line is from the contribution of the elliptic gluon Wigner distribution. The figures are taken from Ref. [58].
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Fig. 14. Azimuthal averaged cross section of coherent J/1 production as a function of ¢ in unrestricted UPCs at RHIC and LHC
energies: (a) For RHIC kinematics, the rapidity of the J/ 4 is integrated over the range [-1, 1]; (b) for LHC kinematics, the rapid-
ity is integrated over [-0.8, 0.8]. The figures are taken from Ref. [59].
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Fig. 15. Azimuthal averaged cross section of coherent J /1 16 7€ RHIC, LHC Fl EIC 88X J /4 #1724 14 cos 2¢

production in unrestricted UPCs at LHC energy. The trans-
verse momentum of the J/4 is integrated over the range
[0, 0.2] GeV. (a) ALICE&CMS +/s =276 TeV; (b)
ALICE&LHCb +/s = 5.02 TeV. The figures are taken from
Ref.[59].
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Fig. 16. cos2¢ azimuthal asymmetry in coherent J/1) pro-
duction at RHIC, LHC and EIC energies: (a) At RHIC kin-
ematics, the rapidity of the di-lepton pair is integrated over
the range [-1, 1]; (b) at LHC kinematics, the rapidity of the
di-lepton pair is integrated over the range [-0.8, 0.8]; (c) at
EIC kinematica region, the rapidity of the di-lepton pair is
integrated over the range [2, 3] in the Lab frame. The J/¢
is reconstructed via the decay mode J/1 — ete™ at RHIC
and EIC, and J/vy — pTp~ at LHC, respectively. The fig-
ures are taken from Ref. [59].
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SPECIAL TOPIC—Spin and chiral effects in high energy heavy ion collisions

Coherent photons induced high energy reactions in
ultraperipheral heavy ion collisions”
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Abstract

We review the recent progress in the studies of coherent photons induced high energy reactions in
ultraperipheral heavy ion collisions. The strong electromagnetic field created by a fast moving charged heavy
ion can be effectively viewed as a flux of quasi-real coherent photons. In this paper, we mainly discuss two
different type processes that coherent photons take part in: lepton pair production via photon fusion and
diffractive vector meson production in UPCs. We focus on investigating the impact parameter dependent effect
and the final state soft radiation effect. On the other hand, a series of recent work have revealed that coherent
photons are highly linearly polarized with its polarization vector being parallel to its transverse momentum. It
has been shown that the linearly polarized photons can lead to cos4¢ azimuthal asymmetries in di-lepton
production. This theoretical predication soon has been confirmed by the STAR measurement. With this new
development from both theory and experiment sides, the linearly polarized photons provide a new experimental
avenue to explore novel QCD phenomenology. For example, the linearly polarized photons can give rise to
various different azimuthal asymmetries in diffractive vector meson production. These observables provide us
unique chance to study two source interference effect in high energy scatterings, Coulomb-Nuclear interference
effect as well as extracting gluon Wigner distribution. We will discuss these novel phenomenology studies and

the possible future developments.

Keywords: relativistic heavy ion collisions, equivalent photon approximation, polarization effect, diffractive

vector meson production
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SPECIAL TOPIC—Spin and chiral effects in high energy heavy ion collisions

Medium correction to gravitational form factors”

Lin Shu' Tian Jia-Yuan
(School of Physics and Astronomy, Sun Yat-Sen University, Zhuhai 519082, China)

( Received 31 December 2022; revised manuscript received 21 February 2023 )

Abstract

We generalize the gravitational form factor for chiral fermion in vacuum, which reproduces the well-known
spin-vorticity coupling. We also calculate radiative correction to the gravitational form factors in quantum
electrodynamics plasma. We find two structures in the form factors contributing to the scattering amplitude of
fermion in vorticity field, one is from the fermon self-energy correction, pointing to suppression of spin-vorticity
coupling in medium; the other strucutre comes from graviton-fermion vertex correction, which does not adopt
potential interpretation, but corresponds to transition matrix element between initial and final states. Both
structures contribute to chiral vortical effect. The net effect is that radiative correction enhances the chiral
vortical effect. Our results claify the relation and difference between spin-vorticity coupling and chiral vortical
effect from the perspective of form factors. We also discuss the application of the results in QCD plasma,

indicating radiative correction might have an appreciable effect in spin polarization effect in heavy ion collisions.
Keywords: gravitational form factor, spin-vorticity coupling, radiative correction, heavy ion collisions

PACS: 12.38.Mh,11.10.Wx DOI: 10.7498 /aps.72.20222473
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Fig. 1. Schematic figure for non-central heavy-ion collisions.
Counter-clockwise tilt of the QGP fireball is created in the

reaction (z2) plane.
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Fig. 2. The initial energy density (up) and baryon density
(down) on the ns-z plane in 20%—60% (b = 9.0 fm) 200
AGeV Au+Au collisions.
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Fig. 3. Pseudorapidity distribution dNg,/dnp of charged
light hadrons in Au4-Au collisions at ,/snn = 200 GeV,
compared between the CLVisc hydrodynamic calculation
and the PHOBOS datal'l.
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Fig. 4. Directed flow v1 of charged hadrons (left) and pro-
tons and anti-protons (right) in Au+Au collisions at
/5NN = 200 GeV, compared between the CLVisc hydro-
dynamic calculation and the STAR datal*-44,
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Fig. 5. Global polarization P¥ of A and A as a function of centrality in Au4Au collisions at \/syn = 200 GeV, compared between
the CLVisc hydrodynamic calculation and the STAR data 27,
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Fig. 6. Global polarization pPY¥ of A and A as a function of transverse momentum pr in 20%-60% Au+Au collisions at
/3NN = 200 GeV, compared between the CLVisc hydrodynamic calculation and the STAR datall,
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Fig. 7. Global polarization p¥ of A and A as a function of pseudo-rapidity in Au+Au collisions at /sny = 200 GeV, compared
between the CLVisc hydrodynamic calculation and the STAR datal??l.

(shear) ZEME S KT 1.5 GeV HI3§5R T8k [ jig T SO ) 5 S A A B 8 5l P O
PeAbsR . oAk, I 6 A7 AT LU, PO f A g WA, WL T 200 AGeV Au+Au Rl R
WAV R PR TR AT LA BRI R A STAR 5256 TR [ ep o py BEIT PR » B 231, 4SRN

072504-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 3B £ 3R Acta Phys. Sin. Vol. 72, No. 7 (2023)

072504

B 7 fis. WEL 7 ZE BT LU Y R TERY BT RkTE
ULV BE DX 4 T R B . 7R RS PR KT
1.3 B DX, AN SRR ALK (aceT)
() DUERATAE SRS, TR P A IR T
T WOy DUk, A AR 4 0 IR R AR,
T AR T3 s S nT AU Y. R AR SE 80 78 K
PR DX 37 ) 1 ] L ARG 56X — B T

BT EIA T A RN IR [ e AL
R py BEIE PR n 853 Ai . T LA B DUFR E etk ik
FE R RE R A AR A3 A O DR BE DX S AE R
o34 EABRE AL S Mo i i STAR Y S 06 2%
[, BT A R AR T8k [ e (LR 1
JEEREE oA A A B S DX A1), Xt RN S B0 4
A5

W BA Y RIS 55 3+1 4Rtk
SERIRIAHSE A, R 200 AGeV Au+Au fiffE iy i
LI B2 R - 1 R A B eI A3 (] I i A 7
TS, TEZECHESE T, FRATT A B 3 Fn
AR A e L AR S QGP A it R A Rt e A A
K. WG — T HE, W B0] LI QGP )48 i
B WIASAZ U] DL R 1% S5 R0 5 A 22
. ANA K BIIGRTE (thermal) WAL 7E 34K A e
WAk Hh B BT Ak 7 s 32 SR A, T BY U 5K 1 ik Ak
(shear) . Jil3# & Kz Ui BE A BE AR AL (aceT) Sefb2y 34
Bl RS BBR BEAR AL (chemical) STRREL /)N, XM Z S5
SR 1 SRy Sl £, 91 2 T A A R ) 1 A b B
A BE AR AP AE T LA, DLANELE R, FRATIR
SE R4 50 B A N 1] 20 A1 5 BE B Y A —
. X R B AE R AR BB . A Y
THEE R AR X 18 HE 2 Al 4 S 5 vl A5 ) R A TR
TR A FE AR TS B A.

AL TR 2 e L A B B LA 5 PO R AEE R
GPU &%,

&% 0k

[1] Bass S A, Gyulassy M, Stoecker H, Greiner W 1999 J. Phys.
G 25 R1

[2] Rischke D H, Piirsiin Y, Maruhn J A, Stoecker H, Greiner W
1995 Acta Phys. Hung. A 1 309

[3] Bozek P 2022 Phys. Rev. C'106 L061901

[4] Bozek P 2012 Phys. Rev. C 85 034901

[14]
[15]
[16]
17)

(18]
(19]

20]

[21]
22]

23]

[24]
[25]

[26]
(27]
28]
29]

(30]

(31]
(32]
33]
(34]
(35]
(36]

[37]
38]

39]
(40]

(41]

072504-8

Jiang Z F, Cao S S, Wu X Y, Yang C B, Zhang B W 2022
Phys. Rev. C'105 034901

Jiang Z F, Yang C B, Peng Q 2021 Phys. Rev. C'104 064903
Shen C, Alzhrani S 2020 Phys. Rev. C'102 014909

Ryu S, Jupic V, Shen C 2021 Phys. Rev. C 104 054908

Wang H, Chen J H 2022 Nucl. Sci. Tech. 33 15

Gao J H, Huang X G, Liang Z T, Wang Q, Wang X N 2023
Acta Phys. Sin. 72 072501 (in Chinese) [F#4E, #EE, B1E
a, ERE, EHAE 2023 PrHR 72 072501

Liang Z T, Wang X N 2005 Phys. Rev. Lett. 94 102301

Liang Z T, Wang X N 2005 Phys. Lett. B 629 20

Sun X, Zhou C S, Chen J H, Chen Z Y, Ma Y G, Tang A H,
Xu Q H 2023 Acta Phys. Sin. 72 072401 (in Chinese) [#MH,
ST, BRa e, R T, RN, JEZUE, KA 2023 PHisE
% 72 072401]

Pu S, Huang X G 2023 Acta Phys. Sin. 72 071202 (in
Chinese) [i5, #HE 2023 YBIAIR 72 071202]

Yin Y 2023 Acta Phys. Sin. this volume Accepted (in
Chinese) [FHft 2023 PWHI2EH Accepted)

Huang X G, Huovinen P, Wang X N 2011 Phys. Rev. C 84
054910

Li X W, Jiang Z F, Cao S S, Deng J 2023 Eur. Phys. J. C 83
96

Alzhrani S, Ryu S, Shen C 2022 Phys. Rev. C' 106 014905

Li H, Xia X L, Huang X G, Huang H Z 2022 Phys. Lelt. B
827 136971

Wu XY, Qin GY, Pang L G, Wang X N 2022 Phys. Rev. C
105 034909

Yi C, Pu S, Yang D L 2021 Phys. Rev. C'104 064901

Yi C, Pu S, Gao J H, Yang D L 2022 Phys. Rev. C 105
044911

Zhang H X, Xiao Y X, Kang J W, Zhang B W 2022 Nucl.
Seci. Tech. 33 150

STAR Collaboration, Adamczyk L, et al. 2017 Nature 548 62
STAR Collaboration, Adam J, et al. 2018 Phys. Rev. C 98
014910

STAR Collaboration, Adam J, et al. 2019 Phys. Rev. Lett.
123 132301

STAR Collaboration, Abdallah M S, et al. 2023 Nature 614
244

Wang X N 2023 Nucl. Sci. Tech. 34 16

Gao J H, Sheng X L, Wang Q, Zhuang P F 2023 Acta Phys.
Sin. 72 072501 (in Chinese) [ &4, KK J, T8, LM €
2023 YA 72 072501]

Sheng X L, Liang Z T, Wang Q 2023 Acta Phys. Sin. 72
072502 (in Chinese) [BEfK 1, B:AFE4, E/E 2023 YR FR 72
072502]

Pang L G, Petersen H, Wang X N 2018 Phys. Rev. C 97
064918

Loizides C, Kamin J, d'Enterria D 2018 Phys. Rev. C 97
054910

Shen C, Schenke B 2018 Phys. Rev. C'97 024907

Bialas A, Jezabek M 2004 Phys. Lett. B 590 233

Akamatsu Y, Asakawa M, Hirano T, Kitazawa M, Morita K,
Murase K, Nara Y, Nonaka C, Ohnishi A 2018 Phys. Rev. C
98 024909

Denicol G S, Gale C, Jeon S, Monnai A, Schenke B, Shen C
2018 Phys. Rev. C 98 034916

Monnai A, Schenke B, Shen C 2019 Phys. Rev. C'100 024907
Monnai A, Schenke B, Shen C 2021 Int. J. Mod. Phys. A 36
2130007

McNelis M, Heinz U 2021 Phys. Rev. C 103 064903

PHOBOS Collaboration, Alver B, et al. 2011 Phys. Rev. C 83
024913

Zhao X L, Ma G L, Ma Y G 2023 Acta Phys. Sin. Accepted
(in Chinese) [B4#7 0, & 55, B &N 2023 #) 3 2 4


http://doi.org/10.1088/0954-3899/25/3/013
http://doi.org/10.1088/0954-3899/25/3/013
http://doi.org/10.1088/0954-3899/25/3/013
http://doi.org/10.1088/0954-3899/25/3/013
http://doi.org/10.1088/0954-3899/25/3/013
http://doi.org/10.1007/BF03053749
http://doi.org/10.1007/BF03053749
http://doi.org/10.1007/BF03053749
http://doi.org/10.1007/BF03053749
http://doi.org/10.1007/BF03053749
http://doi.org/10.1103/PhysRevC.106.L061901
http://doi.org/10.1103/PhysRevC.106.L061901
http://doi.org/10.1103/PhysRevC.106.L061901
http://doi.org/10.1103/PhysRevC.106.L061901
http://doi.org/10.1103/PhysRevC.106.L061901
http://doi.org/10.1103/PhysRevC.85.034901
http://doi.org/10.1103/PhysRevC.85.034901
http://doi.org/10.1103/PhysRevC.85.034901
http://doi.org/10.1103/PhysRevC.85.034901
http://doi.org/10.1103/PhysRevC.85.034901
http://doi.org/10.1103/PhysRevC.105.034901
http://doi.org/10.1103/PhysRevC.105.034901
http://doi.org/10.1103/PhysRevC.105.034901
http://doi.org/10.1103/PhysRevC.105.034901
http://doi.org/10.1103/PhysRevC.104.064903
http://doi.org/10.1103/PhysRevC.104.064903
http://doi.org/10.1103/PhysRevC.104.064903
http://doi.org/10.1103/PhysRevC.104.064903
http://doi.org/10.1103/PhysRevC.104.064903
http://doi.org/10.1103/PhysRevC.102.014909
http://doi.org/10.1103/PhysRevC.102.014909
http://doi.org/10.1103/PhysRevC.102.014909
http://doi.org/10.1103/PhysRevC.102.014909
http://doi.org/10.1103/PhysRevC.102.014909
http://doi.org/10.1103/PhysRevC.104.054908
http://doi.org/10.1103/PhysRevC.104.054908
http://doi.org/10.1103/PhysRevC.104.054908
http://doi.org/10.1103/PhysRevC.104.054908
http://doi.org/10.1103/PhysRevC.104.054908
http://doi.org/10.1007/s41365-022-00999-y
http://doi.org/10.1007/s41365-022-00999-y
http://doi.org/10.1007/s41365-022-00999-y
http://doi.org/10.1007/s41365-022-00999-y
http://doi.org/10.1007/s41365-022-00999-y
http://doi.org/10.1103/PhysRevLett.94.102301
http://doi.org/10.1103/PhysRevLett.94.102301
http://doi.org/10.1103/PhysRevLett.94.102301
http://doi.org/10.1103/PhysRevLett.94.102301
http://doi.org/10.1103/PhysRevLett.94.102301
http://doi.org/10.1016/j.physletb.2005.09.060
http://doi.org/10.1016/j.physletb.2005.09.060
http://doi.org/10.1016/j.physletb.2005.09.060
http://doi.org/10.1016/j.physletb.2005.09.060
http://doi.org/10.1016/j.physletb.2005.09.060
http://doi.org/10.1103/PhysRevC.84.054910
http://doi.org/10.1103/PhysRevC.84.054910
http://doi.org/10.1103/PhysRevC.84.054910
http://doi.org/10.1103/PhysRevC.84.054910
http://doi.org/10.1140/epjc/s10052-023-11257-9
http://doi.org/10.1140/epjc/s10052-023-11257-9
http://doi.org/10.1140/epjc/s10052-023-11257-9
http://doi.org/10.1140/epjc/s10052-023-11257-9
http://doi.org/10.1103/PhysRevC.106.014905
http://doi.org/10.1103/PhysRevC.106.014905
http://doi.org/10.1103/PhysRevC.106.014905
http://doi.org/10.1103/PhysRevC.106.014905
http://doi.org/10.1103/PhysRevC.106.014905
http://doi.org/10.1016/j.physletb.2022.136971
http://doi.org/10.1016/j.physletb.2022.136971
http://doi.org/10.1016/j.physletb.2022.136971
http://doi.org/10.1016/j.physletb.2022.136971
http://doi.org/10.1103/PhysRevC.105.034909
http://doi.org/10.1103/PhysRevC.105.034909
http://doi.org/10.1103/PhysRevC.105.034909
http://doi.org/10.1103/PhysRevC.105.034909
http://doi.org/10.1103/PhysRevC.104.064901
http://doi.org/10.1103/PhysRevC.104.064901
http://doi.org/10.1103/PhysRevC.104.064901
http://doi.org/10.1103/PhysRevC.104.064901
http://doi.org/10.1103/PhysRevC.104.064901
http://doi.org/10.1103/PhysRevC.105.044911
http://doi.org/10.1103/PhysRevC.105.044911
http://doi.org/10.1103/PhysRevC.105.044911
http://doi.org/10.1103/PhysRevC.105.044911
http://doi.org/10.1007/s41365-022-01129-4
http://doi.org/10.1007/s41365-022-01129-4
http://doi.org/10.1007/s41365-022-01129-4
http://doi.org/10.1007/s41365-022-01129-4
http://doi.org/10.1007/s41365-022-01129-4
http://doi.org/10.1038/nature23004
http://doi.org/10.1038/nature23004
http://doi.org/10.1038/nature23004
http://doi.org/10.1038/nature23004
http://doi.org/10.1038/nature23004
http://doi.org/10.1103/PhysRevC.98.014910
http://doi.org/10.1103/PhysRevC.98.014910
http://doi.org/10.1103/PhysRevC.98.014910
http://doi.org/10.1103/PhysRevC.98.014910
http://doi.org/10.1103/PhysRevLett.123.132301
http://doi.org/10.1103/PhysRevLett.123.132301
http://doi.org/10.1103/PhysRevLett.123.132301
http://doi.org/10.1103/PhysRevLett.123.132301
http://doi.org/10.1038/s41586-022-05557-5
http://doi.org/10.1038/s41586-022-05557-5
http://doi.org/10.1038/s41586-022-05557-5
http://doi.org/10.1038/s41586-022-05557-5
http://doi.org/10.1007/s41365-023-01167-6
http://doi.org/10.1007/s41365-023-01167-6
http://doi.org/10.1007/s41365-023-01167-6
http://doi.org/10.1007/s41365-023-01167-6
http://doi.org/10.1007/s41365-023-01167-6
http://doi.org/10.1103/PhysRevC.97.064918
http://doi.org/10.1103/PhysRevC.97.064918
http://doi.org/10.1103/PhysRevC.97.064918
http://doi.org/10.1103/PhysRevC.97.064918
http://doi.org/10.1103/PhysRevC.97.054910
http://doi.org/10.1103/PhysRevC.97.054910
http://doi.org/10.1103/PhysRevC.97.054910
http://doi.org/10.1103/PhysRevC.97.054910
http://doi.org/10.1103/PhysRevC.97.024907
http://doi.org/10.1103/PhysRevC.97.024907
http://doi.org/10.1103/PhysRevC.97.024907
http://doi.org/10.1103/PhysRevC.97.024907
http://doi.org/10.1103/PhysRevC.97.024907
http://doi.org/10.1016/j.physletb.2004.03.070
http://doi.org/10.1016/j.physletb.2004.03.070
http://doi.org/10.1016/j.physletb.2004.03.070
http://doi.org/10.1016/j.physletb.2004.03.070
http://doi.org/10.1016/j.physletb.2004.03.070
http://doi.org/10.1103/PhysRevC.98.024909
http://doi.org/10.1103/PhysRevC.98.024909
http://doi.org/10.1103/PhysRevC.98.024909
http://doi.org/10.1103/PhysRevC.98.024909
http://doi.org/10.1103/PhysRevC.98.034916
http://doi.org/10.1103/PhysRevC.98.034916
http://doi.org/10.1103/PhysRevC.98.034916
http://doi.org/10.1103/PhysRevC.98.034916
http://doi.org/10.1103/PhysRevC.98.034916
http://doi.org/10.1103/PhysRevC.100.024907
http://doi.org/10.1103/PhysRevC.100.024907
http://doi.org/10.1103/PhysRevC.100.024907
http://doi.org/10.1103/PhysRevC.100.024907
http://doi.org/10.1103/PhysRevC.100.024907
http://doi.org/10.1142/S0217751X21300076
http://doi.org/10.1142/S0217751X21300076
http://doi.org/10.1142/S0217751X21300076
http://doi.org/10.1142/S0217751X21300076
http://doi.org/10.1103/PhysRevC.103.064903
http://doi.org/10.1103/PhysRevC.103.064903
http://doi.org/10.1103/PhysRevC.103.064903
http://doi.org/10.1103/PhysRevC.103.064903
http://doi.org/10.1103/PhysRevC.103.064903
http://doi.org/10.1103/PhysRevC.83.024913
http://doi.org/10.1103/PhysRevC.83.024913
http://doi.org/10.1103/PhysRevC.83.024913
http://doi.org/10.1103/PhysRevC.83.024913
http://doi.org/10.1088/0954-3899/25/3/013
http://doi.org/10.1088/0954-3899/25/3/013
http://doi.org/10.1088/0954-3899/25/3/013
http://doi.org/10.1088/0954-3899/25/3/013
http://doi.org/10.1088/0954-3899/25/3/013
http://doi.org/10.1007/BF03053749
http://doi.org/10.1007/BF03053749
http://doi.org/10.1007/BF03053749
http://doi.org/10.1007/BF03053749
http://doi.org/10.1007/BF03053749
http://doi.org/10.1103/PhysRevC.106.L061901
http://doi.org/10.1103/PhysRevC.106.L061901
http://doi.org/10.1103/PhysRevC.106.L061901
http://doi.org/10.1103/PhysRevC.106.L061901
http://doi.org/10.1103/PhysRevC.106.L061901
http://doi.org/10.1103/PhysRevC.85.034901
http://doi.org/10.1103/PhysRevC.85.034901
http://doi.org/10.1103/PhysRevC.85.034901
http://doi.org/10.1103/PhysRevC.85.034901
http://doi.org/10.1103/PhysRevC.85.034901
http://doi.org/10.1103/PhysRevC.105.034901
http://doi.org/10.1103/PhysRevC.105.034901
http://doi.org/10.1103/PhysRevC.105.034901
http://doi.org/10.1103/PhysRevC.105.034901
http://doi.org/10.1103/PhysRevC.104.064903
http://doi.org/10.1103/PhysRevC.104.064903
http://doi.org/10.1103/PhysRevC.104.064903
http://doi.org/10.1103/PhysRevC.104.064903
http://doi.org/10.1103/PhysRevC.104.064903
http://doi.org/10.1103/PhysRevC.102.014909
http://doi.org/10.1103/PhysRevC.102.014909
http://doi.org/10.1103/PhysRevC.102.014909
http://doi.org/10.1103/PhysRevC.102.014909
http://doi.org/10.1103/PhysRevC.102.014909
http://doi.org/10.1103/PhysRevC.104.054908
http://doi.org/10.1103/PhysRevC.104.054908
http://doi.org/10.1103/PhysRevC.104.054908
http://doi.org/10.1103/PhysRevC.104.054908
http://doi.org/10.1103/PhysRevC.104.054908
http://doi.org/10.1007/s41365-022-00999-y
http://doi.org/10.1007/s41365-022-00999-y
http://doi.org/10.1007/s41365-022-00999-y
http://doi.org/10.1007/s41365-022-00999-y
http://doi.org/10.1007/s41365-022-00999-y
http://doi.org/10.1103/PhysRevLett.94.102301
http://doi.org/10.1103/PhysRevLett.94.102301
http://doi.org/10.1103/PhysRevLett.94.102301
http://doi.org/10.1103/PhysRevLett.94.102301
http://doi.org/10.1103/PhysRevLett.94.102301
http://doi.org/10.1016/j.physletb.2005.09.060
http://doi.org/10.1016/j.physletb.2005.09.060
http://doi.org/10.1016/j.physletb.2005.09.060
http://doi.org/10.1016/j.physletb.2005.09.060
http://doi.org/10.1016/j.physletb.2005.09.060
http://doi.org/10.1103/PhysRevC.84.054910
http://doi.org/10.1103/PhysRevC.84.054910
http://doi.org/10.1103/PhysRevC.84.054910
http://doi.org/10.1103/PhysRevC.84.054910
http://doi.org/10.1140/epjc/s10052-023-11257-9
http://doi.org/10.1140/epjc/s10052-023-11257-9
http://doi.org/10.1140/epjc/s10052-023-11257-9
http://doi.org/10.1140/epjc/s10052-023-11257-9
http://doi.org/10.1103/PhysRevC.106.014905
http://doi.org/10.1103/PhysRevC.106.014905
http://doi.org/10.1103/PhysRevC.106.014905
http://doi.org/10.1103/PhysRevC.106.014905
http://doi.org/10.1103/PhysRevC.106.014905
http://doi.org/10.1016/j.physletb.2022.136971
http://doi.org/10.1016/j.physletb.2022.136971
http://doi.org/10.1016/j.physletb.2022.136971
http://doi.org/10.1016/j.physletb.2022.136971
http://doi.org/10.1103/PhysRevC.105.034909
http://doi.org/10.1103/PhysRevC.105.034909
http://doi.org/10.1103/PhysRevC.105.034909
http://doi.org/10.1103/PhysRevC.105.034909
http://doi.org/10.1103/PhysRevC.104.064901
http://doi.org/10.1103/PhysRevC.104.064901
http://doi.org/10.1103/PhysRevC.104.064901
http://doi.org/10.1103/PhysRevC.104.064901
http://doi.org/10.1103/PhysRevC.104.064901
http://doi.org/10.1103/PhysRevC.105.044911
http://doi.org/10.1103/PhysRevC.105.044911
http://doi.org/10.1103/PhysRevC.105.044911
http://doi.org/10.1103/PhysRevC.105.044911
http://doi.org/10.1007/s41365-022-01129-4
http://doi.org/10.1007/s41365-022-01129-4
http://doi.org/10.1007/s41365-022-01129-4
http://doi.org/10.1007/s41365-022-01129-4
http://doi.org/10.1007/s41365-022-01129-4
http://doi.org/10.1038/nature23004
http://doi.org/10.1038/nature23004
http://doi.org/10.1038/nature23004
http://doi.org/10.1038/nature23004
http://doi.org/10.1038/nature23004
http://doi.org/10.1103/PhysRevC.98.014910
http://doi.org/10.1103/PhysRevC.98.014910
http://doi.org/10.1103/PhysRevC.98.014910
http://doi.org/10.1103/PhysRevC.98.014910
http://doi.org/10.1103/PhysRevLett.123.132301
http://doi.org/10.1103/PhysRevLett.123.132301
http://doi.org/10.1103/PhysRevLett.123.132301
http://doi.org/10.1103/PhysRevLett.123.132301
http://doi.org/10.1038/s41586-022-05557-5
http://doi.org/10.1038/s41586-022-05557-5
http://doi.org/10.1038/s41586-022-05557-5
http://doi.org/10.1038/s41586-022-05557-5
http://doi.org/10.1007/s41365-023-01167-6
http://doi.org/10.1007/s41365-023-01167-6
http://doi.org/10.1007/s41365-023-01167-6
http://doi.org/10.1007/s41365-023-01167-6
http://doi.org/10.1007/s41365-023-01167-6
http://doi.org/10.1103/PhysRevC.97.064918
http://doi.org/10.1103/PhysRevC.97.064918
http://doi.org/10.1103/PhysRevC.97.064918
http://doi.org/10.1103/PhysRevC.97.064918
http://doi.org/10.1103/PhysRevC.97.054910
http://doi.org/10.1103/PhysRevC.97.054910
http://doi.org/10.1103/PhysRevC.97.054910
http://doi.org/10.1103/PhysRevC.97.054910
http://doi.org/10.1103/PhysRevC.97.024907
http://doi.org/10.1103/PhysRevC.97.024907
http://doi.org/10.1103/PhysRevC.97.024907
http://doi.org/10.1103/PhysRevC.97.024907
http://doi.org/10.1103/PhysRevC.97.024907
http://doi.org/10.1016/j.physletb.2004.03.070
http://doi.org/10.1016/j.physletb.2004.03.070
http://doi.org/10.1016/j.physletb.2004.03.070
http://doi.org/10.1016/j.physletb.2004.03.070
http://doi.org/10.1016/j.physletb.2004.03.070
http://doi.org/10.1103/PhysRevC.98.024909
http://doi.org/10.1103/PhysRevC.98.024909
http://doi.org/10.1103/PhysRevC.98.024909
http://doi.org/10.1103/PhysRevC.98.024909
http://doi.org/10.1103/PhysRevC.98.034916
http://doi.org/10.1103/PhysRevC.98.034916
http://doi.org/10.1103/PhysRevC.98.034916
http://doi.org/10.1103/PhysRevC.98.034916
http://doi.org/10.1103/PhysRevC.98.034916
http://doi.org/10.1103/PhysRevC.100.024907
http://doi.org/10.1103/PhysRevC.100.024907
http://doi.org/10.1103/PhysRevC.100.024907
http://doi.org/10.1103/PhysRevC.100.024907
http://doi.org/10.1103/PhysRevC.100.024907
http://doi.org/10.1142/S0217751X21300076
http://doi.org/10.1142/S0217751X21300076
http://doi.org/10.1142/S0217751X21300076
http://doi.org/10.1142/S0217751X21300076
http://doi.org/10.1103/PhysRevC.103.064903
http://doi.org/10.1103/PhysRevC.103.064903
http://doi.org/10.1103/PhysRevC.103.064903
http://doi.org/10.1103/PhysRevC.103.064903
http://doi.org/10.1103/PhysRevC.103.064903
http://doi.org/10.1103/PhysRevC.83.024913
http://doi.org/10.1103/PhysRevC.83.024913
http://doi.org/10.1103/PhysRevC.83.024913
http://doi.org/10.1103/PhysRevC.83.024913
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol.

72, No. 7 (2023) 072504

Accepted]

Lan S W, Shi S S 2022 Nucl. Sci. Tech. 33 21

STAR Collaboration, Abelev B I, et al. 2008 Phys. Rev. Lett.
101 252301

STAR Collaboration, Adamczyk L, et al. 2012 Phys. Rev.
Lett. 108 202301

Becattini F, Chandra V, Zanna L D, Grossi E 2013 Annals
Phys. 338 32

Fang R H, Pang L G, Wang Q, Wang X N 2016 Phys. Rev. C
94 024904

[47]
(48]

[49]
[50]

[51]
[52]

Hidaka Y, Pu S, Yang D L 2018 Phys. Rev. D 97 016004
Becattini F, Buzzegoli M, Palermo A 2021 Phys. Lett. B 820
136519

Becattini F, Buzzegoli M, Inghirami G, Karpenko I, Palermo
A 2021 Phys. Rev. Lett. 127 272302

Liu SYF, Yin Y 2021 Phys. Rev. D 104 054043

LiuSYF, Yin Y 2021 JHEP 07 188

FuB C,LiuSY F, Pang L. G, Song H C, Yin Y 2021 Phys.
Rev. Lett. 127 142301

Fu B C, Pang L G, Song H C, Yin Y 2022 arXiv: 2201.12970.

SPECIAL TOPIC —Spin and chiral effects in high energy heavy ion collisions e
COVER ARTICLE

The direct flow of charged particles and the global
polarization of hyperons in 200 AGeV Au+Au
collisions at RHIC"

Jiang Ze-Fang!?)
Cao Shan-Shan 1

Wu Xiang-Yu?

Yu Hua-Qing V)

Zhang Ben-Wei?)

1) (College of Physics and Electronic Information Engineering, Hubei Engineering University, Xiaogan 432000, China)
2) (Institute of Particle Physics and Key Laboratory of Quark and Lepton Physics (MOE),
Central China Normal University, Wuhan 430079, China)

3) (Institute of Frontier and Interdisciplinary Science, Shandong University, Qingdao 266237, China)

( Received 15 December 2022; revised manuscript received 17 January 2023 )

Abstract

In non-central relativistic heavy-ion collisions, the non-colliding nucleons drag the colliding nucleons along

the longitudinal direction asymmetrically, producing a longitudinally tilted quark-gluon plasma (QGP) fireball.

Meanwhile, these colliding nuclei deposit a huge initial orbital angular momentum into the system, leading to

the polarization of partons inside the QGP along the direction of the total angular momentum. Based on the

optical Glauber model, we develop a 3-dimensional initial condition of the tilted QGP. By combining it with the

(341)-dimensional viscous hydrodynamic model CLVisc, we investigate the directed flow of charged hadrons

and the global polarization of A/A hyperons in heavy-ion collisions. Our calculation indicates that the

combination of a tilted initial condition of the QGP and the hydrodynamic model can provide a satisfactory
description of the directed flow and global polarization observed at RHIC-STAR. This offers a theoretical

baseline for using these observables to further constrain the initial geometry and kinematic properties of the

nuclear matter created in heavy-ion collisions.
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