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Relativistic heavy ion collisions (HIC)
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Global A polarization in HIC

m  Most vortical fluid: spin polarization for quarks and then for hadrons from the spin-orbit int.

(relativistic Barnett effect)  z-7 tiang &x-N.wang, PRL. 94, 102301 (2005) z: beam (longitudinal) dir.
% Self-analyzing via the weak decay : A - p + 7~ X: impact parameter dir.
(x-z : reaction plane) y : angular-momentum dir.
= 8
e | Nature548.62 (2017) ‘ yane )
a= | o O —~— i i \{y.‘l’/\
L IR X BBC
L H PRC76.024915 (2007) i - _ /
o +A PA
L uark-gluon ’
i this analysis asia /
L *A WA picture from UrQMD ~ ;gm;:tg;::gt
1 s Successfully described by the modified Cooper—Frye
B : HH H . F. Becattini, et al., Ann. Phys. 338, 32 (2013)
I \ formula in global equilibrium @~ o ot a1 PIRC 54, 024504 (2010
i (0) (0)
- STAR Au+Au 20%-50% e Pt(p) = f d¥, pfp (1= fp )" quuwps
S T o T | E— - 8My [ dS, - pf” ’
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- AMPT, L _ a : P -
[ ormary = primary+feec-down Wpo =5 (d ( T ) — 0y ( T )) - thermal vorticity
- “1'0 e ‘;C‘JQ EE— ¢ Indication of strong (kinetic) vorticity :
sy [GeV] 1w B
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L. Adamczyk et al. (STAR), Nature 548, 62 (2017) F. Becattini et al., PRC95, 054902 (2017) 3



Longitudinal (local) polarization

m Longitudinal polarization along the beam direction in HIC :

Py, = (P,sin2(¢ — Uy))

27
/U

P.sin2(¢p — ¥s)
2r

~
~

d(¢p— W)

% Thermal-shear corrections : p#(p) =

F. Becattini, |. Karpenko, PRL 120, 012302 (2018).
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B. Fuetal., PRL 127, 142301 (2021)
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open question!

(P sin[2(0-F )] (%)
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8My [ dX,
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See also F. Becattini et al., PRL. 127, 272302 (2021), C. Yi et al., PRC 104. 064901 (2021)
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Spin alignment of vector mesons

m  Angular dep. of the decay particle w.r.t the spin quantization axis : p ln =9
dN » By DY (total AM)
Jdcos O X [1 — 200 + COSQQ" (3/)(]0 — 1)} poo _ 1 (Pq P@ﬂ
k - o 3+ (P;F!Pg» ¢ meson g
0.5F Ezent plane (a)1T Event plane (b)40.5 Z.-T. Liang and X.-N. Wang, PLB 629, 20 (2005) \ﬁ,‘(‘
0.4} K M 1 Ho.4 Poo # 1/3 : spin correlation
g ol %ﬂ"'ém"'--"'iﬂfﬂ'ﬂ'*""ﬂ""""l’_o3 . S
N H I P L *0 (yl<1.0&1.2<p <54 GeVic) -
0.2 H + do2 0.4~ o K’(lyl<1.08&1.0<p <50 GeVic) |
Py, =1/3 - ok —cY=1109 + 143 fm®
01 Pb-Pb, {5y =276 TeV | 401 -

i 2 3 4 5 1 2 3 4 5
P, (GeV/c) P, (GeV/c)

S. Acharya et al. (ALICE), PRL.125, 012301 (2020)

O Spin alignment puzzle : the deviation i
from 1/3 is unexpectedly large. " filed: AusAu (20% - 60% Centraly)

. % - 50% ) -
0.25| open: Pb+Pb (10% - 50% Centrality) |

0.3 , °

~ 1 w)? w e Y R
e.g. Poo = 3 — (T) , #% ~ 0.1% at LHC energy. . - e
== Beyond hydro: opportunities to probe IS (GeV)
mICI'OSCOpIC Int |n QCD matter M.S. Abdallah et al. (STAR), Nature 614 (2023)

7947, 244-248,

O Electromagnetic fields can polarize the spin. How about gluon fields?



An intuitive picture

m An intuitive construction of color-singlet spin observables :
¢ Building blocks for quark transport :
F=g(E"“+uxB"), P"=g(B"—uxE").

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

¢ Parity-even correlators only :
(B () B (2)) = 09(Ei (x) B (), (B'(2)B(x)) = 6¥(B'()B' (x)), (E'(x)B’(x)) = 0.

L : . 1
> spin alignment (without flow) : dp00 = poo — 3™ (P P ~(B*- B")

» spin polarization of A (strange-equilibrium scenario) : p — even scalar
P~ ((p- F*)YP") flow-induced polarization

~|(px w)({B"-B*) + (E"- B*)) p— even axial-vector

m  Such effects as non-equilibrium spin transport can be systematically derived
from the quantum kinetic theory & Wigner functions.

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

DY, JHEP 06, 140 (2022)
B. Miiller, DY, PRD 105, L011901 (2022)
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Saturated gluons in high-energy collisions

+ Could we generate the chromo-electromagnetic (color) fields in
nuclear collisions?

m Saturated gluons at small Bjorken parameter : splitting + recombination

review: F. Gelis et al.,

N S A B = Ann.Rev.Nucl.P 463-489,201
=07k — H1PDF 2009 xu, « T N, A nn.Rev.Nucl.Part.5ci.60:463-489,2010
x Q%= 10 GeV? M

0.6

0.5 Xg /20 !

04 - de B .. Dilute system E ‘:

03 | XS120 E [ SEK E ; 2

02 b O 1 ! .

. ® DGLAP | E |

04t ¥ o : : :

‘ ‘ A A )
%" 107 107 10 A2, InQ? Agen Q@A) QA Ky

m Color glass condensate (CGC) : EFT describing highly populated soft gluons (E < Q)
sourced by hard partons

e D=8 5o ()

soft gluons hard partons
(color source)

Fast hadron

o small-x gluons  (A[p])

color : gluons carry colors

Dipole D 2% %% glass : disorder slow varying fields
—_— LTS

' condensate : saturated gluons
L. McLerran & R. Venugopalan, PRD 49, 2233 (1994), PRD 49, 3352 (1994). 7




m [nitial-state gluons may form the glasma phase characterized by mostly Iongltudlnal
chromo-electromagnetic fields from CGC. ' ‘ |

(at top RHIC & LHC energies)

T. Lappi, PLB 643 (2006) 11-16

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

+ Updated coalescence model : f:ololr '
N N in gla
I- 'TTC<P3(Q/2)P3(Q/2)>Q:O
poo(q) = — — | |
3 — [Z@:;E,yfz TTC<P§(Q/2)P3(Q/2)>q:0] pin relaxation or

bolarization from
collisions

glasma effect : Tre(P:(q/2)P;(q/2))q=0 < 0

» The spin correlation needs not be parallel to 71, but has to be anisotropic.

1
== Jpoyp = Poop — = X _<B”'Z (:I?)B”’Z (I’)>6_2At/TR < () A Kumar, B. Miller, DY, PRD 107, 076025 (2023)

3
vector mesons o
fat rest) glasma effect relaxation in QGP
(much stronger than vorticity)
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Transverse spin alignment spectra

m For moving vector mesons : boost the color fields to the lab frame to retrieve
momentum dependence

BY = (B + eijkvng) — (y—1)B" - 1",

vt = q'/\/|q|? + M? and o' = v /|v].

m  Out-of-plane spin alignment (¢ mesons) :  ov, pro 110, 056005 (2025)

- T T = = - y —_— T T T T T T T T T T
i 7 /, ——————— v’ =0 @ 0.5 Event plane (a)1 Event plane (b)40.5
__ 035 - 0
@ [m=e—————- e e mme e
E // x y O 04‘ . H{H {H T -H _04
% ! vt=v AR, BN SN TN & . A
S 0.30 s0.af BT iﬂﬂhﬁ tos ¢
2 Q HH l Q
08 Vg = 1
Q 0.25} ) q 0.2F T 102
pgr<1/3 |y — o
0.20k . . . . . 0.1r Pb-Pb, |5,y = 2.76 TeV T 101
o 1 2 3 4 5 R R T B I
gr (GeV) pT(GeV/c) P, (GeV/c)

weighting (ooar)) = [ dogdyy[poo(@)N]
needed: VM E TG N




m Late-time (final-state) effects :

fluctuating
¢ fields

X.-L. Sheng et al., PRD 109, 036004, (2024)
PRL 131, 042304 (2023)

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

or turbulent
color fields
from
anisotropy

A. Kumar, Philipp Gubler, DY, PRD 109,
054038 (2024)

D. Wagner, N. Weickgenannt, E. Speranza,PRR 5, 013187 (2023)

F. Li, S. Liu, arXiv:2206.11890

m From isotropic color fields (soft thermal gluons in QGP)

» Out-of-plane spin alignment (qualitative) : (fluctuating ¢ fields)
0.355 033 * ¢ STAR  — Outof-Plane |
—_—— = = Y = ----- In-Plane
0.350} - IZF7 | =0 D 035 "
-~ -

P 7~ ‘Ux _ vy O T

0.32 ]
yq = 0.30 . . . (a|) 1
1

yq - 10 A F%’ u F;E:
o 5
v* =Y O E O Tl g 2
L Py \‘i‘h‘-ﬁ?""“‘:-‘——-_-..,_‘___ E
O 1 2 3 4 5 05 (b) __."“":-_zf
qT (GeV) 10 20 50 100 200
Vs (GeV)

DY, PRD 110, 056005 (2025) X.-L. Sheng et al., PRL 131, 042304 (2023) 10



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

traveling time in corona p X u structure
o N Z D@ A / dX - p(p"u’ — p’u”)
16MaANZe, [dX - pfs

<o (1= fir) (1 =2f)u’ + Qs/ep),  f =

1
ep-u/Qs + c '

(the overall sign is related to the freeze-out hypersurface)

0.004}
weak initial anisotropic flow [
from pressure gradient 0.002¢

Q. 0.000}

=== lasma (Qg=1.5 GeV) )
_0.002[ __ 9ema(@s R
- glasma (Qg=2 GeV)

® glasma (Qs=2 GeV, c=0.5) R
H. Sung, B. Miiller, DY, arXiv: 2507.23210 -0.004+ Mt ‘

00 05 10 15 20 25 30
¢ 11
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P, & system-size dependences

m Transverse-momentum dep. :

pPb 186 nb” (8.16 TeV)
—peen s

- CMS A+A

0.005¢ 0.6 |n| <24 + 185SN§T'”3<250,_
) - B 60<NI™ <120 -

0.004¢ S-: $ 3N <60
0.003} 3" 04r | i

.é“ ign flipping % +
sign N b |
0.002f . 1 when |p-ul~Q, 3. L ' 4 |
] o 020 + }
0.001} - .+. o, =0750+0.009
o = 0758+ 0.010 -
0.000L : A
0 1 2 3 4 p_ (GeVlc)
pT(GeV) H. Sung, B. Muller, DY, arXiv: 2507.23210 CMS arXiv:2502.07898

m  Competing effects from soft thermal gluons in QGP (with an opposite sign)
+ thermal vorticity/shear effects as the core contribution.

For smaller systems & high pT For larger systems & low pT
NeLPéy, + NqerPogp

* Fullpol. . p= — => monotonic increase with pT ?

Ng1, + Nqcrp
12



Conclusions & outlook

L Conclusions :

v Spin transport phenomena provide new probes for salient features of QCD
matter created in high-energy nuclear collisions (especially the coherent gluon
fields).

v Initial-state effects such as glasma fields could play a significant role on local
spin polarization and spin alignment, while there exist competing final-state
effects (color fields in QGP, meson fields, vorticity etc).

v The fine structure including size & centrality dependence of collision systems
may be helpful to disentangle the competing effects.

O Outlook :
» More sophisticated modeling & simulations are needed.

e.g., more accurate estimation on spin relaxation in QGP

» Spin alignment of quarkonium or local spin polarization of A.j, : more
sensitive to the glasma effects.

13



Thank you!
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m  Anisotropy flow of hadrons : hydrodynamic behaviors of the QGP
z: beam (longitudinal) dir.
X: impact parameter dir.
P, y : angular-momentum dir.

collective flow :

. @-—p geometric asymmetry

X
= momentum asymmetry

. X
X-z plane: reaction plane

Credit: Nazarova Elizaveta, 2017

m The QGP has small ratio of shear viscosity to entropy density, n/s~1/(4n)

25 T T T T T T
_ @ P2
= ideal T < | \Water P
20k == 1/s=0.03 L~ * . ¢
= 1)/5=0.08 - 10 4 op
= = 1)/5=0.16 /}*H;_H?H_g{f 1 CP/Z
g li | STAR M ’ _ i Pc
2 - 1
5 ~20% - I 2P,
& ~ s " " 11
10 . " . 1 Helium
. 1
i . | 1
9 ‘/‘ ] n 1/0’
5 B - * ' d(;bp 0 dN . i
Uy = o P B cos 2¢p, 0.1 4 Quark-gluon //
: m p 1 "1 plasma
0 L 1 M | 1 1 L T T T T
0 1 2 3 4 05 1.0 15 20 TTe

Py [GeV]

J. E. Bernhard, J. S. Moreland, S. A. Bass,

P. Romatschke, U. Romatschke, PRL. 99 (2007) 172301 Nature Phys. 15, n0.11, 1113-1117 (2019). 15



More experimental data

% Centrality dependence :

=1 I LI I T T LI T T =1 T T T T T T T T T T T T T T T T T T T T
Q 05k P[gductlon plane 1 Production plane dos Q a) ¢ mT-order EP + b)d #2"-order EP L o) d d) & ]
K ¢ wp, =113 0.4r ; T T $ T .
0.4} —+ 404 ﬁmﬂsﬁi ] [

-------------------------- S —— b lsmigdd ; wrted
ikl ¥F T e e e s L A1) fpreeeesenpes g g AR AT,
02} T Pb-Pb, {5, =276Tev 0.2 03¢ 1 H* '_'% T ﬁ 1
0.1|®0-4 = p; < 1.2(GeVic) 1 ®0o=p <08(GeVie) |, Au+Au 27 GeV Au+Au 39 Ge Au+Au 62.4 GeV Au+Au 200 GeV 1

03.0<p_ <5.0(GeVie) +3.0< p <5.0 (GeVIc) ]
1 |T 1 1 1 | 8 1 1 1 Il 1 1 1 1 1 1 1 [l 1 1 1 1 Il 1 1 1
=] T T T T T o T T L T T LI SR B | L L T T T T LI LN DL B B
SN Event plane Evem plane ALICE e) K e2"-order EP fyK® g K o

0.5}k + Jos ]
K™ ®0.8<p_<12(GeVic) ly|<05 0.4t 4 4 1 ]

¢ lyl<1.0 |
04 , ®30< p < 5 0 (Gevie)j 1+ ﬂ“ ~10.4 1.2<p <54 GeVic | 8 |
asb T * """""""""" A o3 K% yl<1.0 Fammmnn s PR 3 5 -b--ﬁ -------- Q--------g--ﬁ---ﬂ----g----'
1.0<p <5.0 GeVc | 5 B 1
02} + Jo.2 0.3 T B T T ]
e05< P < 0.7 (Ge\//c) ]
0.1F 3.0 < P < 5.0 (GeV/c) =40.1 Au+Au 39 GeV Au+Au 54.4 GeV Au+Au 200 GeV ]
1 1 1 L L L L L 1 1 1 1 Laa o Lo o o 1o a1 o a1 4 | PR TR W U U N Y | I T W TN T N R R N Y
0 100 200 3°0N 0 100 200 3°°N 0O 20 40 60 80 O 20 40 60 80 O 20 40 60 80 O 20 40 60 80
( pan> ¢ part> Centrality (%)
o : .
% pT dependence in RHIC :
0.5 - Aushu (IEO—EO“.-'o&IyMW‘.O) -T- <4 05 - - 05 L 0 ]
[ mé(1"-order EP) T r T ] L € 4
F ¢ (2™ order EP) + m F + 1 C T ]
04 4 T I "{ 1 04p T 1 04 T .
T kE . T ] gk T ]
------ gj -“-“““““"““"“““r““-@"-i"';"-i“"““"“““’ :...............@.. ..............:......ﬂ.@..*.... ...............: :---------Eﬁ'- .= ---------------7:-----*] i'ﬁ"ﬁ“"'@ -1
03 f 115Gev [ ‘ 196Gev | 03 27GeV T @ s9Ggev 1 93 [ @ 62.4GeV | 200 GeV ]
B T ] r T 1 r I ]




From spin correlations to spin alignment

= Spin alignment is led by spin correlations : (P, P’) # (P.)(P.)
=> poo 7# 1/3 with (P; ) = 0 is possible
spin polarization of A could be unaffected
(the sources for spin alignment may be fluctuating)

m  Spin quantization axis needs not be parallel to the spin polarization (or correlation)
m  Anisotropic spin correlation is needed : X.-L. Sheng et al., PRD 109, 036004, (2024)

A. Kumar, B. Muller, DY, PRD 108, 016020 (2023)
1 — Tre(Py (q/2)Pf(q/2))q=

poo(q) = (quark model & kinetic equation of vector mesons
3= icuy.. ITe (P@(q/2) ;,( /2)>q:0 in the non-relativistic limit)
1 1 N AN ~ LN ~ ~
- > poo ~ = + =Tr.((PIPL) + (P2PZ) — 2(PYPY))
(PPl <1 309 el 1

poo = 1/3 when (ngé} = () 1s isotropic.

O Electromagnetic fields can polarize the spin. How about gluonic fields in QCD matter?
P'(p) x c1 B" + coe"p, E),

17
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Axial kinetic theory with color fields

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

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

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

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

‘ S a o S b —
SKEs: 1 (9,745 FL 01 01) = P (Op i+ B, 00 fir + S5 FL, 00 fi7) = Co
diffusion dynamical spin polarlzatlon
) ~SIL q a v~ (L L avL ~a ﬁ L pa l n‘i'- (1 1
AKES . pl 0 '[ 2N ( E/pdp ! F ! I/) —l\? 6! ! ])f’(() qF)’u) V],)jfl” — Cé 3
bca
ppapda.ﬂ_l_q( PEEI’OO; bH F(LVH&:;) ‘I‘ ( PF‘SpOIfj CcH be/}l&;?/-) ; /[I//)O’])/)(() (}Fr;’/) ])jl}l,{ :ng,u,'
Axial Wianer Sy _ 1 ~sp h ﬁa;w 9 a.
xial Wig A (p,x) = 5— |07 = % Opu [ — mp( lep) )|
functions : p e po=¢p
a 1 ~all h ajfpr
A (p,a) = s—[a = SF (0,5 = LO,(F /)]
€p . Po=€p
dynamical (w/ memory effect) non-dynamical (w/o memory effect)
Spin
Jd2-pTr A* (p, x) B [dX - p A (p, x)

polarization: P*(p) =

2m [dX - p(2ep)~ 1 fy(p.x)  2m [dE - p(2ep)" 1 f3(p. x) 18



Axial kinetic theory

m Axial kinetic theory : scalar/axial-vector kinetic eqs. (SKE/AKE)
K. Hattori, Y. Hidaka, DY, PRD 100, 096011 (2019)

> SKE: p-Afy = C[fv]-. A, =0, + era;- DY, K. Hattori, Y. Hidaka, JHEP 20, 070 (2020)

standard Vlasov eq. El\l/l_f';ds Z. Wang, X. Guo, P. Zhuang, Eur. Phys. J. C 81, 799 (2021)
- . C ; N af 8 S
> AKE: p- DG A eFVa,—She 7 p, (0,F5,)0, fr = L' a, + RO, fv.

- . . - ¢ I !
(a*(p, x): effective spin four vector) (entangled f, & @*)  spin relaxation  dynamical spin pol.
( A : gradient correction in phase space) from spin-orbit int.

> Axial Wigner 1 h €
| At (p,w) = o[ = SF (9 ) )] .
functions : P.0) 2€p vV = " Opsv(Fv /e po=cp=1/|p[2+m?
dynamical (w/ memory effect) non-dynamical (w/o memory effect)
S Ph(p) = [dE-p A*(p, x)

2m [dX - p(2ep)~ 1 fy(p.x)
m Relaxation-time approx. & weak coupling :

pooat

(j&# — a_# "“:Uf

€ A
p - Oat— o) he P p, (05 Fay) c)s}‘v = — eq

R
h,fﬂ

=) Ja*(p.x)

/ dxge ,—(zo—z0 XTRF‘MVPJ]J ((-).L oFg, (2 )c) fi(p. 2’ 10
J 1
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Spin alignment from glasma

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

DY, JHEP 06, 140 (2022 .

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

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

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

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

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

/

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

1 1
% Order-of-magnitude estimation (for ¢) : pgo ~ — < =
Qs ~1~2GeV 34+ 10e 2(t—t)/mr " 3

glasma effect  relaxation effect

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

M. Hongo et al., JHEP 08, 263 (2022) (model dependent) 20
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Spin correlations from color fields

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

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

guark-meson int. :

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

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

» Weak coupling : 7% % T (p. X)

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

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

A. Kumar, B. Miller, DY, PRD 107, 076025 (2023) A. Kumar, B. Miiller, DY, PRD 108, 016020 (2023&1

X)

v %
A
Naip.S
L Py

- (p,
q
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Color fields from the glasma

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

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

m Color-field correlators in the glasma : evolution in time
AH
7 aj r m m "
eg. (EY(X")EY(X")) = ¥ f f (wson) L < (X)X
LiguJ Lilw q
' _ X qnlm
(BF(X")BH (X")) = —N.eme™ f f Qo (ur, vp)=—— xJi(¢Xg) 11 (1Xp),
1 LiquJ Lilw q[
1\ c = § i\rc(i' T(‘? — 1),
Q;('lu-, vy ) = [Gi(uy, MIGQ(M-, u] F hi(uy, ti)?lz(ws M)]]e
5 T~ e
[ [d q1 /dQ.uJ_e'iQL(X’U)l. unpolarized & linearly polarized
Liq.u 2m)? Gluon distribution functions

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

Q 0 QF (1 — e @ur—vi]?/4
(ug,vg) =Qug,vy) = FN2\ Q2 — v /4
22



