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About myself:

* PhD from Kyoto university (2004)
e Postdocs at RIKEN BNL and Saclay (France)

 Faculty positions at University of Tsukuba (2008~2013), Kyoto
university (2013~2018)

* Moved to Brookhaven National Laboratory in 2018

e Research interest: Hadron structure from QCD: spin, mass,
3D&5D tomography, small-x.



he Electron-lon Collider (EIC) project

Next-generation (your generation) nuclear physics facility
to be built at Brookhaven National Laboratory, New York

As of now, the only new high energy collider in the world
officially approved for construction.

QCD first!
Unravel the structure of proton and nuclei
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Scientific goals of EIC

Finding 1: An EIC can uniquely address three profound questions about nucleons-
protons—and how they are assembled to form the nuclei of atoms:

e How does the mass of the nucleon arise?
e How does the spin of the nucleon arise?
e What are the emergent properties of dense systems of gluons?
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Plan

* Proton spin decomposition

* Polarized Deep Inelastic scattering

* Orbital angu
 Generalized

ar momentum

narton distribution

* Deeply Virtual Compton Scattering

e Electromagnetic form factor

e Gravitational form factor
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Notations
Metric g" = (+1,-1,-1,—-1) pv=0,1,2,3 i,j=12 (transverse)

1 _
Light-cone coordinates P = E(PG = PE) £?+ =1 pPt=P

P-x=Pz~+ Pzt - P'z*

. : . 5 : : :
Y5, antisymmetric tensor "‘/J — Z’“/O"‘/’l"‘fg"‘/g EGLZE == —|—]_

Coupling constant DH = 9* + i;_gA,u

g

Wix™,y ,z.]| = Pexp (—ig/ d:_A”L(z_,;EL))
Sy

Wilson line




The proton spin problem

The proton has spin %.

The proton is not an elementary particle.

> 1zlAZ] AG+ LT+ LY
2 2
NS
Orbital angular
Gluons’ helicity Momentum (OAM)

Quarks’ helicity



QCD angular momentum tensor

QCD Lagrangian - Lorentz invariant " — z* + Wz,

- Noether current QJM“”)‘ = (}

CaTt

QCD angular momentum tensor

1 _
Mé_gl)x _ $UTC,L;:?1 L xATéL;l‘:l L §E,uu)sp?’b,}_p_}_.a¢ + F,u)sAy L F,uuA)\
f quark helicity gluon helicity

canonical energy momentum tensor

THY = it D ip — FHo0¥ A — ghv[.

can
- Quark OAM - Gluon OAM



Exercise: Derive the canonical angular momentum tensor A**?

CrLTL
Hint: Under an infinitesimal Lorentz transformation

1 1

oY = —wh” (5(5171/8” — 33“8,/)¢ — gh’ua%/]w)

1 ’
il 1 o GO soddild Foo o 5% KO e : oy AL
0A% = —w (.1‘,; ':}.Lr. A= E (h,u. guvs — Gup hu )"_1

) _— Py 1 ;
oL = —wz,d,L
Problems
-T,u.:; . . . .
can 1S NOt symmetric, not gauge invariant

T"" is conserved wrt the firstindex 9, 7" = 0 but not the second 0,

LR LT

T (R

LT
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Jaffe-Manohar decomposition

1 1

can can

_ . A
v = +12 component of the canonical angular momentum tensor Ml

Operators NOT gauge invariant except the quark helicity AY ~ E_:-:.-’ Y Y5 U

AG ~ e T A Ll ~aprxiop L9~ FaxxOA

can

To be understood in the light-cone gauge A+ = ()

Naive replacement )" — D" does not solve the problem.



proton single-particle state,

Quark helicity: definition 7
2AYS* = Z (PS|1psy" 510 | PS)
f

spin 4-vector  2S5* = @(PS)y ysu( PS)
N proton Dirac spinor

Exercise : show that PJ“’SF = ()

82 _ _M2

| _ P+ M V5b

u(PS)u(PS) = 5 (1 + i )
In the quark model, 1 1 1 1

With relativistic effects, AX ~ 0.7
12



Deep inelastic scattering

Bjorken variable

,U_ . Q2 _ QZ
2P-q  (P+q)*+Q*—m2
QQ
p T @ mk-m
2
NQ— (ZC<<1)

13



DIS structure functions

Unpolarized
1m2i / d*ye' Y (PS|T{J"(y)J" (0)}PS)
(s sym
q#q 2 Pq v PQJ/ (7@2)
— pv Ia pPH p Py _
(n+Q>1(x’Q)+( q2q>< qu) P-q
Polarized

m_— / diye't (PS|T{.J*(y).J (0)}| PS)

asym

o S'q
—ehvad [S g1 + (S — ——P )gp]




Exercise

Forward Compton amplitude q'] > ()

l

1w = [ dtaets(PS|T{IH(2)J* (0)}| PS) = T +iT%"

2r
Food

symmetric antisymmetric

Not to be confused with
real/imaginary decomposition

Hadronic tensor »/ l
1
WH — gy d"‘lme‘*“(PSHJ“ (z), J¥(0)]|PS) = WE” 4+ iWL”
m,
Show that 2I111T§ o 1‘1?};

QImTH” = WH”
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Light-cone dominance

Want to study the correlator / d*ye' ™ (P|T{J"(y)J"(0)|P)

2
in the Bjorken limit Q% =00, P-qg—= 00, x= 2%(1 = const.

1
;_j:.

‘?

Naively the integral is dominated by |y“‘ ~

3 0\/.3,.0 3, 0
Proton rest frame (photon in the minus direction) Tr = (4 ‘q )(qu—l_q ) ~ 4 +4q
2mpq my
+ . L My -4 1 2 1
y Nq__N Q2 }0, y Nq_+N‘rn,pJ; y A~ QQ }O

finite !

16



Operator product expansion

1 _1

2iq - O
leE”‘rUL (1 {J)TL v (0) = Pi(i0y + ga) VY™ y@ E : ( g):z
I | n

+(p— v,q— —q)

)ﬂt«i’(f’) s

c.f., Peskin (18.125)

Pick up the antisymmetric part
(-:I"' (_:'E!E(_TL" e g#ﬂ’:ﬁu L gjf.ﬂ-"r.]r..ﬂ- _|_ gﬂ-i.fﬁf_ﬂ _I_ .!i'.f Iull.llljllr:ll-.j;llr;.j'._hj

EUETE

[ diye WPy (y)uy Y (0) = 2, Z

i

2'!1[4'] ] 2'!1[ Iy
QE{H—I_J

Uy - id! b (0)

When Q? — o, naively, the most important operators are those with
smallest dimensions (smallest 71)
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Twist expansion

2F -« 1
However, in the proton matrix element, :¢* — P , and 72 1 _ —
is not small in the Bjorken limit Q* — oo, & = const. v !

The most important operators are those with lowest twist

(twist) = (dimension) — (spin)

t

In practice, the number of plus Lorentz indices

Wy T () twist-2 Py 1 twist-3

Twist-2 polarized quark operators
(symmetrized in all Lorentz indices and trace subtracted)

Uy MDD . . D)y —(traces)

18



Totally symmetric in all indices =2 twist-2

(PS
n +

1 2qﬂl 2qﬂn

1 (d; ("\/)\’\/5?,8(“1 T iahn) + Z f\/ﬂif\/‘Bia(ﬂl T ?/8)\ o iaﬂn))z‘/)‘PS> an
1=1

H

n 2 [y .. 2 Lin
(SAPIL .“Pﬂn _._ZSIUJ?‘-P#L"'P)\"’Pﬁm) : -
1=1

- + ] Qi’n
an 1 S\ +n o Ip - longitudinal/transverse polarization g1 (), g2 ()
nt+lar \"N TP q ’ l 2

Anti-symmetricin A and /1, H2,... => One twist higher (twist-3)

1 n - 3 By N y y | 2q,u1 .. 2q,u,.n_

PS5 n+ 1 Z ¥ (7)‘752()0*1 00,y Vs Y510y 10N - zdﬂ_ﬂ))’(fﬁPS) Q2"
2qlu’1 c e 2qtun

= n _~_ 1 Z (SAPﬁ o Nn Sﬂ'ipﬂl T PA T Pﬂn) QZn

PA> > transverse polarization ga()
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gd1 structure function

275’+

P-I-

T 4AnST

EUVETL

Im Z

1 cVEN

1
_ T
1= 9 ¢ Im E (Pryngni (PS|yysyT (iDT)| PS) +

n=»>0>0

Convergent only when |z| > 1!
All terms are real!

+ E _
/ = ( ) / dz=e™ = (PSP(0)y s W [0, 27 Jep(z7) | PS)

Wilson line

Exercise: show this

1 1

0 / dk™
I
g P

ikTx : + A
$P++k++IP+_k+)fda‘ 6= (S| (0)y W0, 2 [0 (a) | PS)



Analytic continuation from
z|>1 tol>z>0 B-—->T—16

(cf. 8 — s+ 1€ )

P—I—
~ QrSt

/ dz= e = (PS|Y(0)ysy T W0, 27 (2 )| PS) + (z — —x)

1
=5y (Ag(z) + Ag(z))  Polarized quark and antiquark distributions

Note the sign difference q(—:c) _ —Q(SC) Aq(—x) _ Ag(.’lﬁ)
unpolarized quark PDF polarized quark PDF

1
Exercise: Show that for 71 even, / d:)::l:”gl (”L‘) _ (Z_n
0
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g»(x) structure function

Similarly,

1 n(d, —a,) 1 L n(d, — ap)
o(: — _I n ‘ _ n n
gz(r) 2T 1 n + 1 xn—f-l /0 dxx g2 (m) 4(” + 1)

n

Invert these relations and get

.1 d"’
go(z) = —gq1(x) + / —qi1(2) + ga(z) Wandzura, Wilczek (1977)
L iﬁ
Wandzura-Wilczek part ‘genuine twist-3’ part
related to twist-2 PDF Jqq correlation functions

1
| q . N -
/ dra’gy(e) = 2 (PS|PrTgFIPS) = 2dy(PTEIS,
o)

Shuryak, Vainshtein (1982) 22



AY. from polarized DIS

Longitudinal double spin asymmetry in polarized DIS

A, = ,LLTpi _ MTPT

or, \ 2xg1
~ 1
( + O'T> F2

_/ﬂld.xgl(i 0?)

fa] J=N

Flavor SU(3) decomposition ( )
%o 1
= 9

Zef/ do(Aqy(z, Q%) + Ay (z, Q%)) +

23



Jﬁldigﬂx)

nucleon isovector axial charge
= 13 (3)
(Play" 5t qp) ~ 924

- from neutron beta decav

n(udd) — p(uud) + e~ + v,

<p|*'rmuh >Mg

AY

A
[ |
é(&u + Ad + As)
12(&1.-: — Ad)
316(&1.; + Ad — 2As) + O(a,)

—> from hyperon semileptonic decay

= (dss) — A(uds) + e~ + 1,

(AlgyPyss|27) ~3F — D = Q

octet axial charge (p|r§’:f-""":fstﬁq|p) ~ gfj

24



‘Spin crisis’

In 1987, EMC (European Muon Collaboration) announced a very small value
of the quark helicity contribution

A =0.12+0.094+0.14 !?

A

Recent value from NLO QCD
global analysis

AY =0.25~ 0.3



1
Gluon polarization AGz/ dzAG(z)
0

Polarized gluon distribution

AG(z) = / W ieP v~ (pS|F+e(0)F* (5 ) | PS)

xSt 27
A —1 -
€R/L = \/i(O,il,z,O)
?F+ZF+ (F-i—R)TF—I—R (F—I-L)TF—I-L

Non-local, even after taking a moment.

| awaca) = 5o [ar e PSIFTOFLOIPS)

7

Depends on the prescription of the pole 1/x.
The value of AG independent of the prescription.

In the light-cone gauge A™ = (), it reduces to the local operator in the Jaffe-Manohar decomposition.



Determination of AG at RHIC

Direct Photons Point to Positive

Double spin asymmetry of pions and photons in polarized pp. Gluon Polarization

44 4 Results from ‘'golden measurement' at RHIC's PHENIX
dO' — dO' experiment show the spins of gluons align with the spin of

— d0++ _|_ d0+_ the proton they're in
x Y Afa®Afy(x) ® Aoy
a,b

Arr

June 21, 2023

| Eeen -
418 WamR Al 0N
e MRS e e

PHTENICZS T ¥ ==

0.8

pion, photon

7
=Pz

Versus 0.2

ST WU

T

|

| I l
4 2

A = -

‘ —-\ Y ’ \\\
R il @ enlarge ¥
= SR

nalysis of data from the PHENIX detector at the Relativistic Heavy lon
- (RHIC) gives fresh insight into how gluons contribute to proton spin.

T T T I T T T I T T T ] T T T
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1
Evidence of nonzero gluon helicity AG :/ dzAG(z)
0

A major achievement of the RHIC spin program!

1
/ dzAG(z, Q* = 10GeV?) = 0.20+ DSSV
]

05

0.2
f dzAG(x,Q? =10GeV?) =0.17+0.06  NNPDF
(

05

1
/ drAG(z,Q* = 10GeV?) = 0.23+0.03  JAM
.

A5

Huge uncertainty from the small-x region = EIC

Renewed interest in the small-x resummation of helicity PDFs
Kovchegov et al. 2015~

NNLO global analysis became available last year. Borsa et al. 2407.11635



https://arxiv.org/abs/2407.11635
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