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Unified view of the Nucleon
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Parton’s orbital motion through

the Wigner Distributions

; Totgl :

Phase space distribution: o6}
Projection onto p (X) to get the o4
momentum (probability) density . 2

Quark orbital angular 02}

momentum

L(_.T.} — f{gJ_ Ly EJ_}I’V{.’L‘, EJ_., El}dggj_dgﬂj_ = ikl b:)jg:n G W 38

Well defined in QCD:

Lorce-Pasquini 2011
Hatta 2011

= Lorce-Pasquini-Xiong-Yuan 2011
_r_::'}‘ |.".“Ji-Xiong-Yuan 2012
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Importance of the gauge links

m The quark operator Ji: PRL91,062001(2003)
Wi (7, k) = / V(7 — n/2)TU(F 4+ n/2)e*1d*n

m Straightline gauge link leads to the OAM In
the Ji-sum rule

Ups(€) = P [exp (~ia [ xe A(Aa))] 0(6

m Light-cone gauge link leads to the OAM In
Jaffe-Manohar sum rule

VUic(é) =P [e}{p (—f.ig/ dAn - A(An + 5))} (&)
0
r_:l}'l |T?| .



Grana Jewe‘s of Hadron Physics

A Wigner distributions (Belitsky, Ji, Yuan)
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lattice calculations
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Dipole scattering
amplitudes

Small-x % (Tr [U (R1) U (RY)] >x
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Hatta-Xiao-Yuan,1601.01585
earlier: Mueller, NPB 1999




Recent developments

m Theory
New idea, new functions
QCD evolution/factorization

m Phenomenology
How to measure them
What we can learn?

10/5/2018
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5D tomography: GTMD and Husimi

GTMD  Meissner,aMetz,Bchlegeld2009)® Husimi ®agiwara,BHaCa{2015)
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Elliptic gluon distribution

Hatta-Xiao-Yuanl6
Zhou 16

m Nontrivial correlation between the transverse
momentum and impact parameter

sW (2,d1;b1) = 2W, (&, 1], [bL]) + 2 cos(20)2 W (z, |7, [bL])

< (.75
0.70} -
0.65} R(g.A?) — Fi [ Fey
0.60} O = Az
0 2 4 6 8
A\] ﬁ . Zhou 16
.I'_l'l'_l'!'l'l" |||I'
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Evolution/factorization:

proper definition EIKLMPS2016

m The evolution iIs identical to the TMD
evolution!

Sudakov double logs should be fine
Anomalous dimension?
Skewness dependence?

10/5/2018 10



Probing 3D Tomography of Protons at
Small-x at EIC

Diffractive back-to-back dijet productions at EIC:

Hatta-Xiao-Yuan,1601.01585
K1 Altinoluk, Armesto, Beuf,
Rezaeian (2015)

b

* |n the Breit frame, by measuring the recoll of final state
proton, one can access A;. By measuring jets momenta,
one can approximately access g-.
_ = The diffractive dijet cross section is proportional to the

rﬁ;ﬁn\u‘iﬁquare of the Wigner distribution.

pO
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Measuring Wigner in ultra-peripheral pA collisions

Hagiwara, Hatta, Pasechnik, Tasevsky, Teryaev,
1706.01765

Q" preferably small

T e KD —() — - ﬂ
9 ’ Use the Weiszacker-Williams

photons in UPC!

doPA dN Nyoep,(2m)*

= 2 _ 2 > 2 B
A === P2 ;efzz(l 2)(z* + (1 — 2)%) (A® +2cos 2(¢p — da)AB)
x Z?
photon flux
g So(P, A Ll AP, A h

0( ) J_)— P_J_ﬁ ( i J_),

ot _8B(PL,AL) 2 [PLapp
p— ||:|.: Sl(PJ_;AJ_)_ BPJQ_ — PJQ_/ P—fB(PJ_,AJ_) j Hatta

0~



https://texclip.marutank.net/
https://texclip.marutank.net/
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Hunting the Gluon Orbital

AN k072

k— AJ2

(2 — 2)|qu]|AL]
77 + u?

[’9(61 t)

Asin(qﬁq—cgﬁA) X

Ji,Yuan,Zhao, arXiv:1612.02438
:h] |"W Hatta,Nakagawa,Yuan,Zhao, arXiv:1612.02445
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Double Drell-Yan

Bhattacharya-Metz-Zhou 2017

Y1 (g1, A1) 041

75 (g2, A2) V3

j\”(p:” A:l)

(6)

m Sensitive to quark GTMDs in the ERBL region

m Spin asymmetries will lead to probe the quark
OAM (Jaffe-Manohar)

m Should study the feasibility in existing facilities

10/5/2018 ”
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Double Charmonium

Bhattacharya-Metz-Ojha-Tsai-Zhou 18

m Focus on pseudo-scalar pair production
from two gluons.

m Similar to the double Drell-Yan process,
and sensitive to the gluob OAM for
polarized case

m Feasiblility in exp.

10/5/2018 15



Probing the gluon WW GTMD In pp

Boussarie, Hatta, Xiao, Yuan,
1807.08697

Py
YL
Diffractive production of a ¢ = +1 quarkonium pair
Amplitude proportional to
’_\] A / d*(x, — yL)eiPl‘(“_yL)(P’|U$§U;§Uy5UJ | P)
Hatta




Boussarie, Hatta, Xiao, Yuan, 1807.08697

Very simple result in the case of Xc1; Xc1 production, in the limit L > A

Long distance matrix element

Gluon dPDF (LDME)
do
AV1dYVod® A d2P; /
$1$2F($1;$2) 4

P? °
2
0100 PL(G(PL A1) + 5 4G

o

WW gluon GTMD

T 64mISNA(N2Z — 1)2

Linearly polarized
WW gluon GTMD

No convolution in P !
Caveat: only color-singlet production included

.
]

Hatta
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GTMDs/GPDs at small-x

d Wigner distributions (Belitsky, Ji, Yuan)

Wix,by ky)
Wigner Distributions
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lattice calculations
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Dipole scattering
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Hatta-Xiao-Yuan,1601.01585
earlier: Mueller, NPB 1999
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DVCS and GPDs at small-x

i Y

R | | Hoodbhoy-Ji 98
o5 [ o€ PIFT(=¢/2)FT(¢/2)lp)  Diehl 01

54 rEpy(x,A]) PN 575in
— 7:t:Hg(:z:, A+ o2 A A — 5 +

m All other GPDs suppressed at small-x

'_ 10/5/2018 19
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Dipole formalism

z1 =by +(

T, =Ty — Tol To =by —2r) 1—2, ki E+*§
ki kai

dZT'_Lde_]_ : : T
F, A) = b Al +iri-qy (b L b _ _)
(q_La _L) ] (27_(_)4 € S 1 _l_ 9 1 9

m Elliptic gluon distribution (Hatta-Xiao-Yuan 16)

Fr(qL, A1) = Fo(lqo|, |AL]) +2cos2(pq, — da ) Fe(lgL],|AL])

'_ 10/5/2018 -0
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GPDs and dipole

2N,
cHy(z,A) = o /dQCILQ?LFO’

4N, M? ipti
. A — c d2q, ¢ F. Elliptic gluon
tErg(z,AL) s Aﬁ_ / 1191 distribution

m The cos(2phi) asymmetry in DVCS will
provide information on the elliptic gluon
distribution at small-x

L Hatta-Xiao-Yuan 1703.02085

10/5/2018 21
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GPDs:
Proton size as function of X

m Moderate x-range: sea/valence quarks

m Charge radii as functions of x
x=>1, it vanishes

Sy

ceereet] Ji-Belitsky-Yuan 03
10/5/2018 22



Transverse profile

gluon vs quark

GPD fit to the DVCS data from HERA,
Kumerick-Mueller, 09,10

HERA data show that gluons lives typically at
0.5~0.6fm, while we know charge radius

GPD fit to the DVCS data from HERA,
.around 0.9 fm

Kumerick-D.Mueller, 09,10

10/5/201 See also, Dumitru-Miller-Venugopalan 2018
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Gluon tomography at small x

(GPDs)

e+p—e+p+Jip

15.8 < Q2 + M3, < 25.1 GeV?
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N " EIC-White paper 2012
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Transverse charge densities from
parametenzatlons (Alberlco)

st Proton

101

o
n

=
o O
L S
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—0af

Negative central charget s:rﬂ?;ve
density I, Neutron _5 density -
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Size does matter!!
The “Proton Radius Puzzle”

Measuring R using electrons: 0.88 fm ( +- 0.7%)
using muons: 0.84 fm ( +- 0.05%)

0.84 fm 0.88 fm
nd 2016
—— ® CODATA-2014
up 2013 ¢
- e-p scatt.
up 2010 |-
= H spectroscopy

1 I 1 1 1 1 I 1 1 1 L l L 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 l 1 1
0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9

Proton charge radius Rch[fm]

pud 2016: RP et al (CREMA Coll.) Science 353, 669 (2016)
up 2013: A. Antognini, RP et al (CREMA Coll.) Science 339, 417 (2013) Ran d 0 lf PO h I
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Back-ups
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DVCS: Collinear factorization
TH — f d*ze =% (P'|j#(2/2)5% (—2/2)|P) = ¢/ Ty + ¥ T

Z /dma J(z, &A%, hy” = /_\.2 — 91

as A?
Ty = Zegﬂm /d.’L‘ Of(m)ETg(:E)f)A?L) CE(CL') —

1 n 1
r—§&E+ie x+E&—e

Hoodbhoy-Ji 98

m I[maginary part at xi=x

ImTy = gzeg [EHq(f,fyA?L) + EH@(&&:A?L)]

ImTy = ————ZthfETg §,¢,A1), Vanishes at LO

'_ 10/5/2018 ’g
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DVCS: Helicity-conserved Amp.

9" Ao(AL) + A7 A (A L)

2+ (1 -2k - (kL +q1)
ded?q, &2k, T Fo(q,.A
e2 = z(1 — 2)Q?

q
m Dominant contributions from z~1 or O,

d2k/ 1 del 1
/(%)lg 172 /dZ(quF (g1, A1) :>/ 27r-]_2 k,ngH( z)
1

/-\] . Hatta-Xiao-Yuan 1703.02085
—_— 10/5/2018 ’9
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Finite size of nucleon
(charge radius)

m Rutherford scattering with electron

Hofstadter

\
030 \ rg=0
N
AN
- N

NSO

M
PROTON _
EXPONENTIAL  MODEL _
T, .|
0*08 400 MEV s
| r.:08

O,
]
i)

DIFFERENTIAL CROSS SECTION (CMZ/STERAD)

o

Renewed interest on proton radius:

2

1033
20 40 60 80 100 120 140 160
8 LAB (DEGREES)

"y
A
Freerere |m

10/5/2018 RevModPhys.28.214
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Size does matter!

m Rutherford formula for pint-like particle

do
df)

_( a )2
oint - \4Esin%(0/2)

@‘ Extended target ‘

—

o= ml < (e@) c@) X [ @ e P

aQ ~ dQ

point

b G(Q*) =1- é(’rQ)QQ +

10/5/2018 31
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Helicity-flip amplitude

2(1—2) 2q11 - ALkl - AL —qu1 - ki AR
q;, (k% + eg)A?L

/dzd2qld2q1l Fr(qu,Al)

m In the DVCS limit, Q>>A

— E o /d q1q1 Fe(qL,AL)
q

eqacSA2
— Q2M2 Tg(T, A1)

’\] A Hatta-Xiao-Yuan 1703.02085
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Quark/GPD quark at small-x

m DGLAP splitting dominated by gluon
distribution/GPD gluon

a1 dk? a,1 2 [ dk?
rq(z) = %5/ d¢(¢*+ (1 - ¢)H)2'G(2) k—gL ~ oG (T )%5 3 k_f_
1

ag 1 C2
tHy(z, &, A7) = gg/m dg

-2 =53, o, [dd 9T,
(1 - 55¢2)2 ng(T”g’Al)/ki Radyushkin 97

GPD quark distribution  ~ er, e 21 1 [ %5
T 1

Ty
M,
rrrrrrr M
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