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Outline:

» Introduction

» 3D Iimaging of proton

» Mass and spin decompositions of proton
» Small x physics

Many interesting topics not covered: proton radius puzzle, Quasi PDFs...



Introduction



The structure of matter |

» 1911, nucleus, Rutherford
» 1919, proton, Rutherford

» 1932, neutron, Chadwick




The structure of matter II
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Underlying theory: QCD

1

nf
Locp =) _¥; (D" —m;)v; — 7 TrGH G,
g=1

€ Unable to solve analytically, perturbative method fails in infrared region

> Lattice QCD see Yibo and Hengtong’s lectures

» QCD factorization, parton distribution functions,




Parton model and QCD factorization

y* Kk~
DIS: i _q_ o xp g

(k)< O

Asymptotically Free Partons,

0, B> AECD B [l/fm:r O oy (Q)”de (0)® [(pffh (x)] "'O(é)

» Predicative power:

Universal & Scale dependence perturbativly computable



Deep inelastic scattering(DIS)
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DGLAP evolution

« Radiative correction: e -
/L N
—ll—
e o o™ o
- = —6_
kr > u kr < u
® Contribute to hard part ® Drive the scale evolution of PDF

» DGLAP evolution equation:

dlocgi;u2 f@, 1) = /331 sz, P(%) f(@',m)




DIS experiments

1980 1990 2000
SLAC
FNAL E665
CERN BCDMS
CERN EMC NMC
CERN CDHSW
FNAL CCFRW NuTeV

HERA H1 AND ZEUS
SLAC Polarised targets
CERN SMC COMPASS
HERA HERMES

JLAB HALLA and B

+ input from hadron-hadron collisions: TeVatron

2010

Electrons,3 different detectors, H2,D2,heavy target
Muons, iron toroid, iron target
Muons, iron toroid, H2,D2,C targets
Muons, open spectrometer,H2,D2,heavy targets
Neutrinos, iron toroid, iron target
Neutrinos, iron toroid, iron target
Electron-Proton Collider
Polarised electron beam and targets

----- > Polarised muon beam and targets
Polarised electron beam and targets

----- > Polarised electron beam and targets

RHIC LHC



1 dimensional imaging of proton

» Extracted PDF set, based on QCD collinear factorization

Unpolarized PDF Helicity distribution &&= = @-’

T I\\Hl\l T \\\Hl\l T T TTTTIT
NNPDF2.3 (NNLO)
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g/10 | xutan)
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€ Quasi-PDF, Ji, 2013 € Quantum computation, see ik H.ji% 5[ & ’s talks



Future experiments

EicC, sea quark region
EIC, gluonic matter | : J
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3D imaging of proton.—




X-ray computed tomography
X2t EALIT = Rl

3D tomography of proton
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Spatial images
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3D momentum space distributions: TMDs

O The “simplest” TMD is the unpolarized function f,(x; ky)

SIDIS:

dy_dzy —ir = ik g — _ _
/ (QW)BJ_Q Pty +kJ_yJ_(PS|'I,b5(y ayl)ﬁl(y ij)ﬁv(O)wa(0)|P8>

TMD factorization: Collins-Soper 1981, Collins-Soper-Sterman 1985
kt<<Q



Why TMDs?

» Phenomenogical needs
» Confined motion of partons inside proton
» Access to orbital angular momentum

» Universality issue, QCD factorization



Single spin asymmeftry

p(T)+p—)7t+X

Ax = (0(S1) = 0(=51))/(0(S1) +0(~SL))

Ay--proportional to quark mass

» TMD, Sivers function

> Collinear twist-3, QS function
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Sivers function

> The most interesting TMD: Sivers function:

u quark d quark

X f (X, kpy Sp)

ky (GeV) kx (GeV)



The tale of the Sivers function

current
quark jet

» The introduction of the Sivers function
Sivers 1990

final state
interaction

» Proof it is zero using time&parity invariance of QCD,
Collins 1993

» Non-vanishing Sivers function in a model calculation,
Brodsky-Hwang-Schmidt 2002

spectator
system

11-2001

proton

> Including gauge link contribution, prove  fi7| ., = — fir| ;s
Collins 2002




Gauge link
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» Gauge link physics

Mulders,INT

remnant/speciator

electron
electron

P remnant/spectator

IRV

v )| Py=e

Gauge link (Wilson line), pure gauge gluon

' feJdS.A

Afu
w'=e v, (x)| P)

€ S and P wave interference  Boris, Liang 1993
Belitsky, Ji, Yuan, 2004



Are parton distributions universal?



TMD factorization breaks down
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Generalized TMD factorization
breaks down

/7
y
L7 I8t

Rogers, Mulders, 2010



Zoo of TMDs
Leading Twist TMDs ("> Nuceonspin (=) Quark spin

Quark Polarization

Un-Polarized Longitudinally Polarized Transversely Polarized
) (L) (T)
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Large ky TMD distributions (K;-even type)

When intrinsic transverse momentum K7 >> A 50
TMD distributions can be calculated within perturbative QCD,

kr-even TMD distribution , in the light cone gauge A* = 0

IBP_+k'l

(000000000 radiated gluon generate
P large transverse momentum,

1+ &2 B H:J:QBCQ_
e, T f)(l w2 1)]



kr-odd TMD distributions at large K+

In the same spirit,
K+-odd TMD distributions can be calculated by using collinear approach

radiated gluon lead to large Ky

factorized into twist-3 collinear functions
/Lgr_jl\ accordingly, Tr(x,x,), T9(x,x,) ,etc.

d_d-'_ irPTy~ _ilri—x . T, — N\ — '
M5, 1) Ef fﬂ %E Prv elle=nPTu (P S|(0)gFY  (y7 )va(y™)| P, S).

=5 {TF(I, Il)fi“sl,,ﬁ + Tp(ar___ 3’1)?'-Si’}*51§ n Tj{f}(:ﬂ, I'l)i)\'“f“!a”'ir-"i]!ﬂ n T}U}(I, lei“i}ﬁ

—

and two more twist-3 functions: (=) 7(x).



« Sivers and Boer-Mulders
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TMD evolution

Two scales problem(formulated in bt space):

dln f(w,b;6, 1) _ K(b; ), dln (e, b6, 1) = yr(g(p); ¢/ p°)

dln

Renormalization
group equation

Evolved TMD: (2, b%;Cp, 1) = G_S(b’Q)ff(xa 523 M%a Ib)

dln+/C

Collins Soper(CS)

equation

2

With S(b,Q):—l( ) (b, 1) f:? dﬂ—‘fw )—%ln(iz)w(g(u))}

» The last step: making Fourier transform back to kt space.



Evolved TMDs

® Up quark TMD, x=0.09:

1 §_ T I T I T [ I -

— -1 3

R B pnax = 2 GeV ——— Q=91.19GeV| 1

0.1 = — =— Gaussian Fit 3

0.01 -

0.001 £ 5

0.0001 - '

: 0 5 10 15 20
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® Up quark Sivers function, x=0.1:
Aybat-Collins-Qiu-Rogers, 2012
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Spatial imaging of Quarks and Gluons

» Longitudinal momentum distribution + transverse spatial distribution:

f(x,bt) T

»Remark: f(x,b;) and f(x,k;) are not
related to each other by a Fourier transform

Z



Generalized Parton Distributions(GPDs)

+

P ygp A=p —0p
A .. . D. Muller, 94
f2_7re P2 _on_ < G“(—E)Gﬁ(2)|]?>z_/m X. D. Ji, 97
B A. V. Radushkin, 97
ioc®n_ WAV
= L[5 a(p’) pu(p) + E* u(p) Eu(p) X, ga l
2

DVCS




Some properties of GPDs

» Form factors

Zeq/dmﬂq(x,g,t) = F¥(t), Zeq/deq(x,ﬁ,t) = FY(t)

» Transverse spatial distribution Soper 77 & Burkardt 2000
2
HiGo, ) = [T T (0,0, -8 fesbie) = HalerbLg) + el 81 0L

q(x=10%b,Q% = 4 GeV?) q"(x=10°b,Q% = 4 GeV?)

1.5 | | | | | | | | | | | |
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Transverse spatial distribution of gluons

e+p—=e+p+JY
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Information encoded in parton distributions is incomplete

Wave function C; \pT = 02> +C‘2€i¢ |pT = O4>

Corresponding Parton distribution function:

f(pT =0.2) o« ¢ |2 f(pT =0.4) «| C, |2

Nontrival correlation could exist:

b, <k, ., b, -k,



Parton Wigner distributions

In quantum mechanics:

—~ T 1 dz— dZZ - -k 2T z "N z
Wby, by, 2) = 5/ (27)3 = TR R (G- WA (b1 5],

Operator defination:

—

oV(by Kk, x, S) = S SIWI (b, ky, x)pt, =5, 5),

A. Belitisky, X. D. Ji and F. Yuan, 2003

Motivations of studying parton Wigner distributions:
» tomography picture of nucleon

» encode information on parton OAM

Relation to TMDs and GPDs

/d2bj_ ,O[F](gj_, E_]_, €X, 5;) = W[F] (GL’ EJ_? X, g) TMD correlator

2 L
/dzki b,k z, S) = / ?2?; e~iB1bL pII(X | 2 §) GPD correlator



How to measure parton Wigner distribution

(py)

Quark case: exclusive double DY process 74 M)

75(q2a ’\2)

N(.pﬂ’ AI'i) N’(pil’ A:})
(a) (b)

Gluon case: exclusive double quarknioum production. ~ Bhattacharya, Metz, 2J 2017

1
§(TUL +TLU)
1 1 * — * —
R 21111{ — W( TAg A ) C [51 ka1 Fia(za, kai) Fi1(a, kbl)] C[Fl,l(il?a,pu)F1,1(il?b,pbl)]
+ 5 (7AGLALL) C|AL  Far Gl Fan) 71,4(%,15@)]O[G’{A(xa,ﬁu)G*{A(xb,ﬁm]}

1 iJ { * — * —
~ QIm{ — o (Y AGLALL) €| B Fa (e, Far) Fri (o, )| O[Fljl(:ra,pal)Fljl(:rb,pbl)]}

Bhattacharya, Vikash, Metz, Jeng, ZJ 2018



GTMDs Wigner-Ds

e - o FT A, &b, e oy o o
X(xafak_?_vA_lz_ka—'AJ—) < - - > X(w,f,ki,bi,]@_-[ﬂ_)
N =0 Jdk. [dby, =0 [k,
=0 £=0
' Red
" FT
Q(QZ,]‘JL) H(iB,g,A_]_) < M > q(CU)bJ_)
TMDs GPDs spin densities
/dEL AL =0 /dx /dx
\ 4 L \ 4
() FA3) 22 L FEy

PDs Form Factors charge densities



The origin of
proton mass




Proton mass budget

From Yibo’s talk



Massless limit

» The mass of blackbody radiation von Laue’s theorem, 1911

dVE +dVp p=¢/3

4

—dV
g Ve

» Mass from Quark and gluon kinetic energy accessible via PDF
1 1
/ dx xd(x) / dx xg(x)
0 0

€ But only makes up % proton mass!



Trace anomaly

» Energy momentum tensor:

1 - L 1 ‘ .
TH-I/ _ §QJET)>U ,_};I/)w + Z gw/ F2 L F}u-a FL;:

»Proton EMT
(P|T"|P) = 2P"P"  (P|T%|P) = 2M?

2
> The trace of EME in 4-2¢: T} = —2e—- +mqq
Collins, Duncan, Joglekar, 1977
Nielsen, 1977
T 7 /8 F2 _
(Ty) = o~ (F7)r + ym(mGq)m

- 29 43



How to measure trace anomaly

> Twist-4 operator: (P'|\FMF,,|P)

® Threshold J/psi production Total Ellastic Electro-and Photo- production of J/y |
Kharzeev,Satz,Syamtomov, 1998 10F =
3 E
i ¢ Comell 75 i
10 E A SLACT5 E
S F A SLAC 76 (Unpublished) :
©  r 0 CERNS7 .
107 t-channel (2-gluon) -
- : : S T t-channel + P,(4450) 3
® Extractions: Xu-Xie-Wang-Chen, 2020 - o SoLID50days old ]
Wang-Bu-Zeng, 2022 1L 0 SoLID 50 days 3-fold with P (4500) _]
= B SolLID 50 days 2-fold 3
- O SoLID 50 days 2-fold with P (4500) .
® [ntense debates: 10_4' 1 | | ]
Hatta, Ji, Ma, Sun, Tong, Yuan..... 10

E, [GeV]



JI's decomposition

(Hm) / Mx = 9(2)% (Hg) = gqu_g

quark mass

quark energy

(X q=52(7)(5)%
(X>g=48(7)(5)%
M = ~(Taa) = () + (Ha) 3
4 4 (Hy) = 2 (g M
QCD anomaly
""""""""""""""""""""""""""""" glue energy

® Other decompositions exist: Hatta-Rajan-Tanaka, 2018
Metz-Pasquini-Rodini, 2020



Perturbative calculation of trace anomaly

® Trace anomaly contribution to hydrogen atom mass

(a) (b)

Bq ... [P a*(1—a)? —40?
8045m/d39/(27r)36”/0 da ( 5 ) oo (1Y) 0o () = 2 o0(0)p (0)

m 1bm

& Related to the Lamb shift. Sun-Sun-Zhou, 2020



Proton spin decomposition

1\-
N
=
ING
N
N
,\t;
—
—
=
-
~
S
NS
N

Quark and gluon
iInternal motion

Quark spin



Proton spin crises

® Naive quark model: proton spin from valance quark

B Vanishing quark spin contribution-----EMC measurement@CERN, 1988

Affa, Q) = (e, Q) = f7(2.Q°) R

-a= o/

| <
SEL 11 L3
) S e
= o = [-] 3

€ Double spin asymmetry:

1[d26® B 120~ N 47‘&_
2 |dedQ?  dxdQ?|

91(5, Q%) = 57 ¢ [Aq(r, @) + Ag(r, Q)]

oos[ M Ayl Gesimy | Q7=10GeV
Ll Lol L Ll Ll L1

- -0.1

-0.03



Modern experimental constraint

» Quark and gluon spin contribution

0.5

L @2=10 GeV?

current .
data .

BN DSSV+ |
- ElCSx100 |

5x250 |
EIC 20x250 |

all uncertainties for Ay’=9 |

0.35

0.3 0.4 0.45
1
JA3(x,Q% dx

0.001

/01 dr Aq(x)



Other sources of angular momentum?

Proton spin sum rule:

T = SAN(QY) +Ly(@) + AG(Q) +Ly(@) = 5




Spin in asymptotic limit(Q2)
. Scale evolution equation
. (W)} N [J[JUJ
i, (0)) 279 (16.-3m, ) ()
. Asymptotic solution

1 3n | 16
2= Teran e )73
n, 216+3nf

» Roughly half of the angular momentum is carried by gluons!



Lattice results

Au: 85(4)%
e 4)  13(5)%
075 S I -
X
~
0.4+¢ < -
I_|
©
°? © 3
+D£. 03 B 95: I ]
)
0.2} =1 i = ] -
i o N )
< N o
0.1 - © EN X n
[ & Q N & ™ | As: -4(1)%
S Il ] ©
0.0 I T R [
u’ a’ s" c’ Z g Total

Ad: -41(2)%

(a) (b)

Fig. 3 a Proton spin decomposition in terms of the angular momentum J for the u,d and s quarks and the glue angular momentum Jg in Ji's
decomposition in the nf = 2 + 1 + 1 calculation [74]. b Spin decomposition in terms of the quark spin AX and its flavor contributions Au, Ad and
As, the glue Jg, and the quark OAM for the nf = 2 4 1 case [80]

taken from Keh-Fei Liu’s paper



How to measure orbital angular
momentum?



JI'S sum rule

» The total angular momentum is related to the GPD:

J, =lim— Idxx[H (x,t,6)+ E (x,1,5)]

t—>0

® an analogous relation holds for gluon. Ji, 1997

€ SSAin exclusive process
J/(py)
4 z,n 5 (1 +§)IAT|SIH(¢H)5(Wg8g*)
N7 (1= @)HEPR + 54185 - 22 R(HeE )
p(p')

Koempel, Kroll, Metz, ZJ, 2012




Small x asymptotic behavior

® Never can reach x=0 at any experiment, how to extrapolate down to x=0

B Small x evolution equation for Eg(x)

a [ R [k —
ovehy) = = / T £~ gt 0 Tk JE )

Hatta, ZJ, 2022

Conclusion: Eg(x) rises as rapidly as the normal unpolarized gluon distribution!

X-O.3



Two different spin decompositions

Jatte-Manohar

common

1
JQOD = flﬂgzwd?)fﬂ JQCD — f@bT%EQ/)d:D’;I:
s 25 a3
+ f@f) TX—VpaTs + f@bmelD@bd?’x
i
+ /Eaand?’a:
n fEm:chA“id?’a: + /mx(EaxBa)d?’m



Gauge invariant extensions

® EM gauge potential is separated into the physical one and the pure gauge:

AM — thS _I_ Apu,r,e Not unique! Chen, et.al. 2009

® Re-orgainze contributions:

1
Joop = [¥'5Zvd + /w*wx(p—gpre)wd%
+ [ B x AYy o + [ B (@ x V) A, o
= 87 4+ L + §Y9 4+ L
Lo(IM) ~ ¢la xpy Lo(Ji) ~ ¢lax(p—gA)y

canonical OAM dynamical OAM



and commented on their advantages and disadvantages. There have been many very interesting theoretical develop-
ments, but we have concluded that they contain no new important physical implications, and for that reason we have
concentrated on experimental tests and measurements only with regard to the canonical and Belinfante versions of
the angular momentum.

From a review article by Leader and Lorce, 2013



How to probe canonical OAM

» Canonical OAM is related the kt moment of a special parton Wigner distribution

R
Lean = — f do d2qr L FY ,(2,0,43,0,0)]  Hatta, 2012
M S et Lorce-Pasquini, 2011
- Diffractive di-jet production « Exclusive double DY process

()
q
! RN 7
4 Y3 (q2, A2) o0
N(as Aa) N'(p, \,)
(a) (b)

Hatta-Nakagawa-Yuan-Zhao-Xiao, 2017 Bhattacharya, Metz, ZJ, 2017






Glouns at small x

» DGLAP splitting function

HERA Q2 =10 GeV?

—— HERAPDF1.7 (prel.)
------ HERAPDF1.6 (prel.)

I experimental uncertainty

[ 1 model uncertainty Xuy
[] parametrization uncertainty

~ Ll . \
1078 1072 10! 1
X




Small x evolution equations

2
> DGLAP equation ln%

> BFKL(CCFM) equations  In2

. splitting recombination
% %

» GLR-MQ equation




Small x evolution equations Il

» Balitsky-Kovchegov(BK) equation: Balitsky, 1996
Kovchegov, 1997

v xy) = g [ eI N (xa) + Nay) = N(x.y) ~ Nx. 2N (2, )

T x—2)%(z—y)?

1
® Dipole amplitude: FTI"UUM +r/2)UN (b — 11 /2)
® Resuming gluon merge to all orders

® Meanfield approximation and large Nc approximation

» The complete small x evolution equation:

Jalilian-Marian—lancu—McLerran—Weigert—Leonidov—Kovner(JIMWLK) equation

O Not a close equation, involve multiple point correlation functions



Saturation scale 1

» Transverse size of gluon is reversely proportional to its kt

» First partons are produced with relatively large size(small kt).

» When some critical density is reached no more partons of given

size can fit in the wave function.Smaller gluon(larger kt) 1s produced to
fit the rest space.

» Average kt increase with increasing number density.

Low Energy High Energy

y
parton
o many new e
roton smaller partons roton
(X0, Q2) are produced (x, Q32)

“Color Condensate”



Saturation scale 11

€ A semi-hard scale Qs emerge when gluon density is very high

Q.2 o gluons per unit transverse area

O To reach high gluon density: very small x & large nucleus

/ "

1/3
W\%\M

Small x gluons(with long wave length) from different nucleons overlap with each other!

i) ~ (2)

Y
Y
Y




Classical gluon fields

o~ kg J

o

> ForQ >> Aoy a,(Q7F) < 1

Perturbative treatment is justified!

)

2
-

kt (X, k
max. density ,/”

» For alarge nucleus, high occupation number

know how to
do physics here

\ | :

og < 1
Kt
Gluon TMD at small x

A semi-classical treatment is justified

O
]

MV model & Glauble-Mueller model applied at x=0.01




Map of High Energy QCD

In 1/x

saturation
region

>
Y =

energy

< size of gluons



Di-hadron de-correlation

Back to back correlation

0.18 } L ;
n S Q2=1GeV? - EIC stage-ll pyi9%er> 2 GeVic
C ep/ ' 2 .
0.16 - ; . 0.2 [Ldt = 10 fo-1/A 1< p$ssoc CptTrlgger
0.14 | ;' \ L Inl<4
0.12 F N - 0.15 -
— C 4 y " i eAu - nosat
:%' 0.1 F ; /eCa \\ . -..<.].« -
~— Z i \ <:::c L
O 0.08 - s 0.1F
u @ i
0.06 — L
0.04 [ 0.05 -
; B eAu - sat
0.02 — B
OEI-.Illlllll|IIII|IIII|IIIIIIIII|I~T 0|_||||||I|IIII|I|||||||||||II
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Ridge in heavy ion collisions

» Two particles emission are aligned!

ATLAS p+Pb Vs = 5.02TeV
fL~1ub1 0.5<p°<4GeV
SEF°>80GeV
~ 1044 . 10447
< 1.02- < 1.024"
2 1.00- S 1.00-
o o
0.98 - 0.98 -




1.2

0.8

0.6

Fo/(A FD)

0.4

Ry

0.2

Nuclear suppression

- Q2=27GeV? x=10"3

stat. errors enlarged (x 50)
sys. uncertainty bar to scale

Beam Energies AJfLdt

5on 50 GeV 2 b1

50n75GeV  4fb N rcBK

50n 100 GeV 4 fb! [ EPSO09 (CTEQ)

Si Cu Au
1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
1 2 3 4 5 6 7
1
AYs

/(A FP)

R

RL=

1.2

0.8

0.6

0.4

0.2

- Q2=2.7GeV2, x=103

stat. errors enlarged (x 5)
sys. uncertainty bar to scale

Beam Energies AJLdt
5 on 50 GeV 2 fo!
50n75GeV  4fb N rcBK
50n 100 GeV 4 fb! [ EPS09 (CTEQ)
N IR B I R S RS
1 2 3 4 5 6 7

Can be tested at EIC!

A



Derive the TMD factorization formula |

Starting from the full CGC result, Balitsky 1996
Gelis, Jalilian-Marian 2003

d?ky, . :
M = /dz:r:ldiz:r:u f —Mpzkll""‘le’(h_ku)'“’iH(k:, ki1) [U(:I:IL)UT(:L‘L) —1

(2m)%
q -
|

k‘J_ - li_
Taylor expanding the impact factor (P, >>Qy), @ @
. o o H(kJ.ali.) i H(kJ.ali.) i
H(k,ki )= H(k =0k, =0)+ T DR lkskaico ki + ..

Integrating out k,,

H(ky, k1)
okt | k| =0k; =0

M=~ / 2 eikLs (i) [(@U(20) Ut a1) 1]

F. Dominguez, B-W. Xiao, F. Yuan 2011
F. Dominguez, C. Marquet, B-W. Xiao, F. Yuan 2011



Derive the TMD factorization formula Il

The cross section then reads,

H(ky, ki)

* !
H*(ki, k)
k,=0,k;, =0 akii ki =0k} =0

do

x(—1) / A’z d*a) LT (T[0T ()| U (2/)[07U (2)) U (21))

One can identify,

My = — [ G e B I MOV @ )W @) DUV ()
5” I | 1g Mulders, Rodrigues, 2001;
9 ‘Bfl ww (T, kL) + (Ekikjl B 15 )Ih’l ww (2, k1) F. Dominguez, C. Marquet, B-

W. Xiao, F. Yuan 2011

CGC TMD

Derivative of impact factor in k; Hard part

Derivative of Wilson lines in x; Gluon TMDs



TMD & CGC

Low jet P+ < K; (only CGC applicable )

T ,
> Iy

YL ;

' .
00000000000000000

000000000000000000Q

000000000000000Q0Q
Y

0000000000000000Q0Q
\g/

il

High jet P;>> Ky ( both CGC and TMD applicable )

< ®
I ° P
F+J_(.I‘J_..I?_) ;LJ- o g-L

r| =1L

four Wilson lines

Y

Gluons can not resolve the internal
structure of the color dipole system. Collapse to two semi-finite Wilson lines

F. Dominguez, B-W. Xiao, F. Yuan 2011
F. Dominguez, C. Marquet, B-W. Xiao, F. Yuan 2011



Gluon TMDs in the MV model

The unpolarized gluon TMDs have been evaluated in the MV model.

The linearly polarized gluon TMDs in the MV model, wmetz & zJ, 2011

Weizsacker-Williams(WW) distribution: * ' >]

1’1?1 ww (. k1) =

N2 —1 Ko(k & €1 @3
C—;SL/d& (ki &) | _ ot )

—_ 1
87 ._h,:_AgLQE

Dipole distribution: c >l 10

-~ 06
J
. . . 3 0.4
WW type linearly polarized gluon TMD is '
suppressed in the dense medium region.
0-2 Dumitru, Lappi,
Skokov; 2015
0o 2 4 6 8 10

ar/Qs(Y)



Gluon polarization inside a
nucleon/nuclel

Transverse momentum space Transverse coordinate space

NN
FNNXX AAA
N2

— 09T S v X 7'/)//:///
£ SSSNON A
; 0.0f DBBEI e aa :
E ;:;4//// / :Q\R‘“‘E:
—0.5_—// //% \\‘ S
ZAHINNN

—upxxflfif VAN NN
10 -05 00 05 10

Pt1x larb. units]

A. Metz, ZJ; 2011



Why study QED in UPC

56%0: —E - W

/ e

53 I % — —(cos4A
& L & — +(cos4A

b

Coherent photons are linearly polarized!



Cos 4¢ asymmetry in EM dilepton production
YOP + ki) + Y0P + ko) = I(pr) + 1 (p)

(cos(4¢)) e

=P, A |
¢ 1L Nq1 "

P, =(p1L—p2)/2 9
q1 = P11 T P21 S

correlation limit: P, > g,




b | dependent (cos(44)/.S. STAR experiment

~1000 . . . [ .
o — ]
X gooF. 045 <M, <0.76 GeV/c? STAR E
=2 — -
< 800 = % Au+Au UPC *  Au+Au 60-80% x 0.5 Swn = 200GeV
"a._':" - — — Fit:Cx(1+A_ cos2Ad+A cos 4Ad) +1c -
— 2Ad 4Ad .
3 700— il ~L )L —
© = 4 =
600 =
500 ok =
400=" B =
- x Jr— — : 11— | -
300 + —
2005 7 -
— 1 I — -
100 - — — Polarized yy — e*e’ (QED) arXiv:1910.12400 4
_ | 1 ! 1 1 —
0 r — . T

2 Ad=d, — by physReviett. 127 (2021) 5, 052302
0.45GeV2<Q2<0.76GeV? Measured QED calculation

P>200MeV, |y|<1,q,<100MeV

C. Li, JZ and Y. Zhou, 2020

Tagged UPC 16.8%*t2.5% 16.5%

60%-80%

27% 6% 34.5%



Joint kt & small x resummation



Gluon initiated Drell-Yan process

» M2>>p._2 TMD factorization, In M2 resummed by Collins-Soper equation

. ) S Pr ] 1982-1983, Collins, Soper
> S>>M?2, Kt factorization, lnM2 resummed by BFKL equation

1991, Catani, Ciafaloni and Hautmann
1991, Collins and R. K. Ellis

The overlap region S>> M?* >> p’
An explicit NLO cross section calculation shows that both the large logarithm appear.

2013, Mueller, Xiao, Yuan

Such joint resummation has been also disscussed in other literatures.

2015, Balitsky and Tarasov; 2015 Marzani



2
In collinear calculation lnM—2 absorbed into PDF.
U

One natural question:

de—d*¢y i Pte —ik | € i em f oo i
(2W)3P+€ *<P‘F (5 gL)L:gﬁOF (0)‘P>

Does it accommodate both type large logarithms?

S M?
In 5

M? Pr

In



Small x TMDs in CGC at NLO

Sample diagrams

Xiao, Yuan and ZJ, 2017.



Collinear approach vs CGC |

» TMDs in collinear approach

collinear divergence DGLAP
» TMDs in CGC,
rapidity divergence BK or JIMWLK

Collins-Soper light cone divergence appears in
both collinear approach and CGC calculation

Match small x TMDs onto two point functions instead of PDFs.

Xiao, Yuan and ZJ, 2017.



Collinear approach vs CGC ||

Fom (2,71, ) = e Shere@r) )y Copalpin /1) @ filw, 1)
Sudakov Hard
factor coefficient

] Colliner PDF]

2 [z, d%y, . 2,02 |
xG(l)(%kJJCc) _ _aS/ 1 yLez’“'“%WW(OzS(Q))B sud(@%,r I;Y lnl/:ﬂ(xbyl/

(27!

Hard
coefficient

Sudakov
factor

Two point
function

»

Two step evolution: S EEp\? mEp k.



Diffraction in optics

Taken from Yuri’'s book

» Reconstruct the size R of the obstacle and the optical “blackness” of
the obstacle from the diffractive pattern.



Optical Analogy

Diffraction in high energy scattering is not very different from diffraction in optics:
both have diffractive maxima and minima:

“ nght E::' .........................................................r
Intensity Incoherent/Breakup

do/dt

Coherent/Elastic

JAVARVAN

-

9 84 Angle

0 61
_ .NI‘“.“.“.”I“'. _ Errrdlirnla

Coherent: target stays intact;
Incoherent: target nucleus breaks up, but nucleons are intact.



Exclusive VM Production off a large nucleus

» Study nuclear geometry !

» Test saturation q. P

€ In the black disk limit(very large nucleus & high energy limit),

diffraction (elastic scattering) becomes a half of the total cross section

aglq:f‘ _ PN
o194 2 [d?bN 2

Inelastic scattering cross section=elastic scattering cross section=1R 2

« At EIC energy, in eA collisions, makes up roughly 15% total CS



» Young's double-slit experiment

Min

Max

Heysill . s Min

Max

B S Min

15 Max
‘u>3 -

<
= Min

Ag[(r™ +77), (a7 =77

Courtesy of Daniel Brandenburg



Joint BL& (| dependent cross section lll

» Full cross section: b+ AL =K+ A
do 1 . )
¢, dY d2b :(Qﬂ)4 /dgALkoLdzkILéQ(h + A1 —qp) (e k) (e kl){ /dzlu
1 il

x et LR L) T (b)) A (Y, A L)AL (Y, A F(Y, kL) F(Y, K)) + (A  B))
e R 4, (Y, A L)AL (Y, A )F(Y, by ) F(Y K

+ -eliBL(L\l_AL)ACO(_Ya AJ_)'AZO(_Yv A,J_)F(_Ya kJ_)]:(_Ya kﬂ.)]

+ éiBL(&l_kL)ACO(Y) AL)AZO(_Ya A,J_)]:(Y7 kJ-)}-(_Y’ kﬁ-)_

bl BB 4 Y A )AL (Y, AN F(=Y kD F(Y L) } (2.14)

H.X. Xing, Z. Zhang, ZJ, Y.J. Zhou, 2020

F (k3 4+x?M2)
(k1 +x2M2)

» EMpotential:  F(Y k) = Z‘/a_e|kJ_|

T



VM diffractive pattern

Diffractive VM production in UPC

1000 £

CG"'\
> 100 |
[0)
O
~—
o
£
S5

—— Theory

® RHIC s =200GeV

6.60 | | | | 0.61 | | | | 0.62 | | | | O.|03 | | | | 064:1
~t(GeV?)
Xing, Zhang, ZJ, Zhou 2020

» Double slit interference effect
» Smearing caused by finite photon kt

Diffractive VM production in eA

do/dt

Incoherent/Breakup

Coherent/Elastic

t1 to it t3

» One slit interference

t4




0" production in UPCs

Cos2¢ azimuthal asymmetry

= 05 0.65 < M™ < 0.90 GeV/c?
<]
(8| '
5 o —+— Au+Au at \s,,=200 GeV
I o e N Theory A : R=6.9, a=0.235 fm
& oaltl NN s Theory A : R=6.9, a=0.535 fm
------ Theory A : R=6.9, a=0.735 fm
0.2
_
0.1j5 e i
g ORI SO
- ‘. ~ | 1
O — —— — — Ry A T T ey
-0.1 .ot
_I1lIlllI1lIJlIIlLIllIIlIlllllllllllllllltllllll
0 0.02 004 006 008 041 012 014 016 0.18 0.2 0.22 0.24

P (GeV/c)
Xing, Zhang, ZJ, Zhou 2020, Zha, Brandenburg, Ruan,Tang,2021

Gold target Skin depth  Strong interaction radius

Standard value 0.54fm 6.38fm
Fitted to STAR data 0.64fm 6.9fm



Exploring nucleon structure is
great fun!

Look forward to you joining the adventure!






Energy Loss in Cold Nuclear
Matter

« By studying quark propagation in cold nuclear matter we can learn
important information about hadronization and may even measure
ghat in the cold nuclear medium:

0.01<y<0.85,x>0.1,10 fb"
Higher energy: 25 GeV2 < Q2 < 45 GeV?, 140 GeV < v < 150 GeV
Lower energy: 8 GeV2 < Q% < 12 GeV?, 32.5 GeV <v < 37.5 GeV

1.50 | ® D? mesons (lower energy)
c B Pions (lower energy)
@) + o D% mesons (higher energy)
"5 Pions (higher energy)
E_ Wang, pions (lower energy)
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