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The Proton Mass: from Models to QCD

O Dynamical scale:

< Asymptotic freedom === confinement:

4

1
m=) A dynamical scale, Aqcp » consistent withE ~ 200 MeV

d Bag model: o
Bag
O |
O
d Constituent
quark _
model: Y G

1 Lattice QCD:

< Kinetic energy of three quarks: K, ~ 3/R

<> Bag energy (bag constant B): Ty = gﬂRS B
¢ Minimize K, + Ty: M, ~ 4 4

~ ~ 912MeV
R 0.88fm ©

< Spontaneous chiral symmetry breaking:

Massless quarks gain ~300 MeV mass
when traveling in vacuum

) M, ~ 3m2ff ~ 900 MeV ¢ Roberts'talk

< With “heavy” (or slow moving) quarks
Energy concentrated in the gluon junction!

m=) Gluon radius < Charge Radius EIC!
Mass scale: Lattice space - “a”



The Proton Mass: Lattice QCD

J Hadron mass from Lattice QCD calculation:

H H B B
H H c
2400 — T T | I I | I T | T l | T | -
2200 |- -]
- R .
2000 |— —_— o —
F—o .
1800 — —
2o
1600 :— i —:
1400 - - ~— . ) =
- _ & -_— —O * -
& 1200 > =
= — 3 :
1000 [— - Rl [ 39 .
800 [— ;* il —
600 |- s —
- -cco- < .
400 |— l t —
= % npu ]
200 - ooo- < =
o b 1 | | 1 | | 1 1 | | 1 l | | 1
T p K K n n w o N A = = A b = Q

How does QCD generate this? The role of quarks vs. that of gluons?



Decomposition — Sum Rules

 Decomposition of QCD energy-momentum tensor:

—_—

THY — Tuv + Ty

S 1
Traceless term: Twuv = THV _ 1 gt
. _— 1 Vacuum expectation
Trace term: TH = Zg“’/TO& breaks chiral symmetry

(84 29

\ )

QCD trace anomaly B(g) = —(11 —2n;/3) g°/(4m)* + ...
< Invariant hadron mass (in any frame):

(| T" |p) o< p"p" = (p| T" |p)(gpv) x PP () = m?
=) m® x (p|T% |p)

Hadron mass: Gluon quantum effect + Chiral symmetry breaking!
< Proton mass sum rule(s):

FraEn, + ) mg(l+ym) ety

q=u,d,s

Useful only if the individual term can be measured independently
It is not a focus of my lectures, backup slides for other decompositions



The Proton Mass

0 Three-pronged approach to explore the origin of hadron mass

< Lattice QCD
< Mass decomposition — roles of the constituents
<> Model calculation — approximated analytical approach

The Proton Mass

At the heart of most visible matter. A https://phys.cst.temple.edu/meziani

Iproton-mass-workshop-2016/
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http://Iwww.ectstar.eu/node/2218

A true international effort!

Castello di Trento (“Trint™), watercolor 19.8 x 277, painted by A. Durer on his way back from Venice (1495). British Muscum, London

The Proton Mass: At the Heart of Most Visible Matter

Trento. April 3 - 7. 2017



The Proton Spin

. 1
Q The sum rule: S(p) = (P, S|J;(w)|P,S) = 5 = Ja(1e) + Jo (1)
f

= Many possibilities of decompositions — connection to observables?

» Intrinsic properties + dynamical motion and interactions

O An incomplete story:

Jaffe-Manohar, 90
Ji, 96, ...

Proton Spin

@

Quark helicity
Best known Gluon helicity

1 ) ) ) Start to know Orbital Angular Momentum
E/dﬂc (Au+Au+Ad+Ad+As+A8) of quarks and gluons
~ 30% AG= / delg(z) Little known
~ 40%(with RHIC data) Net effect of partons’

transverse motion?
Dual roles of proton spin: property vs. tool!



Polarization and spin asymmetry

Explore new QCD dynamics — vary the spin orientation
1 Cross section:

Scattering amplitude square — Probability — Positive definite

2
caB(Q,5) = 01(4223(@, s) + %0'1(4323(@, 5) + %gﬁ?(@ §)+---
1 Spin-averaged cross section:

1
o= l0(5) +0(—5)] - Positive definite

d Asymmetries or difference of cross sections:

. — Not necessary positive!
= both beams polarized Arr, Arr, At

_ o) ol )l = lol=+) —a(=—)] or o(s1,s
Avr = [o(+,+) +o(+, =) +[o(—,+) + o(=,—)] for a(s1,52)

= one beam polarized A;, Ay
_ [o(+) = ()] _ 0(Q,5r) — o(Q, —5r)
[o(+) +o(-)] o(Q,35T) +0(Q, —ST)

Chance to see quantum interference directly

for o(s) An




Polarized deep inelastic scattering

d Extract the polarized structure functions:

W (P0,5) = WP —S) /-

k ,
< Define: Z(k,S) = a, = ’
and lepton helicity \ §

< Difference in cross sections with hadron spin flipped
do(®) do(>+7) el

X
drdydd drdydd  4m2Q?

2,.2,2
LT , T 2
x{cos {{1—;—/—’” (;2'1/] gi(z, Q%) — sz g gz, Q° )}

, 2mx . m2x2y? (z/ (2.0%) + a5(z. 0%)
— 8 COS ¢ 4 — Y — =
in e Y oL 5 1 ) + g2(z, Q%

<> Spin orientation:

}

=0:= ¢

= w/2: = yg1 + 2¢92 , suppressed m /()



Basics for spin observables

1 Factorized cross section:
Th(p)(Q. 5) = (p. FO(, A")|p, 3
e.g. O, A*) = (0) Dep(y™) with T' = I, y5, 9", 157", 0"
4 Parity and Time-reversal invariance:
(p, 510(4, A*)|p, 5) = (p, =5|PT O (¢, AT 1P~ |p, —3)
QIF: (p, —5PTO (¢, AT 1P~ p, =5) = +(p, =510(3, A*)|p, —3)

or <p7 §10(¢,A“)|p,§> — i(p, —510(@&,14’“)’]9, —§>

Operators lead to the “+” sign spin-averaged cross sections
Operators lead to the “-” sign spin asymmetries
- Example: O, A") = $(0)y" ¥(y™) = q(x)
Quark helloty: O, 4) = (0) 735 vly”) = Adlr)
Transversity: O, A*) = p(0) v Tyt ys0(y™) = dq(z) — h(z)
Gluon heliity:  O(y, A1) = — F(0)[~icas] F**(y7) = Ag(s)



Polarized quark helicity distributions

<- General expansion of ¢(z):

must have general expansion in terms of P, 1. ¢ etc.

1

(z) = 3 [q(x)y - P+ syAq(x)ysy - P+ 6q(x)y - Pysy - S

< 3-leading power quark parton distribution:

1 ;= : . _
qg(z) = 47r/d2_ otz @PT (P, S|(0)~T ¢ (0,2: ,OL) P, S)
1 .- = . _
Aqe) = o= [ dem e = (PS|(0) 7 54 (0,27,04) P, S)
] 1 o - . _
oq(z) = — [ dz”e** z Pt (P, S|v(0) Y YL Ys ¢ (01 = eOL) [P, S)

A7



The Proton Spin

U One-year of running at EIC:
Wider Q? and x range including low x at EIC!
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00s |- XAu —::—an q oos
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o
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L saal o a sl
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L JAgxQY) dx
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05 W pssv+ ]z
. 5%100 |z
B EIC 5x250 | £
EIC 20250 | &
all uncertainties for Ay’=9 ] ;
_1 SN TN SN SR [N SN WO TR N NN SR TN SO S S SN =

03 035 , 04 0.45
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No other machine in the world can achieve this! 000,

O Ultimate solution to the proton spin puzzle:

<> Precision measurement of A g(x)— extend to smaller x regime
< Orbital angular momentum contribution — measurement of TMDs & GPDs!



Two-momentum-scale observables

U Cross sections with two-momentum scales observed:

y
Q1> Q2~1/R ~ Aqcp ]\ I
XD, K- |
<~ Hard scale: ()1 localizes the probe }‘\: % /
to see the quark or gluon d.o.f. r 6 |
< “Soft” scale: ()2 could be more sensitive to f/' O \
hadron structure, e.g., confined motion o

1 Two-scale observables with the hadron broken:

Two-jet momentum
imbalance in SIDIS, ...

SIDIS: Q>>P- DY: Q>>P;
—

<> Natural observables with TWO very different scales

< TMD factorization: partons’ confined motion is encoded into TMDs



Two-momentum-scale observables

U Cross sections with two-momentum scales observed:

Q1> Q2~1/R ~ Aqcp

< Hard scale: ()1 localizes the probe
to see the quark or gluon d.o.f.

< “Soft” scale: ()2 could be more sensitive to
hadron structure, e.g., confined motion

1 Two-scale observables with the hadron unbroken:

DVCS: Q2 >> |t DVEM: Q2 >> || EHMP: Q2 >> |t|
)

<> Natural observables with TWO very different scales

< GPDs: Fourier Transform of t-dependence gives spatial b;-dependence



How to quantify the hadron structure?

d Encoded in TMDs and GPDs:
TMDs

GPDs

f t=P-P'

Spm] Y| P)

\ Exclusive DIS
¢ O DVCS: Q2 >> |t| A t=(p,-P,)>2
§ L |
Qi Two-scales observables - B
Cross sections Amplitudes

<> Confined transverse motion
<> Confined spatial distribution — imagining



Definition of TMDs

U Non-perturbative definition:

< In terms of matrix elements of parton correlators:

dé—d?
oUwprin) = [ SIS e (P SHOU0.9U(OIP. Ses—o
<~ Depends on the choice of the gauge link: Pl Y, (5) ‘ p.(0) ’
T

U(0,6) =e™* J5 ds* A

0
<> Decomposes into a list of TMDs:

g P
o,

<$K”(J prin) = { [U ]Cw 2) — ‘flﬂf(,, T)

’75}’5
M

+h[1T](l PT)’) P +hls[ ](l Pr) —r-

€r

pTrST
U

4- zhl[U]( T. D2 )

(1:3 pT)’)'S

Pr
™M

'

d Gives “unique” TMDs, IF we knew proton wave function!

But, we do NOT know proton wave function (calculate it on lattice?)
Like PDFs, TMDs are NOT direct physical observables!



TMDs: confined motion & spin correlation

1 Power of spin — many more correlations:

Un-Polarized

Quark Polarization

(L)

Longitudinally Polarized Transversely Polarized

(T

=@ - @

Boer-Mulders

n Polarization |

.=~ O |ne=P- @-

Helicity

- Nucleo

o= d} -~ @

Sivers

'L-
hﬂ - -

e @) =
gﬂ-‘-:é — @ Transversity

O—»Nudeon&)h

@ Quark Spin

Similar for gluons

Ay — single hadron production:

Sp

Photons have asymmetry
Jet vs. Photon sign flip predicted

kT.q Di-jet, photon-jet not exactly back to back

Collins-type

\ Sivers-type

Require two
Physical scales

More than one TMD
contribute to the
same observable!

Transversity
No asymmetry for the jet axis




TMDs extracted from data

O Perturbative definition - in terms of TMD factorization:
SIDIS as an example: TMD fragmentation

‘)0

(k%) (p%)
— O ( Q@
Theory =ty Soft factors

Advance!

Ao
 Extraction of TMDs: TMD parton distribution
- P
osipis(Q, Prhi,xp,2n) = H(Q) @ Ps(x, k1) @ Dsn(2,p1) @ S(ks) + O %]

TMDs are extracted by fitting DATA using the factorization formula

< Depending on the perturbatively calculated ﬁ(@? 1)
perturbative orders, renormalization, factorization schemes, ...

< Depending on the approximation of neglecting the power corrections, ..
mmmmm) /mportance of lattice QCD calculations, ...



TMDs extracted from data

O Perturbative definition - in terms of TMD factorization:
SIDIS as an example: TMD fragmentation

o5

+ Soft factors

N
0 Low P, ; — TMD factorization: TMD parton distribution

oso1s(Q, Pris 2, 2n) = H(Q) @ @ (2, k1) @ Dy n(2,p1) @ S(key) + O [
4 High P, — Collinear factorization:

1 1
osois(Q, Pl s, 2n) = H(Q, PhJ_aCVs>®¢f®Df—>h‘|‘O< )
P’ Q

Piu]
Q

4 P,; Integrated - Collinear factorization:

osiois(Q, x5, 2n) = H(Q, a5) @ ¢p @ Dy + O (%)



SIDIS is the best for probing TMDs

O Naturally, two scales & two planes:
1 N'-N*

oIy _

Ay (@, ) = PN 4N
= A5 sin(g, + @)+ A7 sin(g, - @)

+A5;etzelosity Sln(3¢h _ ¢S)

1 Separation of TMDs:

A o <Sin(¢h + ¢S)>UT « h @H; === collins frag. Func.
Sers . . from e*e- collisions

AUT * <Sln(¢h _¢S)>UT ~ flT ®D1

A= o (sin(3g, =), * iy @ H 4-]

Hard, if not impossible, to separate TMDs in hadronic collisions

Using a combination of different observables (not the same observable):
jet, identified hadron, photon, ...



Evolution equations for TMDs

. J.C. Collins, in his book on QCD
O TMDs in the b-space:

S(0y(br; +00, ys)

_ . VA A
S(0y(b; +00, —00)S(0) (bT; ¥s, —00)

Fy/pr(z,br, S; p5Cr) = Ff7pi°(z, br, Ss pyp — (—oo))\J

O Collins-Soper equation: Renormalization of the soft-factor

0F;,pt(z,br, S; u; Cr) (r = Mix2e?(vP—ve)

— .f((bT./J«)ﬁ‘f/PT(IabT,Sv/'l‘*CF)

Oln/Cr i Introduced to regulate the
R (bp: ) = 1.9 [5briys, —o) rapidity divergence of TMDs
20ys  \ S(br;+00,ys)
1 RG equations: Wave function Renormalization
dRC'l(le;#) — —ic(e(w)) Evolution equations are only
n valid when b; << 1/ g¢p!
dF;p+(z,br, S; p; Cr) .
1t T = ()i Ce/n)Fy b, s Cr)

Need information at large b
for all scale u!

1 by =
Fy/pr(z,kr, S50, CF) = (2r)? /deTe kr-br Fy/pr(z,br,S; 1, CF)

U Momentum space TMDs:




Evolution equations for Sivers function

. . Aybat, Collins, Qiu, Rogers, 2011
O Sivers function:

€y k457

F-Lf(ma kTa H, CF)
1T A/Ip

F; pr(z,kr, S; 1, Cr) = Fyyp(x, kri . CF)

0 Collins-Soper equation:
Its derivative obeys the CS equation

aﬁ‘lle(Ia bTy K, CF)
obr

{in Fi7 7 (z,br; 1, Cr)

U RG equations:

dF{7 ¥ (z,br; p, G
- Elmlnbz bl ) =’YF(Q(#);CF/#Q)F{%f(I’bT;“’CF)

dK (bp (e /1
d(TT;LM) - (o) g DPGEND g,
JI, Ma, Yuan, 2004

4 Sivers function in momentum space: Idilbi, et al, 2004,

Boer, 2001, 2009,
o0 1 f Kang, Xiao, Yuan, 2011
/ dbr ijl(kaT)FlT (33, br; ., CF) Aybat, Prokudin, Rogers, 201:
0 Idilbi, et al, 2012,
Sun, Yuan 2013, ...

—1
2mkr

Fid (z, ki, Cp) =



Modified universality for TMDs

O Definition:

ly~d?y; ..+ - . - , .
: '/(‘)_):'gu eiTP YT —ikLy) (p, S|1 (07,0, )| Gauge link "—)c“*(.z/_.yL)\l,). S)
&Ll &

—_
1
o

fornr (2,k 1, S) :/
4 Gauge links:

[T Ry

— 00 0 Y +00 -

U Process dependence:

Fopnt (@, k1, S) # f1)ne(2,k, S)

Collinear factorized PDFs are process independent



Critical test of TMD factorization

4 Parity — Time reversal invariance:

_f'(‘?f,l.,[l)fﬂj.z-.kL..S') f“, (2, k., —S)

1 Definition of Sivers function:

.fq.,.-"hT (z, k_L- S) = fq.,.-"h (l ]"_L ) + 3A:\ .]Lq,,:"'hI (. ]"_L) S-p X kJ_
1 Modified universality:

The spin-averaged part of this TMD is process independent,
but, spin-averaged Boer-Mulder’s TMD requires the sign change!

Same PT symmetry examination needs for TMD gluon distributions!



“Predictions” for A, of W-production at RHIC?

Q1 Sivers Effect:

< Quantum correlation between the spin direction of colliding hadron
and the preference of motion direction of its confined partons

< QCD Prediction: Sign change of Sivers function from SIDIS and DY
1 Current “prediction” and uncertainty of QCD evolution:

z u - 015
< 0.14 — < . +
i _ o W
0.12F — 0903.3629 (x1/3) A O.1F
- — 14015078 i
0.1p 1308.5003 0.05 |-
C— 11124423 -
0081 — 1204.1239 e\

0.06 |

- - — 0903.3629
004 0050 14015078
- - 1308.5003
0.02 | 0.1F — 11124423
- L —  1204.1239
07\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ -0'157““““““““““‘“““““““““
2 15 -1 05 0 05 1 15 2 2 15 -1 05 0 05 1 15 yz
y

TMD collaboration proposal: Lattice, theory & Phenomenology
RHIC is the excellent and unique facility to test this (W/Z — DY)!



Hint of the sign change: A, of W production

1
< - STAR p-p 500 GeV (L = 25 pb™)
085095 <PY <10 GeVic

0.6}
0.4
0.2} l
) LT
-0.2
-0.4 —+- W =Ty

KQ (assuming ‘“‘sign change”)
~ Globaly?/d.o.f.=7.4 /6

l 1 1 1

L
0 0.5
yW

& T
L STAR p-p 500 GeV (L =25 pb™)
08t 9.5 <PY <10 GeVic

0.6
04F T

0.2}
0
-0.2
04k FW Ty
0.6 KQ (no “sign change”)

" " Global y2/d.o.f. =19.6 /6

-0.8 3.4% beam pol. uncertainty not shown
-1 | T TR W Y WO NN SN SN S T |

-0.5 0 0.5
yW

Data from STAR collaboration on A, for W-production are
consistent with a sign change between SIDIS and DY

STAR Collab. Phys. Rev. Lett. 116, 132301 (2016)



Hint of the TMD sign change from lattice QCD

M. Engelhardt
1 Gauge link for lattice calculation:

Staple-shaped gauge link /[0, nv, nv + b, b]

d Normalized moment of Sivers function — at given b

0.6 0.6
[ Sivers—Shift, u—d — quarks ] Sivers—Shift, u—d — quarks
S i 1 S i
L O4-e——!—§—§—§-§—}!§; % 04 B e S S S SRSy
<) [ s e i
s 02} . s 02} o
= oo} . ] ™= 00 .
S 05 =041, . 1 = 02 =032, .
35 7L | brl=012fm, "y 1 3E 7 | brl=011fm, .
> _04 m, =297 MeV EE55353 0] > _04 my = 317 MeV teeecrssee —
3 ' 1 £ .
06 «— DY SIDIS —| 1 06 «— DY SIDIS —
-0 -10 -5 0 5 10 o -0 -10 -5 0 5 10 o

nlv| (lattice units) nlv| (lattice units)



Hint of the TMD sign change from lattice QCD

1 Gauge link for lattice calculation:

Staple-shaped gauge link /[0, nv, nv + b, b]

M. Engelhardt

d Normalized moment of Boer-Mulders function — at given b-:

~[1]1(0)

(GeV)

1

(1)
/

w1

my hy

0.4

I
to

I
&
bo

—04L

o
=)

Boer—Mulders Shift, u—quarks

nlv| (lattice units)

RS A anas TFN -
*
*
{=101 ) :
Ibr| = 0.24 fm ‘oo . i
m; =518 MeV ¢ 1aad A4
«— DY SIDIS —
—c0 —10 -5 0 S 10 oo



Proton’s radius in color distribution?

d The “big” question:

How color is distributed inside a hadron? (clue for color confinement?)

4 Electric charge distribution: Vg
P
Elastic electric form factor =) Charge distributions !
0.1
& 1.5 &
(=] g -0.1
H, 1 proton H 0.2
a 0.5 o -0.3 neutron
i 0 _ 5 -0.4
0 0.511.5 2 0 0.5 1 1.5 2
b fm] blfm]
[ But, NO color elastic nucleon form factor! , e
p

Hadron is colorless and gluon carries color

mm) Parton density’s spatial distributions — a function of x as well
(more “proton”-like than “neutron”-like?) — GPDs



GPDs - its role in solving the spin puzzle

d Quark “form factor”: Exchanging
1)\ vacuum Q.#.
9 ( i;l‘ (13 H bR
Fy(x, &t 1%) = e /\@ (\/2 ) — —\/2)|P) Density current
, N n, o
= Hy(z. & tp”) [U(P )7:«“‘1/{(P)] 2Pl' - r+¢ | r=§
- 9 —__ , 'l‘.O'#‘I'/(P, . P)I./- ",
B ) jue) u(P)] e 7p o

with ¢= (P —P)-n/2 and t= (P — P)* = —A% if £ =0
Hy(z,6,t,Q), Ey(z,6t,Q) Different quark spin projection
4 Total quark’s orbital contribution to proton’s spin:  Ji.PRL78,1997

= gg% dow [Hy(x,,t) + Ey(c,€,0)]

 Connection to normal quark distribution:
Hy(2,0.0,1%) = q(x, y1%) The limitwhen ¢ — 0



Exclusive DIS: Hunting for GPDs

. Mueller et al., 94;
 Experimental access to GPDs: Ji, 96;

Radyushkin, 96
< Diffractive exclusive processes - high luminosity:

DVCS: Deeply virtual Compton Scattering
DVEM: Deeply virtual exclusive meson production

DVCS: Q2 >> |t| DVEM: Q2 >> |t| EHMP: Q2 >> |t

< No factorization for hadronic diffractive processes - EIC is ideal
d Much more complicated - (x, &, t) variables:
Challenge to derive GPDs from data

d Great experimental effort:
HERA, HERMES, COMPASS, JLab ———> JLab12, COMPASS-II, EIC



Deep virtual Compton scattering

Q The LO diagram: v "
_ 2 D .
Pr=P+A

P P

 Scattering amplitude:

1 1 1
T[Ll/ P’ ,A —_ v v [L_ v /d - -
(P.g, A) 2(p“n = g%) x($—€/2+ze+x+€/2+ze)

\ o ) _i0®Pn, A
x[H(x,A,A-n)U(P)ﬂU(PH E(z, A% A -n)U(P)—— —2U(P )]
1

—56“""3pan‘.3/d:c (a: —£/2+ic a:+§/2+ze
X lH(m A%, A -n)U(P) #vU(P) + E(z, A%, A-n —U(P )1:U( )]

d GPDs: -
D e (P (A2 (An/2)| P) = H(z, &%, A - m)U(P'YyU(P)
+E(z, A%, A - )T (P )W;;WA U(P) + ...
I (P (=D 2 15(An/2)| P) = H(z, &%, A - m)T (P (P)

o
Y AH

J(P
+E(z, A%, A -n)U(P )2M U(

P)+..



1 GPDs of quarks and gluons:
Hq(x7£7t7Q)a
ﬁQ('x7£7t7Q)a

PER

What can GPDs tell us?

Eq(iﬁ, £7 ta Q)v
Ey(2,6,t,Q)

Evolutionin Q
— gluon GPDs

dImaging (£ —0):  q(z,0.,Q) = /d%w‘i“'“Hq(aﬁ,é‘ =0,t =-A%,Q)

O Influence of transverse polarization - shift in density:

g(x=10""b P=4 GeV*) " (x=107" b =4 GeV*)

0.5 ,’//,///'//é_:%;\\\,\\ ,/ I////A%-‘\-%\\\\\\\\
] lrgh) | (@@
1 &) | =)

15 1 —st‘ lohl 05 1 15 15 - -0..'»bx loﬁl 0.5 1 1.5

099, 1.00|
1097, 0.99|
0.9, 0.97|
10.50 , 0.94|
los0 , 0.50|
o0, 08|
080,070
1050, 0.00|
0.4, 0.50|
o3, 04|
030, 0.30|
1030, 0.30|
0.0, 000)
o0z, oo
lom , o0z
oo, 0m|

CIITTTTTTT T F—-——

EIC simulation



DVCS @ EIC

O Cross Sections:

Y +p—y+p
‘¢ . . L) L) -
e 20 GeV on 250 GeV |
g Toad *eo o
.

o ”",.
g 109} T " :
Qg 1wk \‘\ ]
5 M
0-1 A A A A A A A A A A A A A ‘

0 02 04 06 08 1 12 14 16

i (GeV2)
d Spatlal distributions:
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Polarized DVCS @ EIC

4 Spin-motion correlation:

x'-w" )

o

Q%= 4GWV*

N\

,/ \\
S/ AN

¥q**(x,b,0%) (fm?)
5

o
vvvhvvvv —

ooo :‘ _n_-’ " i i i 2 -b_n_ e

b,=0fm -

-1 <10 05 00 Q5 10 15
by (tm)

alx=102b,0% = 4 GeV®)

-

»q'™*(x,b,0%) (m?)
b_ B

o
bvvv

by (im)

a'(x=1020,0% =4 GeV?)

e
V. s N
A

o
A N A
. | L4

T R =

45 1 a5 0 05 1
b, (fm)

i§ .15 1 H5 0 05 1 15

b, (im)

15 -10 05 00 05 10 15

(0.9, 1.00)
(0.9.099)
0.9, 097)
0.9, 094]
(0.8.090)
| 0.7.080)
| 06070
(0.5, 0.80)
[0.4,050)
(0.3, 0.40)
(0.2,0.30)
0.1, 020
[0.0,0.10)
(0.0, 005
| | 00002
|| 0.0.001)



Spatial distribution of gluons

do EIC-WhitePaper
dz pdQ2dt
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 Exclusive vector meson production:
.

P’

T t-dep < Resolution ~1/Q or 1/Mg
d Gluon imaging from simulation: TP dpp

-
o«h

7 . — ; = T X T T T *. T X T ] §
0.03 %5 \,\ JLdt =10 fb! ]
6 < i — 20 GeV on 250 GeV |
o 002 &8 10° 3 R 3
E °f 5
—~ 4Ff o I
g 3 - 'm [
w +Q) L
> ot
X L 10F 00016 <xy<00025
1f 3 15.8 GeV2 < @2 + M2, <25.1 GeV2
@ Jhy
0 1 L 1 1 1 —— 1 m 1 i 1 " 1 " 1 " 1 " 1 " 1 " 1 "
0 02 04 06 08 1 12 14 16 0 02 04 06 08 1 12 14 16
by (fm) A -t (GeV?)

Only possible at the EIC
Proton radius of glue?

How spread
at small-x?
Color confinement

Radius as a function of x!




Unified view of nucleon structure

O Wigner distributions:
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Orbital angular momentum

OAM: Correlation between parton’s position and its motion
—in an averaged (or probability) sense

d Jaffe-Manohar’s quark OAM density:
513
£h = v} @ x (<id)| v,
d Ji’s quark OAM density: ;
L =} & x (=iD)| v,
d Difference between them: Hatta, Lorce, Pasquini, ...

< compensated by difference between gluon OAM density
< represented by different choice of gauge link for OAM Wagner distribution

— — 3 = = 7
DZ {Lg} = /d:l: d*b d*kr {b X kT} W2, b, k) {Wq(vav kT)}

with 5 o
— — d A g = d d . . = .
Wq {Wq} (337 , kT) = / d e!AT b / g yT ez(prry —kT-gr)

(2m)? (2m)°
JM: “staple” gauge link 7 .
Ji: straight gauge link <P,|¢ (0) - (I)JM{J }(an)}b(y) [P)y+=0

|

between 0 and y=(y*=0,y,yr) Gauge link




Orbital angular momentum

OAM: Correlation between parton’s position and its motion
—in an averaged (or probability) sense

d Jaffe-Manohar’s quark OAM density:
513
£h = v} @ x (<id)| v,
d Ji’s quark OAM density: ;
L =} & x (=iD)| v,

] Difference between them: Hatta, Yoshida, Burkardt,
Meissner, Metz, Schlegel,

<> generated by a “torque” of color Lorentz force
dy~d*yr oI Rl -
3 3
£ -1y [ BP0 / 4 D(0,2)
< 0 [Ty FT ()] @ y)d(y)|[ Py —o

1,7=1,2
\

Y
“Chromodynamic torque”

Similar color Lorentz force generates the single transverse-spin asymmetry
(Qiu-Sterman function), and is also responsible for the twist-3 part of g,



Nucleon spin and OAM from lattice QCD

O XQCD Collaboration:

[Deka et al. arXiv:1312.4816]

Connected

Interaction (ClI)

Disconnected
Interaction (DI)

| Jutd (CI) | m J* (CI + DI)
@ Jutd (DI) ! @ J¢ (CI + DI)
0 J* (DI) : : 0 Js (DI)
@ Je | N, o
2.2(0.7)% ! 2.2(0.7)%

: -4(8)%

(b)
W Lv'4 (CI) mL* (CI + DI)
@ Lutd (DI) ! @ L (CI + DI)
0O L* (DI) : 0 L* (DI)
08 Js E mJe

. %l'u—~d+8

0 % |u+d---s




3D Imaging & origin of nuclear force

J Nature of nuclear force:

What does the nucleus look like?

O Range of color force:

Imaging-
Does glue color of nucleon “A” correlated gluon How far does glue
. 99 ) density spread?
or entangled with glue color of nucleon “B”? | density

If it does, what is the strength of X
such correlation?

Can a large nucleus look like a big
proton at small-x? the range of color

correlation? Only possible at EIC



Paradigm shift: 3D imaging of the “Proton”

4 This is transformational! . ,
<> How color is confined?

How far does glue How fast does
density spread? glue density fall?

22
2
2

s
7%

NNN

AN

W
§

< Why there is preference in motion?
x f1(x, kt, St)

JLab12 - valence quarks,
EIC - sea quarks and gluons




Homework (4)

1) 50 years ago, Profs. Christ and Lee proposed to use A of inclusive DIS to
test the Time-Reversal invariance [N. Christ, T.D. Lee, Phys. Rev. 143, 1310 (1966)]

N ]
They predicted: =

In the approximation of one-photon exchange, A of inclusive DIS
vanishes if Time-Reversal is invariant for EM and Strong interactions.

Use the parity and time-reversal invariance to prove that A, =0 for
inclusive DIS.

Useful hints:

< Inclusive DIS is given by: (5 ) o< LM W, (5))
< PTinvariance: (p,310(y, A*)|p,8) = (p, —85|PTO' (¢, A*)T~'P~"|p, —3)



Summary

1 QCD has been extremely successful
in interpreting and predicting high
energy experimental data!

<1/10 fm

O But, we still do not know much about
hadron structure — work just started!

U Cross sections with large momentum transfer(s) and
identified hadron(s) are the source of structure information

O QCD factorization is necessary for any controllable “probe”
for hadron’s quark-gluon structure!

4 EIC is a ultimate QCD machine, and will provide answers to
many of our questions on hadron structure, in particular, the
confined transverse motions (TMDs), spatial distributions
(GPDs), and multi-parton correlations, ...

Thank you!



Backup slides



Some fundamentals about spin

1 Spin in non-relativistic guantum mechanics:

<> Spin as an intrinsic angular momentum of the particle

— three spin vector:

—

S = (‘Sﬂ:: 'Sy ’Sz)

— angular momentum algebra:
[Si, Sj] = i€iji Sk €123 = +1

- [

< S§2.S.Have set of simultaneous eigenvectors: | S, m)

S?|S,m) = S(S+1)K*|S, m) S =0,

1
21

S. S, my = mh|S, m) S < m

< Spin d.o.f. are decoupled from kinematic d.o.f.

Ugche (M) — Wgeh (7) X X
where Xm is a (28+1) - component “spinor”

1,

<

T

S



Some fundamentals about spin

4 Spin-1/2:

< Two component spinors: X = ( ¢ )
b

< Operators could be represented by Pauli-matrices:

0 —i 1
S, = —
i 0 2

Sy =

7
—_ O
(-») [U—"

N—

,Q.O)
I
D | =

()

< Eigenvalues:
SZ X:;r = _;L_—Xz SZ X

Particles in these states are “polarized in z-direction”



Some fundamentals about spin

 General superposition: . (a
b

) =ax] +bx! (x'x=1)

1 ) 1 D) l 2 2
= (S = x1Sox = () P+ (=3) b2 = 5 [1aP - P

 IO——|

< Example: 0 =0 =1//2 1 (1
1
1
< Notice: (Sy) = xTSpx = +5
1
<> Eigenstate to S, : T = — [xT +x}
g X: = 5 XD+ X
< Arbitrary direction 7}, with|7i| = 1:
S & 1 n. Ny — 1My
Sp=1-8 =n,5; +n,5, +n,5, = ~ ‘
2 Ny + 1N, —T,

A state that is an eigenstate to this operator: “polarized in n- direction”

1l = Polarization vector Eigenvalues = £1/2



Some fundamentals about spin

1 Spin in the relativistic theory:

Physics is invariant under Lorentz transformation:
boost, rotations, and translations in space and time

< Poincare group — 10 generators: PH o MM
< Pure rotations: ./, — —%6’1‘_,'1\- M%, pure boosts: [, = A
Total angular momentum: | Jiy ;] = i€k Jk

< Two group invariants (fundamental observables):
P, PH = P? = m?
1
W, WH  where W, = —5 €uvpo MVP P
< Fact: [V\/‘,, W, = i € po VWP P —) [V\/‘j : VW] = iMé€;jk WF
If acting on states at the rest

& Spin: S; = =W =,

m

Note: W, W* has eigenvalues m” 5 (5 + 1)



Some fundamentals about spin

<~ Recall: constructed eigenstatesto S” and i . S:

W, W |p= S) = sz(S+ 1)|p, S) S =3
W

> = +_ |p S> W = W'u|at rest

< “Polarization operator : . W-n
- m
< “Covariant polarization vector”: n* with n° = —1, n-p=0
: , . 1

+ For Dirac particles: P = 2 V5 %n’* < Transverse polarization:

===)  Projection operators to project out the eigenstates of p:

-]j (1 Vs 1)

<> Longitudinal polarization: i =p/lp], n’ =0
1 J 7 1
) P = —y5y,nt = —— with eigenvalues =~
2 a |ﬁ| 2
J-p 1 A D
u+(p) = £-us(p) = —us(p) ~ A “helicity’
1P| 2 2
Massless particle: «I;p — s helicity = chirality



Some fundamentals about spin

— -

{- Transverse polarization: 7" = (0,7, ,0) (for p'in z direction)

w— P=ro -A=n0JL # Jo

1
< Transversity, not “transverse spin”, has the eigenvalue: i§

1
Yo Ji ury(p) = £5ur(p)

with spinors: (z) _ L . .
P Uy . 7 [u.+ + u.._]
Same as in non-relativistic theory

m==) Transverse polarization, or transversity, not “transverse spin”,
is invariant under the “boosts along p ”

< Projection operator with both longitudinal and transverse components:

1 .
— I — s;v + 54 at high energy
2

with s~ A, s, ~n



Some fundamentals about spin

 Back to Spin-1/2:

< A free spin-1/2 particle obeys Dirac equation
(p— m) u(p) = 0 where p = ~,p"
with 4-component solutions:

—ipT

e u(p) positive energy — particle

‘I’(.’??) =
e™'P* u(p) negative energy — antiparticle

Each with “two” solutions: “spin up/down”

< If itis at rest, (1\ (0\
0 1

U - U -

\*) \*)

They are eigenstates to the spin operator S.:

g‘ .- 1 .- - 13 : . . . 9
Oz U™ = i§ u polarized in z-direction



Some fundamentals about spin

<~ Boost the particle to momentum p = (£, 0,0, p.)
(1) [0 )
1
— ut = N ? uw- = N
I'j,-+——.m 0 Z

\ 0 \ 7 )

< Eigenstates of the helicity operator:

S.p 1
4] ut = + — Tha
i 2
< Also eigenstates of the Pauli-Lubanski (polarization) operator:
1 + 1 4
5 Y5 /) T— :}:5 7
where the polarization vector 7 = (p.. 0. 0, E)/m

< At high energy, I =~ p. also become eigenstates to chirality 5 :

1
Vs U = T — u®

(v 2



Some fundamentals about spin

J Back to rest frame:

<> Construct eigenstates to the spin operator S, :
1

1
S.ul = +=u S, ut = ——ut
T 5 z 5

with «' = % ['u.+ + 'Il._] ut = \}5 [“'+ N “'—] /— '

“polarized along x-direction” | g
<~ Boost the particle to momentum p = (£, 0,0, p.) |
(1) (1)
N 1 N ~1 :
- ‘U.T = — 'u,’L - — St'" haS
\/§ [‘}I-}—:m \/§ El-l—:m ”' (7
\ L—-:-) 7:77 ) K E ]J:-:m )

< Still the eigenstates of the Pauli-Lubanski (polarization) operator:

| | , o
SY¥shu'r = £ou' where n = (0,1, 0, 0)

< But, no longer eigenstates of the transverse-spin operator:

. | R
S, u' # + 5 u

+ U )/ V2



Polarized deep inelastic scattering

O DIS with polarized beam(s):
“Resolution” Q =/ —¢>

h  2x10716
a_z2x M < 107m = 1/10fm

Q Q/GeV
“Inelasticity” — known as Bjorken variable
2 2
I, Q

2P q Q>+ M2 —m?
< Recall - from lecture 2:

9.4, 1 P q pq
W!W:_(guv_ 22 )E(XB’Qz)-'_—(pﬂ_qﬂ 2 )(pv_qv q2 Fz(xBan)

Do g (x,.0°)+ (pq)S,-(Sq)p, g, (XB,QZ)]

+iM "7 ¢q
p Y pq (pq)Z

<> Polarized structure functions:

g1 (xBa Q2)7 92($Ba Q2)



Polarized deep inelastic scattering

0 Systematics polarized PDFs — LO QCD:

q I q
L”% "

< Two-quark correlator:

(3 'y o
2 P8) = 3 [y 08P k= P) (PSW O (X1 O1PS)

<> Hadronic tensor (one —flavor):

, [ d*k o |
WHY = e” /(;”)‘1 O((k+q)°) Tr[®~*(k+ 4)v"]



GPDs: just the beginning
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Why 3D hadron structure?

O Rutherford’s experiment — atomic structure (100 years ago):

’ ~
Y
I’ © Al
r © \
' @ ¢
Atom: . G ‘
° ‘o e !
\ @ "’
\
. © ¢

J.J. Thomson'’s Rutherford’s I Modern model
plum-pudding model planetary model Quantum orbitals
o 1911 | Discovery of nucleus Discovery of
A localized Quantum Mechanics,
chargel/force center and
| A vast the Quantum World!
L p— “open” space

O Completely changed our “view” of the visible world:

< Mass by “tiny” nuclei — less than 1 trillionth in volume of an atom
< Motion by quantum probability — the quantum world!
< Provided infinite opportunities to improve things around us, ...

What would we learn from the hadron structure in QCD, ...?



