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= Lec. 1: EIC & Fundamentals of QCD
" Lec. 2: Probing Structure of Hadrons
without seeing Quark/Gluon?
— breaking the hadron!
" Lec. 3: Probing Structure of Hadrons
with polarized beam(s)
— Spin as another knob
" Lec. 4: Probing Structure of Hadrons
without breaking them?
Dense Systems of gluons

— Nuclei as Femtosize Detectors

Jianwei Qiu
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How to Explore Internal Structure of a Hadron without Breaking it?

(] 3D hadron structure:

] Need new observables with two distinctive scales:
Q1> Q2 ~1/R ~ Agco 1

* Hardscale: (1 to localize the probe to see the Sl Gl
particle nature of quarks/gluons

= “Soft” scale: ()2 to be more sensitive to the emergent

regime of hadron structure ~ 1/fm &N




Inclusive vs. Exclusive — Partonic structure without breaking the hadron!

Inclusive scattering Exclusive diffraction

Gluon shower
— QCD evolution

Emergence of a hadron
hadronization

Confined motion

e+ P —e+h+ X ,
2 Jefferson Lab



Inclusive vs. Exclusive — Partonic structure without breaking the hadron!

Gluon shower
— QCD evolution

Confined motion

Inclusive scattering Exclusive diffraction

Diffraction

QQ — —(6 . €/>2
> —(p—p)°=—t

Emergence of a hadron
hadronization

e+ P —e+h+ X

Jefferson Lab



Inclusive vs. Exclusive — Partonic structure without breaking the hadron!

Inclusive scattering Exclusive diffraction

Diffraction
‘ Q2 — —(E . €/>2

> —(p—p)° = —t

Probe at a time:

| ~1/Q
Physics at a soft scale: |
~ (p — p’)2 — Jeff./e-gon Lab

)__’—




Single-Diffractive Hard Exclusive Processes (SDHEP)

Qiu & Yu, JHEP 08 (2022) 103
PRD 107 (2023) 014007
PRL 131 (2023) 161902

(] Separation of physics taken place at soft (t) and hard (Q) scales:

" Single diffractive — keep the hadron intact:

hip) = W(p') + A (pr=p—p)

e B o
Virtuality of A*(pr=p—7") ") B(m): e,
exchanged state: t = (p —p')> = p] Soft scale

" Hard probe: 2 — 2 high g7 exclusive process: D(g2)

A*(p1) + B(p2) — C(q1) + D(g2)

Two- stage 2 — 3 single diffractive
Probing time: ~ 1/|qir| = 1/|q27] ‘

exclusive hard processes (SDHEP):

" Necessary condition for QCD factorization: h(p) + B(ps2) = K (') + C(q1) + D(g2)
Lifetime of A"(p1) is much longer A 2-scale 2-stage observable!
o ] | ‘ ‘Q1T| — ’q2T| > vt
5 than collision time of the probe! Not necessarily sufficient! .g_e,f_ffe’-gon Lab



Single-Diffractive Hard Exclusive Processes (SDHEP)

Qiu & Yu, JHEP 08 (2022) 103
PRD 107 (2023) 014007
PRL 131 (2023) 161902

(1 The exchange virtual state and the power expansion:

EM form factor

T el
7(;;1)

Bethe-Heitler-type

> 3 parton connection:
Power suppressed

— To be factorized into GPD

The exchanged state A”(p-p’) is a sum of all possible partonic states, n=1,2, ..., allowed by

®  Quantum numbers of h(p) - h’(p’)

= Symmetry of producing non-vanishing H
6 : yorp € 8 Proper angular modulations! Jefferson Lab

Need to separate different contributions!

\



Generalized Parton Distributions (GPDs)

D. Mller, D. Robaschik, B. Geyer, F.-M. Dittes, J. Horejsi,

J Definition: o Fortsch. Phys. 42 (1994) 101
Fi(e,0) = [ e a2 e /) b _oept
icTYA,
= o [0 €0 8607 ulp) - B0 60 a 0) TS ulp)]
Fi(e,6.0) = [ e " lat /2y sal = (2l
» +
= o |60 00y rau(p) ~ E1(e €00 ) Bt

(J Combine PDF and Distribution Amplitude (DA):

A=p—p  t=A2
Similar definition
for gluon GPDs

Forward limit§ =t =0:

, DGLAP DGLAP JefferZon Lab



Properties of GPDs — Partonic

1 Impact parameter dependent parton density distribution: w 2\
&z T
Q(aj7 bJ_a Q) — /dQAJ_e_iAJ_.bLHq(xag — Oat — _Aiv Q)

mm) Quark densityin drd®by

\o-¢

P P

/

Measurement of P fixes (t,€)
T = momentum flow
between the pair

How fast does Tomographic image of hadron How far does glue
glue density fall? in slice of x density spread?

‘ \l a4r S“CG in (X,Q)
\ 0.2 2r
0.15% 0_-1.5 10 -05 0.0 05 1.0 15
by (fm)
10.1
N\ N
y o 05 Modeled by (@)= [ b a(e.b1.Q)
-1 T_0. 85 et M. Burkdart,
R e
1 PRD 2000

by (frr(:)

mmm) Proton radii from quark and gluon spatial

density distribution, r,(x) & r4(x)
8 ! 7 .g_cej?.;-?son Lab



Properties of GPDs — Partonic

J Impact parameter dependent parton density distribution: 6/'/ m \\ ;
z 4 z -
2 —iA | -b 2
.51.Q) = [ BT (0,6 = 0.t = ~A1,Q) e A
) p _ . P
‘ uark density in dx d“b
Q Y s Measurement of P’ fixes (t,€)
How fast does Tomographic image of hadron [ o far does glue = momentum flow
glue density fall? in slice of x density spread? between the pair
Ty = Should r4(x) > 74(T), or vice
\
) versa?
— NN \'\ " Could 74() saturates as
N8 0.2 x—0
15
! :: : = How do they compare with
Y e jo .05 Modeled by known radius (EM charge
=1 20,8 e M. Burkdart, ] )
0.5 1" PRD 2000 radius, mass radius, ... ), & why?

by (fr\:)

" How the image correlate to
mmm) Proton radii from quark and gluon spatial hadron spin, ... ?

density distribution, 7,(x) & r,(x) . ,
9 ? 7 .ggffe’-gon Lab



Properties of GPDs — Hadronic = Moments of GPDs

Ji, PRL78, 1997
(1 QCD energy-momentum tensor: V. D. Burkert, et al. RMP 95 (2023) 041002

T =N T with T =y iy P D g — g™y (i D — d T = pesnpe vy L (pa)?
i g — Vgl g — 9 g \ Y Mg ) Pg an 5 77+4g(p?7)
1=q,g

U “Gravitational” form factors:

PrPY iPHgv)A AFAY — g A?
“ITH | p)y = a(p’) | A (t + J;(t + D;(t +ma;(t) g™ | u
W T p) = alp') | Ai() —— + () — - ()= (t) 9" | ulp)
. C;(t D;(t)/4
J Connection to GPD moments: () & Di(t)/
5 e e Related to pressure
/ dza Fi(z,6,) o (9| ¥ |p) - o a(p) !(A«i +ED) v+ + (B - €D) ] u(p) & stress force inside h
= . S — h—J ke Polyakov, schweitzer,
Inntt. J. Mod. Phys.
/ ) dx Hi(x, €, t) /_1 dux Ei(z,€,1) A33, 1830025 (2018)
B Burkert, Elouadrhiri, Girod
d Angular momentum sum rule: Nature 557, 396 (2018)
1 3D tomography
J; = lim doex [Hi(x,&,t) + Ei(x,&,t)] Relation to GFFs > Need x-dependence
t—0 1 I
Angular Momentum of GPDs!

1= 09 Need to k the x-d d f GPDs t truct th ts!
0 eed to know the x-dependence o s to construct the proper moments: Jefg?son Lab

,)__’—



Exclusive Diffractive Processes for Extracting GPDs

3 Known exclusive processes for extracting GPDs:  h(p) + B(p2) — h'(p") + C(q1) + D(gz)

DVCS: Q2 >> |t] DVMP DVQP
B=eC=¢,D=x B=e,C=e,D=m,.. B=e¢C=¢eD=J/Y

(J New exclusive processes for extracting GPDs:

qr
:9 |<lp2)

N(p)
Vo Better sensitivity
7(g2) on the x-dependence!
B=mC=7vD=y B=vC=mD=y
J-PARC, AMBER JLab, EIC —
11 Jefferson Lab



DVCS at the EIC (White Paper)

. Y*+p—>y+p Y*+p—>y+p
(1 Cross Sections: e e
’Y* v kﬂnn 20 GeV on 250 GeV L 5 GeV on 100 GeV
g 10%¢ T ‘ T T fLdt =10 fb"!
3 S
5 10% 2
Q. N
n 0
—) g g
— — =) [a]
/ o) 1k o)
p p © ©
2
t=(p—9p 0.1 —— P
(p p ) 0 02 04 06 0.8 1 12 14 1.6 0 02 04 06 038 1 12 14 1.6
Itl (GeV?) Itl (GeV?)
J Spatial distributions:
1 T T T T T T - 0.6 - - T T T
Y'+p—>y+p 0.01
0.55
20 GeV on250 GeV  Q° =4.08 GeVa —— a 087 o o
=7.28 GeV> —— c c
=129 GeV? —— £ £ 047
& E 0.6 E
-g & & 03
e L 0 1
I~ 0-5 ot 0.4 ¢ 1.6 1.8 = 02 | 1.4 1.6 1.8
0 m m
~ x x
0.2 1 0.004 < xg < 0.0063 y 0.1 [ 0.1<xg<0.16
- 10 <Q%/GeV2< 17.8 10<Q%/GeV2< 17.8
L L ) L L P 0 L L L ! ! ME——" 0 ! L ! ! ! L i
0'%5?001 0.01 0 02 04 06 08 1 12 14 1.6 0 0.2 04 06 0.8 1 12 14 1.6
Xg br (fm) bt (fm)
. ” ° ) ° ° )
Effective "proton radius” in terms of quarks as a function of xg Jefferdon Lab

,)__’—
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Imaging the Gluon at the EIC (White Paper)

[ Exclusive vector meson production:

T — W
x+§/f %\x—f ‘

/
t=(p—p)?

fy*

p

BR(J/y — e*e”) x do/dt (pb/GeV?)

O Spatial distributions:

_
Q|l NA
£ £
= =
e} &
A >
) Z
X >
(@)] x
) -

(im)
13 The b; space density for gluons ‘ Effective "proton radius” in terms of gluons

y

—
o
SN

-y
o
w

iy
o
N

-
o
T

Y*+p—=>Jhp+p

fLdt =10 fb™"
20 GeV on 250 GeV

0.0016 < xy < 0.0025
15.8 GeV2 < Q% + M, <25.1 GeV?
0 02 04 06 08 1 12 14 16
t(GeV?)
IO.OSI
0.02
0O 02 04 06 08 1 12 14 16
br (fm)

BR(JAp — e*e”) x do/dt (pb/GeV?)

- e
-y
) <> %
T

—

-y
o
L

xy F(xy,by) (fmi?)

Yy*+p—>Jhp+p

fLdt = 10 fb""
5 GeV on 100 GeV

0.16 <xy <0.25
15.8 GeV2 < Q% + M, <25.1 GeV?
02 04 06 08 1 12 14 16
-t (GeV?)
25 :
0.03
0.02
1.6 1.8]
O 1 L L L L L
0 02 04 06 08 1 12 14 16

by (fm)

o
Jefferson Lab



Why is the GPD’s x-dependence so difficult to measure?

__________________________________________________

au

J Amplitude nature: exclusive processes

X ~ loop momentum

1 l
iM~ [ drF(a60): Clo&Q/n a 1 A
L F@ ) Ol &Q/w oo :/ dz f(2) 6(z/z5)
Full range of x, including ©* = 0; = = = S . l
15
 Sensitivity to x: comes from C(x,&;Q/un) 5 10 TSN
1 I 5 -
: 7T : . W
Cla,&Q/u) =T(Q/p) - Glw, &) o = E
1 * 51 Equally fit!
F y 7t quary
» iMoc/ dx (2,6 ) = “Fp(&,1)”  “moment” 10 4= : . . : :
1 x—&E+ie 00 02 04 06 08 10

X
Bertone et al. PRD "21 fare
14 14 [Bertone et a ] Jefferson Lab



Where does the x-sensitivity come from?

d x-sensitivity & 2 — 2 hard scattering:

Kinematics:
1.3=2¢&s/(1+& =
2. 0orqr = (V§/2)sind <mp x

3 ¢ &= (A”B) spin states
1
M(Q, ) = Y traAp)o. / dz Fa(x) Ca(z; Q) (Q =0 or qr)
A —1
1
" Moment-type sensitivity: C(z;Q) =G(x) - T(Q)) =y F; = / dr G(x) F(x,&,t) Isr;:ﬁﬁg::f;'t:f Q
—1

1
‘ Inversion problem: shadow GPD Sg = / dr G(x) S(x,£) =0 [Bertone et al. PRD "21]
~1

" Enhanced sensitivity: C(z;0Q) # G(z) - T(Q) wmmp do/dQ ~ |C(x;Q) Q. F(x,&,t |2

15 J ff./e-gon Lab

)/—



Moment-type Sensitivity: () + B(p2) = 1'(p') + C(a1) + D(g2)

PRD56 (1997) 5524; PRD58 (1998) 094018; PRD59 (1999) 074009

4 DVCS: . ,
h(p) = Proton(p), h'(p’) = Proton(p’), B(p2) = electron(ps), C(q1) = electron(qy1), D(g2) = photon(gs)
Factorization: Qi LO:
Pz Q1
e— P—P)" @

(p+pﬁ‘
Q.z

1
) O - M. =) / (42 F(#,6,1) Cieoser (2,8, 4r),

x—€+z<€ :zj—l—f—ze

The x-integration is NOT sensitive to externally measured hard scale, q; or Q?!

J DVMP: Need a very large range of Q?, but, cross section is strongly suppressed!
15

_ e GK model "“

o 101 = 4 NLO shadow I

I 5 - | \

e -

] ] 5 0 ‘7-5'—\ 2 A | |
Similar to C \ " 1 II [Bertone et al.
T =51 Equally fit! \i Y PRD “21]

""10 T 1 1 1 I
00 02 04 06 08 57°n Lab

16 X



What Kind of Process Could be Sensitive to the x-Dependence?

J Create an entanglement between the internal x and an externally measured variable?

1
M x / dx F(z,8,t) : Change external g to sample different part of x.
—1 x_‘r’[)(€7Q) + e

= Double DVCS (two scales):

| 1 —¢%/Q” .
1,(&,q) =& T 20 — & same as DVCS if ¢ — 0
"  Production of two back-to-back high pT particles (say, two photons):
" (px) + P(p) = v(q1) +7v(q2) + N(p') Qiu & Yu
Hard scale: qr > Agcp  Soft scale: t ~ A%zcn JHEP 08 (2022) 103 !
=  Factorization:
1 ‘ ‘ [suppressing pion DA factor]
M 1 do 2
M(ta 7qT) :/ d[BF(%, 7t7:u) C(Qﬁ, 7QT/:LL>+O(AQCD/QT) - ~ ‘M (ta 7QT>|
I 1 ‘ dt d¢ dgr
qr distribution is “conjugate” to x distribution

17 X < dqr .g_e,f,f./e-gon Lab
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Enhanced x-Sensitivity: (1) Diphoton Meso-production

Qiu & Yu, PRD 109 (2024) 074023
In addition to

_ [t dzF(z,61)
Fo<§,t>—/_1 T

When two photons are radiated from the same charged line

1M also contains

' dz F(z,§, 1)
1 — p(z;0) + iesgn [cos?(60/2) — 2]

g0 = [

L 1 — z+tan?(0/2) 2
plz6) =& [1 — 2z —tan?(0/2) z < (=00, =] U, 00)
1 -£& 0 3 1 &

Jefferson Lab
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 Diphoton process:

Nucleon transition GPDs

Enhanced x-Sensitivity: (1) Diphoton Meso-production

_|_

Nm— N'yvy: (1) pr~ = nyy; (2) ne™ — pyy

do
d|t| d€ d cos 6

Cr
N,

=27 (ozeas
a==

HY = H!— H?, etc.

2 -~ —
) e |0-e X (e s imne) - (¢4

Qiu & Yu, PRD 109 (2024) 074023

t
4m?

oa==

> M

2 - — —
S MR 3 R (MR + M)
a=x=% a==

0 . P —
IS_Hpn(wa &ty 1) G| —Hp - H, _ E_Hun(maéata D) EO
: -l ..... Hl ........... H3 ----- El
10 "g‘-. D L. 1f , e Ho
GPD models = GK model + shadow GPDs 5t SV L T it N R
; T BT 1 L
-5t : AT 1t t=—02Gev? . V.
1 10} L I £=02
L x—&+ie =158 ST | R
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Xr €Zr
19 Jeff.e-r:son Lab



Enhanced x-Sensitivity: (1) Diphoton Meso-production

Qiu & Yu, PRD 109 (2024) 074023

°°> 100l PT — nyy at E,. =20 GeV °°> [ pTm — nyYy at £, = 100 GeV
@ ' t = —0.2 GeV2, £ = 0.2 § ol t = —0.2 GeV2, £ = 0.2
2 gol — (Ho, Hy) — (Hs, Ho) 2 — (Hoy, Ho) — (H3, Ho)
s | (B, H) - (Ho, ) s —— (H,, Hy) -~ (Ho, )
< 60f — (Ha,Hy) - (Ho, Ha) Z 0.5 — (Hy Hy) - (Ho, 1)
S S
< 40l < 0.2
5 I y-paRC § | AMBER
¢ 1 v S
S 1.2t 2 1.2¢
fe) _ _ fe . _
C |f———— r

| 1.2 14 1.6 1.8 1 2 3 4

qr [GeV] qr [GeV]
20 Jeff.e-r:son Lab



21

Enhanced x-Sensitivity: (1) Diphoton Meso-production

Ratioto GK do/d|t|dédqr [pb/GeV?]

100l PT~ — nyy at Ex = 20 GeV
[ t =—0.2GeV?, £ =0.2
— (Ho, Ho) — (Hs, Ho)

30}
' —— (H1, Hy) -~ (Ho, Hy)
60} — (Hay, Ho) - (Ho, Hy)

401 J_pARC
1.2
1 1.2 1.4 1.6 1.8

qr [GeV]

Qiu & Yu, PRD 109 (2024) 074023

(d Exclusive Drell-Yan dilepton production

do /d|t|dédqr [pb/GeV?]

0.1¢,

105‘

N+m— N +~" [0 +07]

t

- E. =20 GeV
—0.2 GeV?, £ =0.2
—pnT = nlTe”

—nnt = plte”

J-PARC |
1 12 14 16 18
qr [GeV]
* Lower rate
 Blind to shadow GPDs

Jefferson Lab



Enhanced x-Sensitivity: (2) y-m Pair Photoproduction

G. Duplancic et al., JHEP 11 (2018) 179

1M also contains the special integral: G. Duplancic et al., JHEP 03 (2023) 241
. G. Duplancic et al., PRD 107 (2023), 094023
dx F’ t Qiu & Yu, PRL 131 (2023), 161902
I’(t,ﬁ;z,@):/ x,(x79§7 ) iu&Yu ( )
—1:6_10(27 )+7’€
For DVCS/DVMP
)= LUV 2 e eg e
’ cos?2(0/2) (1 —2) + z ’ p(z,0) =&
~1 -§& 0 § 1 v

‘ Complementary sensitivity:

X+E /i i/?::,—x x+§ /. \ X—§
) W -

22 Nmt->Nyy .ggf,ggon Lab




Enhanced x-Sensitivity: (2) y-m Pair Photoproduction (at JLab Hall D)

Qiu & Yu, PRL 131 (2023), 161902
J Polarization asymmetries:

barrel time-of
calorimeter -flight __
target -

do 1 do
dit|dé dcos@dop  2m d|t|déd cos O

+( Ay cos2 (¢ — ¢~) + ANCALTsin2 (¢ — ¢)]

do

1+ AvAy Arz

chambers

central drift

_____________________________________________________________________________________

Sy = M 4+ MEP 4 M M,
Ay = 2558 Re [ MU R 1 ) gl

~ ~
—~—

o =25 e[S ).
Apr = 2558 Im MU U g R

Neglecting: (1) E and E; (2) gluon channel -
23 23 Jefferson Lab




Enhanced x-sensitivity: (2) y-mr pair photoproduction (at JLab Hall D)

Goloskokov, Kroll, "05, '07, 09

GPD models = GK model + shadow GPDs - / dz 5(x,¢) —0 Bertone et al. 21
1 v — & e Moffat et al. “23
L HY(x, £ = 0.2,1 = 0.2 GeV2, 1 = 2 GeV) | : -
10p i 250t (a) do / dt dé dcos6 [pb/GeV?] py-opny (b) Ayt 1-0.3
- s RN 200} — (Ho, Ho) — (H3, Hy) _:_0 5
150} —(H\,Hy) """ (Ho, Hy) '
[ — (H,, H Hy, H 1-0.
100} (12, Ho) (Ho, H>) | 7
50} 1-0.9
: . . 8 10
ol i .:' : //\ _ : _ 1-0.1
5 “ —'- :: ; I:IOZI:IGK l“ “l‘- ~'f .:: 0_ Ey - 9GeV ]
TOE L A =Hee +8 5 % ] [ _ 2 e |
R mdhees A ] 14| JLab @ 12GeV t=-02GeV", =02 ]_g5
— 10' S - ‘.." ] —V A L
I S Y S v — 05 -025 0 025 05 -05 -025 0 025 0.5
x cos6 cost f
24 24 Jefferdon Lab



Enhanced x-sensitivity: (2) y-mr pair photoproduction (at JLab Hall D)

Goloskokov, Kroll, "05, '07, 09

GPD models = GK model + shadow GPDs - / dz 5(x,¢) —0 Bertone et al. 21
1T —& e Moffat et al. "23
L H"(x, £ = 02,1 = —0.2 GeV?, jt = 2 GeV) | _ _
10p N 1401 (a) do / dt dé dcosd [pb/GeV?] | py > na'y (b) Aur {0.2
[ / :_".‘ : Jaroy ] ~ -O
100l E, =9 GeV , :
: t=-02GeV-,£=0.2 1-0.2
- — (Hy, Hy) — (H3, Hy) |
col (Ho, ~0) (H3, ~o) 1204
| _(Hl,{lo) (H0>[:[1) -5—0.6
[ — (Hz, Hy) (Ho, H2) 1
‘ 20} 1-0.8
: 3_ 10
v b S 1-0.1
of //5\ ' _:_0.2
R I:IOZI:IGK '_03
R Ay =Hoc+5 &y i : ]
10:_ """ Hy =Hck + S5 "“,.".“,‘ : ; _0'8__ JLab @ 12GeV _:_0'4
e s T o T os T 05 -025 0 025 05 -05 -025 0 025 05
x cosd cos6 :
25 25 Jefferson Lab



Enhanced x-sensitivity: (2) y-m pair photoproduction (at upgraded energy)

GPD models = GK model + shadow GPDs

100

80}

0.9}
0.6}
0.3}
Of
~0.3}

—-0.6

60}
40t
20t

_ 10
(a) do [ di d€ deosd [pb/GeV?] | py-opry (b) Aur
' -0.2
_(Ho,fzfo)_(H&%]o) 04
— (Hy,Hy) " (Ho, Hy) 0.6
— (Hy, Ho) =~ (Hy, H>) '
0.8
............. — |
(¢) ApyL — (d) Ary |
1o
0.1
E,=17GeV |_ .
- JLab @ 22GeV t=-0.2GeV*, £=0.2
08 04 0 04  -08 -04 0 04 o8
cos cost
26

26

=0

Goloskokov, Kroll, "05, '07, 09

Bertone et al. ‘21
Moffat et al. 23
Qiu & Yu, 23
Total cross section
0.6
qT 2> 1 GeV
E 0.4l It <0.2 GeV? |
g
B
0.2
—py—rnmy
ol —nYy—>pwvy
ISIIIIIOIIIIISIIIIZO
VS N [GeV]
JLab @ 22GeV

A. Accardi et al.
[arXiv:2306.09360]

) ;
Jefferson Lab


https://inspirehep.net/authors/1019006

How does the mass of the nucleon arise?

] Nucleon Mass — dominates the Mass of visible world!

Nucleon — a relativistic bound state of quarks and gluons

Mass is the Energy of the nucleon when it is at the Rest!

Mass = Rest Mass of quarks and gluons + Energy of their motion

J Higgs mechanism is NOT enough — mass without mass!

Higgs mechanism Dynamics of gluons
g9

( )
Quarks &

Mass = 1.78x1026 g

| Gluon Energy 55%
m Quark Energy 44%
Quark Mass 1%

Proton
Mass = 168x1026 a

) s " ¢
~ 1% of proton mass i S

Fig. 2.1 NAS Report

Higgs mechanism is far from enough!!! ‘ Energy of Confined Motion of quarks and gluons

[ Consistency check:

Bag model: = Kinetic energy of three quarks: K, ~3/R
o} ) = Bag energy (bag constant B): Ty = gwR?’ B
® o = Minimize K +1T'; M, ~ % ~ 5 Sifm ~ 938 MeV .
27 ' Jefferso

n Lab
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Who ordered the hadron mass scale?

(] Hadron mass from lattice QCD calculation:

“ H H B B
H H c c
2400 .= | | I T I | I T | -
2200 |- =
- Rl ’
[ —o- N
1800 |- -
: 250
1600 = _m E
1400 |- o— T s -} =
> . T ~ou _f*i ]
ﬁ 1200 - — | -
~ 1000 |- 1P -]
- g t .
S =
600 |- o -
: o000~ :
400 |— .
200 [ —
- -ooo- .
o b | | ! 1 1 | 1 | |
) p K K n n b = A > = Q
QCD is the right theory!

How to quantify and verify this, theoretically and experimentally?

Jefferson Lab



Mass of Nucleon in QCD

(J Decomposition of the trace of EMT:

Trace of the QCD energy-momentum tensor:

B(g) v, A
7o, = B g, 30 mg (1)
\ J q=u,d,s L )
QCD trace anomaly Chiral symrrlmetry breaking B(g) = —(11 —2n4/3) g3/(47r)2 +
(P|IT%,(0)|P) = 2P% = 2M;,
— oy _ (PITSL0)P) M
<Ta> _ 2P0 - PO
) M, = (T%) |at reest Without separating the quark from gluon contribution to EMT
3.0\ 3,. 00\ 3,. i
In the nucleon’s rest frame, ‘Ud 7:T “>, _\Ud TT >, Z\Ud TT >,
=M =M =0
Nucleon mass: Gluon quantum effect + Chiral symmetry breaking!

The sigma-term can be calculated in LQCD, Need the trace anomaly to test the sum rule!

29 .g_e,f,f.e-r:son Lab



Mass of Nucleon in QCD

oy e 00
O Decompositions of > T7':
f=4a,9

M = [(J d*r y%iD %) — ([ d*rgma)] + ([ d*r Pmp) +

\

I

C. Lorcé and et al, JHEP11 2021

|

(fd®r 1(E? + B?))

J

I

Quark Quark Gluon
kineticand potential energy rest mass energy total energy
1 Ji’s decomposition:
00 10 200 X. Ji, PRL 1995
T = T, 3 f a=4q,9
_ 3700 ii __ 1 700 ii
_iTa +iZT(l _%T’(L _%ZTG
Quark Energy <T(30> Gluon Energy <Tgo> Quark Mass <ﬁ?0>
PIT®O)|P) / .
m) M, = Z 5 0 = M, + My, + M, + M, <«—— Trace Anomaly | (T;")
f=a.9 cm ‘ Y / 1
/
Relativistic motion X Symmetry Breaking Quantum fluctuation
. . — |
Different interpretation! Jefferdon Lab
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Mass of Nucleon in QCD

1 Ji’s interpretation:

—00

Quark Energy (T, ) : M, =
—00 3
Gluon Energy (T, ): M, = ZM<x>g
Quark Mass  (I.°): M,= Yo,
q
Trace Anomaly (T°): M, = Im _P®
4 - 7 4g
 LQCD calculation:
Quark sigma-term:
(Pl1hq(0)mq1q(0)|P)
O_q — q 2Pq0 q - g
u—+d S c
o [MeV] | 41.6(3.8) 45.6(6.2) 107(22)

31

(E* + B?)

Note: (Z)s and o4 are calculable in lattice QCD

Parton momentum fraction:

@)= | e f (o)

1.2 - T - - - T -
1 ] l - -
0.8+ g
E§ 0.6} § I i} S -
0.4} . 5 . o ?\JI .
02 8 Sz ~ % N :
0.0 u* ar s* cl; i g Total
q‘=ud,s,c
’ Access the trace anomaly
Indirectly?
M Oy
M-5-2%
4 4
q
| | Or by experiment?

Maq

Ma Ma .g_e,f_fe-r:son Lab



The Proton Mass — What is the next?

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

" Lattice QCD " Finding the trace anomaly:
"  Mass decomposition — roles of the constituents e

®  Model calculation — approximated analytical approach

The Proton Mass

At the heart of most visible matter.
2 Temple University, March 28-29,2016

i |
%

vz EECT ¥ ==
v N NUCLEAR PHYSIOS AND RELALED AREAS Two gluons may not
s = TRENTO., ITALY
————e :._ — ’ =2 ".‘ Institutional Member of the European Expert Committee NUPECC b . d .
= e - el . A | TEMPLE — e factorized into
”” ,-_:’[’7;‘ S 4 —— b 8 UNIVERSITY INFN
-

cith [
|

2 e uv,a pa
FrotE

P

The Protomn T ASS: /4 e e B = B V L
INT workshop (INT-20-77W): A = s ‘ S
Origin of the Visible Universe: J—" rks'h(');':)‘"_ - \\N
. - 9N ang
Unraveling the Proton Mass U KT SStpe,,
<

June 13-17, 2022,
I. Cloet, Z.-E. Meziani, B. Pasquini

Actively thinking where to hold the next one?
32 Jefferson Lab



Emergent Properties of Dense Systems of Gluons?

(d Understanding the Glue that binds us all:

1 Gluons are weird particles!

33

_q_{‘

»
o

CTEQ 6 5 parton a
3.5F dlstnbutlon functions

. . 2
Massless, yet, responsible for a lot of visible mass 3 oF Q* =10 GeV

Carry color charge, unlike photon, responsible for
color confinement, but, also for asymptotic freedom,

as well as the abundance of glue!

Without gluons, there would be
NO nucleons, NO atomic nuclei, ... NO visible world!

Momentum Fraction Times Parton Density

0 . 1 1 . :
) 0.0001 0.001 0.01 0.1 1.0
What are the emergent properties of dense systems of gluons? Fraction of Overall Proton Momentum Carried by Parton

What does a nucleus look like if we only see quarks and gluons?
What is the coherent length of color force? ...



Nuclear Landscape as “seen” by a Hard Probe?

( EMC discovery — EMC effect:

Nuclear landscape
7é Superposition of nucleon landscape

=  What is the origin of nuclear force?

J Imaging the glue — only possible at EIC

<> Gluon GPDs
<> Discover the proton radius of gluon spatial

distribution?
mm) Proton radii from quark and gluon spatial
density distribution, r,(x) & 74(x)

Will the runaway gluon numbers at small-x lead
to gluon saturation — Color Glass Condensate

and an emergent mass scale ?

34

1.2

© EMC 4+ E136

How fast does

glue density fall?

How far does glue
density spread?




Gluon Saturation — Color Glass Condensate

(J Run away gluon denS|ty at smaII X?

4.0 T T T
CTEQ 6 5 parton

Q* =10 GeV?
3.0 gluons =

2.5F -

=
w
c
%]
(o]
-
j=]
=
©
o
w
£
= 2.0 4
=
el
8
S
|4
=
3
c
(5]
£
(=]
=

0 ! n J
0.0001 0.001 0.01 0.1 1.0
Fraction of Overall Proton Momentum Carried by Parton

 Color entanglement enhanced at small-x:

=) Croe,+0(Q5/Q° +0Q4/Q4
Zf r+0(Q:/Q7) (&

If every term is equaIIy important, counting single parton

35

3.5[ distribution functions What causes the low-x rise?
o ! gluon radiation

— non-linear gluon interaction

What could tame the low-x rise?

gluon recombination %

— non-linear gluon interaction
! 5 :
b ]
%
!

Color entangled or correlated
between two active partons

1 1
2
Q 0.4 xg(l', QS)/R Expectation.' x=10"° in a proton
at Q?=5 GeV?

is meaningless — new state of saturated gluons: 5DPIS stops togrowas = — 0 Jefferdon Lab
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Gluon Saturation — Color Glass Condensate

(J Run away gluon den5|ty at smaII X?

36

4.0

- CTEQ6.5 parton )
3.5[ distribution functions
Q% =10GeV?
3.0F
2.5k

2.0f

gluons

\ 2

Momentum Fraction Times Parton Density

O 1
0.0001 0.001 0.01

0.1

Fraction of Overall Proton Momentum Carried by Parton

J QCD vs. QED:
QCD - gluon in a proton:

Q2rcny(x Q?) ~ asN / =G, Q)
QED - photon ina pos:tromum.
em 2
QP 5300, (0, Q%) % 2 |26, 0.G?)

b [

In the dipole model:

ON (z, k?)

Oln(1/x)

@)+ 6o (.07

= o, KprkL ® N(z, k?) —

What causes the low-x rise?
: gluon radiation

— non-linear gluon interaction

What could tame the low-x rise?
gluon recombination

7.0 — non-linear gluon interaction

<> At very small-x, proton is “black”,
positronium is still transparent!

<> Recombination of large numbers of glue
could lead to saturation phenomena

as [N(z, k%] BK Equation 2

Jefferson Lab



(J Run away gluon den5|ty at smaII X?

Gluon Saturation — Color Glass Condensate

Momentum Fraction Times Parton Density

4.0

3.0f

3.5}

2.5k
2.0f

-

-

0 : 1
0.0001 0.001 0.01 0.1 1.0

CTEQ 6.5 parton )
distribution functions
Q? =10 GeV?

gluons =

Fraction of Overall Proton Momentum Carried by Parton

[ Particle vs. wave feature:

37

In Q2

A

/ ag < 1
pQCD !
evolution
equation

B
saturation
non-perturbative region ag ~ 1

In x

What causes the low-x rise?
gluon radiation
— non-linear gluon interaction

What could tame the low-x rise?
gluon recombination

— non-linear gluon interaction

Gluon saturation — Color Glass Condensate
Radiation = Recombination

Leading to a collective gluonic system?
with a universal property of QCD?

new effective theory QCD — CGC?
Jefferson Lab



Small-x Physics in a large Nucleus

d A simple, but fundamental, question:

What does a nucleus look like if we only see quarks and gluons ?

Need localized hard probes — “see” more particle nature of the “glue”

O But, a hard probe at small-x is NOT necessarily localized:

v(V) i Longitudinal probing size
i
L > Lorentz contracted nucleon
$~L if 1 m
— = — >2R— or x<0.1
b X P Lp p i =
N ,
mm) A hard probe at small-x can interact with multiple nucleons (partons
In c.m. frame from multiple nucleons) at the same impact parameter coherently

O Another simple, and fundamental, question:

Does the color of a parton in nucleon “A” know the color of another parton in nucleon “B”?

IF YES, Nucleus could act like a bigger proton at IF NOT, only short-range color correlation, and
small-x (long range of color correlation), and observed nuclear effect in cross-section at small-x
could reaching the saturation much sooner! is dominated by coherent collision effect

38 Saturation of gluons is a part of QCD, where to find it? EIC can tell ! .g_g_@gon Lab



Multiple scattering in a large nucleus in DIS:

1 LO contribution to DIS cross section:

(1 NLO contribution:

2

1 5
—> g—( ) 272 F2(0)| 7 lim [
Q? \ 2N, [ ] 7127 |

1 1
(S(.’Ifl - .'L’B) +

r — I

Cdys dYy ey s ) .
/ (27)2 [y ) F, " (y1)] 0(yz) o !

1 Nth order contribution:

)

92 1 2172 Y N 1: - )
!@ (ch) 2rF (O)H s ml}i“xz_ (@n=25) ||

- m=0

N y 1 dy
Infrared safe! ¥ |(-1)"——§(z — zp)
N!dxN >
39 Jefferson Lab



Multiple scattering in a large nucleus in DIS:

J Nuclear structure function:

A{ 1000 I LI llllll 1 LI llllll I T 1T 11118
1 [& (A1/3 1) b F(O)( Q?) :
Fr(zp, Q%) = — | A5 (A7 — Ty T (TB, ]
RZ:O n! [ Q2 dz, " T AX ]
~ PP (ep(1+4),Q?) e §
a 10 =
£’ g E
A= (A1) X -
o ( 5
3T E
&’ 81228 (FT™F,") -
0.1 — | CTEQ5 LD u-quark distribution
Single parameter for the power correction, and
is proportional to the same characteristic scale T v e S —

X

‘ Naturally lead to suppression of “cross section” if small-x coherent interaction if relevant!

Similar result for longitudinal structure function

40 Jefferson Lab



Multiple scattering in a large nucleus in DIS:

° o ]..]. ] L] lllllll L 1 lllllll L] ILBLEAR T 1] IIIIIII L] T lllllll 1 LBLBLERAL
(] Broadening parameter: S | e cernna3 1« cernnax ]
& 1+ ﬁ—‘-v.“"'_ <
2 2 < | AR | -
&7~ 0.09-0.12 GeV Y e 1 T -
08"_ g2 _0.09-0 12 GeV® | ]
From A-dependence of Jet broadening exp’t I ‘He | Li
6 1.1 T LI LR | T T T T T T T <'QT 0.1__ Qv —= —___o. —_
=, |  — - Armesro et al. |1 — - Armestoetal. | o MW‘W
w ® x=00125 ® x=00175 o1l o—° Exsso 1 N
= ol
25 a - T4+ e FENAL-E665 .
Y] —— | s - . |
L w Ir + _t +'® | e CERN-NA37 d
< oo it T ]
“ os { 14 T _ One number
— [ * FNAL-E665 T N
£ 071" ¢ ceErRnnNaz?  CC [ Ca | for all Xpg, Q,
I L il L L Illllll L Ll lllll 1 Il lllllll L 1 Illllll L Ll llily
o) B O oofves SR [ _eoooeeoa, and A
1 eyl I [ L Loyl L ] 0 ==
%) . ' 3 0 30 i 1 1 dependence !
=, i x=0.035 ] 2 2 0.1} 1 —
W Q° [GeV’] . e —
= = + ¢ * — em 1 | e ENAL-E665 | e FNAL-E665 n
l% i + $eey? | ORS= 6 /6,  SLAC-E143 Li’_‘ ool © ENALEses T E
‘ - I 1 I L] - - 4 -4
09| — | wn L™ 08| —+ —
C 4 0.6 R.FL — 0.7 1 _
CERN-NA37 . RF_ I i
— -+ 04_+ n 0.6 —+ —
'5 0 1 [— I i - 1 ' lLlJl]_l bdd Lll_ll L.l llll:- 1 lllll Ll lLll 1 s Lllll-
< - Q _ - - 0.2 | T L] Illlll' T T T II ll‘ﬂ_ T ll'll LIS 'l' ’I‘ﬂ
0 anc o=Q, - ] TE = - —o-o ]
i N 0.2 I 128 i <1l5 0(1): Mf + ———o-o 2 .
0.1~ 1 | AN | P 0 | 1 | 1 'Oi__ I .
1 3 10 30 0.04 0.08 0.12 0.2 |- r ool L1l IR ETT] B ol s 1aannl R EIT
Q® [GeV] X5 0.0001  0.001 0.01 0.1 0.001 0.01 0.1
x x sy
® . Jefferson Lab



Coherent Length of the Color

O A simple experiment to address a “simple” question:
Will the nuclear shadowing continue to fall as x decreases?

42

p—
]

b

A

] ® EMC
1 °®NMC
LI 4 E139 !
a 1 * E665 » é;ji
Lﬁ | iy T§§i§ LS. =
— = | 3 T \
o 0.9
) : N
Color localized < 0.8
Inside nucleons fiadowing t I

/o/’.om ST
< sea quark ° X

&
valen

0.1

Nucleus as a
bigger proton

Color leaks outside nucleons
Proton radius of soft gluon is larger !

EIC White Paper

Fermi motion

original
EMC finding

ce quark

EIC can
tell !

e 2
Jefferson Lab



Summary and Outlook

(d We have the right Theory — QCD, but, unprecedented challenges

®  QCD has been very successful in describing the short-distance dynamics
" Trying to understand the emergent phenomena of QCD:
— Hadron properties, such as the mass, spin, ..., in the most fundamental way
— Internal structure and landscape of hadrons, such as confined motion, spatial tomography of nuclei, ...

— Emergence of hadrons from quarks and gluons, neutralization of the color, femto-meter sized detectors, ...

— Particle and wave nature of quarks and gluons, ...

 EIC is an ultimate QCD machine and a facility, capable of discovering and exploring the emergent

phenomena of QCD, and the role of color and glue, ..., and the science of Nuclear Femtography

 US-EIC is sitting at a sweet spot for rich QCD dynamics, capable of taking us to the next frontier of
QCD and the Standard Model!

Thanks!
Jefferson Lab
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Explore Internal Structure of Hadron without Breaking it

J Form factors: Elastic electric form factor mm)p Charge distributions \q
0 .:é — p D'
T ca
£ g -0.1 .
ik 1 proton “H _0.2 N Proton “Radius”
a 0.5 = =1.3 neutron in EM charge distribution
)] 0 & a -0.4
B 0.5 1 1.5 2 0 0.5 1 1.5 2 \q
b[fm] b[fm]
L P 1
D
d But, there is NO elastic “color” form factor! I
(1 Combine PDF and Form Factor — GPDs: No Proton “Radius”
dz™ i pto— i B in color charge distribution!
File,0) = [ e a2 e /)
+ _ +
1 o TYA AT =2¢P
_ q = (0! + R nl] — o
b | 6087 ulp) ~ B, €0 a ) Ty Sl /

Fi(z, ) = / il a2 127 e /2)l)

47
1 ~ _ ~ _ ’75A+
- q I At R Al /
p | €0 sulp) — B(o. €00 )

44 Similar definition for gluon GPDs Jefferson Lab
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