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Mass of Nucleon?

] Nucleon Mass:

m = E/(:2 from the A. Einstein’s famous equation E = mc?
(P|Hqep (v, 4)|P)
(P|P)

Mass is the Energy of the nucleon when it is at Rest! M, =

at rest

( Nucleon is not elementary:

Nucleon is a strongly interacting, relativistic bound state of quarks and gluons of QCD
Our understanding of the nucleon has been evolving, and will continue to evolve, ...

’ N
MATTER ) Cw_—\._/-—b
MOLECULE h\ —_—
<
- '; ATOM -
\ DOWN-TYPE Q

Understanding it fully is still beyond ‘ bz Q”E : | @
| ) )— o bk q& - NEUTRON

2
Jefferson Lab

the best mind that we have!

Hqcep (¥, A) is known, but not |P) =7



QCD Landscape of Nucleons and Nuclei

Color Confinement Asymptotic freedom
| ' | | | > Q (GeV)
20 MeV (10 fm) 200 MeV (1 fm) 2 GeV (1/10 fm) Probing
@ 5 i ﬂ scale
:: Asymptotic
QCD at the Fermi Scale: Femto-suence (0.1-10 fm) — regime
, . . . . PQCD
= The most interesting, rich, and complex regime of the theory! . works
= All emergent phenomena depend on the scale at which we probe them! [ beautifully!

(] Need new observables with two distinctive: scales:

Ql >> QQ i 1/R g AQCD Tr

Longitudinal momentum

"= Hardscale: (); tolocalize the probe to see the Skt =aPY
particle nature of quarks/gluons

= “Soft” scale: (J2 could be more sensitive to the P o
hadron structure ~ 1/fm &N

ansverse

Jransverse momentum

position




“See” Internal Structure of Hadron without seeing quarks/gluons?

(] 3D hadron structure:

NO quarks and gluons can be seen in isolation!

1 If the proton is broken, e.g., in SIDIS, ... -
ransverse momentum

Gluon shower — QCD evolution ¢ P, broadening:
; : 2 2

X as(CFv CA) )
Emergence of a hadron 5 k9
hadronization x log(Q /AQCD)

x log(s/Q")
Structure information is diluted
" Measured k; is NOT the same as kr of the confined motion! by the collision induced shower!

» Structure information vs. collision effects
3 f 1 .g_e,f};gon Lab
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Confined motion




How to Explore Internal Structure of Hadron without Breaking it?

1 Form factors: Elastic electric form factor mm) Charge distributions \q
0.1 P '
p
< 1.5 & 9
= ‘g -0.1 ]
H, 1 proton “ 0.2 — Proton “Radius”
a 0.5 o -0.3 neutron in EM charge distribution
) 0 a -0.4
0 0.51 1.5 2 0 0.5 1 1.5 2
b[fm] blfm] \g
p p'
[ But, there is NO elastic “color” form factor! —)
No Proton “Radius”
(1 3D hadron tomography: in color charge distribution!
Generalized “form factor” for quark and gluon “density” distribution
Generalized PDFs (GPDs) — without breaking the proton 2 \/4/ 2\ \\\‘, ¢
(P— Pt — —
Fq/h(x, f, t) skewness §= m p o

Spatial distribution of quark/gluon density, quark/gluon correlations, ...
Jefferson Lab



How to Explore Internal Structure of Hadron without Breaking it?

1 Form factors: Elastic electric form factor mm) Charge distributions \q
0.1 p '
« 1 a OfF—F— : -
- g -0.1 .
- “o_ 9.2 — Proton “Radius”
a 0. o -0.3 neutron in EM charge distribution
Q) o -0.4
0 0.5 1 1.5 2
bl fm] \q
p p'
[ But, there is NO elastic “color” form factor! —)
3D image “Qadis e
) OA S No Proton “Radius
[ 3D hadron tomography: ><// | A in color charge distribution!
0, ‘I 3 I,‘.ll
S0 a2 — W ]
F(z,6,1) = F(2,0,-A3) | 5 e/ 7 Y\
| J‘O.OS — —
2  AT-b 2 I I ek p P
f(z,br) = /d Ar e =T F(z,0, - A7) b, (Fm) :
e D mm) Proton radii of quark and gluon

Parton density in dz d”0r spatial distribution, 7¢(%) & 74(z) Jefferson Lab



How to Explore Internal Structure of Hadron without Breaking it?

1 Form factors: Elastic electric form factor mm) Charge distributions \q
0.1 pP '
p

« 1.5 a OF—7——

- g -0.1 .

H, 1 proton “i _g.2 \ Proton “Radius”

a 0.5 o -0.3 neutron in EM charge distribution

Cu 0 5 -0.4

0 0.511.5 2 0 0.5 1 1.5 2
b[fm] b[fm]

How fast does
glue density fall?

[ But, there is NO elastic “color” form factor!

3D image
o oA o How far does glue
1 3D hadron tomography: ><// | density spread?
t ﬂ» — A% !\ S, S ?m Should 7¢(z)> Tg(x) , Or vice versa?
F(z,&,t) — F(z,0,—A2) "\ {>**  Could ry(z) saturatesas  — 0 ?
_'_1 e 55 o.05 How do they compare with the “known”
f(z,br) = /dZAT 277 (2,0, — A7) z,J_(fr:) o T proton radius (EM charge, mass, ...)? ...
o d?h mm) Proton radii of quark and gluon
6 Parton density in  dx T spatial distribution, 7¢(7) & 74() .g_gt?;gon Lab



Generalized Parton Distribution (GPD)

J Definition:
FQ(x7€’t) — / %e—ixPJrz_ <p/’CY(Z_/2)’Y+Q(—Z_/2)‘p>
o TA,
- 55 [HW £ 0807 ulp) - B, 6,0 1 () o u<p>] ,
Fiw6.) = [ S gt 2 asa(—= /2l
2]; [Hq(a? &) (p) v ysu(p) — B9z & 1) a (p) 5i+u(p)] . pr_ D" J;p’+

(] Combine PDF and Distribution Amplitude (DA):

Forward limit{ =t =0:  H9(z,0,0) = q(z), H9(z,0,0) = Ag(z)

-E-x x+E /4 //E-x x+§ /, \ Xx-§

Y
=

DGLAP ERBL DGLAP Mggon Lab



Exclusive Diffractive Process for Extracting GPDs

] Hit the proton hard without breaking it — Diffractive scattering to keep proton intact

/

p - :
p Q’/TAT HERA discovery:
—— A NN\ NS\ N

~15% of HERA events with the Proton stayed intact
7*(q)

J Known exclusive processes for extracting GPDs:

+ DDVGS, ...

DVCS: Q2 >> |t DVMP DVQP
Feature: Two-scale observables  Q° > |t| t=(p—1p)°
* Hard scale Q: allows pQCD, factorization - GPDs:  fi/n(z, &, ti )

* Low scale t: probes non-pert. hadron structure

Factorization Jefferéon Lab
,-)’,‘



Why it is difficult to extract the x-dependence of GPD?

d Amplitude nature: exclusive processes

x ~ loop momentum

1
M [ deF (0Ol & Q/n)
1

never pin down to some x

O Sensitivity to x comes from C(x, &; Q/u)

At LO, DVCS hard coefficient factorizes

C(z,§Q/n) = Co(Q/1) -

Cx(if,f) X

. R ACRR)
» ZMocf_ldxac—§+i5

1

= C(FO (57 t)?)

also true for most other processes

x-dependence is only constrained by a “moment”

easy to fit to the data

x—f—l—z’g.”

=0.1)

Hu(+)(X, E

=0.5)

Hu(+)(X,E

=== GK model

=== + NLO shadow

P ]

B —

1
0.0

I
0.2

I
0.4

I
0.6

]
0.8

= GK model

T == + NLO shadow

Blue and dashed
Fit the same CFFs !

PRD103 (2021) 114019
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Inclusive Process vs. Exclusive Process

 Deeply Inelastic Scattering (DIS):

PDF f(x) o
rxr=k"/P

Cross section: Cut diagrams

1
oDIS = / Ao f(2) 6(x/2p)
TE
 PDF ~ probability

* AtLO:x = xp

* Beyond LO: x € [xp, 1]

x-dependence: Part of measurement

10

U Deeply Virtual Compton Scattering (DVCS)

q q/
k %
&
. (k+ k)T
YN T )t
VAR
GPD F(x,g,t)/ c= =P
(p+p/)"
t=(p-—p)
Amplitude: Uncut diagrams
1
Moves(€0) = [ doF(e.60) M(z.6)
—1
e GPD ~ amplitude
e kt=(x+ &) P"isloop momentum
 Atanyorder:x € [—1,1]
x-dependence: Hard to measure
J)_e,f,f/e’-gon Lab



Single-Diffractive Hard Exclusive Processes (SDHEP)

[ Two-stage diffractive 2 — 3 hard exclusive processes: Qiu & Yu, 2022

" Single diffractive:

h'(p") @ / Clq1)
@ ———) 4D -~ o Probing its structure

h(p) — T - a—— without breaking it!
* Y |
A (pl _p p) B(pQ): 67 /777-‘-
h(p) = h'(p") + A" (pr=p—p')

P
ﬁ- o
%

’

t=@p—-p)*=p] D(qz2)
" Hard probe: 2 — 2 high gr exclusive process " Necessary condition for QCD factorization:
A*(p1) + B(p2) = Clq1) + D(g2) 1| = |ga, | > V=L
p—p)-n> V]t < g =g > V-1 The state A™(p1) lives much longer

: P
" The single diffractive 2 — 3 exclusive hard processes: than 2 = 2 hard exclusive collision!

Not necessarily sufficient!
h(p) + B(pz) = I'(p') + Cla1) + D(g2) B
11 Jefferson Lab
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Single-Diffractive Hard Exclusive Processes (SDHEP)

[ Two-stage diffractive 2 — 3 hard exclusive processes: Qiu & Yu, 2022

P
ﬁ-

¥

" Single diffractive:
”

h'(p") @ / Clq1)
@ ———) 4D -~ Probing its structure
h(p) =~ f— without breaking it!

A*(pr=p—p)
h(p) = W (p") + A*(pr =p — )
t=(p-p)?=pt
" Hard probe: 2 — 2 high g7 exclusive process
A*(p1) + B(p2) = C(q1) + D(q2)

(p—p) - n> [t <y g, =]0]> V-t

" The single diffractive 2 — 3 exclusive hard processes:

. h(p) + B(p2) — B'(p") + C(q1) + D(q2) JofforZon Lab

3—,—



Single-Diffractive Hard Exclusive Processes (SDHEP)

1 Two-stage diffractive 2 — 3 hard exclusive processes:

> 3 parton connection:
Power suppressed

—— " To be factorized into GPD

The exchanged state A”(p-p’) is a sum of all possible partonic states, Z , allowed by
=1,2,..
=  Quantum numbers of h(p) - h’(p’) "
=  Symmetry of producing non-vanishing H < 2

13 A S



General Discussion on n=1 state: y*

1 Exchange of a virtual photon:

MO =" (1 ()|7#(0) (p)) {C(21) D(@2)|7u(0) | B(p2)
JH =3 Qithiy s

- 2
€
= TF“(p,p’) Hu(p1,p2,q1,92)

F*(p,p") = (h'(p)|7*(0)|h(p))

= F{(t) u(p) v u(p) + F3'(t) u(p’)

io‘“‘l/plu ( )
2my, up Forbidden for » — 1 (or @ — P) transition GPDs
Or not allowed by H

Has a leading component, F'* o« O(Q), as h-h’ fast along “+”

1 1 _
FtH = p_+ Ft (p;r 7—(—) = p_+ Ft (p1 -H+p1y -HL —pg H+) ~ OH/|t]) Leading power of F - H
1 1

‘ MO O(1/4/]t]) Higher power than n=2 contribution, but, higher power in power of oy,
MP ~ 0(1/Q) wmmmy MY /M ~ OQ/V]H)

If we neglect contribution from n > 3, M:(Sgﬁép ~ is up to corrections at O(+/|t|/Q?)
14 Jefferson Lab



Factorization in the Two-stage Paradigm

Qiu & Yu, 2205.07846 (JHEP in press)
 Factorization for 2-parton channel factorization:

Only complication:
k; is pinched in Glauber
region for DGLAP region.

EF— kT £i0(Q)
Glauber mmmp h-collinear region

1 Soft gluons cancel for the meson-initialized process if C and D are mesons:

Soft gluons are no longer pinched
and can be deformed into h-collinear region

B(p2)

D(g2)

15 .g_e,tfe-rgon Lab



Electroproduction of Single Diffractive Hard Processes

(JLab, EIC, ...)

pves ) \q} DVMP y‘q ppves ") ‘q
Py / e(p2) P(p) e(p2) add P(p) e(p2)

. . /e ~add . e DHQP...
o > virtuality o
7(q2) ™ (q2) (@)
(] DVCS: h(p) = Proton(p), h'(p") = Proton(p’), B(p2) = electron(ps), C(q1) = electron(q;), D(g2) = photon(gz)
Stage-2:
DGLAP q1
P2 7

P1 0

Stage-1: 2 — 2 exclusive process

1
MMe—)e’y — Z/ dz Dz(z) C’ie—>e’y(z: (.IT)
i 0

1
‘ Mgzze)ah’ev - Z / . dz Fz’h(ma 3 t) Ci6—>67(m7£7 QT)a

16




Electroproduction of Single Diffractive Hard Processes

2 DVMP: h(p) = Proton(p), h'(p’) = Proton(p’), B(p2) = electron(pz), C(q1) = electron(ps), D(q2) = Meson(ps)

= Leading order diagram: = SDHEP - Leading region:
p3

1
MMAe—>eMD = E / dzld22Di/A(ZA)X
ij 70

17 X Cie—sej (24,2D,49r1) Dj/D (2p) Jefferson Lab



Electroproduction of Single Diffractive Hard Processes

2 DVMP: h(p) = Proton(p), h'(p’) = Proton(p’), B(p2) = electron(pz), C(q1) = electron(ps), D(q2) = Meson(ps)

= Factorization: = SDHEP - Leading region:

P3
P2 Z D4
= H 1 _@:}* = SDHEP - sample diagrams:
z+ & r—§

@

' 1 1
Mheshem = Z/ dm/ dz
7 J-1 0

18 X F,L-hh’ (z,6,t) Ciesej(z,&; 2D 97) D/ p(2D) Jefferson Lab




Electroproduction of Single Diffractive Hard Processes

] DDVCS: e(a) /r
h(p) = Proton(p), h'(p’) = Proton(p’), B(p2) = electron(ps) ‘QT
C(q1) = electron(q1), D(g2) =~*[— eTe7](¢) P(p) > e(p2)
Factorization: Can be factorized in the same way as DVCS! \P(p’)’
(@)

(J Heavy meson production (high q;):

Factorization could be valid if p; >> mq, not sure for other regions.

1 The x-dependence on GPDs:

. . [T F(x,&,1)
As explained earlier, the type of DVCS and DVMP processes only sensitive to: dx

-1 :I:—ﬁ:l:ze

For DDVCS: Transverse momentum flow from the final-state lepton and the
virtual photon is sensitive to the virtuality of the dilepton

‘2 _ 2 28 _)
@ =0 _<$B(1+§) !

Direct sensitive to external variable, = g, directly sensitive to gy

19 .Le,f},eﬂrgon Lab
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Photoproduction of Single Diffractive Hard Processes

= (q) | i V() ir m(q1) Gr m(q1) i (.ILab Hall-D, )
hp) 2P Py ) h(p) Y [ @) k) )
—_—> I\SIWNAN —_— ANANANNNN —_— —_— AAAN\NNN
W (p P(p)) W (p) o W(p')
" (q2) 7(q2) v(q2)
[ Dilepton & Diphoton production: A. Pedrak, et al. Phys.Rev.D96 (2017)074008, ...

Both n=1 and n=2 should contribution, and factorizable

The n=1 channel is forbidden for a charge meson: mE , or transversely polarized vector meson, AT,
but, allowed for the production of a longitudinally polarized vector meson like L.

Factorization arguments are the same as that for DVMP.

 Light meson pair production:
1
Mbb' Mo Mp = Zf

1
dz f dzo dzp FM (z,€,1):
kY1 0

X Ciy—jk(z,&;2¢,2p591) Dj/c(2¢) Diyp(2D)




Meson-initiated Single Diffractive Hard Processes

)y ) s (AMBER, J-PARG, ...
h(p) | h(p) |

m(p2) m(p2)

(q2)

v(q2)

3 Two-photon production: 7 (px) + P(p) = v(q1) +v(q2) + N(p)

"  Kinematical observables:

t,& qr c t=(p—-p)> Hard scale: g7 > Agcp
e E=(t—=p")/(PT+p'H) Soft scale: t ~ A%)CD
=" Factorization:
l ‘ ‘ [suppressing DA factor]
’ 1 | do ) 2
—1 ¢ dgr
I ‘ X < qr

. qr distribution is “conjugate” to x distribution uf_/e}?on Lab



Meson-initiated Single Diffractive Hard Processes

 Hard part for A-type: k=4qr/s
" Gluon propagator 2 — —Z (221 -1-V1-k) (220 —1=V1—kK) + &
—) ' ¢(21)9(22)
M OC/O I A ) @ — 1= VI —) (22 — L= vI—r) + ]

Change qr changes the z-z, integral.

do/dq? provides sensitivity to the DA’s functional form of z.

Gluon propagator QQ = 22(1 — 21)8

G TS — 1 H(z1)d(22) O
Moc/dzldzl )N{/o dz ]

qT/ STQ + ... 0 <1 (1_21)22 (1_22 Z(l—Z)

Not sensitive to DA functional form.

4
A

Like “time-like”
form factor

Relies on ¢p(z) = 0 at end points.

Sudakov resummation could suppress the end-point sensitivity.

22 J )_e,f,f.e-r:son Lab



Numerical results

O GPD models — simplified GK model:
zP(1 —x)”
B(1+p,1+471)

- B 2y 1.267 2" (1 — x)”
H,, H =0 0.45 (t/GeV*?)
p (aj7£7 ) (ZC)LU B(]. _|_p7 1 _I_T)

R 2 ~
Hyp(z,6,t) = 0(x) x 09(8/GeV™) Neglect E, E. Neglect evolution effect.
Tune (p, T) to control x shape.

= Fix DA: D(z) = N z63(1 — 7)0.63

v T T T T T T 7 .' T T T T T T T 7] 2 ] 5 M —r T+ 1 T T+ Tt T T T T T T T T T T T T
- (a) Chiral-even GPD without ¢ dependence 1  (b) Chiral-odd GPD without ¢ dependence

15[ t=-01GeV? ‘ > ob t=-0.1GeV?

 (<03,224) — (0.5,2) F (£022.233) — (05.2)

— (0.8, 1.2) (1.5,0.3)

15F — 03,12 (15,0.3)

23 Jefferso



Numerical results

1.15
1.10

do
dt d¢ dgr

~ |H(z,&, )7

relative o' dor / dt d¢ dq;

Relative qr shape

1.00 1.05 1.10 1.15 1.20 1.25 1.30 135

1.05f
1.00}
0.95}
0.90f
0.85F

E,=20GeV
d (t, &) = (-0.1 GeV?, 0.1) 1

F— (=0.3,2.24), (-0.22,2.33)
 — (0.5,2), (0.5,2)
— (0.8,1.2), (0.8,1.2)

- (1.5,0.3), (1.5,0.3)

1 .
O-tot dO-/dQT ar [GeV]
some Shape fU_IlC 1.1:- (€) E,=150GeV, (t & =(-0.1 GeV?, 0.1)
;| |
¥ 1.0f—= ]
vi/2 do s 7 \
Otot = dgr —— S ol — (<0.3,2.24), (022,233 -
0 = ), o G o A -_
g T — (0.5,2), (0.5,2) 1
2 08 — (0812, 08 12
- (15.03), 15,03 COMPASS
0.7_' PR TS S S WA RS S S S S S SR S N TS S N
1.0 1.5 2.0 2.5 3.0 3.5
qr [GeV]

24

relative ! dor / dt d¢ dqp

relative o~ do / dt d¢ dq,

1.10f

_ (b) E,=20GeV |
1.05:_\@,5): (=0.1 GeV?, 0.15) ]
1.00F ]

F— (£03,2.24), (-0.22,2.33) ]
0.95¢ .

L — (0.5,2), (05,2) ]
0-902' — (0.8,1.2), (0.8,1.2)
0.855- (1.5,0.3), (1.5,0.3) J-PARC

1.0 1.1 1.2 1.3 1.4 1.5 1.6

qr [GeV]
L10F (d) E.=150GeV, (t, &) = (<0.1 GeV?, 0.15)
1.05t i ]
1.00 :
5((—0.3,2.24), (—0.22, 2.33) ]
0.951 1

- — (0.5,2), (0.5,2) ]
0.90r

— (0.8,12), (0.8,1.2)
0.85}F COMPASS

: (15,03), (1.5,0.3)

0,80

1.5 20 25 30 35 4.0
qr [GeV] —

Jefferson Lab



Discussion

O Why single-diffractive?

We need diffractive process to keep proton intact.

But, double diffractive process is not factorizable!

[ Connection to high-twist inclusive production:
DVCS Twist-4 DIS

T+ &

p p

(1 More opportunities:

= Diffractive plane
= Exclusive hard scattering plane
=  Angular modulation between the two planes

m) sejection from different exchange state A* (or different GPDs)

25

Not sensitive to the loop momentum fraction: x;

.Jeﬁgon Lab



Summary and Outlook

d Understanding the emergency of nucleon mass is a challenge:

" Mass is closely related to QCD trace anomaly and chiral symmetry breaking
"  Mass decomposition to matrix elements of quark/gluon fields is not unique
" Single hadron matrix element of quark/gluon field operator is not physical observable

Extract each of them from experimental observable(s) with controllable approximation - factorization

M Introduced the diffractive 2 — 3 exclusive hard processes for extracting GPDs, ...

" Provide both necessary and sufficient conditions for leading power factorization

" Including existing/known processes for extracting GPDs, ..

" |dentify new factorizable exclusive processes for GPDs more sensitive to their x-dependence

" Angular modulation between diffractive plane and hard scattering plane could provide
unique opportunity to separate various GPDs

Introduce a path forward to identify more factorizable exclusive processes for extracting GPDs, and
multi-parton correlations, ...

]
26 Thanks. Jeff./e}?on Lab



