@@SZ 02 4_ﬂ XXX1 International Workshop on Deep Inelastic Scattering
= 8-12 April 2024, Grenoble, France

New physical processes for extracting generalized parton distributions
with a better sensitivity to partonic structure

d Explore hadron’s partonic structure
without breaking it!

M Challenges for studying exclusive processes
(1 Need new processes
( QCD factorization for exclusive processes

d Summary and Outlook
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How to see internal structure of a hadron — breaking it?

1 If the hadron is broken, the hard hitting induces gluon radiations, like in SIDIS, ...

e+ P —e+h+ X

Gluon shower — QCD evolution

Confined motion

Emergence of a hadron
hadronization

= Measured ky is NOT the same as k; of the confined motion!
= Too larger Q? could weaken our precision to probe the true hadron structure!

Transverse momentum
Broadening from the shower:

AKZ AéCD
X ag(Cp,Cy) ]
x 1og(Q*/A4cp) F 2 1
x log(s/Q%) ]

Structure information can be diluted
by the collision induced shower!

Jefferson Lab



How to see internal structure of a hadron — breaking it?

1 If the hadron is broken, the hard hitting induces gluon radiations, like in SIDIS, ...

e+ P —e+h+ X

Gluon shower — QCD evolution

Emergence of a hadron
hadronization

Confined motion

= Measured ky is NOT the same as k; of the confined motion!
= Too larger Q? could weaken our precision to probe the true hadron structure!

Transverse momentum
Broadening from the shower:

AKZ AéCD
X OéS(CF,CA)
x log(Q?/ AEQCD)
x log(s/Q%)

Structure information can be diluted
by the collision induced shower!
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[ Not breaking the hadron? Elastic electric form factor: \q
0.1 p ,

R - : R > —_— p

!E = ‘?ﬁ - 0 i 1

i 1 proton - -0.2 — Proton “Radius” in terms of
a 0.5 o -0.3 neutron EM charge distribution

L3 0 = 3 — 0.4

0 0.5 1 1.5 2 0 0.5 1 1.5 2 \q
b[fm] b[fm] p »
But, there is NO elastic “color” form factor! — .g_e,f_ggon Lab



Explore hadron’s partonic structure without breaking it!

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

2 . Generalized PDFs (GPDs): _ "
p @ /TAT p-p)*t t/'//\'\\'”
—— NN NNNNNNS

m

Fon(x,E,t)  skewness &= ——F"—
» ) Fyp(,€0) (p+p)+ - -
7(g) e , ' ne
Spatial parton density: fi(z,br) = /d Ar e TP Fy(x, 0, —AT) =(p-p)
3 .g_e,f,f./e-gon Lab



Explore hadron’s partonic structure without breaking it!

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

p . Generalized PDFs (GPDs): _ x _
D Q /TAT (p _p/)+ T t/‘/ m\\l S
—_— AN mm) [, (z,&1t) skewness &= —
«— (p+p) - —
fy*<q) . I) . P
Spatial parton density: fi(z,br) = /d2AT AT T (2,0, —AZ) =({-p)

(J Hard exclusive processes for extracting GPDs:

+ DDVGCS, ...
DVCS: Q2 >> |t| DVMP DVQP
* Hard scale Q: allows pQCD, factorization ) GPDs:  fi/n(x,&,t; 1)
* Low scale t: probes non-pert. hadron structure .
Factorization —>
4 Jefferson Lab



Moments of GPDs = Emerged hadronic properties

1 QCD energy-momentum tensor: Ji, PRL78, 1997

T =Y T with T =i WD)y — gy (i - D — d T = pesnpe vy L (pa)?
2 q - Yq Y q g q vy mq @bq an g n +4g ( pn)
1=q,9

L “Gravitational” form factors:

PrPY iPHgv)A AFAY — g A?
"1 = u(p’ A;(t + J;(t + D;(t +mec;(t) g"" | u
W T p) = alp') | Ai() —— + () — - ()= (t) 9" | ulp)
. C;(t D;(t)/4
J Connection to GPD moments: (1) & Dit)/
5 e e Related to pressure
/ dza Fi(z,6,) o (9| ¥ |p) - o a(p) [(m +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 dex [Hi(xz,&,t) + Ei(x,6,t))] wmmmmp  Relation to GFF mmmm)  x-dependence
t—0 1 I
Angular Momentum of GPDs!

ZZQvg

Need to know the x-dependence of GPDs to construct the proper moments! &ggon Lab



Limitation of exclusive processes: x-dependence

J Amplitude nature: exclusive processes CAmmeare with DlS T |

Compare with DIS l ;
I q !
0 H_q}/—»}k |

P P I
i PDE |

X ~ loop momentum

1 . cross section: cut diagram |

M [ P Cg QU e 1 A i
1 : ODIS = / do f(z)o(x/xpB) i

Full range of x,including ©* = 0; 2z = = S . l

6 Jeff.e-r:son Lab



Limitation of exclusive processes: x-dependence

J Amplitude nature: exclusive processes

X ~ loop momentum

1
M4~/;¢ww%aw-ow¢mwm

Full range of x,including ©* = 0; 2z = =

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

Cl & Q/1) = T(Q/) - Gl §) X~

1
F(z, &t
» iMoc/ dx (2,6, = “Fp(&,t)”  “moment”

1 33—5—1—28

Compare with DIS l
I q !
0 H_q}/—»}k |

P P :
: PDF |

cross section: cut diagram |

ODIS = /: dz f(z)o(x/zp)

| B :

15

R m— GK model

w109 4 NLO shadow

(@]

TR

W

X 0

z

3 _5 - J

T Equally fit!

—-10 == T
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X
[Bertone et al. PRD "21] Jeff_ergon Lab
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Single-diffractive hard exclusive processes (SDHEP)

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

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

" Single diffractive — keep the hadron intact:

hip) = W(p') + A (pr=p—p)

Clq)
h(p) \,‘ -—

Virtuality of A*(pr=p—p") TN B(pg):e,%w

exchanged state: t = (p — p/)? = p?

" Hard probe: 2 — 2 high g1 exclusive process: D(g2)

A*(p1) + B(p2) — C(q1) + D(g2)

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

exclusive hard processes (SDHEP):

" Necessary condition for QCD factorization: h(p) + B(p2) — W' (p') + C(q1) + D(g2)
Lifetime of A™(p1) is much longer A 2-scale observable!
o ' 10| = lg2r| > V=
8 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’) Need entanglement between q; and loop momentum fraction x
. = Symmetry of producing non-vanishing H  for the sensitivity on the x-dependence of GPDs! .;_e,f_ffe’-go n Lab



Factorization for SDHEP in the two-stage paradigm

Qiu & Yu, JHEP 08 (2022) 103

(d Factorization for 2-parton channels (CO gluons are easy to factorize): PRD 107 (2023) 014007

ERBL region: [qq'] ~ meson DGLAP region: Glauber pinch

1 Soft gluons cancel when coupling to color neutral hadrons:

Glauber gluons of SDHEP (only k; is pinched in Glauber region):
kD b £40(Q) iy k= (M2, 03 0) — (1,020

CO gluons
s GPD ®

10 No factorization for double diffractive scattering! Soper, 1997
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Two new example processes with enhanced x-sensitivity

J-PARC, AMBER

Qiu & Yu, JHEP 08 (2022) 103
Qiu & Yu, 2401.13207 (PRD in press)

11

JLab Hall D

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

G. Duplancic et al., JHEP 03 (2023) 241

G. Duplancic et al., PRD 107 (2023), 094023
Qiu & Yu, PRD 107 (2023), 014007

Qiu & Yu, PRL 131 (2023), 161902

Jefferson Lab



 Diphoton process:

Nucleon transition GPDs

Enhanced x-sensitivity: (1) diphoton production

_|_

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

do
d|t| d€ d cos 6

=27 (ozeas
a==

HY = H!— H?, etc.

2 ~ —
fVF) 52133 - [(1 —€) > (IMEIP + |MET?) - (§2+

[Qiu & Yu, 2401.13207 (PRD in press)]

t
4m?

oa==

> M

2 - — —
S MR 3 R (MR + M)
a=x=% a==

0 . T ] —
IS_Hpn(w, &t 1) G| —Hp - H, _ E_Hun(maéata D) EO
. : -l ..... Hy e H, ----- El
10 Vo .. 1t , o Hy
GPD models = GK model + shadow GPDs 5t PAVIM A T it A Y
O P .
: FHE i h o 1F N
ol S A A 1r s t=—-02GeV: Y
1 T Y it £=0.2
1 x—&*Le -5y e £ S B
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
xr xr
12 7
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Enhanced x-sensitivity: (1) diphoton production (at J-PARC or AMBER)

[Qiu & Yu, 2401.13207 (PRD in press)]

°°> 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 | — (FIy, Fio) - (Hy, H)) s — (H, Hy) - (Ho, HY)
< 60f — (Ha,Hy) - (Ho, Ha) Z 0.5 — (Hy Hy) - (Ho, 1)
= | = |
SN 2 02}
5 I y-paRC § | AMBER
¢ L v 1 : : : :
S 1.2t 2 1.2¢
fe _ _ fe . _
r =i r Il

| 1.2 1.4 1.6 1.8 1 2 3 4

qr [GeV] qr [GeV]
13 Jeff.e-r:son Lab
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Enhanced x-sensitivity: (1) diphoton production (at J-PARC or AMBER)

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, 2401.13207 (PRD in press)]

(d Exclusive Drell-Yan dilepton production

do /d|t|dédqr [pb/GeV?]

(8 | A
1 1.2

105‘

N+4+7m—= N +4* [ 0" +47]

t

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

—nnt = plte”

J-PARC

e Lower rate

14 16 18

qr [GeV]

 Blind to shadow GPDs

Jefferson Lab



Enhanced x-sensitivity: (2) y-mr 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 (¢ — ¢)]

1+ AvAy Arz

= 4 o JIONT e
d|t| d€ d cos 0 = (o) <N> g253 2UU .
2oy = MU 2 o2 g 2,
Arn =2k Re [ R 4 g ]
Aur =235 Re //\/lv[f] MU —/\/l[f]/\/l[_ﬁ]*_ |
I Arr =235 Im _M@ MUE | pqlH] M '

Neglecting: (1) E and E; (2) gluon channel

15

15

Jefferson Lab



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

GPD models = GK model + shadow GPDs

[ H"(x, £ =0.2,1=-0.2 GeV?, u =2 GeV) ]
10__ ;""‘ "‘ T
5
0: N ““'_”( '——" ;: s
_5:_ Hy = Hok .
Ly R e Hy=Hgg + 815 %
[y e Hy=Hgk + 5 °,
-10r ¥ Hs = Hgg + Dy
[ H" (x, £ =02, =—-0.2 GeV?, u = 2 GeV) |
10 . ]
st
: A S ]
F ;"' N i
0_ — . H SARRE
5:_ Ho = Hak Ty 3 _
N I '—‘;' """ Fll = ]:IGK + gl ]
[ Sl Hy=Hek + S, ]
—10r i
-1.0 -0.5 0.0 0.5 1.0
X
16

»

250

200}
150¢
100}

—0.4}

50t
0.8}

0.4}

dr S(z,§)
1x—£i%

-

(a) do | dt d¢ dcos6 [pb/GeV?]

— (Ho, Ho) — (H3, Hy)
—(Hy,Ho) "~ (Ho, Hy)
— (H,, Hy) (Ho, H»)

py-opny

(b) Aut

1-0.7

1-0.1

1-0.2

E, =9 GeV
_ 2 .
JLab @ 12GeV =-02GeV5,£=0.2
05 03 0 0k 05 05 035 0 03503
cosf cosf ,
16 Jeffggon Lab

—-0.3

1-0.5



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

GPD models = GK model + shadow GPDs

[ H"(x, £ =0.2,1=-0.2 GeV?, u =2 GeV) ]
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Ly R e Hy=Hgg + 815 %
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X
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140

100}

60}

» 20}
02!
_0.4}

—-0.67

0.8}

dr S(z,§)
1 x— & Lie

-

=0

| (a) do [ dt d€ dcoso [pb/GeVz]

E, =9 GeV
t=-0.2GeV?, £=0.2

py->nnaty

(b) Ayr ]

: — (Hy, Ho) — (H3, Hy) ]

: —(H\,Ho) """ (Ho, Hy)

[ — (Ha, Hy) (Ho, H>) |
(c) ALL (d) Arx

JLab @ 12GeV

-0.5 -0.25 0 0.25 0.5
cosd —>
Jefferson

0.2

1-0.2
1-0.4
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1-0.8

1-0.1
iy
-5—0.3
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Enhanced x-sensitivity: (2) y-m pair photoproduction (at upgraded JLab energy)

GPD models = GK model + shadow GPDs

i 10
100: (@) do | dt d¢ dcos6 [pb/GeV?] Pvy—-p ' 9% (b) Ayt |
80:- i i -0.2
i — (Hy, Hy) — (H3, Hy) 0.4
601 . . 0.
[ — (H),Hy) (Hy, Hy)
40'_ ~ - -0.6
: — (Hy, Hyp) (Hy, H»)
20t -0.8
S — == -1
09_ (c) Ay, \ (d) Ayt
0.61 0
0.3t
[ -0.1
Of
_0al E, =17 GeV 102
_o6l JLab @ 22GeV t=-02GeV?, é=0.2
e I -0.3
-0.8 -0.4 0 0.4 -0.8 -0.4 0 0.4 0.8
18 cosf cosf 45

=0
Total cross section
0.6t
q7-Z1GeV
E 0.4l It <0.2 GeV* |
g
b
0.2t
—py—rnmy
ol —mnYy —>pmwm Y |
5, 10 15 20
VS N [GeV]
JLab @ 22GeV

Jefferson Lab



Summary

(J QCD Factorization allows to probe proton structure Cla) /[y -

U Single Diffractive Hard Exclusive Processes mmmmm) GPDs
(J GPDs provide tomographic images T

[ But suffer from the challenging x-dependence problem D)
2

J Two new processes to give enhanced x-sensitivity

O Still not there yet: 3D image

0. - SRR —_— —
= Need more processes, more observables @ o) |

" Need input from lattice QCD , /
" Need global fit i\, \ '

" Need to solve the end point issues of exclusive processes \

(momentum of active parton goes to zero) e T :
A long but challenging & exciting way to go! b (fm)
| |
19 19 Th an ks - .g_e,f,ggon Lab



