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Outline of my talk

" QCD at a Fermi-Scale — Nuclear Femtography
=> Need new probes with multiple observed scales
Need new advances in QCD factorizations
" Why and how QCD factorization works?
=> Necessary conditions and predictive powers
QCD factorization with one or more identified hadrons — challenges
" QCD factorization of exclusive processes for extracting GPDs — 3D tomography
=> Single diffractive hard exclusive processes (SDHEP)
QCD factorization of minimum 2=>3 SDHEP & enhanced x-dependence of GPDs
" QCD factorization beyond the leading power and beyond QCD
=> Necessary for understanding heavy quarkonium production from LHC to EIC
Hybrid (collinear QED) and (TMD QCD) factorization for SIDIS

" Summary and outlook
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Frontiers of QCD and Strong Interaction

 Understanding where did we come from? Global Time: —>»

QCD at high temperature, high densities, phase transition, ...
Facilities — Relativistic heavy ion collisions: SPS, RHIC, the LH(

d Understanding what are we made of? DOWN.TYPE

QUARK

' NUCLEUS

NEUTRON

GLUON

* How to understand the emergent properties of NO quarks and gluons can be seen in isolation!
nucleon and nuclei (elements of the periodic table) in

Nuclear Femtograph
terms of elements of the modern periodic table? grapy

Search for answers to these questions at a Fermi scale!

Facilities — CEBAF, EIC, EICC, LHeC, ... _;)Qf_/fggon Lab

" How does the glue bind us all?



We believe we have the right Theory, ...

dQCD-A theory of quarks & gluons:
1
EQCD ¢> Z ¢ Za 57,3 T gAu,a (tCL)i )7“ o mf(sw] Wc—z [auAu,a - auAu,a - gc’abcfél,u,bAAV,c]2

But, we saw none of them directly !!!

 Try to “see” quarks & gluons indirectly — QCD Factorization:

@p_
L

e

. . . Factorization Parton-distribution Hard-part Power corrections
Approximation at Feynman diagram level

Theory “Structure” Probe Approximation

] Effective field theory (EFT) — Approximation at the Lagrangian level:
Soft-collinear effective theory (SCET), Non-relativistic QCD (NRQCD), Heavy quark EFT, chiral EFT(s), ...

J Lattice QCD — Approximation mainly due to computer power:

Hadron spectroscopy, phase shift, nuclear structure, hadron structure (with pQCD factorization), Joffor,

Jefferson Lab



QCD Factorization Works to the Precision

(] Data sets for Global Fits:

Process Subprocess Partons X range
& {p,n}— E&+X Y§—q q.2.8 x 2 001
Enfp—s€c+X vdu—diu dfu x 2 0.01
pp— Ty +X uti,dd — y* 7 0015<x <035
Fixed Target pn/pp— u*u +X (ud)/(un) — »* d/a 0015 <x <035
V)N = w (i) + X Wq— q 4.7 001 Sx<05
vN = pu*t +X W*s— ¢ 5 001 <x502
PN =yt +X W3— y 001 £x502
eEp—oeE+X Y'q—q 2.4.9 0.0001 £ x<0.1
etp-ov+X Wt{d,s) = {u,c) d,s x 2 001
Collider DIS e*p — e*ct+X Ye—=c,y'g— cg 107* < x £ 0.01
eEp—ethh+X y'b — b,y g— bb b.g 1074 < x £ 0.01
e*p —jet +X Y'e—qq 3 001 £x<0.1
pp— jet+X 28,9899 2j 89 001 $x 505
pp— (W= = *v) +X ud — wtad - w-  wudnd  x2 005
Tevatron ~
pp—= (Z—= €€ )+X uu,dd — Z u,d x 2 0.05
pp— i +X qq—tt q x 2 0.1
pp— et+X 28.92.99 — 2] 89 0.001 S x <05
pp— (W= = (5v)+X ud — W+ da — w- wdndg x2 107
pp— (Z - E€)+X Q-Z q.9.2 xz 107
pp— (Z— € €)+X,p, 29(3) — Z4q@) £.9.7 x 2001
pp— (v = £€)+ X, Lowmass g7 — ' 9.2.8 x2 1074
LHC pp— (¥ = €€ )+ X, Highmass ¢gg— 7 x2 0.1
pp— Wre,W-c sg— Whe,3g = Wt 53 x ~0.01
pp— tt+X ge—tt g x 2 001
pp— D,B+X 2g — ct, bb g x 21071073
pp— JIy, T+ pp Y(gg) — ct, bb g x 2 10°6,1073
pp—y+X 29(9) = 4@ £ x 2 0.005

Q*(GeV?)

J Kinematic Coverage:

®  Fixed target DIS
v Collider DIS
4 Fixed target Drell-Yan
6 4 Collider Inclusive |et Production
103+ Collider Drel-Yan
Collider Z transverse momentum
Collider Top<quark pair production
o Black edge: New in NNPDF3.1
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Fit Quality:

X2 / dof ~1 = Non-trivial

All data sets

check of QCD

| 3706 / 2763 | 3267 / 2996 | 2717 / 2663
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Unprecedent Success of QCD and Standard Model

Standard Model Production Cross Section Measurements
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Status: March 2017 J£dt
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SM: Electroweak processes + QCD perturbation theory + PDFs works!



QCD Landscape of Nucleons and Nuclei

Color Confinement Asymptotic freedom
| | | | i > Q (GeV)
20 MeV (10 fm) 200 MeV (1 fm) 2 GeV (1/10 fm) Probing
scale
+ 7
—> .
Y L, Asymptotic
QCD at the Fermi Scale: Femto-science (0.1-10 fm) — regime
PQCD
= The most interesting, rich, and complex regime of the theory! :: wgrks
= All emergent phenomena depend on the scale at which we probe them! :: beautifully!

1 Need new probes/observables with two distinctive scales:

Jransverse momentum

kL
Ql >> Q2 ™ 1/R ~ AQCD Tragnsverse
position »
u Hard Scale: Q]_ tO |OC3|iZE the prObe tO see the Longitudinal momentum E-L O. partons
. kt =Pt e
particle nature of quarks/gluons <

= “Soft” scale: ()5 could be more sensitive to the

hadron structure ~ 1/fm @/
Do we have QCD factorization for two-scale observables?




Why and How QCD factorization works?

J An important fact:

QCD color interaction is so strong at a typical hadronic scale O(1/R) with a hadron radius R ~ 1 fm that
any scattering cross section with identified hadron(s) cannot be calculated fully in QCD perturbation theory!

J Why QCD factorization could work?

" The color interaction becomes weaker and calculable perturbatively at short distances — Asymptotic Freedom

= We are able to separate consistently the strong interacting dynamics at the hadronic scale (~ fm) from those
taking place at short-distance (< 0.1 fm), and

" Prove that the quantum interference between the two scales are suppressed by the ratio of the two scales

2
a2t L ) 1 Product of
~ roauct o
OpIS X ~ _)_é & g\ +0(§j - “probabilities”
P ¢L "
at O(1/R) at O(Q)

Size of quantum interference
between the two scales

Linked by “long-lived”, almost on-shell state(s)

e
Jefferson Lab



Why and How QCD factorization works?

J An important fact:

QCD color interaction is so strong at a typical hadronic scale O(1/R) with a hadron radius R ~ 1 fm that
any scattering cross section with identified hadron(s) cannot be calculated fully in QCD perturbation theory!

J Why QCD factorization could work?

taking place at short-distance (< 0.1 fm), and

J(k p)

kr 67°(Q, l%> ~ 0(Q)

The color interaction becomes weaker and calculable perturbatively at short distances — Asymptotic Freedom

We are able to separate consistently the strong interacting dynamics at the hadronic scale (~ fm) from those

Prove that the quantum interference between the two scales are suppressed by the ratio of the two scales

OBis OC/d4 [ HOQ, k)

1
— 1€

Perturbative pinch

1 1 AZ0p
Erie kPO |58
~ O(1/R -



Why and How QCD factorization works?

(1 Necessary conditions for QCD factorization to work:

All process-dependent nonperturbative contributions to “good” cross sections are suppressed by powers
of O(1/QR), which could be neglected if the hard scale Q is sufficiently large

All factorizable nonperturbative contributions are process independent, representing the characteristics
of identified hadron(s), and

The process dependence of factorizable contributions is perturbatively calculable from partonic scattering
at the short-distance

 Predictive power and the value of factorization:

Our ability to calculate the process-dependent short distance partonic scatterings at the hard scale Q

Prediction follows when cross sections with different hard scatterings but the same nonperturbative long-distance
effect of identified hadron are compared

Factorization supplies physical content to these universal long-distance effects of identified hadrons by matching
them to hadronic matrix elements of active quark and/or gluon operators, which could be interpreted as parton
distribution or correlation functions of the identified hadrons, and allows them to be measured experimentally or
by numerical simulations and model calculations _——

Jefferson Lab



Why and How QCD factorization works?

] QCD factorization with one identified hadron — Inclusive DIS:

e(l) e(l') | e(l') e(l)

q q
] Off-shell by Q m

Y Collinear “on-shell”

h(p)

h(p)

Soft lines

Apply Ward identity
Longitudinally polarized gluons
decoupled from “H” to gauge link

“Leading pinch surface”
Reduced diagrams
Soft lines to “H” power suppressed

.. . k=ap*
" Factorization formalism IS a5 . A2
e e . . ef—eX 7 2 QCD
_|eading power: E }io)_: X(lapal,) — Z /dilj' gbf/h(xaMQ)E/ 37/ (lakv l,,/_L )+O D)
il f=4a,q,9 1 Q
. ™ . UEIS(Q;( - dUeI}lf eX o (n-m), 9
. Benormal'zat'on Hard part: FE' dfi”; =F dg; Lyl Z { Z E' d3; ® Gy (T, 1 )}
|mprovement: m=0 | f'=q.,q,g
Aoy, 1?) b da! x 2 2
Ao ensex /dlog i = 0 = Py (S 0s(i®) b n(a’ s ) |
10 —ex/ dlog p? ; x I " Jefggon Lab

,)__’—



Why and How QCD factorization works?

(1 QCD factorization with Two identified hadrons — Drell-Yan type:

Pinchin k & k’

“Leading pinch surface”
n “beam jets”

Single soft component to the beam jet
Apply Ward identity Apply Ward identity to decouple soft gluons into soft factor(s)
to decouple CO gluons from “H” Soft factor = 1 for CO factorization!

11 Jefferson Lab



Why and How QCD factorization works?

(1 QCD factorization with Two identified hadrons — Drell-Yan type:

DY A
dO-I(LH—B)—ﬂl’-I—X _ Z/dﬂ? d$/¢ A(ZU M)Cb : B(x/ M) dO’f—i—f/—ﬂl’—l—X(x,Qj"’M’ as) Lo AQQCD
Wy 57 Ay i 1Q%dy Q*

Same as that in DIS
“Universality”

But, this factorization can fail if the soft gluon momenta are trapped in the Glauber region: k* < k-

Single soft component to the beam jet
Apply Ward identity Apply Ward identity to decouple soft gluons into soft factor(s)

to decouple CO gluons from “H” Soft factor = 1 for CO factorization!

12 Jefferson Lab



Why and How QCD factorization works?

(1 QCD factorization with Two identified hadrons — Drell-Yan type:

DY A
dO-I(LH—B)—ﬂl’-I—X _ Z/d{l? d$/¢ A(ZU M)Cb : B(xl M) dO’f—i—f/—ﬂl’—l—X(x,Qj"’M’ as) Lo AQQCD
Wy 57 Ay i 1Q%dy Q*

Same as that in DIS
“Universality”

But, this factorization can fail if the soft gluon momenta are trapped in the Glauber region: ki < k;-

Soft spectator interaction is responsible for this — the most challenge part of the factorization proof:

1 1 1 1
A(p) p-k-1 ; . 7 : -
> (p—k—1)?+ie (k+1)% + +ice —l= +iel™ +1e
Solution: (1) sum over all cuts, unitarity cancels all poles
0 in upper half plane for [~ , and
in lower half plane for [
! (2) deform the other component out of Glauber region
1 1 . 1 1
e > (p — K +0)2+ic (K =12+ +ic "It +ic —It +ie
13 .g_e,f,ggon Lab



Nuclear Femtography

(1 3D hadron structure extracted with two-scale probes:

NO quarks and gluons can be seen in isolation!

1 If the nucleon is broken, e.g., in SIDIS, ...

Gluon shower — QCD evolution P,

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!
14

Transverse momentum
broadening:

Ak% X AQQCD
X OéS(CF,CA) ]
x 10g(Q*/Agcp) F 2 1
< log(s/Q)

Structure information is diluted
by the collision induced shower!
e

Jefferson Lab




“See” hadron’s internal structure without breaking it

 Definition:
FQ(x7€’t) — / %e—ixPJrz_ <p/’CY(Z_/2)’Y+Q(—Z_/2)‘p>
o TA,
2;;+ [Hq( f t) u (p/) ’Y+u(p) o Eq(ma 57 t) u (p/> QmA u(p)] ,

Fo(a,6,t) = / S g 20 (2 /2)lp)

1 At
= o [H0 6000 v 25u(p) ~ B2, .00 0f) B ul)
: S : A=p—p  t=A?
(J Combine PDF and Distribution Amplitude (DA):

~ Similar definition

Forward limit§ =t =0: H%(z,0,0) = Ag(z) for gluon GPDs
1
| L= x
s DGLAP DGLAP JefferZon Lab



Properties of GPDs

M. Burkdart, PRD 2000

\\

1 Impact parameter dependent parton density distribution:

— A -
q(x,b1,Q) = /dQALe - bLHq(xvf = 0,1t = _AQL? Q) Unpolarized proton

uark density in dz d?b .
Q y L T J'if//m\\.l'_f

qlz, bi ) for unpol. p

4

How fast does How far does glue /
glue density fall? 3D image density spread? -
f‘.\ = Should r4(z) > rq(z), or 2 \
| vice versa? 04 o2
\ \ N\,
R 7 0.2 = Could rg(x) saturates as : /
jo 15 r — 0 h
j; ';5 = How do they compare with
S T 0 | o e known radius (EM charge
1
by (fm) radius, mass radius, ... )?
mm) Proton radii of quark and gluon spatial " Tomographic images in
density distribution, r,(x) & 7,(x) slides of different x value! >

16 Jefferson Lab



Properties of GPDs

d “Mass” — QCD energy-momentum tensor: Ji, PRL78, 1997

1 v a \2
g" (Fpn)

THY = " i HV g (NHV) w0 pv a,un pa, v
— Z ; with Tq =Yg iy D", — g wq(ny.D—mq)z,bq and Tg — o _|_Z

1=q.9
[ Gravitational form factors:

prpv iPlig)A ARAY — ghv A2
+ 10— 4 D;(t) g

m 2m

W 1T pY = a(y) [Az«t) £ mat) gW] u(p)

4m

(] Connection to GPD moments:
Related to pressure

1 - 4 A . .
/ dxa?Fl(x, E t) - <p/|TI++|p> - ﬂ(p’) [(AZ i £2Di) ,Y—}— 5 (B1 . €2D1’) Lo ] u(p) & stress force inside h
LIt S S 2m Polyakov, schweitzer,
1 ! Inntt. J. Mod. Phys.
/ dra H;(x,€,1) / dex E;(z,&,t) A33, 1830025 (2018)
-1 -1 Burkert, Elouadrhiri, Girod
d “Spin” — Angular momentum sum rule: Nature 557, 396 (2018)
. 3D tomography
J; = lim do o [Hy(x,&,t) + Ey(x,&,¢)] = Relation to GFF Y x-dependence
t=0J 1 Angular Momentum of GPDs!
1= ,
17 @9 Need to know the x-dependence of GPDs to construct the proper moments! _Le,f_ffe’.gon 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 )

* Lowscale t: probes non-pert. hadron structure o
18 Factorization .g_e,f,fe-r)son Lab



DVCS at a Future EIC (White Paper)

. . Y*+p—=y+p Y*+p—=y+p
U Cross Sections: o o et
’Y* v Mﬂnn 20 GeV on 250 GeV L 5 GeV on 100 GeV
&; 103 L +,+\*\ E N> - ﬂ"‘\kt* det =10 fb-1
[ * [
(O]
2 102} 5
Q- N
- 3 8
/ o) 1k o)
p p © ©
2
t=(p—9p 0.1 I a—— T —
(p p ) 0 02 04 0.6 0.8 1 12 14 16 0 02 04 06 0.8 1 12 14 1.6
Itl (GeV?2) Itl (GeV?2)
J Spatial distributions:
1 T T T T T T T 0.6 T T T T T
Y'+p—=y+p 0.01
0.55
20 GeVon 250 GeV  Q°=4.08 GeVi coe & 08¢ & 0.5
=7.28 GeV> —— = =
=12.9 GeV? —— = = 047
& E 0.6 E
-g & & 03
N | 0 1
I~ 0-5 ot 0.4 ¢ 1.6 1.8 = 02 | 1.4 1.6 1.8
Ro) ) o
~~ x x
0.2 | 0.004 < xg < 0.0063 ] 01 [ 0.1<x3<0.16
- 10 <Q%/GeV2< 17.8 10<Q%/GeV2< 17.8
4 : A 0 - - - - - 0 , . . . . . ,
0 0?001 0.01 0 02 04 06 0.8 1 1.2 14 16 0 02 04 06 0.8 1 1.2 14 1.6
Xg br (fm) bt (fm)
Effective ”proton radius” in terms of quarks as a function of x '
P q B Jefferdon Lab
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Imaging the Gluon at the EIC (White Paper)

J Exclusive vector meson production:

. Y*+p—=>Jhp+p Y+p—=Jp+p
Y vV “«— 104 . . - - « 103 : . . .
/ 2 fLdt = 10 fb! S fLdt =10 fb!
- % 103 20 GeV on 250 GeV | % 2 5 GeV on 100 GeV
z+¢ z—¢ ] ]
/ f %\ ) G E
x 10 x 10 ¢
. N, 2 2
p p o ®
b = (p _ p/)2 ; 10 £ 0.0016 <x, <0.0025 ; TF 016<x,<0.25
3 15.8 GeV2 < Q? + M3, <25.1 GeV? 3 15.8 GeV2< Q? + M3, <25.1 GeV?
o v o J/‘l])
m 1 ) L L ) L ) L a1] 10-1 \ . . ! ! 1 L
EI Spatial distributionS. 0 0.2 0.4 06 0.8 1 12 14 1.6 0 0.2 04 06 0.8 1 1.2 14 1.6
) 4 (GeV?)  (GeV?)
7 T T 25 T
0.03 0.03
6
a o 0.02 o 0.02
£ R -
< T Y ry
c 3 2
¥e X 3¢ ad ]
. T r 1.6 1.8
> Z 2 <
X
m
0 S ' 0 —
0O 02 04 06 08 1 12 14 16 0O 02 04 06 08 1 12 14 16
br (fm) by (fm)
- . ” . ” L -
5o The brspace density for gluons ‘ Effective “proton radius” in terms of gluons Jefferéon Lab



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

J Amplitude nature: exclusive processes

21

X ~ loop momentum

1

M [ deF (0 Ol Q/w
—1

never pin down to some x

1 “Shadow GPDs”

15

P& 2 Feen+S@en  mpiM

=== GK model
J K+ NLO shadow

0.0 0.2 0.4

0.6 0.8 1.0

= (GK model

T == + NLO shadow

with

1
-1

x—&+ie

Blue and dashed
Fit the same CFFs !

PRD103 (2021) 114019

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

At LO, DVCS hard coefficient factorizes

C(z,§Q/pn) = Co(Q/n) - Cu(z,§) ox

F(x,€,t)
1 r—&+e

1
r—E&+1ie

= CCFO (5‘7 t)??

also true for most other processes
x-dependence is only constrained by a “moment”
easy to fit to the data




Inclusive Process vs. Exclusive Process

 Deeply Inelastic Scattering (DIS):

PDF f(x) o
r=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

22

U Deeply Virtual Compton Scattering (DVCS)

q q/
k K
&
. (k+ k)T
YN T )t
_ o\t
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_fe-r:son Lab



What kind of process/observable could be sensitive to the x-dependence?

J Create an entanglement between the internal x and an externally measured variable?
= Production of two back-to-back high pT particles (say, two photons):
" (pr) + P(p) = v(q1) +v(q2) + N(p')

=  Kinematical observables:

c t=(p-—-p)> Hard scale: g7 > Agcp
« E=(@ —-p'"")/(pt+p'") Soft scale: t ~ A%zcn
= Factorization: Qiu & Yu, JHEP 08 (2022) 103
l " 1 ‘ ‘ [suppressing pion DA factor] "
M (2, &, 97) :/ do F(z, &t p) - C(z, G qr/p) + O (Aqep/qr) at i dgg M (L, ¢ qr)]

—1
T ‘ X < dqr
qr distribution is “conjugate” to x distribution

I (q1) - Y(q) "
hp) /. | 7(p2) h(p) s | 7(p2) + photon-meson pair,
] \h(p), f ‘\h,(p,), meson-meson pair
23 A ) (@) .g_e,f,f./e-gon Lab



Single-Diffractive Hard Exclusive Processes (SDHEP)

: : : . Qiu & Yu, JHEP 08 (2022) 103,
1 Two-stage diffractive 2 — 3 hard exclusive processes: PRD 107 (2023) 1, in preparation

" Single diffractive:

h'(p) @ / Clq1)
@ meees) D _—~ >
h’(p) Q - — PrObing its structure
A* —p—17 1Y without breaking it!
(pr=p—p) B(ps) = ey, T
h(p) — b (p") + A*(p1 =p — ')

t=@p—-p)°=p] D(q2)
" 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(p2) = 1 (p") + Clq1) + D(g2) _
24 Jefferson Lab
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Single-Diffractive Hard Exclusive Processes (SDHEP)

Qiu & Yu, JHEP 08 (2022) 103,

1 Two-stage diffractive 2 — 3 hard exclusive processes: PRD 107 (2023) 1, in preparation

EM form factor

A*Q *
7(;;1)

Bethe-Heitler-type

> 3 parton connection:
Power suppressed

Energy >> virtuality
—— " To be factorized into GPD

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

25 Jefferson Lab



General Discussion on n=1 state: y*

: iu & Yu, PRD 107 (2023) 1
Q Exchange of a virtual photon: Qiu & Yu (2023)

MW = ?(h’(p’)lJ“(O)lh(p» (C(g1)D(g2)]J(0)| B(p2))

2 , T =3 e Qi s
= —F*(p.p") Hu(p1, P2, 91, 02)

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

y v
10" p1y

_ 1h — I\ h —
=1 @) u(p)y ulp) + 15 () u(p) 2my, u(p) Forbidden for » — 1 (or W — P ) transition GPDs
]
Has a leading component, F'" oc O(Q), as h-h’ fast along “+” Or not allowed by i1
1 1 _
FTH™ = o7 Ft(pfH™) = o Fr(pr-H+pi-HL—piHT) ~ OW/]t]) Leading power of F'-H
1 1
‘ MWD ~ 01 //t) Higher power than n=2 contribution, but, higher power in power of oy
M~ 0(1/Q) MY /ME ~ OQ/V]H)
If we neglect contribution from n > 3, Mégﬁép ~ is up to corrections at O(+/|t|/Q?)
26 g?egon Lab



Factorization for SDHEP in the Two-stage Paradigm

o Qiu & Yu, JHEP 08 (2022) 103,
 Factorization for 2-parton channel factorization: PRD 107 (2023) 1

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

EF— kT £i0(Q)
Glauber wmm) 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

27 Jeff.e-rgon Lab



Exclusive massive photon-pair production in meson-hadron collision

J Factorization formula: 7 (pr) + P(p) — v(q1) +7(g2) + N(p) Qiu & Yu, JHEP 08 (2022) 103

we = [ e [P (1, €. 0DGEIC™ (21, 22) + Fih (21,6 D(22) 0 (21, 2)] + O(haenar)

D @ Similar factorized form
L 0 0% for SDHEP with lepton,
-~ P2 photon beam
22Dy
lq PRD 107 (2023) 1
2

4

Flfe (21, 6,1) = / W izs ™ (N ()| d(0)7 (0, 5™ w2) uly ™) IN ()

= L G 0 G )y ) — B (21, 6.8) 8(0) TP ()
2P_|_ NN 1,6 NN 1,6 2mp 3
u dy_ iz ATy ™ 10— —
FN%(zl,&t)zfze ATV(N'(p)d(y )y @0,y 5 wa) u(0) [N (p))
1 U — U _ Z‘fY50-+aAa
—”ﬁ[HN%V/(Zlaﬁat)U(p/)7+75u(p)—EN%V/(Zlaﬁat)u(p/) om, U(P)]
. D
28 Jefferson Lab



Exclusive massive mhoton-mair production in meson-hadron collision

[ Challenge for QCD factorization: 7 (px) + P(p) = v(q1) +v(g2) + N(p') A~mg/Q, Q ~ qr
Gluons in the Glauber region: ks = ()\2, A2 A)Q Transverse component contribute to the leading region!
ERBL region ki = (1, A% A @ DGLAP region
(Efremov, Radyushkin, Li=(2%1,0)Q

Brodsky, Lepage)

%
(1 —2)p—ks)?+ic ki —ie

1 R 1 Pinched!
] + kg)? 4 ie ks + e
— — ———  No pinch! (2p + ks °
ki+ks)?+ic  k;
( 1) Jlr e Same conclusion if k, flows
Through N’! Jefferéon Lab

% -
29 (l; — ks)? +ic —kT +ie Jef



Exclusive Massive Photon-Pair Production in Meson-Hadron Collision

3 Factorization: T (px) + P(p) = v(q1) +v(q2) + N(p')
1

1

—ks + 1€
/ +ks + 1€
(1 o Z)p s ,
N \ - N k; is pinched around 0

1

— kT +ie

Only pole for k}

DGLAP region: pinched

Deformation out of the Glauber region:
ky =k —i0(Q)  wep kg~ (1,02 0)Q

Works for both ERBL and DGLAP regions!
30

Collinear region

Qiu & Yu, JHEP 08 (2022) 103
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Why single diffractive?

J Double diffractive process |

Glauber pinch for diffractive scattering / —ks +ie
L —z1)p1 — /
Mo +hs +ie M

Both ki and k;

are pinched in
Glauber region!
- Break of factorization
Ny (1 ]“ Z9)p2 + ks \ Ny
Factorizable if all pion momentum 1 .
flows into hard part kT e kT 1 e

(d Compare: Drell-Yan process at high twist:

Only the 1°t sub-leading
twist is factorizable!

Qiu & Sterman, NPB, 1991

Py

31 Factorizable Non-factorizable Jefferson Lab



Numerical results

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

- B 2y 1.267 2z (1 — x)”
i, N — 0 0.45 (t/GeV?)
p (xafa ) (.CC)LU B(1—|—p,1-|—7'>

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)

32 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 v
O-tot dO-/dQT gr [GeV]
some Shape fU_IlC 1.1:- (€) E,=150GeV, (t & =(-0.1 GeV?, 0.1)
g | 1
¥ 1.0f— ]
V3/2 do s / \
Otot — dgr ——— S nal — (-03,2.24), (-0.22,2.33 ]
; /1 GeV ! dtd€dgr =o9r T - : ]
g [ — (0.5,2), (0.5,2) 1
2 08 — (0812, 08 12
- (1.5,03), (15,03 COMPASS
0.7_' PR TR TR SN N S T T R AN S T S S [N S SR S SN SN T R SR SR NN R |
1.0 1.5 2.0 2.5 3.0 3.5
qr [GeV]

33

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] —
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Exclusive Photo-Production of a ry Pair — Hall D at JLab

3 Process:  (py) + h(p) = 7= (q1) +v(q2) + ' (p)

First introduced by G. Duplancic et al. [JHEP 11 (2018) 179],
No contribution from gluon GPDs

] Factorization:
Proved to be valid when g7 > /|t| 2 Aqco

 Polarization of photon and hadron:
do 1 do
dlt|dédcosfde 2w d|t|dédcosh

+ ( Ayr cos2(¢ — ¢s) + An CALrsin2(¢ — ¢s)]

Unpolarized cross section:

o NU(1-g)
dlt|dédcos®  32s(2m)3 (1 + &)2 vy

Spu = |CH2 4 |12 | cF])2 4 o)
34

dtdédq?

or

dtdéd cos 6




Exclusive nt¥ Pair Production — Phenomenology

J Impact of shadow GPDs:

35

N

(9]

S
p—
(94

=
F(a,6t) = Fa, &) +S@.&t) 2
f%“ .
. 1 G
with d S(.%’, 57 t) 0 [ P
ZC - pum— OI _2-_ ! '_' _— HOZ}{GK !
1 r— & +ie S RN S Hy=Hox +50 5 %
:E _4:_ """" H2=1‘[GK+SZ ','."\
L e H3 =I‘{GK+D E
‘ -1.0 -0.5 0.0 0.5 1.0
X
I'"'I"'.'I."."I""I'! 35:_"' —rtr r r r ] r r r 1 r 1T _:
7~ 200 Absolute g7 distribution : Absolute cosé|distribution :
> - _ 2 g 30F ]
8 Lt 02 GeV , é,‘: 02 E t= __0-2 Gevz’ ég — 02 E
S — (Ho, Hy) -~ (H, H») 250 ;
£ 100} ] ) 1o, Ho) - (Hy, Hy)
; I - (Hl;Hl) """ (H35H0) 20' - - ]
S E o\ iy, Hy) (Hs3, Hp) 1
e
.S
b
uol

do / dt d¢ dcosé [pb/GeVz]

H(x, -0.2 GeV?, -0.2)

~1 do / dcosf relative to GK

ar
o= - ——
_2'_ _‘ :' — Ii[ :I:IGK ) '.‘ i
: \_‘: """ Hy{|=Hgk + S ‘.‘,‘
_4-_ | ,")“»,‘ """ Hy = Hek + 5> "'l'.
10 05 00 05 1.0
X
13 " ;
. 2; Relative cos6 distribution ]
1.1 E_ S eemTTITTIE _E
i A ]
1.Op— e ST :
0.9F " {2 _02GeV? =02 ';
0.8f N S
[ — (Ho, Hy) (H>, H>) "]
0.7.' ~ ~ : 7
s (Hy,Hy) (H3, Hy) ]
0.6f ]
-06 -04 -02 00 02 04 006
cosb

Jefferson Lab



Exclusive nt¥ Pair Production — Phenomenology

d Asymmetries:

012-Forward—backwardzwynnnenjf ]
—0.1F t=-02GeV?, £=0.2 h
= [ — (Ho, Hy) -~ (Ha, H>)
s -0.2r .
L.e IIIIIIIII
£ -03F — . .
Y [T .
~04F T ]
N ] :
1.00 1.05 1.10 1.15 1.20 -06 -04 -02 0.0
qr [GeV] cosf
. Asymmetry Ay distribution L O vmmetev 4.« et
0.00 )\ yAir Qistribution - Asymmetry Ay, distribution_ _ _
L -7 ] 0.8F JEET e A

—0.05¢ e et T ]

5 —0.10¢ JPPEIP S ]
< ; 5 _
U LTt =10.2GeVS, =02

—0.15¢ e ]

— (Ho, Ho) -~ (H,, Hy)

~0.20f -7

-06 -04 -0.2 0.0 0.2 04 0.6
cos6

36
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0.0

F t=-0.2GeV?, & = ON ]

—-0.2}

— (Ho, Ho) - - (Hy,|H>)
e (H, HYy) (H3, |H o) 1




Exclusive nt¥ Pair Production — Phenomenology

] Sensitivities on GPDs: e _ e :

G 40y Absolute cos6 distribution | 0.1} Forward—backward asymmetry
> | t=-02GeV?, £=02 ] Ft=-02GeV?, £=02
Q I _ . 1 O'OZ — (Ho, Hy) — (Ha, Hp) (Ho, H1)
a 30_' — (Ho, o) — (H3, Hy) i S _0.] s y y y
GPD models < [ — (Hy, Ho) (Ho, Hy) ] :‘Z’ N — o Ho — (. Ho) (Ho, H12)
. .q- o | ] B
= simplified GK model S 20f — (Hy, Ho) - (Ho.H)) ] B 02
= ; < 03
. . St ]
JLab Hall D is exploring T 10p /1 -0.4
these opportunities ©o ] —05p oo
—06 —-04 -02 00 02 04 06 1.00 1.05 1.10 1.15 1.20
cosf qr [GeV]
T _ LOf " _ —— .
_0.2} Asymmetry Ayr distribution ] 0l Asymmetry Ay, distribution ] 0.05F Asymmetry Ay distribution '
[ — (Ho, Ho) — (H, Ho) — (Ha, Ho) I 0 6 0.00¢ —
~0.4f i i ] O ] :
 —— (Hs, Hy) -~ (Ho, Hy) - (Ho, Hy) - [ : _ a
I 3 0 0 1 0 2 ] j 04_ t = _02 GeVz, é, — 02 ] 5 OOS/ |
_ I I | < -o0.10f -I
02— : ; ) _
- ] : t=-02GeVZ £=02
0.0k 1 -0.15¢ i i T
[ — (Ho, Ho) — (Hy, H)) — (Ha, Hy) ] — (Ho, Hy) —+ (Hy, Hy) — (H>, Hy) ]
—0.2F i N N ] —-0.20¢f 3 N L
[ — (H3, Ho) (Ho, H1) (Ho, H») ] : — (H3, Hy) (Ho, Hy) (Ho, H2) 1
- A ' 0,25 |
-06 -04 -02 00 02 04 06 ~06 -04 -02 00 02 04 0.6 -06 -04 -02 00 02 04 0.6
cosf cost cosf

.y
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QCD factorization beyond the leading power

. . . Lee, Qiu, Sterman, Watanabe, 2022
J Heavy quarkonium production at high P;:

dohh' = 7/ (P)X , , NRQCD:
: =P ) Z[:] Fetni e © zb: / Fa fafnlEa: biy) / &2 Forne (@, 1f) Foetn) /5 = (O (0))
~ esum7 ~NRQCD ~Asym Z[] — ~a[2S+1 7 [1,8]
y Edo-?b%cé[n](P)X N Edo-ab—wé[n](P)X B Edaabicé[n](P)X celn] = ce[™ T L]
d3P d3P d3P
= PQCD factorization + FFs: k= (v, a, )18 = (41 A g yTad L8]

da.Resum

ab—ce[n](P)X dz dOA_ab Flps) X A
B %Z/;Dfﬁcc[n](zaM?)Ef Sl (2,pp = Plzu}) —
f

dgpf U / B .
[ce(r)](pe) X

d3 P
dz do b
T Z / ?D[CE(“)]_WE[”] (Z7 M?)EC d3 (Zapc — P/Za M?)
= PQCD fixed-order: [cE(r)] Pec Kang, Ma, Qiu, Sterman, 2014
~NRQCD
E daab_)ca[n](P)X Known to NLO d(}ﬁbsirgé[n] (P)X da-cljbfi?c(;[?z](P) X
d3 P When Pr > me, E Bp cancels FE Bp
= PQCD Asymptotic contribution:
45 o secin) ()X d5 o eein] (P)
~ Asym ~ Resum ab—ccin ab—scéln
Edaab—mé[n](P)X _ Edo-ab—wé[n](P)X When Pr > m., E P cancels [ 5P
d3P ng fixed order >
38 Jefferson Lab



Renormalization group improvement

] . Kang, Ma, Qiu, Sterman, PRD 90, 034006 (2014)
(1 Renormalization group:

d_ | L Bub ey (p)x
E ab—cc|n _ 0 . ]
dln ,Lbfc BP To be accurate up to the 1st power correction

O Modified evolution equations:  NRQCD: H = 5+ LL®)]

IDQG(n) = H
Oln p3

= Lioam)—1amx) @ Ploax)—H

DGLAP-type: Heavy quark pair produced at the hard scale

Y 2 Ve
OD(j)~n %—%
— / D¢ v
Jln 112 Vif—1r) © Lif—n N e
ki &7 N7 P

T111-100)] © Plgw)—H

1

_l_
0

R e]e)

Heavy quark pair produced between the hard scale and the input scale

Modified DGLAP — inhomogeneous evolution

2
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Single inclusive high P; J/y-production in hadronic collisions

—_ ]. 07 - m
. R . CDF 1.8TeV |y| < 0.6 (x107%)
O Test the consistency: ?‘5 = e
i A ALICE 5.02TeV |y| < 0.9 (x1072)
p+p—->Jiw+X E 102 ® ATLAS 5.02TeV |y| < 0.75 (x1072)
[ ® ATLAS 7TeV |y| <0.25 (x1071)
14 > PDI? PT > Mg/ o] : X CMS 7TeV |y|ZO.3
—_— P I ALICE 7TeV |y| <0.9
)_ FF > ) ]_ 03 - % ATLAS 8TeV |y| <0.25 (x10)
p iy NLO LO X Ky.p 'E P ¢ CMS 13TeV |y| <0.3 (x50)
= PDF% / / S [ ® ALICE 13TeV |y| < 0.9 (x50)
dopips g/t x D% ¢ D% <o 1 0'f
de zfi/p ®fj/p ® [ k & 1j—k + ce & ij—mE} 3
~
S 101
O Input FFs from NRQCD:  Ma, Qiu, Zhang, PRD89 (2014) 094029; = 107
ibid. 94030 '
. - 1) . T
Dy, e m, po) Z s {dfe[QQ(n)](Z’ m, por ) M 10-3E,
[00(n)] (O () —
a - _ [00(m) HA - Knio=2
S 2 2
k =vl, gl ¢, p = 25+IL L] * T df*[QQ(n)](Z’ . fo )+ @(aS)} m2LA43 ? 1.5} .
)
b= i
_ ; = 7(0) ; = - * s
Diogep-i@mb) = 2, {d[QQw]—»[QQ(n)](Z’m’ Hor ) = 1.0y MQ $E Ry
[00m)] ; oo 0.5
" 01000 HA)) o UV.or p
% 41 _ o | {Clogm(Ka
5 Yoswr-0om™ m”“””AH@(as)} 2Lt = 0.0
Mo = O(2m): input scale, pu, = O(m): NRQCD factorization scale 0 20 40 60 80 100 120
a1 (1 — 2)s pr |GeV]
40 af f Lee, Qiu, Sterman, Watanabe, 2108.00305, 2211.12648 Jefferson Lab



Matching to fixed-order PQCD calculation

U Leading power logarithmically enhanced
contributions start to dominate when
Pr Z 5(2mc) ~ 15 GeV

1 Next-to-leading power is important for
5(2mc) 2 Pr 2 (2m.)

O Matching to fixed-order NRQCD calculation
PT ~ (2mc)
NLP term is necessary for the matching

O Further improvement by exploring the FFs
Use the medium as a filter?

41

Lee, Qiu, Sterman, Watanabe, 2022

Matching
region

CDF 1.96 TeV
® CDF 1.8TeV (x0.1)




Joint factorization beyond QCD - important for observables at EIC

e (ku/)
[ “Probe” for the hadron is smeared by the induced QED radiation: T
Data sample : Int L =10 fb-1, Kinematics settings: 0.01<y<0.95, 102 GeV2<Q?2<10° GeV? ¢ |

X (@,
P,
See Xiaoxuan Chu ek,”
@2 EIC YR workshop
X (p,)
trueY lrueé)‘?2 [GeVg]o ° qN — m
. o — ° . 2 2 /\2 A2
Instead of a straight line — linear correlation, Q*=—¢* - Q*=—§
the kinematic variables, y, Q2 , xg, from the leptons are smeared so much 02 A2
. . rg = — T =
to make them different from what the scattered “quark” experienced! B~ op.g B~ op.§
42 lll-defined “photon-hadron” frame?!



Inclusive lepton-hadron deep inelastic scattering (DIS)

. . . . «“ _ ” . - . Liu, Melnitchouk, Qiu, Sato
 Collinear factorization with the “one-photon” approximation: 200802895, 2108.13371
ek,
d?oip—0rx /1 ac [* ° ip
~ =) dg D Cv :u2 f 57 M2 -
dz pdy o C S, Do el S [,
dra® .. . A N P . A
x =g PP (a5, Q) + (1-§ - 3°37) Falin, Q%))
IpyQ* 4
X (@,

P,
104+ /s = 140 GeV 2 =0.1
® QED radiation prevents a well-defined “photon-hadron” frame ~10%} Pl
= Radiation is CO sensitive as m./Q — 0, factorized into LDFs & LFFs g L —=0.001
N Szt T
" Hadron is probed by (zp,Q*) — (&5, Q%) =
(
101 L
. ~ 1— A 1 0.01 <y <0.95
b 10° 10 10 10°
: : : . .. . Q?* (GeV?)
A simple RC factor at x; is necessarily sensitive to hadronic information from [xg, 1] !
g
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Quantum evolution of LDFs

_|_
0 DGLAP evolution: £ = —<ecpron(aner) (k)q
llepton y
,y*
e (1) !
QED part Mixing part >

( ( 5(1,0) p(2,0) p(1,0) B(2,0) p(2.0) p(2,1) ) (
f;/e(éa /’tz)\ Pe(e )Pe(é )Pe(}/ )Pe(q )Pe(cj )Pe(g ) f:e/e(é’ Mz)\ il
g 2 PQ’O)PQ’O)PQ’O)PQ’O)PQ’O)PQ’I) g 2
Judo o) (e T o Pea P Va0 PR —
0 fj‘//e(fa/’t ) B P},e’ P},é’ P}’)/, qu’ qu’ Pyg’ ® f)‘//e(éa:u ) - o= m ~ 13GeV
2 N (2,0) p(2,0) p(1,0) p(0,1) p(0,2) p(0,1) 2 : ‘
6ln,u fq/e(éaiu ) Pqe Pqé qu qu qu qu fq/e(éal’t ) E QED evolution
fl&md| | PEOPEOPLOPODPOLPOD [ £ (£ u?)  from m, to g for
' estimating
foe&osD) | PEOPEOPLDPOIPODPOD ) ([ & %)  nonperurtive
Mixing part QCD part | . 0.5 eV
m, ~ 0.5 Me
Splitting functions in QED+QCD:
= Oem, 2 " g 2 " ~(n.,m = n,m
Pz'j(faNQ): Z ( 27(T,u )) (#) Pfy )(5)5 Z Pzg )(fa,LLQ)
44 =0 rm=0 J)e,f,f.e-r:son Lab



Lepton distribution functions (LDFs) after evolution

u? = 3GeV? 1? = 10% GeV? 12 = 10% GeV? Qiu, Watanabe

L. E . ~ . . .
102 L =~ Nno mixing 102 _\ \\ no Mmixing 102 A ~ no mixing N prepa ratlon

SR3-

~

.

- ¢ u =T (&

et d - bRy

E oy e s — g \:'\:\ \\ ......

6L " " L, | 10—6 ! ! !
10~4 1073 1072 1071 10° 10~ 1073 1072 1071 109

§ §
u? =102 GeV? p? = 10° GeV?
— . ~ .
s ~ mixing 102F mixing

10°F

S N ; o
=107 el 1072 1072 RIS
R ~~~~~~~~
) {————— L ) P
107% v g e T N\ 1077 075 o e g N
...... g — oy e g —— g '\_
10-8= 3 3 ey 1070 =3 =) T o 1070 3 3 T 0
10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

QED (QCD) evolution is slow (fast) due to the weak (strong) u-dependence of @em(as)
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Photon LDF vs. Weizsacker-Williams distribution

. 12 = 3GeV? . 12 = 10% GeV? . 112 = 10° GeV?
10 10 10%¢
—= WW distribution
— Photon LDF -
10 — Electron LDF 100% 100k
(@] [
< i
0 e [ S 10 o
W3 S s et S 2 I e b B _
1072 1072} 1072}
_3 L PR | L PR | L PR | L PR _3 L PR | L PR | L PR | L PR _3- L PR | L PR L PR | L PR
o075 102 10 10 Yo7 1075 107 10 100 Vit 107 102 10T i
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Weizacker-Williams (WW) distribution at LO with MS-scheme: minderer, schiegel, Vogelsang, PRD92, no.1, 014001 (2015)
ety = %mp o | (L= ) = 1| + 02
yil & puo) = > yl(é) n > |~ + O(ag,)
V1 &2my

®* Photon LDF is smaller to WW distribution, but different because of the resummation of large logs, and

higher-order corrections, suchas ¥ — €7 e~ ,¢7q, ...

* Photon LDF depends on our purely QED evolution from m, to p; a global fitting could systematically

improve the "red" dashed line.

Qiu, Watanabe
in preparation
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Lepton-hadron semi-inclusive deep inelastic scattering (SIDIS)

 QED factorization of collision-induced radiation — collinear: Liu, Melnitchouk, Qiu, Sato
2008.02895, 2108.13371
d°0yr) P(S) st P X ! d°sy, e
(Ak)P(S)—k'Pr X m,
EvEp.—— 3y 4p, z,\: o 2 D11 / i@\ BeBr G, | OG0
J k=LK'=t /¢
= |eading power IR sensitive contribution is universal, as M./ — 0, factorized into LDFs and LFFs
" IR safe contributions are calculated order-by-order in powers of a
" Neglect m./(Q) power suppressed contributions
" Collinear QED factorization for both inclusive DIS and SIDIS, or e*e;, ... [global fits of LDFs, LFFs]
d “One photon”-approximation Hybrid factorization: CO for QED and TMD for QCD!
d60'e()\ ' 1
¢)P(S)—s¢ PhX / _§ D

X

g §? 42 )
2p€C [:&Bg@ 2(1 — ) ( ) anF (&5, @7, 2n, Pir)

\ J
|

Apply a (£, ¢)-dependent Lorentz transformation: Evaluated in a “virtual photon-hadron” frame

{Q7P7Ph} {Q7P7Ph} >

47 (5’ C) In a frame to compare with exp. measurements Jefferson Lab




Lepton-hadron semi-inclusive deep inelastic scattering (SIDIS)

(d Two-step approach to SIDIS:

One-photon approximation

1) In “virtual-photon” frame, defined by G(&,() — p

" TMD factorization when JB% < @2
®  CO factorization when ﬁj% ~ (2
" Matching to get the ]3T-distribution
2) Lorentz transformation from the “virtual-photon”

frame to any experimentally defined frame
— lepton-hadron Lab frame, Breit frame (xg,Q?), ...

QED contribution (not correction) can be
systematically improved order-by-order in power o!
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Liu, Melnitchouk, Qiu, Sato

U Case study F:
2008.02895, 2108.13371

do B
dz dy dip dz dgy, dP?|
a2 y2 72 Ccos Pp,
zyQ? 2(1—¢) (1 + E) IZ UU;T +eFyy,L +v/2¢e(1 +¢€) cos dp Fyypy

+ € cos(2¢y) FLC;Z?Q% + e V/2¢(l —¢) singp ing}(ﬁh
2e(1+e) singy F3n % + esin(2gy) Fon20n

+S)Ae | VI—€? Frp +/2¢(1—€) cos ¢y Fz(zs%

+ S”

+181|

sin(@, — gs) (Fope~* +e Fypg )
+ ¢ sin(dp, + Ps) F[s]i;(¢h+¢5) + & sin(3¢n — ds) F(S]i;(3¢h—¢s)
+v2¢(1 +¢) sings F[S]i;(ﬁs + v/2¢(1 +¢€) sin(2¢p, — ¢s) F(s]i;(wh_%)]

+ S 1| e [\/ 1 — €2 cos(¢p, — ds) Fz(;f(¢h_¢5) +1/2¢(1 —¢€) cos ¢g Fz‘;f"ﬁs

+V/2e(L =€) cos(2gn, — 95) Fi7 ) | b e er@on Lab
’__’—
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Lepton-hadron semi-inclusive deep inelastic scattering (SIDIS)

Liu, Melnitchouk, Qiu, Sato
2008.02895, 2108.13371

do-gIDIS ' ' [ Ty ] [(271')2 a :02 h /42 A2 2 D
= d dé D X __ F 5, Q%2 P
dSEde dz dP,%T /C C g e/e(C) fe/e(g) Ty gc 5333) Q2 2(1 — é) UU(ZL' Q 2 hT)

min gmin((:) \ |
Y
Evaluated in a “virtual photon-hadron” frame

L Case study F;:

Unpolarized structure function:

Fly = x5 Zeﬁ /d2PT d’kr 6@ (pr — kT —ar) X fyn(@s, D7) Dpso(2, k7) gr = Pur/z
q

— Q = 3 GeV
—_— Q = 10 GeV

2 (a) O no RC/O'RC

(&, () - Dependent Lorentz transformation :
1.5¢

Effectively, a rotation in hadron-rest frame

= Solid — with Lorentz transformation
® Dashed — without Lorentz transformation
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Lepton-hadron semi-inclusive deep inelastic scattering (SIDIS)

[ Case study — single transverse spin asymmetry:

do B
do dy dip dz dgy dPE, .
a2 y2 ]_ + F T + sF L _I_ m COS ¢ FCOS ¢h ~em_0.3
@ 21—\ 2¢) ) VT vu :
.02
i =
+ecos(26n) Fyy 2 4 e V/2e(1—€) singy FS}I}‘“ & o1
%0.0
+ 8y | V2e(L +¢) sin gy Fyyp * + esin(2¢y) Fyp ™ .
%0.05
v/ <
+ S||)‘ 1-e2 Frp+ \/m ) cos dp, FL°S¢h tzzz
&
5 o
51| [sin(gn - ¢5) (Fopge %) + ¢ Fgph=) £
0.00

+ ¢ sin(¢p + ¢s) Fyy Sm (ntds) | . sin(3¢n — o) F[S}i;(3¢h—¢s) 5
2 0.006
<

i |

+v2¢(l +¢) sings F(S}I;% +1/2¢e(1 +¢) sin(2¢, — ¢3) F, sm (26n- ¢S)] &
gl

\E/O 002
Z

+1851[Ae !\/1 — €2 cos(¢n — ¢s) F, COS(¢h ¢s) 4 2e(1—¢) cos dg Fz%sqﬁs

}

j=1
f=3
j=3
(=3

FCOS(2¢h —¢s)

+ LT

2¢(1 —¢) cos(2¢p, — ¢s)
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Liu, Melnitchouk, Qiu, Sato
2008.02895, 2108.13371

0.0150

00125  °

0.0100} :

LO Sivers

LO Collins

—== RES Sivers

=== RES Collins

—— RES Sivers + Collins

0.0075
000504 Q? = 100 GeV?
0.0025
0.0000F === =m====3
0.1 0.2 0.3 0.4 0.5
Vs =140 GeV
zp =0.01, 2, =05
[Sr|=1
0.1 0.2 0.3 0.4 0.5 0.4 0.5
0.00030
0.00025
0.00020
0.00015
0.00010
0.00005
= ——umeARRATRRRRATRARRRRne) 00000
0.1 02 03 04 05
qr/Q

el
Jefferson Lab



Summary and Outlook

(J Reliable factorization is necessary for probing QCD dynamics with identified hadrons(s)

O Need for exploring QCD dynamics
O Need for probing hadron’s internal structure

( QCD factorization beyond the leading power is important and necessary

O Itis necessary for heavy quarkonium production where a heavy quark-pair is required
O Itis also necessary for better understanding of QCD multiple scattering (not discussed in this talk)
O New form of evolution equations and modified scale dependence

 Joint factorization between QCD and QED is critical for the EIC and high energy lepton-hadron facilities

O QED radiation is a part of production cross sections, treated in the same way as QCD radiation
from quarks and gluons

O No artificial and/or process dependent scale(s) introduced for treating QED radiation, other than
the standard factorization scale, universal lepton distribution and fragmentation functions

O All perturbatively calculable hard parts are IR safe for both QCD and QED

O All lepton mass or resolution sensitivity are included into “Universal” lepton distribution and
fragmentation functions (or jet functions)

| ,
51 Thank you! Jefferdon Lab



Inclusive lepton-hadron deep inelastic scattering (DIS)

Liu, Melnitchouk, Qiu, Sato

(J QED radiation effectively reduces the reach of the “hard” probe: 2008.02895, 2108.13371

1

A ~ 1 — y ~
g — &g € 2B, 1] 12nin:Q2ﬁ ?m:Qz(l—y+wBy)
12
Vs =4.7GeV Vs = 140GeV
10
S gl
> S e N 6 B 100
O NS
(4]
Q4 S I Ol 10
2t Q2. =1GeV?
0 10°f 107 102 10°¢ 100
mB

For example, for Q? > 3 GeV?, amount of the reach to the small-x regime is significant (red curves)!

Smaller x, more phase space for radiation, both QCD and QED! S
Jefferson Lab
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