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QCD Factorization:

Matching hadrons to quarks and gluons
with controllable approximations

The need for factorization

Inclusive cross sections with one, two and more identified hadrons

Factorization for exclusive scattering

Factorization beyond the leading power

Joint factorization of QCD and QED

Summary Jian-Wei Qiu
Jefferson Lab, Theory Center




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?



QCD Color is Fully Entangled

] QCD color confinement:

o Do not see any quarks and gluons in isolation
o The structure of nucleons and nuclei — emergent properties of QCD

Color Confinement Asymptotic freedom
| | | | | > Q (GeV)
20 MeV (10 fm) 200 MeV (1 fm) 2 GeV (1/10 fm) Probing
@ , i scale
e Asymptotic
QCD at the Fermi Scale: Femto-suence (0.1-10 fm) e regime
= The most interesting, rich, and complex regime of the theory! :: PQCD
, works
= All emergent phenomena depend on the scale at which we probe them! . beautifully!
1 QCD is non-perturbative:
Q P B-meson Atomic structure
o Any cross section/observable with identified hadron B (ub) e
is not perturbatively calculable! .
ot Quantum orbits
o Color is fully entangled!
Brown-Muck &Qan Lab



Theoretical Approaches — Approximations:

J Perturbative QCD Factorization:
— Approximation at Feynman diagram level

€ P
—r @ y o) X ~
@4— mm) ODIS ~
Factorization_‘ Parton-distribution Hard-part Power corrections
. . Theor “Structure” Probe Approximation
Q Effective field theory (EFT): Y pproXimaT

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

] Lattice QCD:

— Approximation for finite lattice spacing, finite box, lightest quark masses, ... with Euclidean time formulation
(removable with increased computational cost)

Hadron structure, hadron spectroscopy, nuclear structure, phase shift, ...

(d Other approaches:
Light-cone perturbation theory, Dyson-Schwinger Equations (DSE), Constituent quark models,

AdS/CFT correspondence, ... —>

Jefferson Lab



QCD Asymptotic Freedom

. (@7 1 47T
 Interaction strength: as(pe) = 5 s(p) o = -
L= Zas(u)n (53)  —puin (42
0.5 = QCD
! FEEER .
] Theory | = 2 K, and p; not independent
% (Q) [\} e 2 2 3 —
S 1 - -
1 Deep Inelastic Scattering | 2 A
< c*¢” Annihilation o ®
0.4 N Hadron Collisions ° 7
‘g‘ Heavy Quarkonia m| @ Asymptotic Freedom < antiscreening Discovery of QCD
1 \ (}C\: : 2 .
L let / ATy RTYR) QCD: ﬁg) _ ﬁ(gj) <0 Asymptotic Freedom
ch 275 MeV ——- 0.123 ’
0.3 o 04 20Mev— 0119 | 7 Compare
T L 1TS MeV —=-0.115 A 2 (O?)
~— )- £M /- — ~
QED: oIn0> /3(0.‘5.1:) 0
02 L - D.Gross, F.Willczek, Phys.Rev.Lett 30, (1973)
H.Politzer, Phys.Rev.Lett. 30, (1973)
' 2004 Nobel Prize in Physics
0.1} SRR
‘ Controllable perturbative QCD calculations

1 10 160 at HIGH ENERGY or short-distance!
Q [GeV]

el
4 Jefferson Lab



Infrared and Collinear Divergences

] Consider a general diagram:

p2 — O, k2 — O for a massless theory K
J,/I'JJ
> >

+ k-0 = (p—k)2—>p2:() p p—k

[

:> Infrared (IR) divergence Singularity

< kM pt = kP =Xp* with 0< A< 1
= (p—k)* = (1—=X\)?p*=0

:> Collinear (CO) divergence

IR and CO divergences are generic problems
of a massless perturbation theory

Jefferson Lab



Infrared Safety (IRS)

d Infrared safety:
2 2(,,2 92 9/ o\\ K
TPy (ii,as<u2>, m(“)) =6 (ii,as<u2>) Lo Km(ﬂ)> ]

Infrared safe = k>0

Purely perturbative calculations alone (exploiting asymptotic freedom)

are only useful for quantities that are infrared safe (IRS)!

 Cross section with identified hadron(s):

o Can not be calculated perturbatively!

o Solution — QCD factorization:
= to isolated what can be calculated perturbatively,
= to represent the leading non-perturbative information by universal functions
= to justify the approximation to neglect other nonperturbative information,
such as power corrections, ...
Jefferson Lab



Inclusive Lepton-Hadron DIS — One Identified Hadron

J Scattering amplitude: e(k).
_ : . o(k’), »
M(L250.q) = i@, (k') ier, Ju, (k) o i

(e

" (X[es(0)| o)

[ Cross section:

do"® =—[ j > > M(aa50.9) | T { d’l } Ak’ (2%)454[ili+k'—p—kj

X Ao i (27) 2E, |(27) 2E"

o™ 1 1Y
e LAY

 Leptonic tensor:
2

- known from QED: L' (k.k) =~ (kK" +K'k" ~k-k ")
72'

Jefferson Lab



DIS Structure Functions

O Hadronic tensor: 3 1 q
\ e
. 1 d4 iq-z T k Tk
W@, p,8) =~ [ d'z € (p,5]J(2)],(0)| p.5) ﬁz
O Symmetries: p P
<> Parity invariance (EM current) —_— W, =W, sysmetric for spin avg. Cut-diagram
<> Time-reversal invariance —_— w,, = W;V real
<> Current conservation —_— _ o —
u vati qﬂWﬂV_q Wﬂv_o
9.4, 1 P9 P9
w,, =—(gw - JFl(xB,QZ)ﬂLE(pﬂ 4 }(pv 4 F,(x,.0%)

: Voo S 2 (p'Q)Sa_(S-Q)pa 2
M HVP o | - . , s
tiM & qplip.qg (x 0 )+ (p.q) g (x 0 )]

[ Structure functions — infrared sensitive:

No QCD parton dynamics

F (xB’ Qz)’F2 (XB’Qz)’gl (xB’ Qz)’g2 (xB’ Qz) used in above derivation! ——
Jefferson Lab



Long-Lived Parton States — Necessary for Separation of Scales

J Feynman diagram representation of the hadronic tensor:
q

q q
VAN /:u VRN /K
ki k;
P P P P

1 Im(k?%)
 Perturbative pinched poles: ¥+z’e
Id4k H(Q,k)( 21 j( 21 jT(k,l) —> oo perturbatively —ie Re(k")
k™ +ie )\ k™ —ie A
1 Perturbative factorization: Light-cone coordinate: 1
Y + - L + — _— (.0 + 3
kﬂ:xpﬂ+k2+k£nﬂ+k;f o = (T v, v7), v \/i(v v°)
2xp-n
dx 1 1 1 k?
[E a2k, 1K =0) [dk’| ——— || ——— | Tt~ +0 (<2>>
X I k™ +ie )\ k™ —ie 7, 9
Short-distance Nonperturbative matrix element 7
2

Jefferson Lab
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Collinear Factorization — Further Approximation

[ Collinear approximation, if

Wy = Z/ (27:{:

—Z/d4

d4

)4

D e 0Dy (Gl + ) [ dtyet ol 0)uito) o) +

O ~xp-n > kT,\/k2

nywf (@,

/

k)Fg/p(k, p)}

~ zf:/dx Tr [Hf:*yf(Qa/ (;Z:;L oz — ]]:—)If/p ] Ol

0 0

)¢f/p$M)+

— Lowest order:

5((k+0)?) = sh50(—€) = 0 (v - 5%

U f/p<k,p>] +

(k%) (k%) .
Q2 oE ~~5-)+ .. —Collinear Approx.

— Spin decomposition

/d4k in line 1 is limited, no UV
But, factorization allows / d*k
to generate UV — Need UVCT(n)

to define parton distribution!

2
Jefferson Lab




“ _”

Gauge Link — 15t order in coupling “g

1 Longitudinal gluon:

U Left diagram:

p+dy1_ iz1p T (yy =y ), . Aa(,,— _ioaa ’7]92((33‘—33’1—333)’}/p—l—(Q2/2pr+)’}/n)
/dxl |:/ 2—7'(' e n-A (yl) M( th ) p_|_ (x_xl _xB)Q2/xB+ZE

1 1 : - - . < _
g [ LAty { [ dx. i 7 >] Mo ~ig [ dyr n- AyIM
.

—X1 + 1€

 Right diagram:
tdyT i gy 2 )y - .
/ d, [ / PUAYL ety Aa(yl_)] i((z + 21 —2p)y p+(Q°/2zppT)y n) (rig) P

27 (x+x1 —2p)Q?/xp — i€ pt
—Q/di" Ay [/dfﬂl - empwl_]/‘/‘ - z‘g/ dyTn- A(yT) M
Ir1 — 1€ 0
[ Total contribution:
. ” ~ — — O(g)-term of
—1 — dy; n-A M
g [/o /y ] 1 (1) Mro the gauge link!
11 .g_e,f,fe-r:son Lab



An Instructive Exercise for Factorization beyond the Leading Order

] Consider a cross section:

o(Q?*,m?) = og [1 + a I(Q*, m?) + (’)(043)}

 Leading order quantum correction:

Q) = [ ar?

0

[ Leading power contribution in O(m?/Q?):

1 1 Q2
I(Q%, m? :/ dk? +/ dk? +(’)(
(Q " ) k2< Q2 k2 + m? k2~Q2 k2 Q2 + k2

 Leading power contribution to the cross section:

12

o(Q%m?) = :

+0(a?)+0 (g—z)

m

pd 4

Long-distance distribution

2
®6+O(a§)+0(—

)

1 Q?
k2_|_m2 Q2_|_k2

1
1 s dk? 1 s dk?
o A2<Q2 k2 + m2] [ o L2NQ2 k2 Q2 + k2

Short-distance hard part

Jefferson Lab



QCD Corrections at the Next-to-Leading Order

(J NLO partonic diagram to structure functions:

2 k> ki ~0
oC j ! Dominated by {

k? oo
0 1 tAB

Diagram has both long- and short-distance physics

 Factorization, separation of short- from long-distance:

+
o g . 3
3 ¥ - )
| dk? = ﬂ:r + dic?
|5 5 ’ L
P - =

0 i1 -
C » -o= 0 cﬂcf 1
0 s

Same idea as the
Instructive Exercise

LO + evolution for Factorization

k2=

T{1) (o)
ELG v * dk"z y

13 A S



Factorization to All Order — One Identified Hadron

 Inclusive lepton-hadron DIS:

e(l) . /{(l' ) Long-lived parton state

\ =
h(p)
X
e(l) + h(p) — e(l') + X Time:
 Soft interaction — trouble maker:
Jet J direction: ny=(1,0,0,) Unitarity: oo |
Looplinlet): I~ (1,A3 N E; I s I s
Soft gluons: k= ()\2, A\ )\2) Q 3 * " |
Hard scale: Q~FE;~ V'S 1
§(1%) —— (13 :‘
Propagator in J: — l2 e l% T 1€ (12) = = J("':’\ ==
N2 | i 2 — !
(ry % ki)? e m vy = 2 f(h0)+ OO) i 5(02)502) — 5(12)5(12) L= Rl Y NotiR safe
Soft gluon pol:  JHi (L k;...) < iy’ |
14 0 Jef?egon Lab



Factorization at the Leading Power — One Identified Hadron

 Leading pinch surface - Inclusive DIS:

>

V]

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

q q
] Off-shell by Q m

Y Collinear “on-shell”

h(p)

h(p)

h(p)

e(l) + h(p) — e(l') + X

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

.« e . k=ap'
" Factorization formalism doDIS dé . A2
e e . . ef—eX 7 2 QCD
_|eading power: E’ }io)_: X(lapal,) — E /dZIZ' gbf/h(xaMQ)E/ 37/ (laka l,,/_L )+O 2
i f=a.q.9 d’l Q
ef—e ef—e l € € n—m
Yenormalization Hard part:  B'—% = B'—Loe (1, pi Z { Yy BT — = 0 (@17) J
|mprovement: f'=4,9.9
dos/n(x, 1?) b da! X 9 2 DGLAP equation
dochex /dlogu® = 0w =3 | TPy (Sannd) op @ i)
15 ~ex/ dlog p? 7 Ja I " g?egon Lab
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From One Hadron to Two Hadrons

(] One hadron:

Hard-part
Probe

|
>¢<®

] Two hadrons:

1

*°{ar)

Parton-distribution
Structure

Power corrections
Approximation

Predictive power: Universal Parton Distributions
Calculable coefficient functions




Drell-Yan Process — Two ldentified Hadrons

S.D. Drell and T.-M. Yan
Phys. Rev. Lett. 25, 316 (1970)

A(P4) + B(Pg) = v*(q)[—= ll(g)] + X with ¢ =Q*> AéCD ~ 1/fm? Before QCD

Lepton pair — from decay of a virtual photon, or in general,
a massive boson, e.g., W, Z, H?, ... (called Drell-Yan like processes)

GQ% 12
- :2®[“ ;]

B

(] Drell-Yan mechanism:

[ Original Drell-Yan formula:

=~u

dopspirx _ Amal, Q Q _
‘ db?dy+ — 3Q4 Z 17‘4(bp/‘4(fl?.4) chbﬁ/B(IB) Ty = .ﬁey rp = ﬁe v

PP
/
No color yet! Rapidity: y = ;In(za/25)

Right shape — But — not normalization
17 Jefferson Lab




Drell-Yan Process in QCD - Factorization

1 Factorization — approximation:

<> Require the suppression of quantum interference between short-distance (1/Q) and
long-distance (fm ~ 1/Aqcp) physics

mm)  Need “long-lived” active parton states linking the two hadrons

/d4p 1 1 s
“p2 +ic p2 —ic

Perturbatively pinched at pz =0

‘ Active parton is effectively on-shell for the hard collision
Pl = (pf vy par) ~ Q(LA%X)  with A~ M/Q
<> Maintain the universality of PDFs: ) .~ M < Q7

Long-range soft gluon interaction has to .k :
g-rang g on-shell: p2, pp < Q%
be power suppressed o - .
collinear: Pur. Pir < @7
higher-power: p, < ¢ ; and
Cancelation of IR behavior ot gt

Absorb all CO divergences into PDFs
18 Jefferson Lab

< Infrared safe of partonic parts:



Factorization at the Leading Power — Two Identified Hadrons

A(p)

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

Pinchin k & k’ ‘

“Leading pinch surface”
n “beam jets

14

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

“up — i i I .
to decouple CO gluons from “H Soft factor = 1 for CO factorization! .g_e,f_f./e-gon Lab

19



Factorization at the Leading Power — Two Identified Hadrons

(J 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(xl M) dO’f—i—f/—ﬂl’—l—X(xg[L"’M’ QS) Lo AQQCD
aQdy 4 G SR 1Q2dy 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 [
I (2) deform the other component out of Glauber region
1 1 . 1 1
e > (p =K +D2+ic (W =12+ +ie I+ +ie —It +ie
20 g?egon Lab



Factorized Drell-Yan Cross Section

[ Collinear factorization — single hard scale ( . ~ @ ):
dUAB

dq

doap

N /dxa fa/A(xm,u)/dxb fb/B(mbwu> qu(xmxbvaS(M)aN)—'_O(l/Q)

for g1 ~ @ or 4L integrated Drell-Yan cross sections: d*q = dQ? dy d*qr

 TMD factorization ( ¢. < () — active parton is still pinched to be on-shell:

do . ‘ S
(1;(18 B UO/de"Ldzk“dzk-ﬁoz((u —kar — k1 —ks1)Faja(@a,kar)Foyp(xB ke )S(ksy)
C
+O((1l/Q) LA = % eV rp = % e Y

The soft factor, &S , is universal, could be absorbed into the definition of
TMD parton distribution

 Spin dependence:

The factorization arguments at the leading power are
independent of the spin states of the colliding hadrons

‘ Same formula with polarized PDFs for y*,W/Z, HC...
21 Jefferson Lab



Factorization for More Than Two Hadrons

[ Factorization for high p; single hadron: Nayak, Qiu, Sterman, 2005
7, W/Z,(s), jet(s)
B p B,D, Y, J/{,m, ..
+ 0 (1/P;?)

B, pr > m 2 Aqep

d s Prs
GA”;ic(zjf - Do) 00, (va5)

dé,, .. (x.x'zy.piu )
dydp;

Same arguments work for
2 more final-state hadrons if
® Dc—>C (Z"LLF) .
every pair of hadrons have
an invariant mass >> Aqcp

< Fragmentation function: D . (Z, ﬂi)

<> Choice of the scales: Hrse = My = D7

29 To minimize the size of logs in the coefficient functions Jefferéon 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

23

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
105-
-
i R ¥
<
104 ; b 1 B0 DO 0 D D0 bb BPE . O 5 e o & ‘
k» PP PPERPPRRRD DOy ¥ QBP0 CEs 4O
B - aon 0 W o O
a aq bﬁ-x@;ﬁrﬂt— Ny PO DA My BN rg iR R rg;uﬁs e v
y v v Yy v v v v
< - o SoorernderrLorrEurs Lunis 'Avgb‘.w-g:t-:'Qt»bl:li--l: w2 <a¥ Y Yaa? Ya
103 - (Pt Yt st Jand e sty 0 Ooy)f 0§ 030 § ¥ Y ol S
e e o e o ¢ v
- 44 4 AP PP PP P BP0 DO MB D RICE KPS KD PP -“!mbs.\"q} ‘1 - ' ‘4 ; ; ‘
vy IYYYYY ¥V v v 4 | b4 v b 4 v
> Y YWWWYY Y v 4 ¥y v v Y
' AWE% S 53 §F % OB I % O} ...
bvvvvwv‘i v ; Y Y v S N Yeoooe
> R TIw % vy vev ¥ ¥ ¥
10 3 'v"v‘w' ’VVY Twyww v v v \J
werweve ¥y ¥ F 0§ u0H L
vwvm vy YV W hd v hd Yot ‘. Y ™
Y A2 I | v v v e
! v 7 ;’ v v v LN
“‘%”'i%&' Wo§ oY gy ’
w ¥ b 4 3
10! 4 A | ERER ;i 8 s
ww "m wWw v v v v v v
ywyy YW v Y v 4 ";. ial
WY YYVYY W v v v v v LR *
T T T T T
10-* 10-3 102 10-* 10°
X

Fit Quality:

X2 / dof ~1 = Non-trivial

All data sets

check of QCD

| 3706 / 2763 | 3267 / 2996 | 2717 / 2663

LO

NLO

NNLO



Unprecedent Success of QCD and Standard Model

Standard Model Production Cross Section Measurements

PP

Jets R=0.4
Dijets R=0.4

Y
w
Zz
tt

ti _chan

ww
Yy
Wt

w2z

zZ

ts—chan

Y

Zy

ttw

ttZ

tf‘y
Wjj EWK
Zjj EWK

25y

W*Wz_’i_‘ijWK
WZjj EwWK

24
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SM: Electroweak processes + QCD perturbation theory + PDFs works!



Nuclear Femtography

(] 3D hadron structure:

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

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

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

regime of hadron structure ~ 1/fm
25

Transverse

position

Longitudinal momentum

kY = Pt




Inclusive vs. Exclusive — Partonic Structure without Breaking the Hadron!

Inclusive scattering Exclusive diffraction

Gluon shower

— QCD evolution \ Py

P

k' Emergence of a hadron

\ i
P, kT IV
| ’ fy* < hadronization
| g g/
Confined motion
See Z. Yu's talk on Tuesday

e+ P —e+h+ X , |
26 Jeff./e-gonLab
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Inclusive vs. Exclusive — Partonic Structure without Breaking the Hadron!

Inclusive scattering Exclusive diffraction

Diffraction

| Q= (-1
Gluon shower : > —(p—p)? = —t

— QCD evolution \ Py

k' Emergence of a hadron

\ i
P, kT IV
| ’ fy* < hadronization
| g g/
Confined motion
See Z. Yu's talk on Tuesday

e+ P —e+h+ X , |
27 Jeff./e-gonLab
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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) for Extracting GPDs

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:
h(p) = h'(p") + A*(p1 =p —p)

e @ o

Virtuality of A'(pr=p—P) T B(p2)_ e,
N2 2 I
exchanged state: ¢t = (p — p')* = p7 Soft scale
" Hard probe: 2 — 2 high gr exclusive process: D(qs)
A*(p1) + B(p2) = Clar) + D(g2) Two- stage 2 — 3 single diffractive
Probing time: ~ 1/|qir| = 1/|q27] exclusive hard processes (SDHEP):
lr 1
" Necessary condition for QCD factorization: h(p) + B(p2) = W' (p') + Clq1) + D(g2)
Lifetime of A*(p1) is much longer A 2-scale 2-stage observable!
orat 41l = lgan] > VT - ~
29 than collision time of the probe! Not necessarily sufficient! .g_e,f_ggon Lab



Single-Diffractive Hard Exclusive Processes (SDHEP) for Extracting GPDs

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

A*Q *
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 >

30 Proper angular modulations! Jefferson Lab

Need to separate different contributions!



Generalized Parton Distributions (GPDs)

D. Muller, 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:

31 DGLAP DGLAP .ggf,/f;gon 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)
32 ! 7 .g_cej?.;-?son Lab



Properties of GPDs — Hadronic = Moments of GPDs

d “Mass” — QCD energy-momentum tensor:

TrY — THY i RN (7 29%) w0 pv a,un pa, v
= Z i Wwith 10 =iy D" g — g ¢q<’w-D—mq)@bq and T/ = F®H S,V 4

1=q.9
[ Gravitational form factors:

prpv i Plig)A ARAY — ghv A2
+ () =T — 4+ Di(t) J

m 2m

W 1T 1) = 1) | 4i() -

(] Connection to GPD moments:

jotA

1
/ dez Fi(z,&,t) o< (o [T |p) o« (o) [(Ai +&D) vt + (B, — £°D;) 5
1 S S L

1 1
/ dvax H;(x,&,1) / drx E;(x,&,1)
~1 —1

d “Spin” — Angular momentum sum rule:

] u(p)

} 3D tomography
J;=1lim [ dox[Hi(z,&t) + Ej(x,&,1)] == Relation to GFF Y
t—=0 J_4 Angular Momentum
33 =49 Need to know the x-dependence of GPDs to construct the proper moments!

Ji, PRL78, 1997

1 1% a 2
Zg“ (Fpn)

+me(0) g | u)

Ci(t) < Di(t)/4

Related to pressure
& stress force inside h

Polyakov, schweitzer,

Inntt. J. Mod. Phys.

A33, 1830025 (2018)
Burkert, Elouadrhiri, Girod
Nature 557, 396 (2018)

x-dependence
of GPDs!
g

Jefferson 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 Yy*+p—>Jhp+p
Y vV “«— 104 . . - - « 103 : . . .
V / E JLdt =10 fb™ E JLdt =10 fb™*
/ g 10 20 GeV on 250 GeV ] E. 102 5 GeV on 100 GeV
r+§ r—§ 8 5
/ f %\ ) G E
x 10 x 10
— —, ® 5
yy yo () o
t — (p _ p/)2 ; 10F  0.0016 <xy < 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])
om 1 ! L L . L . L m 10-1 \ | ) ! ! ) L
O Spatial distributions: 0O 02 04 06 08 1 12 14 16 0 02 04 06 08 1 12 14 16
’ +(GeV?) t (GeV?)
7 : . 25 :
0.03 0.03
6
a o 0.02 o 0.02
£ R -
5 2 :
a < 3F z ]
X g e 16 18
S z 2F <
X
m
0 : : : : : . 0 S
0O 02 04 06 08 1 12 14 16 0O 02 04 06 08 1 12 14 16
by (fm) by (fm)
- [ ” [ ” L] .
35 The brspace density for gluons ‘ Effective "proton radius” in terms of gluons Jefferéon Lab



Why is the GPD’s x-Dependence so difficult to Measure?

__________________________________________________

au

J Amplitude nature: exclusive processes

r+€ x—&
;ﬂé;ﬂg;w-‘.

X ~ loop momentum

1 l
iM~ [ drF(a60): Clo&Q/n a 1 A
1 ( ) Ol /) ; ODIS 2/ dr f(z)o(x/zB)
Full range of x,including ©* = 0; 2z = = S . l
15
 Sensitivity to x: comes from C(x,&;Q/un) 5 10 TSN
1 11 5 -
: _T . .. s
Cla,&Q/u) =T(Q/p) - Glw, &) o = E
1 T -59 Equally fit!
F ) 7t quatly
» iM / dx (2,6 ) = “Fp(&,1)”  “moment” 10 4= : . . : :
1 x—&E+ie 00 02 04 06 08 10

X
Bert tal. PRD 21 € rd
36 36 [Bertone et a ] Jefferson Lab



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

37 X < dr .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



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
pen) = 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 -

39 Nmt->Nyy .ggf,ggon Lab




Exclusive Massive Photon-Pair 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

_> —
40 (lj — k)2 +ie  —kT +ie et



Factorization for SDHEP in the Two-Stage Paradigm

Qiu & Yu, JHEP 08 (2022) 103,

(d Factorization for 2-parton channel factorization: PRD 107 (2023) 1

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

1 Soft gluons cancel when coupling to color neutral hadrons (differs from coupling to jet(s)):

Glauber gluons of SDHEP:
ks = (A%, 0% 0) — (1,A%,)\) Collinear gluons

41



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
42 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)”
H,, H =0 0.45 (t/GeV*?)
p (Qj’,f, ) (CC)LU B(]. _|_p7 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)

X X See Z. Yu’s talk on Tuesday

43 J),f,f./e-gon Lab



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]

44

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



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:

45

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



Factorization beyond the Leading Power

 Single-Hadron — Inclusive DIS:

1 4 gz + OPE ensures that perturbative factorization
Ww(q,p,S) B Ejd Z¢ <p’S|Jﬂ(Z)Jv(O)|p’S> is valid to all powers in 1/Q expansion

[ Single-Hadron — the Role of LQCD:

o U de ~ , , LQCD matrix elements
<h(P)|Oq,g(z7:uR)’h(P)> = Z/ —Kf(fL’P'Z,Z 7NRaNF)¢f/h(xaﬂF) + O(z%)" need renormalization!

1 RS | 1

Lattice Calculable partonic Matching Approximation
“cross section” “Probe” Parton to Hadron “controllable?”
 Two-Hadron - Drell-Yan and beyond: Qiu & Sterman, 1991

Single scale transverse single-spin asymmetry

(vanishes at the leading power)
Only the first subleading
power can be factorized! Heavy quarkonium production at high pT

(necessary to produce a pair of heavy Q)

46 Jef?egon Lab
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Factorization at Twist-3 — Transverse Single-Spin Asymmetry

[ Collinear factorization beyond leading power:

2
O_(Qa §) X n
2% - UQ:C% % §\< (%) — Expansion

o(Q,sT) = T 2f2+(1/Q)H1® fa ¢ fT3+O (1/Q%)

Too large to compete! Three-parton correlation

[ Single transverse spin asymmetry:

(3) (3) Efremov, Teryaev, 82;
AU(ST) e CIS 33 ©or® D< ) * 5q ® op @D (Z Z) t Qiu, Sterman, 91, etc.
7 -
TG (z, x) _C\%% f_» D®)(z, 2) <% 4?
Qiu, Sterman 1991, ... Kang, Yuan, Zhou, 2010

Integrated information on parton’s transverse motion!

: . «“ ” . ‘n h | ,
. Needed Phase Integration of “dx” using unpinched poles Jefferdon Lab



Twist-3 Distributions Relevant to A,

 Twist-2 distributions:
= Unpolarized PDFs:

q(x) o< (P, (0) L~ ¢q(y)|P>

G(z) ox <P|F+“(0)F+”(y)gp>( Guv)

Aq(x) o (WP, 5))
AG(z) x <P S|||F+“(0)F+”(y)|P7 S|y (F€1 )

= Polarized PDFs:

(] Two-sets Twist-3 correlation functions: No probability interpretation!

- QU dUT e i D A+ - Kang, Qiu, 2009
Tor = / .(I‘I)Tr).'i’. e!*P Vi ¢l*aP Vs (P or |u1 5 €T, (y3) | %q (uT)| Py s)
(f ‘1) (hll_(hl’— i Ptyr l'r-)l’+l/ l +,; Tl g 4 ‘+\ >
s dy-du.- . Fo.—- + - . A+A ) i
]l Y92 z P ixgo P / 7y / =1
Tagr = [ LS &P i e (P or(7,(0) 15 [i5F Fo* (u)] 6ol Py o)

~(f.d dy; dyo ;.p+.,- o+~ 1 S Fe g on ol 1 S \ 72
’]'i{'} = /W(.u} Uy eir2PTug =i (P, 3'1'|I'+"(0)§/.\, F_*(y;)| F +’\(y] )| P, sT) (i€ 1))

. . . Role of color magnetic force!
U Twist-3 fragmentation functions: 8

See Kang, Yuan, Zhou, 2010, Kang 2010 |
48 Jefggon Lab
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Test QCD at Twist-3 Level

[ Scaling violation — “DGLAP” evolution:

F Y
7

\. S

d d

(s Fana KD KD KDe KD
f d f d

KAqq KAqu K(Aq)G K(A;G K(Aq)AG K(A;AG

f I fr) fd fr d

(d) (d) (df) dd
KG’q KGAq KGG Ké}'G) Kc(;dg)c; Ké:dg)c:

¥ ¥ £ fd £r Fd
Kby KibagK s KLGe KlEha KA

( A
(oo (o)

1 [

d d df dd df dd
Q(A()}'q K(A()}’Aq K(AG)G K(AG)G K(AG)A (AG)Aj

A

 Evolution equation — consequence of factorization:

Ao(Q,s7) = (1/Q)H|((Q/ pup, ag) @ [r(nr) ® f3(mr)

Factorization:
DGLAP for f,:

Evolution for f;:
49

folpp) = Py ® fr(nr)

dIn(ug)
d , d (1) (1)
dIn(g) /3 (() In( ) : B

(§,§—|—£2;x,x—|—x2,as) ! ,/d§/d§2‘

Kang, Qiu, 2009



Factorization at Twist-4 — Heavy Quarkonium Production

J Heavy quarkonium production at high P;:

Lee, Qiu, Sterman, Watanabe, 2022

da.Resum

dOhh' — J/(P)X ab—cc[n](P)X
E 23]/;#( )X > Fucinlsiyp ® Y /d% fa/h(%,/ﬁv)/dfﬁb fosn (@, 17) x E jlgl[D]( )
ccln| a,b
NRQCD:  Funossye = (O20(0))  with  caln] = 5T LDT)
= Factorized partonic scattering: ST S
da-(%)ei;lé?[n](P)X ~ dZ 2 da—ab—)f(pf)X 2 / A ————— . il k3
Epp ~) ~a Dseeln) (% 17) By d3p; (2,05 = P/2, 1)
f B d —3
dz 5 da—ab%[cé(m)](pc)X 5 /
+ Z ;D[cé(m)]—)cé[n](znuf)Ec P (z,pc = P/z, uy)
[ce(x)] ‘

50

NRQCD factorization for
Fragmentation functions

k= (v,a,t)H8

(v, v s, Ty )8

Kang, Ma, Qiu, Sterman, 2014

e
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
51 Jefferson Lab



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

—_ ]. 07 F m
. R 3 CDF 1.8TeV |y| < 0.6 (x107%)
O Test the consistency: ?‘5 = e
i A ALICE 5.02TeV |y| < 0.9 (x1072)
p+p—>Jly+X E 10°F ® ATLAS 5.02TeV |y <0.75 (x10°2)
[ ® ATLAS 7TeV |y| <0.25 (x1071)
P > PDI? PT > Mg/ & : X CMS 7TeV |y|ZO.3
—_— P I ALICE 7TeV |y| <0.9
)— FF > > 103¢ * ATLAS 8TeV |y| <0.25 (x10)
p Iy NLO LO X Ky.p T, - # CMS 13TeV [y| < 0.3 (x50)
= PDF% / S [ ® ALICE 13TeV |y| < 0.9 (x50)
— VB [
Adopyp—/p+X I/ T/ / = 101}
dp ~ fip @ fip ® [Dk ® Cijsk + Deg ™ @ Cij—mE} Ny
i S
b -
Q Input FFs from NRQCD:  Ma, Qiu, zhang, PRD89 (2014) 094029; S 1071 ¢
ibid. 94030 |
. = 3(1) . +
[00(m)] O (1) ' ——
a _ (000 KA ! Keio=2
3512 2
k= vl glel gle], = 25+ [ + . df_)[QQ(n)](Z, m, po, ) + @(as)} T %’ 1.5 NLP
5,
g i
_ ; = 7(0) ; [ i * )
Diggeop-&m i) = 2, {d[QQ(x)]—>[QQ(n)](Z’m’ Hor ) =10 - m R v o
(00 . £495
. 0105y HA)) c V.o p
@5 1) . 2 ( [Q0(m)] VA
5 Yoswr-0om™ m”“””AH@(as)} 2Lt = 0.0
Ho = O(2m): input scale, u, = O(m): NRQCD factorization scale 70 20 40 o0 80 100 120
2% (1 — 2)Ps pPr [GGV]
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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?
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Matching
region

CDF 1.96 TeV
® CDF 1.8TeV (x0.1)




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 ltis also necessary for better understanding of QCD contribution to transverse single-spin asymmetries

O New form of evolution equations and modified scale dependence
1 Joint factorization for both QCD and QED is critical for lepton-hadron collisions (not discussed in this talk)

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

. . . . Liu, Melnitchouk, Qiu, Sato,
fragmentation functions (or jet functions) Phys.Rev.D 104 (2021) 094033

Th nk | ~JHEP 11(2021) 157
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How to Calculate the Perturbative Parts?

[ Use DIS structure function F, as an example:

2 A2 5
th(xBaQ) Z q/f(x iza j®¢f/h('x:u) 0( QQCJ

< Apply the factorized formula to a parton state: h— q

Feynman Q Feynman

diagrams (xB’Q )= Z ( ,U j®§0f/q (x H ) diagrams
<> Express both SFs and PDFs in terms of powers of a.:

0" order: FZ(;) (x,,0°) = Céo) (x,/x,0°/ 1 )®¢(0) ( ,,uz)

) (CPW=F)® e (x)=6,5(1-x)

worder:  F{)(x,,0") = C(x, /x.0"/ 1) @) (x.1r")
+ Céo) (x,/%,0° 1*)® goél/)q (x, ,uz)

) 0/ 1)=F)x0)-F)x0)®4), (x.4)
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PDFs of a Parton

[ Change the state without changing the operator:
dy~ vt
bapnlasi®) = [ BV ()7, (0 Uy )
|h(p)) = |parton(p)) = (bf/q(x,u ) - given by Feynman diagrams

(1 Lowest order quark distribution:
<> From the operator definition:

¢((10>q( ) = 5qq’/(2d47]§4Tr K%v-p) (;171)] J (az— ﬁ—i) (2m)*6% (p — k)
= by 0(1—2)

U Leading order in a quark distribution:
<> Expand to (g,)?> - logarithmic divergent:

dk? 1 2 3
oo () = 3 / - [(1 +;”) + 5601 —x)} + UVCT
7T T —T)+ N
UV and CO divergence Choice of regularization
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Partonic Cross Sections

[ Projection operators for SFs:

49,4, 2y, 1 P9 P9 2
Wﬂv:_[g,uv_ ;2 )E(X,Q )‘I‘ﬁ[plu_qﬂ qz )[pv_qv q2 ]F;(x, )

2

1 . 4x y
Fl(stZ)ZE -g”* +?P#P ]Ww(xan)

12x° )
2 pﬂp jWyv(x’QZ)

F;()C,Qz) =X _gﬂV +

3 0t order:

q

| b

By (0 =xg" Wy, =xg™ | — =1
e’ |

= ejx&(l —X)

() = 2
C, ' (x)=¢ xo(l-x)
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NLO Coefficient Function — a Complete Example

C (O 1) = F)(x,0) - F,) (5,0 ®9)), (x. 1)

(] Projection operators in n-dimension: g.,8" =n=4-2¢

|4 4x2 14
(l—g)F2 =x(—g“ +(3—26)Ep”p ij

J Feynman diagrams:

} Real

Virtual

 Calculation:
vy u vy (D)
gh'w,, , and p"p'W,
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Contribution from the Trace of W ,,

J Lowest order in n-dimension:

g”vW( —e(l £)o(1—x)

J
(J NLO virtual contribution:
g‘”W =e ‘A1-¢)6(1-x)

|

o A’
T 0
(] NLO real contribution:

F(1+5)F2(1—5)[ 31
C(1-2¢) &g

vpr(1) s
—g* Wﬂvq e(l E)C( 2%){

Q2

47[,112 T

1

2¢&

['(l+¢)

I'd-2¢)
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Contribution from the trace of W ,,

1 The “+” distribution:

1Y 1 1 tn(1-x) )
(—j =——5(-2)+ ) +g( & xj +0(%)

1—-x g (1-x), l-x ),

LGN [0-10)
(1-x).

[ One loop contribution to the trace of W ,;;:

1 %5
= |f 8qu<x>+B,q<x>fn(ﬂ2(4m%)j

+CF[(1+X2)(£nl(l—x)j _%(l%j C1+x? (n(x)

—X x), 1—x

+3—x—(%+%2)5(1—x)}}

1+x* 3
qu()c)—CP{(l_x)+ +§5(1—x)}

+In(1-2z)f(1)

g”VWSV)q =e, *(1- 8)[

 Splitting function:
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One-Loop Contribution to Partonic F2 and Quark-PDF:

[ One loop contribution to p¥p' W,

y ax*
0’ (l—g)F2 :x(—g“ +(3—28)?pﬂp ]Ww

v (I)V_ u_ v (l)R: 2 &_
p,up W,uv,q —O pp Wyv,q eqCF 27 dx

(] One loop contribution to F, of a quark:

Fz(;) (x,0%) = ejx “, {(—lj P (x) (1 +eln(4re™* )) +F (x)ln (Q_jj
27 €Jeo M

W[ In(-x)) 3 1) 1+x 9,7 s
—|—CF{(1+x )( - l 2(1—xj+ — In(x)+3+2x [2+ 3]5(1 x)}}

= o as €—>0

[ One loop contribution to quark PDF of a quark:

¢S/)q(x=ﬂ2):(&jf’qq(x){(lj +(—1j }+UV-CT ki ki
27 & Juv ¢ Jco

— in the dimensional regularization
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NLO Coefficient Function for Inclusive DIS (at EIC):

(J Common UV-CT terms:

1
<> MS scheme: UV-CT\MS __4% P, (x)(_j
2 & Juv
CKS 1 —VE
<~ MS scheme: UV-CT‘M—S =——F (¥)| — (1+g€n(47ze ))
27 & Juv

<> DIS scheme: choose a UV-CT, such that

(1 One loop coefficient function:
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C (.01 18) = B} (x,0) - F) (x,0) ® ), (x. )

MS

+C,. {(sz)(fn(l—x)j

1—x

a 2
ijl)(x, O’/ u*)= ejx 27”; {qu (x)én( Qz ]

3

2

Cg)(x, 0 /ﬂ2)|DIs =0

(

1

1—x

)

1+ x?

1—x

fn(x)+3+2x—[%+%2]5(l—x)}}
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