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Hadron structure in QCD

J What do we need to know for the structure? ﬁ
% Intheory: (P, S|O(¢,, A*)|P, S) - Hadronic matrix elements gﬁ' ‘
with all possible operators: O(1), 1), A*)

< In fact: None of these matrix elements is a direct physical
observable in QCD - color confinement!

< In practice: Accessible hadron structure
= hadron matrix elements of quarks and gluons, which

1) can be related to physical cross sections of hadrons
and leptons with controllable approximation; and/or
2) can be calculated in lattice QCD



Hadron structure in QCD

d What do we need to know for the structure?

with all possible operators: O(1), 1), A*)

< In fact: None of these matrix elements is a direct physical
observable in QCD - color confinement!

< In practice: Accessible hadron structure
= hadron matrix elements of quarks and gluons, which

1) can be related to physical cross sections of hadrons
and leptons with controllable approximation; and/or
2) can be calculated in lattice QCD

d Single-parton structure “seen” by a short-distance probe:

< 5D structure: 1) /d2bT mm) f(x,kr,p) -TMDs: 2D confined motion!

2) / d’kr wmmp F(x,bp,pn)—GPDs: 2D spatial imaging!

3) / Phrd?by wmmy f(z,u) -PDFs: Number density!



Hadron structure in QCD

J What do we need to know for the structure? ﬁ
% Intheory: (P, S|O(¢,, A*)|P, S) - Hadronic matrix elements gﬁ' ‘
with all possible operators: O(1), 1), A*)

< In fact: None of these matrix elements is a direct physical
observable in QCD - color confinement!

< In practice: Accessible hadron structure
= hadron matrix elements of quarks and gluons, which

1) can be related to physical cross sections of hadrons
and leptons with controllable approximation; and/or
2) can be calculated in lattice QCD

 Multi-parton correlations:

o(Q, 5) P NE + + 4 <ﬂ>—Expansion

Quantum interference =) 3-parton matrix element — not a probability!



QCD factorization — Approximation

1 Cross section with identified hadron(s) is NON-Perturbative!
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1 Cross section with identified hadron(s) is NON-Perturbative!

2
opis(z, Q°) = ﬁ = j\g + ig_ +§ +§ +...
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Multi-parton correlations



QCD factorization — Approximation

1 Cross section with identified hadron(s) is NON-Perturbative!
2 2

opis(a, Q7) = i E :{? E ﬁ
N e len o e

= Cq®q(l’,Q )+ ¢g ® g(z, Q2 ) + cqg @ Tyg({7}, Q2 ) + cgg @ Tyg({}, Q2)
| ) +0 ((k7)/Q, (F*")/Q™) +

!

Leading power
Linear contribution
DGLAP regime

Power corrections
Non-Linear contribution
Multi-parton correlations

2 2
R g ®q(x,Q°%) + ¢y ®g(x,Q%) + O (<g€> , <SQ> , )

Approximation — Leading powerl/twist factorization!



QCD factorizati

ion — Approximation

1 Cross section with identified hadron(s) is NON-Perturbative!

2

o | TR T

T TE

= R

= Cq®q(x,Q )+ ¢y ®g(z, Q2 ) + cqg ® Tog({2}, Q2 ) + Cgg ® Tgg({}, Q2)

!

Leading power
Linear contribution
DGLAP regime

) +O ((k7)/Q" (F7")/Q™) +

Power corrections
Non-Linear contribution
Multi-parton correlations

N 2 > (k1) (F?) .
~ceg®q(x, Q%)+, ®9(x,Q%)+ O .. | Non-perturbative

Approximation — Leading powerl/twist factorization!

Q* " Q@

physics neglected
or in input PDFs!



QCD factorization — Approximation

1 Cross section with identified hadron(s) is NON-Perturbative!

UDIS(xaQQ) —

F

2

S R o

= Cq®q(x,Q )+ ¢y ®g(z, Q2 ) + cqg ® Tog({2}, Q2 ) + Cgg ® Tgg({}, Q2)

!

Leading power
Linear contribution
DGLAP regime

) +O ((k7)/Q" (F7")/Q™) +

Power corrections
Non-Linear contribution
Multi-parton correlations

~ Cq ®Q($,Q2) ‘|‘Cg ®g(x,Q2) —|—O <<k%> <F2> )
4 4

Probe

Probe

Q* " Q@



QCD factorization — Approximation

1 Cross section with identified hadron(s) is NON-Perturbative!
2 2

opis(a, Q7) = i E :{? E ﬁ
N e len o e

= Cq®q(l’,Q )+ ¢g ® g(z, Q2 ) + cqg @ Tyg({7}, Q2 ) + cgg @ Tyg({}, Q2)
| ) +0 ((k7)/Q, (F*")/Q™) +

!

Power corrections
Non-Linear contribution
Multi-parton correlations

Leading power
Linear contribution
DGLAP regime

) ) (k2) (F2) vl
~ 0 (2, Q%)+ ¢ 8 9(a, Q) + O " T ”xe;a—/

Structure Structure k / “Q




Operator definition of PDFs

d Definition — from QCD factorization:

l

2 ,

0w Pop) = [ 5 € POV () IP)es g g + UVCT(

(27) ’ T_\ At
< Depends on the choice of the gauge link: ™,
g [& dst A 5&
U(O, f) = 6_19 fO o H 0 \\\ ;)

PDFs are not direct physical observables, but, well defined in QCD



Operator definition of PDFs

d Definition — from QCD factorization:
. ) |

0w Pop) = [ 5 € POV () IP)es g g + UVCT(

(27) ’ T_\ At
< Depends on the choice of the gauge link: ™,
U0 _ —zgfgds“A 5& -
( 75) 6 0 \\\ Z

PDFs are not direct physical observables, but, well defined in QCD
d Transverse momentum dependent PDFs (TMDs):

Wby P = [ S R PFOU0.0(9) Ples o + UVCT()

5
< General gauge link: L _)z
0




Hard probe and QCD factorization

d One hadron:

Hard-part
Probe

ol
P QR

Parton-distribution
Structure

Power corrections
Approximation




Hard probe and QCD factorization

d One hadron:

DIS \ & 1
+ O —
atot = ( OR )
Hard-part Parton-distribution | | Power corrections
Probe Structure Approximation

O Two hadrons: l
DY . (
Oior - M )
— (1.)/\/ @@ /) «—




Hard probe and QCD factorization

d One hadron:

DIS \ & 1
+ O —
atot = ( OR )
Hard-part Parton-distribution | | Power corrections
Probe Structure Approximation

O Two hadrons: l
DY . (
Oior - M )

— p> @ @ ~—
-f Predictive power:

Universal Parton Distributions




Global QCD analyses — a successful story

1 World data with “Q” > 2 GeV
+ Factorization:

xf

DIS: I2(2p, Q%) =3;Cr(zp/2, 1*/Q%) ® f(z,1*)

do =Yysp f(z) ® 4055 ® f'(z") —-— .

H-H:  dydp?
+ DGLAP Evolution:

of :C,,LL2 / 11
Fon) — sy P (ale') @ 7 )

dydp?.

08 -

06 S

02

H1 and ZEUS preliminary

uz= Q*=10 GeV?

—— HERAPDF20 (prel.) NLO Q‘mm =35 GeV?
- exp Jffit uncert.

1 model uncert. xu,
I: parametrization uncert.

xS (x 0.05)

Universal PDFs



Global QCD analyses — a successful story

+ Factorization:

DIS:

do

H-H:  ayap2.

+ DGLAP Evolution:

=Xp Prp(z/2") @ f'(z', 1%

Of (x, u?)
J1n p?

10" : e -
i STAR, PRL 97 (2006), 252001 (a)
7
10°¢ ) STAR
s Ll . pp *jet+X
g10°! - NE=200 GeV
g : ) midpoint-cone
=10° ) - Loe=04
% 0.2<n<08
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- 10"
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.. RHIC
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1! NLO QCD (Vogelsang)

Systematic Uncertainty
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1 World data with “Q” > 2 GeV

xf

Fy(xp, Q%) = X;Cp(xp/x, 1°/Q°) ® f(x, u?)

d6 s 4
dydp3.

® f(a)) =

10
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Global QCD analyses — a successful story

d World data with “Q” > 2 GeV g HI and ZEUS preliminary
+ Factorization: = =iien
L —— HERAPDF20 (prel) NLO Q7 =35 GeV’
0 - exp Jffit uncert.
[: model uncert.

DIS: [2(2B, Q%) =%;Ci(xp/z, 1°/Q°) ® f(x,u?) —

06 3

dU d& frf’ / / \
— E / 04 xg(x0.05)
H-H:  dyap? RACR dydp?, © f@) u
+ DGLAP Evolution: "] oo /\‘
8f($, ,[L2) o E / P /(x/x,) ® f/(a’j, 2) 10° 10° 1;;'2 1‘1;" 1
Olnpz I M Universal PDFs

d The “BIG” question(s)
Why these PDFs behave as what have been extracted from the fits?

What have been tested is the evolution from ¢, to 1,
But, does not explain why they have the shape to start with!

Can QCD calculate and predict the shape of PDFs at the input scale,
and other parton correlation functions?



0.7

0.6

05 F

04

03

0.2 f

0.1

0.0

0.3

0.2}

0.1}

0.0

0.04

0.02

0.00

-0.02

0.01

0.00

-0.01

Uncertainties of PDFs

4.0

t —— JRO9
- - - MSTW08
------- ABM11

“non-singlet”
sector

x(s-8)

10°® 104 103 107

10°
JRO9 —
MSTWO8 - - - 1
“singlet”
sector
x(u+ Q)
101!
. 102
- 10 3
x(d+ d)

10°

10!

107

1023




Partonic luminosities

q - qbar

NNLO = (qq) luminosity at LHC (Vs = 8 TeV)

10 o
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PDFs at large x

A Testing ground for hadron structure at x = 1:

s d/u—1/2 SU(6) Spin-flavor ‘\ T ot T
symmetry | —= CTI10 /
il ——- MSTW08 Lo
& d/u— 0 Scalar diquark 06
dominance S 0
04
< d/u—1/5 PQCD power 02
counting '
0

4p2 /2 — 1
o dfu Fn / H

Local quark-hadron
2 2
4 — p2 /2 duality

~ (.42



PDFs at large x

d Testing ground for hadron structure at x = 1:

> d/u—1/2

& d/u— 0

< d/u—1/5

& d/u

CApn /1

/4

(a4
Y

4— i/
0.42

SU(6) Spin-flavor + Aufu— 2/3
symmetry Ad/d — —1/3
Scalar diquark < Au/u — 1
dominance Ad/d R _1/3
PQCD power & Au/u — 1
counting Ad/d 1

Local quark-hadron + Auj/u— 1
duality Ad/d 1

Can lattice QCD help?



Lattice QCD

J Hadron masses: Predictions with limited inputs
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O Lattice “time” is Euclidean: 7 =1t

Cannot calculate PDFs, TMDs, ..., directly, whose operators
are time-dependent



PDFs from lattice QCD

 Moments of PDFs — matrix elements of local operators

(" (12))g = / dx e q(z, 1)

d Works, but, hard and limited moments:

0.15_' T T T ! L
0250 oo [ & SCRI DQCDSFB:6O
0.20k & SCRI DQCDSF ,8:60 I ob OSESAM  © QCDSF $=6.2
e OSESAM © QCDSF B=6.2 ! o QCDSF pB=6.4
0.15- o 0 QCDSF f=6.4 -
i 0.05F
0.10F % i %g _
0.05" %j‘l / é@ %ﬂ& | %ﬁm' 5t
05} ol
i i 3
-0.05F 1 1 —0.05 =
| ! 1 1 1 0 025 050 0.75 1.00 1.25
M; (GeV)

Dolgov et al., hep-lat/0201021 Gockeler et al., hep-ph/0410187

Limited moments — hard to get the full x-dependent distributions!



PDFs from lattice QCD

d How to get x-dependent PDFs with a limited moments?

< Assume a smooth functional form with some parameters
< Fix the parameters with the lattice calculated moments

zq(r) = az’(1 - 2)°(1+ vz + 7 2)

1 ) I\
I | mex=3 GeV

W. Dermold et al., Eur.Phys.J.direct C3
(2001) 1-15

Cannot distinguish valence quark contribution from sea quarks



From quasi-PDFs to PDFs (Ji’s idea)

0 “Quasi” quark distribution (Spin-aver‘aged): Ji, arXiv:1305.1539

de, . _ AT
Q(x, 4, P;) = / fe (Pl (E:)r: exp {zg / dnzAzmz)} $(0)|P) + UVCT ()
! " st

Quasi-PDFs =\= PDFs p

d Proposed matching: >

1 2 2

- dy T A M
2 p, :/ “ 7= L 2 —

Q<$7 M Y ) y y? PZ Q(y7 l’l/ ) —|_ O PZQ 9 PZ?

x

Quasi-PDFs = Normal PDFs when P, >0 ?



From quasi-PDFs to PDFs (Ji’s idea)

0 “Quasi” quark distribution (Spin-aver‘aged): Ji, arXiv:1305.1539

de, . _ AT
Q(x, 4, P;) = / fe (Pl (E:)r: exp {zg / dnzAzmz)} $(0)|P) + UVCT(1r7)
! " st

Quasi-PDFs =\= PDFs p

d Proposed matching: >

1 2 2

- dy T A M
2 p, :/ “ 7= L 2 —

Q<'/’E7 M Y ) y y? PZ q(y7 l’l/ ) —|— O PZ2 9 PZ?

x

Quasi-PDFs = Normal PDFs when P, >0 ?

O Excellent idea and great potential:

IDEA: Calculate something =\= PDFs, but, carry all the information of PDFs
CHALLENGES:

<> Quasi-PDFs could be calculated using the lattice QCD method
<- Extract PDFs from what you can calculate, ...



“Quasi-PDFs” have no parton interpretation

 Normal PDFs conserve parton momentum:

M = Z[/ do x f,(z +/01dxqu(x)]+/old:cxfg(x)
—Z/ dr xf,(x —/ooda:a:fg( ) _—

1 Energy-momentum
++
= 2P (P|T™7(0)|P) = constant tensor

d “Quasi-PDFs” do not conserve “parton” momentum:
M = Z U dz 2 f, (%) + / d’Zc:zfq(aé)] +/ dz i f, (%)
0 0
—Z/ da & f, (% —/ dx & f,(Z)

= 5z (PIIT™(0) = ()] P) # constans

Note: “Quasi-PDFs” are not boost invariant




Lattice calculation of quasi-PDFs

Lin et al., arXiv:1402.1462

O Exploratory study:

PzE {1» 2» J} 2H/L

[ ] 25T T | T L
1.0 ] L MSTW AN :
0.8 s 2op E

[ | ] 1.5F AN .

! ) ‘ | 10F N .
S 04F ] = g \ﬁ ]

: j 05F u, )
0.21 . ‘ 5 SN N ]

r \.‘\\» —-: 0: ——ae? — :

Uss L ] | ! B _0.5:1 l N N | NP ) P PO | ) P (P
-9 -1 0 1 2 3 -04 -02 0 02 04 06 08 10
X X

Quasi-Quark Distribution ‘ Predicted quark distribution
with different P, along with global fitted one

Matching - taking into account:

Target mass: (M,/P,)?
High twist:  a+b/P,?



Our observation

O Quasi-PDFs are NOT defined by “twist-2” operators:

de, . - LT
(o P) = [ e PPl exp{zg | dnzAzmz)}w(mm +UVCT ()

Twist = Dimension - Spin

1 Renormalization scale dependence does not obey DGLAP:

d
2 @ ~ 9
[ e q(x, u*, P,) # DGLAP



Our observation

O Quasi-PDFs are NOT defined by “twist-2” operators:

de, . - LT
(o P) = [ e PPl exp{zg | dnzAzmz)}w(mm +UVCT ()

Twist = Dimension - Spin

1 Renormalization scale dependence does not obey DGLAP:

d
2 @ ~ 9
[ e q(x, u*, P,) # DGLAP

1 Questions to ask:
< The operators defining quasi-PDFs renormalizable?
< The renormalization mix with other operators? within a close set?
< The renormalized quasi-PDFs and PDFs share the same CO properties?

< Reliability to extract PDFs from the renormalized quasi-PDFs?

< Lattice calculation: nonperturbative renormalization?
< .2

O Extract hadron structure beyond quasi-DPFs?



Our observation

. . . See talks by Zhang, Ji, Ma
d Renormalization - different from PDFs:

<> PDFs — moments - twist-2 operators: Twist-2 operators
e G e
PETT R, 0)p(0) =)

O ()
)

Moments of PDFs <€—> Matrix-elements of twist-2 operators

m

Renormalization of PDFs <«— Renormalization of twist-2 operators
Mixing of all twist-2 operators
< Quasi-PDFs — NO moments — NOT by twist-2 operators:

In A.n, =0, NO gauge link!

e_ingz

0

Renormalization of QCD in A - n, = 0 gauge
NO guarantee for quasi-PDFs renormalization T

< Most challenge part of quasi-PDFs renormalization:
Renormalization of the bi-local/composite operators!



Our observation

. . . See talks by Zhang, Ji, Ma
d Renormalization - different from PDFs:

<> PDFs — moments - twist-2 operators: Twist-2 operators
e e (&)™ ol
PETT R, 0)p(0) =)

O ()
)

Moments of PDFs <€—> Matrix-elements of twist-2 operators

m

Renormalization of PDFs <«— Renormalization of twist-2 operators
Mixing of all twist-2 operators
< Quasi-PDFs — NO moments — NOT by twist-2 operators:

In A.n, =0, NO gauge link!

e_ingz

0

Renormalization of QCD in A - n, = 0 gauge
NO guarantee for quasi-PDFs renormalization

< Most challenge part of quasi-PDFs renormalization:
Renormalization of the bi-local/composite operators!

d Conclusion from arXiv:1707.03107: See Ma’s talk tomorrow
No mix with other

=R 2 _Cil€| =1 rp—1 b 2
Fil (&, 1% p2) = e 120 20 ) (62, 2, p2) flavors or gluon!



The goal for the rest of my talk

U Does the renormalized quasi-PDFs and
PDFs share the same CO properties?

J Can we extract PDFs from renormalized
quasi-PDFs reliably?

+

T St ot
2p+5(:€ kT /pT)

—|— Corrections



Factorization of CO divergence

Ma and Qiu, arXiv:1404.6860
1 Generalized ladder decomposition in a physical gauge

n-A=AT =0 0’* +§z Mueller, PRD 1974
of & o
O+ + £z Co A Y
= Co + 4 T Ko +
ot s Ko 1 I
5 [x

Q Cy, Kp 2Pl kernels I
of & 0 ¢

<> Only process dependence: Co _ éjﬁ>
R

< 2PI are finite in a physical gauge for tixed k and p:

Ellis, Georgi, Machacek, Politzer, Ross, 1978, 1979



Factorization of CO divergence

d 2PI kernels - Diagrams:

P
+2H{:‘m - Rl

d Ordering in virtuality: P? « k2 <32 - Leading power in i
k+ +k K
k+ +k c,
k : k = \\‘// T2 d
i [ K n of - k;n + power su resse
- NG e o p_n) P PP

Ko
p+ +p + * Cut-vertex for normal quark distribution
P Logarithmic UV and CO divergence

d Renormalized kernel - UV & IR safe - parton PDF:

ot . .
K = /d4]‘€z 0 (sz — ]9—+) Ir [%9 7:;/ KO %] T UVCTLogarithmic




Factorization of CO divergence

O Projection operator for CO divergence:

PK Pick up the logarithmic CO divergence of K

O Factorization of CO divergence:

-~ _ . 'l . < . ° °
fq/p=lim_ COZO K' 4+ UVCTS If multiplicative
[ m—1 . N ~ N
= lim Co|l+ Z;K’(I—P)K] + fopPK
= lim Co 1+Z[(1—13)K] ] + fap PK
L i=1 ren
3 1 1
) fp = |Co _ [ _ ] Normal Quark
1-(1-P)K | _ L1-PK distribution
CO divergence free All CO divergence of

quasi-quark distribution

1 ~
~ dx T
) fin(Z, 0%, P.) & E /o - Cz‘j(;,uszz)fj/h(x,ﬁ) —|— Power

, corrections
J



One-loop example: quark =>quark

Ma and Qiu, arXiv:1404.6860
O Expand the factorization formula:

~

dx :U
CTSOEDS / Ci (2, 7%, P2) £ (1)

To order ay:
f;/q() fé?f,() q/q(w/x)+f“)<) cf,?f,(r/a:)



One-loop example: quark =>quark

Ma and Qiu, arXiv:1404.6860
O Expand the factorization formula:

~

dx :c
CTSOEDS / Ci (2, 7%, P2) £ (1)

To order oy:
)@ = f;?;() ;/;(:E/mf“’() c;‘}z,(r/m>

‘ (1) ~ ~

d Feynman diagrams:
|- LK k k k 4 Yk
Same diagrams for both frwswse|  + 51 Y Yo+ % \ Y
fq/q and fq/q PA [ "p p l p p p
But, in different gauge: n,-A=0 for fq/q n-A=0 for fy/,

4 Gluon propagatorinn,. A=0:

o [“nf +n2lP  n2lelP

z

d*P(l) = —g




One-loop “quasi-quark” distribution in a quark

Ma and Qiu, arXiv:1404.6860
1 Real + virtual contribution:

, € T 2 +o0 — €
e P) = Crge U0 [T [ -y s a1 {3 (10 15 50)

/4 T2rT(1—e) Jo 127 ) Pz
% Yy 1—y N (1 —y)A\2 N A2 L L= (1—y)X
VR Rt A-9| VRt /R A-R 2 pe+(l-g)?
where y =1./P., ¥’ = I1/P, Or = (N? ~ 1)/(2N,)

 Cancelation of CO divergence:

PP ol gy VPO 0P (1]

A2 4 g2 o VA2 (1-y)?

—W(0<y<1)- [Sgn(y)

\/,\ + 2 \/\- (1-y)?

Only the first term is CO divergent for 0 <y <1, which is the same
as the divergence of the normal quark distribution — necessary!



One-loop “quasi-quark” distribution in a quark

Ma and Qiu, arXiv:1404.6860
1 Real + virtual contribution:

(1) - -2 a, (4me 7 a2 /+°° dl, o 1( o 1-e 2)
P)=C = y)—o(1-2)d-|1-y+ y
ffI/q( ) = Fo I'(1—e¢) Jo l2+2€ o P, ] Y 2

% y 1—y N (1 —y)A\2 N A2 L L= (1—y)X
\//\2+y \//\2 1 —y 23;/2\//\2'*'@/ Qy\/)\2+(1—y)2 2 [/\2+(1_y)2]3/2
where y =1,/P,, \? =12/P% Cr = (N? —1)/(2N.)

 Cancelation of CO divergence:

VA2 412 -yl +Sen(l _/}\/x\‘-’ (1-y)* =1 -y
\/,\+l ¢\- (1-y)> VA2 92 | VAT 4 (1-y)?

Only the first term is CO divergent for 0 <y <1, which is the same
as the divergence of the normal quark distribution — necessary!

=20 <y<1)- [Sgn(y)

d UV renormalization:

Different treatment for the upper limit of li integration - “scheme”

Here, a UV cutoff is used - other scheme is discussed in the paper



One-loop coefficient functions

Ma and Qiu, arXiv:1404.6860

d MS scheme for fq/q(sv, ,UQ):

39 CO, UV IR finite!
C( ) 2 ~9
) S _ [1+t in +1_t] g | e A Sen(®A
Cr= 1—t pu R N R T A W T
1+¢2

— T [Sgn(t) In (1 + %) + Sgn(1l —¢)In (1 + 2|/;1—tt|) ]]N

where A; = +/i?/P2+1t2—|t|, Sgn(t) = 1if t > 0, and —1 otherwise,

 Generalized “+” description: t=2%/z

/+oo y [g(t)] Nh(t) _ /+oo dt g(8) [(t) — h(1)] Fora tes;:?tg; function

—00 —00

Explicit verification of the CO factorization at one-loop



One-loop coefficient functions

Ma and Qiu, arXiv:1404.6860

Q MS scheme for f,/,(z, 1?):

. 1 1 CO, UV IR finite!
Cora(t: A%, 1% Pr) = fol (6, /%, P.) = fo)u (b, 1)
¢ ) 2 =2

) S _ [1+t in +1_t] g | e A Sen(®A
Cre 1—t p Lo la=n2 "1t " A+t

1+ ¢ Ay Ai_;
e [Sgn(t)ln (l-l-m)-i—Sgn(l—t)ln (1+2|1_t|)HN

where A; = +/i?/P2+1t2—|t|, Sgn(t) = 1if t > 0, and —1 otherwise,

 Generalized “+” description: t=2%/z

/+oo y [g(t)] Nh(t) _ /+oo dt g(8) [(t) — h(1)] Fora tes;:?tg; function

—00 —00

Explicit verification of the CO factorization at one-loop

Note: A — O (Pi) as P, - oo the linear power UV divergence!
A



Pseudo-PDFs

Radyushkin, 2017

1 Pseudo-PDFs = generalization of PDFs:
% Definition: &% <0
M (v =p-&,E) = (plY(0)y* (0, &, v - A)(E)Ip)
—2po‘M (1,€7) + &2 (V)M (v, €%) ~ 2p* M, (v, £7)

dv .
2\ — T wv T +
P(.&) = [ Gh e oo MP (6
<> Interpretation: with &4 = (07,67,0,)
Off-light-cone extension of PDFs: f(z) =Pz, &2 = 0)
d Quasi-PDFs:
& =1(0,0.,¢,) No longer Lorentz invariant
dv ... 1
~ 2 _ T _ixv z — 2
Q(xnu 7p2> _ 27‘(‘ € 2pzM (V piZa fz)
d TMDs:
fﬂ — <O+7§_7£_L>

TMDs with a straight
gauge link

P(:U,—ﬁ)z/d%l eFLEL F(p k2) <—




Pseudo-PDFs

Orginos, et al, 2017

J Pseudo-PDFs: 1706.05373

< Lattice calculation with o = 0:
M (v =p-£6%) = (p[(0)y*P, (0, é" v-A)p(€)lp)

= 2p" My (1,€%) + £ (p* V)M (v, %) = 2p* M, (v, €7)
Pl = [ L My (1,6) My (0,€2) <
2m Remove UV!

<~ Model quasi-PDFs: with &* =(0,0.,&,)

J Numerical results:

30

(WNNPDE3] P p
2_5_\ | u(lx) — d(x
2.0}
2_
15}
157 This work 10k
;
0.5
05
00fm——
0 1 1 1 . = ’ > ! ' )
> 25 v - o8 ;L -1.0 -05 0.0 0.5 1.0




Go beyond quasi-PDFs?

Ma and Qiu, arXiv:1404.6860

d A pQCD factorization approach:

< Recall: Collinear factorization of DIS cross section — single hadron

Momentum CO Factorization PDFs
transfer l l
v 1
o (x, Q% V/s) x ~ Zcf Vs) @ fi(z, p?) + O [@]
Collision Single hadron Perturbative Power

energy Matrix elements coefficients corrections




Go beyond quasi-PDFs?

Ma and Qiu, arXiv:1404.6860

d A pQCD factorization approach:

< Recall: Collinear factorization of DIS cross section — single hadron

Momentum CO Factorization PDFs
transfer l l
v 1
o (x, Q% V/s) x Nch Vs) @ fi(z, p?) + O [@]
Collision Single hadron Perturbative Power
energy Matrix elements coefficients corrections

< Renormalizable + factorizable + lattice
calculable “cross section”: PDFs

} ' ‘

~ 3 B dx T p? . 1
O-Lattice(xaciyp ~ \/g) ~ ;/xcf (57 Q27043(/L>,PO [@]

Key: controllable hard scale! DGLAP-Evolution




Go beyond quasi-PDFs?

. . . Ma and Qiu, arXiv:1404.6860
d What is lattice “cross section”?

Single hadron matrix elements, with the following properties:
< Lattice calculable:
Calculable using lattice QCD with an Euclidean time

<> UV Renormalizable:

Ensure a well-defined continuum limit, UV & IR finite!

< CO Factorizable:
Share the same perturbative collinear divergences with PDFs
Factorizable to PDFs with IR-safe hard coefficients

with controllable power corrections



Go beyond quasi-PDFs?

. . . Ma and Qiu, arXiv:1404.6860
d What is lattice “cross section”?

Single hadron matrix elements, with the following properties:
< Lattice calculable:
Calculable using lattice QCD with an Euclidean time

<> UV Renormalizable:

Ensure a well-defined continuum limit, UV & IR finite!

< CO Factorizable:
Share the same perturbative collinear divergences with PDFs
Factorizable to PDFs with IR-safe hard coefficients

with controllable power corrections

d Key requirement:

A controllable large momentum scale — conjugate to hadron momentum

to define the “collision” dynamics of the “cross section”
to ensure the necessary condition for the factorization



Go beyond quasi-PDFs?

O Example: Current correlators

< Coordinate space:

Tii(p,5,&) =

<~ Factorization:

<p7 3|T{ jF(gov g) ]F(O)Hpa 3>

lim
£0—0"

—I— Corrections



Go beyond quasi-PDFs?

d Example: Current correlators

< Coordinate space:

Tii(p,5,&) =

<~ Factorization:

<p7 S|T{ jF(€07

lim
£0—0+

d Complementarity and advantages: - Corrections

< Complementary to existing approaches for extracting PDFs, ...
< Go beyond quasi-PDFs with tremendous potentials:

Neutron PDFs, ... (no free neutron target!)
Meson PDFs, such as pion, ...
More direct access to gluons — gluonic current, ...



Summary and outlook

O “lattice cross sections” = single hadron matrix elements
calculable in Lattice QCD, renormalizable + factorizable in QCD

Going beyond the quasi-PDFs

O Extract PDFs by global analysis of data on “Lattice x-sections”.
Same should work for other distributions (TMDs, GPDs)

Flat(z P)NZ/ _fz/ha:,u)(,’( 1,/,L2,Pz)

O Conservation of difficulties — complementarity:
High energy scattering experiments
— less sensitive to large x parton distribution/correlation
“Lattice factorizable cross sections”
— more suited for large x PDFs, but limited to large x for now

J Quasi-PDFs are renormalizable & factorizable

O Lattice QCD can be used to study hadron structure, but,
more works are needed!

Thank you!
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