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Collinear factorization and PDFs

» Collinear factorization - a key concept in PQCD

DIS 2 _ Q_Z o ‘ AéCD
o ('CC)Q)\/E)_ z Coz Ly ,UQ’\/E &) O Q2

a:q7q_7g

z : Bjorken-x,  : momentum trapsfer, /s : collision energy
. - factorization scale

» Parton Distribution Functions (PDFs)

- Probability density for finding a particle with a certain
longitudinal momentum fraction x of proton.

- Absorb all perturbative collinear divergences.

- Non-perturbative.

- Universal. fb@ve power of QCD !
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Global QCD analysis

» Extract PDFs from experiment data
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Global QCD analysis with lattice QCD
» Extract PDFs from lattice
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Lattice can help?

» Electron lon Collider (EIC) kinematic coverage

~~~

Q° (GueV2
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Current polarized DIS data:
o CERN ADESY ¢ JLab o0SLAC

Current polarized BNL-RHIC pp data:

® PHENIXt® ASTAR 1-jet

1 (e+P)

There would be uncovered region of X
In the future experiment.
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Lattice can help?

» Large-x: sensitive to NPT dynamics in nucleon

Testing ground for models of hadron structure

- SU(6) spin-flavor symmetry ! L L

\ —— CJ12mid I
\ —— CTI0 _,
d/ U — 1/ 2 08 \ ——- MSTWO08 .
| | : ‘a\ --- ABKM0Y | -
- Scalar diquark dominance 06F W /

d/ u

d/u—0
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- pQCD power counting
d/u— 1/5
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- Local quark-hadron duality
d/u — 0.42



PDFs from lattice

» Quark distribution by light-cone operator

() = [ G N(P)OEINP),

O(&7) =¢(E )y U+, 0)%(0)

- &F = (t42)/V2 : light-cone coordinate
- Time-dependent.= >Not calculable on the lattice directly.

» Moments

1
Ay = /0 drx" tq(z) = P ..1.Pun (N (P)|O1r1nd | AF(P))

— > >
Otpibny — w(o)fy{mi k2 ... Dun}w(o)
- Written in local operators. Calculable on Iattice (in principle).

- But, higher moments are difficult to be accessed.
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Quasi-PDFs Wi(2013)]

» Quasi distributions

-~ doz L= ~
i@ 1, P2) = [ S=e PN (P)|O(2) N (P.)),

—~~— —

O(0z) = ¥(02)7*U-(0z,0)1(0)

- Separated in spatial z-direction. Calculable on lattice.
- By the limit of P, — oo, normal distributions are recovered.

» Matching (Large Momentum Effective Theory)
_ d A Adcp M?
q<x,A,Pz>—/jz(z,Pz,;‘)q(y,mw( 7 PZQ)

- Z can be perturbatively obtained.

- Large P, is required for small corrections.
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QCD collinear factorization approach
[Ma and Qiu (2014)]

» Going back to the collinear factorization
2

A2
P2, Q% V) = Y Ca (w,ﬁz,ﬁ)wa(x,ﬁ)w( QCD)

2
a:qu_jg Q

All CO divergences are factorized into the PDFs with PT hard coefficients.

» Lattice calculable cross section

—~ ~2 A2
5z, 0% P) = ), Ca (x’ %’Pz> ® falz, p?) + O ( ggD)

a:qu7g M

All CO divergences are factorized into the PDFs with PT hard coefficients.

u <— W (factorization scale)

Q
Vs

< [ (resolution)
— P (parameter)
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Lattice quasi-PDFs, so far

24% x 64, Ny = 2+ 1+ 1 HISQ

a ~ 0.12fm (1.6GeV), mpg ~ 310MeV

- Exploratory study.

» Two calculations in LMET approach

[Chen et al.,
arXiv:1603.06664]

[Alexandrou et al.,
PRD92(2015)014502]

MSTW s P, = 6r/L
. 1]4GeV

Y

i : S
7 ; s
0 Lo ; DA

| | |
-1 -0.5 0 0.5 1

323 x 64, Ny =2 i 1+ 1 Twisted Mass
a ~ 0.082fm (2.4GeV), mpg ~ 370MeV

- Two calculations look consistent with each other.



Subtracting power divergences

» Power divergence

- Power divergence makes the theory ill-defined.
(e.g. no continuum limit on lattice.)
- The power divergence must be subtracted nonperturbatively.

» Renormalization of Wilson line

9.@/
We = 65m€(C)Wé‘en M

- Well-known. [Dotsenko, Vergeles, Arefeva, Craigie, Dorn, ... ('80)]
- o m : mass renormalization of a test particle moving along C

All the power divergence is contained.

- Subtraction of the power divergence can be done by:

6SUbt(5Z) _ 6—5m|52|5(52) e [82| —>l

Seumr et
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Subtracting power divergences

» Choice of dm [Musch etal. (2011)]

- One way is to use static Q(Q potential V' (R).
- V(R) is obtained from Wilson loop:

—V(R)T

WgrxT X € (T — large)

- Renormalization of V(R) :
V'™ (R) = V(R) + 26m
- Renormalization condition we take:

1
Vren(Ro) — VO — 0 = §(V0 — V(Ro))

» Power divergence free quasi distributions

~ ddz —x zZ _—0mloz ~
(T, Py) = 5 € Peozo=0mO=lN(P,)|O(62) N (P.))



Matching between continuum and lattice

» Matching for being precise
Ocont _ ZOla,tt

- necessary to absorb difference in renormalization.
- It can be calculable using perturbation.

» Momentum space v.s. Coordinate space

~cont /[ ~ doz —1iT 2 A con
@ P)l= | e POAN(P.)]|O(82) N (P, )
@ Z(%, P,) @ Z(0z)
2 B d5Z T P ~ a
¢ (%, p, P)|= 5 € PAN(P)|002) IV (P2))™ |
matching matching
IN momentum space In coordinate space

(This work)



Matching between continuum and lattice
» Matching pattern

| power divergence subtractlon — 152| —1
v No convolution-type, no mixing with different length of 0z
v No momentum dependent factor

O(52)°™ = Z(52)0(6z)'2

» Dimensionality of UV cutoff

a X L

4

3d UV cutoff: L= (t,z,y) 2d UV cutoff: L= (x,y)

natural natural
In Euclidean space In Minkowski space-time



Matching between continuum and lattice
» One-loop in continuum (3d UV cutoff)

Lo PR e

vertex-type salil-type tadpole-type
(6 = LOF (ki) - ket [0 £y
61 (0z) = g;gF (111% + (—Ei(—k1.) +e ") :fj‘:)\wzl) — 0,
§T5(82) = gifj (m% - (k)L ) —— 0.

o0 —t
. 6 L} |
Ei(z) = —/ di—- : exponential integral

- Local case ( 4z — 0) can be safely reproduced.
- Linear divergence is already subtracted.
- UV( M) and IR(\) regulators are introduced in L= (¢, z,y) direction.
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Matching between continuum and lattice
» One-loop in continuum (2d UV cutoff)
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- Local case ( 6z — 0) can be safely reproduced.
- Complex expressions, but similar behavior to 3D cutoff case.
- UV( 1) and IR(\) regulators are introduced in L= (x, y) direction.
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Matching between continuum and lattice
» One-loop matching coefficients: an example

- Naive fermion is used. 2062 =1+ & Cre(62) + O(gH
47r)2
_ Link smearing (HYP1, HYP2) 4m)
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Matching between continuum and lattice

» Effects of link smearing

unsmear HYP1 HYP2 J
linear div contained linear div contained linear div contained
%"""""""""'é O O
0Fs [0 adom| G | [ '

% | % og & 20 O 3d cut o0 | O 3d cut i '
100 - cut - _ % 2d cut _ _ % 2d cut _
% rA 5T
50 L B, o5 1 10¢f 4 10 35%%& Wﬁ% 2
! % R ] - ' ! ]

- Linear divergence is observed when it is not subtracted.
- HYP2 removes the linear divergence in large part in the matching.



Summary and outlook

New approach for lattice calculation of PDFs has been proposed:
- quasi-PDFs with LMET approach [Ji (2013)]

- lattice cross section with collinear factorization approach
[Ma and Qiu (2014)]

For precise calculation, there are several important steps:
- power divergence subtraction
- lattice-continuum matching (PT, NPT)

- continuum limit
Global QCD analysis with lattice QCD could support EIC.

Transverse momentum dependent parton densities (TMDs) and
Generalized parton distributions (GPDs) could be also addressed
by defining lattice calculable cross section toward full scan of 3D
structure of nucleons.
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