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!’ | * QCD factorization

» The key and a first principle method to relate
experimental data to QCD theory

> Electron-hadron: _&, .

1
P +0(=
( OR
Hard-part Parton-distribution Correction
Probe Structure Approximation
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‘| Operator definition of PDFs

» Spin-averaged quark distribution

47’(‘ JO

" dE_ . _
farp(zpi®) = / Bom —ine Py p(e_) v, exp{—z‘g dn—A+(n—)}w(0)P>

« Simplest of all parton correlation functions

* Not direct physical observable, like cross section; but
well defined in QCD

» Boost invariant along “+” direction
» Parton interpretation emerges in A, = 0 gauge
» Logarithmic UV divergent, renormalizable

» Time dependent!
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Extract PDFs by fittihg data

> Successful
Measure e-p at 0.3 TeV (HERA)

X | 632105 ) 000 HERA E o
=) -
= Fose 2 Predict p-p at0.2,1.96, and 7 TeV
E—? x=0.0004 == zEUS NLO QCD fit
8,0 x=0.0005
x=0.000632 —— H1PDF 2000 fit
x=0.0008
& H194-00
x=0.0013
4 H1 (prel.) 99/00
x=0.0021 = ZEUS 96/97
w0002 M 't a7 (2000, 25001 FOL K, D=0 CMS preliminary, 60 nb” Vs=7TeV
o E665 N - ' ' (a) s b —— COFdata(L=10%") S‘ﬂ;’p”gl L EANAEE
0005 ¢ NMC 10 STAR ] 10'F SyatemAts Uncantainties © + lyl<0.5 (x1024) E
x=0 I A Pip = jet+ X (4] = ‘\.b —s— NLO: JETRAD CTEQG.1M + 0.5=lyl<1.0 (x256) 1
- \l'_EDFI Gey E WF L carractad to hadron laval Q 1nﬁ . 1.0=lyl<i.5 (x64 -
%=0008 iy miidpoint-cone 107 F "hu_-_ g == mAK T B -a D=lyl<1.5 (x64) E
; =10 Hl :J'z' =(MDE = F ~ f YO POF uncertaintios — a 1.55'!'&.0(}{1 6) b
F L 2<n< 0. F —.— =
X=0.0 | o s E 10F - -.—_-_ ﬂ.'_1 n? C 205')"&5 {x4] E
= d F e " T 2.5<lyl<B.0 (x1)
o x=0.021 T e RHIC o - T - 1y 11 { 16 2 E— E
; . - 10% - - o
. ik —— Y - e “5 105p' LHC 1
~0.032 [ & Combine e —— E 4
Wr f ombine ME — %105 N -H'k.. o 0. 1uly .7 (107 % E' 15
M x=0.05 10E" —e— Gambined HT ™ S E s, "",-_,h_ M—r"s— 1{]3 r L
Lo ¢ o= ¥=008 i | NLO QCD [Vogelsang) f:‘ﬂ 104 :— t"n.‘ -'-'i-‘ . oyl i’ & i
° W e = LR [l F | E
Lo o Systernalic Uncertainty [b] 10" il "‘* 1<ty it 6 (« 107 10;’ —NLO pQCD-I-NP 4 \‘ . 'g
[ e ;ﬁucr.' Scale Uncertair - Q'_ E () E‘lp‘ uncertai nty : ‘\ T
1 Tope ok o TEVAtION T |Antik ROSPF |\ e
[ e T R RS N SR SR S N ol P E—— - — =
f e 0 100 200 300 400 500 600 700 20 30 100 200 1000
10 0 30 40 50
[ By [Gevie] p:r'ET [GeVi/c] F'T (GeV)
0 ol ol Lol ol vl
1 10 10° 10° 10* 10°
Q%GeV?)

CCNU',AUQ'. 9, 2616 o ) Yan-Qi~ngvMa, Péking Univefsify ' 7y ' 5/28




Question

Is it possible to determine PDFs
nonperturbatively from first principle?
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| ” “ Lattice QCD

|
» The main nonperturbative approach to solve QCD
» Predict the hadron mass
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( Kronfeld )

» An intrinsically Euclideantime: 7 =it

Cannot calculate PDFs directly
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PDFs from lattice QCD

» Moments: matrix elements of local operators
(X" (4?) )q = fol dx x™ fo 1, (x, u%)

» Works, but only for limited moments
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Dolgov et al., hep-lat/0201021 Gockeler et al., hep-ph/0410187
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i - .,’ i
I Ji’s approach
> Quasi diStl’ibution: Ji, 1305.1539, 1404.6680

- ¢ d z . S
farpl, 1%, P.) = 4§T e (PIY(E2) 7 eXp{—zg/O dnzAz(nz)}w(O)P>

» Features of quasi PDFs

* Fields separated along the z-direction
 No time dependence: calculable using standard lattice method

« Using OPE: quasi PDFs —» normal PDFs, as P, —» .

» Proposed matching at finite P,
st = [ 85t 0 (15,2
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Ma-Qiu’s approach
YQM, Qiu, 1404.6860, 1412.2688

> “Lattice cross section”: 7' (%, 1/a, P.)

« Hadronic matrix element

« P, o +/s: “collision energy”

* 1/a < Q: hard scale, resolution
e X o x: parameter

» Condition for a good “lattice cross section”
@ Calculable on Euclidean lattice QCD

@ UV and IR safe perturbatively (renormalizable)

(3 CO divergence: factorizable (similar to DIS cross section)

Umﬂfpﬂ P Z/ —f?/hl‘pﬂ C( ,UL ,LL P)_|_0(1/’u2)
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Ji's abproach’V.S. Ma-Qiu’s apbroach

» For quasi PDFs:

« Ji’s approach: large momentum effective field theory
3 dy x A? M?
ity = [ U7 (T oy v 0 (55

« Ma-Qiu’s approach: QCD factorization (if it is possible)

O-M T, M P Z/ _fz/h €, IUJ C'(_aﬁzaﬂLQaPZ) +0(1/.u2)
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l’ Ji’s approach V.S. Ma-Qiu’s apprdach cont.

» Ma-Qiu’s approach has relaxed condition,
beyond quasi-PDFs

« Any quantity calculated on lattice can be used to determine PDFs

as far as its CO structure can be expanded by PDFs

* The quantity is not demanded to go to PDF in any limit

Factorization is the essential question!

» Ma-Qiu’s approach is a generalization of Ji’s
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" | v Quasi PDFs
> “Quasi quark” PDF as an example

. ( dE. _ s
Farp(@, i*, Px) :/ ﬁre (PR (EL) 7 exp{—zg/[) dnzAz(nz)}w(O)ﬂ

» A good “lattice cross section”?

v" No time dependence: calculable on Euclidean lattice
v IR divergence: cancelled by unitarity vam, aiu, 1404.6860, 1412.2688
? UV safe perturbatively: renormalizable?

? CO divergence: factorizable?
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»

‘Lattice results

» Exploratory studies
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FIG. 1. The real (top) and imaginary (bottom) parts of the
nonlocal isoveetor matrix element h of Eq. 3 computed on a
lattice with the nueleon momentum P (in units of 2w /L) =
1 (red triangles), 2 (green squares), 3 (cyan diamonds).

2.5 T T T
MSTW
200 CJ12

Lattice

FIG. 2. The unpolarized isovector quark distribution u(z) —
d(x) computed on the lattice (purple band), compared with
the global analyses by MSTW [13] (brown dotted line), and
CTEQ-JLab (CJ12, green dashed line) [14] with medium nu-
clear correction near (1.3GeV)?. The negative r region is the
sea quark distribution with g(z) = —g(—=z).

 Works, good convergence

* Not consistent with experimental data

* Any problem with quasi PDFs?
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Linetal. 1402.1462
Alexandrou et al. 1504.07455
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FIG. 3. (top) The isovector helicity distribution Au(z) —
Ad(z) (purple band) computed on the lattice, along with
selected global polarized analyses by JAM [19] (green dot-
dashed) and DSSV09 [3] (brown dotted line). The corre-
sponding sea-quark distributions are Ag(z) = Ag(—=z).
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Possible proﬂblems with quasi-PDFs
» Renormalization

Power UV divergent, nonlocal operator, renormalizable?
Whether mixing with operators that has t dependence under
renormalization? If yes, cannot calculate on lattice

> “Bad” Iarge X behavior
. d:t i )
fz/p €L, M Z/ IJ ; ,ﬂ’Q:Pz)fj/p(xnu2)

as x — 0, f;p(@,p?) - 27 with 1 < a < 2

ij (/x, i, p?, P.) has x/& behaviour as © — 0 in DR

* Integration divergent, ruin factorization
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Renormalization in coordinate space

» Coordinate space definition

Fapp(es i, P2) =(h(P)[$(€:) =@ ({€2,0}) v (0)|h(P))

» Why coordinate space

« “Bad” large x behavior corresponds to “bad” small ¢, behavor:
quasi PDFs are ill-definedas ¢, — 0
* No problem with finite &,

» Go back to momentum space

* Further subtraction needed, like In(¢,)
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s Renormalize poWer UV div.

» Quasi quark PDFs in coordinate space

0 G- 0 f’;- }’é@zz
kk k k:@ k

(a) (b)
 Power divergence: diagram (b)

)1
p;g pp pp%

&z £z 1
drq / drs
/o r1 (?’2 - '?‘1)2

a

sz_a éz 1
/ d?'lf dre 5 = €—z — lné —1 ﬁ exp —cg—z ¢
0 r (’f‘2 - "'1) a a

1ta

One loop

0 |

All order

P

* Well known, mass renormalization of test particle potsenko, vergeles, NpB (1980)
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| 7 LogUVdiv.

» Using DR after power divergence removed
& * 1 1 1 L, 1 1. .,
/0 dry /Tl dr (e =% —2c1= 2€§z = 5. " 3 In(&7) + Ofe)

 Left over log divergence: come from end points of gauge link,
independent of ¢,

» Additional log UV divergence

0 r 7 <

0

!F'r;

r

k
! k

. P p

“

p

renormalization of
QCD Lagrangian

come from end
points of gauge link
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Renormalize log UV div.

> After power UV div. subtracted, and using
renormalized QCD Lagrangian:

« All UV divergences come from endpoints of gauge link: local
nonlocal UV div. for normal PDFs

 Renormalizable by a local UV counterterm

Fj

s i Bl =B

» Renormalization: multiplicative factor, no
operator mixing

- In(é2): divergent as ¢, — 0, freely subtracted
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l’ | ~ Ladder decomposition

» Generalized ladder diagrams decomposition

k k
k k Co
ke k Co
Co + + Ko + ...
P P Ko
A B
» , Ko . . k k
P p Co — (ﬁEE»>
Me—
P P \
P P

* (Cy Ky: 2PI kernels
e Ordering in virtuality p? < k? ~ u?
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” Factorization

» Using physical gauge, 2P| diagrams are finite

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

» Factorize the last kernel, and then recursively:

P: pick up the singular part of integration

Normal PDFs
furp = lim Cp ZK +UVCT

m—o0

All CO divergences of quasi PDF

= lim 1+ZK@(1—P)K [ . ]
ren 1_ﬁ[{

m—o0

1
1—(1-P)K

= lim Gy 1+Z{1— }

Finite

m—) G\ (7 [i°, P.) Z/ _f?/h, 1) C:(—7ﬁ25u27Pz)+0(1/u2)

» Modified qusi PDFs: good “lattice cross section”
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» Expand the factorization formula

Fon(®) = fo(@) @ CL(#/x) + [y (x) @ Cy) (¥ )
m= C, (40715 Pe) = [ (407 P2) = £y (6 40°)

» Feynman diagrams k.% .k k:;;

Same diagrams for both,

but with different gauge

» Gauge choice
A, =0for f,,

Gluon propagator:
l“nﬂ + nglP

q/q

1
— 2

p p P

21111110 D

nlep

A (1) = —g*F +
Ly
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L7
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P

A, =0for f,/,

_I_

. One loop example: quark—quark

L
2
p

19nf 1 ne B

Ly

[
éz,
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|| One-loop expression ‘

» After the integration of energy component by

using residue theory

9 as _(4r)° " A3 [Tl 1—3—y)—6(1— 1 1—¢ 5
izt P = Crfets 1o [ grb—a—y-sa-al g (1-v+ 5

) ) 1 y . (1= y)\2 22 +1—€ (1 —1y)A\°
e e e 2y\/>\2+(1—y)2 2 (=g

where vy =1./P., » =11/P, Cpr = (N7 — 1)/(2N,)
» Cancellation of CO divergence

y 1=y VA2 42—yl VAT \1 y
=+ = =200 <y <1)— |Sg +Sen(1 —
\/ )\2+y2 \/)\2_|_ (1 —y)2 ( Y ) { gll(y) \/W gll( ? \/)\2 i|

Only the first term is CO divergent for, which is the same
as normal PDF - necessary!
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O'ne-loop coefficient functions

> MS scheme for normal PDF

Copalts B2 2 Po) = Foo (5% P) = fua(tp®y
clre) e g2
a/a\") +1 [ B tA1—4 Ay
[ 1—tlnu2+1 tL+ (1—t)2+1—t

Sen(t)A; 1+ t2 A, ( Ay
_ - L) 4 Sen(1— 1)1
AT 1—t{sgn(t)ln 1+2\ FSen(l = {1+ 55—

where A: = /12 /P2 + 12 — |t], Sgn(t) = 1 if t > 0, and —1 otherwise

.

Coefficient functions for all partonic channels are free of CO div.
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_To do IiSt

» Additional matching:

G (3.1 /a, P.) <2 p(iid, P.)
0

- -~ C
O'M(LEJLQ?PZ) — f?:/h,(%#?)

« Lattice perturbation theory
* Nonperturbative matching

In progress
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Summary

> “Lattice cross section” = hadronic matrix
elements that are calculabe on lattice QCD +
factorizable to partonic structure functions

E.g. Modified quasi PDFs

» Find more good “Lattice cross section”, PDFs
extracted by global fit of these data

» Find good “lattice cross section” for other
nonperturbative quantities: GPDs, TMDs, ...

» Lattice QCD can calculate partonic structure
functions now, but, more works are needed!
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Thank you!



