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- HOW FAST DO PARTONS TRAVEL?

How is the momentum of a fast-moving nucleon
distributed amongst its constituents?



EXPERIMENTAL EXTRACTION
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From PDG 2016 X



http://www-pdg.lbl.gov/2016/reviews/rpp2016-rev-structure-functions.pdf

QUASI DISTRIBUTIONS

X.Ji, PRL 110 (2013) 262002
X.Ji, Sci.Ch. PMA 57 (2014) 1407

Defined as

(o P) = [ (P B(Te mEAy(0)| ),
Compare to
Film) = Ck"—_e“WPWPW(o W™, 0)Te @0 5" ™ A0V 0y,0)| P

47

Related to light-front PDFs via

i A¢ ’
¢(z, 2, P?) = / dyyZ< ;j) fly, u*) +0 ( (gz(;?’ (j\i)Q)
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A MORE GENERAL

FRAMEWORK

Define lattice “cross-sections” Y.-Q. Ma & J.-W. Qiu, arXiv:1404.6860

lim o (z, a, P*) = o (z, i1, P°)

a—0

Quasi distributions - lattice “cross-section” from which one can extract PDFs

A2
5 (a1, P*) = ) Ha ($’ %7%) ® fa(z, 1) + O %(;D

14

See also:

K.-F. Liu, PRD 62 (2000) 074501
W. Detmold & C.J.D. Lin, PRD 73 (2006) 014501
A. Radyushkin, PLB (2017) 02 019
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GENERAL PROCEDURE




Bare lattice matrix element
(>-space, power-divergent):
ht(aP,, z/a; W)

Remove
power
divergence

Bare lattice matrix element
(z-space): hi2®(aP,, z/a)

Fourier dz .
transform 7 pi®zl:
in 2 A7

Bare lattice quasi PDF:
qgtt(xv G‘: aPZ)

Renormalize

Zy(ap)

Renormalised lattice

quasi PDF: 2 (z, p, aP,)

GENERAL PROCEDURE ;

J.-W. Chen et al, NPB 12 (2016) 004

T. Ishikawa et al, arXiv:1609.02018
65'r'ri.|z|

J.-W. Chen et al, NPB 12 (2016) 004
T. Ishikawa et al, arXiv:1609.02018
X.Ji et al, PRD 92 (2015) 034006

C.E. Carlson, M. Freid, PRD 095 (2017) 094504
R. Briceno, M. Hansen & CJM, arXiv:1703.06072

Take
continuum
limit ] Continuum Euclidean Continuum Minkowski
a— 0, L quasi PDF: ¢&" (z, u, P,) quasi PDF: ¢ (z, i, P,)
i, P, fixed

Match to PDF, “dy Y, p.
extrapolate P, — o¢ ‘y[ ”

LPDF: e ) J

X. Ji, PRL 110 (2013) 262002
X. Xiong et al, PRD 90 (2014) 014051
X.Ji et al, arXiv:1506.00248
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GENERAL PROCEDURE:
GENERAL CHALLENGES

Power-divergence must be controlled

Remove Large momentum required:
power .

divergence - discretised Fourier transform
- control power-suppressed corrections

Bare lattice matrix element
(z-space): hi2®(aP,, z/a)

Fourier . Renormalisation and continuum limit:
'I.TZ z . . . .
LS f - perturbative truncation uncertainties
Bare lattice quasi PDF: - discretisation effects

" (z,0,aP.)

C.E. Carlson, M. Freid, PRD 095 (2017) 094504
R. Briceno, M. Hansen & CJM, arXiv:1703.06072

Renormalize

Continuum Euclidean
quasi PDF: ¢&" (z, u, P,)

Renormalised lattice
quasi PDF: ¢ (z, u, aP.,)

Match to PDF,
extrapolate P, — oo

----
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GRADIENT FLOW
PROCEDURE

Take
continuum

limit

a — 0,
T, P, fixed :
Remove
power e|zl/ T
divergence

CJM & K. Orginos, JHEP 03 (2017) 116

Smeared continuum
Euclidean matrix element

(=-space): hig™(\/TP., z/y/7)
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SMEARED QUASI

DISTRIBUTIONS

CJM & K. Orginos, JHEP 03 (2017) 116
Defined as

dz
¢(z,/7TP?,\/TAqcp, VTMy) =

1 C(PIX (s T)yPe 9 FEE D (0, 1) P)

Related to light-front PDFs via

AQ
q(x,\/?AQCD,\/?PZ)zf_l dyy ( \ﬂt,foZ> fly,n*) + 0 (\/FAQCD» (}3;?)

Here “ringed” fermions remove need for wavefunction renormalisation

H. Makino and H. Suzuki, PTEP (2014) 063B02
K. Hieda and H. Suzuki, MPLA 31 (2016) 1650214

| —2dim(R) N,
X(@7) = = ¥(z,7)
J (47272 (B0, 7) Prb(a 7))
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RELATION TO PDFs

CJM & K. Orginos, JHEP 03 (2017) 116

Introduce Mellin moments

A M o0
bn (\/;Pza QPSDa Piv) — / dZC.ﬁCn_lCJ(E, \/;Pza \/FAQCDa \/FMN)

In limit of vanishing separation z

A AQCD MN L Cn(\/?Pz) : n— 1)\0, %
by, (\EP, b PZ) == o5 <PZ‘X(Z,T)’)/Z(ZD) X x(0, 7 ‘P>

Unlike PDFs these matrix elements are not twist-2, but related via

. Aqep M ; Adcp
(fP D PN> C(VT s VT P?)an(p )+(9(\W\QCD, (P2 )
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RELATION TO PDFs

CJM & K. Orginos, JHEP 03 (2017) 116
Introduce a kernel with Mellin moments

OV = [ dee 2 VTR

— 0

Then, assuming one corrects for target mass effects and that

Aqep, My < P, < 7712

This leads to

1 A
q(ﬁC, \/;AQCDa \/;PZ) = /;1 dEyZ (§’ \/;/“La \/FPZ> f(ya Mz) + O (\/FAQCD’ (gz(;[;)
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DGLAP EQUATION

Introduce Mellin moments CJM & K. Orginos, JHEP 03 (2017) 116
. Aqep My il i
bn \/?P T pz ' p — drx Q(ma \/FP ) \/FAQCDa \/FMN)
— 00

and apply small-flow time expansion

A2
b (VTAqep) = C (VT V/TP,)a™ (1) + O (\/FAQCDj QCD)

Pe
such that

[ d ()

H— T

R fy(”)} C (VT VTP:) = 0+ O(VTAqep)

Then the matching kernel satisfies

a
T

Z (e, v, V7P) = S / D2 vinvir) p ()
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MATCHINGIN

PERTURBATION THEORY

Axial gauge simplest. But gradient flow requires generalised Feynman gauge.

Quasi distribution Smeared quasi distribution
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X. Xiong et al., PRD 90 (2014) 014051
Ji et al., PRD 92 (2015) 014039
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MATCHINGIN

PERTURBATION THEORY

In principle, one can calculate these diagrams directly.

But integrals not solvable analytically
. usual techniques fail
(or at least, all the ones I can think of)

Simplified in coordinate space:

infrared behaviour identical
set zero external mass, momentum 1
reduces number of diagrams
simplifies remaining integrals

Determine finite parts numerically




MATCHINGIN

PERTURBATION THEORY

In principle, one can calculate these diagrams directly.

But integrals not solvable analytically
. usual techniques fail
(or at least, all the ones I can think of)

Simplified in coordinate space:
infrared behaviour identical

set zero external mass, momentum
reduces number of diagrams
simplifies remaining integrals

Determine finite parts numerically




RESULTS

%

In coordinate space, in units of — (1n)? Co( R) v
L opi (—7°) + L. (6—32 ~ 1) 2 (4 —~ e—?) — 3+ g + log (mu?2)
€ 24 E2 E
Fi (22)+—(1—€22)—|-’7F—1—|—10g(z2)] E:i
1 z J 8T

Power-divergence




RESULTS

Include the wavefunction-type diagrams

Local vector current limit:

lim AY(Z) = 0

z—0

Small flow-time limit:

lim h(l)(Z) — pW

Z—00 MS

Full momentum-dependent result in progress.



GRADIENT FLOW

° PROCEDURE °

Take

Smeared lattice Coni_:in}lum Smeared continuum

matrix element limit Euclidean matrix element
(z-space, power-divergent): |  — (). | (z-space, power-divergent):
hg*(aP;, z/a,7/a* W) T, P, fixed hg™ (VT Py, 2/\/T; W)
Remove
power €|Z /7
divergence
CJM & K. Orginos, JHEP 03 (2017) 116 Smeared continuum

Euclidean matrix element

(z-space): hi™ (/T P,, z/\/T)

~ -
~ o
~—

Continuum
Minkowski matrix element
(z-space): h$?™(u/P., pz)

Fourier dz .
transform e
in z 4

Continuum Minkowski
quasi PDF: g™ (x, u, P,)

Match to PDF, %Z z 5
extrapolate P, — o¢ v My 2

y
X.Ji, PRL 110 (2013) 262002
X. Xiong et al, PRD 90 (2014) 014051 _ [

X.Ji et al, arXiv:1506.00248

PDE: joo, u) }
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- PDFs FROM FIRST PRINCIPLES: QUASI DISTRIBUTIONS

Quasi distributions

One current challenge: the continuum limit

- THE GRADIENT FLOW

Matrix elements finite at fixed flow time

- SMEARED QUASI DISTRIBUTIONS
Finite continuum distributions
Matching in perturbation theory ~ almost complete

Nonperturbative study of systematics underway



THANK YOU

chris.monahan@rutgers.edu






; QUASI DISTRIBUTIONS ;

From J.-W. Chen et al., NPB 911 (2016) 246

1.0 Momentum dependence
0.8F ,_ -
< 0.6 1 y
| ) ]
= 0.4 N -
0.2F /4 -
0?“"1 : | | 2!
-1 0 1 2 3

X

See also:

H.-W. Lin et al, PRD 91 (2015) 054510

C. Alexandrou et al., PRD 92 (2015) 014502
J.-H. Zhang et al., arXiv:1702.00008
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QUASI DISTRIBUTIONS

From J.-W. Chen et al., NPB 911 (2016) 246
R | T |

1.5 e B, = With partial |
[ matching |

=
o

u-dy/gy

-1.0 -0.5 0 0.5 1.0 1.5

See also: X
H.-W. Lin et al, PRD 91 (2015) 054510

C. Alexandrou et al., PRD 92 (2015) 014502

J.-H. Zhang et al., arXiv:1702.00008
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QCD

0CD
0
EBHJ(T? I’) = DI/ (8I/Bp _ 8#BV + [By, Bﬂ}) Dﬂ — aﬂ - [BPJ7 ]
0
8_TX(T’ ), = Dngx(T, ) ij =8+ B

Exact solution not possible (even with Dirichlet boundary conditions)

By, m) = /d4y{KT(x— Y Au(y) + /OT doe k(@ — u) e Bole, y)}

d4p e'pT 4
Borller = / (2m)% p2 {(5Wp2 — pupv)e " +pﬂp*’}

Ru('ra 1) = 2[B,, &/Bu] — [By, aﬁLBV] - [Bua 0, By| + |By, | By, Bu”

Smearing radius g . = /8t

Interactions occur at non-zero flow time: generalised BRST symmetry

guarantees renormalised correlation functions remain finite.

Liischer & Weisz, JHEP 1102 (2011) 51
Luscher, JHEP 04 (2013) 123
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X From C. Carlson & M. Freid (2017)

“Lattice corrections to the quark quasidistribution at one-loop”



From PDG 2016

- EXPERIMENTAL EXTRACTION -

Process Subprocess Partons T range

= {p,n} — =X g —q q.G, 9 x 2 0.01

tfn/p -1t X Y*d/u — d/u d/u x 2 0.01

pp — putu~ X ul, dd — ~* q 0.015 <z £0.35
pn/pp — putpu= X (ud) /(uit) — ~* d/u 0.015 < x < 0.35
v(@)N — p—(pH) X W*q — ¢ q.q 0.01 Lz <05
vN — p~put X W*s — ¢ 5 001 S 502

v N —ptp= X W*s —¢ 5 001 <2502
etp et X g —q g9.q,q 104 < <01
eTp—-vX Wt {d, s} — {u,c} d, s x 2 0.01

eTp — e e X, eT bbX v*e — ¢, v*g — cc ¢ b, g 1074 <2 <001
eTp — jet+X v*g — qq g B0 s 00
pp,pp — jet+X 99.4q9,q4q — 23 q.q 0.00005 < = < 0.5
pp— W+ — 1) X ud — W+, ad — W~ wu.d, U, d z > 0.05

pp — (W"i - Eiu) X ud — W7, du — W™ u, d,u, d, g x 2 0.001

pp(pp) = (Z - £767)X uu, dd, ..(ui, ..) = Z u,d,..(g) x 2 0.001

pp— W7¢, WTe gs — W™e 8; 5 x ~ 0.01

pp — (¥* = £TE)X wit, dd, .. — ~* q,9 x> 107°

pp— b X, ttX gg — bb, tt g z 2 107%, 1072
pp — exclusive J/¢, T v (gg) — J/, T g & = 10—2,10~4
pp — X 99 — Yq, 94 — ¥q g x 2 0.005
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