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Foreword: (collinear) leading twist PDF map
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Strategies to reconstruct PDFs from lattice QCD

Renormalizable and factorizable
Matrix Elements of hadron at large momentum Physically thick
Wilson-line

Current-current
4pt functions

1
d
/1 rjcm_mamce(r/y. Py o) fily, 1)

(perturbative matching)

PDF

A. Radyushkin, PRD98 (2017),034025 .wA Detmold and C.J. D. Lin, PRD73 (2006) 014501 .R4S4 Suftan ot al, PRD (2019), 074507
V. M. Braun and D. Muller, EPJ C55, 349 (2008)

Y.Q.Ma and J.W.Qiu, PRL120 (2018),022003 . X. Ji, PRL110 (2013), 262002

[Courtesy of N. Karthik] [See talks by J. Qiu and D. Richards]
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Strategy to fit PDFs from data

@ Collinear, leading-twist factorisation of physical observables
2 2 . L dy T
Or= > Crsly,as(u’)@f(y,u*)+ps. corrections  fog= [ —f(=)g(y)
f=a,3,9 @ Y Y

@ Parametrisation: general, smooth, flexible at an initial scale Qg

xfl(er(%) = Afl wafi (1 - m)bfi y(““: {sz})

small x o large =
F(2,{cy,}) ——> finite
2y z—0 afr. : i 2y z—1 b
xfl(xv Q ) ——x smooth interpolation in between xfz(xy Q ) —_— (]- - x) fi
(Regge theory) (polynomials, neural networks) (quark counting rules)

© A prescription to determine/compute expectation values and uncertainties

Naat

x> = Y [Lil{a@}] - Dil(cov),(T5{a}] — Dy
»

E[0] = /DAf’P(Aﬁdata)O(Af) VO] = /DAfP(Aﬂdata)[O(Af) — E[0])?

Monte Carlo: P(Af|data) — {Afi} Maximum likelihood: P(Af|data) — Afo
E[O] = § 31 O(Afi) E[O] ~ O(Afo)
VO] = % S LO(Afr) — E[O])? V[0] = Hessian, Ax2envelope, . ..
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World data for F,P
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Fits of f
from thousands of data
CT, MMHT, NNPDF, ...
[See talk by L. Harland-Lang]

[See also F. Olness’ talk in the general workshop track]

Emanuele R. Nocera

s

Kinematic coverage
World data for giP

World data for hy
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from hundreds of data
DSSV, JAM, NNPDF, ...
[See talk by N. Sato]

Connecting PDFs from pheno and lattice

from tens of data

Kang; Anselmino; Bacchetta




Connecting two faces of the same world

BENCHMARK

APPRAISING LATTICE QCD l
[ Global QCD analyses ] ‘ Lattice QCD

PDF fits moments/quasi-PDFs

ExproITING LATTICE QCD |

INPUT

Define a mutually agreed conventional notation
for relevant PDF-related quantities, such as PDF moments.

Assess the sources of systematic uncertainties in lattice-QCD calculations.

Identify a best-set of quantities
to benchmark lattice-QCD calculations against global-fit determinations.

Set precision targets for lattice-QCD calculations
with respect to global-fit determinations.

Assess the impact of lattice-QCD calculations
on global-fit determinations within their current/projected precision.

PDFLattice2017, Balliol College, Oxford, 22-24 March 2017 | 1
PDFLattice2019, Kellogg Biological Station, Hickory Corners, 25-27 September 2019
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http://www.physics.ox.ac.uk/confs/PDFlattice2017/index.asp
https://indico.cern.ch/event/804857/

1. Appraising lattice QCD
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Define a quantitative benchmark for PDF moments

Benchmark quantities

£ @)y gt = Jgdoa [ut(@,Q%) - d(2,Q%)]
(@)t = Jg dz2g(2,Q%), a=wu,ds  (2)g = [} dvwg(z, Q7)

Af g4 =W pyt_ngt = Jo d= [Aqu(z’QZ) - Ad+(z‘Q2)}

Dagt =I5 dedat(@Q%), a=udys (@) 5~ _pg— = Jg 2dz [Au(2,Q%) — Ad™ (2, Q)]
5f 91 = Wyt _sqt+ = Jo d= [hiﬁ(z’Qz) - hiﬁ (I'Q2>]

98 = (Mgt = fddohd (2,Q%), a=uds

Benchmark criteria

* o |
discretisation {a1, » A b *23 {a1, ) G } 22* 2 otherwise
s am < 0.1 fm (M) >2  a; <0.1fm (m) >1.4
Smin Smin
> P>
chiral extrapolation M,ind 23 UERTE otherwise
Ma1,2 < 250 MeV my g < 200 MeV ma,1,2 < 300 MeV
i > i > 3.
finite volume M minl 2 4 M7 minL 2 3.4 otherwise
Li#Ls#Ls>2.5fm L1 # Lo > 2.5 fm
o non-perturbative perturbative .
renormalisation N otherwise
(RI-MOM) (one-loop or ohigher)
_sink); sink):
excited states . (source-sink); '(source sink) otherwise
1 >3Vmg, L 1 >2Vmg,L
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Moments of f

o
RN ,A‘,o\z‘;:\e ,b,é\o“ <
A\ X 3

(Ao ,A\\%eé &

SO G -
Mom. Collab. Ref. Ny S e e Value
(x),+ _4+ LHCP14 [ ] 241 B % *x % * 0.140(21)
ETMC17 [ ] 2 H % E % % T 0.194(9)(11)
RQCD 14 [ 1 2 HEE O % % ” 0.217(9)
() + ETMC17 [ 12 m % m *x % *F 0453(57)(48)
() 4+ ETMC17 [ 12 m % m *x % *F 025(57)(47)
(@) 4 ETMC17 [ 1 2 B %X B x x ©7 0002(41)
(z)g ETMC17 [ 1 2 H % B O % * 0.267(22)(27)
xQCD 13 [ ] o H HE E O % > 0.334(55)
QCDSF 12 [ ] o e kX k — X 0.43(7)(5)
(x?),— _,— LHPC/SESAMO2 [ ]2 mEEOHBN 0.145(69)
QCDSF 05 [ ] o E EE X @H 0.083(17)
(2?), - XxXQCD 09 [ ] 0 EEEmEOMNm IF 0.117(18)
(x?) = XQCD 09 [ ] 0 m mmom b 0.052(9)

* Study employing a single physical pion mass ensemble.

» Study employing a single ensemble with m . = 150 MeV.
= Nonsinglet renormalisation is applied.

I~ Only the connected contribution is included.

> The connected contribution is only evaluated at one tsep-
™ The lightest m has Lm, > 4.0, however, L ~ 1.6 fm.
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Moments of f

Unpolarized moments
Ky gt A e QCD
global it (PDF4LHC§ -
global fit (uw avg N Moment Lattice QCD  Global Fit PDF4LHC
<X>u*=‘~:
(@) 4 _ g+ 0.110-0226 0.161(18) 0.155(5)
() + 0.453(75)T  0.352(12) 0.347(5)
X 2 (@) 4+ 0.259(74)t  0.192(6)  0.193(6)
() + 0.092(41)t  0.037(3)  0.036(6)
g+ (x)g 0.267(35)T  0.411(8)  0.414(9)
T Single lattice result [ 1.
<X>g'—‘—' s qizqiq,q=u,d,s;Q:2GeV.
‘ ‘ ‘ ].-L2=Q2=4 GeV2 For details, see [ 1.
0 0.1 0.2 0.3 0.4 X
2 + 2
(s d+f/ dra [u” (@,Q%) - d* (2, Q)]
2
)y = / dz 2q* (2,Q?)
0
! 2
@)y = [ duagw, @)
0
October 20,2010 10/ 27



Moments of A f

a? <<\ 9 \‘”
c‘ < Pj;\‘\: \:6 =
Mom Collab. Ref. Ny 3¢ \\‘ e Value
ga Callat17 ] 24141 W K W * * ° 1.278(21)(26)
PNDME 16 [ ] 24141 0 * O * * 1.195(33)(20)
LHPC 14 ] 241 W *x *x *x % 0.97(8)
Mainz 17 [ ] 2 * 0 % * * 1.278(68) (19 g7)
ETMC17 [ 1 2 E kX B & *x 1.212(33)(22)
RQCD 15 [ ) oo o % o # 1.280(44)(46)
QCDSF 14 ] 2 oo o % m } 1.29(5)(3)
(1) At ETMC17 [ 1 2 X B & x ¢ 0.830(26)(4)
() Ayt ETMC17 [ 1 2 o~ B x x ° —0.386(16)(6)
(1) p ot XxQCD 17 [ ] 241 ®m 0o o * % 9 .0.0403(44)(78)
Engelhardt12 | ] 241 m m o * *x ¢ -0.031(17)
ETMC17 [ ] 2 ok B ok k% -0.042(10)(2)
aus s ﬁ(cg/cmo I 21 = * ok %2250651((2539))/
LHPC 10 [ 1 241 mEooHm 0.1972(55)
ETMC15 [ ] 2 ok B kX x ¢ 0.229(33)

* Study employing a single physical pion mass ensemble.
i g A is determined via the ratio g 4 / fx employing the physical value for fr.
© Approach inspired by the Feynman-Hellmann method is employed.
T Partially quenched simulation with m = 330 MeV.

< Some parts of the renormalisation are estimated.

Emanuele R. Nocera Connecting PDFs from pheno and lattice
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Moments of A f

Polarized moments

Ny=2rat
Ni=2+141 H
! a8 9a

Iattlcle t?CI;th —— Moment Lattice QCD  Global Fit ~ JAM17
global fit =---e--x
JAMAZ »-a-n .
N 1.105(39)
gy & g4 1.275(12)  1.240(41)
u 1.279(50)**
(1) aut 0.830(26)7  0.813(25) 0.812(22)
o (Dagr (DAt -0.386(17)7  -0.462(29) -0.428(31)
(M) Aot -0.052--0.014 -0.114(43) -0.038(96)
(@) pu— _nq— 0.146-0.279  0.199(16) 0.241(26)

(Dast i

* Ny =2
*Np=2+1+1
Kau- ad e T Single lattice result [ ]-
2_~2 2
‘ ‘ ‘ M =Q7=4 GeV At = Aq+AG g=u,d, s; Q =2 GeV.
-0.8 -0.4 0 0.4 0.8 1.2 1.6 For details, see [ |

1
91 = (D) aut _aar = / dz [Au* (2, Q%) — Ad* (z, Q)]
0
1
= [ dzxAq* 2
<1>Aq+ /(; ANY (maQ )

1
— 2 — 2
(2) mue —na- = / wdz [Au~ (2,Q7) — Ad~ (2, Q)]
0
I TR



Moments

of 0 f

O
9"“\ +‘
éf,c‘ \\\(“ £ (z(\o +c\

\
"\\;‘;‘\ \\e@; T

Mom. Collab. Ref. Nf Value

gr  ETMC19 ] 24141 0 0 * * * 0.926(32)
PDNME18 | ] 24141 % *x *x * * 0.989(32)(10)
LHPC19 | ] 241 0 0 * *x * 0.972(41)
Mainz19 | ] 241 0 *x * * % 0.965(38)(T33
JLQCD18 [ 1 2+1 O M O * % 1.08(3)(3)(9)
LHCP12 | ] 241 % H *x *x * 1.038(11)(12)
ETMC17 | 1 2 O W O * % 1.004(21)902)(19)
RQCD14 | ] 2 * 0 * * ®m 1.005(17)(29)

g%  PNDME18 [ ] 24141 % *x *x * * 0.784(28)(10)
JLQCD18 [ ] 241 W 0 O * * 0.85(3)(2)(7)
ETMC17 | 1 2 B O O % % 0.782(16)(2)(13)

g%  PNDME18 | ] 24141 % * *x * K -0.204(11)(10)
JLQCD18 | ] 241 ®m O O * % -0.24(2)(0)(2)
ETMC17 | ] 2 B O O % % -0.219(10)(2)(13)

g5  PNDME18 [ ] 24141 % *x *x * * -0.0027(16)
JLQCD18 | ] 241 ®m O O * % -0.012(16)(8)
ETMC17 | ] 2 B O O * % -0.00319(69)(2)(22)

* Not fully O(a) improved by requiring an additional lattice spacing.
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Moments of § f

Transversity moments
lattice QCD reeees gy
global fit e---e---t
JAM1E s Moment Lattice QCD  Global Fit JAMI8
e e er gr 0.989(32)(10) 0.61(25) 1.0(1)
9t 0.784(28)(10) 0.39(11) 0.3(2)
g -0.204(11)(1) -0.22(14) -0.7(2)
i g 9 00(16) —  —
et =g+3d a=u,d, s Q=2GeV.
Lattice results from the 2019 FLAG review.
" s Global fit [ ]
g7 JAM18 [ ]
-1 -0.5 0 0.5 1 15
! + da+
u 2 2
g1 = (V)su+ _sa+ I/ dz [h1 (z,Q°) —hi (z,Q )}
0
! +
q _ _ q 2
gt = Wy = [ doh @.Q)
0
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Qualitative comparison of lattice QCD and global PDF fits

CT14
— matched PDF ]

quark ]
valence+sea;
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NNPDF1.1pol
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2. Exploiting lattice QCD
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Impact of lattice QCD moments on f
Generate lattice QCD pseudodata assuming NNPDF3.1 central values for
(@hut s (@) at, (Tt (@)gr (@)t _at

Assume percentage uncertainties according to three scenarios

scenario (z) 4+ (@), 4 (z) 4+ (@)g (@), 4+ _g4+

A 3% 3% 5% 3% 5%
B 2% 2% 4% 2% 4%
C 1% 1% 3% 1% 3%
current 17% 30% 45% 13% 60%

Reweight NNPDF3.1 with lattice pseudodata and look at the impact
12 prrrr — —
Absolute PDF uncertainty '

no lattice ——
scenario A -
scenario B
scenario G

36 — : —

Q%=4 GeV?

xs*(x, 02)

0 N L L M| L L L
102 107 102 107
X X
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Impact of lattice QCD moments on A f

Generate lattice QCD pseudodata assuming NNPDFpoll.1 central values for
94 = (Daut—aat: (Dawts (Daat: (Dast: (T)aw——aa-

Assume percentage uncertainties according to three scenarios

scenario g4 (Da, 4+ Dagt Dast D au——na—

A 5% 5% 10% 100% 70%
B 3% 3% 5% 50% 30%
C 1% 1% 2% 20% 15%
current 3% 3% 5% 70% 65%

Reweight NNPDFpoll.1 with lattice pseudodata and look at the impact

0.08 Ty 0.03 Ty
EAbsolute PDF uncertainty 3
0025 £ 1o lattice —— 0.025 |-
Escenario A - E
0.02 £ scenario B 0.02 £
7 E scenario G e TTE
0.015 Q=4 GeV? 0.015 F

001 E 001 [-
0.005 |- — 0.005 .
ExAut(x,Q?) ‘ ‘ \ ExAs*(x,Q%) ‘ ‘
10° 102 107 10° 10° 102 107 10°
X X
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Impact of lattice QCD moments on 0 f
Simultaneous fit to the Collins asymmetry data from HERMES and COMPASS of

flakl) bkl DY(=pl)  H(zpa)
and to three lattice data sets with an estimate of systematic uncertainties
PDNME [ 1 RQCD | 1 LHPC | ]

using Monte Carlo techniques for the representation of uncertainties

4
p/\/"j 4 + 2 o1 hY 0.4
0 2 VH_ﬁ\
0 0.2
{ o 0
4 2 ]| 2 o 0
__ -8 HERMES p % -4 4 } 2 h’li —0.2
X 2 2 ~
< ' P?’)J—H M N 0.4
9: 0 . . 0 0.2 0.4 0.6 0.2
s -4 _
i S E - E 9
< -8] COMPASS p % = | mm SIDIS +lattice
£ 6/ = sis
2 E B
{ g 3
-2 _5
g2t
4 £
§LCOMPASS d 2,
0 01 02 45 02 04 > 06 02 04 06 P, 0 0.5 1 ar

]
Excellent description of the data with and without lattice results (x?/Nga: = 0.65)

Lattice results seem compatible with measured asymmetries

Lattice results are able to reduce the uncertainty on hi and Hi significantly
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Impact of lattice QCD moments on d f |

gr = 6u-6d
TR e Rl FER
X e
Torino
. wp |

5)
0)
e
4)
02 ‘04 06 08 1.0 02 04 06 08 1.0
Su Su

[1] ETMC 19; [2] Mainz19; [3] LHPC19; [4] JLQCD 18; [5] PNDME 18; [6] ETMC 17; [7] RQCD 14; [8] LHPC 12

global fit [ ]; JAM | ]; TMD [ ]; Torino | ]
global fit —} global fit + gr —} global fit + gr+ du + &d
5 mxz 500) - 500] s
400 400 400
338 346
300 300 246 300,
200 159 200| 200} 176
o0 10 " o
15 7 12
o 20 40 60 80 [ 20 40 60 80 0 20 40 60 80
X2/dof =1.76 = 0.11 X2/dof = 1.82 +0.25 X2/dof = 2.29 £ 0.25
22 d.o.f. 23 d.o.f. 25 d.o.f.
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Reconstructing PDFs from lattice moments

0.8 |-

0.6 |-

T
Uyal - Oval

T

Detmold et al 4

T
CT10 e

1 T T
Uyal - dyal CT10 mmmm

0.8 - Hagler et al -
0.6 [ b
0.4 - B
0.2 - b
0F —

1 1 1 |
0 0.2 0.4 0.6 0.8 1

Emanuele R. Nocera

Detmold et al. | 1
u — d from the lowest few lattice moments, ensure the correct

behavior in the chiral and heavy quark limits

Haegler et al. | ]
non-perturbative renormalization factor for the axial vector

current, only connected diagrams are included

Bacchetta et al. | ]

supplement lattice moments with quasi-PDFs (using results of a

diquark spectator model) matched at a fixed point =g

Connecting PDFs from pheno and lattice



Impact of lattice calculations of x-space PDFs
Apply Bayesian reweighting to the isotriplet PDF combinations

f NNPDF3.1 w(zi, Q) — d(zi, Q) a(ws, Q%) — d(ws,Q?)

- i=1,...,Ng
Af NNPDFpoll.l Au(z;, Q%) — Ad(z;, Q%) Au(z;, Q%) — Ad(z;, Q3) P

Consider uncorrelated lattice pseudodata Q2 = 4 GeV?2 and z; = 0.70,0.75, 0.80, 0.85,0.90
for three scenarios: (D) 6(5) = 12%; (E) 6(5) = 6%; (F) E(LZ) =3%

5(U) @ Q%=4 GeV?, NNPDF3.1

5(d) @ Q*=4 GeV? NNPDF3.1
e S S

i e

°
2

o T TR

PDF uncertainty (ratio to NNPDF3.1)
PDF uncertainty (ratio to NNPDF3.1)

no LQCD moms 10 LQCD moms
061 .. w LaltQCD x-sp, Scen D *; o E; ““““““ w LattQCD x-sp, Scen D &
osh e w LattQCD x-sp, Scen E = osf] e W LattQCD x-sp, Scen E E
; ------ w LattQCD x-sp, Scen F ; ; ------ WLaltQCD x-sp, Scen F ;
06.3 0.4 0.5 0.‘6 D.‘7 0,‘8 0.9 06.3 0.4 0.5 0.‘6 0,‘7 0.‘8 0.9
X

X

No large differences among the three scenarios (PDF variations are correlated)
Moderate precision required for lattice QCD to make an impact on antiquarks at large =

Caveat: rough assumptions ({z;}, 5(;)); can we do something better?
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Impact of lattice calculations of x-space PDFs
Apply Bayesian reweighting to the isotriplet PDF combinations

f NNPDF3.1 w(zi, Q) — d(zi, Q) a(ws, Q%) — d(ws,Q?)

- i=1,...,Ng
Af NNPDFpoll.l Au(z;, Q%) — Ad(z;, Q%) Au(z;, Q%) — Ad(z;, Q3) P

Consider uncorrelated lattice pseudodata Q2 = 4 GeV?2 and z; = 0.70,0.75, 0.80, 0.85,0.90
for three scenarios: (D) 6(5) = 12%; (E) 6(5) = 6%; (F) E(LZ) =3%

5(AT) @ Q°=4 GeV?, NNPDFpolL.1 5(Ad) @ Q?=4 GeV?, NNPDFpoll.1
: R

T I e e e e B i

ratio to NNPDFpol1.1)
o o
> o

o b b d ol

PDF uncertainty (ratio to NNPDFpol1.1)

ol m bd B b bl

no LQCD moms £ 10 LQCD moms
061 .. w LaltQCD x-sp, Scen D g o E; ““““““ w LattQCD x-sp, Scen D
o 5; ------ w LattQCD x-sp, Scen E = g o 5; ------ W LattQCD x-sp, Scen E
E ------ w LattQCD x-sp, Scen F E o E ------ w LattQCD x-sp, Scen F
8.3 04 05 06 07 08 0.9 83 0.4 05 06 07 08 9
X X

No large differences among the three scenarios (PDF variations are correlated)

Moderate precision required for lattice QCD to make an impact on antiquarks at large =

Caveat: rough assumptions ({z;}, 5(;)); can we do something better?
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Impact of lattice calculations of x-space PDFs | ]

Quasi-PDFs defined as momentum-dependent nonlocal static matrix elements for
nucleon states at finite momentum, with an ultraviolet cut-off scale A ~ 1/a

2
—~, dz i 1 - : z ’ ’
T Ap) = [ eSS (sl G0t A (o) . 5)

s=1

Must be related to the corresponding light-front PDF, usually within LaMET

~ 1 4 x A A2 m2
q(fﬂ,A,pz):/ 7yZ (7»ﬁ77) q(y7Q2)+O Q§D7T
-1 |y‘ Y Pz Pz [_L2:Q2 ps ps

Restrict to the isotriplet distributions and consider ETMC lattice data
V3:u—ﬂ—[d—CZ] T3:u+17,—[d+g]
OB (2, 1) = Relho 5(p2, 2%, 12)] = CF° @ Vs OV (2,1) = Il 5(2pz, 2%, 12)] = CJ™ © T

10| |+t 0.75
0.50
0.5 0.25
0.0 0.00
-0.25
—0.51 ¢ 4 Dirac structure —0.50
@ non-perturbative renormalization -0.75
—1.0{ e simulation at the physical pion mass ~1.00
o P. =107/L (1.38GeV) 1'25

0 2 4 6 8 10 12 14 ' 0 2 4 6 8 10 12 14

z z
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Impact of lattice calculations of x-space PDFs | ]

Consider various scenarios for systematic uncertainties

Scenario | Cut-off FVE Excited states | Truncation
S1 10% 2.5% 5% 10%
S2 20% 5% 10% 20%
S3 30% | e310.062z/a0g 15% 30%
S4 0.1 0.025 0.05 0.1
S5 0.2 0.05 0.1 0.2
S6 03 e—3+0.062z/a 0.15 0.3

Percentage values for scenarios S1-S3 should be understood as a given fraction of the central value of the matrix element
Absolute values for scenarios S4-S6 are shifts independent from the matrix element
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Impact of lattice calculations of x-space PDFs | ]

Consider various scenarios for systematic uncertainties
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Impact of lattice calculations of x-space PDFs | ]

Consider various scenarios for systematic uncertainties
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A synergy between lattice QCD and HEP phenomenology?

What can HEP phenomenology do for lattice QCD? [arxiv: 1904 00027]
ri(@) = - [1;(@) — D"@)]  Cp(wi, ps) = Core[f,ri(ws, i)

Corr[X, Y] = qxxay Lim (X - X)W -Y7)  Ax= %\/ S (X - X)?
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3. Final remarks
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Summary

There has been an undeniable progress in the determination of PDFs
from both the global fit to data and the lattice QCD sides

Such a progress cannot be ignored

Opportunity to gain further knowledge
by improving cross-talk between the two sides

Attempt to realise such an opportunity within the PDFLattice joint effort
benchmark + impact studies

Some substantial effort is ongoing
the definition and renormalisation of the non-local operators involved in the lattice simulation
the proof of the factorization theorem between PDFs and quasi-PDFs

the computation of the matching coefficients
relating lattice-computable quantities to PDFs in different renormalization schemes

the implementation of efficient methods
to incorporate lattice QCD information into global PDF fit determinations (and viceversa)
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the definition and renormalisation of the non-local operators involved in the lattice simulation
the proof of the factorization theorem between PDFs and quasi-PDFs

the computation of the matching coefficients
relating lattice-computable quantities to PDFs in different renormalization schemes

the implementation of efficient methods
to incorporate lattice QCD information into global PDF fit determinations (and viceversa)

Thank you
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