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Foreword: (collinear) leading twist PDF map
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Strategy to fit PDFs from data

@ Collinear, leading-twist factorisation of physical observables

1
Or = Z CIf(ZAas(uz))®f(y,u2)+p.s. corrections f®g=/ d;yf (E) a(v)

f=a,q,9
e Parametrisation: general, smooth, flexible at an initial scale Qg

wfi(z,QF) = Ag, afi (1 — )i F (=, {cs,})

x—0 .
2—0 .?(x,{cn}):)ﬁmte

a;fi(m,Q2) 2 2% $fi(fﬂaQ2) 22, (- w)bfi

smooth interpolation in between
© A prescription to determine/compute expectation values and uncertainties
Naat

x> = Y [Lil{a@}] - Dil(cov™),,(T51{a}] — Dy
i

B[O = / DFP(fldata)O(f) V(O] = / DFP(f|data)[O(f) — E[O]?

Monte Carlo: P(f|data) — {fx} Maximum likelihood: P(f|data) — fo
E[0] ~ £ 32, O(fx) E[0] ~ O(fo)
V[O] = % > LlO(fx) — E[O])? V[0O] & Hessian, Ax2envelope, . ..
Experimental, theoretical and procedural uncertainties )

[ ]
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Strategies to reconstruct PDFs from lattice QCD

Hadronic tensor [PRI72(1994) 1790] Quasi-PDFs (LaMET) [PRL110(2012)262002]

Auxiliary scalar quarks [PLE441(1998)371] Good Cross Sections [PRL 120 (2018) 022003]

Ficticious heavy quark [PRD 73 (2006)014501] Compton Amplitudes [PRL118(2017)242001]
Higher moments [PrD 86 (2012) 054505] Pseudo-PDFs [PrD o6 (2017) 034025]

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

Current-current
4pt functions

1
d

/ ﬁcmammm(z/y,ﬂ.u)fr(y-u)

1

(perturbative matching)

PDF
[Figure by Nikhil Karthik, PDFLattice2019]
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Strategies to reconstruct PDFs from lattice QCD

Hadronic tensor | ] Quasi-PDFs (LaMET) [ ]
Auxiliary scalar quarks [ 1 Good Cross Sections | 1
Ficticious heavy quark [ ] Compton Amplitudes [ ]
Higher moments | 1 Pseudo-PDFs [ ]
— . z 7 ’
h(z.p2) = 1 S22 (5| B(=)7ae’? 6 A=y (0) [p, 5)

Quasi-PDFs

g(z, A, pz) = f g*:-eiizzl,zpzh(zapz)

qx,Apz) = [, &z (z L A)

[yl Yy’ pz’ pz

A 2
o eit0.0) 0 (M, 22)

Pseudo-PDFs

P(z,2%) = [ g—;e_””ﬁ(z/, 2?) h(v, 2%) = h(z,p2) M(v,2%) = A(r.2?)

a(z, p?) = [ Lemiov M(v, 22) + O(2?)

Each step is associated to systematic uncertainties and theoretical challenges

[ ]
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Q* (GeV?)

Kinematic coverage

Unpolarised

Helicity Transversity

[[TT] EIC

Fixed Target DIS « Collider Di
Collider DIS El3 3
Fixed Target SIDIS
Fixed Target DY

Collider DY soasaarliE E

Jet Production

> m o+ @ %

Top Production

L T T T B AT T 10~ 10 10T 1
X X
Fits of f Fits of Af Fits of 6 f
from thousands of data from hundreds of data from tens of data
CT, MMHT, NNPDF, ... DSSV, JAM, NNPDF, ... Kang; Anselmino; Bacchetta

Obvious spread in the distribution of measurements across PDF species
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Connecting two faces of the same world

BENCHMARK

APPRAISING LATTICE QCD l

Global QCD analyses Lattice QCD
PDF fits moments/quasi-PDFs

ExpPLoITING 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
PDFLattice2019, Kellogg Biological Station, Hickory Corners, 25-27 September 2019
[ ]
iy 120  6/27


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)

A ga =D aut_pat = I3 do [Aut(2,Q2) — Ad* (z,Q?)]

Wpgt = Jg do At (@,Q%), a=u,dys  (@)p,— _ag- = Jg vde [Au™(2,Q2) - Ad™ (v, Q?)]
5 ar = (g _sam = Ji do 187 @.Q%) = 1i7 (2.Q?)]

94 = (Wsu— = g dzh] (2,.Q), a=u,d,s

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
Amin Amin
> P>
chiral extrapolation M,ind 23 UERTE otherwise
M2 < 250 MeV my 3 < 200 MeV ma1,2 < 300 MeV
i > i > 3.
finite volume M ,minl > 4 My, minl 2 3.4 otherwise
L1 # Ly # Ly > 2.5fm L1 # Ly > 2.5fm
o non-perturbative perturbative .
renormalisation . 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

ETMG26 <X>ytgt a <X>y+ & <X>g+ | | <X>gt g <)<>g &
~=- PNDME20
@ ETMC19 Ne241+1
r-m--1 Mainz19
o-m--+  yQCD18 . . I P
Ng=2+1 xQCD18a a8
=g ETMC19
-=RQCD18 Ne=
-~ PDFLattice17 e % % »
3 CT18 * * e *
x JAM19 x x » x
H2CeV

0.1 015 02 025 03 02 03 04 05 06 010150202503035 0 0.03 006 0.09 0.12 0.1 02 03 04 05 06

Moment Lattice QCD Global Fit

(€) + g4+ 0153 —0194 0.111—0.209 0.166 —0.212 0.161(18)

(@), + 0.359(30) t 0.307(35)" — 0.353(12)
() 4+ 0.188(19) 1 0.160(48) " — 0.192(6)
() + 0.052(12) 0.051(26) " — 0.037(3)
(@) g 0.427(92)t  0.353 — 0.587 — 0.411(8)

T Single lattice result
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Moments of A f

97 Ervcis e <>, <I>pqt | | <T>p6t o o XA Ad
CallLat18 -
PNDME18 +--# - e I~ N=2+1+1 - - -+ PNDME20
LHPC19 [ ]
Mainz19 e N [
PACS19 = ] = =
¥QCD18 & B 8 N=2+1 a
ETMC19 8 N=2
PDFLattice17 L *: X ey e ¥-m
=2 GeV
1 11 1.2 1.3 0.7 0.8 0.9 1 0.5 04 -03 -02 0.2 -0.1 0 015 02 025 03
Moment Lattice QCD Global Fit
gaA 1.179 — 1.309 1.202 — 1.314 1.268(36)\L 1.258(28)
(1) Ayt 0.738 — 0.875 0.810 — 1.001 — 0.813(25)
<1>Ad+ -0.473 —-0.403  -0.431 — -0.278 — -0.462(29)
(D) ast+ -0.0538 — -0.0379 —0.0035(9)Jr — -0.114(43)
_ +27)
() Au— —Ad— 0.174 — 0.239 0.221(T55) 0.199(16)
i Single lattice result
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Moments of § f

ETMC19 & o7 <I>5, 8 <A>sq | | <1556 |
PNDME18 - Ni=2+1+1 m -
%QCD20 )
LHPC19 g
Mainz19  rm:
JLQCD18 a 2] N=2+1 B e
ETMC19 a
ETMC17 =] =] =]
RQCD14 =]
. PV18
MEX19
TO13 x
TMD15 *
- JAM18 e
L e ey e N B1 - <
02 04 06 08 1 12 14 -02 0 02 04 06 08 1 -1 -05 0 05 1 15 2 -0.05-0.04-0.03-0.02-0.01 0 0.01
Moment Lattice QCD Global Fit
ar 0.894 —1.023 0.909 — 1.175 0.941 —1.039 0.10—1.1
<1>6u* 0.688 — 0.814 0.85(8) 0.782(21) -0.14 —0.91
(1)gq— -0221—-0189  -0.24(3)F -0.219(17)t  -0.97 — 0.47
(1)5,— -0.0085—00031 -0.012(18)"  -0.00319(72)" —
i Single lattice result
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Qualitative comparison of lattice QCD and global PDF fits
Unpolarised PDFs

B LP3'18, [Ppay| = 3.0 GeV
I ETMC'20, |Ppax| = 1.4 GeV

T T T T T T T T
B LP3'18, |Ppayl = 3.0 GeV
B ETMC'20, |Ppax| = 1.4 GeV

1.5

4 B ETMC'18, |pmax| = 1.4GeV 10 M ETMC'18, |Pryax| = 1.4 GeV ]
M JLab/W&M'20, |Ppax| = 3.3 GeV B NNPDF3.1
< 3 M NNPDF 3.1 1= o5 B ABP16 ]
! M ABP16 ! m 15
o) H s = ]
0
1
-0.5
0
-1.0
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
X X
Ref. Sea quarks Valence quarks Nay method Prax (GeV) a (fm) My (MeV) MpL
ETMC'20  2f twisted mass  twisted mass 4 pseudo-PDF 1.38 0.09 130 3.0
JLab/W&M 241 clover clover n/a  pseudo-PDF 3.29 0.09 172-358  5.08-5.47
ETMC'18  2f twisted mass  twisted mass 4 quasi-PDF 1.38 0.09 130 3.0
LP3'18 2+1+1f HISQ clover 4 quasi-PDF 3 0.09 135 4.0
LP3'17 2+141f HISQ clover 2 quasi-PDF 1.3 0.09 135 4.0

ETMC and LP3 determinations are both at the physical pion mass
Lattice determinations are qualitatively similar (among them) and similar to global fits
Nucleon momentum is limited by lattice spacing
Different procedures lead to slightly different behaviour in z
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Qualitative comparison of lattice QCD and global PDF fits

Helicity PDFs
T T T T T T T T 2.0 T T T T T T
4 M LP3'18, |Pnax| =3.0GeV | M LP3'18, |Pax| = 3.0 GeV
B ETMC'18, |Prax| = 1.4 GeV L5¢ I ETMC'18, |Prax| = 1.4 GeV
3 B NNPDFpoll.1 ] 1ok B NNPDFpoll.1
- W JAM'17 IS . W JAM'17
3 M DSSV'08 < B DSSV'08
|9 105
= =
< <
0
1
-0.5
0
1.0 I I I I
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
X X
Ref. Sea quarks Valence quarks Nay method Prax (GeV) a (fm) My (MeV) MpL
ETMC'20  2f twisted mass  twisted mass 4 pseudo-PDF 1.38 0.09 130 3.0
JLab/W&M 241 clover clover n/a  pseudo-PDF 3.29 0.09 172-358  5.08-5.47
ETMC'18  2f twisted mass  twisted mass 4 quasi-PDF 1.38 0.09 130 3.0
LP3'18 2+1+1f HISQ clover 4 quasi-PDF 3 0.09 135 4.0
LP3'17 2+4+1+1f HISQ clover 2 quasi-PDF 1.3 0.09 135 4.0

ETMC and LP3 determinations are both at the physical pion mass
Lattice determinations are qualitatively similar (among them) and similar to global fits
Nucleon momentum is limited by lattice spacing
Different procedures lead to slightly different behaviour in z
L E@ i



Qualitative comparison of lattice QCD and global PDF fits
Transversity PDFs

T T T T T T T T T 2.0 T T T T T T T T T
B LP3'18, |Ppax| = 3.0GeV ] M LP3'18, |Prax| = 3.0 GeV
M ETMC'18, |Prax| = 1.4 GeV 15 W ETMC'18, |Pmax| = 1.4 GeV
B MEX'19
[ PV'18 B 1.0 7
B W JAM'17 =
l W LMPSS'17 I05 R
= =
< S
0
-0.5 !
-1.0 . .
0.2 0.4 0.6 0.8 1.0 0.6 0.8 1.0
X X
Ref. Sea quarks Valence quarks Nay method Prax (GeV) a (fm) My (MeV) MpL
ETMC'20  2f twisted mass  twisted mass 4 pseudo-PDF 1.38 0.09 130 3.0
JLab/W&M 241 clover clover n/a  pseudo-PDF 3.29 0.09 172-358 5.08-5.47
ETMC'18  2f twisted mass  twisted mass 4 quasi-PDF 1.38 0.09 130 3.0
LP3'18 2+1+41f HISQ clover 4 quasi-PDF 3 0.09 135 4.0
LP3'17 2+141f HISQ clover 2 quasi-PDF 1.3 0.09 135 4.0

ETMC and LP3 determinations are both at the physical pion mass
Lattice determinations are qualitatively similar (among them) and similar to global fits
Nucleon momentum is limited by lattice spacing
Different procedures lead to slightly different behaviour in =

Emanuele R. Nocera Connecting PDFs from pheno and lattice



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

(T) s (T) gt (@)t (Tgs (Tt _g+

Assume percentage uncertainties according to three scenarios

scenario (z) 4 (@), 4+ () 4+ (B)g (T),+_4+
A 3% 5% 3% 5%
B 2% 4% 2% 4%
C 1% 3% 1% 3%
current 30% 45% 13% 60%

Reweight NNPDF3.1

12 .

with lattice pseudodata and look at the impact

Absolute PDF uncertainty
1 no lattice ——

d*(x,Q%)

36

30

24

LAk ks ML ALY L) | LA AR Atk Akt A

xs*(x,Q%)

102 107"

102
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Generate lattice QCD pseudodata assuming NNPDFpoll.1 central values for

0.03

0.025

0.02

0.015

0.01

0.005

~o
)
)
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Impact of lattice QCD moments on A f

9a = (D autr—aat, (Dawts (Daats (Dast: (T)au——ad-

Assume percentage uncertainties according to three scenarios

scenario g4 (Da,+ Dagt Dast @ aw——nd—
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

Absolute PDF uncertainty

no lattice ——
scenario A -
scenario B
scenario G

Q=4 GeV?

M@

102 107

X

0.0:

0.02!

0.0:

0.01

0.0

0.00

3 E

Exas*(x,Q

?)

N:
103

102

X

107
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Impact of lattice QCD moments on 0 f
Simultaneous fit to the Collins asymmetry data from HERMES and COMPASS of

q 2 q 2 h/q 2 Lh/q
fl(x7ki_) hl(x7ki_) Dl (Z7pJ_) Hl (Z7pJ-)
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
4 ot u 0. 1(1)
0 (‘)/‘/-* 2 + : ' ! hi ! ZHl(fav)
t o [/fA_T_+\ 0 0 0.2
4 \'\ 2 W 2 o 0
__ -8 HERMES p % -4 4 - hd —0.2 H.L(l)
Xy 4 2 P?’\‘/u\‘ 2 j _______ ! —04{ Z_ __mm[)
,?: 0 -0 -0 0 0.2 0.4 0.6 0.2 0.4 0.6 z
s, ) Q\Lh/}
'iﬁ -8[ COMPASS p 2 { 2 T | mm s
2 -2 2 -£ 6/ 0= sis
0 } _ 0 § 4+
2 0 -2 E
4 E2t
COMPASS d -4 2
o 01 02 5 o2 04 , 06 02 04 06 P, % 05 1 gr

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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gr = 6u-6d

1.2]
JAM
1.0} % [ ] p sl
{ global !

0.8 ° ¢ |<— lattice —>|
i Q=4 GeV2
0.4

Torino
0.2}
0.0 ™MD,

Impact of lattice QCD moments on 0 f |

12345678

0.6 08
Su

1.0

0.2 0.4 0.6 0.8

[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
o mx2 500) £ 500 X
“ 0 8 0 346
a0 300 ” w00
200 159 200| 200} 176
o o 0 w
s ; «
0 20 40 60 80 0 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.of. 23 d.o.f. 25 d.o.f.
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Reconstructing PDFs from lattice moments

1 T T T
Uyal - dyal CT10
08 - Detmold et al Ezmmm |
06 [ B

Detmold et al. |

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

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 1
0 0.2 0.4 0.6 0.8 1
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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(T) @ Q*=4 GeV?, NNPDF3.1 5(d) @ Q%=4 GeV? NNPDF3.1

T T i T T T T T

°

10 LQCD moms. = 10LQCD moms.

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

1 w LaltQCD x-sp, Scen D - 1w LattQCD x-sp, Scen D '-’;
050 *++++ wLatQCD x-sp, Scen € 3 P W LaliQCD x-sp, Scen E E
i wLaliQCD x-sp, Scen F E I P WLatiQCD x-sp, Scen F ]
%8 04 05 o6 07 5 0.9 %63 04 05 o o7 08 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%

3(AT) @ Q=4 GeV?, NNPDFpol1.1 5(Ad) @ Q?=4 GeV?, NNPDFpoll.1
T L T T T

T T 14]

oo bood ool

PDF uncertainty (ratio to NNPDFpol1.1)
PDF uncertainty (ratio to NNPDFpol1.1)

08 08 =

07 -

0 LQCD moms —— noLQcD moms 4

0. .+ wLatiQCD x-sp, Scen D 06 v w LatiQCD x-sp, Scen D i

050 *++++ wLatQCD x-sp, Scen € 3 o] e W LattQeD x-sp, Scen 4

i wLaliQCD x-sp, Scen F 1 fee WLatiQCD x-sp, Scen F ]
%8 04 05 o6 07 5 0.9 %63 ‘ ; ‘ 0.9

X

0.4 0.5 06 0.7 0.8
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

XV3(x)
°
0
S

V3 at 1.6 GeV

77 CT1(68cl+10)

X NNPDF31_nlo_as_0118 (68 c.L+10)

Emanuele R. Nocera Connecting PDFs from pheno and lattice

0.4 0.6 0.8

T3 at 1.6 GeV

77 CT1(68cl.+10)
1 NNPDF31_nlo_as_0118 (68 c.L.+10)

0.4 0.6 0.8
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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 0.3 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

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 0.3 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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Towards 3D structure

W(x,b, k)
Wigner distributions
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Fourier trf.
L %4 b, <A £=0
flx,k,) flx,b) —P H(x,0,0) — —
se impact parameter #=-A generalized parton
distributions (TMDs) distributions distributions (GPDs)
semi-inclusive processes exclusive processes
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|
[d'k; [db, fax [ dxx"!
2 X - -
f(x) F(0) A, (O+4E A, (D) + .
parton densities form factors generalized form
inclusive and semi-inclusive processes elastic scattering factors

lattice calculations

Spectacular theoretical effort on both the lattice and the phenomenological sides

Case for the physics of new facilities and/or upgrades (JLab-12, RHIC, after@LHC, EIC)
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Towards 3D structure - Form Factors

Isovector Electric and Magnetic

v
0.8 Pi

wof Tk PNDMETS 241+1F 0/06fm ] 0.10
* PNDMELS9 2+1+1f 0.09fm -

Neutron Electric and Magnetic

A ETMC18 2+1+1f
v PACS18 2+1f 1 0.08
= LHPC17 2+1f

@& N;=2+1+1
X Experiment

ittt st

1L 1 I

* PNDME19 2+1+1f 0.09fm -0.4

i |
G M@& ] & —1:0 g}dﬁ
ai, 1 :

% < 0.06 J[ %
& 0.6 - g
?i'; ©'0.04 j; %"
.4 L] i
04 “Sﬁi§ i % 0.02 %
ozf ] 0.00ff
o : 1 PNDJ’J[E]Q 2 II1 1£0. E]Gf I‘ -0.2
+1+ .| m

A ETMC18 2+1+1f
v PACS18 2+1f b -0.6
= LHPC17 2+1f

A%
Mg g

20,44t

o"ﬁf’/
E

. ‘ L . 0.0 0.2 0.4 0.6 0.8 1.0

0 0.1 0.2 0.3 0.4 0.5 0.6
Q* (Gev?)
PNDME19 | 1 PACS18 |
ETMCI18 | 1 LHPC17 [

Emanuele R. Nocera

Connecting PDFs from pheno and lattice

Q% [GeV?]



Towards 3D structure - GPDs

GPDs from quasi-PDFs | ]

Unpolarised GPD H Helicity GPD H
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Determining GPDs is generally more challenging than determining PDFs

More variables: Wilson line z, hadron momentum P,, momentum transfer ¢, skewness &
Perturbative matching depends on skewness, but not on momentum transfer

Phenomenological fits complicate because of a general lack of data
(but significant progress ongoing, see e.g. PARTONS framework | )]
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Towards 3D structure - TMDs

quark polarization
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Phenomenology: various challenges
(data, theoretical framework)

Lattice: Sivers and Boer-Mulders shifts:

Collins-Soper kernel
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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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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)

Thank you
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