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e / parton distribution functions vﬂ %
outiine of the talk Hadrons are complicated systems with properties resufiiom
Ouasi-PDEs the strong dynamics of quarks and gluons inside them.
Approaches This dynamics is characterized in terms of, among otherstopa
Quasi-PDFs distribution functions (PDFs).
Pseudo-PDFs
Good LCSs . : " 1~ i I
o PDFs are essen%l In making predictions for collider expents.
— . A2 . A2
Results AB = ab  Faja(x1;Q%)  fyg(X2; Q%)
Summary a;b=q;g MSTW 2008 NLO PDFs (68% C.L.)
[nteractions of constituents of the colliding protons, the so called I &\1.2_ B |\
partons (quarks, gluons) g I
T 1
proton 1 proton 2 i
0.8:—
0.6
0.2:—
P, ... momentum proton 1 Bpaton: ... momentum parton 1 i
Pp. ... momentum proton 2 Prarton: .., momentum parton 2 0
5 interaction vertex 10™
Source: LHC, CERN MSTW?2008, Eur. Phys. J. C63, 189
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On the other hand, PDFs moments given in terms of local matrix
elements, but only lowest 2-3 accessible.
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? good knowledge of unpolarized and helicity PDFs,

? transversity PDFs not much constrained by experiment,
pnproaches ? some ambiguities for certain kinematical regions.
gsoizdig’::s Hence, desirable to have them also from rst principles.
——— PDFs have non-perturbative natuje ?
Results But: PDFs given in terms of non-local light-cone correlator
Summary Intrinsically Min%owskian:
1 o, — A
ax)= - d e mWNj () AC ;0) (O)Ni;
where: = —Opz—3 andA( ;0) is the Wilson line fron® to

? Inaccessible on the lattice...

On the other hand, PDFs moments given in terms of local matrix
elements, but only lowest 2-3 accessil See taks by G. Koutsou, C. Urbach
Recently: newdirect approaches to gex-dependence.
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Approaches to light-cone PDFs ,ﬁ %

The common feature of all the approaches is that they rely ame extent on
the factorization framework:Z

1
Q(X; Rr)= QC

X
some lattice observable 1 Y y

, FyorROalys F);
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Approaches to light-cone PDFs @ %

The common feature of all the approaches is that they rely ame extent on
the factorization framework:Z

1
d X

Q(x; Rr)= Ve 2

some lattice observable 1Y y

, FyorROalys F);

Two classes of approaches:

? generalizations of light-cone functions; directdependence,
? hadronic tensor; decomposition into structure functions.

Matrix elements:iNj (z) F(z) ° (0)jNi with di erent choices of ; °Dirac
structures and object§ (z).

hadronic tensor K.-F. Liu, S.-J. Dong, 1993

auxiliary scalar quark U. Aglietti et al., 1998

auxiliary heavy quark W. Detmold, C.-J. D. Lin, 2005
auxiliary light quark V. Braun, D. Mller, 2007
guasi-distributions X. Ji, 2013

good lattice cross sections Y.-Q. Ma, J.-W. Qiu, 2014,2017
pseudo-distributions A. Radyushkin, 2017

OPE without OPE  QCDSF, 2017

.\) .\) .\) .\) .\) .\) .\) .\)
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some lattice observable 1 Y y
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Matrix elements:iNj (z) F(z) ° (0)jNi with di erent choices of ; °Dirac
structures and object§ (z).

? hadronic tensor K.-F. Liu, S.-J. Dong, 1993

? auxiliary scalar quark U. Aglietti et al., 1998

? auxiliary heavy quark W. Detmold, C.-J. D. Lin, 2005

? auxiliary light quark V. Braun, D. Muller, 2007 See talks by:

? quasi-distributions X. Ji, 2013 K. Jansen, X. Ji, J. Qiu

? good lattice cross sections Y.-Q. Ma, J.-W. Qiu, 2014,2017  D. Richards, A. Scapellato
? pseudo-distributions A. Radyushkin, 2017 S. Zafeiropoulos, J. Zhang
?

OPE without OPE  QCDSF, 2017
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Collaporat®®

results @ physical pion mass Quasi-distributions
results @ non-physical pion mass

Nucleon GPD$ Pion/Kaon DA Pion PDF Pion GPD

ETMC, arXiv:1910.13229 ETMC/Beijing, arXiv:1907.09827  |P3, PRD95(2017)094514  LP3, PRD100(2019)034505 Chen et al., arXiv:1904.12376

v LP3, NPB939(2019)429  BNL, PRD100(2019)034516
helicity transversity

ETMC. PRL121(2018)112001 ETMC. PRL121(2018)112001 ETMC. PRD98(2018)091503(Rapid)
ETMC. PRD99(2019)114504 ETMC. PRD99(2019)114504 ETMC. PRD99(2019)114504
LP3, arXiv:1803.04393 LP3, PRL121(2018)242003 LP3, arXiv:1810.05043
LP3, arXiv:1807.06566

‘ Pseudo- dlstrlbutlon Good LCSs ’ ‘ Auxiliary light quark’ ‘Auxiliary heavy quar’k ‘ OPE without OPE’ ‘ Hadronic tensor ’

A4 A4 v v v
Nucleon PDF Plon PDF Pion PDF Pion DA Pion DA NucleonF, NucleonW;1

JLab, PRD96(2017)094503 JLab, arXiv:1909.08517 JLab, PRD99(2019)074507 Regensburg, EPJC78(2018)217  Taiwan/MIT, arXiv:1810.12194 QCDSF, PRL118(2017)242001 QCD, arXiv:1906.05312
JLab, arXiv:1908.09771 Regensburg, PRD98(2018)094507
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Pseudo-PDFs
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Summary
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Review of lattice partonic functions -@ %

Review Article

A Guide to Light-Cone PDFs from Lattice QCD:
An Overview of Approaches, Techniques, and Results

Krzysztof Cichy (' and Martha Constantinou >

' Faculty of Physics, Adam Mickiewicz University, Umultowska 85, 61-614 Poznan, Poland
“Department of Physics, Temple University, Philadelphia, PA 19122 - 1801, USA

Adv. High Energy Phys. 2019 (2019) 3036904, arXiv:1811.07248

Special issuelransverse Momentum Dependent Observables from Low to High
Energy: Factorization, Evolution, and Global Analyses

discusses in detail quasi-distributions:

nucleon:non-singlet quark qPDFs, gGPDs, qTMDs, singlet
gPDFs, gluon qPDFs; pion: gPDFs, qDAs

reviews also other approaches:

hadronic tensor, auxiliary scalar quark, auxiliary heawgrg,
auxiliary light quark, pseudo-distributions, OPE withoOPE ,
lattice cross sections
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Quasi-distribution approach:
X. Ji, Parton Physics on a Euclidean Lattice Phys. Rev. Lett. 110 (2013) 262002
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X. Ji, Parton Physics on a Euclidean Lattice Phys. Rev. Lett. 110 (2013) 262002
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Quasi-distribution approach:
X. Ji, Parton Physics on a Euclidean Lattice Phys. Rev. Lett. 110 (2013) 262002

Main idea: | ¢ CorrelationRalong the -direction:
\ * ax)=F+ d e™  MNj( ) ()N
\ % . : :
s // jNi nucleon at rest in the light-cone frame
Ve
e
> 3
2 v
7/
Ve
Ve
/ \
/ S
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Main idea: | ¢ CorrelationRalong the -direction:
\ * ax)= £ d e WNj () ()N
N\ /7 Cn . .
s // jNi nucleon at rest in the light-cone frame
Ve . .
e Correlation _along the -direction:
" 3 - — -
— ” > Z g(x)= 5 dzeP 3PN (2) (O)jN i
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Quasi-distribution approach:
X. Ji, Parton Physics on a Euclidean Lattice Phys. Rev. Lett. 110 (2013) 262002

Main idea;:

Krzysztof Cichy

0 ¢ CorrelationRalong the -direction:
\ + ax)= £ d e WNj () (O)jN
jNi nucleon at rest in the light-cone frame
Correlation _along the -direction:
5 Z gx)= A dze® | (2) (0)jN

jNi nucleon at rest in the standard frame

Correlation along the *-direction:
&#x)= = dz P 3ZPj (z) A(z;0) (0)jPi

2

jPi  boosted nucleon
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Quasi-distribution approach:
X. Ji, Parton Physics on a Euclidean Lattice Phys. Rev. Lett. 110 (2013) 262002

Main idea: | " CorrelationRalong the -direction:
\ * ax)= £ d e WNj () ()N
> g INi leon at rest in the light-cone frame
matching / d JN1hue g
Correlation _along the -direction:
— 3 - — -
> Z g(x)= 5 dzeP 3PN (2) (O)jN i
jNi nucleon at rest in the standard frame
/ \ ) . .
/ \ Correlation along the *-direction:
6(x) = Zi dze&® 32hPj (2) A(z;0) (O)jPi

jPi  boosted nucleon

Matching (Large Momentum E ective Theory (LaMET)
X. Ji, Parton Physics from Large-Momentum E ective Field Theory , Sci.China Phys.Mech.Astron. 57 (2014) 1407
I brings quasi-distribution to the light-cone distribution up to power-suppressed e ects:

1
60 ;Pa)= ,%C X qy; )+ O Bep =P5MG=P]
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Quasi-distribution approach:
X. Ji, Parton Physics on a Euclidean Lattice Phys. Rev. Lett. 110 (2013) 262002

Main idea: | " Correlation along the  -direction:
| : )= A d e Wi ) OiNi
N\ /7 Cn . .
matching / / jNi nucleon at rest in the light-cone frame
Correlation _along the -direction:
— ~ 3 Z gx)= A2 dze® N (2) (0)jN
jNi nucleon at rest in the standard frame
/’ RN Correlation along the *-direction:
6(Xx) = Zi dze&® 32hPj (2) A(z;0) (O)jPi

jPi  boosted nucleon

Matching (Large Momentum E ective Theory (LaMET)
X. Ji, Parton Physics from Large-Momentum E ective Field Theory , Sci.China Phys.Mech.Astron. 57 (2014) 1407

I brings quasi-dgastribution to the light-cone distribution up to power-suppressed e ects:
1
60 ;Pa)= ,%C X qy; )+ O Bep =P5MG=P]
quasi-PDF
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quasi-PDF PDE
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quasi-PDF pert.kernel PDF
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Quasi-distribution approach:
X. Ji, Parton Physics on a Euclidean Lattice Phys. Rev. Lett. 110 (2013) 262002

Main idea: | " Correlation along the  -direction:
| : )= A d e Wi ) OiNi
N\ /7 Cn . .
matching / / jNi nucleon at rest in the light-cone frame
Correlation _along the -direction:
— ~ 3 Z gx)= A2 dze® N (2) (0)jN
jNi nucleon at rest in the standard frame
/’ RN Correlation along the *-direction:
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jPi  boosted nucleon

Matching (Large Momentum E ective Theory (LaMET)
X. Ji, Parton Physics from Large-Momentum E ective Field Theory , Sci.China Phys.Mech.Astron. 57 (2014) 1407

I brings quasi-dgastribution to the light-cone distribution up to power-suppressed e ects:
.. _ : : _p2. _
60 ;Pa)= ,%C X qy; )+ O Bep =P5MG=P]
quasi-PDF pert.kernel PDF higher-twist e ects
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Quasi-PDFs @ %
z dz
ox; *%Ps)= - €TING (2) A(z;0) ()N
guasi distribution e probes correlations and usesucleons with

nite momentum.
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Z
dc 5P = SLEPEING (@) AZO) (O)N
guasi distribution e probes correlations and usesucleons with

nite momentum.
The Dirac matrix gives access to di erent kinds of PDFs:

? = o, 3 unpolarized,
? = 5 3 helicity,
? = 31, 32 transversity
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Z
dc 5P = SLEPEING (@) AZO) (O)N
guasi distribution e probes correlations and usesucleons with

nite momentum.
The Dirac matrix gives access to di erent kinds of PDFs:

? = o, 3 unpolarized,
? = 5 3 helicity,
? =

31, 32 transversity

On the lattice, one needs to compute 2-pt and 3-pt functions:

Gu(z;0) y

Az

N(p*,zo) >« exp(...)

t

Gu(z;0)
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Pseudo-PDFs -@ %

The same matrix elements that are the basis for the quagrtdigion approach can
also be used to de ne pseudo-distributions. Radyushkin, Phys. Rev. D96 (2017) 034025]
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The same matrix elements that are the basis for the quagrtdigion approach can
also be used to de ne pseudo-distributions. Radyushkin, Phys. Rev. D96 (2017) 034025]

Di erence w.r.t. quasi: Fourier transform taken in Psz (loetime ) , instead of inz.
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The same matrix elements that are the basis for the quagrtdigion approach can
also be used to de ne pseudo-distributions. Radyushkin, Phys. Rev. D96 (2017) 034025]

Di erence w.r.t. quasi: Fourier transform taken in Psz (loetime ) , instead of inz.
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Pseudo-ITD can be matched to light-conéMS ITD the latter is a physical object
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MS ITD can be Fourier-transformed to obtainMS PDF (here one needs large lo e times and
hence, in practice, large momentum).

See talks by D. Richards, S. Zafeiropoulos
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Y.-Q. Ma and J.-W. Qiu proposed to extract PDFs from a globalt of lattice
data, in full analogy to phenomenological ts of experimesat data.

[Y.-Q. Ma, J.-W. Qiu, Phys. Rev. Lett. 120 (2018) 022003]

[Y.-Q. Ma, J.-W. Qiu, Phys. Rev. D98 (2018) 074021]
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The analogy makes it natural to call lattice datdattice cross sections(LCSSs).
The LCSs are good if they are:
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? have a well-de ned continuum limit (renormalizable),
? are perturbatively factorizable into PDFs.

Examples of good LCSs:
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Another class: current-current correlators
related idea in[V. Braun and D. Muller, EPJC 55 (2008) 349]

n(5; % P?) = WPJTIO L ( )giPi; ! =P

with (as one possibility): Ced
Ojljz(): T2 Zjlzjzjl( )] 2(0):

See talks by J. Qiu, D. Richards
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The procedure to obtain light-cone PDFs from the lattice
computation can be summarized as follows:

1.
2.

Compute bare matrix elementsNj (z) A(z;0) (0)jNi .
Compute renormalization functions in an intermediattid¢e
scheme (here: RI"MOM)ZR!"(z; ).

Perturbatively convert the renormalization functiors the
scheme needed for matching (héveMS) and evolve to a
reference scalezR!"(z; )1 zMMS(z: ).

Apply the renormalization functions to the bare matriemlents,
obtaining renormalized matrix elements in tMeMS scheme.

Calculate the Four'fr transform, obtaining quasi-PDFs:

@S0 P o= ST (2) AZO) (ONIMS:
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obtaining renormalized matrix elements in tMeMS scheme.
5. Calculate the Four'fr transform, obtaining quasi-PDFs:

@S0 P o= ST (2) AZO) (ONIMS:

6. RelateMMS quasi-PDFs toMS light-cone PDFs via a matching
procedure:d"MS(x; 1P 3) ! gS(x; ).
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Quasi-PDFs procedure %,

The procedure to obtain light-cone PDFs from the lattice
computation can be summarized as follows:

1.
2.

3.

Compute bare matrix elementsNj (z) A(z;0) (0)jNi .
Compute renormalization functions in an intermediattid¢e
scheme (here: RI"MOM)ZR!"(z; ).

Perturbatively convert the renormalization functiors the
scheme needed for matching (héveMS) and evolve to a
reference scalezR!"(z; )1 zMMS(z: ).

Apply the renormalization functions to the bare matriemlents,
obtaining renormalized matrix elements in tMeMS scheme.
Calculate the Fourfr transform, obtaining quasi-PDFs:

@S0 P o= ST (2) AZO) (ONIMS:

RelateMMS quasi-PDFs toMS light-cone PDFs via a matching
procedure:gMMS(x; 1P 3) ! g"S(x; ).
Apply nucleon mass corr. to eliminate resido®| =P5 e ects.

Computing x-dependent PDFs on the lattice EINN 2019 Paphos 12/ 39



Lattice setup

Outline of the talk fermions:N; = 2 twisted mass fermions + clover terr ‘f@e "4@
Quasi-PDFs gluons: Iwasaki gauge action,= 2:1 ‘
Results

gauge eld con gurations generated by ETMC A
Bare ME Olaborat'®
Renorm ME

Matching

e e =2:10, csw=1:57751  a=0:0938(3)(2) fm

attice and pheno 48 96 | a =0:0009 my =0:932(4) GeV

Summary

L=45fm | m =0:1304(4)GeV m L =2:98(1)

Ps = 6|_— Ps = 8|_— P3 = 10
Insertion Nconf I\Imeas Nconf I\Imeas Nconf I\Imeas

0 50 4800 | 425 38250 811 72990

> 3 65 6240| 425 38250/ 811 72990

3| 50 9600 | 425 38250 811 /72990
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Step 1 o,

The procedure to obtain light-cone PDFs from the lattice
computation can be summarized as follows:

1.
2.

3.

Compute bare matrix element$Nj (z) A(z;0) (0)jNi.
Compute renormalization functions in an intermediattid¢e
scheme (here: RI“MOM)ZR!"(z; ).

Perturbatively convert the renormalization functiorns the
scheme needed for matching (héveMS) and evolve to a
reference scalezR!"(z; )1 zZMMS(z: ).

Apply the renormalization functions to the bare matriemlents,
obtaining renormalized matrix elements in tMMS scheme.
Calculate the Fourfr transform, obtaining quasi-PDFs:

VS (x: P o) = jz &P 7N (2) A(2:0) (O)jNiMVS:

RelateMMS quasi-PDFs toMS light-cone PDFs via a matching
procedure:gMMS(x; 1P 3) ! g"S(x; ).
Apply nucleon mass corr. to eliminate resido® =P% e ects.
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What momentum should be used to obtain reliable light-cone P DFs?
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What momentum should be used to obtain reliable light-cone P DFs?
The answer is seemingly simpldarge momentum, but:
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What momentum should be used to obtain reliable light-cone P DFs?
The answer is seemingly simpldarge momentum, but:
we have nite lattice spacing! UV cut-o of 2 GeV.
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What momentum should be used to obtain reliable light-cone P DFs?

The answer is seemingly simpldarge momentum, but:

we have nite lattice spacing! UV cut-o of 2 GeV.
large momentum means it is very di cult to isolate the groundstate ! excessive excited states
contamination! one needs to go to large enough source-sink separatign) COSTLY!
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The answer is seemingly simpldarge momentum, but:

we have nite lattice spacing! UV cut-o of 2 GeV.
large momentum means it is very di cult to isolate the groundstate ! excessive excited states
contamination! one needs to go to large enough source-sink separatign) COSTLY!

o ]
£ t,=28 Py =10r/L
Py =10n/L ¢ zszsl’g S OO U o
] $ s = 10a . 4 :
1.5 M i t,=12a I é i‘ el #
_ { 1oL summation . é I
-Z 11 Tt ¥  2-state fit:[8-10]a : 02 | 7 é 1 N
1r SR ¢ 2- fit:[8-12]a | - »®
i #;‘ % state fit:[8-12]a i / §#~ # % ' I e
© 1 ; g \¢ i ts = 9a
= #éf , o4l V% ﬁ\ % % £ ts = 10a
05 f 'Pli 1 \ X : ir a t,=12a
ii \ by summation
: ,}%‘ % N LAy *  2-state fit:[8-10]a
O frrmrrrrremrrrr e . :iﬁé#f‘iaug, 06 L ~N i 2-state fit:[8-12]a |
0 5 10 15 0 5 10 15

z/a z/a
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What momentum should be used to obtain reliable light-cone P DFs?

The answer is seemingly simpldarge momentum, but:

we have nite lattice spacing! UV cut-o of 2 GeV.
large momentum means it is very di cult to isolate the groundstate ! excessive excited states
contamination! one needs to go to large enough source-sink separatign) COSTLY!

2 L T

£ t,=28 Py =10r/L
¢ =9

by = aeees

3 ¥  2-state fit:[8-10]a Y 0.2 % '
i 1 # ¥ 2state fit:[8-12]a | - ﬁ /‘; ‘EL # g yqr——
Q B g ; ¢ t;=09
& #i = oal \ & % § t, = 10a
0.5 | 2 1 04 2 N
L \ i 4] t, = 12a
) {i \ I éi summation
" ,}%‘ i N LAy *  2-state fit:[8-10]a
O Frrrrrrrri o fiﬁé?&#iﬁﬁ' 0.6 | ~N ¥ 2-state fit:[8-12]a | -
0 5 10 15 0 5 10 15

z/a z/a
Robust statements about excited states only when checking #&ew analysis methods.
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What momentum should be used to obtain reliable light-cone P DFs?

The answer is seemingly simpldarge momentum, but:

we have nite lattice spacing! UV cut-o of 2 GeV.
large momentum means it is very di cult to isolate the groundstate ! excessive excited states
contamination! one needs to go to large enough source-sink separatign) COSTLY!

2 L T

£ t,=28 Py =10r/L
¢ =9

by = aeees

3 ¥  2-state fit:[8-10]a Y 0.2 % '
i 1 # ¥ 2state fit:[8-12]a | - ﬁ /‘; ‘EL # g yqr——
Q B g ; ¢ t;=09
& #i = oal \ & % § t, = 10a
0.5 | 2 1 04 2 N
L \ i 4] t, = 12a
) {i \ I éi summation
" ,}%‘ i N LAy *  2-state fit:[8-10]a
O Frrrrrrrri o fiﬁé?&#iﬁﬁ' 0.6 | ~N ¥ 2-state fit:[8-12]a | -
0 5 10 15 0 5 10 15

z/a z/a
Robust statements about excited states only when checking #&ew analysis methods.
here: 2-state t with ts=a=8;9; 10; 12 shows full consistency with the 1-state t atts = 12a.
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What momentum should be used to obtain reliable light-cone P DFs?

The answer is seemingly simpldarge momentum, but:

we have nite lattice spacing! UV cut-o of 2 GeV.
large momentum means it is very di cult to isolate the groundstate ! excessive excited states
contamination! one needs to go to large enough source-sink separatign) COSTLY!

2 ]
% t; = 8a P; =10w/L
Py =107/L ¢ ti=9 P TP ST SIOTF SR SO i
i ¢ ts=10a ) : : , :
1.5 iy t, = 12a I ﬁ #ﬁ# L
— 1] A L7 summation o é %
3 L ¥  2-state fit:[8-10]a 3 02 L % 1 i
,f_; 1 : # ¥ 2-state fit:[8-12]a| - i /‘4"_‘#\ # é ' I i
Q 5 g ? ¢ t:=9a
~ #j | = ol \ ¢ ﬁ\ % % ¢« t, = 10a
05 1 i ’ \ ¥ i i’ 47 t, = 12a
iﬁ \ ~ ] {l summation
" '}%i % N Lt ! *  2-state fit:[8-10]a
O b T . ‘g‘fﬁiiiif‘i&“' 06 + N o ,I( 2-state fit:[8-12]a | -
0 5 10 15 0 5 10 15

z/a z/a
Robust statements about excited states only when checking #&ew analysis methods.
here: 2-state t with ts=a=8;9; 10; 12 shows full consistency with the 1-state t atts = 12a.

Our largest momentum: 1.4 GeV

safely below UV cut-o,
excited states contamination shown to be smaller than statstical errors.
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Bare matrix elements at t; =12a ¥ %

unpolarized ( o) helicity ( 5 3) transversity ( 3i)
14 | | | i | o ‘ ‘ 1 16| | | | | | o ‘ ‘ | 14 | | | | | . ‘ ‘
12 | g |14 ﬁi : J12 ﬁ% :
1r % % 1 1.2 ; ? 1 1F
o d 1 S T P
06 % IEE 1087 % % | o6t I% %
04} 2] 3 | o8y % % loat it ti
iiz * EI EI 04 t i% 0 1 i{ Ei
G- . S LS N U o
0 heawg @R EAGTE s Fp e R () R 3. Y hessssnd O Fﬁi§i§§ ---------------------------------------------------- %ﬁ!iiiiiﬁ
15 10 5 0 5 10 15 15 10 5 0 5 10 15 15 10 5 0 5 10 15
, I I | oal I | oal .
0.4 %%Ii ' 0.4 Izégg : 0.4 éﬁ%ﬁ :
0.2 f éiﬁ fox 1 o2t 1%§ e 102} Iiﬁ =
i %EE ;E =
0 &iiiiiii ----------------------------- M I§§§§ 0 giiiﬁ%iii -------------------------- PP ig%?;iii 0 ﬁiiﬁii ----------------------------- «Egiﬂii
: A i - h
02 | % i 102t s o 1-02 ¢t £, ¥
IEEEE% ii il '} %
04 | LT 1 aal : % 1 aal L1 H%
0.4 i3 0.4 1 0.4 i
15 10 5 0 5 10 15 15 10 5 0 5 10 15 15 10 5 0 5 10 15
STATISTICS:  P3 = % 4800 meas. Ps = 5 6240 meas. Ps = 5 9600 meas.
P; = & 38250 meas. P; = & 38250 meas. P; = & 38250 meas.
P3 = £ 72990 meas. Ps = £ 72990 meas. Ps = £ 72990 meas.
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The procedure to obtain light-cone PDFs from the lattice
computation can be summarized as follows:

1.
2.

3.

Compute bare matrix elementdNj (z) A(z;0) (0)jNi.
Compute renormalization functions in an intermediate iieet
scheme (here: RI“MOM)ZR!"(z; ).

Perturbatively convert the renormalization functions tioet
scheme needed for matching (héveMS) and evolve to a
reference scalezRl"(z; )1 zMMS(z: ).

Apply the renormalization functions to the bare matrix ekemts,
obtaining renormalized matrix elements in tMMS scheme.
Calculate the Four'fr transform, obtaining quasi-PDFs:

S0 P e = 2PN (2) AZi0) (ONIMHS

4

RelateMMS quasi-PDFs toMS light-cone PDFs via a matching
procedure:d"MS(x; :P 3) ! gS(x; ).
Apply nucleon mass corr. to eliminate resido® =P% e ects.
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it was very important to clarify the issue of renormalizality of the
guasi-PDFs:

T. Ishikawa, Y.-Q. Ma, J.-W. Qiu, S. Yoshida, Phys. Rev. D96 ( 2017) 094019
X. Ji, J.-H. Zhang, Y. Zhao, Phys. Rev. Lett. 120 (2018) 11200 1
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X. Ji, J.-H. Zhang, Y. Zhao, Phys. Rev. Lett. 120 (2018) 11200 1
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2. and also to nd practical renormalization prescription:
RI-MOM-type scheme cC. Alexandrou et al., Nucl. Phys. B923 (2017) 394 (Frontiers
auxiliary eld scheme J. Green, K. Jansen, F. Ste ens, Phys. Rev. Lett. 121 (2018) 0

Article)
22004

3. important insights also from lattice perturbation theoy: mixing for certain
Dirac structures! led to abandoning =
of = 0 M. Constantinou, H. Panagopoulos, Phys. Rev. D96 (2017) 054 506

Two types of divergences that need to be removed:

standard logarithmic divergence w.r.t. the regulatorog(a ),

power divergence related to the Wilson line; resums into a itiplicative
exponential factor,exp( mjzj=a+ cjzj)

m  strength of the divergence, operator independent,

c arbitrary scale ( xed by the renormalization prescriptia).

3 for unpolarized PDFs, in favor
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Renormalized matrix elements for helicity PDFs

Nucleon momentunty
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§%>% Renormalized matrix elements for helicity PDFs
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Important self-consistency check for the renormalization procedure!
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Step 5 o,

The procedure to obtain light-cone PDFs from the lattice
computation can be summarized as follows:

1.
2.

3.

Compute bare matrix elementdNj (z) A(z;0) (0)jNi.
Compute renormalization functions in an intermediattit¢e
scheme (here: RI“MOM)ZR!"(z; ).

Perturbatively convert the renormalization functiorns the
scheme needed for matching (héveMS) and evolve to a
reference scalezR!"(z; )1 zZMMS(z: ).

Apply the renormalization functions to the bare matriemlents,
obtaining renormalized matrix elements in tMMS scheme.
Calculate the Fourifr transform, obtaining quasi-PDFs:

S0 Pa) = CETIING (1) A(ZiO) (O)NIMVS:

4

RelateMMS quasi-PDFs toMS light-cone PDFs via a matching
procedure:d"MS(x; :P 3) ! gS(x; ).
Apply nucleon mass corr. to eliminate resido® =P% e ects.
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Fourier transform

Nucleon momentuniy-, Q?=4 Ge\?

Unpolarized PDF

- u—d

-1 -0.5 0 0.5 1

C. Alexandrou et al., Phys. Rev. Lett. 121 (2018) 112001
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Fourier transform

Nucleon momentuniy-, Q?=4 Ge\?

Unpolarized PDF Polarized PDF

g u—d g Au— Ad

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

C. Alexandrou et al., Phys. Rev. Lett. 121 (2018) 112001
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Quasi-PDFs + pheno

Nucleon momentuniy-, Q?=4 Ge\?

6 Unpolarized PDF Polarized PDF
T T 6 T I '
g _ g Au— Ad
I . u—d u
4 | M ABMP16 | 4l
IDINNPDF3.1
2|
-2 D i
-1 -1 -0.5 0 0.5 1

C. Alexandrou et al., Phys. Rev. Lett. 121 (2018) 112001
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Quasi-PDFs + pheno @ %

Nucleon momentumty-, Q2 =4 Ge\?

48 !
6 Unpolarized PDF Polarized PDF
. . 6 . T .
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gq u—d Qq ! Au — Ad
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C. Alexandrou et al., Phys. Rev. Lett. 121 (2018) 112001
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Step 6 o,

The procedure to obtain light-cone PDFs from the lattice
computation can be summarized as follows:

1.
2.

3.

Compute bare matrix elementdNj (z) A(z;0) (0)jNi.
Compute renormalization functions in an intermediattit¢e
scheme (here: RI“MOM)ZR!"(z; ).

Perturbatively convert the renormalization functiorns the
scheme needed for matching (héveMS) and evolve to a
reference scalezR!"(z; )1 zZMMS(z: ).

Apply the renormalization functions to the bare matriemlents,
obtaining renormalized matrix elements in tMMS scheme.
Calculate the Four'fr transform, obtaining quasi-PDFs:

S0 P e = SZ PN (2) AZi0) (ONIMHS

4

RelateMMS quasi-PDFs toMS light-cone PDFs via a matching
procedure:gMMS(x; 1P 3) ! dg"S(x; ).
Apply nucleon mass corr. to eliminate resido® =P% e ects.
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Strategies for matching / %

Matching is the essence of LaMET and was subject to impor@etelopments over
the years:

transverse momentum cut-o scheme PDFs [X. Xiong et al., Phys. Rev. D90 (2014) 014051]
same for unpolarized and helicity GPDs[X. Ji et al., Phys. Rev. D92 (2015) 014039]

same for transversity GPDs[X. Xiong, J. Zhang, Phys. Rev. D92 (2015) 054037]

MS ! MS, non-singlet and singlet PDFs [W. Wang, S. Zhao, R. Zhu, EPJC 78 (2018) 147]
RI! MS, unpolarized PDFs ( 3) [l.W. Stewart, Y. Zhao, Phys. Rev. D97 (2018) 054512]

MS ! MS, treatment of UV log divergence in wave function corrections (but: violates vector current
conservation) [T. Izubuchi et al., Phys. Rev. D98 (2018) 056004]

MMS ! MS, treatment of UV log divergence in wave function corrections (preserves vector current
conservation) [C. Alexandrou et al., Phys. Rev. Lett. 121 (2018) 112001]

ratio ! MS, treatment of UV log divergence in wave function corrections (preserves vector current
conservation) [T. Izubuchi et al., Phys. Rev. D98 (2018) 056004]

RI! MS, unpolarized PDFs ( o) [Y.-S. Liu et al., arXiv:1807.06566]

RI! MS, transversity PDFs [Y.-S. Liu et al., arXiv:1810.05043]

RI! MS, non-singlet GPDs [Y.-S. Liu et al., Phys. Rev. D100 (2019) 034006]
RI! MS, non-singlet and singlet PDFs[W. Wang et al., arXiv:1904.00978]
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Matching to light-front PDFs

&y,
%
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The matching formula can t&e expressed as:

Krzysztof Cichy

1 X
X; )= —C ;— & = ;P
aex; ) T P & 3
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(6%%% Matching to light-front PDFs @ %
The matching formula can t%e expressed as:
d X
X; )= —C ; — —; ;P 3
) 1 ) XP3 er
C matching kernelMMS ! MS: [C. Alexandrou et al., Phys. Rev. Lett. 121 (2018) 112001]
8
% 1+ 2 +1+ 3 > 1
1 2,
C — = (1 1+2 XI:)32(4(1 ) (1+ )+2(1 ) 0< < 1;
XP3 % +
1+ 2 3 _
1 Yo . <0

=0 for g and =1 for 3/ 5 3.
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Matching to light-front PDFs @ %

The matching formula can t%e expressed as:

d X
X; )= —C ; — —; P 3
W) 1 )] XP3 a
C matching kernelMMS ! MS: [C. Alexandrou et al., Phys. Rev. Lett. 121 (2018) 112001]
8
% Lt 2 +1+ 3 > 1
1 2 .
c i = a L XP3’2(4(1 y SE)iea ) o< <u
XP3 % +
1+ 2 14 3 < 0
1 21 ) .

=0 for g and =1 for 3/ 5 3.

Additional subtractions with respect toMS made outside the physical region of the
unintegrated vertex corrections.
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Matching to light-front PDFs @ %

The matching formula can t%e expressed as:

d X
X; )= —C ; — —; P 3
W) 1 )] XP3 a
C matching kernelMMS ! MS: [C. Alexandrou et al., Phys. Rev. Lett. 121 (2018) 112001]
8
% Lt 2 +1+ 3 > 1
1 2 .
c i = a L XP3’2(4(1 y SE)iea ) o< <u
XP3 % +
1+ 2 14 3 < 0
1 21 ) .

=0 for g and =1 for 3/ 5 3.

Additional subtractions with respect toMS made outside the physical region of the
unintegrated vertex corrections.

Thus, needs modi ed renormalization scheme for input qua®DF ! MMS scheme.
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Matching to light-front PDFs @ %

The matching formula can t%e expressed as:

d X
X; )= —C ; — —; P 3
W) 1 )] XP3 a
C matching kernelMMS ! MS: [C. Alexandrou et al., Phys. Rev. Lett. 121 (2018) 112001]
8
% Lt 2 +1+ 3 > 1
1 2 .
c i = a L XP3’2(4(1 y SE)iea ) o< <u
XP3 % +
1+ 2 14 3 < 0
1 21 ) .

=0 for g and =1 for 3/ 5 3.
Additional subtractions with respect toMS made outside the physical region of the
unintegrated vertex corrections.

Thus, needs modi ed renormalization scheme for input qua®DF ! MMS scheme.
In this procedure, vector current i<onserved
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Matched PDFs @ %

Nucleon momentumty-, Q2 =4 Ge\?
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C. Alexandrou et al., Phys. Rev. Lett. 121 (2018) 112001
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Matched PDFs @ %

Nucleon momentumty-, Q2 =4 Ge\?

48
6 Unpolarized PDF Polarized PDF
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C. Alexandrou et al., Phys. Rev. Lett. 121 (2018) 112001
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Matched PDFs @ %

Nucleon momentuniy-, Q?=4 Ge\?

6 Unpolarized PDF Polarized PDF
. | . 6 . .
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C. Alexandrou et al., Phys. Rev. Lett. 121 (2018) 112001

Krzysztof Cichy Computing x-dependent PDFs on the lattice EINN 2019 Paphos 26/ 39



Outline of the talk

Quasi-PDFs

Results

Lattice setup
Bare ME

Renorm ME
Systematics
Quasi-GPDs
Lattice and pheno

Summary

Krzysztof Cichy

Q&d‘ Twys,sd
Ny _ %
¢ A"
o B

Step 7/ L2 P,

The procedure to obtain light-cone PDFs from the lattice
computation can be summarized as follows:

1.
2.

3.

Compute bare matrix elementdNj (z) A(z;0) (0)jNi.
Compute renormalization functions in an intermediattit¢e
scheme (here: RI“MOM)ZR!"(z; ).

Perturbatively convert the renormalization functiorns the
scheme needed for matching (héveMS) and evolve to a
reference scalezR!"(z; )1 zZMMS(z: ).

Apply the renormalization functions to the bare matriemlents,
obtaining renormalized matrix elements in tMMS scheme.
Calculate the Four'fr transform, obtaining quasi-PDFs:

S0 P e = SZ PN (2) AZi0) (ONIMHS

4

RelateMMS quasi-PDFs toMS light-cone PDFs via a matching
procedure:gMMS(x; 1P 3) ! g"S(x; ).
Apply nucleon mass corr. to eliminate residua} =PZ e ects.
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Nucleon mass corrections @ %

In the In nite momentum frame, nucleon mass does not mattes,
my =P3 = 0.

Here, we work with nucleon boosted to nite momentuA and we
need to correct fomy =Pz 6 0.

These corrections were derived In:
[J.W. Chen et al., Nucl.Phys. B911 (2016) 246-273, arXiv:18.06664 [hep-ph]]

Important feature: particle number is conserved in nucletass
corrections.
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Matched PDF + TMCs @ %

Nucleon momentuniy-, Q?=4 Ge\?

6 Unpolarized PDF 6 Polarized PDF
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C. Alexandrou et al., Phys. Rev. Lett. 121 (2018) 112001
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Matched PDF + TMCs @ %

Nucleon momentumty-, Q2 =4 Ge\?
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Transversity PDF w0 %
C. Alexandrou et al., Phys. Rev. D98 (2018) 091503 (Rapid Conunications)
P = 6r/L ou — od
P=8rn/L
4 - 2 — :
—— P =101/L Q% =2 GeV
SIDIS
———— SIDIS+lattice

-1 -0.5 0 0.5 1

Statistical precision already much better than the precisn of phenomenological
ts from SIDIS: JAM Collaboration, Phys. Rev. Lett. 120 (2018) 152502
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Fourier transform reconstructior: 7
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Investigation of several of these systematics in:

C. Alexandrou et al. [ETM Collaboration], Systematic uncertainties in parton
distribution functions from lattice QCD simulations at thephysical point,

Phys. Rev. D99 (2019) 114504.
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GPDs can be accessed with the same type of
matrix elements as PDFs:

P (2) A(z;0) (0)jPY;

sink momentum transfer source

PO+ POO
= : Q: POO PO

avg.momentum 2 momentum transfer
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Aim: to cover a wide range ¢f parameter space.
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TM fermions + clover term
0 . . . ’
P (z) A(z;0) (0)jPY; gluons: Ilwasaki gauge action,
sink momentum transfer source =1:778,
P04 p00 32° 64,L=3fm m L =4,
P = . Q= p% pO a=0:081 fm, STty
avg.momentum 2 momentum transfer m L 270 MeV. J : f\%
PO PY  Q ETMC, arXiv:1910.13220 S

t = Qz; ~=

momentum transfer

PI% PY 2P

guasi-skewness

GPDs:H(x;t; ; 2
E(;t;; ?)

Aim: to cover a wide range ¢f parameter space.
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Similarly: factorization relates kattice observables tDF%, e.g.:

14 X
ea(x; ;P 3) = j—jC — P 3 aq(x; )
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Question: can we treat lattice observables similarly tossreections?

Recent attempt to learn something about this question:
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Similarly: factorization relates kattice observables tDF%, e.g.:

14 X
ea(x; ;P 3) = j—jC — P 3 aq(x; )
1

Question: can we treat lattice observables similarly tossreections?

Recent attempt to learn something about this question:
K.C., L. Del Debbio, T. Giani, JHEP 10 (2019) 137

Using the robust NNPDF framework for tting.
Observables: non-singlet distributioks and T3 (unpolarized):
V3=u u (d dy=uy dy

T3=u+u (d+ d): Uy dy +2(US ds)

We have: 7

1
oRfMz; y=  dx ™ Xz, 5= Va=Ta(X; )= o 5 ~Va=Ta( )
0 z ‘

The above equations implemented using FastKernel tablas ctbmbine the
matching and DGLAP evolution.
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Impact of lattice data on phenomenology? @ %

Factorization relates experimental cross sections to PDFs

Similarly: factorization relates kattice observables tDF%, e.g.:

14 X
ea(x; ;P 3) = j—jC — P 3 aq(x; )
1

Question: can we treat lattice observables similarly tossreections?
Recent attempt to learn something about this question:

K.C., L. Del Debbio, T. Giani, JHEP 10 (2019) 137

Using the robust NNPDF framework for tting.

Observables: non-singlet distributioks and T3 (unpolarized):
V3=u u (d dy=uy dy

T3=u+u (d+ d): Uy dy +2(US ds)

We have: 7

1
oRfMz; y=  dx ™ Xz, 5= Va=Ta(X; )= o 5 ~Va=Ta( )
0 z ‘

The above equations implemented using FastKernel tablas ctbmbine the
matching and DGLAP evolution.
NN parametrization:V3=T3(x; )/ X V=T (1 X) V=T NNy=T (X).
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Exercise: generate pseudo data from a selected NNPDF and rttmg code over them.
16 lattice points generated (16 real, 15 imaginary)
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Exercise: generate pseudo data from a selected NNPDF and rttmg code over them.
16 lattice points generated (16 real, 15 imaginary)

Test di erent scenarios:

V3 at 1.6 GeV

K.C., L. Del Debbio, T. Giani, JHEP 10 (2019) 137

770 CT1(68 c.l.+10)

0.351 i NNPDF31_nlo_as_0118 (68 c.l.+10)

0.0 0.2 0.4 06

T3 at 1.6 GeV

0.8

0.35 777 CT1(68 c.l.+10)

N1 NNPDF31_nlo_as_0118 (68 c.l.+10)

0.0 0.2 0.4 0.6
X

0.8

only error of NNPDF

Krzysztof Cichy
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Exercise: generate pseudo data from a selected NNPDF and rttmg code over them.
16 lattice points generated (16 real, 15 imaginary)

Test di erent scenarios: K.C., L. Del Debbio, T. Giani, JHEP 10 (2019) 137
V3 at 1.6 GeV Very robust result!
0.30 pseUdO data:
% 1. DGLAP evolution
2 0.20 1.65 2 GeV
0137 2. inverse matching
Zz: 3. inverse Fourier
0.0 0.2 0.4 06 0.8 reconstruction:
T3 at 1.6 GeV 1 NN t
0.35 e Tl o .0118 (8 10 2. matching
0301 3. DGLAP evolution
Q"'ZS' 2! 1.65 GeV

X

only error of NNPDF
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Exercise: generate pseudo data from a selected NNPDF and rttmg code over them.

16 lattice points generated (16 real, 15 imaginary)

Test di erent scenarios: K.C., L. Del Debbio, T. Giani, JHEP 10 (2019) 137
V3 at 1.6 GeV Very robust result!
0.301 pseUdO data:
. 1. DGLAP evolution
2 %% 1.65 2 GeV

2. inverse matching
3. inverse Fourier

0.0 02 0.4 0.6 0.8 reconstruction:
T3 at 1.6 GeV 1. NN t
0.35 pea e i slGh8h (6 e i 2. matching
0301 3. DGLAP evolution
xzzz 2! 1.65 GeV

Shows the power
of the convolution ~
in constraining PDFs!

00 02 o4 06 08 (only 16 lat. points!)
See also:
only error of NNPDF J.Karpie et al., JHEP04(2019)057
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Exercise: generate pseudo data from a selected NNPDF and rttmg code over them.
16 lattice points generated (16 real, 15 imaginary)

Test di erent scenarios: K.C., L. Del Debbio, T. Giani, JHEP 10 (2019) 137
V3 at 1.6 GeV Very robus‘[ reSUIt! V3 at 1.6 GeV
0.35 1 or HNPDE31. o a0 0118.68.C1:410) 035, o NPDER1. tlo.o0l0118.(63.01:410)
0.30 1 pseUdO data: 0.30
20 1. DGLAP evolution 2%
g 0.20 1.65 2 GeV g 0201
011 2. inverse matching "
i . . .10
o 3. inverse Fourier -
0.05 1 .
0.0 0.2 0.4 0.6 0.8 reCOHStrUCtiOn: 0.0 0.2 0.4 0.6 0.8
T3 at 1.6 GeV 1. NN t T3 at 1.6 GeV
0.351 M NNPDF31. 1o 2510118 (68 SAP 1) 2. matching 031 M NHFDF21. o sel 0118 (68 c1re 10
0301 3. DGLAP evolution 041
21 1.65 GeV o3
%0.20 Ex'
g 0.15 % 02
Shows the power
1 of the convolution ~ o
] in constraining PDFs! 00,
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8

X

only error of NNPDF

(only 16 lat. points!)

See also:
J.Karpie et al., JHEP04(2019)057

X

stat.error of ETMC lattice data
+ a scenario for systematics
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Fitting actual lattice data

We also took actual ETMC lattice data for the unpolarized casand used the NNPDF
framework to calculate the resultingVs and T3 distributions.
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Fitting actual lattice data @ %

We also took actual ETMC lattice data for the unpolarized casand used the NNPDF
framework to calculate the resultingVs and T3 distributions.

We took actual statistical errors and considered di erentcenarios for systematics:

Scenario | Cut-o FVE Excited states | Truncation
S3 30% e 3+0:062z=a g4 15% 30%
S6 0.3 g 3+0:062z=a 0.15 0.3
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Fitting actual lattice data () %

We also took actual ETMC lattice data for the unpolarized casand used the NNPDF
framework to calculate the resultingVs and T3 distributions.

We took actual statistical errors and considered di erentcenarios for systematics:

Scenario | Cut-o FVE Excited states | Truncation
S3 30% e 3+0:062z=a g4 15% 30%
S6 0.3 g 3+0:062z=a 0.15 0.3

K.C., L. Del Debbio, T. Giani
JHEP 10 (2019) 137

V3 at 1.6 GeV T3 at 1.6 GeV
Z nnpdf31_qpdf_S2 (68 c.l.+10) 1.0 1 Z nnpdf31_qpdf_S2 (68 c.l.+10)
0.8 1 N7 nnpdf31_gpdf S5 (68 c.l.+10) N nnpdf31_qgpdf_S5 (68 c.l.+10)
NNPDF31_nlo_as_0118 (68 c.l.+10) NNPDF31_nlo_as_0118 (68 c.l.+10)
0.8 -
0.6 -
— —~ 0.6 1
X X
Q0.4 i
X X
0.4
0.2
0.2
0.0 -
; ; ; . 0.0 1 ; ; ; .
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
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Fitting actual lattice data () %

We also took actual ETMC lattice data for the unpolarized casand used the NNPDF
framework to calculate the resultingVs and T3 distributions.

We took actual statistical errors and considered di erentcenarios for systematics:

Scenario | Cut-o FVE Excited states | Truncation
S3 30% e 3+0:062z=a g4 15% 30%
S6 0.3 g 3+0:062z=a 0.15 0.3

K.C., L. Del Debbio, T. Giani
JHEP 10 (2019) 137

V3 at 1.6 GeV T3 at 1.6 GeV
Z nnpdf31_qpdf_S2 (68 c.l.+10) 1.0 1 Z nnpdf31_qpdf_S2 (68 c.l.+10)
0.8 1 N7 nnpdf31_gpdf S5 (68 c.l.+10) N nnpdf31_qgpdf_S5 (68 c.l.+10)
NNPDF31_nlo_as_0118 (68 c.l.+10) NNPDF31_nlo_as_0118 (68 c.l.+10)
0.8 -
0.6 -
— —~ 0.6 1
X X
Q0.4 i
X X
0.4
0.2
0.2
0.0 -
; ; ; . 0.0 1 ; ; ; .
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8

Reasonable agreement, but a lot of work for the lattice to reate uncertainties!
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Fitting actual lattice data () %

We also took actual ETMC lattice data for the unpolarized casand used the NNPDF
framework to calculate the resultingVs and T3 distributions.

We took actual statistical errors and considered di erentcenarios for systematics:

Scenario | Cut-o FVE Excited states | Truncation
S3 30% e 3+0:062z=a g4 15% 30%
S6 0.3 g 3+0:062z=a 0.15 0.3

K.C., L. Del Debbio, T. Giani
JHEP 10 (2019) 137

V3 at 1.6 GeV T3 at 1.6 GeV
Z nnpdf31_qpdf_S2 (68 c.l.+10) 1.0 1 Z nnpdf31_qpdf_S2 (68 c.l.+10)
0.8 N7 nnpdf31_gpdf S5 (68 c.l.+10) N7 nnpdf31_gpdf S5 (68 c.l.+10)
NNPDF31_nlo_as_0118 (68 c.l.+10) NNPDF31_nlo_as_0118 (68 c.l.+10)
0.8 -
0.6 -
—_ —~ 0.6 1
X e’
™ ] m
?< 0.4 |>_<
0.4
0.2
0.2
0.0 0.0
0.0 0.2 0.4 0.6 0.8 0.0 0.2 See also talks by E. Nocera, N. Sato

Reasonable agreement, but a lot of work for the lattice to reate uncertainties!
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Overview of results from di erent approaches
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results @ physical pion mass Quasi-distributions

results @ non-physical pion mass
- (Nucleon GPDs ﬁ Plon/Kaon DA Pion PDF Pion GPD

ETMC, arXiv:1910.13229 ETMC/Beijing, arXiv:1907.09827 | p3, PRD95(2017)094514 LP3, PRD100(2019)034505 Chen et al., arXiv:1904.12376

v LP3, NPB939(2019)429  BNL, PRD100(2019)034516
helicity transversity

ETMC, PRL121(2018)112001 ETMC, PRL121(2018)112001 ETMC, PRD98(2018)091503(Rapid)
ETMC, PRD99(2019)114504 ETMC. PRD99(2019)114504 ETMC, PRD99(2019)114504
LP3, arXiv:1803.04393 LP3, PRL121(2018)242003 LP3, arXiv:1810.05043
LP3, arXiv:1807.06566

‘Pseudo-distribution% ‘ Good LCSs ’ ‘Auxiliary light quark’ ‘Auxiliary heavy quar’k ‘ OPE without OPE’ ‘ Hadronic tensor ’

/ \ 4 A4 A4 v v
Nucleon PDFs Pion PDF Pion PDF Pion DA Pion DA NucleonF, NucleonW;1

JLab, PRD96(2017)094503 JLab, arXiv:1909.08517 JLab, PRD99(2019)074507 Regensburg, EPJC78(2018)217  Taiwan/MIT, arXiv:1810.12194 QCDSF, PRL118(2017)242001 QCD, arXiv:1906.05312
JLab, arXiv:1908.09771 Regensburg, PRD98(2018)094507

See talks in the parallel workshop:
Distribution functions: Lattice QCD meets phenomenology
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Summary
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Approaches to light-cone PDFs :3‘

(N)gTMDs [ theoretical challenges}
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Theoretical idea

)
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3
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lattice challenges ] (N)gGPDs

v

/
N

()gDAs, ( )gPDFs, (N; )gPDFs@), (N)pPDFs
(N)htPDFs, (N)opePDFs,( )ahgDAs
()algDAs, ( )IcsDAs, ( )lcsPDFs

Exploratory studies

)

-
-
-

[ theoretical challenges} -- —»[ lattice challenges ]

~

>

~

A

[ Advanced studies

3

(N)gPDFs

—

-
-
-
-

A/
[ theoretical challenges} - - —>[ lattice challenges ]

~
~
~
~

A

/

3

K.C., M. Constantinou
Adv. High Energy Phys. 2019, 3036904
arXiv: 1811.07248 [hep-lat]

|

[ Precision calculations
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Approaches to light-cone PDFs ,ﬁ %

2019

(update)

Theoretical idea
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lattice challenges ]

v

[ theoretical challenges}

/
LN

()gDAs, ( )gPDFs, (N; )gPDFs()
(N)htPDFs, (N)opePDFs,( )ahgDAs
()alqDAs, ( )IcsDAs,( )lcsPDFs

(N)gTMDs, (N)qGPDs Exploratory studies

)

e
-
-

o
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~
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{ Advanced studies

3

(N)gPDFs (N)pPDFs

~—

-
e
-
-

A/
[ theoretical challenges} - - —>[ lattice challenges j

~
~
~
~

A

/

\

K.C., M. Constantinou
Adv. High Energy Phys. 2019, 3036904
arXiv: 1811.07248 [hep-lat]

~—
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Conclusions and prospects @ %

Message of the talkenormous progress in lattice calculations
of x-dependence of partonic functions!
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Conclusions and prospects @ |

Message of the talkenormous progress in lattice calculations
Uil o i of x-dependence of partonic functions!

(:Z:EDFS Lattice QCD can now get the full Bjorkexn-dependence of
Summary. nqn-smglet PDFs from rs_t principles a}t a_phy5|cal pion reas
with proper non-perturbative renormalization.
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Conclusions and prospects %,

@

Message of the talkenormous progress in lattice calculations

Uil o i of x-dependence of partonic functions!

(:Z:EDFS Lattice QCD can now get the full Bjorkexn-dependence of
Summary. nqn-smglet PDFs from rs_t principles a}t a_phy5|cal pion reas
with proper non-perturbative renormalization.

Very encouraging results and already agreement with phena f
range ofx values.
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Conclusions and prospects 7

@

Message of the talkenormous progress in lattice calculations

Uil o i of x-dependence of partonic functions!

(::Sajl::DFs Lattice QCD can now get the full Bjorkexn-dependence of
Summary. nqn-smglet PDFs from rs_t principles a}t a_phy5|cal pion reas
with proper non-perturbative renormalization.

Very encouraging results and already agreement with phena f
range ofx values.

But: still a long way to go to control all systematics.
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Message of the talkenormous progress in lattice calculations
Uil o i of x-dependence of partonic functions!

RUASEERES Lattice QCD can now get the full Bjorker-dependence of
Summaty nqn-smglet PDFs from rs_t principles a}t a_phy5|cal pion RAs
with proper non-perturbative renormalization.

Very encouraging results and already agreement with phena f
range ofx values.

But: still a long way to go to control all systematics.
Reliable checks necessary for all kinds of e ects.

Results
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Uil o i of x-dependence of partonic functions!

RUASEERES Lattice QCD can now get the full Bjorker-dependence of
Summaty nqn-smglet PDFs from rs_t principles a}t a_phy5|cal pion RAs
with proper non-perturbative renormalization.

Very encouraging results and already agreement with phena f
range ofx values.

But: still a long way to go to control all systematics.
Reliable checks necessary for all kinds of e ects.

In the future, lattice results can have important impact on
phenomenology.
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Conclusions and prospects @

Message of the talkenormous progress in lattice calculations
Uil o i of x-dependence of partonic functions!

RUASEERES Lattice QCD can now get the full Bjorker-dependence of
Summaty nqn-smglet PDFs from rs_t principles a}t a_phy5|cal pion RAs
with proper non-perturbative renormalization.

Very encouraging results and already agreement with phena f
range ofx values.

But: still a long way to go to control all systematics.
Reliable checks necessary for all kinds of e ects.

In the future, lattice results can have important impact on
phenomenology.

Also exploratory results for quasi-GPDs.

Results

Krzysztof Cichy Computing x-dependent PDFs on the lattice EINN 2019 Paphos 39/ 39



ced Twys,sd
g 2,
7 ¥

2"

- '{1
‘r
Q. o
llaborat®

/,

Conclusions and prospects

Message of the talkenormous progress in lattice calculations
Uil o i of x-dependence of partonic functions!

RUASEERES Lattice QCD can now get the full Bjorker-dependence of
Summaty nqn-smglet PDFs from rs_t principles a}t a_physmal pion RAs
with proper non-perturbative renormalization.

Very encouraging results and already agreement with phena f
range ofx values.

But: still a long way to go to control all systematics.
Reliable checks necessary for all kinds of e ects.

In the future, lattice results can have important impact on
phenomenology.

Also exploratory results for quasi-GPDs.

Several directions for the future also other kinds of stiue
functions: singlet quark PDFs, TMDs, gluon PDFs etc.

Results
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Message of the talkenormous progress in lattice calculations
Uil o i of x-dependence of partonic functions!

RUBSEERES Lattice QCD can now get the full Bjorker-dependence of
Summaty nqn-smglet PDFs from rs_t principles qt a_physmal pion RAs
with proper non-perturbative renormalization.

Very encouraging results and already agreement with phena f
range ofx values.

But: still a long way to go to control all systematics.
Reliable checks necessary for all kinds of e ects.

In the future, lattice results can have important impact on
phenomenology.

Also exploratory results for quasi-GPDs.

Several directions for the future also other kinds of stiue
functions: singlet quark PDFs, TMDs, gluon PDFs etc.

Thank you for your attentign
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j%i% Preliminary new results gPDFs Ny =2+1+1 a7

fermions: N =2+1+1 TM fermions + clover term,
gluons: Iwasaki gauge action, = 1:778,

64> 128 L =5:2fm, m L =3:55,

a=0:081fm

physical pion mass,

around 30000 measurements and increasing.

T T T T T T T T T T T T T

I 4,—9a 06 1 Tt —=9a ||
I ts=1la ) { ty=1la
IT 3
15 ¢ ] ts = 13a |4 0.4 | Py=144 GeV 3! tg t, =13a |-
Py =144 GeV g8 st P
ﬁ E 02 s 1 # 1
S ] 3 At
§ ﬁ ﬁ §‘ 0 pmas gogs oo if.il.i ............................. M s e T EAEIEAE S S
= g LR
# f = &
051 ] i 0.2 F : § 1
b G I
G 0 % 3
% Is | 0.4 Eﬂ s .
0 ""”I"'”""'Ia"i'.'i;'{,'};'iih ....................................... hh{‘}.{. 5 Ey Ty e 3 )
-0.6 | :
Il Il Il Il Il Il Il Il Il Il Il Il Il Il
-15 -10 5 0 5 10 15 -15 -10 -5 0 5 10 15
z/a z/a
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é%?% Pion mass dependence of Z-factors

T T T T I I I T
z/a=1 004 zfa=1 |
0.88 i
-0.05 -
0.86 i
-0.06 i
S ——— T T T T e T W NS TSN - .= ___
084l = - . e e =]
007 | @ e e —— B =
082 & — - T T T e — =]
-0.08 i
: : I : : : : :
034 | _ -
18F z/a=5 - z/a =75
0.36 - o L
036 | o |
175 F e | T e ——
e 3 — TS
Ny PR ® -0.38 (] T T NN EaaeeE
1.7 | D= s _ -
¢ Re[Zy] 0.4 F ¢ Im[Zy] i
165 | T RelZi |- T Im[Z]
Re [Z Im [Z
. . | e[IT] 042 b Im[T] | e
0 0.0169 0.0552 0.1156 0 0.0169 0.0552 0.1156
m?2 [GeV?] m?2 [GeV?]

C. Alexandrou et al., Phys. Rev. D99 (2019) 114504
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FVE In Z-factors

Possibly enhanced FVE in non-local operators suggested in:
R. Bricefo, J. Guerrero, M. Hansen, C. Monahan, Phys. Rev. 892018) 014511

Re[ZS';g4(z; o;m )] . Im[ZS';g4(z; o;m )]

Ro(z , | 0(2
o(2) RelZ§' 4g(z; oim )] o(2) Im(Z§' 450(z; oim )

oal % ZZ) | 106 f % Zo

Ry Ir
1.04 -
1.02 F | 1102+ %gﬂ |

HMH MHTMTE Ll
FIUURT S 0L MBI IEEEEARRRRI S
0.98 | i
0.98 | 1 096 1
0 5 10 15 0 5 10 15
2/a z/a

C. Alexandrou et al., Phys. Rev. D99 (2019) 114504
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éé;?g%%é Lattice artefacts in Z-factors

-

R

Z -factors can haveD(gZal ) artefacts perturbatively subtracted
By: M. Constantinou, H. Panagopoulos, e.gPhys. Rev. D95 (2017) 034505

1.1} z/a= § zfla=1
SIS I Re[zge])| O1f e EammeT I Im(Z5
1 £ RelZ{ | L EER L Im[zy]
- oo
PN E Re [ZZ"SUb] 0.05 | JIRPUE —~ I Im [Zznsub] .
091 o mes... 3332 T ITT T Relzg® |7 e T Im (259
E S
08 z Re [Z%nsub] _ O Lol — s I Im [Z%nsub] -
o g tess e s ITTT ¢ Re[Zp"] o ICSURES i T Im [Z3]
0.7 1 -0.05
3f z/a=5 1 015 z/a=5 -
Szs ==z £ Relzi] - £ Im [Z%L:ub]
ol & e TR T I Re[Z3] | ot = e i Im [Z3%"]
unsub . o + * I Zunsub
....................... EON e ¢ RelZi™]|| s e ¢ Im[Zy) |
ol e Yoe o g * E Re [Zjlub] | 0.15 '*!;__»— g -6 E Im [Zi”b]
o e i
L tte,, . 32Te Re[zpw]| -03F T Im [Zesw] |-
sl *ok ¢ Relzp® || s ¢ Im[Zp7]
045 ¢ .
0 1 2 3 4 0 1 2 3 4
(apo)® (apo)?

C. Alexandrou et al., Phys. Rev. D99 (2019) 114504
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Matching to light-front PDFs @ %

The matching formula can t%e expressed as:

1 d
X
alx; )= —C = & —;;P3
1 )] XP3
C matching kernelMS! MS: [T. 1zubuchi et al., Phys. Rev. D98 (2018) 056004]
8 1+ 2 111 4
In +1+ — — > 1
1 ) 2
2 2p2 [0;1]
c i =@ )+ o, ——hSEaa ) Tleza ) o< <
XP3 2 1 (1)
1+ 2 3 [1 ;0] 3
In 1+ < 0
1 1 21 ) . 21 )
sCp 3 2 5 _ ~ _
+ > (1 ) EIn 4y2P32 + 5 =0 for g and =1 for 3= 5 3:
Problem:, violates vector current conservation: ;-
dxq(x; ) 6 dx &(x; ;P 3) and dC(; =xP 3)61;

1

1 1

whichincreaseswith growingP3 (around 8% atP3; = 10 =48).
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Matching to light-front PDFs ‘@ %

Alternative matching:[c. Alexandrou et al., Phys. Rev. Lett. 121 (2018) 112001]

1+ 2 3
+1+ — > 1
§ TR
1+ 2 xP32 1+ )
cC ;— = (1 4 @1 ) +2 (1 ) 0< < 1
XP3 +
% 1+ 2 3
1+ < 0
1 21 ) .

=0 for g and =1 for 3/ 5 3.

In this procedure, vector current @nserved.

Additional subtractions with respect tS made outside the physical region
of the unintegrated vertex corrections.

Thus, needs modi ed renormalization scheme for input gtRISF.
However, modi cationdecreaseswith growingPs.
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€ LD . —
Q&%g% Modi cation of the MS scheme 2 %

We introduce amodi ed MS scheme MMS) with an extra subtraction made outside the physical
region of the unintegrated vertex corrections[C. Alexandrou et al., Phys. Rev. D99 (2019) 114504]
This renormalizes the -dependence for > 1and < 0.

MMS , y_4 s~ 3 1 1 sCr ST
ZMPS()=1 2Ce 3 () 77— () =@ ) Zh;+3
In z-space:
MS- 3 1 5
ZM'(\)/IS(Z) = 1 2—SCF §|n Z +§
+ 55 Cg | > Ci(z )+In(z ) In(jz j) iSi(z )

§—SC iz 2Ei( iz ) In( iz )+In(iz )+ iSign (z )
22 °F 2

The above has to modify the conversion factor, i.e. the comston will beRIl MS! MMS.
Consistency checkz ! 0 limit:

ZVMS 21 0)=1

0

sCF 3 222e2 . 5 Ratio
— | + — =7
2 2" 4 2 o (2)
Exactly cancels the divergence im(z) present inMS!
(consistency with: M. Constantinou, H. Panagopoulos, Phys. Rev. D96 (2017) 0586

and with the Ratio scheme ofT. Izubuchi et al., Phys. Rev. D98 (2018) 056004
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Matching to light-front PDFs ‘@ %

Another alternative matching ( ratio scheme):
[T. Izubuchi et al., Phys. Rev. D98 (2018) 056004]

1+ 2 3
+1 > 1
% 2 2 12 o ) e
1+ y2P3 3
C ; — = (1 4 (1 1 +1+2 (1 + O<< 1
jyiP3 ( ) g ) 2 ( ) ( ) 21 ) .
L 14 0 <0
"1 21 ) .
In this scheme, all regions in theintegration of the plus functions (including the
physical one) contain the sam&2(1 ) term and no additional term appears.
Modi cation of the perturbative conversion from the integdiate renormalization
scheme toMS:
sCr 3 5
Co( %z%)=1+ S 5 N 2z%e” E=4)+ >

Caveat: modi cation of thephysical -region potentially large numerical e ect.
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E ect from MMS

unpolarized helicity

Nucleon momentum'%
transversity

As expected, the e ect is very small

(modi cation of MS only
In unphysical regions)

C. Alexandrou et al., Phys. Rev. D99 (2019) 114504
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MMS vs. ratio scheme

MMS modi cation only of the non-physical regions< 0; > 1.
ratio modi cation also of the physical regiorD< < 1.

C. Alexandrou et al., Phys. Rev. D99 (2019) 114504
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MMS! MSvs. RlI! MS matching

Matching can also be performed directly from the Rl schem&I®
|.W. Stewart, Y. Zhao, Phys. Rev. D97 (2018) 054512

C. Alexandrou et al., Phys. Rev. D99 (2019) 114504
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Truncation of Fourier transform

unpolarized helicity

Nucleon momentum'%
transversity

Needs the use of advanced
reconstruction techniques
J. Karpie et al., JHEP 1904 (2019) 057

C. Alexandrou et al., Phys. Rev. D99 (2019) 114504
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Momentum dependence of nal PDFs

unpolarized helicity

8 10

Nucleon moment S 45 49

transversity

Results seem to indicate convergence
In nucleon boost

Expected HTE:
O( &cp=P5) 5%atPs=1:4GeV

C. Alexandrou et al., Phys. Rev. D99 (2019) 114504
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Quasi-PDFs

Results

Summary

Backup slides
New ensemble
Z-factors
Matching
Matching

Fourier
Momentum
dependence

Krzysztof Cichy

Comparison with non-physical pion mass

Physical vs. non-physical pion mas435vs. 375 MeV
unpolarized PDF

C. Alexandrou et al., Phys. Rev. Lett. 121 (2018) 112001
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