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Note:

e Minkowski path integral can not be used in practice — the phase
factor €™ would lead to oscillatory behaviour.

e Hence, it is replaced (analytical continuation) by a real valued
exponential e, formally one then evaluates a thermodynamic
expectation value with respect to the Boltzmann factor e°.
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e We introduce a 4D hypercubic lattice:

% quark fields on lattice sites,

x  gluon fields on lattice links.

|EEnndl
I ;
gluon quark

Source: JICFuS, Tsukuba
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with a gauge link.
- ‘\‘/ * UV cut-off — inverse lat. spac. a™,

e Lattice as a regulator:

f . x IR cut-off — inverse lat. size L1,
gluon quark
e Remove the regulator:

* continuum limit a — 0,

Source: JICFuS, Tsukuba o o
* infinite volume limit L — oc.
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Discretization of the action f@ %

e gluonic part — “easy” — gauge action constructed from Wilson loops of size 1x1
(plaquettes) and 1x2 (rectangles):

SalU] = Z (bo > ReTr(1—Ppxl)+b1 > ReTr(l —Pl,ff))

pr=1 pFVY
where 3 = 6/g3, go is the bare coupling and the by, b; parameters are
normalized according to: by = 1 — 8b;.
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x fermion doubling problem
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e gluonic part — “easy” — gauge action constructed from Wilson loops of size 1x1
(plaquettes) and 1x2 (rectangles):

SlU] = g > (b0 Y ReTr(1—PEL) +b1 Y ReTr(1— PE2)),
pFv

x w,rv=1
where 3 = 6/g3, go is the bare coupling and the by, b; parameters are
normalized according to: by = 1 — 8b;.

e fermionic part — subtleties arise from the discretization of the derivative:

fermion doubling problem

breaking of chiral symmetry

scaling towards the continuum limit
discretizations used in practice:

wiobsa,

* Xt X X

¢ clover fermions,

twisted mass (TM) fermions,
overlap fermions, “apora®
domain wall fermions,

staggered fermions,

1

RO “ IR C R

other less popular.
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e Lattice QCD can be simulated on a (super)computer!

e QCD path integral: Z = [ DU e SsaugelU] H}VL det(D¢[U)).
e Multidimensional integral = Monte Carlo methods.

e How many dimensional integral?

*x typical lattice size: 48 x 48 x 48 x 96, 64 x 64 x 64 x 128,
% each lattice site needs 12 spin-color components.

This gives integral dimension of order 103-10”.
e Hence, huge computational resources needed!

e QCD was one of the first branches of science that “asked”’ for such
computational resources and thus inspired the development of
supercomputers.
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Some of the aspects of QCD that can be studied on the lattice:
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Lattice QCD o QCD parameters: g, Agep, quark masses etc.
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Lattice formulation e hadron spectrum: meson and baryon masses, exotic hadrons

Discretization

Discretization e hadron structure: nucleon charges, EM form factors, parton
distribution functions, GPDs, nucleon spin content
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e QCD thermodynamics: QCD phase diagram, deconfinement,
chiral symmetry restoration

Results

Summary

e Standard Model parameters: CKM matrix

e constraints on effective theories: xPT, HQET

Some collaborations in LQCD:

Alpha, BMW, CLS, CP-PACS, ETMC, HALQCD, hotQCD, JLQCD,
LHC, LSD, Mainz, MILC, NME, NPLQCD, QCDSF, PNDME, RBC,
RQCD, SWME, tmFT, TWQCD, UKQCD, USQCD, WHOT-QCD

in total = 500 — 600 physicists

o
L3 b AL

Krzysztof Cichy PDFs from Lattice QCD — Krakéw — Nov 2018 — 10 / 31



Outline of the talk

Lattice QCD

functions (PDFs)
PDFs
Quasi-PDFs
Renormalization
Matching

Procedure

Lattice setup

Results

Summary

Krzysztof Cichy

Parton distribution functions (PDFs)

PDFs from Lattice QCD — Krakéw — Nov 2018 — 11 / 31



Outline of the talk

Lattice QCD

Parton distribution
functions (PDFs)

PDFs |

Quasi-PDFs
Renormalization
Matching

Procedure

Lattice setup

Results

Summary

Krzysztof Cichy

PDFs

]
¢o'oPeq,

Tt
Mo
e

[
0, o)
Ylapore™

e Hadrons are complicated systems with properties resulting from

the strong dynamics of

quarks and gluons inside them.

[nteractions of constituents of the colliding protons, the so called
partons (quarks, gluons)

proton 1

proton 2

Py, ... momentum proton 1 Bpaton: ... momentum parton 1

Ppi ... momentum proton 2 f-}!’.mun: .. momentum pa]‘ton 2

interaction vertex

Source: LHC, CERN
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e Hadrons are complicated systems with properties resulting from
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semzf'a“zatb" e PDFs are essential in making predictions for collider experiments.
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Procedure

Lattice setup

Results

[nteractions of constituents of the colliding protons, the so called
Summary partons (quarks, gluons)

proton 1 proton 2

Pe, ... momentum proton 1 Bpaton: ... momentum parton 1
Pr: ... momentum proton 2 Pracon: ... momentum parton 2

interaction vertex

Source: LHC, CERN
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Eja;z;f;ndgs(tgg‘g‘)’“ e This dynamics is characterized in terms of, among others, parton

distribution functions (PDFs).

Quasi-PDFs

IF\z/leno:_mwlization e PDFs are essential in making predictions for collider experiments.
atching

Procedure oAB= Y O ® foa(r1,Q%) ® fyp(22, Q)

Lattice setup
a,b=q,g

[nteractions of constituents of the colliding protons, the so called
Summary partons (quarks, gluons)

Results

proton 1 proton 2

Pe, ... momentum proton 1 Bpaton: ... momentum parton 1
Pr: ... momentum proton 2 Pracon: ... momentum parton 2

interaction vertex

Source: LHC, CERN
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Gt ke
P PDFs
Outline of the talk e Hadrons are complicated systems with properties resulting from
Lattice QCD the strong dynamics of quarks and gluons inside them.
Parton distribution : : : . :
s e This dynamics is characterized in terms of, among others, parton
distribution functions (PDFs).
Quasi-PDFs
Renormalization e PDFs are essential in making predictions for collider experiments.
atching
2 2
Procedure oAB= Y  Oap® foalz1,Q%) ® fop(w2, Q%)
Lattice setup
a,b=q,g MSTW 2008 NLO PDFs (68% C.L.)
Results | ‘ : - I T——
- mary ::]qiil(i]c:l[(zr::li:ngn[zt;;:lf}ntq of the colliding protons, the so called g :
T o1
proton 1 proton 2 i
0.8:—
0.6
odl
odf
By, ... momentum proton 1 Bpaton: ... momentum parton 1 i
Pe, ... momentum proton 2 Pracon: ... momentum parton 2 0
interaction vertex x 10" x
Source: LHC, CERN MSTW2008, Eur. Phys. J. C63, 189
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Outline of the talk e PDFs have non-perturbative nature = LATTICE?

Lattice QCD

e But: PDFs given in terms of non-local light-cone correlators —
Parton distribution

functions (PDFs) intrinsically Minkowskian — problem for the lattice!

Quasi-PDFs
Renormalization
Matching

Procedure

Lattice setup

Results

Summary
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Results
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PDFs — why is it difficult on the lattice?

PDFs have non-perturbative nature = LATTICE?

But: PDFs given in terms of non-local light-cone correlators —
intrinsically Minkowskian — problem for the lattice!

: / de e~ € (N [B(ET)TA(E, 0)ib(0)| V),

q(z) = o

where: £~ = % and A(£7,0) is the Wilson line from 0 to &~

This expression is light-cone dominated — needs £ = 2 + ¢ ~ 0
— very hard due to non-zero lattice spacing!
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PDFs — why is it difficult on the lattice? f@ %

e PDFs have non-perturbative nature = LAT TICE?

e But: PDFs given in terms of non-local light-cone correlators —
intrinsically Minkowskian — problem for the lattice!

: / de e~ € (N [B(ET)TA(E, 0)ib(0)| V),

q(z) = o

where: £~ = % and A(£7,0) is the Wilson line from 0 to &~

e This expression is light-cone dominated — needs £? = 2% + % ~ 0
— very hard due to non-zero lattice spacing!

e Accessible on the lattice — moments of the distributions, but ...
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Quasi-PDFs -‘@ %

e Quasi-PDF approach:
X. Ji, Parton Physics on a Euclidean Lattice, Phys. Rev. Lett. 110 (2013) 262002
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e Quasi-PDF approach:
X. Ji, Parton Physics on a Euclidean Lattice, Phys. Rev. Lett. 110 (2013) 262002

e Compute a quasi distribution ¢, which is purely spatial and uses nucleons with

finite momentum: ]
/ z

A, 1%, Py) = [ = "N ()T A, 0)$(0)|N).
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Quasi-PDF approach:
X. Ji, Parton Physics on a Euclidean Lattice, Phys. Rev. Lett. 110 (2013) 262002

e Compute a quasi distribution ¢, which is purely spatial and uses nucleons with

finite momentum: ]
N / z

(o1, Py) = [ NI ()T Az, 0)(0)|N).

e z — distance in any spatial direction z,
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Quasi-PDF approach:
X. Ji, Parton Physics on a Euclidean Lattice, Phys. Rev. Lett. 110 (2013) 262002

e Compute a quasi distribution ¢, which is purely spatial and uses nucleons with

finite momentum: ]
N / z

(o1, Py) = [ NI ()T Az, 0)(0)|N).

e z — distance in any spatial direction z,
e PP3 — momentum boost in this direction.
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Quasi-PDFs 4‘@ %

e Quasi-PDF approach:
X. Ji, Parton Physics on a Euclidean Lattice, Phys. Rev. Lett. 110 (2013) 262002

e Compute a quasi distribution ¢, which is purely spatial and uses nucleons with

G(w, u?, Ps) = = "™ (N |1p(2)T A(z,0)1(0)| N).

e z — distance in any spatial direction z,

finite momentum: ]
/ z

e PP3 — momentum boost in this direction.
e e.g. ['= 19, v3 — unpolarized, I' = 573 — helicity,
I' = 031, 032 — transversity
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e Quasi-PDF approach:
X. Ji, Parton Physics on a Euclidean Lattice, Phys. Rev. Lett. 110 (2013) 262002

e Compute a quasi distribution ¢, which is purely spatial and uses nucleons with

finite momentum: I B
(a2, Py) = [ o e (N[B() DA, 0)0(0)|N).
e z — distance in any spatial direction z, Gu(z;0)

e PP3 — momentum boost in this direction.
e e.g. ['= 19, v3 — unpolarized, I' = 573 — helicity,
I' = 031, 032 — transversity z 0

e Theoretically very appealing and intuitive! Gu(z;0)

2y

Az

N(p*,z0) \_/ > exp(...)

t

_
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Quasi-PDFs “@ %

e Quasi-PDF approach:
X. Ji, Parton Physics on a Euclidean Lattice, Phys. Rev. Lett. 110 (2013) 262002

e Compute a quasi distribution ¢, which is purely spatial and uses nucleons with

finite momentum: I B
(a2, Py) = [ o e (N[B() DA, 0)0(0)|N).
e z — distance in any spatial direction z, Gu(z;0)

e PP3 — momentum boost in this direction.
e e.g. ['= 19, v3 — unpolarized, I' = 573 — helicity,
I' = 031, 032 — transversity z 0

e Theoretically very appealing and intuitive! Gu(z;0)

2y

2
o Differs from light-front PDFs by O (A%(QJD, ”ﬁg)
3 3

Az

e \_,,/ Eafeed

t

_
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e Quasi-PDF approach:

X. Ji, Parton Physics on a Euclidean Lattice, Phys. Rev. Lett. 110 (2013) 262002
e Compute a quasi distribution ¢, which is purely spatial and uses nucleons with

finite momentum: ds B

(a2, Py) = [ o e (N[B() DA, 0)0(0)|N).

e z — distance in any spatial direction z, Gu(z;0)
e PP3 — momentum boost in this direction.
e eg. I' =, 73 — unpolarized, I' = 53 — helicity,

I' = 031, 032 — transversity z 0
e Theoretically very appealing and intuitive! Gu(z;0)

: : A2 m2 8

o Differs from light-front PDFs by O ( %;QJD, P;g). N y
e The highly non-trivial aspect:

how to relate ¢(z,u*, P3) to the light-front PDF N(pz’%)\\_’/&‘”""("')

q(x, ;1?) (infinite momentum frame) e
= Large Momentum Effective Theory (LaMET)
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Bare matrix elements (N |)(2)IA(z,0)(0)|N) contain divergences

that need to be removed:
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Bare matrix elements (N |)(2)IA(z,0)(0)|N) contain divergences
that need to be removed:

standard logarithmic divergence w.r.t. the regulator, log(au),
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Renormalization ;@ %

Bare matrix elements (N |)(2)IA(z,0)(0)|N) contain divergences
that need to be removed:

e standard logarithmic divergence w.r.t. the regulator, log(au),

e power divergence related to the Wilson line; resums into a
multiplicative exponential factor, exp (—dm|z|/a + c|z|)
dm — strength of the divergence, operator independent,
¢ — arbitrary scale (fixed by the renormalization prescription).
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Bare matrix elements (N |)(2)IA(z,0)(0)|N) contain divergences
that need to be removed:

Outline of the talk

Lattice QCD

Parton distribution . . :

parton distributs e standard logarithmic divergence w.r.t. the regulator, log(au),
g?:;_PDFS e power divergence related to the Wilson line; resums into a
multiplicative exponential factor, exp (—dm|z|/a + c|z])
Matching . )

B o cedure dm — strength of the divergence, operator independent,

Lattice setup ¢ — arbitrary scale (fixed by the renormalization prescription).
Results

Proposed renormalization programme described in:

Summary C. Alexandrou, K. Cichy, M. Constantinou, K. Hadjiyiannakou, K. Jansen,

H. Panagopoulos, F. Steffens, “A complete non-perturbative renormalization prescription
for quasi-PDFs"”, Nucl. Phys. B923 (2017) 394-415 (invited Frontiers Article)

Important insights also from the lattice perturbative paper:
M. Constantinou, H. Panagopoulos, “Perturbative Renormalization of quasi-PDFs”, Phys.

Rev. D96 (2017) 054506
— mixing of ' = «3 and I' = 1, important guidance to non-pert. renormalization!
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Renormalization :@ %
Bare matrix elements (N |)(2)IA(z,0)(0)|N) contain divergences
that need to be removed:

e standard logarithmic divergence w.r.t. the regulator, log(au),

e power divergence related to the Wilson line; resums into a
multiplicative exponential factor, exp (—dm|z|/a + c|z|)
dm — strength of the divergence, operator independent,
¢ — arbitrary scale (fixed by the renormalization prescription).

Proposed renormalization programme described in:

C. Alexandrou, K. Cichy, M. Constantinou, K. Hadjiyiannakou, K. Jansen,

H. Panagopoulos, F. Steffens, “A complete non-perturbative renormalization prescription
for quasi-PDFs"”, Nucl. Phys. B923 (2017) 394-415 (invited Frontiers Article)

Important insights also from the lattice perturbative paper:
M. Constantinou, H. Panagopoulos, “Perturbative Renormalization of quasi-PDFs”, Phys.

Rev. D96 (2017) 054506
— mixing of ' = «3 and I' = 1, important guidance to non-pert. renormalization!

Non-perturbative renormalization scheme: RI'-MOM.
G. Martinelli et al., Nucl. Phys. B445 (1995) 81
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Matching of quasi-PDFs and PDFs ;‘@ %

To relate the quasi-PDFs to the usual PDFs, one uses the fact that the IR region of
the distributions is untouched when going from a finite to an infinite momentum. In
other words, if g(x, i) is the usual PDF defined through light-cone correlations,
then one should have:
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Matching of quasi-PDFs and PDFs ;@ %

To relate the quasi-PDFs to the usual PDFs, one uses the fact that the IR region of
the distributions is untouched when going from a finite to an infinite momentum. In
other words, if g(x, i) is the usual PDF defined through light-cone correlations,
then one should have:

1
- Qs Qs (1) dy 2
02, 10) = @rore @) {1+ 52200} + 52 [0 @ /910000 () L + Ol
A A Ps) = rore() {1+ 22 2 (A Py) } 4+ 22 / i@y A P () 2+ 0(02)
) 9 27_‘_ ) 27_‘_ w/wc ) 9 y S 9

where: ¢y, — bare distribution, Zp, Z~F — wave function corrections, q(l), (j(l) —
vertex corrections.
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Matching of quasi-PDFs and PDFs 4‘@ %

To relate the quasi-PDFs to the usual PDFs, one uses the fact that the IR region of
the distributions is untouched when going from a finite to an infinite momentum. In
other words, if g(x, i) is the usual PDF defined through light-cone correlations,
then one should have:

1
- Qs Qs (1) dy 2
02, 10) = @rore @) {1+ 52200} + 52 [0 @ /910000 () L + Ol
A A Ps) = rore() {1+ 22 2 (A Py) } 4+ 22 / i@y A P () 2+ 0(02)
) 9 27_‘_ ) 27_‘_ m/mc ) 9 y S 9

where: ¢y, — bare distribution, Zp, Z~F — wave function corrections, q(l), (j(l) —
vertex corrections.

Explicit formulae for 1-loop perturbative matching:

e transverse momentum cutoff scheme to MS matching
X. Xiong et al., PRD 90 (2014) 014051

e MS to MS matching W. Wang, S. Zhao, R. Zhu, arXiv:1708.02458 [hep-ph]
e RI to MS matching |.W. Stewart, Y. Zhao, arXiv:1709.04933 [hep-ph]

e treatment of the UV log divergence in wave function corrections T. lzubuchi et al.,
arXiv:1801.03917 [hep-ph], C. Alexandrou et al., arXiv:1803.02685, 1807.00232 [hep-lat]
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The procedure to obtain light-cone PDFs from the lattice
computation can be summarized as follows:
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The procedure to obtain light-cone PDFs from the lattice
computation can be summarized as follows:

1.

Compute bare matrix elements: (N|(2)v*A(z,0)y(0)|N)
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The procedure to obtain light-cone PDFs from the lattice
computation can be summarized as follows:

1. Compute bare matrix elements: (N|(2)v*A(z,0)1(0)|N)

2. Compute vertex functions and the resulting renormalization
functions in the intermediate RI'-MOM scheme ZRT' (2, 11).
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The procedure to obtain light-cone PDFs from the lattice
computation can be summarized as follows:

1. Compute bare matrix elements: (N|(2)v*A(z,0)1(0)|N)

2. Compute vertex functions and the resulting renormalization
functions in the intermediate RI'-MOM scheme ZRT' (2, 11).

3. Convert the renormalization functions to the MS scheme and
evolve to 1 = 2 GeV.
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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 elements: (N|(2)v*A(z,0)y(0)|N)

Compute vertex functions and the resulting renormalization
functions in the intermediate RI'-MOM scheme ZRT' (2, 11).

Convert the renormalization functions to the MS scheme and
evolve to 1 = 2 GeV.

Apply the renormalization functions to the bare matrix elements,
obtaining renormalized matrix elements in the MS scheme.
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Summary of the procedure :@ %

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

Outline of the talk

Lattice QCD

Parton distribution 1. Compute bare matrix elements: (N|(2)v*A(z,0)1(0)|N)

functions (PDFs)

PDFs 2. Compute vertex functions and the resulting renormalization
o oation functions in the intermediate RI'-MOM scheme ZRT (2, ).
3. Convert the renormalization functions to the MS scheme and

Lattice setup eVO|Ve to Ia = 2 GeV

Results

4. Apply the renormalization functions to the bare matrix elements,
obtaining renormalized matrix elements in the MS scheme.

Summary

5. Calculate the Fourier transform, obtaining quasi-PDFs:

dz

i, 2, Py) = [ e (N[ AL, 000 (0)| V).
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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 elements: (N|(2)v*A(z,0)y(0)|N)

Compute vertex functions and the resulting renormalization
functions in the intermediate RI'-MOM scheme ZRT' (2, 11).

Convert the renormalization functions to the MS scheme and
evolve to 1 = 2 GeV.

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

Calculate the Fourier transform, obtaining quasi-PDFs:

dz

i, 2, Py) = [ e (N[ AL, 000 (0)| V).

Relate quasi-PDFs to light-cone PDFs via a matching procedure.
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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 elements: (N|(2)v*A(z,0)y(0)|N)

Compute vertex functions and the resulting renormalization
functions in the intermediate RI'-MOM scheme ZRT' (2, 11).

Convert the renormalization functions to the MS scheme and
evolve to 1 = 2 GeV.

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

Calculate the Fourier transform, obtaining quasi-PDFs:

dz

i, 2, Py) = [ e (N[ AL, 000 (0)| V).

Relate quasi-PDFs to light-cone PDFs via a matching procedure.

Apply target mass corrections to eliminate residual my/Ps
effects.

PDFs from Lattice QCD — Krakéw — Nov 2018 — 17 / 31



=23 S 4

e @6€§Y
S

=T

=

\

Lattice setup 4‘@ %

-

Outline of the talk o fermions: Ny = 2 twisted mass fermions + clover term

Lattice QCD ] ]
Barton distribution e gluons: lwasaki gauge action, 5 = 2.1
functions (PDFs)
PDFs
Quasi-PDFs
Renormalization

Matching 5=2.10,  cgw=1.57751,  a=0.0938(3)(2) fm
G

Procedure
eV

48° x 96 | ap = 0.0009 my = 0.932(4)
= L=45fm | m;=0.1304(4) GeV m,L = 2.98(1)

Summary

C. Alexandrou et al., Phys. Rev. Lett. 121 (2018) 112001
C. Alexandrou et al., arXiv: 1807.00232 [hep-lat]
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unpolarized (7o)

Bare matrix elements at ¢, = 12a

helicity (vs573)

transversity (o3;)

1.4 ¢ Re [hu—d] iﬁi : 5ig§§§ 116 Re [Ahu_d] : gingé | 14 Re [(5hu_d] : Zigi;é ]
L2t * p=10m/L| | 14t % i * p=10m/L| L2t i } * p=10m/L| |
1t % % 1 1.2 ? ? 1t % %
08 é % g 1 | %1
0.6 EEE % {087 % % 106 g %
04 st ’ | o8y E% %E loat if t
i1 Be 04t % %5 1 4 1
SR R LT A T A
0 praseg QR ERHE Foteltenenen o wasassEbtio 2 15 T Fﬁiiﬂ%% -------------------------------------------------- L3
15 10 5 0 5 10 15 15 10 5 0 5 10 15 15 10 5 0 5 1.0 15
z/a z/a z/a
oal T [hy_d] iﬁ . i g%é i Im [Ath]i% . i g:ﬁ | oal Im [6hy—4] %ﬁ . z Ziﬁ
. . I * p=107/L . Iii%1§§ * p=10w/L . %iiiii * p=10r/L
02 éi T, 0.2 i {02t o %
v & : 1 :
III%% ‘ %EE ) %iii
0 §§I§EZ£ -------------------------------- B s §¥§% 0 ﬁ§i§§§£ ----------------------------- e % %;iiii 0 ﬁiﬁﬁ ----------------------------------- B e §§§§
ggg E;% . gﬁ
02 f ﬁi . g 0.2 s igi 102t %, z%
Iiziii% iiii%zi iiiig%
as| ts1 i e o
15 10 5 0 5 10 15 15 10 5 0 5 10 15 15 10 5 0 5 10 15
z/a z/a z/a
C. Alexandrou et al.: Phys. Rev. Lett. 121 (2018) 112001 and 1807.00232 [hep-lat]
STATISTICS: P3 = — 4800 meas. P3; = 2% — 6240 meas. P3; = 2% — 9600 meas.
P3 = — 38250 meas. P3 = — 38250 meas. P3 = 8—” 38250 meas.
P3 = 1077 — 72990 meas. P3 = 10“ — 72990 meas. P3 = 10—“ 72990 meas.
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Nucleon momentum %

Unpolarized PDF

e u—d

-1 -0.5 0 0.5 1

C. Alexandrou et al., Phys. Rev. Lett. 121 (2018) 112001
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Nucleon momentum %
6 Unpolarized PDF Polarized PDF
T T T 6 T ' T
C u—d 4 Au— Ad
4 4 |

-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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Nucleon momentum %
6 Unpolarized PDF Polarized PDF
T T 6 T I '
g _ g Au— Ad
It . u—d !
4 - | ABMP16 gl
JINNPDF3.1
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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Nucleon momentum %

6 Unpolarized PDF Polarized PDF
. . 6 . T .
~ ~ |
Qq u—d Qq ! Au — Ad
. CJ15 | TTJAM17
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Matching to light-front PDFs 4‘@ %

The matching formula can be expressed as:

Krzysztof Cichy

o= [ (e )a(zn)

PDFs from Lattice QCD — Krakéw — Nov 2018 — 23 / 31



Matching to light-front PDFs f{@ %

The matching formula can be expressed as:

o= [ (e )a(zn)

C' — matching kernel:

( '1+§2 3 3
T Me ! +2£} coh
< '1 2 2P2
c(e2h)=s0-g+2cr | [T s (e -6) - Sy <1—§>L D<e<t,
[ 14 &2 3 3
\ __1—51“5—1_1+2(1—£)}+ e<0

[T. lzubuchi et al., arXiv:1801.03917 [hep-ph], C. Alexandrou et al., Phys. Rev. Lett. 121 (2018) 112001]
t=0 for v and t=1 for ~v3/v573.

Plus prescription at £=1:
g [ [ f S\ (T - iz
] [C (57 $P3)]+q<§) €] (5 37P3> q<£> A )/dgC(f Ips).
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Matched PDFs
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Matched PDFs 3% %
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Matched PDF + TMCs 3% %

""borﬂ‘\

Nucleon momentum 12—5
6 Unpolarized PDF Polarized PDF
. . 6 . .
i _ = T: At A
. CJ15 u—d TTIJAMI1T *
4 | WABMP16 4 | [EDSSV08
ININNPDF3.1 " INNPDF3.1
g (no TMCs) g (no TMCs)
5 | |Bq (with TMCs) ol

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

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

Krzysztof Cichy PDFs from Lattice QCD — Krakéw — Nov 2018 — 25 / 31



Matched PDF + TMCs
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Momentum dependence of final PDF 6‘% %
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Momentum dependence of final PDF 3% %
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Comparison with non-physical pion mass .&@ %

Physical vs. non-physical pion mass — 135 vs. 375 MeV
unpolarized PDF
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Transversity PDF ‘% %
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Different systematic effects still need to be addressed:
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Biggest challenge:
Reach large momenta at large source-sink separations
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Review of lattice partonic functions f@ %

A guide to light-cone PDF's from lattice QCD:

Outline of the talk

Lattice OCD an overview of approaches, techniques and results

Parton distribution
functions (PDFs)

Results Krzysztof Cichy!, Martha Constantinou? El

Faculty of Physics, Adam Mickiewicz University, Umultowska 85, 61-614 Poznan, Poland

2 Department of Physics, Temple University, Philadelphia, PA 19122 - 1801, USA

e 97 pages, today on arXiv: 1811.07248

e discusses in detail quasi-distributions:
nucleon: non-singlet quark qPDFs, qGPDs, qTMDs, singlet
qPDFs, gluon qPDFs; pion: qPDFs, qDAs

e reviews also other approaches:
hadronic tensor, auxiliary scalar quark, auxiliary heavy quark,

auxiliary light quark, pseudo-distributions, “OPE without OPE",
lattice cross sections
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PDFs from first principles at a physical pion mass.
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