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e Hadrons are complicated systems with properties resulting from

Outline of the talk

I the strong dynamics of quarks and gluons inside them.
Approaches e This dynamics is characterized in terms of, among others, parton
Quasi-PDFs distribution functions (PDFs).
Renormalization
Matchins e PDFs are essential in making predictions for collider experiments.
rocedure
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interaction vertex X 10 X
Source: LHC, CERN MSTW2008, Eur. Phys. J. C63, 189
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Quasi-PDFs

Renormalization 1 o + — _ _

Matching Q('CC) 27'(' /dé. pr f <N‘¢(€ )IW‘/A(&‘= 70)¢(0)’N>7
Procedure

Results 50_53 . . .

Summary 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!
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Summary 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:

* higher derivatives noisy,

* operator mixing.
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Approaches to light-cone PDFs f@ %

e The common feature of all the approaches is that they rely to some extent on
the factorization framework:

1
Q(x, tR) =/ @C (g,w,/m) q(Y, 1F),

some lattice observable —1
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e The common feature of all the approaches is that they rely to some extent on
the factorization framework:

1
Q(x, tR) =/ %C (g,ﬂF,uR) q(Y, 1F),

some lattice observable —1

e Two classes of approaches:

x generalizations of light-cone functions; direct x-dependence,
% hadronic tensor; decomposition into structure functions.
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e The common feature of all the approaches is that they rely to some extent on
the factorization framework:

1
Q(x, tR) =/ @C (ga/ﬁFa/ﬁR) q(Y, 1F),

some lattice observable —1

e Two classes of approaches:

x generalizations of light-cone functions; direct x-dependence,
% hadronic tensor; decomposition into structure functions.

e Matrix elements: (N |)(2)I'F(2)I"(0)|N) with different choices of I', I Dirac
structures and objects F'(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. Miiller, 2007
quasi-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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Review of the field J@ %
A guide to light-cone PDF's from lattice QCD:
an overview of approaches, techniques and results

Krzysztof Cichy!, Martha Constantinou? [

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

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

e 97 pages, arXiv: 1811.07248 [hep-lat]
e invited review article for a special issue of Advances in High

Energy Physics

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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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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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: /dz

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

e z — distance in any spatial direction z,
e PP3 — momentum boost in this direction.
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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

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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e Quasi-PDF approach:
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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 eg. I' =, 73 — unpolarized, I' = 53 — helicity,

I' = 031, 032 — transversity z 0
e Theoretically very appealing and intuitive! Gu(z; 0)
. . A2 CD m2 >
e Differs from light-front PDFs by O | =232, =X |.
P P Az{

e The highly non-trivial aspect:
~ . N(p*, zo > exp(...)
how to relate G(x,u?, P;) to the light-front PDF | )\\_/

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

Outline of the talk

Introduction

i:;;ches e standard logarithmic divergence w.r.t. the regulator, log(au),
e power divergence related to the Wilson line; resums into a
Matching multiplicative exponential factor, exp (—dm|z|/a + c|z|)
;::T:ure dm — strength of the divergence, operator independent,
N ¢ — 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!
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Bare matrix elements (N |1)(2)IA(z,0)(0)|N) contain divergences
that need to be removed:
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Introduction

i:;;ches e standard logarithmic divergence w.r.t. the regulator, log(au),
e power divergence related to the Wilson line; resums into a
Matching multiplicative exponential factor, exp (—dm|z|/a + c|z|)
;::T:ure dm — strength of the divergence, operator independent,
N ¢ — 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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RI'-MOM renormalization conditions (for cases without mixing):
for the operator:

1 —1
—1 s Born _
2, Zo(2) 75T V(b 2) (V2 02)) ]| L =1,
for the quark field:
1 — orn
Zakres (S(p))~ S5 (p)] P
— 0

e momentum p in the vertex function is set to the RI’ renormalization scale jig
e )(p,z) — amputated vertex function of the operator,

o VBO _its tree-level value, VPO (p, 2)=i37y5 eP* for helicity,

e S(p) — fermion propagator (SP°™(p) at tree-level).

This prescription handles all divergences that are present and applies the
necessary finite renormalization related to the lattice regularization.
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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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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
s s 1) dy 2
, — are 1 —Z } D ( 3 are - s/
0, 1) = Grare(@) {1+ 22 Zi () } + O / @9, ) (1) 2 + O
As 5 As ! 1 dy 2
Q(:UMUJ)P?J — qbare(x) {1 =+ %ZF(:U”?P?’)} T % / q( )(x/y,M,PS)Qbare(y)? + O(as)a
x/xe

where: qp,-« — bare distribution, Zp, Z~F — wave function corrections, q(l), cj(l) —
vertex corrections.
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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:

dy

02, 10) = @rore @) {1+ 52200} + 52 [0 @ /910000 () L + Ol

1
~ As 5 As ~ d
q(xa My P3) — qbare(x) {1 + %ZF(/% P3)} + % / q(l)(x/ya H, P3)Qbare(y)?y + O(Oz?),
x/xe

where: qp,-« — bare distribution, Zp, Z~F — wave function corrections, q(l), cj(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 — MS matching W. Wang, S. Zhao, R. Zhu, 1708.02458
e RI— MS matching |.W. Stewart, Y. Zhao, 1709.04933, Y -S. Liu et al., 1807.06566

e treatment of the UV log divergence in wave function corrections T. lzubuchi et al.,
1801.03917, C. Alexandrou et al., 1803.02685, 1807.00232

Krzysztof Cichy PDFs from lattice QCD at the physical point — Taipei — 27.11.2018 — 12 / 54



‘.tOPeQ'l

Summary of the procedure :@ .

&
0, o)
Ylapore™

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

Outline of the talk

Introduction
PDFs
Approaches
Quasi-PDFs
Renormalization
Matching

Procedure

Results

Summary

Krzysztof Cichy PDFs from lattice QCD at the physical point — Taipei — 27.11.2018 — 13 / 54



Outline of the talk

Introduction
PDFs
Approaches
Quasi-PDFs
Renormalization
Matching

Procedure

Results

Summary

Krzysztof Cichy

Summary of the procedure :@ %

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

1.

Compute bare matrix elements: (N|(2)[\A(z,0)(0)|N)
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Summary of the procedure ;@ %

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

1. Compute bare matrix elements: (N|(2)IA(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)IA(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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Summary of the procedure :@ %

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

1. Compute bare matrix elements: (N|(2)IA(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.

4. Apply the renormalization functions to the bare matrix elements,
obtaining renormalized matrix elements in the MS scheme.
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The procedure to obtain light-cone PDFs from the lattice
computation can be summarized as follows:

Outline of the talk

Introduction

PDFs 1. Compute bare matrix elements: (N|(2)IA(z,0)1(0)|N)

Approaches
Quasi-PDFs 2. Compute vertex functions and the resulting renormalization

Renormalization

Matching functions in the intermediate RI'-MOM scheme ZRT'(z, 1).

Results

3. Convert the renormalization functions to the MS scheme and
evolve to 1 = 2 GeV.
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effects.
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\‘@ Sy Lattice setup

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

Introduction

e gluons: Iwasaki gauge action, 5 = 2.1

Results

Lattice setup

TM fermions

Techniques

SOTEIon g 5=2.10,  csw=1.57751,  a=0.0938(3)(2) fm
Dispersion relation 48% x 96 | ap=0.0009 my = 0.932(4) GeV

Renormalization
Matchin L L .
MatchengDFs L =45 fm Mp = 01304(4) GeV mﬂ'L — 298(1)
TMCs

Final PDFs

Systematics

Summary

(-] O
Naporo™

C. Alexandrou et al., Phys. Rev. Lett. 121 (2018) 112001
C. Alexandrou et al., Phys. Rev. D (Rapid Communications), in press, arXiv: 1807.00232
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Wilson twisted mass fermions f@ %

The Wilson twisted mass fermion action for the 2 light (u, d quarks) is given in the
so-called twisted basis by: [R. Frezzotti, P. Grassi, G.C. Rossi, S. Sint, P. Weisz, 2000-2004]

Sl [wv ?Ea U] — CL4 Z Xl(x) (DW + mo,1 + Z.:ul/757_3)Xl(x)v

e Dy — Wilson-Dirac operator,
e my,; and p; — bare untwisted and twisted light quark masses,

e ;= (Xu, Xa) — 2-component vector in flavor space; chiral rotation of standard
one: 1) = 1578w/ 2y
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Sl [wv ?Ea U] — CL4 Z Xl(x) (DW + mo,1 + Z.:ul/757_3)Xl(x)v

e Dy — Wilson-Dirac operator,
e my,; and p; — bare untwisted and twisted light quark masses,

e ;= (Xu, Xa) — 2-component vector in flavor space; chiral rotation of standard
one: 1) = 1578w/ 2y

e Maximal twist: w = 7/2 by tuning the PCAC mass to zero = automatic
O(a)-improvement.
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G. Bali et al., Phys. Rev. D93, 094515 (2016)
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50 iterations of (Gaussian) momentum smearing, o = 4
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* no momentum smearing
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For each gauge field configuration, we use:
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For each gauge field configuration, we use:

6 directions of Wilson line: +x, +y, £z

PDFs from lattice QCD at the physical point — Taipei — 27.11.2018 — 18 / 54



Outline of the talk

Introduction

Results

Lattice setup
TM fermions

Techniques

Computation setup
Bare ME
Dispersion relation
Renormalization
Matching

Matched PDFs
TMCs

Final PDFs
Systematics

Summary

Krzysztof Cichy

‘.tOPeQ'l

Computation setup ,@ :

&
0, o)
Ylapore™

For each gauge field configuration, we use:

6 directions of Wilson line: +x, +y, £z

16 source positions:
x 1 high precision (HP) inversion

x 16 low precision (LP) inversions
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Computation setup ,@ :
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For each gauge field configuration, we use:

6 directions of Wilson line: +x, +y, £z

16 source positions:
x 1 high precision (HP) inversion

x 16 low precision (LP) inversions

Bias from the LP inversions corrected using the Covariant
Approximation Averaging technique (CAA)
E. Shintani et al., Phys. Rev. D91, 114511 (2015)
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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|i(z)['\A(z,0)y(0)|N)

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

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

(a2, Py) = [ e (N[ DA, 0)0(0) V).

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

Apply target mass corrections to eliminate residual my /Ps
effects.
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Plot by Jeremy Green, talk in the Lattice PDFs workshop, Maryland, April 2018
ETMC Ny =2+ 1+ 1 ensemble, a ~ 0.094 fm, M, ~ 363 MeV, 243 x 48
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Plot by Jeremy Green, talk in the Lattice PDFs workshop, Maryland, April 2018
ETMC Ny =2+ 1+ 1 ensemble, a ~ 0.094 fm, M, ~ 363 MeV, 243 x 48

Excited states clearly manifested as bare ME going below zero.
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Plot by Jeremy Green, plenary talk in LATTICE 2018, July 2018

Excited states clearly enhanced at smaller pion masses.

Many excited states at the physical point!
Need to be suppressed by a source-sink separation for which
one-state and two-state fits agree.
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ETMC Ny =2+1+1 ensemble,
a ~ 0.094 fm, M. ~ 298 MeV, 243 x 48
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ETMC Ny =2+1+1 ensemble,
a ~ 0.094 fm, M. ~ 298 MeV, 243 x 48

Excited states clearly enhanced at larger boosts.
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worsens the signal by a factor 2-3!
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ts = 8a clearly off, excited states totally uncontrolled
ts = 9a, 10a also show some tension
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ts = 8a clearly off, excited states totally uncontrolled
ts = 9a, 10a also show some tension

ts = 12a ~ 1.1 fm seems to be the best justifiable choi
states at the ~10% level.
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ts = 8a clearly off, excited states totally uncontrolled
ts = 9a, 10a also show some tension

ts = 12a ~ 1.1 fm seems to be the best justifiable choi
states at the ~10% level.

Robust statements about excited states because of con
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Excited states — comparison
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ts = 8a clearly off, excited states totally uncontrolled
ts = 9a, 10a also show some tension

ts = 12a ~ 1.1 fm seems to be the best justifiable choi
states at the ~10% level.

ce, i.e. it should be safe from excited

Robust statements about excited states because of consistency between all methods.

Careful analysis needs to be repeated when aiming for |
states contamination!) or better precision.
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s = 8a, 10a clearly off
ts = 12a ~ 1.1 fm safe at the ~10% level.
Robust statements about excited states because of consistency between all methods.

Careful analysis needs to be repeated when aiming for larger momenta (increased excited
states contamination!) or better precision.
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Cost of the computation ;“@ %

Source-sink separation 75 = 12a ~ 1.13 fm
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Cost of the computation ;@ %

Source-sink separation 75 = 12a ~ 1.13 fm
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cost [CPU for 10% error]
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Reaching 1.5 GeV @ 7 ~ 1.1 fm needs already O(20) million CPUh
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Cost extrapolation to 3 GeV
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Cost extrapolation to 3 GeV

1x10'° ¢
1x10'2 |

1x10""

cost [CPUh for 10% error]

Source-sink separation T, = 12a ~ 1.13 fm

Yo ——
Y3

- VsYy —@—
1x10'0 |
1x10° |
1x108 |
1x107 |
1x10° |

100000 |
10000 !

Op —h—

1 1.5

2
P, [GeV]

2.5 3

Going to 3 GeV @ 7, ~ 1.1 fm needs already
TENS/HUNDREDS THOUSAND million CPUh
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Cost of the computation — lower 7T
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Cost of the computation — lower 7T
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Reaching 2.2 GeV @ T, ~ 0.75 fm pretty cheap — O(1) million CPUh
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Cost extrapolation to 3 GeV — lower T f@ %

Source-sink separation T, = 8a ~ 0.75 fm
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Cost extrapolation to 3 GeV — lower T} @ %

Source-sink separation T, = 8a ~ 0.75 fm
Outline of the talk 1x1 08 , , , , ,
Introduction I yO .
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1x107

Results

Lattice setup

TM fermions
Techniques
Computation setup

Dispersion relation

1x10° |

Renormalization
Matching
Matched PDFs
TMCs
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Systematics
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cost [CPUh for 10% error]

10000 |

Summary
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P4 [GeV]
Going to 3 GeV @ T ~ 0.75 fm feasible — O(10) million CPUh.
BUT: definitely too large excited states contamination

Krzysztof Cichy PDFs from lattice QCD at the physical point — Taipei — 27.11.2018 — 31 / 54



Outline of the talk

Introduction

Results

Lattice setup

TM fermions
Techniques
Computation setup
Dispersion relation
Renormalization
Matching
Matched PDFs
TMCs

Final PDFs
Systematics

Summary

Krzysztof Cichy

Conclusion from this ;@ %

Elimination of excited states must not be compromised — reaching
really large momenta extremely difficult if one takes excited
states seriously.
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Conclusion from this ;@ %

e Elimination of excited states must not be compromised — reaching
really large momenta extremely difficult if one takes excited
states seriously.

e Note that the log-linear extrapolation of the cost is likely to

underestimate this cost.
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Conclusion from this ;@ %

e Elimination of excited states must not be compromised — reaching
really large momenta extremely difficult if one takes excited
states seriously.

e Note that the log-linear extrapolation of the cost is likely to
underestimate this cost.

e Momentum smearing technique is extremely useful, but it does
not kill the exponential signal-to-noise problem.

e It moves it to somewhat higher momenta:

* without it, momentum 0.8-0.9 GeV at 7, ~ 1.1 fm becomes
the borderline (tens of million CPUh),

* with it, the same cost makes 1.4-1.5 GeV reachable.
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Conclusion from this
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Elimination of excited states must not be compromised — reaching
really large momenta extremely difficult if one takes excited
states seriously.

Note that the log-linear extrapolation of the cost is likely to
underestimate this cost.

Momentum smearing technique is extremely useful, but it does
not kill the exponential signal-to-noise problem.

It moves it to somewhat higher momenta:

* without it, momentum 0.8-0.9 GeV at 7, ~ 1.1 fm becomes
the borderline (tens of million CPUh),

* with it, the same cost makes 1.4-1.5 GeV reachable.

Key aspect for the future: how to tackle the signal-to-noise
problem at safe source-sink separations.
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Bare matrix elements at ¢, = 12a -‘@ %
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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|(z)[\A(z,0)y(0)|N)

Compute vertex functions and the resulting renormalization
functions in the intermediate RI'-MOM scheme ZBT' (z, ).

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

(a2, ) = [ e (N[ DA, 0)0(0) V).

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

Apply target mass corrections to eliminate residual my /Ps
effects.
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Results : . .
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Stout smearing ;«@ %

e The power divergence related to the Wilson line makes the values
of Z-factors very large at large lengths.

e Hence, we mildly smoothen the divergence by applying stout
smearing only to the Wilson line.

o \\e test:

* b stout smearing steps
* 10 stout smearing steps
* 15 stout smearing steps

e This influences both bare matrix elements and the values of
Z-factors.

e But: renormalized matrix elements should be independent of the
number of stout steps!
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Stout smearing ;«@ %

e The power divergence related to the Wilson line makes the values
of Z-factors very large at large lengths.

e Hence, we mildly smoothen the divergence by applying stout
smearing only to the Wilson line.

o \\e test:

* b stout smearing steps
* 10 stout smearing steps
* 15 stout smearing steps

e This influences both bare matrix elements and the values of
Z-factors.

e But: renormalized matrix elements should be independent of the
number of stout steps!

e Note: we do not apply it to the Dirac operator — potentially
dangerous procedure and difficult to check.
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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|1)(2)TA(z,0)(0)|N)

Compute vertex functions and the resulting renormalization
functions in the intermediate RI'-MOM scheme ZRT'(z, 1).

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

(a2, Py) = [ e (N[ DA, 0)0(0) V).

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

Apply target mass corrections to eliminate residual my /Ps
effects.
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C. Alexandrou et al., Phys. Rev. Lett. 121 (2018) 112001
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Matching to light-front PDFs (unpolarized, helicityy=¥

The matching formula can be expressed as:

o= [~ (e tg)o(znn)

C - matching kernel: [C. Alexandrou et al., arXiv:1803.02685 [hep-lat]]

Krzysztof Cichy PDFs from lattice QCD at the physical point — Taipei — 27.11.2018 — 41 / 54



Matching to light-front PDFs (unpolarized, helicity)™¥

The matching formula can be expressed as:

o= [ (e )(zn)

C - matching kernel: [C. Alexandrou et al., arXiv:1803.02685 [hep-lat]]

(o [1+e €
T et +2£} S b
e oc o | [ L2 ey gy S5O )
C(eop) =t0-0+ 520§ | Tog s G0 -0) - TP a0 -0]  0<<t,
[ 1+& ¢ 3 }
— In —1 0,
1o Me-1 Tauog), $ <

t=0 for v9 and t=1 for ~v3/v573.
Plus prescription at £=1:

ale(em)] 7(0)= fae(oam) 1(6) oo f e (o57)
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33%;;% Matching to light-front PDFs (unpolarized, helicity)™¥
Alternative matching: [T. Izubuchi et al., Phys. Rev. D98 (2018) 056004]
- [1,00]
_11t€;m£f1+1+2%]+(1> —2% £€>1,
C (g, %) =§(1—¢) + ;‘—W Cr < :11+_£; In ZZ];‘;’Q (46(1—=¢)) — g(lljf) + 2u(1 — &) [j:]) 0<E<
! 00,0
\ ‘11+—£§2 lngfl o 2<13—£>L<1> - 2(13—9 £eb
+ O‘QiF 5(1— ¢€) (g In 4;5332 + g)
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i

Matching to light-front PDFs (unpolarized, helicity}=¥

Alternative matching: [T. Izubuchi et al., Phys. Rev. D98 (2018) 056004]
[1,00]
3
§>1,

([ [1+&2 13 3}
| +14 — - =
- -1 2] a2
o (e ) = 50 0 gp ) [ BB e gy 800 o o] pcecn
(€’£>_ (1=8) + P L1—¢ e 1-¢ +(1)
142 ¢ 3 ][OO’O] 3
— 1 —1 — 0,
\ 1—¢ ¢-1 +2(1—€) (1) 2(1-¢) “ <
asCp 3 ,u2 5)
i 2 o1 =¢) (§1n4y2P32+§>

violates particle number conservation:
and [ deC(uforn) £ 1,

/OO dx q(z, p) # /_O:O dzr q(z, p, P3) .

— o0

which increases with growing Ps (around 8% at P3 = 107/48).

Krzysztof Cichy PDFs from lattice QCD at the physical point — Taipei — 27.11.2018 — 42 / 54



i

Matching to light-front PDFs (unpolarized, helicity}=¥

Alternative matching: [T. Izubuchi et al., Phys. Rev. D98 (2018) 056004]
[1,00]
3
§>1,

([ [1+&2 13 3}
| +14 — - =
- -1 2] a2
o (e ) = 50 0 gp ) [ BB e gy 800 o o] pcecn
(€’E>_ (1=8) + P L1—¢ e 1-¢ +(1)
142 ¢ 3 ][OO’O] 3
— 1 —1 — 0,
\ 1—¢ ¢-1 +2(1—€) (1) 2(1-¢) “ <
asCp 3 ,u2 5)
i 2 o1 =¢) (§1n4y2P32+§>

violates particle number conservation:
and [ deC(uforn) £ 1,

/OO dx q(z, p) # /_O:O dzr q(z, p, P3) .

— o0

which increases with growing P3 (around 8% at Ps = 107/48).
In our procedure, particle number is conserved. This amounts to a modification of

the MS scheme; modification decreases with growing P;.
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Modification of the MS scheme f@ %

We introduce a modified MS scheme (MMS) with an extra subtraction made outside the physical
region of the unintegrated vertex corrections.
This renormalizes the ¢-dependence for € > 1 and £ < 0.
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Modification of the MS scheme 4‘@ %

We introduce a modified MS scheme (MMS) with an extra subtraction made outside the physical
region of the unintegrated vertex corrections.
This renormalizes the ¢-dependence for € > 1 and £ < 0.

B =1- 2200 ] (<306 - D - 7250(-9) - 5Es1-9) (g +3)
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Modification of the MS scheme 4‘@ %

We introduce a modified MS scheme (MMS) with an extra subtraction made outside the physical
region of the unintegrated vertex corrections.

This renormalizes the ¢-dependence for € > 1 and £ < 0.
~ MDMS s 3 1 1 sC 3. 1 5
B =1- 2200 ] (<306 - D - 7250(-9) - 5Es1-9) (g +3)

& 1—¢ 27 2 4 2
In z-space:
MS 3 1 5
ZMMS — 1 _ Qs R o
ro (21) =P g\ 1) T3

b 325 (i~ Cilen) + o) — () — iSiCen)
221 2z

3 as Crei?h (2Ei(—iz,u) — In(—izp) + In(izp) + inign(zu))
_ 2%, .

2
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Modification of the MS scheme 4‘@ %

We introduce a modified MS scheme (MMS) with an extra subtraction made outside the physical
region of the unintegrated vertex corrections.
This renormalizes the ¢-dependence for € > 1 and £ < 0.

2 () =1 2 0p <_%9<§ 1) Lﬂ_g)) CoCrg g <§ i §>

1—¢ o 2 19
In z-space:
+ §%Cp iww — Ci(zp) + In(zp) — In(|zp|) — iSi(zp)
221 2z
3 as Crei?h (2Ei(—iz,u) — In(—izp) + In(izp) + inign(zu))
— 2250k _
227 2

The above has to modify the conversion factor, i.e. the conversion will be RI— MS — MMS.
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Modification of the MS scheme 4‘@ %

We introduce a modified MS scheme (MMS) with an extra subtraction made outside the physical
region of the unintegrated vertex corrections.
This renormalizes the ¢-dependence for € > 1 and £ < 0.

2 () =1 2 0p <_%9<§ 1) Lﬂ_g)) CoCrg g <§ i §>

1—¢ o PRI
In z-space:
MS 3 1 5
ZMMS — 1 _ Qs R o
ro (#) 2 \a) T2
+ g;—;Cp (m% — Ci(zp) + In(zp) — In(|zp|) — iSi(z,u))
3 as Crei?h (2Ei(—iz,u) — In(—izp) + In(izp) + inign(zu))
_ 2850, .
221 2

The above has to modify the conversion factor, i.e. the conversion will be RI— MS — MMS.
Consistency check: z — 0 limit:

_ 2.2 2vg .
Zfﬂ\féws(z —0)=1- @:Cr (§ In (“ = ° ) + §> = Zia(fw(zu)

2m 2 4 2
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§ : £7E i .o 0 S :“"'"f"q
P Modification of the MS scheme 3@ %

We introduce a modified MS scheme (MMS) with an extra subtraction made outside the physical
region of the unintegrated vertex corrections.

This renormalizes the ¢-dependence for € > 1 and £ < 0.

B =1- 2200 ] (<306 - D - 7250(-9) - 5Es1-9) (g +3)

& 1—¢ 27 2 4 2
In z-space:
MS 3 1 5
ZMMS — 1 _ Qs R o
Lo (21) xF\aml\g) Ty

b 325 (i~ Cilen) + o) — () — iSiCen)
221 2z

3 as Crei?h <2Ei(—iz,u) — In(—izp) + In(izp) + inign(zu))
_ 2%, .

2

The above has to modify the conversion factor, i.e. the conversion will be RI— MS — MMS.
Consistency check: z — 0 limit:

MMS 1 _ &SCF § M222€27E § __ r7Rati0

Exactly cancels the divergence in In(z) present in MS!

(consistency with: M. Constantinou, H. Panagopoulos, Phys. Rev. D96 (2017) 054506
and with the “Ratio” scheme of T. |zubuchi et al., Phys. Rev. D98 (2018) 056004)
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Matching to light-front PDFs (transversity) a‘@ %

e < e *

Recently we derived the matching formula for transversity PDFs (MS — MS):
[C. Alexandrou et al., arXiv:1807.00232 [hep-lat]]

r | 2& £ 2}
ln — 17
T te—1 e, <>
p\ Qs [ 26 x? P2 B 2%
o (625 ) =su-9+iond [ (ngaaea-) - 25| o<e<n
T 9¢ ¢ 2}
_ In ‘. 0,
1o e e T1oel, <<

Formula for the transverse momentum cutoff scheme derived in: [X. Xiong et al., Phys. Rev. D 90, 014051]
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Matching to light-front PDFs (transversity) a‘@ %

Y oro™

Recently we derived the matching formula for transversity PDFs (MS — MS):
[C. Alexandrou et al., arXiv:1807.00232 [hep-lat]]

r | 2& £ 2}
ln — 17
T te—1 e, <>
s 2 2p2 2
o (625 ) =su-9+iond [ (ngaaea-) - 25| o<e<n
T 9¢ ¢ 2}
_ In ‘. 0,
1o e e T1oel, ¢ <

Formula for the transverse momentum cutoff scheme derived in: [X. Xiong et al., Phys. Rev. D 90, 014051]

Similar modification of the conversion factor as above, i.e.:

e the conversion is RI— MS — MMS,
e the matching is MMS — MS.
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g .
% ;5%%. Matched PDFs j@

Nucleon momentum %

5 | Unpolarized PDF | 3 | Helicitly PDF |
g u—d 5 5
q ; Au — Ad
CJI15 —DSSV08 |
4l ABMP16 _ 4l JAM17
NNPDF3.1 NNPDF1.1pol

C. Alexandrou et al., Phys. Rev. Lett. 121 (2018) 112001
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g .
% %%%. Matched PDFs ;‘@

Nucleon momentum 14?_2;

6 | Unpolarized PDF | 6 Helicity PDF
i u—d z |
q ; Au — Ad
CJ15 ——DSSV08 !
4l ABMP16 ] 4l JAM17
NNPDF3.1 NNPDF1.1pol
g (no TMCs)
2r 2t

C. Alexandrou et al., Phys. Rev. Lett. 121 (2018) 112001
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g .
% ;5%%. Matched PDFs j@

Nucleon momentum %

6 | Unpolarized PDF | 6 Helicity PDF

i u—d z |
q ; Au — Ad

CJ15 ——DSSV08 !

4l ABMP16 ] 4l JAM17
NNPDF3.1 NNPDF1.1pol

5 g (no TMCs) g (no TMCs)

; . oL

C. Alexandrou et al., Phys. Rev. Lett. 121 (2018) 112001
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o, :
Yap ora™

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

1.
2.

Compute bare matrix elements: (N|(z)[\A(z,0)y(0)|N)

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

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

(a2, Py) = [ e (N[ DA, 0)0(0) V).

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

Apply target mass corrections to eliminate residual my/Ps
effects.
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Target mass corrections :@ %

&
0, o)
Ylapore™

Outline of the talk

In the infinite momentum frame, nucleon mass does not matter, i.e.

Introduction mN/P3 — O

Results

#al\;ti:e 22 Here, we work with nucleon boosted to finite momentum P and we
ermions

Techniques need to correct for my /Ps # 0.

Computation setup

Bare ME We use formulae derived in:

Dispersion relation .

Renormalization [J.W. Chen et al., Nucl.Phys. B911 (2016) 246-273, arXiv:1603.06664 [hep-ph]]

Matching ] . ]

Matched PDFs Important feature: particle number is conserved in nucleon mass

-

T —— corrections.

Systematics

Summary
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éi%;%% Matched PDF + TMCs i %

\

Nucleon momentum 14?_2;

6 | Unpolarized PDF | 6 Helicity PDF

i u—d z |
q ; Au — Ad

CJ15 ——DSSV08

al ABMP16 | Al JAM17
NNPDF3.1 NNPDF1.1pol

5 g (no TMCs) g (no TMCs)

L . ol

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

Krzysztof Cichy PDFs from lattice QCD at the physical point — Taipei — 27.11.2018 — 48 / 54



Matched PDF + TMCs o

Nucleon momentum %

6 Unpolarized PDF | 5 | He"Cit.y PDF |

g u—d 5 |
q ; Au — Ad

CI15 ——DSSV08 |

Al ABMP16 ] .l JAM17

—NNPDF3.1 NNPDF1.1pol

g (no TMCs) g (no TMCs)

2r g (with TMCs) i 2

0 o | o J .....................................

1 0.5 0 0.5 1 1 0.5 0 0.5 1
z T

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

1
Nucleon momentum %
6 Unpolarized PDF | 5 | He"Cit.y PDF |
d u—d 5 5
q ! Au — Ad
CJ15 ———DSSV08
al ABMP16 1 Al JAM17
— NNPDF3.1 NNPDF1.1pol
q (no TMCs) g (no TMCs)
2 f ———g (with TMCs) 2t g (with TMCs)

C. Alexandrou et al., Phys. Rev. Lett. 121 (2018) 112001
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i%i;;% Effect from MMS 4‘@ %
6 .

——-MS w—d

— — —MMS

o) — \  unpolarized]
ABMP16 X

— NNPDF3.1
2 L
0 me—— ~

1 0.5 0 0.5 1
Nucleon momentum 12—§T
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i%é% Effect from MMS 4@ %
6 .

T 6 T |.- T
—sll5 u—d - —-MS Au— Ad
— — —MMS — MM
1 CI15 § unpolarized * I ——Dpssvos helicity

JAM17
NNPDF1.1pol

ABMP16
—— NNPDF3.1

107

Nucleon momentum 18
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6 T T 6 T I.. T
T u—d - -MS Au — Ad
— — -MMS — — —MMS :
Y1 CJ15 * I ——Dssvos helicity
ABMP16 JAM17
———NNPDF3.1 NNPDF1.1pol g
27 2 | J
A ~
0 —————————— 0 i —— QI - = v s s 6 S S TSR =
-1 0.5 0 0.5 1 -1 0.5 0 0.5 1
6 . 5 .
- —=-MS g 1
— — -MMS hi(u) — hi(d) Nucleon momentum %
I apis 4 transversity
- SIDIS+gitice
f
21 [
I
' —
N —
0 _'-*-—_______\\-'/ """"""""""""""""""" B o
1 0.5 0 0.5 1
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3%%%% Effect from MMS
6

“.tﬂpeg'l
1
Mo
) e
o, X
Yap ora™

6 .
mibnan: Au — Ad
— — —MMS
4r —DSSV08 helicity
JAM17
NNPDF1.1pol

0 0.5 1

107

Nucleon momentum T

— = =MS u—d
— — —MMS
o o715 unpolarized
ABMP16
———NNPDF3.1
2 L
\
\
\
i T ——— = o 4 54 s s 4 0 e S
1 0.5 0 0.5 1
6 .
——-MS
— — —MMS 5 hi(u) — hi(d)

4 : ' -
SIDIS S transversity
SIDIS—i—g%?ttice %‘

2| &x

0 [ “"-—_________\ """"""""""""""""""""""""""" \\\

1 -0.5 0 0.5 1

Krzysztof Cichy

PDFs from lattice QCD at the physical point — Taipei

As expected, the effect is very small

(modification of MS only
in unphysical regions)
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Momentum dependence of final PDF -‘@ %

6.8.10
Nucleon momenta %

5 __Unpolarized PDF

P,=6n/L u—d

P,=8r/L
4 L Pz = 107T/L i

CJ15 \

ABMP16
2 ———NNPDF3.1 2

C. Alexandrou et al., Phys. Rev. Lett. 121 (2018) 112001
+ effect from MMS
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Momentum dependence of final PDF 4‘@ %

6.8.10
Nucleon momenta {’41—8}”
6 __Unpolarized PDF 6 _ Helicity PDF
P, =6r/L u—d P, =6n/L Au — Ad
P, =8r/L P, =8x/L
4l P, = 10r/L 14l P, = 107/L
CI15 JAMI7
ABMP16 DDSV08
2 — NNPDF3.1 127

NNPDF1.1pol

C. Alexandrou et al., Phys. Rev. Lett. 121 (2018) 112001
+ effect from MMS
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Comparison with non-physical pion mass J@ %

Physical vs. non-physical pion mass — 135 vs. 375 MeV
unpolarized PDF

Outline of the talk 6
Introduction ] 6m/32 u—d

T 87/32
Results 4 T\ I 107 /32 1
Lattice setup | T CJ15
TM fermions 5| I ABMP16 |
Techniques R0 NNPDF3.1

Computation setup ;
Bare ME 0 - —— ady.................... =
Dispersion relation
Renormalization

Matching 6 .
Matched PDFs [ 67/32, B55
TMCs [ 107 /48, phys.point u—d
Mt 1
Systematics IR ABMP16

o | FZ28Z NNPDF3.1

Summary

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

"“!“PGQ’
.
Mo
) e
o, X
Yap ora™

— P, —107/L
S () — h(d)
- SIDIS _
SIDIS + gg_:'zttice
p 05 0 05 :
ZTr

C. Alexandrou et al., Phys. Rev. D (Rapid Communications), in press, arXiv: 1807.00232 [hep-lat]
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Different systematic effects still need to be addressed:
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Different systematic effects still need to be addressed:

e pion mass L[|
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Different systematic effects still need to be addressed:

e pion mass L[|

o cut-off effects [1[]
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Different systematic effects still need to be addressed:

e pion mass L[|
e cut-off effects [1[]

e finite volume effects [[]
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Different systematic effects still need to be addressed:

pion mass [
cut-off effects [I[]
finite volume effects [][]

contamination by excited states [I[]

PDFs from lattice QCD at the physical point — Taipei — 27.11.2018 — 53 / 54



Outline of the talk

Introduction

Results

Lattice setup

TM fermions
Techniques
Computation setup
Bare ME
Dispersion relation
Renormalization
Matching
Matched PDFs
TMCs

Final PDFs
Systematics

Summary

Krzysztof Cichy

Systematics a“@ %

&
0, o)
Ylapore™

Different systematic effects still need to be addressed:

pion mass [

cut-off effects [I[]
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contamination by excited states [I[]

higher-twist effects [J[]

PDFs from lattice QCD at the physical point — Taipei — 27.11.2018 — 53 / 54



Outline of the talk

Introduction

Results

Lattice setup

TM fermions
Techniques
Computation setup
Bare ME
Dispersion relation
Renormalization
Matching
Matched PDFs
TMCs

Final PDFs
Systematics

Summary

Krzysztof Cichy

Systematics

rope,

< 95
24
=Y i
Me %
P - td

&
0, o)
Ylapore™

Different systematic effects still need to be addressed:

pion mass [

cut-off effects [I[]

finite volume effects [1[]
contamination by excited states [I[]
higher-twist effects [J[]

truncation of conversion, evolution and matching [
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Different systematic effects still need to be addressed:
e pion mass L[|

e cut-off effects [I[]

e finite volume effects [[]

e contamination by excited states [I[]

e higher-twist effects [1LJ

e truncation of conversion, evolution and matching [J

e lattice artifacts in renormalization functions [1[]

Biggest challenge:
Reach large momenta at large source-sink separations
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Standard Fourier transform defining qPDFs: G(z) = 2P5 [*7** 4225 p(2)

—Zmax

can be rewritten using integration by parts as: [H.W. Lin et al., arXiv:1708.05301]

Zmax 1xz Pg
_/ dz ¢ —h'(2).

Zmax

1xz Pg Zmax

e

27T

Truncation: h(|z| > zmax) = 0 is equivalent to neglecting the surface term.

aPs; = 107 :
Unpolarized PDF 3 648 Unpolarized PDF
] g .

E%Jw u—d g (no TMCs) u—d
M ABMP16 4 | [Ilq (with TMCs)

IINNPDF3.1 TICT15

g (no TMCs) Il ABMP16
- [P g (with TMCs) o | [IZINNPDF3.1

1 05
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