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Lattice data are HIGHLY correlated across different kinematics, so we must
ensure that we take this into consideration. Luckily, we can compute the
entire covariance matrix to calculate the xi.. and do appropriate resampling

for the Monte Carlo replicas

Xia = (d—t)"27'(d -

t)

Correlation matrix of
all the lattice data

“CLERRREEID
g 0,
Remmanaco

ol e

6/14



JAM Framework

e \We use prior PDFs and fit framework from P. C. Barry, et al., PRL
127:232001 (2021)

7/14



JAM Framework

e \We use prior PDFs and fit framework from P. C. Barry, et al., PRL
127:232001 (2021)

e The JAM framework uses Monte Carlo fitting method

7/14



JAM Framework

We use prior PDFs and fit framework from P. C. Barry, et al., PRL
127:232001 (2021)

The JAM framework uses Monte Carlo fitting method

We use the PDF forms: fi(x,puosa;) = Nix% (1 = x)Pi(1 + y;x%)

with gy = m. = 1.27 GeV and 75, =0

7/14



JAM Framework

We use prior PDFs and fit framework from P. C. Barry, et al., PRL
127:232001 (2021)

The JAM framework uses Monte Carlo fitting method

We use the PDF forms: fi(x,puosa;) = Nix% (1 = x)Pi(1 + y;x%)

with gy = m. = 1.27 GeV and 75, =0

We assume charge symmetry and a flavor symmetric sea

I —— - . — T — AT
q,=u" =" —u" =d~ g.=uw =df =z

7/14



JAM Framework
We use prior PDFs and fit framework from P. C. Barry, et al., PRL

127:232001 (2021)

The JAM framework uses Monte Carlo fitting method

We use the PDF forms:

fi(x, posa;) = Nix® (1 — x)Pi(1 4 y,x?)

with gy = m. = 1.27 GeV and 75, =0

We assume charge symmetry and a flavor symmetric sea and constrain the
normalizations with valence quark number conservation and the momentum

sum rule: = =

=g = =~ __ — ol __ B — off — T
gy =iy =u" —u' =dj g =u" =d° =s"=75

Jo dxq,(x,p) =1

o dxx[2q,(x, ) + 6q(x, 1) + g(x, )] = 1

7/14



JAM Framework
We use prior PDFs and fit framework from P. C. Barry, et al., PRL

127:232001 (2021)

The JAM framework uses Monte Carlo fitting method

We use the PDF forms:

fi(x, posa;) = Nix® (1 — x)Pi(1 4 y,x?)

with gy = m. = 1.27 GeV and 75, =0

We assume charge symmetry and a flavor symmetric sea and constrain the
normalizations with valence quark number conservation and the momentum

sum rule: = =

qy =y =1

- i —_ T __ 77 S/
—u” =d” g.=uw =df =s¥=75

Jo dxq,(x,p) =1

We minimize the sum:

o dxx[2q,(x, ) + 6q(x, 1) + g(x, )] = 1

2 2
XExpt + XLat

7/14



Follana et al. PRD 75:054502, 2007.
Bazavoy, et al. [MILC], PRD 82:074501 2010.
Bazavoy, et al. [MILC], PRD 87:054505 2013.

Latti Ce D eta i IS Bazavov, et al. [F Lattice and MILC] PRD 98:074512
2018

Used lattices with N; = 2 + 1 4+ 1 highly improved
staggered quarks generated by the MILC
collaboration with Wilson-clover fermions used in
the valence sector

8/14



Follana et al. PRD 75:054502, 2007.
Bazavoy, et al. [MILC], PRD 82:074501 2010.
Bazavoy, et al. [MILC], PRD 87:054505 2013.

Latti Ce D eta i IS Bazavov, et al. [F Lattice and MILC] PRD 98:074512
2018

Used lattices with N; = 2 + 1 4+ 1 highly improved
staggered quarks generated by the MILC
collaboration with Wilson-clover fermions used in
the valence sector

ensemble | al2m310 (310 MeV)
a (fm) 0.1207(11)
T 24° x 64
M2 (MeV) 309.0(11)
2 (fm) [0.36,1.08]
Netg 1013
5. T 1,296,640

8/14




Follana et al. PRD 75:054502, 2007.
Bazavoy, et al. [MILC], PRD 82:074501 2010.
Bazavoy, et al. [MILC], PRD 87:054505 2013.

Latti Ce D eta i IS Bazavov, et al. [F Lattice and MILC] PRD 98:074512
2018

Used lattices with N; = 2 + 1 4+ 1 highly improved
staggered quarks generated by the MILC
collaboration with Wilson-clover fermions used in
the valence sector

ensemble | al2m310 (310 MeV)
o (fm) 0.1207(11)
BT 243 x 64
M2 (MeV) 309.0(11)
2 (fm) [0.36, 1.08]
Netg 1013
5. T 1,296,640

8/14




Follana et al. PRD 75:054502, 2007.
Bazavoy, et al. [MILC], PRD 82:074501 2010.
Bazavoy, et al. [MILC], PRD 87:054505 2013.

Latti Ce D eta i IS Bazavov, et al. [F Lattice and MILC] PRD 98:074512
2018

Used lattices with N; = 2 + 1 4+ 1 highly improved
staggered quarks generated by the MILC
collaboration with Wilson-clover fermions used in
the valence sector

ensemble | al2m310 (310 MeV)
o (fm) 0.1207(11)
EFRT 24° x 64
M2 (MeV) 309.0(11)
> (fm) [0.36, 1.08]
Netg 1013
5. T 1,296,640

8/14




Follana ot al. PRD 75:054502, 2007, ensemble | al2m310 (310 MeV)
. . Bazavov, ot al, {MILC}: PRD 87:054505 2013, a (fm) 0.1207(11)
Lattlce DetaIIS ?::gvov, et al. [F Lattice and MILC] PRD 98:074512 L§ T 245 < 64
_ _ _ _ M2 (MeV) 309.0(11)
e Used lattices with Ny = 2 + 1 + 1 highly improved z (fm) 0.36,1.08]
staggered quarks generated by the MILC Netg 1013
collaboration with Wilson-clover fermions used in Nmeas 1,296,640

the valence sector

2pt:
e \We measured over 1.2M two-point (2pt) m

correlators across 1013 configurations, and Xx(0,0) X (Y tsep)

contracted with the gluon pseudo-PDF operator w

to get the three-point (3pt) correlators

Balitsky, et al., PLB 808:135621 (2020)




Follana ot al. PRD 75:054502, 2007, ensemble | al2m310 (310 MeV)
. . Bazavov, ot al, {MILC}: PRD 87:054505 2013, a (fm) 0.1207(11)
Lattlce DetaIIS ?::gvov, et al. [F Lattice and MILC] PRD 98:074512 L§ T 245 < 64
_ _ _ _ M2 (MeV) 309.0(11)
e Used lattices with Ny = 2 + 1 + 1 highly improved z (fm) 0.36,1.08]
staggered quarks generated by the MILC Netg 1013
collaboration with Wilson-clover fermions used in Nmeas 1,296,640

the valence sector

2pt:
e \We measured over 1.2M two-point (2pt) m

correlators across 1013 configurations, and Xx(0,0) X (Y tsep)

contracted with the gluon pseudo-PDF operator w

to get the three-point (3pt) correlators

e The 2pt and 3pt correlators can be analyzed to
extract the bare matrix elements of the gluon

operator:
M(v = 2P;,2°) = (n(P;)|O4(2)|m(P.))

Balitsky, et al., PLB 808:135621 (2020)
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the systematic terms:
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2°B;(v) + ;Pl (v)

e \We define the reduced Y2 = XZ/Ndat

e \With or without lattice data (with or without systematic terms), agreement with
the experiment remains very stable, with Yﬁxp = 0.86

e \We find that the systematic terms are highly important, with

the fit without systematics and

1.25

—2
Xlat

around {.8]for

with systematics, corresponding to

Z-Scores of ~3 and ~1 respectively

e \We consider only the fit with systematic terms, moving forward
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e We plot the reconstructed RplTDs against the lattice data before and after the
inclusion of lattice data

Loy = 04828 fm | | ] Why “disagreement” at small-v?
0.8f {
~ 6t
X
S 4l e This is a correlated fit, so we have to look at

exp
- M cxp + lattice
¢ lattice data

0.2 agreement in another light...
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The prior PDFs roughly predicted the RpITDs beforehand, but the
inclusion of lattice data made the agreement much more precise
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A Different Perspective

e Qualitative agreement(or disagreement) in the space of the physical variables
z and v doesn’t tell us anything about what the fit is doing quantitatively
e Instead, we consider the eigenspace e exp !
of the lattice correlation matrix o, e
> = UTDU]| [res* = vD'U(d - ¢) B . 2ty
*n b ® o o
<) ® ® S
7= z:res;‘2 = ) e :.4‘
i @ ® ! v ..:0 -
e The inclusion of the lattice data into L %l co®® o
the fit significantly improved // ...-uo*‘”'": .
agreement in the eigenspace 0 10 50 30
pigendirection

Note: The physical kinematics are so evenly distributed across the eigendirections that we have not
found any way to interpret what agreement and disagreement in the eigenspace means physically
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especially in the intermediate and large-x!
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e \We found that lattice data, with discretization and higher twist systematics
produce a PDF in good agreement with the experimental PDFs only, but
much better constraints

e \With the lattice data, we can say strongly that the gluon PDF of the pion is
much larger in x > 0.2 than the proton gluon PDF, while the momentum
fractions remain similar

e It would be interesting to understand this from the underlying physics

e Lattice systematics like pion mass and lattice spacing should be controlled
further in future studies
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Z-Score

e The chi*2/dof distribution changes width as the dof changes, so chi*2/dof is
not necessarily the full picture

hypothetical distributions of reduced chi-squared
for nu between 10 and 100

e The Z-score gives the number of standard
deviations, your value of chi*2/dof is away
from 1

e EXx. Achi*2/dof of 1.5 is reasonable with 10
points, but not so much 100 points
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PDFs from the Lattice YT

PDFs are formally defined by light-cone correlations of quarks
(or gluons):

0= faer s () 7w () e ()

where the Wilson line is required in order to maintain gauge
invariance,

W(z,0) = Pexp {—ig /Oz erAZ(Z/)]

Ji, PRL 110:262002 (2013)
Ji, Sci. China Phys. Mech. Astron. 57:1407 (2014)
Radyushkin, PRD 96:034025 (2017)

We can only compute Euclidean correlations on the lattice, but loosely speaking, the
Euclidean correlators approach the light cone at short distances or large momenta

e This observation forms the foundation for two related frameworks: Large Momentum Effective
Theory (LaMET), which uses the large-momentum limit, and the pseudo-PDF method, which is

based on a short-distance expansion.



Quasi-PDF Long Distance Signal Challenge iisaienee:™

e \We define the bare gluon PDF matrix elements measured at a lattice spacing

@85 1B (2, P, 1/a) = (P,|04(2)|P,)| [04(z) = FE)W(=,00F4(0) — F¥ (2)W(=,0)F35(0)

e The Wilson line, W(z,0), on the lattice has the effect of introducing an
exponential decay to the bare matrix elements gz . where dm is a
scheme dependent mass renormalization factor

14 : ] I R

e \What this means is that the signal to noise - . R=1750e lomge peiia
. . i { My~ 690 MeV ¢ a09m310
ratio of the bare matrix elements decays L0} o . W
exponentially. When we renormalize, mos| e 5
especially in the gluon case, we get very 2 o]
. . -t
large errors in the long distance o 0.4]
0.2 1
e We rely heavily on trusting theoretically 0o —H

motivated long distance extrapolations:
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R,y(y, 2*p?) = cosy —

High-z Validity
e \We can plot the leading
coefficient in the matching
kernel expansion, which
grows with z
e The term that multiplies this
coefficient is O(1)
e This supports that we need

the higher twist effects, but
we aren’t breaking our
perturbative expansion
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z-Cut Justification

e Attempting a fit with z = 1a and 2a results in a large x° /Npts with a very large
spread: 5.2(17)

e The small-z have large
discretization effects!
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