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Introduction

Double Parton Distributions:

» Crucial piece of information for description of Double Parton Scattering:
UN@@/fﬁﬂhFWﬂ

» Non-perturbative objects: largely unknown

> Several quark model studies:
Chang et al, 2013; Rinaldi et al, 2013-2018; Broniowski et al 2014-2019 ;
Kasemets, Mukherjee 2016; Courtoy et al 2019

> Lattice study for the case of the pion arXiv:1807.03073 , talk last year
» In this talk: information about Nucleon-DPDs from the lattice
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DPDs: Definitions and Relations (see arXiv:1111.0910)

Definition (transverse momenta integrated out):

’ dz; dz; T
Ff?q (X17X27)7J-) = 2P+/ Zl47r222 'e'p+(xlzl +xz)

« [y 6107020 0F (.2 p)] ., 5

with light cone operators Of(y,z) = G(y — z/2) T'; q(y + z/2) with
yt=zt=0
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DPDs: Definitions and Relations (see arXiv:1111.0910)

Definition (transverse momenta integrated out):

/ . dz; dz,
F,';']q (X17X27yl) - 2p+/14f22

eip+ (x1z; +x2z, )

x / dy~ (p|0%(0,21) 07 (v.2) 1P| 1., . s

with light cone operators Of(y,z) = g(y — z/2) [; q(y + z/2) with
y+ =zt=0

Leading twist:

Mi=~" < q (V) unpolarized
=" < Ag (A longitudinal polarization
(j=1,2) Ti=iolTs < dq (T) transverse polarization
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DPDs: Definitions and Relations (see arXiv:1111.0910)

Definition (transverse momenta integrated out):
dz; dzy

ip+(xlzl_ +X2Z2_)
A2 €
7

F,';']q (X17X27)7L) - 2p+/

< [ Ay 91050.2) OF (v 2) )], 5
with light cone operators Of(y,z) = g(y — z/2) [; q(y + z/2) with
y+ =zt=0

First Mellin Moment (y? := —y?, since y* =0, ng/T =-1,nd=1):

1
M7 (y1) = /0 dxydxz [ng (x1,2, Y1) =ncF% j(x12, Y1)

—Tf'c’:,f'm/(xl,zyﬁ) + né#&ﬁ?a,(xl,z,YL)]
= (2P+)_1/d)’_ (pl O7(0) OF () |p)

with Of(y) = a(y)liq'(y)

= Operators become local
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DPDs: Definitions and Relations (see arXiv:1111.0910)
First Mellin Moment :
M (72) = 20" [ dy™ (6 OF(0) OF 1) )
Mﬂl/meW y)
Decompositions:
Faq(xis V1) = 14 (Xf-,ﬁ) Faq aq(Xi: V1) = fag nq(xi V1)

Fq nq(xi,y1) = Fé 5q(Xia)7L) =m YJI_ﬁlij 5q(Xf,-}7i)
Faq 5q0xis Y1) = m Yiqu sq(xi 1)

(i,

il i il = !
Féq 5q i) 5J f\q (\Q(Xf yL) + 2m2(yj_yll - ylyi)fé’tq (B'q(Xiryi)
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DPDs: Definitions and Relations (see arXiv:1111.0910)

First Mellin Moment :
M (7) = @) [y (6] 03(0) OF 1))
= (2p+)‘1/dy’MZ-q (p,y)

Decompositions (Mellin Moments, analogous):

Mgq(xi, 1) = /qq(x,.ﬁ) Mag aq(xi; Y1) = Ing nq(xi,V7)

Mg aq(xi, 1) = Mi, §q(Xi7.)7l) =m YJI_GU/q <5q(Xi~}7i)
Aq 6q(Xla}/L) =m yj_/Aq ()q(Xl )/L)

(xi,¥1) =

Mjl 5] IOq oq(X/ )/2) + 2m2(yile_ 51/ ) oq (>q( )73)

dq 0q i
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DPDs: Definitions and Relations (see arXiv:1111.0910)

First Mellin Moment :
M () = @) [y (6] 03(0) O 1))

=(2p")" /dy’M,‘-}"/(p,y)

Decompose Local matrix elements , e.g. two vector currents
(VH(y) = ay)r*a(y)):
My = (pIV*(O)V*(¥) Ip)

P
= <2p“p” - 2g“”> Alpy,y?)
1% v p v
+ (p"y +plyt — jyg“ ) m? B(py, y?)
2
+ (2y“y” - y2g“”> m* C(py.y®) + g"" tr {Mw}

Similar for other channels
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DPDs: Definitions and Relations (see arXiv:1111.0910)

First Mellin Moment :
M (7) = @) [y (6] 03(0) OF 1))
= (2p+)‘1/dy‘MZ-q/(p,y)
For B, =0 (py = p*y ™), one obtains:
s (7) = [ dloy) A7 . 71)

s (72) = / d(py) BY (py. 7%)
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DPDs: Definitions and Relations (see arXiv:1111.0910)
First Mellin Moment :
M (7) = @) [y (6] 03(0) OF 1))
= (2p+)‘1/dy‘MZ-q'(p,y)
For p. =0 (py = pTy ™), one obtains:

lij.qq 2\ /d P)/)A P%yi)

I5q5q/( /d py) B (py, )

On the lattice (Euclidean time):
> calculate M;(p, y) for y° = 0 (pion: 1807.03073 , nucleon: 1911.05051 )
> extract A;(py,y?) for y?> > 0 and (py)? < p?y?;
py, y? restricted by lattice volume

» information about Mellin Moments /;(y")
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Four Point Functions from the Lattice

On the lattice (Euclidean time) we can calculate:

= (0] PA(t) O4(7.7) 0,(0,7) P*(0) o)
with proton sink operator (projection onto momentum p)
~ 3 g .
PP(t) = 5 3z e P eave (1 +7a)ua(x) [u] (x)iv2varsde(x)] |y,

— Z sign w)/D[U] G.[U] det{D[U]}e” Selu]

TES,

with G, [U] being products of (in our case four) propagators (Wick
contractions, graphs) connecting the (anti-)quark fields according to the
permutation m

Integral over gauge fields U solved numerically by Monte Carlo simulations

det{D[U]}e >l 'is real and positive for the case of Euclidean time =-
Suitable weight factor.
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Four Point Functions from the Lattice

On the lattice (Euclidean time) we can calculate:

= (0| PP(t) 04(7,7) O;(0,7) P*(0)[0)

with proton sink operator (projection onto momentum p)

- 3 R ;
PP(t) = 5 35 e P eane (14 78)ua(x) [uy (X)in2marsde(x)] |,y
Extract ground state by calculating ratio:

=2Vypi+m? ——~ 5
C2Df(t) 0Tt
= (p(P)| Oi(y) 0;(0) |p(B))! yo=o
with
Cfpf,( ) = (0| PP(t)P ( ) 10)

= obtain desired matrix element for y° = 0.

More technical details on the simulation can be found in 1911.05051 / future

publication
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Contractions

Have 5 types of Wick contractions:

a9
I\lih!h Fz

I‘.
q34. J
I\jszl
cp = ﬂ i = O
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Contractions

Have 5 types of Wick contractions:

a9
I\lilllh Fz

I‘.
q34. J
l'\jszl
cp = ﬂ i = O

¥
Explicit contraction depends on the operator flavor, e.g.:

2
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Contributions to Physical Matrix Elements
o v
o _ E:_:. s — .E.

r

o ;
© L. =

e rQ
©
Fl

Depend on the given quark flavor. For light quarks we have:

(plOf(7) O1(0) Ip) = /™™ (7) + S7(7) + 5 (=7) + D¥(¥) ,

(pl 0(7) 01“(0) |p) = Cl*(y) + I (v )+C” ‘(=)
+ SPUP) + S (-y) + SE() + DY)
(p| O (7) 0?"’(6)\/»: @)+ S -9) + ST + SU-7)
+ S¥(y) + DU(y) ,

(pl OF“(7) 014(0) [p) = [ (7) + G*(¥) + G(=¥) + S3(7) -
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Contributions to Physical Matrix Elements

Depend on the given quark flavor. For light quarks we have:
(pl Of(¥) 01(0)
(pl O1“(¥) 0(0)

ph= G E(7) + STU() + STU(-7) + D)

p) = Gl (y) + CVU(7) + &(-)

+ ST + SPU(=9) + SE(¥) + DY(¥)

(p| Of(¥) O(0) |p) = CL(7) + L/(~7) + SPUT) + ()
+5()+D%)

(p| OF(7) 01(0) |p) = CP***(7) + CL(¥) + & (~7) + SI(7)

This talk: Focus on C; and G, only flavor conserving currents
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Lattice Setup

Two Ensembles (Wilson-clover action, nf =2+ 1, CLS [arXiv:1411.3982]):

ensemble | S a[fm] Ki/s B3XxT  myx[MeV] Lmg
H102 3.4 0.0854 0.136865 323 x 96 356 4.9
0.136549339 442

> source - sink separation: 10a (non-zero momentum) or 12a (zero
momentum)

» Momenta: § = k - 27/L with

k €{(0,0,0),(1,1,1),(2,2,2),(2. 2. -2).(—2.2.-2), (—2.-2,2)}

» Considered insertions: (9,91- =qli;q

— combinations (', ;) = (v*,7"), (v"*v5,7"7s), (v, 0*°), (a*, 0P*)

> Renormalization scale: 2GeV (for renormalization on the lattice see, e.g.

arXiv:1903.12590 and references therein)



Results for A;(py,y~) (preliminary)

All results without disconnected contributions:

A%, =(0,0,0), flavor comparison mIyIA%, =(0,0,0), flavor comparison
4 6 8 w " s 18 2 4 6 s 10 M 16 18 20
touu
wa 4 :
M t dd
0.15 +
i M L
éo.m | M*M §
B by F
20.05 “0 2
H’WM‘ M
+ e 2TV
, 1Mt e p%u.»‘,,ﬁ.um.d,u
X : Gony "
04 06 08 10 12 14 16 04 06 08 12 T4 16
IIIfm]

10
I¥Ifm]

» Comparable correlations for uu/ud for large distances, small correlations

for dd,

» Small distances: steep increase of uu / dd
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Results for A;(py,y~) (preliminary)

All results without disconnected contributions:

omparison
16

omparison
16

+
+

ud, p=(0,0,0), channel c
[a
8 1

uu, p=(0,0,0), channel c
yl[%

10 i 5 14 6 8 10 14

+
t

function [fm~2]
function [fm™2]

0.8 12 1.4 16

0.6

0.8 12

1.0 1.0
IItfm] I¥Ifm]

» Comparable correlations for uu/ud for large distances, small correlations
for dd,

» Small distances: steep increase of uu / dd
» Signal for unpolarized quarks dominant
> Visible polarization effects for ud, while they are small for uu
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Results for A;(py,y~) (preliminary)

All results without disconnected contributions:

omparison
16

dd, p=1(0,0,0), channel comparison
6

ud, p=(0,0,0), channel c
[a
1

8 10 i 5 14 8 10 M[ﬂ 14 16 18

A%
A%
mi|A%
A
myBg

function [fm~2]
function [fm~?]

0.8

1.0 12 14 16 06 08 1.0 12 14 16
IItfm] I¥Ifm]

» Comparable correlations for uu/ud for large distances, small correlations
for dd,

» Small distances: steep increase of uu / dd
» Signal for unpolarized quarks dominant

> Visible polarization effects for ud, while they are small for uu
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Factorization Test (preliminary)

Simplest ansatz: Full factorization of DPDs in terms of PDFs:

Fi(xt, %2, ¥1) = f'(xa)F () fL(YL)

Our implementation: Insert complete set of states between the operators of
a light cone matrix element, and neglect all non-nucleon-states:

? 1 i ’_
Z / 3yt (P2 010 22) 1, ) (o, X 05(0, 22) Ip, ) & =P (pf2 )
For we obtain:

1 [SV]
1 (1-3)
= 72/ d¢ 2 /de ri Jo(yoLri)x
2 0 1-¢

i\ E {ic o\ pit z? ri i\E
x [(1 = 2)F{(t)F{(t) —2ZF ' (t)F5 (t) + 7 Fy(t)F3(t)

4m

where Z = (?/(2—()> and t = ((°m? +r?) /(¢ — 1)

Expressions are similar for , Where g4 and gp are convoluted

Form factors Fi, Fo, ga, gp are determined by p-pole fits on lattice 3-point
data T. Wurm (RQCD), private communication
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Factorization Test (preliminary)

factorization of AZ(y, py = 0)
2 4 6 8 ‘YI[al]D 12 14

16
o0.40ff | = 3pt convolution p(Fy,2) =2, 2
0.35 { / 3pt convolution p(Fy,5) =2, 3

= 3pt convolution p(Fy, ;) = 3,2
0.30 { = 3pt convolution p(Fy,2) =3, 3
oz ﬁ 4 d4ptdata

E020 #,

<

£0.15

)
0.10 “’*,«\.
™
0.05 i
o.
0.2 0.4 0.6 1.0 1.2 1.4

08
I¥Ifm]

> No significant dependence on the fit ansatz

Anlfm=2]

factorization of A{d(y, py =0), p(F{-%) =2,2
Ivital

4 6 8 10 12 14 16

°
°
&

= 3pt convolution p(FY9) =2,2

3pt convolution p(F¥%) =2,3
= 3pt convolution p(FY %) =3,2
B 3pt convolution p(FY%) =3,3
t 4ptdata

0.2

04 06 1.0 12 14

08
¥Itfm]

» Good agreement for large distances in the VV-channel

> Strong deviations for smaller distances
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Factorization Test (preliminary)

factorizationI 9{ /]lf\’f.(yv py=0) factorization of Af{(y, py = 0), p(F{-9) =2,2
vlla ylla
2 4 6 10 12 14 16 2 4 6 s V5 12 14 16
06 [ 3pt convolution p(Fy,2) =2, 2
3pt convolution p(Fy, ) =2,3 0. ——
= 3pt convolution p(Fy,2) =3, 2 H WW Mw
04 = 3pt convolution p(Fy ;) = 3,3 —0.02
_ + 4ptdata 004
Loz bl
£ ; £ 006
< 4 |t o 4 Lot E = 3pt convolution p(Fy%) =2,2
| i -0.08 3pt convolution p(F§-9) =2,3
o2 t ~0.10 == 3pt convolution p(Fy9) = 3,2
EEE 3pt convolution p(Fy'9) =3,3
-0.12 + aptdata
—0.4l4
02 04 06 08 10 12 14 02 04 06 08 10 12 14
¥Iifm] I¥Itfm]

> No significant dependence on the fit ansatz

» Good agreement for large distances in the VV-channel
> Strong deviations for smaller distances

» Completely fails for AA
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Summary and Outlook

Achieved/Observed:

> Calculated two-current matrix elements for the nucleon on the lattice (4
of 5 contractions)

» Obtained Lorentz invariant combinations related to DPD Mellin moments
for specific quark polarizations and flavor (C; and G, contributions)

» Found dominance of the signal of unpolarized quarks, for the case of ud
polarization effects visible

» Factorization into one-current matrix elements works for large distances
in the VV channel (unpolarized quarks), but fails for AA
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Summary and Outlook

Achieved/Observed:

> Calculated two-current matrix elements for the nucleon on the lattice (4
of 5 contractions)

» Obtained Lorentz invariant combinations related to DPD Mellin moments
for specific quark polarizations and flavor (C; and G, contributions)

» Found dominance of the signal of unpolarized quarks, for the case of ud
polarization effects visible

» Factorization into one-current matrix elements works for large distances
in the VV channel (unpolarized quarks), but fails for AA

Further discussion beyond this talk / future work:
> Extraction of the first Mellin moments
» Derivative contributions (— higher moments)

> Analysis on larger lattices closer to the physical point
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Thank you for your attention!



Comparison pion vs proton: polarization effects

Ayyvs Appvs Aypvs Bpp, CL, p? = 0 (L = 40)

[ylla]
5 10 15 20 25

ud, p=(0,0,0), channel comparison
ylal
4 6 8 ) 14 16 18 20
0.08

+oay

0.06 HH'HMM o

miylAg
M toay

my2BY

function [fm~2]

o 04 06 08 12 14 16
[y][fm]

1.0
I7Itfm]

ud(m™) vs ud(p) :
» Situation similar

> Extra sign because of anti-d in 7F



Comparison pion vs proton: polarization effects
Ay vs App, C2,p* =0 (L = 40)

ylla]
5 5 . 5
. IP 1‘0 2‘0 » uu, p=(0,0,0), channel comparison
yllal

Ay —— 4 6 8 10 12 14 16 18 20

mlylAyy ——

function [fm™2]

function [fm~2]

o : : 04 06 08 12 14 16
[y][fm]

10
I7itfm]

uu/dd(7™) vs uu(p) :
» signal smaller for the pion

» polarization effects more present in the pion



Comparison pion vs proton: polarization effects

Apyvs Ay, €2, p? =0 (L = 40)
ylla]
5 - .
E IP 1\0 2‘0 % dd, p=(0,0,0), channel comparison

yllal
Ay —— 4 6 8 10 " 12 14 16 18 20
mlylAyy ——

{ toAg
0.15)f +oAg
o * migIA%
I 0.10 | 4 A
= y + mye
£
z

function [fm~2]

0.4 0.6 0.8 12 14 16

Iollfw]

1.0
I7Itfm]

uu/dd(7™) vs dd(p) :
» signals comparable



Comparison pion vs proton: Factorization for ud
Ay vs Fyx Fy (L = 40)
ylla]

Iyltal

factorization of Ay, py =0), p(F-%) =2,2
4 6 8 %o 12 14 16

W 3pt convolution p(FY%) =2,2

3pt convolution p(F¥%) =2,3

== 3pt convolution p(FY%) =3,2

W 3pt convolution p(Fy%) =3,3
t 4ptdata

Cl data —— 0.02
Form Factor Convolution (Monopole) —
4 Form Factor Convolution (p-Pole) — 0.
I I . . . I I
0.2 0.4 0.6 0.8 1 12 14 02 0.4 056 1.0 12 14

0.8
17Itfm]
[y/[fm]

Comparable results for factorization in the case of the pion or nucleon,
respectively. Deviations slightly stronger for the nucleon.
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