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The Collins-Soper (CS) kernel kr ~ by

;

e Related to TMDs (transverse-momentum-dependent distributions)ip/%
a generalization of e.g. PDFs: D

PDFs £, n(z,p) TMD PDFs  fq/u(2,br, 1, €)

e Describes RG evolution of TMDs along (: z € [0,1]

]- Based on Fig. 1.1in

fp/h(a:, bT, M, C) = fp/h(w, bT, My CO) exp E’yp(bT, ,u) In é] TMD Handbook, 2304.03302

e = Computed as a ratio of TMDs at different:

. Isr:;jteependent of hadronic 2 fq/h(wa br, i, Cl) e Encoded by light-like matrix
Y (bT ,u) — n elements
o In(C1/C2)  fon(@,br, 1, C2)
e Different forp € {q, g} n{61/62 q/h\ L5 0T I, G2 e Matched onto space-like
N rturbative at | _ matrix elements with LaMET
i on-perturbative at large Proportional to hadron momentum P = computable in LQCD

br (for any p)
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CS kernel: pheno. models and input from LQCD
Pheno. models fit to experimental data (SIDIS, DY)

[ e R e e I N T T T U U B RO "
| 1 |
L =3 =Yg (br, u; BNp,{ci}) free parameters i
1 _ * 1
| — Dpert (b, H) + Z)NP(bTy b BNPa {Cz}) I
Perturbative t*erm Non-perturbative term
controlled by b (br; Bre) OSE\ U=Vl T T/ BINY = ART23; ] modeled by dependence, e.g.
B | . EEs=== I .
" i I— Pavial9 MAP22 | = N’LO 1 o .
S 00fF s bomoom 1 &Dnp(br, b"; Bxp, {ci})
= o -05°LC ] — bTb* co+C1 In
~ , ] Byp
| [ ]
U : -1.0F \ : " b2
= TH 1 . — T
’ By < E | or B Dyp(br;g2) = 927"
= -15¢F ]
BLNY: PRD 67 (2003), [hep-ph/0212159] [ i
SV19: JHEP 06, 137 [1912.%5532] ‘Cﬁ . F (Ta rget QCD r ge ]
Pavia19: JHEP 07, 117, [1912.07550] &~ —20F i i .
MAP22: JHEP 10, 127, [2206.07598] ¢ 2.0 ~Perturbative \ \\No.nperturbatlve ] LQCD gOaI.
ART23: [2305.07473] ~ bTirange 'bT range } . .
Other recent results (not plotted): -25 i‘( | > <€ \ \\ ): SUffICIent
Isaacson, Fu, Yuan [2311.09916] ! T bos b : ool : recision for
Bury et. al JHEP 10, 118 (2022) [2201.07114] 0.0 0.2 0.4 0.6 1.0 1_2 1.4 p

MAP24 [2405.13833]

direct comparison
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LQCD results directly comparable with pheno. models
Fit CS parameterization to $ LQCD data from 3 lattice spacings

pheno. parameters 2

1
——= (W'garam' (br, u; By, {ci})—k1

= Dpert. (b5 1) + Dnp (br, b*; Byp, {ci})

a a

2
br 2b%

2

) discretization effects

Consistent with:
SV19: JHEP 06, 137,
[1912.06532]
MAP22: JHEP 10,
127, [2206.07598]
ART23:[2305.07473]
IFY23: Isaacson, Fu,
Yuan [2311.09916]

Artur Avkhadiev, MIT

(

-1.5}

r to
—2.0f

Wy B

- Best-fit model\

$ data

A B —

Cloqep M svio W Mvap22 M 1rv2s

BLNY M Pavia1o Il ART23

0.0

0.2

0.8

Disfavors at large bT:
BLNY: PRD 67 (2003),
[hep-ph/0212159]
Pavia19: JHEP 07,
117, [1912.07550]



CS kernel from LQCD: outline

X. Jiet. al., Phys. Lett. B 811 [1911.03840]
1. Quasi-TMDs in position space

S. Continuum 2. Fourier transform
extrapolation \ \
sh2 V4 . O
: 1 [ db2e®* =i PZNp(P?) S 1 Zor (1) im0 WY (b7, b, £, P7)
Yalbr, 1) A lim e ey In B DE N D - 0) (2 .
1 2 fdb (4 2 P2 NI‘ (P2 )ZI" Z[‘[v(,u,) llmg_)ooWF, (b y bT, E, P2 )
) A .C.
+0v9(m, PL, P) [+ P 3 lattice spacings,
Mmt = 150 - 180 MeV,
P?=0.77 - 2.32 GeV
4. Power corrections -
3. EFT matching i;ﬂgnfﬁg@”vfd” flavors
X. Ji et. al, PRDI1 (2015); Clover-on-HISQ fermions,
Ebert et. al, PRD99 (2019), JHEPOQ9 (2019) 037,
(1) 482 x 64, a=0.12 fm,

new: |(2) 32°x48,a=0.15fm

(3) 643 x 96, a=0.09 fm
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CS kernel from LQCD: outline

Fourier transform (FT) to
momentum-space MEs

Calculate
position-space MEs

—

6r .
— by =048 fm, n* =6 @ — 10
< = B o z 2w
N AL | & [ P? = n
. 2 & Nza
2 e S 1
< . o e, 3
£ 0 [o-SEomegemes SogogeReES 9 =
= 12
‘ﬁf =5 EE; 0
Ep br =0.48 fm
[l g] &
< O ga=17 O fa=2 <[ el i =t il
~ -6 -

Ty T R IRV R
b* P*? x

EI‘I Zrr (/J’) lim/ 0 Wo,(bza br, Z7 Plzj [f dbzeibzmplszNr (Plz)]

EI" ZF[‘I(/.I,) limg_mo Wol(bz, bT, f, Plzﬂ

Each pointis a
separate matrix
element calculation

Artur Avkhadiev, MIT

Form ratios of MEs +

match + fitin x ~ ...repeat for each bT

(....and for each a)

A ‘ nF =4/6 n* = 4/10 n* = 6/10 r \f
< 3 —
&7 n* =6/8 n* =8/10 = 00 iii 3 ]
8 qf N gt gé ! E
3 N —0.5F g E: {
= i I § E
= OF : =
= - L0}
3
z - | >
Ze i g -15 © L0 O NLO ¢ uNLO V NLL |
2 =
‘E\s -2 i A NNLO O NNLL O uNNLL
i by = 0.48 fm ! —2.0F . u
Q . . . . ! - : !
o~ 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
- br [fm]

() 1 -[f dbz@ibzzp{PfNr(Plz)EI" ZIT’ (#) ]-lml—mo W(Ig‘,(bzy bT) ly Plzﬂ
’YQ(bT9I‘L) :| lim z z In i’z P Dz 2 g T/ 2

L JIn(P;/P;) ([ [ dbse®* i PENo (P r Zor (1) lime oW (6%, b, £, P5)
(+674(, P, P5)Fp-c)




Position-space quasi-TMDs

e Compute quasi-TMD wavefunctions (WFs) e Subtract divergencesin
¢F(bT b*. P* g) quasi-TMD WF ratios
'y Y ) N
br,b*, P* (
— (0|0 (br, b7, 0, £) [w(P?)) WO (b, 7, P2, 0) = LT )
Dy (br,0,0,7)

e Operators S
Or(br, b*,y,4) < N ot ﬁ“@@"‘ﬁ a=0.12fm |
with staple-shaped ,i:“ N ;‘ e '
Wilson lines ! < i a8

5 0[° cocmcgeges “BogegeEe=®

e Separately for gg 2
each b? P% bT, 2, = —4f Real part
Dirac (F) structure (¢ N SR RN

-15 -10 -5 0 5 10 15

e Matrix elements have divergences ~ £ + by b P*

Artur Avkhadiev, MIT 7



Position-space quasi-TMD WFs

e Mixing effects included via
RIXMOM scheme

WIM—S(bTa 22 bza Pz,f) :
~ Z ZI@(:“) WI(‘O)(bT7 bz’ Pz? f)
I‘I
I' € {7475, 7375}

e Shown for bT =0.48 fm,
Pz =1.29 GeV

e Consistent between
different staple lengths /.

e Decay to zero within
computed bz ranges.

Artur Avkhadiev, MIT

Re [0, bz, P*, 0]

tm (W2, (br. b7, P, )]

without mixing

F br=048fm, n* =6

=]

==
o cocmemcmen” Coogomemem® ©]

a=0.12fm |

l)a=20

:Real part

O ¢a=17 O

-10 -5 0 5 10 15
b*P*

-15

O ya=171 O t/a=20

Imaginary part
<) eaeaeﬁeaegeg EBEGEGEGEGEG =y
@Q@II mem®

a=0.12fm

[ br=048fm, n* =6

-15 -10 -5 0 5 10 15

with mixing (via RIxMOM)

6F ‘ ‘ .
" br =048 fm, n* =6 ié%
[V
g~ A} = 5
R, o .
'305 2r mm E@
< . 3
¢ 0f° ooomcmeges” Coomememem® ]
=
w & _9of ]
2¢ 7 Real part a=0.12fm
_4, ]
= B tfa=17 O tfa=20
o —6t I | i ) ‘ iy
-15 -10 -5 0 5 10 15
b* P*?
_6F SN
< O ga=17 O tla=20
W Af
Q‘ .
« ofImaginary part
i
..QET g Eem EQE,QE@EOEGEQ N
e -2t . m
\EE; m%%@@@m
- a=0.12 fm
I by = 048 fm, n* =6
—6L | ‘ : | ‘ | B
-15 -10 -5 0 5 i "
b* P*



Position-space quasi-TMD WFs at 3 lattice spacings

a=0.15fm a=0.12fm a=0.09 fm
? 4: br = 0.60 fm ﬁ a=0.15 fm by = 0.60 fm a = 0.12 fm br = 0.54 fm a = 0.09 fm
| PP=13GeV 3 % p=2GeV P* =13 Gev; p=2GeV P? =1.3 GeV p=2GeV |
B i
2 i i Real part 5 s Real part Real part
£ i m ]
efn % L . @ %
EE; ' ) Seg@@@megm gmeg@u@eaeg " = %@m@@m@ m%:u@m'g@g - i
? Ll O ¢fla=14 O ygla=17 O ¢/a=17 B ¢/a=20 O ¢/a=271 B ¢/a=32
T T I o [ TV T
i —— L— Lo L N AN R =] 4F T T T
=" F O tfa=14 O fla=17 af O tla=17 O gla=20 O ¢/a=21 O ¢la=32
A of Imaginary part 2| Imaginary part 2r Imaginary part
N
é O = Eeaeseg@se es@EeSeE’eE = 0re M@@E@ @a@mﬁ%@ e 0 —@cqu@ﬁ@m Eﬂab
T - m =
|§§ N mm mm L mm m@ @@ i
% potscw  BEER  4_2ce by = 0.60 fm mﬁ%mmm a=012fm | ~2[ br=0.54 fm %@ & 0T 0.09 fm
= —4F by =0.60 fm a=0.15fm A pr_ 13 Qev p=2GeV | PF=13GeV & p=2GeV
—201 o l—lOI o 0 o 10 B 20 -15 -10 -5 0 5 10 1 -20 -10 0 10
b? P? b* P? b* P?
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Momentum-space quasi-TMDs

e Have support outside x € [0, 1], as expected.

vvvvvvvvv

Real part

T T T T T T

a=0.12fm

| bT=O.48fm
Q r :
~ 5' _nz=4 n:—6 n® =8 n® =10
-0.5 0.0 0.5 1.0 1.5
€

Artur Avkhadiev, MIT

Converge to physical range z € [0,1] with increasing P~

f— —nz_

L

10} a=0.12fm
5L

j Imaginary part
0

I by = 0.48 fm
53 M- o =10 |
-0.5 0.0 0.5 1.0 1.5

X
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CS kernel estimate

’?%‘ds(bTv Z, Plza P2z7 ,U)

1 ! WFM_S(bT, x, P{,{) e = Fit each estimator separately to a
: n — . .
In(P7/Py) WS (b, z, P7, £) c.onstant inz e [0.3., 0.7], then average fits at
NS Lo fixed bT and matching accuracy.
+5'7q (waplaP2nu')
e Separate for each momentum pair, bT, ‘3:? i \ n* =4/6 n® = 4/10 n* = 6/10 ’
Dirac /I, and matching. A . n® = 4/8 n* = 6/8 n* =8/10 |
X.Jiet.al., Phys. Lett. B 811 [1911.03840] H" I
X. Jiand Y. Liu, PRD 105, [2106.05310] = 1F |
Z.-F. Deng et. al, JHEP 09, [2207.07280] 2 I 'Real part
e Differ by power corrections: S of N : , ]
5 . I - ———— —
1 m 'z _1 i | | | =
(’)( . , . )+(w<—>1—x)] Z . i | o
[ (zP2br)? " (zP?)? ‘%E L (UNNLL matching)
e Corrections ~P1%, ~P2% partially cancel ST i bp—048fm Q@ 1:= 0.12\f
in ratios — insufficient precision to fit = 02 04 08 os
& subtract power corrections .
1
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Weighted averages account for power corrections

o[

_ 2f
Average over p* = 2T E 1 W
»Q L i %
sl T e g g SEE
@ m=3/7 e _3&: -t : . -1r
O nz.=5/9 O p2=7/9 Eﬁ“ —22— a = 0.15 fm o a=0.09 fm
0.-0 012 0i4 0.‘6 OjS 1.0 0.0 T 012 o Oi4 | | 016 T 018 o 1.0
2k~ T T E ' ' ]
= [ ] [ ]
: > 1f 1 1f 5
Average over Dirac (I) o | 2z LB - ]
[\ ok ] 0'_ ]
structures [ gk o { ﬁ 1 BEg i ]
T 1k %1 % % 1 1t ]
O (u+w)/2 O w & m =7 I ]
Ee ora=0.15 fm | —2f a=0.09 fm ]
0.-0 Oj2 014 016 018 11.0 0.0 | | 0.‘2 - 014 T Oi6 T 0i8 T 1.0
br [fm] by [fm]

Artur Avkhadiev, MIT
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Study of LaMET matching

using Re+Im parts of CS kernel estimate

e The CS kernelis real-valued.

e The CS kernel estimate has a nonzero

imaginary part due to

o poor perturbative convergence of

matching coefficients

o DbT power corrections

= not treated as an independent

systematic

M.-H. Chu et al. (LPC), PRD 106, 034509, [2204.00200]

M.-H. Chu et al. (LPC), [2302.09961]
M.-H. Chu et al. (LPC), [2306.06488]

e Re+Im parts used to characterize matching

Artur Avkhadiev, MIT

(bT, M= 2 GGV)

MS
q

2 GeV)]

(anu =

MS
q

0.5F S ]
B Real part
0.0 k= ;
@& B gl g T
-0 %ﬁ @ %ﬁ } =
-10F g = 0.12 fm % i
. (!9
150 © Lo 0 NLO ¢ uNLO V NLL i
0 A NNLO O NNLL O uNNLL =T
0.0 0.2 0.4 0.6 0.8
1.0} Imaginary part ]
i ) ) e
05 :' J:I AAAAA \'4 % g i % ]
0.0 — =, *_ % g _
i - o z [} { '
o5t @=0.12 fm ]
© LO O NLO ¢ uNLO V NLL
-1.0 * A NNLO O NNLL Y uNNLL ]
00 02 04 06 08
br [fm] 13



Why bT-unexpanded matching &

1. Re part: differs from expanded matching

at small bT (beyond LO)

1

(Power corrections break down

(zP#br)* TMD factorization at small bT)

<

uNLO

dC4(p?, br) contains bT-dependent terms on

z € (—00,00) suppressedin P*bp

Cy(p®, by, 1) = Cy(p®, ) + 6Cy(p*, br)
p® € xP*, zP*

(bT, M= 2 GGV)

MS
q

2. Im part:

M. A. Ebert et. al,, JHEP 09, 037, [1901.03685]
Z.-F. Deng et. al, JHEP 09, [2207.07280]

o Reduced by bT-unexpanded
matching at small bT.

o Still nonzero at large bT:

even for LO (= no matching)
esp. for resummed logs (*LL)

However: no impact on the real part

Artur Avkhadiev, MIT

2 GeV)]

(bT7 2

g

MS

(=l

0.5F T ]
; 1. Real part
0.0F EH ]
; 5 ) . ’
[ §§ @% E 1 i
~0.5] g ﬁ E{ i
~10t g = 0.12 fm % H g
i a
~1.5} © Lo 0 NLO L s
0 A NNLO O NNLL [0 uNNLL =t ]
0.0 0.2 0.4 0.6 0.8
1.0} 2. Imaginary part_ -
i ) ) ,
7 s = of mi i} 0
0.0 =T, F_/ % g _
| b 2 m 3 E { i
_05i_a:O.12 fm ;
-1.0 * A NNLO O NNLL [P uNNLL 1
00 02z 04 0.6 08
T [fm] 14

= Nno impact on CS kerne| estimate explained by IR renormalon (next slide)



Leading infrared renormalon
Asymptotic series in matching coefficient

R(p?, p) = iNy = Z Bran+(
=0.552 for 4 flavors n=0

p® € xP*, zP*
Leads to slow perturbative convergence in

the imaginary part of CS kernel.
Y. Liu, Y. Su (LPC), JHEP02(204), [2311.06907]

(u)n!

lowest-order B-function

VA z z A CD
CY™(p*, p) = C(p*, ) — R(p ,u)+0< Z'Z

Suppresses remaining p.c. at large
bT in the imaginary part for uNNLL

O

Not expected to work at small bT (IR
effect)

e = no unexplained systematics in uNNLL

Leading renormalon resummation (LRR):

)

Final determination: uNNLL = uNLO + resummation

Artur Avkhadiev, MIT

< 1.0} . ]
sﬂ - a=0.15fm ImMaginary part ]
[«D) I ]
O o5l " § ]
Cﬁ‘ [ w T ]
I m |
3
- 0.0F T % -
s I 2 £ % ]
‘%?/ . [ I ]
= —-0.5F B
ok [ LO O uNNLL A uNNLL+ RS ]
& [ :
o e
0.0 0.2 0.4 0.6 0.8 1.0
10—mm———+———+ 7+
) a=0091m |maginary par
=
) 0.5
(@]
z § B %
I -
3
= 0.0 i
£ ¥ & o %
2 -
o
<, -05 I LO O uNNLL A uNNLL + RS
E
0.0 0.2 0.4 0.6 0.8 1.0
br [fm] 15



. . 1.0 P — = = = 7™ (br, ; Bxp, {ci}, a = 0.15 fm)
CS kernel parameterizationand % ST T GEmede ok
. . S . % - == 7 (br, u; Bnp, {ci}, a = 0.09 fm
continuum extrapolation Z A b, B, (e a = 0
. o o 00f ]
e Pheno params + Discretization effects N ]
modeled together: L IR
* o -1.0f ]
Yoo (br, p; Bap, {ci}; a) - brb*{ o+ crln = < i
best fit BNP > L O 4o = 0 ]
a2 |§ o 15[ a=0.15 fm a=0.12 fm 1
Fits to different NP models consistent, directly 0.2 0.4 0.6 08 L0
comparable with params from pheno. results. AP (b, 13 By e}y a = 0)
D. t t ff t />-\ 0.5} (Best fit with 10 uncertainty)
o iscretization effects: - ;
. O oo} %ﬁﬁé ]
o ~20% from best fit: B L
ittt I -0.5¢ - ]
1 i : e I < - data + discretization ]
: " chzcl)XrSeLil:b‘S’(;'iigi hareims . 0.032(12),5 : é _1.0| corrections (shifted down :
| 2. Optimize others\<zf"l“:“9"2‘?‘(§)"‘“‘: T ]
| 3. Use AIC to pick best fit ~+¢1 = 0, Bxp = 2 GeV, e -L5p O a=01fm B a=012fm
: (Akaike Information Criterion) k2 — 0] : 5 0:— A a=0.09 fm ]
o ~10-30% range as NP models are varied 0.2 0.4 0.6 0.8 1.0

Artur Avkhadiev, MIT br [fm] 16



Summary and outlook

Systematic control over quark
mass, operator mixing, and
discretization effects

Sufficiently precise to
discriminate between some
pheno models

Still not fitting power corrections,
using weighted averages

Improvements expected from

o Coulomb Gauge fixing for
stapleless calculations

o , incl.
in collinear factorization limit

1.0¢

& B . M BNy B Pavialo Il ART23
—~ 0.57 "l Lqep M osvio H vare M 1Ry23
= i
@) 0.0F
AN i
I —0.5F =D
< i
S -10f
s . 1 5ﬁ 'co = 0.032(12),
Sk =0.22(8) G
9ol le1=0, Bxp =2Ge ]
0.0 0.2 0.4 0.6 0.8 1.0
Avkhadiev, Shanahan, Wagman, Y.Zhao
PRL 132 (2024) 23, 231901 br [fm]

X. Gao(Argonne), W-Y. Liu, Y. Zhao, PRD109 (2024) [2306.14960]
Y. Zhao [2311.01391]
Bollweg, X. Gao, Mukherjee, Y. Zhao, PLB 852 (2024) [2403.00664]

Talks: Tue Y.Zhao [9.20 am], X. Gao [9.50 am]
Wed Y.B. Yang [8.30 am], J. He [9.00 am]
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Calculations of quark vs. gluon CS kernel differ by operator
and matrix element, otherwise analogous

Quark CS kernel — completed Gluon CS kernel — ongoing

Computed using

quasi-TMD beam

functions:

P#PVBfg’jh(bZ, br, P*,0)

(R(P?)|0g™ (br,b%,0,£) |h(P*))
Z(br,?)

Computed using quasi-TMD
wavefunctions (WFs):

Wr(br, b%, £, P?) (T € {v*7*,7°})
(0|Or(br, b%, £, P*) |m(P*))
(010,61, 0, 6,0 [7(0))

Pz=0, bz=0 matrix Iﬁ:lt

to subtract divergences linear
in €

Square root of adjoint
Wilson loop to subtract
divergences linear in £

Account for renormalization-
induced mixing between I’
structures

Can choose Lorentz indices
that lead to multiplicatively
renormalizable operators

; b* N
J-H. Zhang, X. Ji, o (y- _) .
Schafer, W. Wang, S. Zhao, 2) See Mﬁ’om
PRL 122 (2019) [1808.10824] Lattice 2024

Artur Avkhadiev, MIT 18


https://conference.ippp.dur.ac.uk/event/1265/contributions/7401/

Gluon calculation will require ~30x stats of the quark project

Position space MEs Quark CS kernel — completed Gluon CS kernel — ongoing

e Quark ME has o f Eime=d o
. . oAb
non-zero imaginary & s o m
N 21 —
part 2 5 e ¥ o I I
o Opecassssnas® Bsaaaasanco & I I
e Gluon MEreal,and = ., | & ﬁ I}
. B “I ‘o : mﬂ h}ﬂ
exactly bz-symmetric =, | o.oo}EEE{iI H{I I{H Iigﬂg_
\ after averaging +/-bT = femm o e , 08 i Hprelim-
15 -10 -5 0 5 0 15 0\ s o 5 10
. gluon quasi-TMD
Fourier-transformed MEs b P? beam function b* P
i oo ——r 0.25 ;
e Quark ME symmetric ? 0.20 pr_ 2T ma=4
Wrt X — 1-x g _. 015 %suppress& -
3:— . A oo OﬁtSi'del
. e . 1C
e Gluon ME symmetric < & Fegion |x|<1)
wrt X — -x, power 1§~ 0 & oo/ Symmetri
. . —_ by =0.12 fm WItX — -X 5
corrections stillmost "=+ s el . by = 0.12fm .
o T ‘ ‘ prelim |
Suppressed around -0.5 0.0 0.5 1.0 1.5 010 ﬁ? 10 1.5

X | ~ O 5 ~Targét regions w? power
: T corrections to LaMET matching x 1
Artur Avkhadiev, MIT controlled 9



Backup



Unsubtracted quasi-TMD WFs: examples

e Extracted from correlation functions

Z e'Fy <(’)r(bT, b*, v, E)XL (O)>

0 Z3(P)
" 2E,.(P)

ggI‘ (bT7 bz’ P7 K)e_E7r(1:’)t

e Momentum-smeared interpolators xL

R (8, by, b7, P?,£) [GeV?]

e FE.(P)and Z3(P)fit and cancelled in
ratios RY (¢, by, b*, P*, £):

—0.006:' O Re O -Im

~0.008}
_0_0105. br =0.12 fm, n* =4

—0.012:— V¥=0241m, £ =312 fmn

-0.014 - - - & m m m - L

e Plateau giveS'(];I‘(bT, bz, P, g) T :

. -A range of time windows chosen systematically

e Repeated for each P? b, b?, /.

-Covariance matrix from bootstrap + linear shrinkage
- -Correlated determinations between staple geometries

-AlC-preferred fits (1 + 2 state)

Artur Avkhadiev, MIT

-Further selection cuts + combine in weighted average



TMD WFs in position space

Statistical noise makes computation challenging for large P~*,¢, and by

e br=0.48fm, 0.84fm

left to right

e P?=215GeV, 1.72GeV

top to bottom

e QOur group’s previous

calculation had

bR — .48 fm,
P2, =151GeV

Artur Avkhadiev, MIT
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|
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¢
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lo oB-0 ﬁ - (=1 e
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MEs with all 16 Dirac structures calculated

a = 0.09 fm, by = 0.36 fm, P* = 1.3 GeV

10r =1 O ta=21 | T=m O ta=21 | T'=m O tfa=21 [T =mm O tfa=27
5 0 ¢/a=32 0 ¢/a=32 O ffa=32 0 ¢/a=32
,_a%m
0 R =
-5
F'=mv O tja=21 [T =mms O ta=21 [T =77 O ta=21 [T = O tla=27
5 0 ¢e=32 0 ¢/a=32 0 ¢fa=32 |
_ O Ve
— 0 RIS o' )
S ™
Iy 5 w
a,
“..‘DF ~10 . i ;
£ M= O ¢a=21 [T =mm O ta=21 [T =7m O ta=21 [T =17 O tla=21
~°§ 5 O ¢/a=32 | O ¢/a=32 | O ¢fa=32 | O ffa=32
2 0 [ m@% - = P s
-5
—-10 i
I'=vm O tha=2 [T =% O ta=21 [T =17 O tla=21 | '=15 O tfa=27
5 O ¢a=32 0 ¢a=32 O ¢fa=32 | O ¢fa=32
0 = SRSt SR
-5
_10 | B | i | i |
-20 -10 0 10 -20 -10 0 10 -20 -10 0 10 -20 -10 0 10 20

Artur Avkhadiev, MIT b*p* b P* b P* b p*



Mixing effects quantified with RIxXMOM

e (alculation of mixing effects in RIXMOM

(=T > R~ R N T~ R

’}’3

independent of staple geometry. R N R N ol gt gl ol o
T T T T T T T T T T T T T T T T 1000
NS . bz . b= o PP ]
M .
e Full 16x16 mixin mafrlx com uted A
5 P o 5
ol [ ST T T T [ R .
RI/xMOM i | | | [] [ [ L] |
MFI" (pR’ ¢R, a) 2 d [ [ e ] 0.050
Abg| 7 R/xMOM gl | | | | | |e HEEN
S ) e
= RI/xMOM gl O
15 X Abs[ 2y Y (g, r, ) | O B
_ N _ . _ gl | | [ HEEN B
e Dominant mixings consistent with lattice s | HEEN |
perturbation theory at 1-loop.* e = ====
77 il - N

X. Ji, et. al, PRL 120 (2018), [1706.08962] *M. Constantinou et al., PRD 99 (2019), [1901.03862] T
J. Green et. al, PRL 121 (2018), [1707.07152] Y. Jiet. al., PRD 104 (2021), [2104.13345] p‘é = — X (0’ 0,10, ()), £=0.24 fm
J. Green et. al, PRD 101 (2020), [2002.09408] C. Alexandrou et al., [2305.11824]

Artur Avkhadiev, MIT 24



Mixing reduced at finer

lattice spacings, as expected

z 0 25E IT, I rr rr

10 L

g ' Y375, V5 - YaY5; V5 - Va5, V35 V375, V5 - Va5, V5 - Y45, V35 V375, V5 - Va5, V5 - Va5, V35
I 0.20] N

(<] L e

2 015} = = = # =

U;" : ) - = e = = 5
£ 0.10 = o e -

s ] = 8 - = = -

S 005} ) :

g0 a=0.15 fm a=0.12 fm a=0.09 fm

mf 0.00! ‘g e o - e L o — ®

2.5 3.0 3.5 4.0 4.5 1.5 2.0 2.5 1.5 2.0 2.5

Artur Avkhadiev, MIT
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Scheme dependence of mixing patterns

™ o), <~ [T~ )| . ¢ .

- & a il ol

D R e S e RS R R R~ S T~ T~ R T~ R o R = T o R o RS |

v

L
‘ 1.000 1.000
i _= 0.500 Nl
Sl ; 3 0.500
o 2l
173 L
vy *. 'yl’y?’
2] 2
2,}/3 . 0.100 273 0.100
gl ‘B 7
3’74 ‘. 0.050 374 0.050
i —= 7
» L ¥
7 IR 727i
7oyt —. 0.010 ¥y 0.010
1.2 1.2
7572 := 0.005 ;:5::2 0.005
7174 T
’7175 7. 7175
mdly | T
77 IR T
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[ dbze® i PE S, Zrp(p, a) limy oo W (b7, b1, £, P7, a)
Jdbze® = Pi PEY L Ziri(p, a) im0 W' (0%, b1, £, P, a)

TMD WFs in momentum space e {&wm®

1 M? AQCD
& ,b 7PZ7PZ o ) )
- ’Yq(ﬂ ety 2) i ((mpsz)2 (xpz)z (wpz)z

bz range sufficient to use a Discrete Fourier Transform

=_\Q PZ (o 1 2hZ = NIQ P P
WS (br, py @, P7) = o gr(P)Zez(” PV (b, p, b7, P?)

max
Normalization factor to compare between |bz | sz
Dirac structures

The DFT is stable to decreasing the range in b7**:

= bp = 0.48 fm I I I I _ Py 7— br = 0.48 fm % %

B[ w=s II IIIIII A, 6F n*=10 §% %%%§

2 6l ! ! 3 5

I i : T 3

8 M ) i 8 f

S 3 : &3 2

R - S22

|.4§¢ 2 i Re ) Im E ‘%E?g 1_ . Re O Im
Ok 1 . I 1 1 L hy b ]

4 6 8 10 12 14 16 0"'(‘;"‘é"’1‘0"‘1’2“‘1'4"'1’6“‘1'8”
PZ bmax
Artur Avkhadiev, MIT ‘ P bfznax
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1 fdb’e“’z’”PfPf EI" ZIT’ ([l,, a) ].im[_)oo ng(bz, bT, Z, Plz, (l) :|

. Mim)
TMD WFs in momentum space = {&kwm e TG

1 M? AQCD
&vo(p, br, PE, PE - © , ,
+67¢(n, br, PE, P5) |- ((szbT)2 P aP)?

, . : 2
See convergence to the physical range z € [0, 1] with increasing P* = %nz

— by = 0.12 fm ] — I by = 0.12 fm
= _ ER
r -nz=4 n° =6 n*=8 -lnz=10 1 5' I:lnz=4 -nz:6 n® =8 n*=10 1
—5F | _El |
-0.5 0.0 0.5 1.0 1.5 -0.5 0.0 0.5 1.0 1.5
x X

Artur Avkhadiev, MIT 28



TMD WFs in momentum space i) {Brei e |

1
+6’Yq(l"7 br, P, Pzz) (:l:P"‘bT)2 ’ (sz)2 4 (z

. L . 2
See convergence to the physical range z € [0, 1] withincreasing P* = %n"

T
1

br = 0.84 fm

r -n"=4 -nz=6 -nz=8 n® =10

. L. . e
-0.5 0.0 0.5 1.4 1.5 -0.5 0.0 0.5 1.0 1.5
z &

Artur Avkhadiev, MIT 29



NLO, NNLO, and resummations

The correction is given by coefficients
1 C(b(szzau’)
0vg(x, P{, Py, pu) = ——— (In ~
o(@: Pr, Py 1) In(P?/P§) "~ Cy(xPf,p)

+ (z < )

Cy(p®, ) appearin the TMD WF matching formula and
are computed perturbatively as

Cy(p* ) =1+ Z (az(:)> Cq(s”) (p?, 1)

at LO, NLO and recently at NNLO, and resummed as

0. del Rio and A. Vladimirov, [2304.14440]
X. Jiet. al, [2305.04416]

Cys(p% 1) = Cy(p*, 2p%)
x exp|Ky(p®, 2p7)]

Resummation kernel

Artur Avkhadiev, MIT

0.0F

Re[d(2)]

1 (49
— 49
| — 410
— (68)
1 — (6,10)
— (8,10

08 "~ N\ 7
Y \“\‘t /»”’
0.7¢ i S e ’
%0.6* \:_:_::-:::::::::::::::_1—5_'__
g ____________
— 0.5}
E -
\y—/
===
0.3}
0.0 0.2 04 0.6 0.8

NLO (solid) and NNLO (dashed):

1 — @48

— (48)

1 — (4,10

— (68)

1 — (6,10)

— (8,10)

No convergence in the imaginary part .



N L L a n d N N L L X.Jiet. al., Phys. Lett. B 811 [1911.03840]

Ebert et. al, JHEP 04 (2022), [2201.08401]

Resummation kernel is K¢(2p%, p) = 2K (2p%, p) — K., (2p°, n) — imn(2p*, p)

as(p) do 007 3 idf
K o) = | * (@), o
! o (o) Blas) = -02 |}
W) do @ do! o3 |
Kt (1o, 1) :/ ———Teys (CVS)/ s S oa |l
() Blees) ™ o ) Blah) =%
(1) o Beil i
nr (o, 1) :/ ——Leusp () ~0%L
s (o) 'B(QS) ’ "
dv, (p*, 1) dinCy(p*,p) 10
where __r and v,(p*, u) =
Fcusp(as(:u’)) d lnpz N( ) dln u § 0.8+
are computed perturbatively at following loop orders for E
each resummation accuracy: =
04 B e
Kr K’rc Kﬁm n C¢ 0002 04 0.6 O
NLL | 2| 1 1 1110 NLL (solid) and NNLL(d%shed)
NNLL| 3 2 2 121 No convergence in the imaginary part

Artur Avkhadiev, MIT
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L — ee
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1 — 68)
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bT-dependent matching

Matching coefficients C include are a P*p, > 1

limit of

uNLO

Cy(p® by, p) = Cy(p”, u) + 6Cy(p®, br)

p® € zP* z P~

e 0C4(p® br) contains bT-dependent terms on
x € (—o00,00) suppressed in P*bp

e Has been computed at NLO.

e Corresponding unexpanded (in bT) matching
correction reveals power corrections in 1/Pz

bT.

M. A. Ebert et. al,, JHEP 09, 037, [1901.03685]
7.-F. Deng et. al, JHEP 09, [2207.07280]

e Imaginary part more sensitive to power
corrections => not taken as a systematic
uncertainty directly.

Artur Avkhadiev, MIT
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Chu et al. (LPC), PRD 106, 034509, [2204.00200]

M.-H.
M.-H. Chu et al. (LPC), [2302.09961]
M.-H. Chu et al. (LPC), [2306.06488]

Dashed: uNLO, solid: NLO.
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Power corrections expected to decrease with - f g
higher-order LaMET matchlng

e Matching applied before weighted | - T = = o]
averaging to ratios of MEs for each 3 2 e eys B ces B g | Fit each band
. . &.\ 2 | |
bT, Pz pair, Dirac (') structure, and a : "\l Real part a=012fm separately to
. -g 0F \\t\%;fi mm—— = ‘,,,7;, - .
e Final results use b.-unexpanded, S —a a constant in
. zl - H :
next-to-next-to-leading log (UNNLL) 2l | 1 W|thbmao1£§:!1|ng ‘ z €[0.3,0.7]
. o o e ol =0. m
matching with leading renormalon % | Fit window | to get points
subtract|on = 02 o1 5 > os at fixed bT
e i D = VA — O nf= ] 4

% : 4/6 4/10 6/10 ] — I I I ' | (power

2 [ Come o % - nt = 4/6 n* = 4/10 =610 1 corrections
I & @) ]

Il [ & = n® =4/8 n* = 6/8 n* = 8/10 ]

2 0: 5 5o 5 T % % Ny P ——T i enhanced at
P ® i < ‘neatpart " 1 y~0and x~1)
2, a=0.12 fm |E§_ -1 without matching ] zP* br(zP?)
E o r ‘;'“6‘ ]

< L L ‘%—2' bT—048fm ] +(m<—>1—m)

0.0 0.2 0~ 0.6 = 0.2 0.4 0.6 0.8

Artur Avkhadiev, MIT br [fm] T 33



Rest of LQCD analysis remains as before —now
w/ calculations at 2 additional lattice spacings

Fourier transform (FT) to

Calculate
position-space MEs

b =048 fm, 0 =6 T’@EI
g g

(b 1, b7, P*, e)]

MS
V45

Re [I

b? P*

—

momentum-space MEs

10+ 271-

(br, p, z, P")]

MS
YaYs

Re [W

™ ZIT' (ll‘) hm[—wo W(g,(bza bT) ea P]:zj [f dbzeibzmplszNr (Plz)]

Wr(br, 07,6, P) (1 c {50
. <O|OF(bT’b27E7PZ) |7r(PZ)>

 {010,15(b1,0,£,0) [7(0))
Each plotted point
is a separate ME
calculation (defined
by b?, P% bT, €, and
Dirac (I) structure.

r Zor () limy oo WE (6%, b1, £, P})

Discrete FT needs
sufficient range in b?P?
to avoid truncation
effects in x space (each
P% bT, IN

u(y

Form ratios of MEs +
~ ...repeat for each bT

match + fitinx
= — ‘ ‘ o (....and for each a)
A i\ = 4/6 n* = 4/10 w oo || 1 05¢ ]
ol “‘:\ nt=4/8 n —6/8 = 8/10 ’:\ 1= o0 EH T
g M3 § B g
< o * B

(br, p

© LO O NLO ¢ wuNLO V NLL

MS
q
I
—_

TIY

MS, uNNLL

77475
Y.

Re [/

_aob NNLO O NNLL O uNNLL
0.0 (]‘.2 (]‘,-1 0.6 (118

br [fm]
Ya(br, 12) 1@ LI [ dbze®™ =P PENG (PP 1 Zor () lime oo W (7, b1, 6, P)
T (PP ([ [ dbre® B PN (P Zrr () limy oW (6%, b, £, P7) |

(+674(, P, P5)Fp-c)

Needs careful choices of:

e Pz: several pairs to characterize p.c., large
enough (p.c.), small enough (disc. effects,
stat. noise).

e bT: large enough to see NP region, small
enough to manage stat. noise.

artur Aavkhadiev, vt (Calculation of gluon CS kernel will have ~same steps, only a different ME of staple-shaped op.) 34
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\ N v M sy H paviato Il ART23

Summary and Outlook

%\ A
Quark CS kernel — completed O oof

e Systematic control over quark mass,

3. L
operator mixing, and discretization effects < -10p Model fit to
2  lattice data fro

e Sufficiently precise to discriminate between < ~19] 3lattice spacings

Cirqep M svio I vapr22 M 1RY23

some pheno models from global analyses Shanamad0 - |
_ o _ _ poTman 0.0 0.2 0.4 0.6 0.8 1.0
o Stl|.| not fitting power corrections, using PRD 108 (2023) 11, 114205 by ]
weighted averages 525
gluon quas
e Improvements expected from Coulomb o201
Gauge fixing, bT-dependent matching o~ 018
Q;Mj
Gluon CS kernel — ongoing j 0.05]
, , @ i
e Need ~30x more stats than in quark project 0.00 Hgtion
) -0.05F br=0.12fm .
e No global analysis results yet, but expected : prelim
. . . of0L—_ . T
with EIC data — lattice QCD + LaMET will 128 eaions wy Sver correcticld 10 15

provide a prediction to LaMET matching controlled X Y.Zhao (ongoing) 35




