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The Collins-Soper (CS) kernel

Related to TMDs (transverse-momentum-dependent distributions):

o
a generalization of hadronic structure functions, e.g. PDFs:
PDFs .fq/h(w,/J’) TMD PDFs fq/h(xabTalu‘a C)
e 0,1
e Describes RG evolution of TMDs along ¢ : E:sedon[ﬂ m]n
1 ¢ TMD Handbook, 230403302
fq/h(wa bT7 My C) - fq/h(m7 bT? M CO) exXp [E’Yq(bT7 ,u) In a]
e = Computed as a ratio of TMDs at different (:
e Independent of hadronic b
E fq/h(a:’ T M Cl) e Encoded by light-like matrix
elements

state (= choose pion) b —
7‘1( T,'u) 1n(<1/<2) nfq/h(w7bT7,u’7 <2)

e Non-perturbative at large
br (for any p)
Proportional to hadron momentum P
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° pfr depends on gr: transverse momentum of the ud pair.

. . . . . . 3
e \Variations in CS kernel model = % variations in do/dgr: -
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—~ - ] — — ~ long dist. S| 2
T 04l E g = T o e tn | | 3 WAffects |
= - R = o> T - 4| g2 _*uncertaintyI
e —0.6¢ 3 B e e e candl | T [ estimates /2
-0.8F —— v¢ short dist. down \\: > ,,‘k__/—_‘_’—’-? ————— r=----5 I(baCkgroun
F ~--- 7 short dist. up ] ) “\“/,—"‘— E _
-1.0 — — 7 long dist. up . = g E %o 35 40 45 50 55
r ~¢ long dist. down ] = pl (GeV)
_1 2 ;\ Il Il Ih\ Il Il 1 Il 1 1 1 ‘ 1 Il 1 Il ! i 1 1 L | Il T— (1 Gev 71 = 0.2 fm): T
: O o L@ b Lo L 1 Fig. 4(B) from High-precision measurement of the W
0.0 0. 0.2 0.3 0.4 0.5 5 10 15 20 25 30 boson mass with the CDF Il detector, CDF
. . Collaboration et al., Science 376, 170-176 (2022)
br [fm] (figures from Johannes Michel, MIT) qr [GeV] (annotated for presentation)

e Non-perturbative CS kernel affects My measurement through the template shape for

dO'/dplT (but not enough to explain the discrepancy).
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Non-perturbative CS kernel

[T "T=="dvie' = = BLNY —— ART23 ' |}
0.5F -
e Consistent for —— Pavial9 MAP22 = N°LO ]
-1 - ok AN ]
br S02fm(~1GeV ") = 9 0: (perturbative result -
U [ & phenomenological parameterizations)
e Non-perturbative a 'O'SE ]
. N I i ]
modeling significant for s -10F 5 ]
> ~ r .

bTNOme g 15: |a|mf0

o = T | ~20%

e LQCD goal: sufficient 2 [ °

.. ) L [ 1 stat.+sy

precision for direct =20 ! relative ;
comparison [ Iuncertaint ]
-25F .

‘. .. . .fromLQCD

| |
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BLNY: F. Landry et. al, PRD 67 (2003), [hep-ph/0212159] Pavial9: A. Bacchetta et. al, JHEP 07, 117, [1912.07550]

. SV19: 1. Scimemi and A. Vladimirov, JHEP 06, 137 [1912.06532]  MAP22: A. Bacchetta et. al, JHEP 10, 127, [2206.07598]
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Status of our group’s calculations of the CS kernel

Proof of concept
e M, ~540MeV

® (0.12fm <by <0.48fm
° NLO matching.

...............
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> Improved systematics
M, ~ 150 MeV
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NNLL matchlng
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CS kernel from LQCD: outline

X. Jiet. al.,, Phys. Lett. B 811 [1911.03840]

2. Fourier transform 1. Quasi-TMDs in position space

\

z,ib*zP} Dz e . (0) /7 2 P
'yq(bT, @) = lim 1 In Evrdb e shi P NP(P1 )IZI" Zrr (@) limg_ W(I)(b ,br, 2, Plj
(Pi/P5) | ] abve®=P PENe (P)Yr Zor () lime o WY (5%, b, £, P)

a—0 In(P; /P;

[+5’yq(u, Pf, Pzzj + p.c.
T

4. Power corrections

© Calculations done on single 2+1+1 ensemble
X. Jiet. al, PRD91 (2015); : :

Ebert et. al, PRD99 (2019), JHEPOQ (2019) 037 ' 48%x64,a=012fm A Bazavovetal (MILC),
: PRD 87 (2013), [1212.4768] :

. -Wilson-flowed
: -Clover-on-HISQ
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CS kernel from LQCD: outline

position-space MEs -- momentum-space MEs — ratios of MEs - ...repeated for each bT
= [ o s 3@ ) - = 05
oAl 5 ] A, Sl g o Im
Q, 0] e ~ . v 3
w2 m ‘2 3 sl ] $ U S &t g g :
EY mm ™ 3: °f o _ = C\T 0 g §§ {
gE -2 B: o 2 £
§~ by = 0.48 fm ;§ ‘gb -1.5F © LO 0O NLO ¢ uNLO V NLL
= O ¢a=17 O ¢fa=20 = _5 n® =4 n =6 n*=8 n=10 7 .‘éi. N by = 0.48 fm -2.0r 4 WO © G oW
- —1) T 0 s 10 1g -0.5 00 0.‘5 ‘ 110 15 = oz oa . os os 0.0 0.2 0.4 0.6 08
b P*? x x bfr [fm]
- [ S/ dbzeib’mPfPpr(Pf)] L 1 [ db*e® P PEND(PE)S Zer (1) lime o WS (57, b1, £, P)
EF, Zrr(p) limyoo WG (b7, br, £, Pfﬂ ; 7 Yalbr, ) = lim (P /P7) fdbzeib’wPfP"Nr(P’)IE Zpr () limy_, oo WE' (b7, by, £ Pz)]
[ZI" ZFI"(H) hml—)oo WO (bz,bT,Z, Plzj 1/72 2 1 i L—=o00 W o \97, 0T, &, Iy

(+6vq(u, P, P)ft- p- ]
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Position-space quasi-TMDs

e Compute quasi-TMD wavefunctions (WFs)
¢P(bT7 bza PZ) K)
= (0|Or(br,b%,0,¢) |m(P?))

e Operators
OF(bTa bz? Y, K)

with staple-shaped
Wilson lines:

Nl

e Foreach

Pz’ bTa bz’ {—

expensive!

e Matrix elements have divergences ~ £/ + by
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Yo(br, 1) = li

1
oS0 (PP

1 S dbe® P PENt (PE)D 1 Zrr (1) limy,oo Wy (67, br, £, PY)
J dbze™*=Pi Pz Ny (P> r Zrr (1) lime o W) (b7, by, £, P5)|

(074w, Pf, P p- <]

e Subtract divergences in

quasi-TMD WEF ratios
br(bp, b?, P*, 4
WIEO)(bT,bz,PZ,Z) _ (f? ( y VU ’ )
$-1,5(br, 0,0, £)
O L omtn w—e | BEE
? ) : br =048 fm, n* =6 ﬁgii
B.. i O] ﬁjj
2 i iifl
=, I P 'im : ]
» 0© Socmegeges “Hogeme=oES ©
= L
g: 2
= _,I Real part
é O ¢/a=17 £/a =20
_6 L | R . Ll | Ll L . | L P 1 L L L A [
-15 -10 -5 0 5 10 15
bZPZ



Position-space quasi-TMDs

e Mixing effects included via
RIXMOM scheme (in backup)

WS (b, u, b7, P, 0)

- Z AT

W (br,b?, P, 0)

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.
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Re [0, bz, P*, 0]

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

1
Ya(br, 1) =

M (P P

|; [ dbZe® P PENt (PP D1 Zrr (1) limy o WY (b7, b1, £, Pfj]

J db=e?®P; PZ Nr (P> r Zrr (1) limy oo W1 (b2, b, £, P5)|

+8vq(u, P, P p- )

without mixing

T bp=0481fm, n* =6 “ﬁgij;
i i
e e
m m
e e
e =
' Real part
O ¢a=17 O ¢fa=2
-15 -10 -5 0 5 10 15
b* P*
O ya=171 O t/a=20
Imaginary part
e eEeEeEeBeEeg @ESEGEGESEGEB &
e g™
[ br=048fm, n* =6
-15 -10 -5 0 5 10 15
b* P*?

with mixing (via RIxMOM)

= br = 048 fm, n* = 6 6@%
' 4 i— ﬁ
Ry (0] o}
L2 O g
% 2 s e = _
& 920
2% ~IReal part
2l
r:g .l O ¢/a=17 £)a =20 ]
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6 g T T T
= O ¢/a=17 O ¢/a=20
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18 o s T O W L
L BT w50 In(PE /P 2eib°aPf Pz # , , imy o0 o Z, br, £, P7
Momentum-space quaS|'TMDS G +p.{ldb PP Py No (P Zrr (1) lime s Wi (b%, b, &, F5)

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

e Converge to physical range z € [0, 1] withincreasing P~? 27

z
= — N .
L
— 10 I  — 10) ]
N N +
L Real part - -
S 8 ﬁ
= 5 &
S S |
2 o - 2 [ Imaginary part
Eg 2¢ 0
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v g
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—5 i | | 1 1 ] _5 i ]
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CS kernel estimate
’?Im(bTaw’Plza-PQza,u) o
1 WS (by, z, PF,0)
z 4 n
In(Py/Py) wM (bT,a: P;. 1)

+5’7év[s(maP1aP2’/1')

e Separate for each momentum pair, bT,

Dirac structure, and matching
accuracy.

e Differ by power corrections:

[O ((xpiw ’ (mﬁy) Heot “”]

P?-dependent = cannot disentangle
from O(a) effects at finite a.

X. Jiet. al., Phys. Lett. B 811 [1911.03840]
X.Jiand Y. Liu, PRD 105, [2106.05310]
Z.-F. Deng et. al, JHEP 09, [2207.07280]
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Ya(br, 1) =

(bT,,LL,CU, Pz: P2z):|

MS, uNNLL
q,7475

,’}‘/

|

Re

1

S dbe® P PENt (PE) D1 Zrr (1) limy oo W,

wi) (b7, br, £, PY)

o In(Pf/Ps ) |; J db=e?®P; PZ Nr (P> r Zrr (1) limy oo W1 (b2, b, £, P5)|

+8vq(u, P, P p- )

Fit each estimator separately to a constant
in z € [0.3,0.7], then average fits at fixed bT
and matching accuracy.

n® =4/10

\ =46
L n® =4/8 n®=6/8
' Real part

b
\b-‘

by = 0.48 fm

V (NNLO matchi
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0.4
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1 B S dbe® P PENt (PE)D 1 Zrr (1) limy,oo Wy (67, br, £, PY)

Yq(br, 1) = lim In -
! a=0 In(P¢/P5) J dbze™*=Pi Pz Ny (P> r Zrr (1) lime o W) (b7, by, £, P5)|

CS kernel estimate e

Before averaging over momentum pairs: Before averaging over Dirac structures:
=% : O ni=4/6 V n*=4/10 O n*=6/10 : —  0.5F T T ‘ T T ]
% 1 - Z : :
&) : O nF=4/8 n* =6/8 0 p2=8/10 va ook %; ]
Cﬁ‘ S ] ~ T %l 1 ]
[ = ] I 1
3 0 I o %éﬁ - il % i % 1 g -0.5 i % E e by ol
2 £ % ] - : % % ]
£ b , & !
— _1 r a .3-/ —1.0_* 1
E : : 5 i m ]
Z b 1 % —-15L Pl 1
5“ L = O
g - —2 i i g - i B (va +73)/2 O V3 Ay 1
_ T 2.0} :
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
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Matching corrections

e New results at NNLO and NNLL.

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

e br 2 0.36fm: consistent between
matching corrections above LO.

e br <0.36fm:deviations related to

power corrections: < 1 )
O——
(P%br)?

e Power corrections reduced by uNLO:

v 2% (u, Pf, P)+p-c.

= &y, O (br, p, P, P5)+p.c.

incorporates some of the bT-dependent
power corrections in p.c. (more in backup)

Artur Avkhadiev, MIT

a—0 In

+6vq(1, Pr, PzzlJr p- Cl

o(brs ) = Tim 1 [ db*e® P PENr (P71 Zrr (1) limyoo WY (67, b1, £, PY)
T =
! (P¢/P5) J db=e?®P; PZ Nr (P> r Zrr (1) limy oo W1 (b2, b, £, P5)|

0.5 C I ' ' ' ]
0.0F EEE 3 ]

; §§ gé 1 { %
-0.5¢ é §§ E} -y
~-1.0F % 9
3 af
~-1.5} © LO 0 NLO < uwNLO V NLL
_9 0 A NNLO O NNLL O uNNLL =L ]

0.0 0.2 0.4 0.6 0.8

bT [fm]
Final determination:

uNNLL = uNLO + resummation
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Conclusion and outlook

First calculation at ~physical pion mass
and NNLO + NNLL matching.

1

Yq(br, 1) = lim In
! (P{/P;)

a—0 In

[ b2 Pi PENy (PH 1 Zrr (1) im0 WY (b7, b, £, PY)
Y (b7, br, £, P5))

[ db=e?P; P Nt (PS)> " rs Zrr (1) limy o0 W7

+5’7q(,“'7 Py, Pzz‘Jr b- Cl

Can begin to discriminate between
phenomenological parameterizations.

Perturbative convergence
for bT > .36 fm.

(bT, M= 2 GGV)

= SVI19

= BLNY

Pavial9 = MAP22

— N°LO

= ART23

T

~0.5F
Power corrections for bT <.36 fm L0 :
accounted by uNLO, uNNLL. ‘cé) N O LO O NLO ¢ uNLO V NLL @9
oS —1.5F .
Significant progress from the 2021 : A NNLO O NNLL O uNNLL
. -2.0F :
calculation. S ST N B\
0.0 0.2 0.4 0.6 0.8
Next steps: better quantify power by [fm]

corrections by disentangling
O(a) effects at multiple lattice spacings.

Artur Avkhadiev, MIT
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CS Kernel from Lattice QCD

e CS kernel defined through ratios of light-like MEs of staple-shaped operators.

e Corresponding space-like MEs computed in LQCD, then matched onto the light-like MEs
via Large-Momentum Effective Theory (LaMET).

Lorentz boost

and”n — o0
Ji, Sun, Xiong and Yuan, PRD91 (2015); Fig. by Ebert, Stewart, Zhao, JHEP 1909 (2019)
Ji, Jin, Yuan, Zhang and Zhao, PRD99 (2019); (notation changed).

Ebert, Stewart, Zhao, PRD99 (2019), JHEPQ9 (2019) 037;
Ji, Liu and Liu, NPB 955 (2020), PLB 811 (2020);
Vladimirov and Schéfer, PRD 101 (2020);
Artur Avkhadiev, MIT Ebert, Schindler, Stewart and Zhao, JHEP04 (2022) 178. 16



Unsubtracted quasi-TMD WFs: examples

e Extracted from correlation functions

Z e'Fy <(’)r(bT, b*, v, é)XL (O)>

t>0  Z7(P)
" 2E,.(P)

951"' (bTa bz’ P) g)e_EW(P)t

e Momentum-smeared interpolators xi)

e E,.(P)and Zf(P)fitanch ........ T I T T
ratios RY(t, by, b°, P*, £): 00 02 04 06 08 1.0 1.2

e Plateau gives-¢r(br, b*, P, £).
e Repeated for each P? br, b*, £.
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c'\1_| i T T v Y i T g v Y T " 5 T T T T T T T T T T
i o
5 —0.006f TP s
&) :
< -0.008}
A |
o —0.010} br =0.12fm, n* =4
[;; < - Y ’ ) — ,
< g2l V¥ =0.24d fm, £ =3.12 hmn
t/ L
: 0014: S % 3 e w—no—n
® -

-A range of time windows chosen systematically

. -Covariance matrix from bootstrap + linear shrinkage
-Correlated determinations between staple geometries
. -AlC-preferred fits (1 + 2 state)

- -Further selection cuts + combine in weighted average



Mixing effects quantified with RIxMOM

e Calculation of mixing effects in RIxMOM
independent of staple geometry.

_ 1
WIMS(bTa,u‘a bz7Pz Z ZI‘I" )(b bZ P* é) s

')/1

e Full 16x16 mixing matrlx computed ”132
RI/xMOM T
MI‘I‘{ (pR’ £R, a) 372
RI/xMOM 7

_ Abs[Z ™Y (pr, Er, 0)] ks

7 RI/xMOM v

16 ZI‘ Abs [ / (pRa §R7 a’)] 7?72

¥y

e Dominant mixings consistent with lattice fo
Yy

perturbation theory at 1-loop.* 74

2
=)

X. Ji, et. al, PRL 120 (2018), [1706.08962] *M. Constantinou et al., PRD 99 (2019), [1901.03862]
J. Green et. al, PRL 121 (2018), [1707.07152] Y. Jiet. al., PRD 104 (2021), [2104.13345]
J. Green et. al, PRD 101 (2020), [2002.09408] C. Alexandrou et al., [2305.11824]
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TMD WFs in position space

1

[f dbzeib‘mP{PIz

Yq(k, b1) :lm

atJin(P;/F;)

Hé’)’q(ﬂy bT7 P],z7 P2‘z

)

[ db=ei®=P; P;

T ZI‘I" ([l,, a) liml_m W(g,(bz, bT, f, Plz, a)
ity er"(l"" a’) limlﬁwwgl(bz, bT7 l, Pzz’ a)

1

MZ

+0((

AQCD
zPbr)2’ (aP?)?’ (zP7)2

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

br = 0.48fm, 0.84fm
left to right

P? =2.15GeV, 1.72 GeV
top to bottom

Our group’s previous
calculation had

b = 0.48 fm,

P . =151GeV
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TMD WFs in momentum space {2

I
aJIn(P;/P;)

1

([ vze®=Pi PES L, Zrro (4, @) limy oo WE (87, b1, £, Pf, )

67(1(/"’ bT7 Plz’ P2z)

[ db2e® P PIS" 1, Zrro (1, a) limy o W3 (b%, br, £, P, a)

|

bz range sufficient to use a Discrete Fourier Transform

PZ

W (bT,p,:B P*) =

max
Normalization factor to compare betwee/ |bz | sz
Dirac structures

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

_ gl br=048m IIIIIIII i .
N ) 1 <
Q‘,. n*==6 I I I I A,
16 6l I i LC'C
o v I ] s
! ] i
% 4 2 ] 8
S | ]S
E&* - Re O Im ] ‘EE?Q
(] C 1 1 1 1 1 1 ;
4 6 8 10 12 14 16
¥4 max
Artur Avkhadiev, MIT P* b}
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1

TMD WFs in momentum space " {&we"

(-ovq(, b, P, P

[ db2e® P PIS" 1, Zrro (1, a) lim o W3 (b%, br, £, P, a)

- O ! M Aqen
(xPzbr)?’ (zP?)2’ (zP%)2

([ abse® P P, Zero (4, ) lim, oo WE (b7, b1, £, P7, a)ﬂ

—)

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

o I by = 0.12 fm
m L
r n®=4 n° =6 n*=8 n = 10
_5 L L 1 L 1 | 1 L 1 L 1 L 1 | 1 i 1 L ]
-0.5 0.0 0.5 1.0 1.5
T T
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TMD WFs in momentum space i) (B |

E"&Yq(ﬂy bT7 Plz7 Pzz)

1 M* Qcp
(xPzbr)?’ (zP?)2’ (zP%)2

Q

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

T
1

br = 0.84 fm

r -nz=4 -nz=6 -nz=8 n* =10

-0.5 0.0 0.5 1.0 1.5 -0.5 0.0 0.5 1.0 1.5
z &
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NLO, NNLO, and resummations

The correction is given by coefficients
C¢($P2z, ,u)

1
Ovq(z, P{, Py, p) =

I
n(P;/F5) \ - Cg(ePi,p)

+(a:<—>a‘:))

Cy(p*, 1) appear in the TMD WF matching formula and

are computed perturbatively as

Colwty =1+ Y (452

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

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

Cy(p 1) = Cs(p%, 2p7)
x exp|Ky(p”, 2p°)]

Artur Avkhadiev, MIT

Resummation kernel

0.0F
?\f — (48
S 1 — @10
é — (68)
| — (6,10)
— (8,10)
Xz
08 % N, J
S Ny "Af 3
0.7+ “\‘““‘\ ‘5335:.:.:_::_____:__:‘__________:__-:-:‘;‘:':‘:' //
\i:?/ b6t ‘x._‘_::iizi:::::::::::Z::ZZZ:_:"_’_—"“‘ 1 B=a0)
é\f __________________ — (4,8)
=05 s
’_‘E — (6.8)
04i — (6:10)
_— — (8.10)
0.3+
0.0 0.2 0.4 0.6 0.3
X

NLO (solid) and NNLO (dashed);
No convergence in the imaginary part .,



NLL and NNLL

X.Jiet. al., Phys. Lett. B 811 [1911.03840]
Ebert et. al, JHEP 04 (2022), [2201.08401]

Resummation kernel is Ky4(2p®, p) = 2K (2p*, 1) — K, (2p%, p) — imn(2p°, p)

) dao,

Kvﬂ(uo,u)zfa(uo) Blay) (as),

as(;u’) da o
(o) B(as) ) :
as(iu') da
o) = [ oy e
as(/io) B(Ols) )
d’)/ (pzalJ’)
where Fcusp(O‘S('u)) - glnpz

are computed perturbatively at following loop orders for

each resummation accuracy:

da
s(ﬂO) /B(a

and v.(p%, 1)

000 Hyf

Kr | Ky | Ky, |n|Cy
NLL [ 2| 1 | 1 [1]0
NNLL[ 3| 2 [ 2 [2]1

Artur Avkhadiev, MIT

00 02 04 06 08

T
NLL (solid) and NNLL (dashed)
No convergence in the imaginary part

1| Jp—_—
D — e
T — @i
Hl— 68
HH — 610
T — @10

L — ee

— 48

| — @19
e

— (6,10)

— (8,10)
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. = 000}
bT-dependent matching 5
Matching coefficients C include are a P*br > 1 En —o10}
limit of C”’ —015| =
/C¢(pz, br,p) = Cy(p*, 1) +C4(p*, br) |5 020 T
uNLO p* € 2P?, T P* s T P
P -030f
o 6C,(p®, br) contains bT-dependent terms on = 50 82 @A 06 @8 10 1z
r € (—o0,00) suppressed in P*by br(fm)
—= 05[ -
e Has been computed at NLO. ~
M. A. Ebert et. al,, JHEP 09, 037, [1901.03685] A, 04
. Z.-F. Dengoct. al, JHEP 09, [2207.(27280] wi o rriEiEEEEEE
e Corresponding unexpanded (in bT) matching S T
correction reveals power corrections in 1/Pz i | o
bT. o'\““;, ool %
: . El '
e Imaginary part more sensitive to power e o = o e
corrections => not taken as a systematic | | ' bT(fm) ' ' |

uncertainty directly. 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]

Dashed: uNLO, solid: NLO.

(4,6)
(4,8)
(4,10)
(6,8)
(6,10)
(8,10)
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The imaginary part in the CS kernel estimate

Artur Avkhadiev, MIT

The CS kernel is real-valued. N L0 E .

= _ -]
. : ) _

The CS kernel estimate has a non-zero E\D, 0.5F e = @ u % % .

imaginary part, primarily from matching. I i ® T oz DIE : 3 01
3 0.0F me e £ ]

This is explained by poor perturbative & & T T I { ]

convergence and power corrections in bT => g’ 05k i

not treated as a systematic directly = © LO 0 NLO ¢ uNLO V NLL

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

M.-H. Chu et al. (LPC), [2302.09961] g Lo} A NNLO O NNLL O uNNLL ]

M.-H. Chu et al. (LPC), [2306.06488] F o e

Estimates of power corrections expected 0-0 02 04 06 08

to improve with multiple lattice spacings, by br [fm]

disentangling O(a) effects .

sins 84(x,br, Pf, P§, )
For this calculation, uNNLL 1 (1 Cy(zP},br, 2z PY)
. —_— ————— n
dominated by uNLO at small bT - In(P7/P;) C,(zP;,br, 2z P7)

unexpanded matching accounts for
power corrections.

(Ky(22P}, ) — Ky(20Pf ) + (2 0 a:~>)
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Using auxiliary fields for non-perturbative renormalization

Get a renormalized staple-shaped operator

ren. __ rzren. bare
OE,F - ZOEFF’O

By solving for Z_O in a renormalization scheme
where it is given by matrix elements computed
non-perturbatively, such as

AP (p,b) = (a(p)| OV (0)]a(P)) gt amp.

renormalized as

LM (p) AR (. )

Oy (b),I'T”

A MM (p,0) = [Z,(p)]

Set to its tree-level value at p = p_R, together
with some renormalization condition for Z_g.
This is RI-MOM, with a different Z_0O for each
staple conﬁguration.

Green, Jansen, a effens, PRL 121 (2018) and PRD 101(2020).

Artur Avkhadiev, MIT

With the auxiliary-field approach,
renormalization of extended staples is
simplified to that of point-like objects:

An+br)¢

AN

= (q(b) T¢_. ()L £ (4 b0)Ce () G ()G (0) q(0))c

~ (@rE 0 b)) G () () Ca(0)a(0)e

P— (b) sz,T\(;H'bT) CT,I:(W) ¢+:,(0)

where Wilson lines are given by zeta
propagators in the extended theory, and Z_0 is
broken down as

Offr = e (Z] TZ,,.)
X (¢ (Ze .+ Cam)(Zop 1201 42)P42)¢

with one renormalization condition for each Z,
independent of staple configurations. This is
RI-xMOM'.
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New renormallzatlon scheme leads to reduced mixing

ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ

Figures from Shanahan, Wagman, and
Zhao, PRD 101 (2020)

1

..........

Showing mixing
patterns for RI’-MOM
« from left to right for:
» straight-line,
" symmetric, and
asymmetric staples.

T T
T

For short, straight-line configurations, mixing patterns in
RI'-MOM agree with lattice perturbation theory at one-loop'

(white circles), but deviations become large for
staple-shaped Wilson lines; in comparison, mixing effects in

RI-xMOM are well-controlled (for collinear momenta and

-
u
u s Wilson lines)
n

2 2 2
D ) B a2 B w3 B w3

.

w

=y
T U T U T i i Y
- T L

vy

N IConstantinou, Panagopoulos, and Spanoudes, PRD 99 (2019) and PRD 96 (2017
HEEEEEEEEEEEN : gop : p . (2019) (2017).

o
pR:fX(O(]lO 0), £ =0.24 fm
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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
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i _= 0.500 Nl
Sl ; 3 0.500
o 2l
173 L
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Code improvements

br =0.36 fm

P? [GeV]

Artur Avkhadiev, MIT

MS

(br,z = 0.5, P?)

Yavs

W,

5truncB 4

Timings for Beam and Wavefunctions

=
(=]
1

Bl staple computation

W propagator inversions

=
O
1

BN smearing

o
o]
1

Staple computation wall time
dominates over inversions.

MS

S
N
1

y

Time / Total Time for Original Beam Function Code
o o o o o
N (M) H> o (o)

o
—_
L

o
(=)
I

- 0.85 ] ‘
0.70 .
0.55 E o
0.40 ;
0.25 =Y
0.10 . original beam code optimized beam code wavefunction code

:T:?MEIIIIIIIIIIII
T 1

Re O Im ]
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