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TMD evolution
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TMD evolution from LQCD

TMDPDFs inaccessible to LQCD with LaMET
— soft factor includes two light-light directions

Ebert, Stewart, Zhao, JHEP 1909 (2019)

Ratios of TMDPDFs free from soft factors, can be calculated with LQCD

Musch et al, PRD 85 (2012) Engelhardt et al, PRD 93 (2016) Yoon et al, PRD 96 (2017)

TMDPDF rapidity anomalous dimensions (Collins-Soper kernel)
calculable from ratios of quasi-TMDPDFs

Ebert, Stewart, Zhao, PRD 99 (2019)
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LQCD Setup
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Independent of hadron state, choice of momenta, choice of X
...up to power corrections: b /!, 1/ (p*br), M/p

Exploit independence, br

calculate for valence pion e
with m, | 1.2 GeV

corrections

Not independent of sea quark mass, «
guenched gauge fields used for /
exploratory calculation
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Exploratory ensembles

Quenched Wilson gauge configurations a ~ 0.04, 0.06, 0.08 fm
Plots in this talk:
32° 1 64 | =6.3016¢ a = 0.06(1) fm

Lattice spacing determined from gradient flow scale-setting

Liischer, JHEP 1008 (2010) Borsanyi et al, JHEP 1209 (2012)

or tfow =0 ] . .
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- smearing to reduce noise
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Staple renormalization

Non-perturbative renormalization performed using RI/MOM scheme

Zq 'ZoTr[P L (P]=Tr P! "¢ (p) =6€P*

Correlation function for Gos(p) = Z elp-(z—Y) (qa(2)O(z +b,2)s(y))
nonlocal operator in

gauge-fixed quark state
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One-loop matching

One-loop matching from RI/MOM H = Pz to MS p =2 GeV known

Symmetric staple: Constantinou, Panagopoulos and Spanoudes, PRD 99 (2019)
Asymmetric staple: Ebert, Stewart, Zhao in preparation

Residual dependence on Pz arises from 2-loop RG and lattice artifacts

br = 3a, b, =4a, n = 10a

Residual P- dependence 2:35
reduced by 1-loop 2 30|
matching, comparable |
to statistical errors 5 o5}
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- 220}
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(correlated!) results at =19 R I I
different p, used to 2 10!
obtain final result



Renormalization results

Renormalization factors grow exponentially with increasing staple size

Wilson line self-energy divergence:
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Signal-to-noise ratio degrades exponentially with increasing staple size
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Operator Mixing
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Local operators show percent-level
mixing among Q' @

1-loop PT predicts largest mixings



Operator Mixing
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1-loop PT predicts largest mixings

Nonlocal straight line operators show
Increasing mixing with increasing
line length reaching O(10%)

Mixings predicted by 1-loop PT or not
can be Comparable size
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Staple Operator Mixing

Staple-shaped operators show even larger mixings

Mixings predicted by 1-loop PT or not can be comparable
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MS operator mixing

Mixings depend smoothly on staple
shape

S —+ Bare matrix elements vary significantly

Largest effect arises from mixing with
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Pion correlation functions

Pion energy fit from 2pt function

G (p,t) =) € (m(x,t)m(0) )
_ Zzn(p)e—E! (p)t

Momentum smearing increases
overlap and reduces noise

Bali, Lang, Musch, Schafer, PRD 93 (2016)

Wall sources _with momentum-
smeared sinks found tp have most
precise energy extractions
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Boosted pion energies

Boosted pions highly relativistic

vt 10,93

Results described well by
continuum dispersion relation

max | 26 GeV

a 'l 3.3 GeV

p 'GeV"
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Three-point function fits

310,848 matrix elements extracted
— fits performed for all available operator separations
— information criteria used to fix number of exponentials for each fit range

— optimal shrinkage used to reliably estimate covariance matrix

— weighted average of all acceptable fits determines final result

0.250 A t=9 0.250 A t Re(M)

0.225 A 0.225 A

0.200 A i t=24 0.200 -

0.175 A

2 0.150 A

0.125 - et I 0.125 A

0.100 - 0.100 4

0.075 - 0.075
~10 -5 0 5 10 0 5 10 15 20 25

Fit number



Bare beam functions
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MS beam functions
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Fourier transforms are hard

Minkowski-space lattice QCD “just” requires a Fourier transform

/ = | DUe' SE(U)+iSy (U) = /dSM/DU 5(5]\/[ —SM(U)) e—SE(U)+7LSM(U)

= / dS,, ,0(8 M) GZSM Density-of-states in the style of Langfeld Lucini Rago, PRL 109 (2012)

With discrete Fourier transform, absolute error of result bounded by
largest absolute error of terms in sum (conservation of evil)

: _ ™ 1
Var(Z) = Var RegSw 1(S) > EMaxVar(!)

bins b

Truncated FT range leads to ringing artifacts

Smooth interpolations can have more accurate FTs (if correct functional
form of interpolating function known...)

18



Fourier transforming

Naively applying discrete Fourier transform:

BR<bT, P~ 1.9 GGV)

Smallest relative error near peak at

Study of systematic uncertainties in Fourier transform in progress
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Towards TMD evolution from LQCD

Ratio of Fourier transforms determines Collins-Soper kernel

| 9MS (or ) = Lo OTMD(“"/EPZ); db* e i BYS (b7, by, m, p, p?)
" ! o 2 |2

ln(pl/pZ) Crlfdl\%D(M,xpl) dbzeibzxpgéql\/l—S(bz’ bTﬂ?aﬂapg)

Preliminary results, still many checks on systematics left to be done:
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