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I. Motivation

I1. Unified TMD notation

I11. Lattice-to-continuum factorization



Non-perturbative contributions to collider physics

EFT: typically, described by matrix Thrust ,
. . . . . do gber
elements with lightlike Wilson lines... —=——® Frp(I0)
» Phenomenology: models + fits to
account for these effects B-Xs+Yy
dr  dr
» First principles? Lightlike paths dE, ~ dE, ® Fp
induce a lattice sign problem...
TMD-PDFs

o = aPTt(br) o™P (by)

Goal: circumvent lattice 1ssues for TMDs & gain broader insights




TMD factorization

Experimental data do=H f [Rf

(e.g. Drell-Yan process)

B
Renormalized continuum QCD f=Zyy —

VS

Lattice-regularized QCD f =CX flattice




A plethora of TMD definitions...

Modern Collins
~ 9, 90,7 .
fip(x, br, p, ©) = lim Zuy (g, C,e)th_)moo ‘/S ——— Echevarria, Idilbi, Scimemi
Forpe, br, 1, €)= lim Zi (1, € )f'/ (x/br, e, 6/ xP*)
. ) ) . i/ X, le/ = am uv #; s €
Chiu, Jain, Neill, Rothstein ’ o) ‘/ gls(bT,€,5+e—yn)
x,br,u, —hmZ’v, € ()xb,e ,xP’”\/S (br, €,
ft/P( T f7C) n—»o vl € )f/ b ) CJNR ) Becher & Neubert
lim [f 0BN(x1, br, €, a, xaPR)f, FOBN (), br, €, a, x5 P; )]
a—0
J1, Ma, Yuan (b202\-v{whbr) o -
|1"; [J; C = bo/bT)]
. . . f,-%u) (x2, b7, €,0,xP7)
fi/p(xar le }1/ xaCa} P) = él:l_ff(l) Z:JV(“I Pr 6) = o 0(v+/ 5-) - '
\/Sga(br, e, p) Etc!

Let’s sort this all out!



Components of a TMD 6

ri
B[
f =lim Z,, —L*
— uv
lightcone,
renormalization

Beam function:

P) <0| 0)




Unified TMD notation ’

Quasi-TMD
LT']
: q;/H
JMY scheme | — lightcone,
/ renormalization
| SIS DRt Specify a scheme by choice of arguments & limits
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Unified notation — straightforward to see relationships

Lattice schemes

Quasi

Continuum
N limits -
P, large, n — o "
Large %

Switch order of Rapidity (LR)

e0,Y > *
Matching

relations
Collins

Continuum schemes



Derivation procedure :

Lattice
(1) Same at large rapidity
. Pz>> A
Quasi | P |
» Map variables after expansion
t Step 1 | > Wilson line length |n| — oo
LR
¢ Step 9) (2) Nontrivial relationship
» Different UV renormalization

Collins

» Need matching coefficient

i The quasi-soft function is chosen to
Continuum reproduce the Collins soft function.



Step 1: Quasi to LR

Compare Lorentz invariants
formed from beam function
arguments b*, P, o¥, nvH

Use boosts to show quasi = LR
as | — o & P*>> Agcp

Quasi LR
b? —b2. — (b*)? —b2,
(nv)? —i} —2n°e’¥B
P-b —mnb*sinhy %b‘ evr
b- (nv) b* b~ eYB
= sgn(n)| — sgn(n)
VIl | foo)2 + 2 V2br
P (nv . .
iy | sinbupsgn(n) [sinh(up—ys) sen(n)
g (gz)Q 0
b? b3 + (b°)?
b5 ()? 0
b b3 + (b%)?
P65
51 1 1
J-
(nv) ) 1
b- (nv)
P? m3 m3i




Step 1: Quasi to LR

Examine all 10 Lorentz invariants:

| Need 7 = /2 e¥B7 ‘

Need yp —yg = yp ‘

As yp —» —00, by > b,

Quasi =LR
after large rapidity expansion

Quasi LR
b —b% — (b°) b7
(nv)? —if’ —2n°e*”
. mp , _
P-b —mpb® sinh yp Eb e’r
b- (nv) b* b e
— sgn(n)| — sgn(n)
V)28l | | /52 482, V2br
P (nv . :
% sinh y 5 sgn(n) sinh(yp —yB) sgn(n)
52

(b*)?




Step 2: LR to Collins

TMD Beam function Soft function

Qi/n Qb - R
— [b, P, €, —OONB (yB), b nb] S [bL, €, —O0NA (yA)’ —OoMnB (yB)]

. . - R
Collins | lim _lim Zyy 7o |
li lim ZR Qi/h [vF] - R
LR —len>1>1 et UVﬁ Qq/h [b,P,e,—oonB(yB),b nb] ST [bL,e,—oona(ya), —oong(ys)]

Fundamental principle of EFT (here, LaMET):
- Flipping an order of UV limits does not affect IR physics

- However, 1t may induce a perturbative matching coefficient

- So:
fir = C; (xijz’ M) f cottins
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Combine steps 1 & 2 — factorization

Collins TMD

(continuum)

Quasi-TMD

(attice) Matching RGE for ¢

e ) 1 ; i}
fE;]I{ (xr bTI U, (, XPZ) — Ci (xPZ» M) exp [E y(l(.u: bT) In z] ij]I{ (x' bTJ U, ()

/ Power corrections
- _ 2
( = (ZxPZ)Zez(J’B—J/n) X{l +o|— - A?CDZ }
(xPZbT) (xPZ)

Proof works for all choices of spins and for gluons; cross-checked at one-loop.



Matching coefficient

sl > s m ~ 1, 1 s, =
fl% (x, br,u, ¢, xPZ) — Ci(XPZ, [,() exp [Ey((u, br) ln%‘ flgb], (x, br, U, {) ‘

Quasi: convenient for the lattice TMD ratios from beam ratios:
» Independent of spin B.[fl]h f[flll
» No flavor mixing lim [;I:/] = lim CIE/
T]—)OOE 2 , n—)OOf[ 2] ,
» No quark/gluon mixing 9j/h 9/
One loop: Casimir scaling
- C 2xP?%)%  21In(2xP?)? 2
Ci(u,xPZ)=1+aZnR [—hlz( x‘uz ) + n(‘ujzc ) _4+%]+0(6¥52)

N"LL:

as(2xP?%) da _ '
j A risplal] + Vé[a]]

Ci(XP ,H) — Ci[“s(.u)] expl D) ,B[a’]



Summary

Concrete physics developments:
» New unified TMD notation
» New TMD scheme: Large Rapidity (LR)
» Proof of lattice-to-continuum TMD factorization

» Progress on computing matching coefficients

Broader lessons:

» Need to balance analytic and lattice challenges for
computing NP contributions to collider physics

» Useful to consider the full space of possible lattice
correlators for an observable



