TMD factorisation and
guarkonium

Pieter Taels
UCagliari and Universiteit Antwerpen

REF 2026, IGFAE Santiago de Compostela

.§ G
s ﬁ N\ UNIVERSITA
C-‘H 8 | UNICA oectistup I N N
7 DI CAGLIARI
uzssn




Proof of factorisation of the process
pt+tp—>L+9+X

with Samuel Romera and Miguel Echevarria (Bilbao)



Sudakov form factor
Building block for DIS, SIDIS, DY, ...

Q2 >> k2 sz ~ A%QCD

|dentify leading twist contribution:
up to Ajop/Q* ~ p*/Q* ~ k*/Q7

Scale separation and resummation of large logs:

2/€2
F(Q* Kk, p°) = H(Q* p*) ® A(k*, u*) ® B(p*, u°) ® S(pQQ %) +0(1/Q%)
/ quarks/gluons collinear to & or p\
H|gh|y Virtual CorreCtionS W/O CO”inear Soft gluon radiation

or soft enhancement

See, e.g.: Bertone, PhD Course (2019);
Collins, Sudakov form factors (2003);

Sterman, TAS/ lectures (1995)
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Soft-Collinear Effective Theory (SCET)

LC coordinates: ¢# = (47,07 ,£)

nt = (I,0,0J_); nt = (O,l,OJ_)

Consider scaling of

momentum components
p" = Q(1,2*,\) — collinear

k" = Q(M\*,1,)\) — anticollinear

¢ =Q(1,1,\) — hard

st = Q(\ X\, ) — soft A<

Instead of extracting collinear,
soft or hard contributions from Eff
full QCD calculations: - _
M vy — Pr Iy,
nH

.. split QCD degrees of freedom themselves!
Y = Yn + VY + Ps AP — AP 4+ AL+ AY

Bauer, Fleming, Luke, Pirjol, Stewart (2000-2002)
A See, e.g.: Becher, Broggio, Ferroglia (2014)




Soft-Collinear Effective Theory (SCET)

Work with operators that directly
reflect factorization at leading power

Determine effective couplings
(=Wilson/matching coefficients) by
comparing with full QCD a la
operator product expansion

alelg%) O Z Ci(x \+ power corrections
( & | effective theory
QCD operators matching operators
coefficients

Effective theory needs to reproduce long-distance structure
of QCD order-by-order

Bauer, Fleming, Luke, Pirjol, Stewart (2000-2002)
See, e.g.: Becher, Broggio, Ferroglia (2014)



Kinematics

P R Y po_ 2 p
.> </\/ Pl—\/;n and P—\/;n

\
Q° = (Pg + Pap2)?
| Po 1 qr = PdTi_J/w =Po1+Pogpo
2 2
| qr < Q)
P
P




Cross section & effective current

1
do = .- Y dPS(Pos, Pgo)(2m)*6™W (P1 + P, — Po1 — Pg2 — Px)
X

x (N1N3|J1(0)]Q1 Q2 X)(Q1 Q2X |J (0)| N1 Na)

Ansatz for the current:

J(0) = T (Q, 1) [SnSaBy . By | 0*](0)



Effective current
J(0) = Lapun (@, 1) [SnSﬁBaJ_BgJ_OW/] (0)

Incoming collinear gluon + Wilson lines

1
B* (x) = E[W,,T,,wglwn] (2)

Soft Wilson lines: S, (z) = Pexp

0

oo

n

1 0
Wy.(x) = Pexp z'g/ drn - An(x + ﬁT)6m5+

y

drn- As(z +nr)e™

Hard coefficient (obtained from matching on full QCD)

Operators describing bound heavy-quarks




Soft-collinear factorisation

(Q1Q2X1J(0)|N1N2)
J(0) = Tapu(Q, 1) [SnSa By Ba, 0*](0)
At leading power, collinear and anti-collinear states decouple

N1N2) = |N1) X |[Na)
1Q19:X) =1919:X,) x | X,) X | Xz)

The matrix element factorises as follows:

(Q19Q2X|J(0)[N1N2) = Lapun(Q, 1)
X (X, |BYL(0)[N1) x (Xn|BL, (0)|No)
x (Q19Q2X5|[S5n 57O ](0)|0)



Gluon TMD PDFs

do _ f 2
dPS(Po1, Pg2)  sQ? LopuTe505] (@55 1)

X /deeib'qLGg))&a(xl,b; M)G,%O)Bﬂ(xg,b;u)

Z}oHS*S* O] (b)] Q1 Q2 X,)(Q1 Q2 X, |[S S 0] (0)[0)

Xs

Hard coefficient (obtained from matching on full QCD)

Bare gluon TMD correlator:

dy~

—1T 1 T T} -
€ Y (NBRL (™, ) By (0)|N:)

Gy o) — e

Quarkonium operators and soft Wilson lines

10



Factorisation of the quarkonium states
Away from the production threshold Q2 — 4Mé

... the quarkonia are almost back-to-back in transverse
space Po1| ~ —Poo

otherwise NRQCD itself breaks down...
Nayak, Qiu, Sterman (2007)

Soft radiation decouples from quarkonium states probed at

zero radial separation Fleming, Mehen (2006)

7°2 ~J 1/@2 Brambilla, Chung, Vairo, Wang (2023)
Copeland, Vitev (2026)

Up to corrections of order O (v)

\Q1Q2Xs> — |Q1> X \Q2> X |Xs>
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Factorisation of the quarkonium states

(0[[S]55,0#1](b)| Q1 Q2 X)) = A“TA”VOI[ S155] ()| X)
Lorentz transformations to X <O ]( )‘ >
quarkonium rest frame % <O X 03¢]( )\Q2>
Soft Wilson lines in incoming
proton directions NRQCD heavy-quark Pauli fields

Factorised cross section:
do 1
dPS(PQ]_,PQQ) SQ

X / d?be™ 0 GO (21, b; p) G (22, b; 1) S(b)

— 2 ;u/pa(Qz; u)<01Q(351)>2

(Collinear) Long-Distance Matrix Elements (B%%Vgi)”, Braaten, Lepage
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Conclusions
EFT (SCET + NRQCD) ‘proof' of factorisation
do 1

= —— 2. Q3 2
APS(Poy. Pog) 52 wee(@55 IO (51))

X / d’be™® I GHY (1, b; 1) GH (w2, bs )

v 1 2
M (xi,kfm):z_x[_gg flg(ajiak’%i> |

kpkiy — sk7ar 1
! Mj? L hi g(xiak%i)}

Must be verified by matching unto full QCD order-by-order
works at NLO! Sun (2023-2024)

Caveat: valid up to power corrections O(q?r / QQ)
O(v*)
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for charmonium,

R TR



