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e Part I: TMD shape function in TMD factorization for Quarkonium

e Part lI: Matching procedure to access the TMDShF perturbative tail

* Relevance of the hard amplitude pole structure

e Part lll: the TMDShF depends on Q? Process dependence?

e Part IV: Opportunities at the EIC to investigate the TMDShF
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Quarkonia

Processes involving Quarkonia are sensitive to gluons

e—_— = —= _ . _——c 0 = - = =0 =

hadron collisions
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ep collisions
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and more...
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Theoretical framework
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(Some) Model for Quarkonium formation

- ——

e Colour Singlet Model * Non Relativistic QCD
(CS + CO mechanism)

do[ @] = jd;- A& [(E)[(E) A6y aix RO dol@] = ) Jdé‘i dS; 16D /(6D 464 oorm+x { Ocln])

(S-wave production) Long-Distance Matrix Elements
(universal in principle)
(Improved)
*Colour Evaporation Model * Fragmentation Functions
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100, ©11,5:11,))® (O 1n)

As for D _)h(z) - D, (2, k,), we have (O [n])6(Z —z) — — A2 k)

|  encodes hadronization
Al plus \
. exchange of sofit gluons
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Watching I

p— — e i == e — e = = = = = —

g, == photon transverse momentum Py,
P, == ]|y transverse momentum 3
do
TMD factorization q, K< U,
s s /Y |
I a
D D - Overlapping at AQCD g, < U,
Low Transverse High Transverse '
Momentum 5 5 Momentum

Collinear factorization ¢, > Agcp

dr

Aqep K gr < iy
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Watching region_
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q., ==p» photon transverse momentum

P, == ]|y transverse momentum

T
J/ 5
- i

do

TMD factorization

!

Overlapping at

dr < Hy

AQCD < qdr < Hy

p l l p
Low Transverse High Transverse t
Momentum 5 5 Momentum _ S
Collinear factorization ¢, > Agcp
Aqep K qr K fig
Description of the same dynamics?
Thus they should match!
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Structure function at small-g, (TMD region)

———— —— - ——

J/y production at the lowest a-order: y* + ¢ — cc|n]

Kinematic fixes most of the variables:
M+ Q°
)

= X (where X =X,
1

00l =~ { [1+ 0= Four + 40 =) (Fuiteos29 75)

& lfa | an)
Involves the convolutions: i TeI\S/It%SaTIe: gﬁicri]e%\;ﬁ%sl
| Inv -
€| w -8 AT | Cx, g,)
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Structure function at high-g; (collinear region)

J/y production at the lowest a-order: y* +a — cc[n] +a “=49 9 8

doeP—e X — daa[n](luH) ®];fl(5(\f, /’tH) 0% <@l//[n]> o(Z — 2)

Lepton tensor from
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Pictorial view of the sm imit_
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1 (soft) ) ‘ ,~
‘ Divergent! 2 — 1 channel ) ;, oo,
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| |
Limit is obtained by expanding o(x’, 7) " 2 —> channel
o(x’, 2) MVZJ o < o(l —x") +1 MI/ZJ s o(l =Xx)o(l —2) + l o(l —2)
X,2) ~ - - — X 0g — X —Z " —Z
M2z + Q> (1-2), q? (1-5),
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Analytical view of the small-g, limit (delta expansion)
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Analytical view of the small-g;, limit (delta expansion)
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Analytical limit (delta expansion)
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continuous test functions <«E Key word!
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Are the hard amplitude continuous?

——————— —— ———

Boer Bor LI\/I Plsano Yuan JHEP 08 (2023)
Previous derivation relies on the hard amplitude to be continuous, but...

1—s\F X
Fyy #,2)=F9 w+2( M)“Mz)
l _ 1l — X

| \ k=1 /

(general notation) | | N .
Continuous functions of X" and 2

v/  Delta expansion is applicable

X

Delta expansion is not applicable
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Are the hard am ?
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Boer. Bor, LM. Pisano. Yuan, JHEP 08 (2023)
Previous derivation relies on the hard amplitude to be continuous, but...

Relevant for y*g

Fuy #,2)=FO @2+ ) £, inF® and F®

k=1 withk =1, 2
Impact on the double delta l
% + Q-
5, 8) ~ ————5(1 — 3) + 1% 5(1 — ) 8(1 — 3)
(1 —X), 2
M;+0> 1 M+ Q° M,
log———— > — [ log———— — 1 —log————

q; 2 q; M2 + Q?
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Large logarithm konal method

== = e —

Same term is found by explicitly considering the soft gluon emission

q q

Pa Pa
Py P
pg l xg p— p | qg
1 dx ’
4, o [ L = 2swer)+ 8P, P
M2 ngz Xg \
l//+
ViV
\ Sg(Vl, ") = (V) 'P(lg)(vi 'Pg)

from momentum conservation
and 2ptp; = —p?, = P?
g8 gl wl
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Large logarithm konal method

— — — e —

Same term is found by explicitly considering the soft gluon emission Pg

q q

Pa Pa

L dx, 1 M, + O~ M,
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Large logarithm konal method

— = — e — -

Same term is found by explicitly considering the soft gluon emission Pg

q q

Pa Pa

L dx, 1 M, + O~ M,
do| [ ;T [2 Sg(pa, Pw) + Sg(Pw, Pw)] x—| log—— -1 —-log———

Pl Xg 2 q% Ml/2/ + Q2
Mg, + Q2

: _ : : | )
Relation to quark-pair Fragmentation Function” do[ 0] = J d¢;dé dz f; £:d6,, i rix Dro(2)

T dei dfj dz f; ]§ d8i+j—>QQ+XDQQ—>@(Z)
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The TMD shape function perturbative tail
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Comparison at Aqgcp K g, <

TMD-PDFs evolved according to

GOS8 2¢

COS Zgb
UU ‘TMD F ‘

) A[”] = 5'(k;) (0,[n]) 6(1 — z)

coll

Boer, Bor, LM, Pisano, Yuan, JHEP 08 (2023)

‘G}UUT‘TMD 7 FUUT‘COH a,

M2
mp A= - C, (1 + log 2 _|_sz) (O, [n]) 6(1 = 2)

o 2 72k2
FuvuLlrmp F Fourleon g

Up to the precision considered, bulk of the expression driven by CO waves

—
lséS) 3P}8)
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MD shape function
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Previous equation is obtained for y,, = Mvzj + Q°
(in b -space) i N M2 M2 + QZ
N’”‘]<,b;\/M2+ 2)=— L+—=C,( 1410 Y )log Oln]) 6(1 — 7
p \& Py My € 27 2~ g(Ml,2,+Q2) - My oot =2
\ 2e e
for a general (hard) scale ., Hp =

by

M2 2 9)
Az, b u) = L 1 +&C 1 + log y log& (O|n]) 6(1 — 2)
ep \%o Yy My ) 2 A (MI/ZJ+Q2>2 //t[%
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Scale dependence of the TMD shape function

_ _ _ _ ) 5 Boer, Bor, LM, Pisano, Yuan, JHEP 08 (2023)
Previous equation is obtained for y,, = | /M, + O

b
(Inﬁ[’:]zza(:)- \/M2 + Q2> = L 1 + &C 1 + log Ml/z] log MVZI +o (O[n]) o(1 — z2)
PV x| 2w (M3 +0%) i
\ 2e7E

for a general (hard) scale 1, o=

1 04 M2//tH //lz
Az bip,)=— [14+=Cy( 1 +10 7 loe ZL 1 (O[n]) 8(1 —

| It Is process dependent !

Note that a Qz—dependent soft factor is present in the open-quark production too
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Scale dependence of the TMD shape function
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Consequence:

The TMDShF depends on a process-induced quantity (photon virtuality () unrelated
to neither a specific hard scale or rapidity regulator choice, as it usually happens for
other TMDs!
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The problem of the TMDShF QO dependence

—— — — _—  — ————————

——————— —— ———

Boer, Bor, LM, Pisano, Yuan JHEP 08 (2023)
. 1 o M, u;, T
Az b:0u)=—[1+=C,| 1 +1o z log =2 [ (6[n]) 8(1 - z

— e —_ —————— — —__——————

Reasons to split-up this term:
1. A purely quarkonium quantity should depend on Mw solely

2. In open-quark production the soft-factor may

produce azimuthal dependeces hl(pl):>:’g:=

From Ferrera’s talk
@ Heavy-Quark Hadroproduction from
Collider to Astroparticle Physics (2019)
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The TMDShF process-dependence
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Ab: 0y =— |1+ %5c (141 y Hi
ep \Ls Ops s Uy) = O
P SRS R S M2+ 02)2

split up: A[”] — Au[;] X Sep

27 27
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Boer Bor LI\/I Plsano Yuan JHEP 08 (2023)
2

) log 'M—Z (O[n]) o(1 — 2)
Hp

1 a, M2 /42
AV bip) =— [1+-=Cy| 1 +log—- |log == [(O[n])6(1 —z) == Universal

ﬂH /419

u; u;
b, . —1+—C 210 a log —=

Process
dependent
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A phenomenologlcal test smgle VS double scales processes
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Quarkonium production in:

SIDIS (2 hard scales) hadron collisions (1 hard scale)

S u)y=1+-—c,( 21 I S w)y=1+-—c,( 31 i\ og i
— — 0O 09 — — I 00 —— 00 —

ep\ o ° ng/%+Q2 g//tb pp o * gM2 g//tb
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A phenomenologlcal test smgle VS double scales processes
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Quarkonium production in:

SIDIS (2 hard scales)

us

JU

04
S =1+—C,|[ 21I0
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)<

log —
Hp

aS
Spp(iy) = 1+ Z_CA (3 log _) log —

hadron collisions (1 hard scale)

My i

T M2 I

'

Spp(Mw) ~ () is a reasonable assumption

Easier extraction of
Al[,f‘](Ml,,)
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A phenomenologlcal test smgle VS double scales processes
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Quarkonium production in:

SIDIS (2 hard scales)

S, (u,) l+—=c, (21 y
— —_— O
ep i or ng/%+Q2

A (/M2 + 07

can be used combiantion with 5,
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aS
Spp(iy) = 1+ Z_CA (3 log _) log —

hadron collisions (1 hard scale)

My U

T M2 I

'

S,,(M,) =~ 0

[n]
Al(Mm,)
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A phenomenologlcal test smgle VS double scales processes
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Quarkonium production in:

SIDIS (2 hard scales)

us
2 2
M2+ 0

Ay My + )
!

JU

U
SEP(IMH) =1+ Z_CA (2 IOg

Evolved and tested at higher scales,

e.g. Y production

* @ o g

aS
Spp(iy) = 1+ Z_CA (3 log _) log —

hadron collisions (1 hard scale)

My U

T M2 I

'

S,,(M,) =~ 0

[n]
Al(Mm,)
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* Factorization involves the presence of TMD shape functions

 TMD shape functions separated in universal and process-dependent components

What to expect next?

e Perturbative tail at higher order == Relevant for AIE”]

* Non-perturbative dependence

* Role of the TMD shape function in other processes

* The EIC is a promising playground to study the TMD shape function
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Accessing gluon
TMDs through
Quarkonium
observables
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Scale dependence of the TMD-PDFs (a comparison)

TMD-PDF matching coefficients taken from

|
fit by ¢ ﬂ)=J = €y )
1 > Y1 5 7 g/] JIA H

(Only terms relevant in region Agcp << H)

e =01 —x +—
(I =x) >

gluon-gluon splitting function

11
> > , 1—‘,5 =—C
[ Ca long 5(1—x)—logQ—< —é(l—x)&> R
2 jf Hi

2 N Lo/
- a Q p 1y =
C, =—|—log— N
2 e_}/E /
Hp = b quark-gluon splitting function
T
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Scale dependence of the TMD-PDFs (a comparison)
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TMD-PDF matching coefficients taken from

1
A, by & ) = ] (/x; )
fl Xy Dpy 6 U X‘ g/Jf/AXX//t

(Only terms relevant in region Agcp << H)

2 2
= 0(1 — x) +— [ ZA log 5(1 X) — log ( — o(1 —x)&>]

27 //tb ,ub

Also the TMD-PDF displays a dependence over
O generated by the hardscale choice (1 = Q)
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Scale dependence of the TMD-PDFs (a comparison)

TMD-PDF matching coefficients taken from

1
A, by Cop) = & (X/x; )
fl Xy Dpy 6 U X‘ g/Jf/AXX//t

(Only terms relevant in region AQCD < u and for general u)

L ,u wr oo’ s Ao
=0(1 —x) + 2—ﬂ [CA (—Elog E + log log Z) o(l —x) — logz ( —o(1 — x)—)

~ of

2
C,y = 2—ﬂ [—IOg Z—ng/q] Comes from the rapidity regulator choice ( { = Q2 )
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