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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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Processes involving Quarkonia are sensitive to gluons

hadron collisions

p+p—ony+X p+p—yo+X

p+p—->Jiy+Jiy+X ep+po>Jly+X?

ep collisions
ce+p—-e+Jy+X
ce+p—-oe+Jly+y+X ce+p—-oe'+Jy+jet+ X

and more...
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hadron collisions
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(Some) Models for Quarkonium formation
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e Colour Singlet Model * Non Relativistic QCD
(CS + CO mechanism)

do[ @] = dei 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
do[@] - [2MH W doyp(M, Pg) do[ Q] = Jdcfi dc;dz f; £;d6, i i x D 6(2)
=l
dP, M, dMdP +Jd§i dfj dz f. ]ﬁ.d&i +i-00+x Poo—ac(2)
uy
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“light-hadron” SIDIS
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---------
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e { “light-hadron” SIDIS
T o oy (N [\ _ T
; P¢ ep—>th — A[a](/’tH ® (X IMH ®‘~ _a_—>_h_(Z_’_/’t_H2
’¢
P .
Q= >\ ¥ “Quarkonium” SIDIS ‘@doprting NRQCD)

Sep—eTlyX _ ® ® (0,[n]) 8¢ — z)

As for D,_,,(2) = D,_,(, k,), we have (O, [n])6(Z — z2) — A"(Z, k)
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I’
I (adopting NRQCD)
@= D\ v “Quarkonium” SIDIS PHNI

Sep—ellyX = R ® (0,[n]) 5(2 — 2)

As for D,_,,(2) = D,_,(, k,), we have (O, [n])6(Z — z2) — A"(Z, k)

encodes hadronization
Alnl plus

exchange of soft gluons
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Matching e

- == = _ S — i

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 < gr < iy
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Matching e
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g, == photon transverse momentum Py,
P, == ]|y transverse momentum 3
do
TMD factorization q, K< U,
s s /Y |
UL E
D D - Overlapping at AQCD g, < U,
Low Transverse High Transverse t
Momentum 5 5 Momentum

Collinear factorization ¢, > Agcp

dr

Aqep < qr < g

\

Description of the same dynamics?
Thus they should match!
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https://iopscience.iop.org/article/10.1088/1126-6708/2008/08/023
https://link.springer.com/article/10.1007/JHEP09(2020)040
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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

0/ G €Os
do | ryvip = E{ 1+ A=y Four + 40 =) (Fypptcos2¢ 71077) }

&|r2a|(x.q,)

Involves the convolutions:

€ [ W hllg A]E”] ] (x,q,)
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Structure function at small-g, (TMD region)

e - —————-—-_ = = - —————————— -

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

04

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

= X (where X =X,
1

do | ryp = E{ L+ A=y F o + 40 =) (F y+eos2¢ F777) }

Involves the convolutions:
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AN (x, q,)
TMDShF needed to

Investigate gluon TMDs!
[WhlJ—gA]Eln] ] (x, q.,) iInvestigate giu
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Structure function at high-¢, (collinear region)

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

d Gep—>e’J/l//X

‘(, , dga[n] X
g Pa D
’ a ...'..
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= d6“"(u,) ® £ ) ® (O, [n]) 62 — 2)

Lepton tensor from

’ )/(\l_/_'X:B]\4l/2/_|_Q2

dx dz LAY o0

Q4 H/f [n]H:a[n] 5(/\/ A)
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Structure function at high-¢, (collinear region)

e e

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

/ L X, M+ 07
X =
R 122% X Q2
" P / d6¢ 1" Helmpgraln s, )
a 4 1
Pa 20

5()2’, 2) — 5( (1 B A:)f\l B 2) + 1 tf Z A_MA/ Mllzf Q% ) - for Mw < () in agreement with
X Z Z X7 Q2 Q2
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Schematic s lidat Agcp < qr <ppy
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Delta expansion
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continuous test functions

* @ o g

10


https://link.springer.com/article/10.1007/JHEP09(2020)040

Delta expansion

1 Fa. 1 1 M2 q2
1=J dég(ﬁ)J dﬁf(ﬁ)é()e,z):xmaxj déézg(ﬁ)J di' X' f') 5((1—)%’)(1—2)+(1—2)(2—fc’) A T2)
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0~ 2 5 ()2 5 02
O 20 1-20
' [ 0 LTDCO M) s >/1 L+1
— < A ~ g\Z X, — 1+ 2"‘ 3
o (1=2)(E02+M2)+2243 ’

!

Obtained from:

20 fip) = (3(2) — g(D) A + g (1) + 3G (Azg) - f1))
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Delta expansion
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Poles In the structure functions

e

Continuous functions of

Delta expansion is applicable

Delta expansion is not applicable
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Poles In the structure functlons

Fyy (X52) =

Impact on the double delta

2 M+ Q°
o(x',7) ~ —o0(1 — 2) + log o(1 —x)o6(1 = 2)
(I —X), q?

o ® o 0

— e ———— — - — -

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

Relevant for y*g

(k) (k)
in FUUT and FUUL

withk =1, 2
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Impact on the double delta

N 2 2
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(1 =X,
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Boer, Bor, LM, Pisano, Yuan, JHEP 08 (2023)

k Relevant for y*g
F® (%2 (k) (k)
) UU ( ) in FUUT and FUUL
withk =1, 2

) 6(1 —2)

M+ Q° M,
log ——— — 1 —log ————
q; M2 + Q?
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Eikonal method
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Same term is found by considering the soft gluon emission

X, =
Pa " 4

I dxg,

do; J — [2 Sg(pa, Pl//) + Sg(Py/’ Pl/f)]

N\

Sg(Vp Vy) =

Vi W

(V1 - Pg)(v2 - Py)

from momentum conservation
and 2ptp; = — p?, = P?
gl'g gl wl
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Eikonal method

e ———— e — — B ——————— e — = _ e = e —— e ——— - — -
= —— ————— _ — — —————— — — — — —— ~ - = — ———  ———— = —

Same term is found by considering the soft gluon emission

q q

Pa Pa

1 dx, 1 Mllzj + 0~ Mvzj
do; [ S [2 5¢(Pgs Py) + 5,(P,, PW)] x—| log——— -1 —-log——

—Pel Xg 2 q% Ml/zf + Q2
M, + Q2
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Eikonal method
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Same term is found by considering the soft gluon emission

1 dx, 1 Mllzj+ : M?
o x| T (25400 P SR B o5 e = 1 —loe s

do[@] = dei d&;dz f; £:d814 - pex D g(2)

+ [dﬁfi défj dz f; ]§ d8i+j—>QQ+XDQQ—>C‘§ (2)



https://dx.doi.org/10.1103/PhysRevD.90.034006
https://dx.doi.org/10.1103/PhysRevD.91.014030
https://dx.doi.org/10.1103/PhysRevLett.113.142002

TMD shape function perturbative tail
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Comparison at Aqgcp K g, <

TMD-PDFs evolved according to

GOS8 2¢

COS 2gb
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) BP}S)
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https://doi.org/10.1007/JHEP08(2023)105

Scale dependence of the TMD shape function
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" _ _ _ _ ) 5 Boer, Bor, LM, Pisano, Yuan, JHEP 08 (2023)
Previous equation is obtained for y,, = | /M, + O

(irl b_-space) i N M2 M2 + QZ
A[”]<z, b.; \/Mz + Q2> =— |[1+—=C,[ 1 +log - log — (O[n]) 6(1 — 2)
4 4 21 21 (M2 + 02) u?
\ 2eE

Hp = b,

o o o 0
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Scale dependence of the TMD shape function
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" _ _ _ _ ) 5 Boer, Bor, LM, Pisano, Yuan, JHEP 08 (2023)
Previous equation is obtained for y,, = | /M, + O

o
(Inﬁ[’:]zza(:)- \/M2 + Q2> — L 1 + &C 1 + 1o Ml/z] lo MVZI +o (O[n]) o(1 — 2)
AN 27 2 A ° (M2 + Q?) ° Hj
\ 2e e
for a general (hard) scale ., Hp =

by

M? 2
Az, b u) = L 1 +&C 1 + log y log& (O|n]) 6(1 — 2)
ep \%o Yy My ) 2 A (Mllzj_l_Qz)z //t[%
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Scale dependence of the TMD shape function
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Previous equation is obtained for y,, = | /M, + O

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

for a general (hard) scale 1, o=

Al ) : l+—=c,(1+1 My ki log i (6[n]) 5(1 = )
2 by ) = — —C, 0g — | (Oln -7
2 | 2 @) )

| It Is process dependent !

Note that a Qz—dependent soft factor is present in the open-quark production too
Zhu, Sun, Yuan, Phys. Lett. B 727 (2013)

L. Maxia (University of Groningen - VSI) 14
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dependence of TMD-PDFs
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TMD-PDF matching coefficients taken from

1
by Cop) = E5--('/')
fl xa T 9//t x g/Jf]/AXX,//t

(Only terms relevant in region Agcp << H) gluon-gluon splitting function
’ 5 = 11 - 4
C,,=061—-x)+— log” —&(1 —x) —log— ( P,;, — 6(1 — x)—
o 2 \ 2eVE /
Cory = 2—; [—log Iu—ng/q Hp = b.
2 e_}/E /
Hp = b quark-gluon splitting function
T
L. Maxia (University of Groningen - VSI) 15
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depende

TMD-PDF matching coefficients taken from

~/

1
A, by G p) = EC--('/‘)
fl X Ops G5 | 7 g/]f]/Axx’/’t

(Only terms relevant in region Agcp << H)

- a, Cy
Cg/g — 5(1 —X) + —

(Pg/g —o(1 — x)%)]

2m 2
2 ;
<~ _ % |y, oF () comes from the scale choice (¢ = Q)
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Scale dependence of TMD-PDFs

TMD-PDF matching coefficients taken from

1
A, by Cop) = & (X/x; p)
J7 (D5 C T g/]f/Ax'x//t

(Only terms relevant in region Aqcp << p# and for general u)

1 2 2 2 2
=00 =0+ |, [ —=log? &+ log £ 1og £ 5(1—x)—1og”—2< —5(1—x)&)
27 2 ,ub Q /’tb Hj

C,, . —log'u—zP,
814 = 5 u 8
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Scale dependence of TMD-PDFs

TMD-PDF matching coefficients taken from

e a——— .. - ————— - = -

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

(Only terms relevant in region Aqcp << p# and for general u)

Lo p urooope u Po
—5(1—x)+— Cy| —=log” = +log—=log — | 5(1 — x) — log — —5(1—x)—
2r [ A( 2 M Hj Hp

~ o /42 . -
Corg = 2—ﬂ [—IOg ZPg/q] Comes from the rapidity regulator choice ( = Q?)

IN agreement with
No rapidity divergences A[n](Z 1)
for the TMD shape function > ITH
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Process dependence of the TMD shape function
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Boer, Bor, LM, Plsano Yuan JHEP 08 (2023)

Ay (2 b3 Q. p,) = Ll Ze, (14 LT P
s U ) — O O
- T on 2z ° "M+ 0)) T @

(O[n]) 6(1 — 2)

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 ,,l(pl)\}:‘gg

produce azimuthal dependeces )
d2qu;/\(;sc)/de N MTzc ;g docd| / % e
Figure taken from Ferrera’s talk < 5e(M, B) 31232/ , 5 /x2 o (HA)G G,
Gollder o Actropartcle Physics (2019) ™/ (/20 8/ mtoes /8. @
g Ng

o o o 0
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Process dependence of the TMD shape function

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

M2//t2
v Voo 22 (orn1y 81 —
MV%+Q2)2> 0g ”b]< [1n]) 6(1 — 2)

splitup: A} = A xS,

A by =— |14 %5
<o T; ) —
v # 2 2 A
Sep(r Oy py) =1+ _CA
2

2

M2
Ky
1 + log —) log —] (O[n]) (1 —z) == Universal
//tH /’tb
Ty T Process
21 = log —
e Mz + O s p? dependent
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gle vs processes
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Boer. Bor, LM, Pisano. Yuan, JHEP 08 (2023)

J/y production in:

SIDIS (2 hard scales) hadron collisions (1 hard scale)
2 2 2 2
U Hu Hu U Hu Ky
S.,(u,) =1+—C, | 2log log — S, (m,)=14+—C,| 3log— | log—
p 2 ( Mz/zf + 02 u? PP 21 Ml/% I
L. Maxia (University of Groningen - VSI) 17


https://doi.org/10.1007/JHEP08(2023)105

| VS processes
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Boer. Bor, LM, Pisano. Yuan, JHEP 08 (2023)

J/y production in:

SIDIS (2 hard scales)

S (u,) l+—=c, (21 y
— — O
ep i or 4 ng/%+Q2

* @ o g

)

2
log —
Hp

hadron collisions (1 hard scale)

S (u,) 1+—c, (31 i 1 i
= — og — | log —
pp oz ° ng/% g//tbz

S,,(M,) =~ 0

Easier extraction of Al[/f‘](Mw)
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Boer. Bor, LM, Pisano. Yuan, JHEP 08 (2023)

J/y production in:

SIDIS (2 hard scales)

S (u,) l+—=c, (21 y
— — O
ep i or 4 ng/%+Q2

A(\ /M, + O
W ( 7 ) %SPP(MW) ~ ()
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hadron collisions (1 hard scale)

S (u,) 1+—c, (31 i 1 i
= — og — | log —
pp oz ° ng/% g//tbz

Easier extraction of Al[/f‘](Mw)
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| VS processes
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Boer. Bor, LM, Pisano. Yuan, JHEP 08 (2023)

J/y production in:

SIDIS (2 hard scales)

S () =1+-C,( 21og i jog Mt
P 2 Mz + O

A(\ /M, + O
al lz/f ) %SPP(MW) ~ 0

Tested at other scales, e.g. Y production
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hadron collisions (1 hard scale)

S (u,) 1+—c, (31 i 1 Hy
= — og — | log —
pp\ o * ng/% g//tbz

Easier extraction of Al[/f‘](Mw)
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on TM polarized)
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EIC has the opportunity to access the unpolarized gluon TMDs

o
do | ppp = sz{ [

HH = \/02 + Mg

L+ (1= Fpur + 41— y) gUUL}

o o o 0

107 - ’ Collinear
Indicative figure | TMD |
102 - Matched (with InEW)
;‘ 10° - I QT=%
hy i
1072 - E
1074 - ; \\\\\\\\\\\\\\\\\\\\\\\\\\\\\
| | | | | | | | | | | | | | |
0 1 2 3 4 5
gL JT gr [GeV]

* Gluon TMDs at (relatively)

low scale
(Here O = 3 GeV)

- TMDShF non-perturbative

component

- Match as a function of O?
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J/y polari
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We can study the J/y polarization by considering its decay into a lepton pair

(Boro-~ RByey-~6%)
. {
q
%
D= -0

do , Vo, o,
x 1+Acos“d+ pucos?20cosp+—sin“ 6 cos 2
dx, dy d*P,, dQ 2

* @ o g
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polarization _

do , Vo, o,
x 1+Acos”0+u cos 20 cos @p + — sin“ @ cos 2¢
dx, dy d*P,, dQ 2

D’Alesio, LM, Murgia, Pisano, Sangem, JHEP 03 (2022)

Angular parameters are connected to helicity amplitudes 77 , .
withA=—-1,0,+1

Parameterization is in accordance to model-independent arguments!

Hermeticity Parity Gauge Invariance

Within NRQCD helicity amplitudes involve interferences among waves!
up to v

Wan=Wan’S)7) + W An|'Sy"| + W anPSP| + W pp| (S = 1L.L = 1}

4 order

o o o 0
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J/y polarization and the Boer-Mulders

=S a———————— .= ==~ - ——————— - . — . _

Angular parameters within TMD factorization =~ 2Atesio. L. Murgia. Pisano. sangem. JHEE 03 (2022)

€| Al | Matching procedure works |
P Wr=W; INn the same way
= —————— )
WT"‘WL %[figAE/l]] \(AW=T, L)
2

W Al = % C, (1 + log My > (O, [n])6(1 = 2)
> = N 22 Mz+Q2 ) Y

T L

2U py  — %[WhlgA[”] ] —y,

) = —————— Al =99
Wr+W, A
Non-perturbative components may differ with A
\ g

o ® o 0
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polarization and production mechanisms
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Within TMD factorization the CO channel dominates

0.6

0.4

0.2

0.0

—0.2

—0.4

* @ o g

—— NRQCD (C12) A polarisation is
— NRQCD (G13) related to the ratio
~ (Ogl°Pyl)

r

- m2{Og['Sy])

< Band given by y variation
P-q
- O0<y= b7 <1
Analogous to |
él - |1|o| B I1I5I B |2|o| - |2|5| B |3lol B |3|5| - |4|o| B I4I5I - Valid only for 7z = 1!
Q* [GeV?]
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polarization and production mechanisms |
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At P # O CS channel is very relevant Z integrated in a
_ phase space
000 accessible at the EIC
: \/s = 140 GeV
i Pr> 1 GeV
—0.05 02<2<09
y=0.5
< _
—0.10
Helicity
—0.15 _
—0.20;,111,,,l,,,,,,,.,.,................u........
5 10 15 20 25 30 35 40 45
Q% [GeV?]
gy
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polarization and production mechanisms |
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At P, # 0 CS channel is very relevant z integrated in a
: phase space
i —— NRQCD (C12) :
0.4 — NROCD (G13) accessible at the EIC
0.3 £,/ TMD curves are dashed lines Vs = 140 GeV
. with softer color (at y = 0.5) Pr>1GeV
0.2 5 02<7z<09
- Helicity y=0.5
< O.l;
0.0 — Connection between

01 \ TMD and collinear

: regions Is neeed!
—0.2
o3kl And the TMDShF
5I - IlOI - I15I - I20I - I25I - I30I - I35I - I4OI - I45I - SitS in the m|dd|e Of
Q* [GeV?] this story!

* @ o g




Conclusions_
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* Factorization involves the presence of TMD shape functions

* We present a matching procedure to extract the TMDShF perturbative tail

* TMD shape functions separated in universal and process-dependent components

 Perturbative tail at higher order == Relevant for AEZ”]
* 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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