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Setup of the talk

Jont’wduction

» We are interested in TMDs. [R. A-Martinez, et al, 1507.05267]

» Heavy quarks have played a crucial role in the establishing

and development of QCD:
my > > Npep
Production Hadronization
Pertwative QCD Non-Pertwative QCD

» Experimentalists measure them, use them rely on them
and currently perform upgrades (ALICE-MFT) or new
experimental projects (AFTER@LHC, EIC, PANDA, SoLID).

» However, there are still many challenges to be met.
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Pertwative QCD Non-Pertwative QCD

» Experimentalists measure them, use them rely on them

and currently perform upgrades (ALICE-MFT) or new

experimental projects (AFTER@LHC, EIC, PANDA, SoLID).

» However, there are still many challenges to be met.

Motivation

» Gluon distributions remain much less explored
that their quark analogues.

» Quarkonium production at small transverse
momentum?

Goal: properly define TMD shape functions by TMD
factorization and derive their evolution

Outline

1. Recap

2. Factorization procedure
3. TMD Shape function

4. Conclusions & Outlook
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Recap

» We do not know how is the mechanism of quarkonium production:

~» Momentum transfer: mv - \ e

Quarkoia are M — 0O Effective field ) | .
multi-scale systems ¢ theories loo mary EF 18 = no universat picure

->» Binding energy: m,v
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Recap

» We do not know how is the mechanism of quarkonium production:

~» Momentum transter: mgv -

Quarkoia are Effective field

m, — 00 ) . .
multi-scale systems ¢ theories loo mary EF 18 = no universat picure

~—~3» Binding energy: va2 "

» Non-relativistic QCD (NRQCD) and Color-Singlet Model (CSM) are the most used EFTs. We use NRQCD:

[Bodwin, Braaten, Lepage, hep-ph/9407339] . .
pesh e Semi-tnclusive DIS

In NRQCD, at each order of v?, the long-distance do(y* + g — J/1//+ X) — Z do(y* + g — cc([n]) + X)<@[n]—>1/z//>

part of the cross section is a number called LDME: — il = ZS“L[CO”

Aot ane suppressed by V"' = tuncation of the expandion
such that <@[n]> — Z <O ‘ %Fn](()) ‘ J/l// + X> <J/w + X‘ j{/f[n](()) ‘ ()> [ Bodwin, Braaten, Lee, hep%ph/0504014]
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such that <@[n]> — Z <O ‘ %Fn](()) ‘ J/l// + X> <J/w + X‘ j{/f[n](()) ‘ ()> [ Bodwin, Braaten, Lee, hep%ph/0504014]

» We study the J/y leptoproduction in NRQCD approach atLP ina,and NLPinv: [n] = {15[8] 3P[g]}
Note. CSM meard MP in O and LP in v
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REC(Ip Reviews

| Boer, et. al., 2409.03691]

» We do not know how is the mechanism of quarkonium production: [Lansberg, 1903.09185]
[ Andronic, et. al.,1506.03981]
. _ /VO/Z—ZQ/a:Q. s [ Brambilla, et. al., 1404.3723]
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m, — 00 ) . .
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Factorization procedure: overview

» We want to factorize the following process:

(k) + N(Py) = (k) + JIy(P,) + X
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QCD

» We want to factorize the following process:

(k) + N(Py) = (k) + JIy(P,) + X

» It has different scales: py ~ mp ~ Q > > qr > Npcp
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Factorization procedure: overview

» We want to factorize the following process:

e\
' £(k) + N(Py) — £(K) + JIw(P,) + X

» It has different scales: py ~ mp ~ Q > > qr > Npcp

Jo o . .

” S ) Cgl](//iH/ﬂ)
y G A J
o/ E '.. Y <
C - do ~ S, Go N (X, brs s py) - <
% ﬂ\ ] |
: Y ~

- J

N N Stn1—olbr; 1) > $
SCE7 ¢ A )

XV1 CPAN DAYS Samuel F. Romera - ‘U?V/Eﬂ-ﬁl - November 19th, 2024



Factorization procedure: overview

» We want to factorize the following process:

(k) + N(Py) = (k) + JIy(P,) + X

» It has different scales: py ~ mp ~ Q > > qr > Npcp

Cgl](//iH/ﬂ) Cg](ﬂH/ﬂ)

< <

C(x, byu*, uglu®)
8 Gg/N(x9 by, 1, i) <

-4 :

gcng -]fg/N(xa //t) }
J

C"Nbzu?, ullu?)
SCET gt <@[”]‘>‘”‘/’> () )
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Factorization procedure:

» The hard part arises from matching QCD onto SCET at the hard scale. One integrates out the hard scale, leaving
behind a Wilson coefficient, CH(,u%]/ 1?), that represent the part of the cross section containing the hard scale of the
process:

n | Ha _
JgCD — CI[{](,MH, //t) CS)vcsjn )(T (F ) %>[n] BnJ_,a W
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Factorization procedure:

» The hard part arises from matching QCD onto SCET at the hard scale. One integrates out the hard scale, leaving
behind a Wilson coefficient, CH(,u%]/ 1?), that represent the part of the cross section containing the hard scale of the
process:

n | Ha _
JgCD — CI[{](,MH, //t) CS)vcsjn )(T (F ) %>[n] BnJ_,a W

» The Wilson coefficient and the matching tensor, I, arise from matching QCD onto SCET at the hard scale.

YA Ve Ve Ve Ve VeV >
To get the matching tensors at LP, we A -
only need to match onto tree-level:
292000 _ d d
+ crossed diag?am @Iljg(gS] — nggm <°S)\C/ '/f; I 4 1')) X (Csjrcze ‘%lec)
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Factorization procedure:

» The hard part arises from matching QCD onto SCET at the hard scale. One integrates out the hard scale, leaving
behind a Wilson coefficient, CH(,u%]/ 1?), that represent the part of the cross section containing the hard scale of the
process:

n | Ha _
JgCD — CI[{](,MH, //t) CS)vcsjn )(T (F ) %>[n] BnJ_,a W

» The Wilson coefficient and the matching tensor, I, arise from matching QCD onto SCET at the hard scale.

YA Ve Ve Ve Ve VeV >
To get the matching tensors at LP, we A -
only need to match onto tree-level:
20000 _ d d
+ crossed diag?am @I;S(gS] — FlfggS] <°S)\C/ '/f; I 4 1')) X (Csjrcze ‘%lec)
> > >
To get the Wilson coefficient, we only 99/
need virtual corrections (@NLO): 1 1
RQQQQ < RQQQQ < <
d2 f eoo

r*(q) ¥ g(p,) — cc(P)

XV1 CPAN DAYS Samuel F. Romera - ‘U?\//fﬂ-ﬁl - November 19th, 2024



Factorization procedure:

» The hard part arises from matching QCD onto SCET at the hard scale. One integrates out the hard scale, leaving
behind a Wilson coefficient, CH(,u%]/ 1?), that represent the part of the cross section containing the hard scale of the
process:

n | Ha _
JgCD — CI[{](,MH, //t) CS)vOSjn )(T (F ) %>[n] BnJ_,a W

» The Wilson coefficient and the matching tensor, I, arise from matching QCD onto SCET at the hard scale.

To get the matching tensors at LP, we THY  — 55€ y MY
only need to match onto tree-level: st ML

v o aS b() 1 1 ﬂ_z _ bO + CA
i = 0 <2_7T> < Euy G [512R " IR o8 (ﬂ%) IR ] P ¢
02 102y — 1l 2 70,20 12 — %y (1,2 7,2
To get the Wilson coefficient, we only H™ (u /™) = 1 C (g /u) |7 =1+ <2ﬂ> D (g )

need virtual corrections (@NLO): “C. 7 p
=1t —5log"| = ) +log| — | +...
uy(M, Q%) = M(1 + Q*/M?), M = 2m 27 2 U P

When Q goed lo zer0, this hedull cotneided with plotoproduction
[ Maltoni, Mangano, Petrelli, hep-ph/9708349]
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Factorization procedure: and So't modes

» The hadronic tensor for the production of an unpolarized J/y is:

o 58PR xgMyM,,, oo MM, + OF) -
% ( 7204 )il 7,0 )2 |

2 Tua'Tva dzbJ— ib,-q
1—‘[n] F[’”l] (271.)26 B ng/N,aa’(xa b)) S[n]*]/llf(bl)
7]
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Factorization procedure: and So't modes

» The hadronic tensor for the production of an unpolarized J/y is:

2A42 AA2 2A42 2 2 )
WH = Q2 (1 }/2 4 )5(2 1 y Q4 > Z ‘ C[n] FE/:] 1—w[n] (2 71')2 < L QLGg/N,aa’(xa bJ_) S[n]—>J/y/(bJ_)
1 1 [1]

. Connection to gluon distributions Motivation,)
» Collinear matrix element: (unpolarized) Gluon TMDPDF: [e.g.: MGE, Kasements, Mulders, Pisano, 1502.05354]

Py (dy~d*y, . ,.._
Gunb) = =5 | gy ¢TI B AR B0 ) (] B0
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Factorization procedure: and So't modes

» The hadronic tensor for the production of an unpolarized J/y is:
— xgPy (1 XI%M]%IMyzfl >5<Z | ZXI%M]%/(M,%A Qi) > Z ‘ C
02 1% 7,0* e |

: Connection to gluon distributions Motivation,)
» Collinear matrix element: (unpolarized) Gluon TMDPDF: [e.g.: MGE, Kasements, Mulders, Pisano, 1502.05354]

FJ”"“ e del ibi-q.(; b,)S b
1] [n] (27[)26 g/N,aa’(xv J_) [n]—>]/1//( J_)

xP3 [ dy~d*y
(0) _ N L —z(xP+y 12—y, k,|) Z: 7
Gg/N(x’ bJ_) = 5 (271-)3 1K1 <PN‘ B
' X

B, (0) ‘P v)

» Soft matrix element: (unpolarized) TMD Shape function:

1
0 _ a a
stggbj/w(bl) =Nz it O] [($,8,)] 2T Wb DN [ S, i T%)(0) 0) ,

A

S = ST M=) Ztc«)\ (8,80 25 (a7 D) T B DN 3 [ S8 iy ('6)) T%5](0) ] 0)
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TMD Shape Function: cancellation of RDs

» Individually, the TMDShF (gluon TMDPDF) is ill-defined: overlap and rapidity divergences (RDs).
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TMD Shape Function: cancellation of RDs

» Individually, the TMDShF (gluon TMDPDF) is ill-defined: overlap and rapidity divergences (RDs).

Redefinition of the matrix element trough the soft function:

1 4 ba
S(b1) = (0 (818) b0 (835,) ©]0)

1 i krown att two-loops [MGE, Scimemi, Vladimirov, 1511.05590]
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A [n] —>J/l//(b 1

O
[(n])—>J/l//(b J_)

V/S(by)

Using the O-negulato
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TMD Shape Function: cancellation of RDs

» Individually, the TMDShF (gluon TMDPDF) is ill-defined: overlap and rapidity divergences (RDs).

Redefinition of the matrix element trough the soft function:

A [n] —>J/l//(b 1

O
[(n])—>J/l//(b J_)

V/S(by)

Using the O-negulato

S(b,) = (0| (518,) b)) (5, “o]0)
N2

/L id known at z‘wo—Zoo,m [MGE, Scimemi, Vladimirov, 1511.05590]

» One needs to see that the rapidity divergences disappear after redefinition order-by-order in the perturbation theory:

(SOI8] TMDSHE at MO

oder AL

2 L0 L0 L0 S(K ;5) L0
(0) U 2 i Ca 1 o[8] |8 1 1 p[1] 1 p[8] Sk ; 1 Q[8]
SigkL p,6) === {5 (kl)((CF Cal2)~ 81R)< S| > e (CF< P! > +BF< P! > ) F— <SO >

+ 3 more
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TMD Shape Function: cancellation of RDs

» Individually, the TMDShF (gluon TMDPDF) is ill-defined: overlap and rapidity divergences (RDs).

Redefinition of the matrix element trough the soft function:

A [n] —>J/l//(b 1

O
[(n])—>J/l//(b J_)

V/S(by)

Using the O-negulato

ba
S(b,) = N2 - (0] (855,) ") (858,) ©]0)

/L id known at z‘wo—Zoo,m [MGE, Scimemi, Vladimirov, 1511.05590]

» One needs to see that the rapidity divergences disappear after redefinition order-by-order in the perturbation theory:

(SOI8] TMDSHE at MO

oder AL

2 L0 10 10 SKk.: S 10
(0) U )52 G liqm\ L8 ] 1 p[1] 1 p[8] Sk 0) /g
SO, (ky:1.8) = 5> {5 (kl)((CF Cal2)~ 81R)< st > i (CF< P! > +BF< P! > ) = <SO >

+ 3 more
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TMD Shape Function: matching at high pT

» The (gluon TMDPDF) TMDShF has a perturbative behaviour at the high transverse momentum (small-bT) region
through the operator product expansion (OPE):
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TMD Shape Function: matching at high pT

» The (gluon TMDPDF) TMDShF has a perturbative behaviour at the high transverse momentum (small-bT) region

through the operator product expansion (OPE):

, Colit. and polanization. nowmalization factors

@[m]> + 6(b-A Both LOWE andl TMOSHF
N Npol.< T ) () + ObrAgep) oo e

S Mixing between the dlated of the heavy-quark pair

St brs 1 ) = ) Cllbys p, G) X
ua
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TMD Shape Function: matching at high pT

» The (gluon TMDPDF) TMDShF has a perturbative behaviour at the high transverse momentum (small-bT) region
through the operator product expansion (OPE):

[m] colt Ypol. rencunall
' Mixing between the dlated of the heavy-quark pair
» The coefficients C are obtained by matching the TMDShF and the LDMESs order-by-order:
There are not hapidily divergenced

We need the LDMEs at NLO. They mo(p) LO  4a(u) LO LO 1 1
are known, but we performed the <1S£8]>(,u) = <1 + (CF— CA/Z) e > <1S£8]> + — & <CF<1P1[1]> _|_BF<1P1[8]> ) -

2
calculation for completeness: 2V 3mmg v R
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TMD Shape Function: matching at high pT

» The (gluon TMDPDF) TMDShF has a perturbative behaviour at the high transverse momentum (small-bT) region
through the operator product expansion (OPE):

Stnj—in 013 1 Cp) = Z C[[,fg](bT;ﬂ, Cp) X N N <@573>(/4) + O(brApcp) g‘}%}f@m’{ and ZZ‘,%[
[m] col* Ypol.
' Mixing between the dlated of the heavy-quark pair
» The coefficients C are obtained by matching the TMDShF and the LDMESs order-by-order:
There are not hapidily divergenced
We need the LDMEs at NLO. They LO 4 LO LO 1 1
are known, but we performed the <IS£8]>(,M) = <1 + (CF — CA/Z) ﬂaS(ﬂ)) <1S£8]> + as(,uz) <CF<1P1[1]> + BF<1P1[8]> ) <_ _ _)
calculation for completeness: 2v 3mm fuv  ER
» The OPE coefficients, C, for the TMDShF are then: 7@% a/zexwéde,aem’e/ztmmwwz‘%wafe
a(u) 8C
o PI[I](bT; 1) = oy 3 gLT(bﬁ 1)
S (p aWCa w oo
C15[8](bTa/’ta Cp) =1+ > L(br; /4)<1 —In CB)
0 71' CS (b . )_ as(/’t) 8BFL (b . ) bru?
s\ )= oz 3m2 T rH) | L=l =
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TMD Shape Function: evolution & resummation

» The evolution of the (gluon TMDPDF) TMDShF can be extracted from the evolution of the Hard part by applying the
renormalization group (RG) equation on the factorized cross-section...
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TMD Shape Function: evolution & resummation

» The evolution of the (gluon TMDPDF) TMDShF can be extracted from the evolution of the Hard part by applying the
renormalization group (RG) equation on the factorized cross-section...

Cee the finat pant of the tatk do ~ a(u) H(uplp®) ® G(x, by pt, 8y) ® Spe i, (bri it Cp)
T The troe-tovel (Bomn) amplitudde is otden O,

... where the cross-section does not have any dependence on any scale:

«“ e ) -
7G (as(ﬂ), In C—A> + 7" (ay(p), In gB)\‘[n] Hu ) _, B (a(w) _dIno

— =7 a (1), In Yo = 7
u? S AT u? a,(1) dlnp

State-dependence of St = State-dependence of #
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TMD Shape Function: evolution & resummation

» The evolution of the (gluon TMDPDF) TMDShF can be extracted from the evolution of the Hard part by applying the
renormalization group (RG) equation on the factorized cross-section...

Cee the finat pant of the tatk do ~ a(u) H(uplp®) ® G(x, by pt, 8y) ® Spe i, (bri it Cp)
T The troe-tovel (Bomn) amplitudde is otden O,

... where the cross-section does not have any dependence on any scale:

G o, i\ B law) dno
(a (1), In ﬂ2> + ¥ (a,(u), In p) Ve | ag(p), In — 7 2 00 0= g
State-dependence of St = State-dependence of #
2

» The evolution of the Wilson coefficient, C, is given by: ¥y = 2F?usp(a )hl + 2}’(“ )
Univendal //t Procedd(operator)-denendent
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TMD Shape Function: evolution & resummation

» The evolution of the (gluon TMDPDF) TMDShF can be extracted from the evolution of the Hard part by applying the
renormalization group (RG) equation on the factorized cross-section...

Cee the finat pant of the tatk do ~ a(u) H(uplp®) ® G(x, by pt, 8y) ® Spe i, (bri it Cp)
T The troe-tovel (Bomn) amplitudde is otden O,

... where the cross-section does not have any dependence on any scale:

G o, i\ B law) dno
(a (1), In ﬂ2> + ¥ (a,(u), In p) Ve | ag(p), In — 7 2 00 0= g
State-dependence of St = State-dependence of #
2

» The evolution of the Wilson coefficient, C, is given by: ¥y = 2F?usp(a )hl + 2}’(“ )
Univendal //t Procedd(operator)-denendent

T e _ o B
= Cusp(a )In > =76 () G = .
» Thus the anomalous dimensions of the TMDs are: H
nc — 2
Yo = Cusp(a )In & — y(a,) Ys }’(0255)
Cabp = My
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TMD Shape Function: evolution & resummation

» The evolution of the (gluon TMDPDF) TMDShF can be extracted from the evolution of the Hard part by applying the
renormalization group (RG) equation on the factorized cross-section...

Cee the finat pant of the tatk do ~ a(u) H(uplp®) ® G(x, by pt, 8y) ® Spe i, (bri it Cp)
T The troe-tovel (Bomn) amplitudde is otden O,

_ /L id krown at tinee-looppd
... where the cross-section does not have any dependence on any scale: /
(a (). In CA> . y[n]‘(j(;)' ) gB)\—;ﬁ (. 1n P2 U 5 B aw) . = dln©
u? ’ H u? ay(1) dlnp
State-dependence of St = State-dependence of # y 1.8 bown at thuee~loogps. i ig hnoun, at one~togp
17 > (from this tath)

» The evolution of the Wilson coefficient, C, is given by: ¥y = 2F?usp(a )hl + 2}’(“ )
Univendal //t Procedd(operator)-denendent

T e _ o B
= Cusp(a )In > =76 () G = .
» Thus the anomalous dimensions of the TMDs are: H
nc — 2
Yo = Cusp(a )In & — y(a,) Ys }’(0255)
Cabp = My
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TMD Shape Function: evolution & resummation

» The evolution in terms of the rapidity scale is governed by the Collins-Soper kernel:
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TMD Shape Function: evolution & resummation

» The evolution in terms of the rapidity scale is governed by the Collins-Soper kernel:

dD (br; p)
o1, ()

S[n]—>]/l//(bT; H CB) — = Dg(bTa /’t) and

dInp The same (o' the glicon. TMOPDF

d1n u
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TMD Shape Function: evolution & resummation

» The evolution in terms of the rapidity scale is governed by the Collins-Soper kernel:

dD (br; p)
o1, ()

S[n]—>]/l//(bT; H CB) — = Dg(bTa /’t) and

dInp The same (o' the glicon. TMOPDF

d1n u

» Thus the evolution of the (gluon TMDPDF) TMDShF w.r.t. both rapidity and renormalization scales is...

S[n]—>]/1//(bT; K CB,f) — S[n]—>]/1//(bT; H;s CB,i) R(br; His CB,', K CB,f)

 d CBf Z.:Bf =D (b;p;)
R (piCpy) = (Up Cpg) such that f= e { Fis (aS(ﬂ), ! 7) } (é_>
J . B’l
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TMD Shape Function: evolution & resummation

» The evolution in terms of the rapidity scale is governed by the Collins-Soper kernel:

dD (br; p)
o1, ()

S[n]—>]/1//(bT; H CB) — = Dg(bTa /’t) and

dInp The same (o' the glicon. TMOPDF

d1n u

» Thus the evolution of the (gluon TMDPDF) TMDShF w.r.t. both rapidity and renormalization scales is...

S[n]—>]/1//(bT; K Z:B,f) — S[n]—>]/1//(bT; H;s é’B,i) R(br; His CB,', K Z:B,f)

 d CBf Z.:Bf =D (b;p;)
R (piCpy) = (Up Cpg) such that f= e { Fis (aS(ﬂ), ! 7) } (C_>
J . B’l

... and the resummation of large logs at the perturbative region will be:

Stu1—an(Or3 1, Cp) = R(br; po, Cp 05 M- Cp) Z C[[,Zl](bT; Ho» Cp,o) X @%D(//io)

(m] N, col.N pol. <
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TMD Shape Function: evolution & resummation

» To finish the talk, I show the first plot of a TMDShF in terms of bT:

0.08 A

0.06 A

Sh_1s08(bT)

0.04 ~

0.02 A

NLL
NNLL*

Te. bandls come from vatying independently both resummation scale [y and
ng“o by a facto of 2

0.0

0.2

0.4

0.6

0.8
bT(GeV-1)

1.0

1.2

1.4

1.6

Q= 10 GeV, U =,UH=42G€V, [:Bz 1

» It was plotted at NLL and NNLL* accuracy:

» The non-perturbative region is described by:

2
U A =0.04 GeV
Ryp=¢€expq —Aln 4 b.”
QNP QNP = 1GeV
bl b¥(b,) = -
be(br) =4[ bF +— ! b
//tH 1 + b%max
by, .= 15GeV!
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Conclusions & Outlook
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Conclusions & Outlook

» We derive the factorization theorem for the J/y leptoproduction at LP in &, and NLP in the velocity.
» We properly define the TMDShF = LDME + (u)soft contribution.

» We see the cancellation of the rapidity divergences, obtaining a well-defined TMD.
» We get the behaviour of the TMDShF at the perturbative region in terms of LDMEs.

» We get the evolution for the TMDShF in terms of 4 and ¢, and show for the first time its picture.
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Conclusions & Outlook

» We derive the factorization theorem for the J/y leptoproduction at LP in &, and NLP in the velocity.
» We properly define the TMDShF = LDME + (u)soft contribution.

» We see the cancellation of the rapidity divergences, obtaining a well-defined TMD.

» We get the behaviour of the TMDShF at the perturbative region in terms of LDMEs.

» We get the evolution for the TMDShF in terms of 4 and ¢, and show for the first time its picture.

» Calculation of the hard part (virtual contribution) at two-loops: NNLL * — NNLL

» We are plotting the cross-section: prediction for the EIC

» Next order in e, which means LO in the velocity: y* +a — ¢c + a

» TMDShFs in other interesting processes: double J/y production at LHCb...
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Conclusions & Outlook

» We derive the factorization theorem for the J/y leptoproduction at LP in &, and NLP in the velocity.

» We properly define the TMDShF = LDME + (u)soft contribution.

» We see the cancellation of the rapidity divergences, obtaining a well-defined TMD.
» We get the behaviour of the TMDShF at the perturbative region in terms of LDMEs.

» We get the evolution for the TMDShF in terms of 4 and ¢, and show for the first time its picture.

» Calculation of the hard part (virtual contribution) at two-loops: NNLL * — NNLL

» We are plotting the cross-section: prediction for the EIC

» Next order in a, which means LO in the velocity: y*4+a — cc+a ; Aank yOU /

» TMDShFs in other interesting processes: double J/y production at LHCb...
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