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Gluon TMDs and Quarkonium

| We are Iinterested in TMDs.

| The quark TMDs have been extensively studied by theoretical approaches as well as experimental measurements. On the
contrary, the gluon TMDs are almost unknown from experimental aspect. ATLAS Collab., https:/arxiv.org/abs/2202.00487

I Quarkonium production is a good tool to extract gluon TMDs

¥ Heavy quarks are sensitive to the gluon content of hadrons.

W. J. den Dunnen, J.-P. Lansberg, C. Pisano, M. Schlegétips://arxiv.org/abs/1401.7611 Dominantly produced by g-g fusion
J.-P. Lansberg, C. Pisano, F. Scarpa, M. Schilegettps://arxiv.org/abs/1710.01684 Gluon TMD ! ts in Di-J/ w production

¥ Jlyis straightforward to detect and there are numerous events.

I Challenges : no universality of the LDMEs in the NRQCD approach, quarkonium production mechanism?, theoretical

framework, phenomenological analysis, etc.

U. DOAlesio, A. Mukherjee, F. Murgia, C. Pisano and S. Rajd#lps://arxiv.org/abs/2203.03299 NRQCD for quarkonium production mechanism
H.S. Chung,http://arxiv.org/abs/2211.10201v1 Review on universality
and many others
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Setup (of the talk)

Leptoproduction, e-h e+e-, pp, photoproductionE

- c
Jly

> S. Fleming, A.K. Leibovich, T. MehenarXiv:hep-ph/0607121
e h S. Fleming, A.K. Leibovich, T. MehenarXiv:hep-ph/0306139
> < 1 Jlyr M.G. Echevarria,arXiv:1907.06494
M\; % S. Fleming, Y. Makris, T. MehenarXiv:1910.03586

X “0000000000? <

g C

A. Bacchetta, D. Boer, C. Pisano, P. Tae&Xiv:1809.02056

I Quarkonium production mechanism: NRQCD factorization
G.T. Bodwin, E. Braaten, G.P. LepagarXiv:hep-ph/9407339

NRQCD: m, mv, mvZ2 (potential, soft, ultra-soft) ,

Pr M Collinear factorization + LDMEs

dG * + I J/ +X — dG * + I CEN +X " " :
(}’ & L ) | (}/ J ( ) )! Nt Jly Pr ( M TMD factorization + TMDShFs
Ay SDCs LDMEs
pr) my A=prIM
’ _ oty t YR O 4 t
N gy =X H# N1 ( ‘J/l// XS+ %ly X‘) SyH NX Intermediate region

28 S: spin D. Boer, U. DOAlesio, F. Murgia, C. Pisano, S. RajeahXiv: 2004.06740

U. DOAlesio, L. Maxia, F. Murgia, C. Pisano, S. RajeanXiv:2110.07529
D. Boer, J. Bor, L. Maxia, C. Pisano, F. YuanarXiv: 2304.09473

N = 25"'1LJ[COI'] L: angular momentum
J: total angular momentum
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About this talk...

| Factorization:
¥ Debnition of operators in NRQCD+TMD framework
¥ Matching onto QCD
¥ TMD shape function (TMDShF)

| LDMEs and TMDShFs at NLO:
¥ Calculation at NLO
¥ Renormalization group equations

¥ Matching onto LDMEs

| Discussion on Hard function
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N-operators: scaling

In the equations: vy, Jly

Jly production in SIDIS:  £(k) + N(Py) ! ¢<€k$ + ]/W(Pw) + X(Py) - 1;**1;111
d'é ;
=0 % )46"”‘ < NIJFYE Ty, X > < Jly, X! J(0)IN >
roo ] T
X
]D — | | J]I\jf(p) N — ZS+1L}COZ-]

IIN p

N-operators (de ! ned in vVNRQCD+SCET framework)

| Puzzle pieces for y*+ g ! cc (2 power expansions: vy A):

Gluons: B”f:_ ) A In SCET Heavy quarks: w,y ) \P/2 In VNRQCD

-—gp  The lowest power operator will scale as A *Vv3 Color octet con bguration

. . 3¢l1], 1¢[8], . 3ql8]l, , 3pl8l], a ' (25+1 3+2L+2E+4M
I Power-counting in VNRQCD (v): N R I A S (L)# ) v
Dominant Fock state -\./3 o

11 //l ] | /,l 11 //t | /,l 11 //l
{ 181 7 3g[8l ' spl8l ' spf8l '3 p2[8]}

— 15081 3508l 3pl8
N = 15081, 5518], 3Pl
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N-operators: definition

| De Pnition of operators:

"y — cd,, T 7d ce pe
o=t (5 Ty & (5B
pair formatlon incoming gluon
"y —  pap /Cdl/jT T7d (| *| 7y & /ceBe
351[8] ' 35[8] ( Pc ( ) pc) ( )
spin- trlplet
* % | WT)(‘O$: METy |
M=2m, }
"oy UACP cd (I *q) d /| * | ce pe
3pfel — * spfdl / M - '//ch ¢ ) Ap; &(/ B, a)
——

Properties of the boost matrix

See also: S. Fleming, Y. Makris, (0 *P). =0, (0 *k) =1 (0 *ky) .
T. Mehen,arXiv:1910.03586 ‘ ’

photon gluon
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N-operators: definition | — &

0000000000 <
+
crossed diagram

| De Pnition of operators:
’ I Matching onto QCD (tree level):

"y = pa cd WT Td)( & (] €€ B }‘l
: ) ) | U
s~ g (L Ye ! o) S0 Pra) o _ 48 €
pair formation incoming gluon ,, 158l 2 M
pap —
" U pap [ cd T d, 1 *] & (] <€ B¢ ‘ - 3sfl
358! o 35[8]( 14 l/jch ( ')p)(pa) ( ” Bn' 06) | Depends on the
L " production mechanism
spin-triplet
* % | WT)(‘O$: METy |
M=2m, { : 2 2 2 2
¢ | idge 1 M1 _ + _
| % '~ . /311/;]0 — gS g_y g/’tp > Q2 Znﬂnp = 1 n/’tnp
9, P2 M T[T (M2 +02) P
"H = paop | cd W Td 1 *| y & (/ ceBe
= =2 TV | & (5B ) et a1 2
S ( +g" g%+ 2 pip° 1 n"n° 1 4 g% nnt
=1 | " P2 ( M2+ 02) ] ' p*e}
Properties of the boost matrix "'
See also: S. Fleming, Y. Makris, (0 *P). =0, (0 *k). =1 (0 *ky) . se———3p There are other results for the matching tensor
T. Mehen,arXiv:1910.03586 : ’ | - N
photon gluon S. Fleming, A. K. Lelbovich, T. Mehemep-ph/0306139
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TMD Shape Function: factorization

WE =1

X N
Photon frame

' (27)2

I Hilbert space: ‘Jh//,X$: X # 3 ‘Xﬁ#B ‘J/I/I,XS#
TMDShF encodes so "#and B . By *P
non-perturbative e  $ects ) —1g5!p %( me ) G
UL — dzb' 1ib_*P Tu v 7(0) (0)
W= 2H(Q M), et ™ P T L U@ D) S ()
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. 8%g+Py1 P, 1 P)W| JH0)| Ty, X$% Iy, X | J4(0) | NS .

| Taylor expansion:  p,) 0,(1.4%1),q) 0,(A%1.4), P,) 0O,(1,1.4)

. 7
5%q+ Pyl P,1 Py) — &P, +Py +Py )= ——et® PPy Py)

},*

In the equations: vy, Jly
K =
P, = (w,, , P,1)

N

/do) H3 J3 Sh
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TMD Shape Function: definition

In the equations: vy, Jly

’b. 1ib *P t 0 0 Pg:(wg’wq’PwT)
W =, 2HN(Q,M)! (27z)2€ -y Tr[. i v J )(a)g, b_)S](V!)W(b_ )]
N
I Gluon TMD parton distribution function: r Jhy
O(w,)
J0(g b ) = ——tr. | B**(b.)B* (0)|N Sh
1w b.) = o T M| BB, 0| NS
07O
I TMD shape functions: f C X
Y ® 5 Y
SO (b )= . 9% | (/) T (0.)2 1/ ] il T (0)| 0% ng y
gl g o) T vz g [V ) At W \E Sy [1 W a¥p A \v
C “‘.
P090°0° X
Spap-b-(O) (b ) — Oi":b]":DlOJ % “‘
PR Iy M2(N2 1 1) ¥
Y . N N
& 11, % | [ ) 7o ¢ T (b)2 1] nwgaquwﬁ] (0) | 0%

. L /do) H3 J3 Sh
| Rapidity renormalization:

b " S(?) (b ) Just enough, the shape
Gg,f,(x, b.) = J¥O)(x, b, }/S(b.) Sy (b.) = N Jhy

function only has RDs in

\/S(b_ ) the n-collinear sector
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Calculation at NLO

| Leading order:

The calculation for the P-wave is analogous

1¢[8 LO 2 T T
 ISIBL = M2y TTE & Ty

LO
SEQ (k) = 6@(k.), StEL,

LS8l Jhy
Aoy LO LO 1 1
_ 25+17 [8],, — s 2s5+1y [A1, B, 25+1y 8] 1
I LDME: | Y 3amz ( or! SNG ) (ewv  &Rr)
LO 4 LO LO 1 1
a a
IS = 14+ (Gl G2y — ISP+ — G PN+ By TP —1—
L ( 2v) © 0 3om2 (T 1 - ) ( euv  €R)
A SRS Sy Mixing between channels
4 Coul = | 1MS 2 ‘/’gTa‘//p#(lTpfa)(lm Chro t Bu™P
pp+(P 1 P 4CM0 =1 v =) @ F ! )
p C

A"#er BPS | eld rede ! nition

+ 3 more
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Calculation at NLO

The calculation for the P-wave is analogous

I .
. TMDShF: o-regularization o 72'2 C LO
Siaa(K_ 1, 8) = —=6%(k_) (Cr1 C,J2)—1 =2  1s8l,
1S(§8]( i, ) o ( )( (Cr1 Cy/2) Vv en) | g
/)/ Vanishes in pairs I I'
a,C 1 1 6 1 .,6° n°
+ 7 more 1 4 2(k ) — 1 —In—+— In — + — 1S£8]"
2 ( 5uv euv M® 2 e 4 )
guarkonium Wilson line
| aC, 1 52
: Only this set of s—A n — , lgl8l, . |
) X E diagrams survives 22 K2152  ( K2) | 9 Half of the so "#function
o + 3 more 1 -
proton Wilson line N e CA 72' 2( ) 1 | 1S[8]"
27° ( 8uv ) -0
Double-counting o ‘ "
da, 1 LO
+ i C.,ipltl, 4+ p_, 1pl8],
+ 3 more 3ﬂ2m62 k_2 ( Fl 1 Fl 1 )
""""" uso# + Coulomb + Chromo-electric

Factorization for J/y leptoproduction at small p-| Samuel F. Romera 11 QCD evolution | 27-31 may 2024



RG evolution: LDME

d nmn K —_— nm wm 2 nn # —_ an n om H
ding! VT e =2
0 C. B
Zan= 01 0+t L[ Ba) |0 B
e = 0 1 0 + 0 0 O V1o = 0 0 0
( 0 0 1) 3wm? Eyv 0 0 0 50 3rm? 0 0 0
d 1 8a,(u) [z
[ ]" - C 1P[ ]" + B 1P[ ]" 1S[8]|| — 5 Lirt 0/1 mys
d |n,u 0 3xm? ( F 71 ) I o (ﬂ,ﬂf) 0"’
| 1S£8].. g = 1558].. g 1 8 In aS('M) CFI 1P[1]" £ + BFI 1P[8]" K
| | 3m2py  ( auy)) (7 E )
| 3P[S].. g = 3P[8].. & 1 8 In as('u) C | 3D[1] . £ + B | 3D[8] . K
A A 3m2/30 ( as(/’tf)) ( Fl =+l Fl = +1 )

/U p to NLL
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RG evolution: TMDShF

r = In(u°bie4m)
Qh - CAé’B
d S b = d In S b =16 (b

dIn L5)eh J/y/( 7: Cpi 1) = 7’1558](%(/1),53’/4) ding, N S by Cg) = o(br; 1)

C, 1 ’ a.C
Zq = i 11 In—= 6 (brip) =—2L;

T €yy ( 0f) 27

d In7. — LA 11 In é Consistency result Same as for the TMPDF:

Isho Ing " z Q2) con! rmed at NLO M.G. Echevarria, T. Kasemets, P.J. Mulders, C. PisanarXiv:1502.05354

(Higgs production in hadron-hadron collision)

T-‘ C .h‘ "t
[ Sugmn g, (brs piy &) = xp (715[81(/4 C) £16 (b u)—= )] Sasgen mAbri His &)\

S3p L J/l/f(b Tr My Cf) = exp[ ( }’15[8](//1 C) 1 6 (bT1 //i) ) ] SBPJ[8]! J/l//(bT; Hir ;)
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N., =N.orN°1 1

Matching onto LDMEs NS, =11

Npor.0) = 1
p _(d11)d1l2)
| Operator product expansion: " n Pt 2
y o (1) wr_d+1d12)
S J/l//(bT;:u’ cg) = G (bp; s Cp) & N N +" (b0 ocp) pelde) 2
' col* Vpol. _ 2,9 9
n Ly = In (u“bre sl 4rm)
| Renormalized LDME and TMDShF: | Matching coef Pcients:
ISl = 1+ (CplC /2) = i, H0 a1 Cpy P + B, 1PD
' 70 ( b= v) 3nm? eR ( SR s SCA CB
Clipbri ) =1+ = 2Ly 111022,
h
LO . LO g 1 LO a, 8C
SlS[S]I Jh//(bT M, Cp) = 15(58]" +2_7r[ T(CFl CA/Z)I 15[8] 1 3m2 e ( Cr 1P1[1]" + B 1})1[8]" 1p[1](bT’ ) =1 2y, 3m12: r
B — o 8B,
Infrared part 1P[8](bT’ u) = 27r 32 Ly
+C,L, 11 In-E LSl -0 1-2 1 ¢, tpl, -0 + B, 1Pl
A T( ) 32 T( Fl 4 Fl 4 ) ] }
It is analogous for the P-waves, the matching coe % cients will be the same
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Check: Hard function

I Virtual contribution of the cross section in photoproduction (F Maltoni, M. L. Mangano, A. Petrelli,hep-ph/970834%:

2 C C 1 2 b 2 1 i
Gy = Oy 1+ (Crl CA/2)7T 12 1 2+ p+C, Inﬂ—2 1C, —Oln”—+ln”—2+—l 2’u—+— +6 y
| 2 { | vV er] [er  ear( 07) | ( Cy, OF e 2 Q7 12) b

I Virtual contribution of the cross section in leptoproduction (M.G. Echevarria, R. Kishore, S.F. Romera, P. Taels, In progrgss
=fO.M,) 7T M,

2 C C, 1 :
oy =00 1+ (Crl CA/2)E—1 21 2+ p,+C, In//t—2 N
[ 2z{ [ er] [ e er( )] ;]

S(K2; u, 8+ LO T2 o
(KZop07) | 1SI8l, +&5<2>(k_) (Cr1 Cy2)—1 =4 | iglel,
. 0 2T ( V ' 0

€R)

TMDShE:  Sigey g, (K. ;1,67 =

* Virtual contribution

i CA —5(2)(k ) 1 i | 1S[8]" + s = CF' 1P[1]" T BF| 1P[8]"
27° ( eyy k2) = O 3m2m? k2 (1 -
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Summary

I In the VNRQCD+SCET framework, the precise de Pnition of operators describing the incoming gluon and the heavy-
quark pair within. the previously derived con bPgurations Is established.

I While the spin-triplet S-wave emerges as the leading power in the power counting expansion, the heavy-quark pair is
not observed in this state.

| At LP in the A-expansion, we established the factorization of the hadronic tensor into a TMDPDF and a TMDShF for the
(u)soft radiation throughout the entire process and the formation of the bound state. Through the calculation, it
became apparent that since the TMDShF possesses only one collinear direction, the de Pnition provided is suf bcient to
eliminate any spurious rapidity regulators.

| We have studied the renormalization group evolution of the LDMEs and the TMDShFs, as well as calculated at next-to-
leading order the Wilson matching.

I A concise examination of the process's hard function offers evidence supporting the results of the virtual contribution
of the TMDShF and its associated anomalous dimension.

Futureolor-singlet contribution, phenomenology, other processesE
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Summary

I In the VNRQCD+SCET framework, the precise de Pnition of operators describing the incoming gluon and the heavy-
quark pair within. the previously derived con bPgurations Is established.

I While the spin-triplet S-wave emerges as the leading power in the power counting expansion, the heavy-quark pair is
not observed in this state.

| At LP in the A-expansion, we established the factorization of the hadronic tensor into a TMDPDF and a TMDShF for the
(u)soft radiation throughout the entire process and the formation of the bound state. Through the calculation, it
became apparent that since the TMDShF possesses only one collinear direction, the de Pnition provided is suf bcient to
eliminate any spurious rapidity regulators.

| We have studied the renormalization group evolution of the LDMEs and the TMDShFs, as well as calculated at next-to-
leading order the Wilson matching.

I A concise examination of the process's hard function offers evidence supporting the results of the virtual contribution
of the TMDShF and its associated anomalous dimension.

Futureolor-singlet contribution, phenomenology, other processesE Thank yOU!
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Backup slides



Matching tensors tor J=0,1,2

o Tensorial decomposition:

oY ek .
70" = 3 o T(q &1+ qls?

o Operators in VYNRQCD: y \

<>
) 1 .[8 ! ) 1 )
(3P£8]) — El//(]; > * \/ET X1q — gl//cJIr(q *!) Tﬂ(lq )
2
\ J
1 (@ &y 1
ECPP) = Svyg V2T = <l (4 &) T,
1 2 CI\ 2\/5 ) q 2 CI( ) q
(&6 i)
.. (0) .
ICPPY) =yl NG V2T 4 = i (4%6?) T4 -
. \ J
o Matching tensors:
P,P, P’
MV —  uUOp 1 g + | Uuv —  uvop € 04 % — ,m/apo 0.
3ple] 3ple] ( op s ) k,3PJ 3p[el “apop™ k ij,3PJ®) 3p[el = 1o jp



