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Gluon TMDs and Quarkonium

» We are interested 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

>~ 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. Schlegel, https://arxiv.org/abs/1401.7611 Dominanﬂy produced by g-g fusion
J.-P. Lansberg, C. Pisano, F. Scarpa, M. Schlegel, https://arxiv.org/abs/1710.01684 Gluon TMD fits in Di-J/w production

e J/yis straightforward to detect and there are numerous events.

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

framework, phenomenological analysis, etc.

U. D’Alesio, A. Mukherjee, F. Murgia, C. Pisano and S. Rajesh, https:/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, photoproduction...
Jlhy v :
»> S. Fleming, A.K. Leibovich, T. Mehen, arXiv:hep-ph/0607121
e h S. Fleming, A.K. Leibovich, T. Mehen, arXiv:hep-ph/0306139
> < 1 Iy M.G. Echevarria, arXiv:1907.06494
?}% ) S. Fleming, Y. Makris, T. Mehen, arXiv:1910.03586
“0000000000?

8
A. Bacchetta, D. Boer, C. Pisano, P. Taels, arXiv:1809.02056

Ol

> Quarkonium production mechanism: NRQCD factorization
G.T. Bodwin, E. Braaten, G.P. Lepage, arXiv:hep-ph/9407339

NRQCD: m, mv, mv2 (potential, soft, ultra-soft)

pr>=> M  Collinear factorization + LDMEs
do(y* + g — Jiy+ X) = Z do(y* + g — ¢c(N) + X)<@N%W> e
N

pr <M  TMD factorization + TMDShFs

SDCs LDMEs
pr ~ mV A= pr/M
Oy = 1 H Z(\J/ +X) + (J/ +X\)>< tH o
N—-Jhy X Nl// ' > < 4 d NX Intermediate region
X l S: spin D. Boer, U. D’Alesio, F. Murgia, C. Pisano, S. Rajesh, arXiv: 2004.06740
N = 25+1 LJ[CO L angular momentum U. D’Alesio, L. Maxia, F. Murgia, C. Pisano, S. Rajesh, arXiv:2110.075629
J: total angular momentum D. Boer, J. Bor, L. Maxia, C. Pisano, F. Yuan, arXiv: 2304.09473

Factorization for J/y leptoproduction at small p-| Samuel F. Romera 3 QCD evolution | 27-31 may 2024


https://arxiv.org/abs/1907.06494
https://arxiv.org/abs/hep-ph/0607121v1
https://arxiv.org/abs/hep-ph/0306139v1
https://arxiv.org/abs/1910.03586
https://arxiv.org/abs/hep-ph/9407339
https://arxiv.org/abs/1809.02056
https://arxiv.org/abs/2004.06740
https://arxiv.org/abs/2110.07529
https://arxiv.org/abs/2304.09473

About this talk...

> Factorization:
® Definition 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

Jly production in SIDIS: £(k) + N(Py) — £ (k') + J/w(P,) + X(Py) =

In the equations: yw = J/y
P-P,
P-q

d*é .
WH = Z ] e'4¢ < N|JF(&) | I, X > < Jlw, X | J*(0)|N >
~ ) (2n)*

J' = Z Z J]f,(p) N = 25+1 LJ[COH

AU AN

N-operators (defined in UNRQCD+SCET framework)

- Puzzle pieces for y* + g — ¢c (2 power expansions: vy A):

Gluons: B;lei ~ A In SCET Heavy quarks:  y, y ~ V3/2 In vNRQCD

——  The lowest power operator will scale as 4 - v3 Color octet configuration

< @(25+1LJ)> ~ \J3+2L+2E+4M

» Power-counting in vNRQCD (v): <351[1]>’ <£8]’<Sl[]>’<38]>

Dominant Fock state v3 7

{@”‘ o . ,0" 0 O }

N = 15181 3g[8] 3pls]
’ ’ 3] 3] 3] 3] 3
0 1 J 15([)] 351[] 3P([)] 3P1[] 3P2[]
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N-operators: definition

> Definition of operators:

U o ce B
@15[8] Fls(gS] (CS) nJ_a)
pair formahon incoming gluon

318] 35181

OH = [Hop (Cy‘C}d l/ﬁc T¢ (A : O-)p)(Pé) (cSW nJ_a)

spin-triplet

*(ce| wly |0y =MET |
M=2m, }

U UACP cd <A . q>0 T d ce B
@3;)[8] = F3p[8] Sy M W, L (A ' O-)p)(pa (CS) nJ_a)
—

Properties of the boost matrix

See also: S. Fleming, Y. Makris, (/\ - P)z =0, (A ' kl) = (A ’ kz)
T. Mehen, arXiv:1910.03586 : :

photon gluon
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N-operators: definition | Y

0000000000 <
+
crossed diagram

> Definition of operators: .
~ Matching onto QCD (tree level):

U U ce
@IS[S] FIS(gS] ) | (CS) nJ_a) '. F'“a _ 4 gSe Ej/l_y
palr formaﬂon incoming gluon '.. 18] - N M
ri =0

ot =1 (S5t T (A - 0) 7)) X (S5 BLL)

3§18 3518 Depends on the

production mechanism

spin-triplet

*(ce| wTy |0y =MET |

M=2m, I 2 2 2 ]
b uvop 8¢ 1 vo | o Hp M~ - o nuan + 0 — nhiP
(A . q> o M g1 |8 M2+ 02 e
(OH — THaop Csvcd o '//T Td (A . O') Yo (Csvce | ) ] L ] |
3P[8] 3P[8] M ” Pc P P: niLo : M2 + Q2 M2 _ Q2 M2
e | +g" | 8" + 2’ — n*i° — 4 g™ i’
WE:-im ,' 1 P+2 M2 + Q2 P+

Properties of the boost matrix

See also: S. Fleming, Y. Makris, (/\ - P)z =0, (A ' kl) = (A ’ kz)
T. Mehen, arXiv:1910.03586 : :

% There are other results for the matching tensor
phoTon gluon S. Fleming, A. K. Leibovich, T. Mehen, hep-ph/0306139
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TMD Shape Function: factorization

In the equations: yw = J/y
Ho_
P, = (0, @, P,r)

Wee =3 | ) 8%q + Py — P, — PY)(N| JIHO) |y, X) (J1y, X | J5(0) | N) .
, X" N

Photon frame
>Taylor expansion: p, ~ 0,(1.4°,4), g ~ 0,(4%,1,4), P, ~ Q;(1,1,2)

2
d bl e—ib 1Py +Py  +Py )
(zﬂ)z },*

54(q + PN o Pz// o PX) —i 52(PWJ_ + PXnJ_ T PXSJ_) — J

~Hilbert space: ‘J/I/J,X> = ‘Xn> ® ‘Xn> ® ‘J/W»Xs>

TMDShF encodes soft and B, -P
L=—g ) (
p

+ —
non-perturbative effects >‘/’P(x) Vg9

M

"d*b, b
Vv __ —ID, ] v 7(0) 0)
WHY — NZ ZHN(Q,M)U (27;)26 Ir [FAfTN]n (g, b)) SN_M//(b l)]
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TMD Shape Function: definition

v __ —ID, T v 7(0) (0)
WHY — EN‘ 2H(Q, M) | e T IO, b) S, ()|

In the equations: yw = J/y
Ho_
P, = (0, @, P,r)

»Gluon TMD parton distribution function:

, O(w,) ,
I O@,, b)) = — — it (N| BZ (bDBY, ,, (0)|N)
»TMD shape functions: - ot
SO (b)) =—1r.(0| (8,80 LT | DD, | 8,8, % | ©)] 0)
1568]_)J/w 1 _Ng_l C v n )(p l//p 1 W 1% nl//p )(p
L AS AP AC
Spap’a’(O) (b ) _ Ai’ A] Al AJ
3P Jhy 1 M2( ch —1)
N N

x1r 0] [(svcs’n)‘f ;(gai’qf’Tawp] (b)), [cS’VcS’nl//;aiqu")(p] 0)]0)

do~HQ®JQ Sh
>~ Rapidity renormalization: 4 0IE

S(O_)> (b,)  Justenough, the shape
NIy~ function only has RDs in
\/ S(b,) the n-collinear sector

G (x, b)) = I Ox,b,)\/S(b))

g/P SN—>]/1//(bJ_) —
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Calculation at NLO

>~ Leading order:

The calculation for the P-wave is analogous

LO
(IS = M2y T x 1T

LO
sLO k0 = 690k (s

15(58]—>J/l//

25+17 [8 4aS 28+17 /1] L0 2S+17 /8] L0 1 1
- LDME: (L) = (G (SLAT) T+ B (ST :
3m; €uv &R

LO 4 LO LO 1 1
e ) 5 o)) (-
2V 3am? Euv  ER

Coulomb singularity

B, P
gChro. — ¢ Ny ( ) Yp(X) + (¥ = 1)
Y

.

After BPS field redefinition

Coul. _ 471.“5 Tra T a
Z o Z (p _ p/)2 l/jpT l//p, )(_pT )(_p,

p.p’

+ 3 more
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Calculation at NLO

The calculation for the P-wave is analogous

- TMDShF: o
-regularization )
Sigsi(K 5, 6) = ﬁaz(k W (¢, — c,/2)= Ca LS8l .
lS(g K, U, — ' L F A ” - 0
IR
}f Vanishes in pairs l'
a,C | 1 8 1,8 L0
7 more A 752k ) In =5 +—1n? =+ = ) (1s1¥1)
2m* ey oy M* 2 pr A4
) Only this set of a;Cy I 1 5 <1 S[8]>LO
ny — :
X = diagrams survives 272 K2 — 52 K2 0 Half of the soft function
+ 3 more - /| -
proton Wilson line - asCA T, 1 | 8] L0
: T 2k, < s >
271'2 Euv k%_

4a, 1 L0
| [1] 1 p[&]
+ 3 more ' 37Z'2m62 k%_ CF<P1 > +BF<P1 >

+ Coulomb + Chromo-electric Sy ’(')éi' oot o

Double-counting
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RG evolution: LDME

d In <@*”> :%‘ﬂ@ <@W> <@W> = %o <@W>

1 0 O 4055(/4) 1 0 CF BF Qa (//t) 0 CF BF
Z1S([)8]= O 1 0]+ 3l e O 0 O }/1568]= - > O O O
0 0 I Wlo 0 o0 ST {0 0 0

d 1 3a (/’t) H
81\ _ s 1p[1] 1 p[8] 1¢[8 _ o/lm m
J1n g < SO > =3 (CF< P1 >+BF< P1 >> < S(g ]> = 9 (,u,,uf)(@ >ﬂf

() (2 ) (Y e
0 0 3m2f, as(ﬂf) 1 1
CrmY = (pm) - S (29 (¢, Gpi Y4 g, ()
J - J 3m2, a( //tf) F J+1 F J+1 _

/ Up to NLL
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RG evolution: TMDShF

L; = In (u*bjes/4r)

0;f = Ll

Tt s br Epe 1) = 1ispol@s(h) e ) o I S bri ) = = D (b

aC, 1 C
ZSh= 1 s 74 1 —lnz:_Bz @g(bT’lM): aS ALT

27 eyy O 27
d a;Cy Cg \ Consistency result Same as for the TMPDF:
Yy = InZg, = | —In— | | |
dIn u T Q}% confirmed at NLO M.G. Echevarria, T. Kasemets, P.J. Mulders, C. Pisano, arXiv:15602.056354

(Higgs production in hadron-hadron collision)

f-" SlS(gg]—>J/1//(bT; /ufa Cf) = €XP J (}/IS([)S](Ma 5)7 o @g(bTa /’t)?> SlS(gS]aJ/w(bT; M z:l)
] P

\ Sapisin (B By, Gf) = €XP [ (7 s & )7 — D(by; ﬂ)?> Ssp_ (b i ) |
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NCOZ. — NCOI'N(? -1

Matching onto LDMEs Ny =d=1
P .
Npol.(O) =1
wr, 2 d=DE=D
» Operator product expansion: o 2
N <@$>(ﬂ) , (d+1)(d=-2)
SN— D73 M, Cp) = Z C. (br; i, Cp) X N N - O(brAgcp) Y 2
col* Ypol. 279 9
L L; = In (u*bje=/4r)
»Renormalized LDME and TMDShF: » Matching coefficients:
LO 4 1 LO LO
<1S(§8]> — (1 + (Cp— Cu12) ’Z‘/s) <1SO[8]> _ 3][22 — (CF<1P1[1]> +BF<1P1[8]> > o C, :.
Cplbrs b =1+ = Zlr 1=In 05
LO 2 LO g 1 LO LO . 8C
SioabrinsGp) = ('SP + 2 [%(CF— (') - — <CF<1P1[”> + B, (1P > CS,(bys p) = — ;‘ 3m§ .
1 T
~ Infraredpart €S, by = — ; 235 T
1 wom

) ot )

It is analogous for the P-waves, the matching coefficients will be the same
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Check: Hard function

>Virtual contribution of the cross section in photoproduction (F. Maltoni, M. L. Mangano, A. Petrelli, hep-ph/9708349):
Qh — Mw

o (] 2 | le 1 2\ b : 2 2 g2 '
oy =0y |1 +— (CF—CA/Z)ﬂ | = | =S e— b0+CA1n”— —-C, S P PR P + Dy
27 Voo &R &R ER Oy Cy O Op 2 QOp 12

»Virtual contribution of the cross section in Ieptoproduction (M.G. Echevarria, R. Kishore, S.F. Romera, P. Taels, In progress):
Qh :f(Q9 Mw) Z Mw

[ a [ 2 C _ _C 1 2\ )
oy =0y |[1+— (CF—CA/2)E———A — | bO+CA1n”— + H),
2 V. R &R ER Q7

€IR

S 1, 5% O o 2 cC LO

L LO LO
%G = 50(k,) - L <1S[81> 0 o ! Cr <1P“]> + By <1P[8]>
2m* \ €uv k1 0 3m°m? k{ I 1

1
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Summary

> In the vNRQCD+SCET framework, the precise definition of operators describing the incoming gluon and the heavy-
quark pair within. the previously derived configurations is established.

» 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 definition provided is sufficient 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.

> 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.

Future: color-singlet contribution, phenomenology, other processes...
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Summary

> In the vNRQCD+SCET framework, the precise definition of operators describing the incoming gluon and the heavy-
quark pair within. the previously derived configurations is established.

» 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 definition provided is sufficient 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.

> 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.

Future: color-singlet contribution, phenomenology, other processes... Thunk youl
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Backup slides



Matching tensors tor J=0,1,2

o Tensorial decomposition:

51’]’ ijk
i 5 L ko ol
g0 =496 (qXo0) +q'c”,
o Operators in vINRQCD: (= \ 1
o
@(3})(%8]) — —1//(; : \/ETa;(_q = —1//(; (q : o-) T _q -
379 2 /5 3
\ )
L& xor) 1
XO- a k a
@k(3pl[81)=?,/§ V2T ;(_qz?,,;f (axo) T%_,
| V2
(G )
.. (0) ..
PPN = | T |V Ha = va (60 T
: \ )
o Matching tensors:
PaPp p
pv  _ muvop [ _ | pv - _ THVop a pU  _ THUOPA A
F3P58] F3PJ[81 Sop g ’ Fk,3pl[8l F3PJ[81 GaﬁGPAk M’ Fij,3P2[8] F3101[8] AZUAJP'



