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Gluon TMDs and Quarkonium

o We are interested in TMDs.

o 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

o 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 Dominam‘ly produced by g-g fusion
J.-P. Lansberg, C. Pisano, F. Scarpa, M. Schlegel, https://arxiv.org/abs/1710.01684 Gluon TMD fit in Di-J/w production

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

o Challenges: no universality of the LDMESs 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...
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o Quarkonium production mechanism: NRQCD factorization
G.T. Bodwin, E. Braaten, G.P. Lepage, arXiv:hep-ph/9407339

NRQCD: m, myv, my? (potential, soft, ultra-soft)

do(y* + 8~ Iy +X) = 3 do(r* + g — &)+ X){ Oy_y,
N

SDCs LDMEs In the early 2000..

pr>=> M  Collinear factorization + LDMEs
ON= iy =)/‘<%’Ll//z ( \J/l/f+ Xy + (Jly+ X\ ) Xyl Ty
X pr << M  TMD factorization + TMDShFs
S: spin
N = 2541 [eot]  L:angular momentum Pr ~ mgy A= prIM
J J: total angular momentum
col.: color 3
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About this talk...

o Factorization:
* Definition of operators in NRQCD+TNMD framework
* Matching onto QCD
e TMD shape function (TMDShF)

o LDMEs and TMDShFs at NLO:
e Calculation at NLO

* Renormalization group equations

* Matching onto LDMEs

o Discussion on Hard function



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

N-operators: scaling

Z:

Jly production in SIDIS: £(k) + N(P) — £'(k') + J/y(P,) + X(Py)
Defined in NRQCD+TMD framework

d*é
! zj . i 5 < PS|OM(E)|X:P,S, > < X: P, S, 0“(0)| PS >
v/

Effective operator: OH = Z o N = 25+1 L}COZ-]
N N-operators

Which N-states are in the summation?

o QCD coupling constant: color-octet configuration  The color-singlet state contribution starts at 6(a?)

o Relative velocity of the heavy-quark pair: <3S1[1]>, <1S£8]>, <3Sl[8]>, <3PJ[8]> <@(2S+1 I ])> ~ 3 P2LA2E+AM
V3 V7
Dominant
Fock state
Considering that the color-singlet state is suppressed OH = @"14 s + @/; o + Z @3P[8]

in the double power counting expansion:

_ 1I8] 3q[8] 3pI8]
N = 18[81, 35181 3p!



N-operators: definition

o Definition of the operators:

_ cd d ce pe
Ol = Tt (S5w T, ) % (85 By

pair formation incoming gluon |

OH  — THap ( ed ‘/fpc T (A - o) ){p5> (s B¢, )

3181 35181

spin-triplet

*(cc| iy |0y =MET |

M=2m, §
7 UACP cd (A . q>0 T 7d ce pe
@3})[8] — I_‘311)[8] CS) M = l/jpc r (A . O-)p)(Pé (CS) BnJ_a)
L=1

Properties of the boost matrix

(A-P),;=0,  (A-k) =—(Ak)
photon gluon
See also: S. Fleming, Y. Makris, T. Mehen, arXiv:1910.03586
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N-operators: definition

o Definition of the operators:

7 _ THUa cd ., T d ce B
@15[8] Fl [8] (CS)V ¥ CT XP@) (CSj nJ_a)
pair formation incoming gluon
U _ T HOp cd,, T 71d . ce
@35[8] F3 (8] (CS)V l//CT (A O-)p)(l%) (CS) nJ_a)
spin-triplet
*(ce|yiy [0y =METD |
M=2m, §
o" —=Trer| g (A q>” ' T (A - o) X (8% B¢, )
3pls] 3pI8 M + b, p)(pg nla
L=1
Properties of the boost matrix
(A-P),;=0,  (A-k) =—(Ak)
photon gluon

See also: S. Fleming, Y. Makris, T. Mehen, arXiv:1910.03586
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+
crossed diagram

o Matching onto QCD (tree level)

Uv
pua _ 4ge €]
S AN M
pap
F3S[8] =0
1

Depends on the
production mechanism

. i 2 N2 2 |
PR M| ot M2 + Q2 P+2
i M2+ 02 M2 — 02 |
+o | ¥ 4+ 27'n° 0 — ntn° ( Q — 4 g”” n°n’ ——
P+2 M2 + Q2

There are other results for the matching tensor
S. Fleming, A. K. Leibovich, T. Mehen, hep-ph/0306139
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TMD Shape function i th cquatons:y = 1y

=_Z _d% wa < PS| B (&)X, > < X, | %

| 2y 0)|PS >

nla

Fl

x ¥ <0 [os’;;’e’scd 7 (T %) 1 ](5)| S, X, > <P,S, X,| [cs’cdsceyfpc (T %) 1% ](0)|o >

w yr
%)

o Taylor expansion g~ 1/0K(1,1,1/2) TMDShF encodes soft and
“ non-perturbative effects

A)

o Disentanglement of Hilbert space ‘PWSW, X> =

P
1 [ 3=—8SZWT< — >l/f(X)+(l/f—>)()
H — - Z e r;“u K, K, 57(q + K,y — k) G % (%, Ky 1) Sy gy (K1) =P\ m )P
root of soft
JE-dPE function
G (x.k,,) = L (3P =8 b)) - EDN/SOM0-8) | e 8D = (PS| B E) B O)|PS)  Gluon TMDPDF
g/P (271-)3 n nl n

2 NOE . Just enough, the shape
d §J_ c g N—)]/l//( 2 9§J_) . . (O) /1 'd’ T d’ d
oiErku function only has RDs in | S@ (&) =(0| [&;ecs’; o H Ty ](@)9& [&; eyt H T ](0)\0)
(27)? \/S(0+,0-, &) | N—Jhy P: P W
M o6l the n-collinear sector No RDs

SN—>J/1//(kSJ_) — J'



Cal Cu Iation at N I_O The calculation for the P-wave is analogous

o LO:
LO
(IS = M2y T x £y
_ LO
LO _d=3 5 1¢[8
Sty 6) = — 25( )(kl)< s ]>
o LDME:

LO 4 LO LO 1 1
(s = (1o cr-eom 5o) () oo (e (o) e () ) (s -
2V 3rm €uv  ER

Coulomb singularit
I d Mixing between channels

B, P
FLhro. — _ g Z Al ( ) Yp(X) + (W — )
Y

.

After BPS field redefinition

Coul. _ 4ﬂaS Tra T Ja
O = ) oo Wy T
p.p’

+ 3 more




Calculation at NLO

o TMDShF:

Q + 7 more
quarkonium Wilson line
1) L
+ 3 more
proton Wilson line
i)
_ soft + 3 more
zszzzzzz: usoft

+ Coulomb + Chromo-electric

Vanishes in pairs

Only this set of
diagrams survives

Double-counting
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s-regularization

_ . 5t L
S(O) (kl;ﬂ,é_l_) - d—3 {S(klaﬂaé )<1S[8]> O

1S Ty

The calculation for the P-wave is analogous

Half of the soft function

0

d=2 )

Il

a m* C LO
+2—ﬂ§(2)(kl)<(CF - G2 - —A> <1S(gS]>

da

\)

_l_
3x*m? k7

€IR

Coulomb Il

LO
CA L5(2)(kl) _ L <1S[8]>
271'2 8UV k2 0

L
ll Il

1(@<Tﬁy0+&KTﬁyD>}

Chromo-electric



RG evolution: LDMEs

() =Zue{er) | (o) =z (o)

d Inpu
1 0 0 4%(#) 1 O CF BF 8a (//t) O CF BF
le(gS]= 0O 1 0]+ 3ml e O 0 O }/15(58]= - > O O O
00 1 Wilo 0 0 S PP
d 1 8“(/4) H
[8] \ _ \Y 1 p[l] 1 p[8] 1 [8] _ Im m\H
T () =S <CF<p1 )+5, (1P )) (1s1Y" = gy 0my

<1S£8]>” _ <1S£8]>”f _ 3m82ﬁ0 In ( Z:fZ)) (CF <1P1[1]>ﬂf + By <1P1[8]>ﬂf)
<3PJ[8]>M _ <3P][8]>Mf - 3m82ﬁ o ( zs((;t))> <CF <3DJ[1]>ﬂf +B, <3D][8]>ﬂf>
0 s\

Up fo NLL
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RG evolution: TMDShFs

dlnu

Zsp =1

5 1558]—>J/w(bT§ Cpr ) = 715581(%(/4)» Cpo M)

SlS(gg]aJ/w(bT; /’tfa Cf) = EXp

S3PJ[8]—>J/1//(bT; Ky Cf) = €Xp

Consistency result
confirmed at NLO

dIn{p

U

Cy
27

Ly

Same as for the TMPDF:
M.G. Echevarnia, T. Kasemets, P.J. Mulders, C. Pisano, arXiv:1502.05354

In S1S(58]_>J/w(bT§/4, Cp) = — @g(bzﬁ 1)

Ly = In (u*bje*s/4r)
0jf = Luls

(Higgs production in hadron-hadron collisions)

du
Vigpi(i, C )7 — D y(br; )

dp
Vis(ps & )7 — Dy(br; )
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4

dg
4

?)

)

\) lség]aj/w(bT; M 4 i)

S3P}8]—>J/w(bT§ Hi» C;)


https://arxiv.org/abs/1502.05354

Matching onto LDMEs

o Operator product expansion:

Scesifbri b E) = 3, Cllbys 1, C5) X O ) ) + ObrAgep)

o Renormalized LDME and TMDGShF: o Matching coefficients:
LO 4 1 LO LO
1ar81\ _ _ T\ /18] T4 1 p[1] 1 p[8] _
(59 = (1= cum 5 () = (1) v (o) ) e
CISS([)S](bT;Ma Cp) = E 1+ o Ly
. _ad=3 ) /ias LO L 1qI8] LO_ g 1 1 pll] LO 1 pl8] LO C_{ 4 C
im0 % 2 Ei ()0 () om0 5 i = S,
Infrared part oy 4 Bp
; CfPl[S](bT;'u) T 2 3m2 T

+CyLy <1 _In %) <15581>LO —%LT<CF<1P1[1]>LO +BF<1P1[8]>LO>] }

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

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

Qh=Mw

o Virtual contribution of the cross section in leptoproduction(IM.G. Echevarria, R. Kishore, S.F. Romera, P. Taels, In progress):
O,=fO,M,)2ZM,

1 +—
27
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12

] ] , L N _
Gy = Oy 1+% (CF—CA/2)%_§_2 %"‘i(%"‘@xlng—%) +HN}
TMDShF Gluon TMDPDF
o TMDShF: do3 (SO %) Lo 2 C LO
Sigisis (K5 1, 67) = 5 { l’z ’ <IS(58]> + 2_;5(2)(kl)<(CF ~ Cal2) v o eﬁ) <1S(g8]>

Virtual contribution

L L L
a,Cy Lé(z)(kl)—i <IS[8]> O_|_ doy 1 CF<1P[1]> O+BF<1P[8]> O
2m* \ €uv ki 0 3n°m? kg I 1
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https://arxiv.org/abs/hep-ph/9708349

Summary

o Quarkonia production is a promising tool to access gluon TMDs.
o TMDGShFs: NP effects unique to quarkonia production.
o A complete and consistent computation at one loop of the TMDShF has been done.

o Future: Phenomenology (predictions for EIC, LHC...) and consider more processes.
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Backup slides



Matching tensors for J=0,1,2

o Tensorial decomposition:

S5Y eijk
q o’ ?q o (q X O')k + q(ZG‘])
o Operators in vNRQCD: (= \ 1
3p[8] — o a _ a
OCPE) = 2vg | 5 —= [ V2T g =54 (47 0) Ty
2
\ )
1 ((3 a 1
X O k
O*CPBl) = — V2T%_ o = =W (ax6) T,
| o) q \ 2\/5 ) q o) Q< ) q
‘j@?a i
.. (03
OGP =y V2T% = w (¢96”) T%_, -
2 \/5 }
o Matching tensors:
P,P, P’
pv pvop | _ | pv puvop a___ pv yvop
1—1311)[8] F3p 8] gO’P ! g ? Fk 3p[8] F GaﬁUPA M Fl] 3p[8 1_13 [8] AZUA]P
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