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Synergies are everywhere in Trentino




Overview

- Quarkonium production at high versus low pt (TMDs)
- LDMEs from TMD observables at EIC

- From LDMEs to(Shape Functions

+ Process dependence and factorization breaking

- TMD evolution studies
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J /¢ production

J/Y production often considered in NRQCD
Bodwin, Braaten, Lepage, 1995; ...

J/Y production in electron-proton and proton-proton collisions
considered at high pt to ensure collinear factorization

J/, Y

Berger, Qiu,Wang, 2005;
Nayak, Qiu, Sterman, 2005; Pa Pa
Kang, Ma, Qiu, Sterman, 2014; ...

donrqep(Q + X) = ZdU (QQIn] + X) x LDME
S

Hard to describe all HERA, Tevatron & LHC simultaneously
Extracted LDMEs vary considerably



Quarkonium production in NLO NRQCD
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Data fitted to is described within scale uncertainties, other observables not.

Slide by M. Butenschdn

It turns out to be hard to describe all observables simultaneously



Quarkonium production in NLO NRQCD - 2

J/1) Photoproduction J/1y) Hadroproduction n,.- Hadroproduction J/y + Z Hadroproduction
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« Nontrivial outcome: Unpolarized |/y compatible with data.
But: Small- and mid-p; J]/Y¥ hadro-; J/yY photo-, n. and J/Y + Z production not described.
Also: Direct ]/ + Z production unphysically negative.

Slide by M. Butenschdn

CDF, HERA, LHC all important in this endeavor - prime example of synergy .



Including low pr data

Py,

High pTt production: collinear factorization

Pa P

J/w, Y Low pt production: TMD factorization

One becomes sensitive to the transverse momentum
distribution of the gluon inside the proton

Pyy

Investigate gluon TMDs together with the LDMEs
Bacchetta, DB, Pisano, Taels, 2018; DB, Pisano, Taels, 202 |
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Gluons TMDs

Gluon TMD correlator: I’gw(gj?pTT) x (P|FTY(0)U FTH(E, &)U | P)

transverse momentum dependent (TMD)

For unpolarized protons:

SN Y 2
13 % L L Qv prT P 224 pT
o (®.pr) =5 { + ( w2 T 2M3>}

unpolarized gluon TMD linearly polarized
gluon TMD

Mulders, Rodrigues '01

Gluons inside unpolarized protons can be polarized!

For transversely polarized protons:

gluon Sivers TMD

% £ U GpapT STO' L
I‘/% (CE,PT):g{Q% L ]Wp @+...}
p
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Quarkonium production in ep

ep — ¢ QX with Q either a J/v¢ or a T meson

Mukherjee, Rajesh, 2017; Sun, Zhang, 2017; Bacchetta, DB, Pisano, Taels, 201 8;
Kishore, Mukherjee, 2018; Kishore, Mukherjee, Siddigah, 2021; ...

QQ [25+1L(JS)]
A cos(2¢p1) asymmetry probes hlL I

q
J/. Y .
/v (1—y)BL &8¢
D (COS 2¢T) = y*g—Q y*g—Q
[1+(1—y2A L~ — 2 AL

1
q% h] g(xs q%‘)
X 52 ,2 N
2pr fi (&, q7)

In LO NRQCD the prefactor of the asymmetry depends on vy, Q, Mg and on two
quite uncertain Color Octet (CO) Long Distance Matrix Elements (LDMEs)

CS is Os suppressed, but v3 enhanced, higher minimum Q?2 and z cuts suppresses it

Bacchetta, DB, Pisano, Taels, 2018
]



cos 2¢t asymmetry - predictions
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Despite the large uncertainties sizable cos2@tasymmetries are possible

Bor, DB, 2022; EIC onium review, 2024

Kishore, Mukherjee, Pawar, Siddigah, 2022
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Quarkonium production in ep

ep! — e’ QX with Q either a J/v or a T meson

Godbole, Misra, Mukherjee, Rawoot, 2012/3; Godbole, Kaushik, Misra, Rawoot, 201 5;
Mukherjee, Rajesh, 2017; Rajesh, Kishore, Mukherjee, 2018; ...

QQ [*+'LY]

Using LO NRQCD the Sivers asymmetry is:

1
PJ/zp Asin(¢s—¢T) _ |QT‘ fng(xaq%)
MP fiq (CE, q:%)
AT g7 hy?(z,q3)
in — 72 p9 2
CO NRQCD LDMEs cancel out in Asin(¢s+é1) Mp hi(z,qz)
ratios of asymmetries at LO AcCos 2¢T 1 hf‘g(x, q2)
Bacchetta, DB, Pisano, Taels, 2018 Asin(¢s—3¢1) ~ 9 hi—Tg(m,q%)
in — 1
Asin(@s=3¢7) g2 hif(z,q2)
Higher order corrections Asin(¢ps+oT) QMI? hd(x,q2)

may complicate this simple picture

|3
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Color Octet LDMEs from EIC

One can also consider ratios where the TMDs cancel out
Allows to obtain new experimental information on the poorly known CO LDMEs
and to learn more about the quarkonium production mechanism

One way is to exploit the linear polarization of the gluon and/or the
polarization state of the produced quarkonium (P=L or T):

do¥" UP ¢g 2
T = 2 A 9 9

dprcos2pr — 90 _ N BUP T plog g2
T COS ¢T ddeEB dqu =T Mg 1 (x7QT)

At LO the ratios AUL/AUYU) AUT/AUUS BUL/BUU BUT/BUU only depend on y, Q
and the two CO LDMEs, for example for Q2=4Mg2:

Avr _ (1+(1-9)*) 05/3+ (6 — 6y +y*) OF /M3
B 5 P /2 0§ = (0|0£(150)|0)
Avy  (1+ (1 —y)?) OF + (10 — 10y + 3y2) OF /M3 5 s (1So

By 0g/3-0g /M3 Of = (0|0 (3Po)|0)

Byy 0§ —Of /M3

DB, Pisano, Taels, 202 |



Azimuthal Asymmetry

Ratio for unpolarized quarkonium production involves the same two unknowns:

f ] T T Y T ] T T T T T

—

[ —sv doUF
02 Vo [ i 2N AT e a?).
.» — BCKL -. do¥” vp 47 , 14 2
0.0’ | /d(/ﬁT cos 20+ dydz, g, mN B ﬁghl (z,q2)
BUU .
—50 -0.2! Different LDME extractions differ
A =l
; 4:\ | considerably, most have OgP « Og>
T | (e.g. BCKL), but one extraction has
_0.6. o . N 1 OgP=0g5(SV _
06, : ; ; ; BV) 05 = 0102(:50) 0}

Q? /4mé

BCKL = Bodwin et al., 2014

SV= Sharma & Vitey, 2013

Of = (0|05 (*Po)|0)

Overconstrained system allows to cross check the extraction

Bacchetta, DB, Pisano, Taels, 2018

Caveat: LDMEs extracted at NLO, hence proper extraction requires a NLO analysis

|6



Color Octet LDMEs from EIC

One can also consider ratios to open heavy quark production to cancel out TMDs

This requires a comparison of e p — e/ Q X and ep — €/QQX
_ f d¢T dO'Q_(QbSa ¢T)
f d¢T d¢L dO_QQ(¢57 ¢T7 QSJ_)

TR cos 20 _ f dng COS 2¢T dUQ_(¢57 ¢T)
f dor doy cos2¢; dUQQ(¢Sa Or, QSJ_)

R

Two observables depending on the same two unknowns: 05 = (0|0&(*50)|0)

o 2Tm* 1 [+ 11—y 05 + (10— 10y +3y*) O /Ms  Of = (0|05 (*Po)[0)

4 MQ 20 — 26y + 9y2 z=1/2
2712 1 i 1
cos 2 S P
R o __ . 08 - — 08

To avoid evolution we choose K1 =Q =2M, Bacchetta, DB, Pisano, Taels, 2018
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[0,1] for R or [-],]] for Recos(29)

R.C08 20T _ (cos 2¢71) o

R <COS 2¢T>Q§

Based on fits the ratio of
asymmetries could be

anywhere between 0 and ©

But rough average of the fits
would indicate that the

cos(2¢t) asymmetry in open HQ
production could be of O(10)

times larger in |/ production



Polarized quarkonia at EIC
Will the quarkonium state be produced polarized at EIC?

In e p — O X (untagged €', dominated
by Q2=0) in collinear factorization at high pr In LO NRQCD study in the TMD
the 'Sp state dominates = unpolarized regime AYL/AYY can be far from|/3

LN LN LA NN BB B LU R N B R LR NN ELEY BLELNLEL BLELELELE 1 . . . . - v . Y T T v v Y Y T Y v

1000 £ sgltl — ]
: LDME:s - Chao 35%81 —_— 08 |
_ 18 ] Rl _ |
— 100} 5 [ y=0.01 _
<)) - J [ {
O 10F | | |
= ‘I_I_|_‘ | A 06 ?
B 1 1 g | |
S | | [ ]
= 0.1! - |
o §
0.001 ¢ | — BCKL
3 45 6 7 8 9 10111213 14 1! 0 1 2 3 4
pr [GeV] Q°/4m5
Qiu,Wang, Qing, 2020 DB, Pisano, Taels, 202 |

AUL 1
A 3
VU lof <0Of

can be used to demonstrate the relevance of 3Py

19
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Effect of smearing QQ [*T1LyY]

In reality the process of QQ — /W involves some kr-smearing p
J/

TMD factorization requires still unknown “shape functions”
Echevarria, 2019; Fleming, Makris & Mehen, 2019

If L dependent this smearing would affect the extraction of CO LDMEs:

2772 1 [14 (1 -y)*] 08 So(x, q7) + (10 — 10y + 3y*) Og' /Mg, S1(x, q7)
1 Mg 26 — 26y + 9y2

2 T T T T T T g 9
L Sp U] : SL(-T,(I3~) _ C[fl AL]('I::qT)

15:_ 2= 4 Gev™? L=0—_: flq(xq%)

1 e | «— Example study using positronium-like functions
| _ Bacchetta, DB, Pisano, Taels, 2018

os | ,
' However these are not the wave functions

of the quarkonia (A # W)

21



Shape function vs LDMEs

doV?

dy de dZP*T

- N ZA[n] C[fl A[n]] ZB[n]C[ hlg A[n]] C082¢T,

clwni* ') @n = [ Epr [ dr 8 or + ke~ ar wor g rp A

* * d vy n n
fd(bT COS 2¢T dyd;g 7P 1>, B[ ] C[Wh'l'g Al ]]

(cos 2¢7) = 0 = —
* o [n] n
fd¢T dy dxp d?P, 2 ZHAUUC[fl Al ]]
A["](kT,,uz) N (OQ[n])A(kT,,u ) GZS;TEIIZ:: shape functions « LDMEs
Ayu = T, AL (O°n)) (08 2% = 1 Byy
N
Buyu = 2., B%’}JU (O°[n]) 2Ayy qr dependent

BUU/AUU same as before

Consequently, the TMD evolved expressions will also be proportional to the LO
expressions in terms of LDMEs

22



Matching high and low transverse momentum

Py

Calculate the high pt contributions and consider
their low pr limit

Pa p;

This should match with the high pt limit of the TMD contribution, but that can only
work out after including a shape function A:

ontaed e MAMIGRE3QY
My (M2 + Q?) (01O0(°557)|0) + 4 Mg(M2 O (0|03 P, )|0)_

Four =

x f{(z,p?)

l Pr=4qrT

/dZPT/d2’<=T62(qT—pT—kT) L (z,p2; p?) A2, u?) = C[f7 ALl(x, q7)

Y

It turns out that the perturbative tail is L (or more generally) n independent:

AUI(K2; 12) = (O9n]) A(KE; 1)



Effect of smearing & matching

LO NRQCD:  AlM(kZ; u?) = (0|O(n) |0) 6% (kr)

q
Py

Taking into account unexpected non-continuous behavior:

Az k2, 0%) = — Qs Ca |1+ log Mi (O[n])é(1 — 2).
T 22k, M + Q3
Pa P, Q2 — Mi"‘QQ DB, Bor, Maxia, Pisano, Yuan, 2023;

DB, D’Alesio, Murgia, Pisano, Taels, 2020

— A2 12) =~ (OQ[n])A(k_%;,uz) holds at O(ats), at least at large kt > Aqcp

T°

M2 M2 2
One might think the log is of the form log —% _ but it i her it is log —¥"H
nemlg tt|n<teog|soteorm 0og ,u2 . utltlsnot,rat eritis og Q4
H

Shape functions can be different for different quarkonia, but there is also
process dependence, like in open heavy quark production!

Catani, Grazzini, Torre, 2015

This may yield results that are very different from NRQCD analyses
24



Shape function vs LDMEs

Perturbative tail of the shape functions in b space:

N Olm]
Stn)— /4 (15 1, CB) = Zc[u](b:r; i, CB) X <N(J)> + O(brAqep)

[m] pol

13([)8] channel 3P}8io,1,2 channel
Crgis (bri s Cp) = 1+ anALT (1=MnCp)  Cypp(brspmCp) =1+ a;iA Ly (1 —InCp)
C{qplm (br; 1) = —g; igg Lt Cngil(bT; p) = —(;; i;g T
C{gpl[ss] (br; ) = —(;; iﬁg Lt CED§L1(5T5 p) = —(;; 2:;? Lt

. J
Echevarria, Romera, Taels, 2407.04793 with Ly = In (u?b7.¢*2 /4) and N;Sol) = 2J +1

. abc jebc __ ae
Includes v-suppressed off-diagonal terms 2 pe d°d™ = 4Bro

_ _ L
Confirms: AP(k2; p2) ~ (O9[n]) AK2; 1) Br = (Ne = 4)/4N.

T?

_ _ N2
Miﬂ%{ Ca = N. Cr (N —1)/2N,

5 =M
25
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Generalized factorization expressions

q
AL E3) = Agip (1) X Sep(123)
Py
A n 1 S ]\/[2 H
p Al (2,035 43) = o= [1+ 52Ca (1 +log ) log ﬁb] (On])s(1 - 2)
2. 2\ Qs . :LLII :LLII
Sep(b; piy) =1+ QWCA@g ]W?b + Q2> log — /Lb
n 2
J/w ALP]( ) A[S}EF(/'LH) X SPP(UH)
2
OF
Spp (i) =1+ Q—CA@ 'LLHQ) log — .
Q M¢ Hb
Sun, C.-P. Yuan & F. Yuan, 2013
, : Additional process dependent factor
1(p1) ::‘ﬁ:: Similar to open heavy quark pair

production

Catani, Grazzini, Torre, 2014
Picture by G. Ferrera

ep case: Zhu, Sun, Fuan, 201 3; del

\' Castillo, Echevarria, Makris, Scimemi, 2020
ha(p2) j—‘—‘:{:,

26



Generalized factorization expressions

q
A (12) = AGe(12) X Sep(i?)
Pyy
A |n 1 S AIQ H
P Al (e bss) = - 14 22y (1 g ) log Zb] (©lnl)o(1 ~

2. 2\ Qs . :LLII :LLII
Sep(br; piy) =1+ %CA <2 log A’Lp Q2> log —

J/p  aAllud) = AL (2) x Sp(u?)

Qs
Spp(1%) =1+ %C’A (3 log ]ﬁLIH ) logZ—g
P

Recipe to test the process dependence:
Determine A[ ]( M7) = AgﬂF(MQ)(yé AL (M)

Evolve A[S£F<M¢) to AShF(QQ) AZ(Q?) Q* = M7 +Q?
Compare to experimental determination of AL?;](QQ)

DB, Bor, Maxia, Pisano, Yuan, 2023 The challenge will be to do this test for CS and CO
shape functions for the same quarkonium state

?)

27



Factorization breaking

q
Py
q
Py CO shape function
p Pa P,

7 CO involves complicated gauge link structure
/¢ in gluonic correlators & possibly

factorization breaking

Single hard scale process (no Q”2), therefore, process dependence not easily recognized,
but Sudakov factor different from CS quarkonium production

Sun, C.-P. Yuan & F. Yuan, 2013

ep and pp collisions both needed to determine importance of factorization
breaking effects and of process dependence

28



Factorization breaking

Nonfactorizing diagrams in pp—jet jet X due to gauge links

Also for pp—h h’ X and for CO-CO in di-J/{ production
P2 > \ < . : {

:

oL N Collins, Qiu, 2007
5 3 Collins, 2007

No proof of factorization breaking for the sum over diagrams of this order in QCD
Even if it leads to factorization breaking, the importance/magnitude of it is unknown

Experimental data must be used to show this (like done for diffractive PDFs) .



Effects of ISI & FSI

1"/,,,/' ; _ 1"/,,H j B SSA from gluon Sivers

'o Nonzero SSA only for CO in ep
. o o , - 2 il But not at twist-3 (large pr)
d cf. Shinsuke Yoshida’s talk
[QQ)™
E Yuan, 2008 Nonzero SSA only for CS in pp
a kla b

Zero SSA for CO in pp

¢H00000

Interesting to check to what extent this type of process dependence is correct:
synergy with polarized FT experiments at LHC

30






Xcp production

pp— xo X X 05 X b0

In LO NRQCD the differential cross sections in pp and pA are: DB, Pisano, 2012
do(ng) 2wl

B = g e 101 (S0 C L ) [1 ~ R(gh)

d 8 3 .2
7o) _ BT goxe e py o) e L £) [(R(E)]

yardr 5 R(G2) = C[whllghllg]
7 29 7302 T) — g r8

X0oj LDMEs are order v2 w.r.t. 1g

For xo1there is no contribution due to Landau-Yang theorem

Comparing pp— H X, where H=x, xvo or Higgs allows to test TMD evolution
32



Effect of TMD evolution

Comparing pp— H X, where H=), xvo or Higgs allows to test TMD evolution

The relative contribution from linearly polarized gluons w.r.t. unpolarized gluons
decreases with increasing mass of the produced state (which sets the hard scale):

0.20\ Loy Lo :

: R(q7) = C[g[h]}g fZﬁ ] Q [GeV] :

0.15+ Vo — 34— My, -

' = 99 «—3 My -

RO 10 = 5
. I ““ —_ 126 ]

QT [G@V] DB, Den Dunnen, 2014
33



Bottomonium production in pp

The range of predictions for C-even (pseudo-)scalar bottomonium production:

my,,= 9.9 GeV 07
0.20 0.6‘
0.15 0.5
i 04°
R(Qr) f R(Q :
0.10 (Qr) 03
0.05' 0.2
i ] 0.1§
ooOL—— o o | e :
0 1 2 3 4 5 080 05 10 15 20 25 30
Qr [GeV] Qr [GeV]

DB, Den Dunnen, 2014

Variation of nonperturbative input for the TMDs
and treatment of the very small b region (b<1/Q)

Echevarria, Kasemets, Mulders, Pisano, 2015

Variation of the nonperturbative Sudakov
factor and the renormalization scale

Very large theoretical uncertainties, even more so for charmonium production,
but contribution of 20% or more can be expected
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p(P1) + p(P2) — ne(qr)

do /dqr [nb/GeV]

| mEE NLL
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T-odd gluon TMDs at small x - scale evolution
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DB, Hagiwara, Jian Zhou & Ya-Jin Zhou, 2022

Scale evolution does not preserve the small-x equality of T-odd dipole gluon TMDs

Comparison of p'p— 1< X and p'p— N X can test this (for WW gluons TMDs)

At polarized FT experiment at LHC?
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TMD regime in pp collisions

Associated production of J/i with a photon, both
with large pT, but their sum needs to be small

A good probe of the gluon TMD and its evolution

Den Dunnen, Lansberg, Pisano, Schlegel, 2014

Works in double J/¢ production too:
< 0000 <
! () SN

Y Y CS-CS » CO-CO
'm,<O ) méo J /i, T

Lansberg, Pisano, Scarpa, Schlegel, 2018




Associated J /1y production

pp — Qv X could be a good process to extract [ (z,p7) at LHC

Direct back-to- back Onlum + v at sqrt(s) =14 TeV
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do/dQ/dY/d cosBg x Br(Onium — p p) (fo/GeV)

The CS contribution dominates in Y+Y production and for lower invariant
mass of the pair also in J/+Y production



J /¢ pair production
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J/4 pair invariant mass allows to study TMD evolution

The shape of this normalized (DPS subtracted) distribution and its scale evolution
is not fully described by the TMD description (also not within uncertainties

from nonperturbative physics) [soon to be updated, see Jelle Bor’s talk] ‘0



Linear gluon polarization in di-J /W production

hitg can be probed through angular modulations in pp — J/¢ J/¢ X
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Estimated to lead to 1-5% level azimuthal modulations at LHC (incl. TMD evolution)

Scarpa, DB, Echevarria, Lansberg, Pisano, Schlegel, 2019

CO contributions estimated to be below the percent level, except at large Ay
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Conclusions

Quarkonium production in both pp and ep collisions are well suited to study
gluon TMDs, but can also offer new opportunities to learn about the
quarkonium production mechanism itself

In the TMD regime CO LDMEs can be extracted by exploiting the quarkonium
polarization, linear gluon polarization or open heavy quark pair production

In TMD regime polarization of quarkonia produced in ep collisions not firmly
predicted

Generally, predictions are still quite uncertain because of many factors: unknown
nonperturbative Sudakov factors, scale uncertainty, poorly known LDMEs or
unknown shape functions

Process dependence, factorization breaking, and TMD evolution all need to be
studied more extensively by comparing ep and pp observables

Lots of synergies of EIC & LHC regarding TMD studies, include SSAs in a
polarized FT experiment at LHC
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