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Outline of the talk

= Quarkonium production in elementary
collisions

=  Open questions, new directions, and
opportunities at the EIC

= Quarkonia in nuclei — Glauber gluons
and NRQCD,

= The physics of quarkonium

dissociation Bottom line up front: Quarkonia and

: exotics at the intersections of hadronic
= Quarkonium observables at the EIC heavy ion, and EIC science provides
I

and connection to hadronization exciting theory advancement
opportunities.

=  Conclusions and future directions

For complementary discussion for quarkonia in relation to TMDs, non-perturbative analysis,
LDMEs, nuclear PDFs, exotics with nuclei, precision physics, small-x
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Quarkonia in elementary collisions

“I think vou should be more explicit here in
step two.”




Production of quarkonia

£« Non-Relativistic QCD (NRQCD) - a particular HEENN St (188

type of effective theory (EFT) Cho et al. (1996)
B~ 1,1,1,1
mo (E)x&())res all regimes of B 02~ 0.1 Ultra-soft ~ Ps va(z, ,1,1)
K~
cé: v?~0.3 ‘ Phs ~ mqu(1,1,1,1)
D? D2
Perturbative Lxrqep = Liight + Wt (zDO n m)?’b ot (zDO B m)X

MQU b - ahwemmemmmme 4 4

QCD without the  Ultra-soft + heavy - soft interactions

AQCD2 heavy flavor at NLO
Qv typical momentum if heavy quark: Pol ~ va2
typical kinetic energy if heavy quark: Kg ~mqu
e
pNRQCD [ N. Brambilla et al. (2000) VNRQCD M. Luke et al. (2000)

* NRQCD factorization formula. Short distance cross sections (perturbatively
calculable) and long distance matrix elements (fit to data, scaling relations)

do(a+b— Q+X) =) do(a+b— QQ(n) + X)(O3)



Open questions - LDMEs

= Universality of LDMEs — Different data sets and ranges used, different
reactions Boer et al. (2024)
Acronym Reference J/y hadropr. J/ photopr.  J/y polar. 5. hadropr.
and ete”  inhadropr. (P > 6.5GeV) [0/ 35ty 077 3BT 5By (077 3 Py /m2
BKI1 | Butenschon etal. [104, 105, 106, 107] | /(Pr > 3 GeV) X X Values R M I o
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For polarization

And for cross sections



Projected EIC impact

=  With the current LDMEs, predicted variation of the p; differential cross
section (e.g. JY) can be a factor of 4 to 10. EIC can clearly help constrain the
LDMEs much more accurately.
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Leading power factorization

Singlet contribution S.Fleming etal. (2022) M.Baumgartetal. (2014) Y.Maetal (2014)

LO NLO NLO NNLO
3 SF] 1 S[[)S], 3 P‘ETS] / o+ X'
s - Z_
. o single) Par.‘ton \ A
~ oA ~ A fragmentation

process | / \X
J

LO NLO

Only a subset of contributions survive, now

Octet contribution interpretable as parton fragmentation in quarkonia



LP example and applicability

doh dx clcrz ) m2 ~ T Prompt w(QS)
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Opportunities in e+p at the EIC

TMD formalism and fragmentation at small and intermediate p+
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Quark versus gluon fragmentation contribution



Quarkonia in reactions with nuclei
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NRQCD in a background medium

= Take acloserlook atthe NRQCD
Lagrangian below

Scales in the problem
P ~mgu(1,1,1,1) soft ~ A

P, ~mgv?(1,1,1,1) ultrasoft ~ A2

= Ultrasoft gluons included in
covariant derivatives

1 v v v 2 \ (I)—@D)2
EZ_EFM FMV+Z‘pHAp_p Ag‘ +Z¢I’{1DO_ Qm wp
p p

= Soft gluons are included

explicitl 1
phcitly —ira, Y {q_owg;, (49, A% v
o 4,9'p,p’
Double soft gluon emission L9 —p D) — g (a—p+P) + 9" (0 - qf)ow‘” 4, 4]0 }
2 p' ‘g *tg ] ¥P
Heavy quark-antiquark potential (P’ —p)
+p ey, ToT
. . . 4 a.s' _
(canalso be interaction with soft Y o m q)zngA%Xf_qTAX_p 4
pP.q -

particles)



Allowed interactions in the medium

= Atthe level of the Lagrangian

pg ~ (A%, 0, 7) fg ~ (A2, A A ))

= L

Q0000k

!efln]

®

LNrQCD, = L£NrQCD + Lo—g/c (¥, Ai_"—;ffg)

+Ly_qro(AL?, ALGL) + P ——x
Possible scaling for the virtual gluons interacting
with the heavy quarks
0012 3 + - 1
(1) dg~ (AZALAL A2 ~ (A2 000,

- Energy component must always be
suppressed

- Glauber gluons - transverse to the
direction of propagation contribution

- Coulomb gluons - isotropic momentum

2) o~ (ALALAL A ~ (AL AL A ) -ouiom
(2 ! distribution

= (alculated the leading power and next to leading power
contributions 3 different ways

Background field
method

Hybrid method

Matching method

Perform a shift in the gluon field in the NRQCD Lagrangian then perform the
power-counting

From the full QCD diagrams for single effective Glauber/Coulomb gluon
perform the corresponding power-counting, read the Feynman rules

Full QCD diagrams describing the forward scattering of incoming heavy
quark and a light quark or a gluon. We also derive the tree level expressions
of the effective fields in terms of the QCD ingredients



Example of the background field

method

Perform the label momentum representation and field viz) = ;ﬂ"pm ’
substitution (u.s. -> u.s. + Glauber) Dy = Pu+i0, — g(Al + A% )

1Dy = fat — QAE-' - QADG 3
NY/\? .
D P10+ g + g+ OO Example for a collinear
source (note results depend

~ A Nv/\\Q
E = 0,(Au + Ag) + (0 +iP)(AY + AY) + T f™ (4} + AL)*(Av + Ac)*  on the type of source)
=iPLAZ+O(XY)
/\3
Substitute, expand and

B=—(8+iP)x (Ay + Ag) + %chd’a{AU + A Ay + Ag)®
= —(iPL x n) AL +O0(\) .
N— e—
~ A3

collect terms up to order A3

v /C'('l 42?0 Z -g-t".';r, +qT( — _f_:,rADG /C) p (collinear/static/soft).

= Results: Leajmg —
depend on me IUn.1 (D ) — g 3 o (2‘4g(n"P)-i[(PJ_xn)‘4g} .a)t} otlinear)
the type Of corrections e-GAT e " p‘qT'NQT 2m P
he source of . () () A9) =0 (static
the source o Sub-leading Ly) o (b, A =0 (static)

scatteringin 20c-P+[P-Acl—i[P x Ac] -0

the medium med'”“_“ £ o, A5 = 9 3 U - Yo (ot
corrections p.dr




The QCD forward scattering

diagram expansion

= Looking at t-channel scattering we can also extract the form of the
Glauber/Coulomb fields in terms of QCD ingredients (and recover Lagrangian)

-'f- }) bl A = I) p! - * p - -+ -+
eoll. — 9 g Lg—coll. = E -+ }}7) k({Q‘ + ; ;
Pr i i Pn Pn Pn T

Glauber field for collinear source L0 (1)

4 o tg—coﬂ. + té—m!l.
?Ilﬂ. _ 7 I -

AG" = 3D Entmarg (9T Vs

Ty

Coulomb field for soft source

+O(\?).

Glauber field for collinear source

? i -'i?;‘:' _ b{D) C{O)
AP _yfa.bc E |:_” -P (B ol -B )}
1 a 2 q% g nl. ¢ qr ?IJ—:’?
‘4’2‘@ = § :E’E’— ﬁr.#‘(qT‘q)C}g
) 2 f q o T
£

@

Coulomb field for soft source

Y. Makris etal. (2019) 4" — /"5 S{[Pr @il B -2 [PB] 2B - [P}

= Note that for the gluon the last 2 diagrams are necessary for gauge
invariance but the first diagram the leading forward scattering contribution
= |nthe mediumthe momentum exchange can get dressed ~ Debye screening



Collisional interactions of

quarkonia in matter

T = Resum inimpact parameter space,
VgV Vg3 v yaEg make Gaussian approximation
e s 3
wh——\ g a2 : . :
o ! l..| '|.| | |”i ik '=,i TMD physics with nuclei | W. Ke etal. (2022)
e el e 2
| |"'| " i |'"'| '| | |' '| | |' Prei(xupé,T) = 22 / d’kdz V7 (Ak, z)y; (Ak, 7)
ki1l .|I ,l!I E - 1] Lf ; Y L2 Il et -
\ | '3 \ J ~ "”?g B ""QQ
- = - - — 2}\()1—”)3 /d:r Norm¢Norm; Te =(1-=)A(T)%e =01-=A5
Adil et al. (2006) Sharma et al. (2012) S

2[x(1 — z)A(T)?|[xp%€ + (1 — 2)AZ] 2
- atpti * B —2)AD)Y + pBE + 2(1— 2)AZ)
Heavy meson acoplanarity & distortion of the : XKD )2

light cone wave function (meson decay)

/ .

Quarkonium structure "

Momentum space picture — may be counter
intuitive (note that broadening in configuration
space is narrowing in momentum space)

* |nitial wavefunction ~ vacuum

* Collisional broadening

S. Aronson et al. (2017)

* Thermal narrowing



Time evolution of quarkonium

states

Schrodinger eq. with input from LQCD = Competition between formation

w(r) = Y™ (") Ru(r) of the proto-quarkonium state
1 & i+
Q.u'red or? 2.“-'!'11_'-(1:"“2

+ v[;.r;.} rRui(r) = (Ent — 2mg)rRyu(r) that interacts (O ~ 1fm interaction

_ _ _ onset) and dissociation
Quarkonium structure plays an essential role in

) . ) . Quarkonium Formation Dissociation
evaluating the dissociation rate o o
| n En (GeV) /%) (GeV™1) k2 (GeV?) Meson f Quarkania T T

- |
01 0.700 2.24 0.30 T/ 1 3/ > L
02 0.086 5.39 0.05 P (29) Fee v ) < = Lot
11 0.268 3.50 0.20 Xe | |
01 1.122 1.23 0.99 T(15) _ Q
02 0578 2.60 0.22 Y (25) Q
03 0214 3.89 0.10  Y(3S) : : : _ _
11 0710 2.07 0.58  xu(1P) = Dynamics reduces to a kinetic approximation
12 0.325 3.31 023  x»(2P)
13 005 5.57 0.08  xu(3P) Part 1 Part

[ ariton arton

Feed down taken into account form\~»

$(28): Br[$(25) = J/i + X| = 61.4£0.6%

Xet @ Br _}(,31 — J/Y+ “] = 34.3 4+ 1.0%

(‘:)thua.rk:onia (E I‘)

xe2: Br|xe — J/ib+ ~] —19.0 4 0.5%

S. Aronson et al. (2017)



Centrality and p; dependence

1.4 — T T T T T
= |ncalculating the min bias results we 1.2 o Ssodiation Term. » ok cev| T
found that the result is dominated by — 10 o GMS prompt Iy, p,-6530 Gev | ]
the first few centrality bins. Feed down 22 osh, e ooy
taken into account % 06FQ e o145, t12
¥ Raal(B)W, ; = oar T e ey ]
i i . ) A - 1 max B " - i i i i L]
an}n' bias ( 'PT) _ i *VAA 71 b H’ — / N 1. ( b) wbdb 0.2 - 7]
i > Wi ? Di min v 0.0— I : | : | —
1.2 — T T 71— 1.2 x KTLAS Inciaivo dw,pro65GeY|
1 0"_ -=- Y(18) s"* Therm. + Coll. | | K 1.0r- + B
L Min. bias Pb+Pb --- Y(2S) s"? Therm. + Coll. | | == 0.8 + B
— 0.8 g-185 =12 ® CMSY(1S)s"?=2.76 Tev| _ 5 06 t A ]
Q - t, =1-15fm CMS Y(2S) s"*=2.76 TeV | - T 04r ]
> 0.6F S - 0.2+ to. = 1-15fm J
= W 00—t . 1
< 04+ ¢ ¢ = 0 100 200 300 400
(am . N
5 4 part
0.21- S. Aronson et al. (2017)
0 0 1 ] 1 | 1 | 1
0 5 10 15 20 Uncertainties are related to the onset of the
p; [GeV] interactions

The possibility to determine centrality in DIS was proposed. W. Chang et al. (2022)

Hadron production is sensitive to geometry, can be done for quarkonia Z. Liuetal. (2023)



Min bias and excited to ground

state ratios

10 E I | ' | ' E|
. . . F 0-10% Pb+Pb, s"°=5.02 TeV [__ orm+Coll. | 3
= Good description of the relative = Foes sz Vi29) Tharm +Gol. |
suppression of excited to ground S 10 e
states S F
2 o'k 3
1.2 1 I I I 1 I I I 1 I 1 m§ -
= 10 i — y(2S) / Jhy suppression ’ A | 1 |
< OF 12_ = 10°E = t : E
% - Min. bias Pb+Pb ¢ CMAdaiys .00 TeM| = 0-10% Pb+F‘Ib, 5,02 TeV [ Y(1S) 'Irherm.+CoII.
o 08[ o0=185 &2 b, = 115 fm 1 7, Ooj_ R atocs | TiaoyTramscot | ]
= 0.6f 1 £
~ - — <10 F i
S 04 /*;Lk . ] 0
< i ¢ - :
< 0.2F ] 2 . ! . | . ! .
o L | | | | ] 1079 10 20 30 40
0.0— ' ' ' ' ' p(GeV)
0 5 100 15 20 25 30 !
P; [GeV] S. Aronson et al. (2017)
We see differences in suppression of Upsilon(2S i
and Upsilon(3S). Latest rF:lpeasurementspdon't( sezem " Good SgeEldiog the
psilon(3>). suppression of the ground and

to see that clearly (I find it puzzling) excited



In-medium heavy quarkonium

propagation — open quantum systems

Y. Akamatsu et al. (2015)

Probe = heavy- QCD
I m
q ua rko nium State perturbative matching
Probe Medlum:hght R R R R R R E R R R R L R
quarks and gluons mv~} NRQCD
_ that comprise the L R R :
Medium . SSSss=ssssssssspEssssssssss=s=s= U
med|Um non-perturbative matching perturbative matching
mvz ~E (long-range quarkonium) (short-range quarkonium)
K€ {ki (T)KE(T) ki(T)}, ¥'= - 1.75, Tmea = 0.25 fm, NLO .
5.02 TeV Pb- Pb ® ALICE- Y(1S) p N RQC D
10 ALICE: pr <15GeV and 2.5<y<4 W ATLAS- Y(15) ]
’ ATLAS: pr <15 GeV and |y| < 1.5 A CMS-Y(19)
CMS: pr <30 GeV and |y| < 2.4 O ALICE - Y(25)
QTraj: pr< 30 GeV and y=0 O ATLAS - Y(2S)
08 o ~ s vws 1 * Canuse open quantum systems methods and
MRS effective field theory methods to obtain quantum
< 0.6 1 - .
& QTraj - Y(2s) master equations for the evolution heavy
QTraj - Y(3S) . . .
oal quarkonium reduced density matrix.
0.2f * Current applications target bottomonium
! & S propagation in the QGP, however, similar methods
00t o S s T can be applied to non-thermal

Noart media such as the matter through which

N. Brambilla et al. (2022) heavy quarkonium states propagate at the EIC.



Energy loss and quarkonium

suppression
Ly ' - T ' | ]
2 16p — (2S) / JIy suppression, E-loss | - = In the double suppression
o 1.2F - the discrepancy is not
~ 10f - . simply in magnitude.
» 08F¢ Pb+Pb, s 7=5.02 TeV - There is a discrepancy in
N 06| g=1.7-1.9 I the sign of prediction
2. 04| 1 + _
< UAr i
o 02F * .
1 | 1 | ! ] I
000 100 200 300 400 ST T T
N > léf ¢ CMSdata, s"%5.02 TeV| ]
part. % 1.4__ P — y(2S) / Jhy suppression .
Y. Makris et al. (2019) o 12 g=t7-19 P =
~ 1.Of 5
The energy loss picture of & 8'2: ]
. . . =4 i il
quarkonium suppression inthe p+ % 04f + } + + i
range measured by ATLAS and CMS o 02k ]
i L

(up to 40 GeV) is strongly disfavored 0.ob——»~»L L . |
(IMHO) b, [GeV]



Comparison results for charmonia

— QGP vs CNM

= Eliminate thermal wavefunction effects. Implement the new transport parameters

for cold nuclear matter

l. Olivant et al. (2021)

First established that thermal screening effects in
this model are small.

D. Boer et al. (2022)

Location

10 F I — JAy QGP (Therm. + coll.) E
- 0-10% Pb+Pb — - J/y CNM (Coll.) .
[ Min. bias e+Au — y(2S) QGP (Therm. + coll.) |
— i — - y(2S) CNM (Coll.) ]
a o — %, QGP (Therm. + coll.
—~ 10F — . %, CNM (Coll) E
o B .
e
2 B
< B L e e e e o — — — -
o 10 = E
10—t
0 10 20 30 40
E [GeV]

Note this is energy, not transverse momentum



Comparison results for

bottomonia

= Dissociation from collisional interactions in cold nuclear matter is very large. For
the very weakly bound states the QGP suppression is larger but the CNM one is
still a factor of 5 -10. For the tightly bound states suppression is comparable —

sometimes slightly smaller, sometimes slightly larger. D. Boer et al. (2021)
1
10 E T I — Y(1S) QGP (Therm. + coll.) 3 1 B
0 E 0-10% Pb+Pb — - Y(1S) CNM (Coll.) ; 10 F T — X,(1P) QGP (Therm. + coll.)
" Min. bias e+Au — Y(2S) QGP (Therm. + coll.) | ] L 0-10% Pb+Pb — - %,(1P) GNM (Coll.) .
i ' — - Y(2S) CNM (Coll.) | [ Min. bias e+Au — %,(2P) QGP (Therm. + coll.) |]
o — Y(3S) QGP (Therm. + coll.) —_ - (2P) CNM (
—a 3 - NM (Coll. = o
X 10 g Y(3S) CNM (Coll.) E =Y 100 s (3P) (
o . ——————— — = — = = = = = = = = =] ’ F
g S ] — f
= -1 __— | a i
2I0F T ee—m———- 4 = 0k
B 7/ 7 -
- / i B
N 7/ | L
7/ R
10-2 ! | . | ! I 5
0 10 20 30 40 10
E [GeV] E [GeV]

For full EIC predictions we need to explore feed down corrections. Include kinematics.



Conclusions

= NRQCD (and extensions) is by now a mature theory. Still, we don’t have an
adequate global description of quarkonia (not only polarization but also
cross sections, different systems, etc)

= New theory developments include leading power factorization, TMD
factorization, production of quarkonia inside jets. A quarkonium program at
the EIC can shed light on many of those open questions

=  To address reactions with nuclei, an effective theory of quarkonia in matter -
NRQCD;— was constructed. Derived the Feynman rules (3 different ways) to
Ieacdll_ng and subleading power for different sources of interactions in the
medium

=  We showed the connection to existing quarkonium dissociation
phenomenology and demonstrated description of ground and excited
charmonium and bottomonium states suppression’in HIC

= Otherapproaches have been developed —transport models, open quantum
systems, absorption models, energy loss models (few have connections to
structure)

= The NRQCDg framework is general and applicable to both hot (QGP) and
cold (large nucleus) nuclear matter. Some interesting and encouraging

rCesuIts on dissociation in cold nuclear matter available. Large suppression in
NM.

= Additional discussion on quarkonia in ep, eAinrecent Prog. Part. Nucl. Phys.
D. Boer etal. (2024)



NRQCD examples

* One has to be careful, the simple power counting approximately manifest in
the LDMEs can be affected by the partonic cross section — a large number of
singlet and octet; S wave and P wave terms enter

do(J/) = do(QR(S111))(O(QQ([Si]1) — J/4)) + do(QQ([* Sols)) (O(QR([* Sols) — J/))
+ do(QQ([S1]8))(O(QR(PStlg) — J/%)) + do(QQ([*Pols))(O(QR(PPols) — J/%))
+ do(QQ(PP11s))(O(QR(PP1lg) — J/)) + da(QD(P Ps]g))(O(QR(PPals) — /%)) +

(@) 3 — NRQCD Y(1S) (singlet+octet)
e The situation is similar for e "|-- NRQCD Y(38) (singlet+octet)
bottomoni ~ [ e CDF Y(1S), s ”2_ 1.8 TeV
= O UL . E 1025—54‘%:-1_:_&*\ = CDF Y(2S), S —1.8 TeV
* Excited states have their own ¥k S, |+ CDFY(@3S),s”=18Tev
expansion O - ' |-- NRQCD Y(2S) (singlet+octet)
QE:lOl-m«»l" Hp.t“_'\ Ny T -
The question is —is there a <)
. . . . B oL ETEIL _
simplification at high p; where the S 10 RIS
: mt e
pr dependence of the short distance | Bl

cross section dominates 10 g | 10 20 30
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