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Why quarkonium?

The usual introduction: Debye screening Ap(T)
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Why quarkonium? ‘

The usual introduction: Debye screening Ay(T)

vacuum Temperature T<Td

Quarkonia suppression => QGP signature
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Why quarkonium? ‘

The usual introduction: Debye screening Ay(T)

vacuum Temperature T<Td

clting Quarkonia suppression => QGP signature

We need a global picture including from the production
mechanism (pp) to the medium effects (AA) covering different
system sizes (pA) and energies
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Quarkonium production schemes in pp: A long history ‘

Quarkonium production involves perturbative and non perturbative QCD

* Production of the heavy-quark pair, QQ:

perturbative A.\, @ N ;§i
* Evolution of the QQ pair into the physical B N = %
guarkonium state: non-perturbative P!artu:a_ti’ve Non-;e(rturbative 3

Ar < L Coherent soft interaction

2mQ
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Quarkonium production schemes in pp: A long history ‘

Quarkonium production involves perturbative and non perturbative QCD

* Production of the heavy-quark pair, QQ:

al
perturbative \ @ =~
* Evolution of the QQ pair into the physical B. . N

guarkonium state: non-perturbative

wnluoyJenp

Perturbative Non-perturbative
|

Different approaches to hadronization: Ars o, Coherent soft interaction
Color singlet model (CSM): 1975 - Einhorn, Ellis (1975), Chang (1980), Berger & Jone (1981), ...
* Assume physical color singlet state, qguantum numbers are conserved

* Only the pair with right quantum numbers Effectively no free parameter
Color evaporation model (CEM): 1977 - Fritsch (1977), Halzen (1977), ...

* Does not distinguish states with respect to their color and spin

e All pairs with mass less than open heavy flavor threshold
One parameter per quarkonium state

Nonrelativistic QCD (NRQCD) 1986 - Caswell, Lapage (1986) Bodwin, Braaten, Lepage (1995), ...
* Rigorous effective field theory based on factorization of soft and hard scales
e All pairs with various probabilities = NRQCD matrix elements

Infinite parameters — organized in powers of v and a
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quarkonium state: non-perturbative
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Perturbative Non-perturbative
|

Different approaches to hadronization: A“% Coherent soft interaction
Color singlet model (CSM): 1975 - Einhorn, Ellis (1975), Chang (1980), Bergs L), ..
* Assume physical color singlet state, qguantum numbers are cQg

* Only the pair with right quantum numbers o free parameter

Color evaporation model (CEM): 1977 -

arious probabilities — NRQCD matrix elements
Infinite parameters — organized in powers of v and a,
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Production models: state of the art for the J/
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e CSM still in the game: Large NLO and NNLO* corrections in p;; need a full NNLO
* NRQCD: COM helps in describing the p; spectrum

Yet, fits differ in their conclusions owing to their assumptions
(data set, p; cut, polarization fitted or not)

At low and mid p; —region where quarkonium heavy-ion studies are mainly carried
out— none of the models can simply be ruled out due to theoretical uncertainties

Recent developments may be helpful: e CEM improved
* (CGC meets NRQCD
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Recent developments on production ‘
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New observables can help ‘

Observables Experiments CSM CEM NRQCD Interest
IO+ LHCb, CMS, ATLAS, DO NLO, LO? LO Prod. Mechanism (CS dominant) + DPS +
(+NA3) NNLO* gluon TMD
J/Y+D LHCb LO LO? LO Prod. Mechanism (c to J/psi
fragmentation) + DPS
J/P+Y DO (N)LO LO? LO Prod. Mechanism (CO dominant) + DPS
J/Y+hadron  STAR LO -- LO B feed-down; Singlet vs Octet radiation
J/P+Z ATLAS NLO NLO Partial Prod. Mechanism + DPS
NLO
J/P+W ATLAS LO LO? Partial  Prod. Mechanism (CO dominant) + DPS
NLO
J/P vs mult.  ALICE,CMS (+UA1) - - - Density effects (Saturation/Hydro)
J/P+b -- (LHCb, DO, CMS ?) -- -- LO Prod. Mechanism (CO dominant) + DPS
Y+D LHCb LO LO? LO DPS
Y+y -- NLO, LO? LO Prod. Mechanism (CO LDME mix) +
NNLO* gluon TMD/PDF
Y vs mult. CMS - -- - Density effects (Saturation/Hydro)
Y+Z -- NLO LO? LO Prod. Mechanism + DPS
Y+Y CMS NLO? LO? LO? Prod. Mechanism + DPS + gluon TMD
Lansberg (2018)
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New observables can help ‘

Observables Experiments CSM CEM NRQCD Interest
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Quarkonium in proton-nucleus: Motivations and expected effects ‘

In such reactions, many physics effects of specific interest are involved:

* Modification of the gluon flux  initial-state effect

¢ Modification of PDF in nuclei nPDF shadowing
¢ Gluon saturation at low x CGC
* Parton propagation in medium initial/final effect Coherent energy loss

* Quarkonium-hadron interaction final-state effect

¢ Break upin the nuclear matter Nuclear absorption
¢ Break up by comoving particles Comover interaction
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Quarkonium in proton-nucleus: Motivations and expected effects ‘

In such reactions, many physics effects of specific interest are involved:

* Modification of the gluon flux  initial-state effect

¢ Modification of PDF in nuclei nPDF shadowing
¢ Gluon saturation at low x CGC
* Parton propagation in medium initial/final effect Coherent energy loss

* Quarkonium-hadron interaction final-state effect

¢ Break upin the nuclear matter Nuclear absorption
¢ Break up by comoving particles Comover interaction

In addition of quantifying nuclear effects, quarkonium production in pA may be able to:
* Test QCD factorization in media

* Test the quarkonium production mechanisms: octet vs. singlet

e Test the dynamics of hadronization and time evolution of the QQ pair
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Quarkonium in proton-nucleus: Motivations and expected effects ‘

In such reactions, many physics effects of specific interest are involved:

* Modification of the gluon flux  initial-state effect

¢ Modification of PDF in nuclei nPDF shadowing
¢ Gluon saturation at low x CGC
* Parton propagation in medium initial/final effect Coherent energy loss

* Quarkonium-hadron interaction final-state effect

¢ Break upin the nuclear matter Nuclear absorption

¢ Break up by comoving particles Comover interaction
* QGP-like effects?

In addition of quantifying nuclear effects, quarkonium production in pA may be able to:
* Test QCD factorization in media

* Test the quarkonium production mechanisms: octet vs. singlet

e Test the dynamics of hadronization and time evolution of the QQ pair

Obviously relevant if one wishes to use quarkonia
as probes of the QGP => baseline
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Comparison of nPDFs with LHC data ‘
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Rpr

Several nPDF sets available (using various data, LO/NLO, etc)
Nuclear break-up neglected at LHC energies
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Data is

compatible
with strong
shadowing

The precision
of the current
data is already
much better
than the nPDF
uncertainties

It may offer
hints for
constraining
the gluon
density in Pb
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Comparison of nPDFs & E .. with RHIC & LHC d/p+A data ‘
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CGC computations: not just gluon saturation ‘

* J/y suppression predicted by Fujii and Watanabe within CEM significantly
below the data:
Fujii, Watanabe (2013)

1 T T T T T T T T
08 \ I T .
L T e ] T 7 -
SRR 9%
0.6 | -
04 | -
0 CGC (Fujii et al.)
' e ALICE
- v LHCb
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CGC computations: not just gluon saturation ‘

* J/y suppression predicted by Fujii and Watanabe within CEM significantly
below the data:

Fujii, Watanabe (2013)
1 T T T T T T T T

0.8 - [T —
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04 -
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oz L CGC (Fujii et al.) |
' ~—e— ALICE
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0 | | | | | | | |
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 Improved postdictions:
¢ CEM with improved geometry bucloue, Lappi, Méntysaari (2015)
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CGC computations: not just gluon saturation ‘

* J/y suppression predicted by Fujii and Watanabe within CEM significantly
below the data:
Fujii, Watanabe (2013)
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 Improved postdictions: ’

¢ CEM with improved geometry bucloue, Lappi, Méntysaari (2015)

¢ NRQCD : results depend on the CO channel mix ma, venugopalan, Zhang (2015)
contribution of CS channel relatively small 10% in pp, 15-20% in pA at low p;
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CGC computations: not just gluon saturation ‘

* J/y suppression predicted by Fujii and Watanabe within CEM significantly

below the data:
Fujii, Watanabe (2013)
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0 CGC (Fuijii et al.) :
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 Improved postdictions:
4

*
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$ _¢— LHCbdata
Pp Vs=5.02TeV  p <14GeV

0 05 1 15 2 25 3 35 4 45 5
y

CEM with improved geometry bucloue, Lappi, Mintysaari (2015)
NRQCD : results depend on the CO channel mix ma, venugopalan, Zhang (2015)

contribution of CS channel relatively small 10% in pp, 15-20% in pA at low p;

e |ssue: CGC results very much widespread (as those from nPDFs)
* Note: CGC on J/1 suppression applies at forward y (not backward)
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Excited states: An intriguing relative suppression in pA ‘

The facts: data from RHIC & LHC
* PHENIX: relative (2S)/J/\ suppression in dAu collisions @ 200 GeV
e ALICE & LHCb: relative \(2S)/J/y suppression in pPb collisions @ 5 & 8 TeV
* CMS & ATLAS: relative \(2S)/J/y suppression in pPb collisions @ 5 TeV
« CMS & ATLAS: relative Y(nS)/Y(1S) suppression in pPb collisions @ 5 TeV
 LHCb & ALICE: relative Y(nS)/Y(1S) suppression in pPb collisions @ 8 TeV
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Excited states: An intriguing relative suppression in pA ‘

The facts: data from RHIC & LHC
* PHENIX: relative (2S)/J/\ suppression in dAu collisions @ 200 GeV
e ALICE & LHCb: relative \(2S)/J/y suppression in pPb collisions @ 5 & 8 TeV
* CMS & ATLAS: relative \(2S)/J/y suppression in pPb collisions @ 5 TeV
« CMS & ATLAS: relative Y(nS)/Y(1S) suppression in pPb collisions @ 5 TeV
 LHCb & ALICE: relative Y(nS)/Y(1S) suppression in pPb collisions @ 8 TeV

* |nitial-state effects —-modification of nPDFs / parton E loss- identical for the family
 Any difference among the states should be due to final-state effects
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Excited states: An intriguing relative suppression in pA ‘

The facts: data from RHIC & LHC
* PHENIX: relative (2S)/J/\ suppression in dAu collisions @ 200 GeV
e ALICE & LHCb: relative \(2S)/J/y suppression in pPb collisions @ 5 & 8 TeV
* CMS & ATLAS: relative \(2S)/J/y suppression in pPb collisions @ 5 TeV
« CMS & ATLAS: relative Y(nS)/Y(1S) suppression in pPb collisions @ 5 TeV
 LHCb & ALICE: relative Y(nS)/Y(1S) suppression in pPb collisions @ 8 TeV

* |nitial-state effects —-modification of nPDFs / parton E loss- identical for the family
 Any difference among the states should be due to final-state effects

 Atlow E:the relative suppression can be explained by nuclear absorption
2
O’breakup ar meson

At high E: too long formation times t.=y 7,>>R =>
the quantum state does not matter!
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Excited states: An intriguing relative suppression in pA ‘

The facts: data from RHIC & LHC
* PHENIX: relative (2S)/J/\ suppression in dAu collisions @ 200 GeV
e ALICE & LHCb: relative \(2S)/J/y suppression in pPb collisions @ 5 & 8 TeV
* CMS & ATLAS: relative \(2S)/J/y suppression in pPb collisions @ 5 TeV
« CMS & ATLAS: relative Y(nS)/Y(1S) suppression in pPb collisions @ 5 TeV
 LHCb & ALICE: relative Y(nS)/Y(1S) suppression in pPb collisions @ 8 TeV

* |nitial-state effects —-modification of nPDFs / parton E loss- identical for the family
 Any difference among the states should be due to final-state effects

 Atlow E:the relative suppression can be explained by nuclear absorption
2
O’breakup ar meson

At high E: too long formation times t.=y 7,>>R =>
the quantum state does not matter!

A natural explanation would be a final-state effect acting over sufficiently long time
=> interaction with a comoving medium?
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Excited states: Comover interaction ‘

* In acomover model: suppression from scatterings of the nascent { with comoving
medium of partonic/hadronic origin Gavin, Vogt, Capella, Armesto, EGF, Tywoniuk...

* Stronger comover suppression where the comover densities are larger. For
asymmetric collisions as proton-nucleus, stronger in the nucleus-going direction

* Rate equation governing dp‘/’ _ co—yp co v
the charmonium density: T (b.s,y) = —¢ p"(b, s, y) p¥ (b, s, y)

oY%\ originally fitted from SPS data
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Excited states: Comover interaction ‘

* In acomover model: suppression from scatterings of the nascent { with comoving
medium of partonic/hadronic origin Gavin, Vogt, Capella, Armesto, EGF, Tywoniuk...

* Stronger comover suppression where the comover densities are larger. For
asymmetric collisions as proton-nucleus, stronger in the nucleus-going direction

* Rate equation governing d,o‘/J CO—
b, s, —g ¥ o (b, s, y) p¥(b, s,
the charmonium density: dT ( y) = o= y) P Y)
_ . . . _ _ E indin
o~ Y| originally fitted from SPS data oc° Qi — Ugeom(l FE; g )n
* New: ¢%~¥ can be parametrized: n & Tt averaged over comover dis
/(" TTer — 1)
phase -space distribution

_Q2:"""""""""':""""' Crn o I e e L A s
_&18F LHCb —+pPb.Pp  -ELHCb +pPb, Py o PR ST/
1-65 pT<25 GeV/e [ | comovers - pT<25 GeV/e [ | comovers — 1-45 E
14 3 £ = 1.21 —
12F ;— L B
1F [N D] C
- I e - 0.8 [1]
08— 1= ’ = 06k AMEERN
06F - - E b ATLASY(IS) ]
04F B %: = 04F giHe, Yas) .
02F Y(25)/Y(1s) | Y(3S)/Y(1S) = g #AUCEN(S) -
-HE | | | | ] E | | | | ] E E | | con\‘lovers J8‘ |"|CTEQI155
N E e S S S R T2 0 2 iy
yi yk EGF & Lansberg (2018)
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Excited states: Comover interaction ‘

Transport model with final interactions Soft color exchanges between cc & co-
“similar in spirit to comover suppression” movers at later stage => effect on {(25)
2.5 T T T T T T T 1.2 T T T T
ALICI; Prelimina:y, p-Pb \J‘sLN= 8.16TIeV, Inclusi\lle Jhy, w(2|8) - W %N?W results on y(2S) L V5= ‘5.02 TeV | | o ALICE‘Z ST/
~4.46<y_ <-2.96,p <20 GeV/c 1 confirm stronger | 2.035 <y < 3.535 = ALICE : 4(25) | |
? Transport Model (Du, Rapp, NPA 943(2015) 147) EGF (2014) B SqureSSion w.rt. to J/\V in u
%J/ﬁ B Du & Rapp (2015) the Pb-going direction. CGC+ ICEM  J/v
w(2S) .
1.5 Comovers + EPS09LO (Ferreiro, PLB 749 (2015) 98) .
m —>Final state effects are <
Cv(2s) 2

needed to reproduce the &~
y(2S) suppression.
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0-5 1 >Still problems for a
Wy - v 4 . 0.2 s
0y (2s) 1 quantitative description of | Light : Q% 4 = (1.5 — 2)Q% ,, A = (10 — 20) MeV |
0y, the data L2 @b =032k A ey
<Ncoll> 0 1 2 3 4 5
Ma, Venugopalan,Zhang;Watanabe (2018)
e N B e S B ] S N LB L R L e e
m@ 1.8F LHCb —<+pPb.Pp  -ELHCbH <4 pPb,Php - N3 pPo ST
C ‘E 4 _
Cl4F - - -2§ B
= 12F £ T -
2 1F - ——F tLj 1 s — =
S 08 -"ﬁffﬂ“” E e E S =
06F -E 3 - JATLASY(1S) ’
04F ‘E E 47 gLHCD, Y(1S) -
E E ] 2:— LALICE, Y(15) B
02F -E > - Comovers & nCTEQ15-
0 - PR NN N N W NN YRR TN T NN TN TN TN AN TR T A M ‘E PR NN N TN T NN T TN TR (NN TR TN TR AN SN WO T N W 07 . |4 1 ‘2 ! 6 L J2 L 4I. -
—4 -2 0 2 4 —4 -2 0 2 4 N P Yems.

N y ¥ EGF & Lansberg (2018)
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Some comments on proton-nucleus collisions ‘

* |nitial-state effects are required to explain pA data from RHIC and LHC
=> Modification of the gluon flux, either by modified nPDF or CGC, needs to be

taken into account g 141 ALioE P
Issues: x 1.23_ Inclusive JAy — i, p-Pb 5., = 8.16 TeV
* Huge incertainty of nPDFS B I
 Widespread CGC results el
¢ Coherent Eloss mechanism can also 0'65_ e v %
reproduce ground state data [ [0 ncTEOHS (0. Lansberg t )
0.4 coc+NAGCD (. Venugopainetay

CGC + CEM (B. Ducloue et al.)
Energy loss (F. Arleo et al.)

0.2F

Transport (hot + cold nuclear effects) (P. Zhuang et al.)

= = = Comovers (E. Ferreiro)

0_||||i||||||||||\||||||||||\||||||\||||||\||||\|||
5 4 3 -2 -1 0 1 2 3 4 5

ycms

E. G. Ferreiro USC Heavy Quarkonia in medium sSQM2019, 13/6/2019



Some comments on proton-nucleus collisions ‘

* |nitial-state effects are required to explain pA data from RHIC and LHC
=> Modification of the gluon flux, either by modified nPDF or CGC, needs to be

taken into account 5 1'4;"'AL'|E;'E', ncusve v, TAS) s ]
lssues: 1.2F p-Pbys,=8.16TeV .

* Huge incertainty of nPDFS L] H

* Widespread CGC results 08l # @{B i

« Coherent Eloss mechanism can also 0sf Z'f‘f’est:f?ﬂf;:,ta':gtb?fx;rd EE% :
reproduce ground state data 04l difference for the groud state &
0.25_ *  Y(1S) (preliminary) _

T Jly (arXiv:1805.04381) ]
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Some comments on proton-nucleus collisions ‘

* |nitial-state effects are required to explain pA data from RHIC and LHC
=> Modification of the gluon flux, either by modified nPDF or CGC, needs to be

taken into account & MM e T
Issues: 12 p-Pbysy=816TeV ]

* Huge incertainty of nPDFS ] H

* Widespread CGC results 08l # @3} i

« Coherent Eloss mechanism can also 05k Z'f‘:eséf:‘ﬂf)?wa':gtb':cax;rd Ba% :
reproduce ground state data 04l difference for the groud state &

E ® Y(1S) (preliminary)

Direct comparison with LHC data as ' 0.2 ' o Jiy (arXiv:1805.04381) E

function of comoving particle density I L E e i

1. 5PHENIX |5, =200GeV |sy,=5.02TeV el e e L B S SR AR
¢ ' $He+Au }p+Pb, LHCb Y oms
,%J ¢p+Au JHEP 1603 (2016) 133

nl| o N + . . .
g2 to+Al Jp:Pb.ALICE o Fingl-state effects as comover interaction,
O 1O gl . .
— 1' H are good candidates to reproduce excited

to ground state data EGF & Lansberg (2018)

)] p/3He+A

| T
== =
= =

R =N

@ @0'5 pPb 5.02 TeV Comover model ~ CMS data -1.93 <y < 1.93
.5 L _
Sl [burhan aviig 193 <y <193 CMS data
— e T@S)/Y(IS) 091003  0.83 0.05 (stat.) + 0.05 (syst.)
00 10 20 30 T@3S)/TAS)  0.72+£0.02  0.71 £ 0.08 (stat.) + 0.09 (syst.)

(dN/dn) /(<S.>) (fm’?)

AMPT

E. G. Ferreiro USC Heavy Quarkonia in medium sSQM2019, 13/6/2019



Think bigger: quarkonium in nucleus-nucleus collisions ‘

* Matsui and Satz: suppression of quarkonium as a signature of the QGP
Debye screened potential above the deconfinement temperature

* Time-independent notion of the melting process, purely real model potentials
Popular candidates: free energies F1(r) &/or internal energies U(r) Static

* An essential step: heavy quark potential not only shows Debye screening but
also features an imaginary part Laine et al. (2007)

Intuitive idea: Re[V] captures the screened QQ interaction Dynamic
Im[V] captures dissociation by Landau damping & singlet < octet
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Think bigger: quarkonium in nucleus-nucleus collisions ‘

* Matsui and Satz: suppression of quarkonium as a signature of the QGP
Debye screened potential above the deconfinement temperature

* Time-independent notion of the melting process, purely real model potentials
Popular candidates: free energies F1(r) &/or internal energies U(r) Static

* An essential step: heavy quark potential not only shows Debye screening but
also features an imaginary part Laine et al. (2007)

Intuitive idea: Re[V] captures the screened QQ interaction Dynamic
Im[V] captures dissociation by Landau damping & singlet < octet

= T T T T T
g 1 4-f 1 | Currentefforts:
= F . T T T T T | | T |
S 8t :EOK - . ) & T=151MeV HT=173MeV FT=198MeV
= GEs e |attice QCD = 0.3 [T=160MeV —T=185MeV :
o = -
I . =
oL j | calculation of % 0.25 |- .
in- = 02F -
FO) () complex in non-zero Im[V] || {
atd evinidna 1 medium HQ 0.15 3t T>Tc obtainedf i 1
T=174MeV (Nt=12) H¥A . 01k ” i _
T=186MeV (Nt=12) H=H pote ntial : '
T=198MeV (Nt=12) HEH 0.05 i A
T=252MeV (Nt=12) &+ . B 1 n
2 T=306MoV ENtzleg Petreczky, Rothkopf, Weber ]JE E ;l %
_ T=354MeV (Nt=16) 0 : i e :
HISQ N=2+1 - - TUM-QCD] 2019
T>0 Tvamey (=10 o [ Qcp] 0 05 1 15 2 25 3 35 4 45 5
Re[V]O . . T=1248MeV (Nt=16) -¥- Ar [fm]

smooth trahsitioh CofnelfiDebye *2  ** « ynderstand the origin and physics implications of Im[V]
agrees with F within 'UAcertainty
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Thinking big: gquarkonium in nucleus-nucleus collisions ‘

 To formalize the idea of decoherence in the language of QM and to see how the
imaginary part arises from the thermal fluctuations in the medium:

Theory of open quantum systems:

Environment
Henv

* solution of a stochastic Schrodinger equation

Asakawa& Rothkopf; Katz & Gossiaux,
Kajimoto, Akamatsu, Asakawa, Rothkopf

 computation of the evolution of the density matrix
Borghini, Dutta, Gombeaud,;
Brambilla, Escobedo, Soto, Vairo;
Blaizot; De Boni

3 llwoeRe[V] ‘1' Wy« V(r) The real and imaginay parts of the in-medium
= A ) A HQ potential can be related to the stochastic
& evolution of the in-medium wave function which
v Im{V] vern) perturbed by the thermal medium:
>, : >, e Stochastic term = thermal noise
* Im[V] related to the strenght of the thermal noise
Effective Field Theory Open Quantum System
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Thinking big: gquarkonium in nucleus-nucleus collisions ‘

 To formalize the idea of decoherence in the language of QM and to see how the
imaginary part arises from the thermal fluctuations in the medium:

Theory of open quantum systems:

Environment
Henv

* solution of a stochastic Schrodinger equation

Asakawa& Rothkopf; Katz & Gossiaux,
Kajimoto, Akamatsu, Asakawa, Rothkopf

 computation of the evolution of the density matrix

Borghini, Dutta, Gombeaud,;
Brambilla, Escobedo, Soto, Vairo;

Blaizot; De Boni
CHARMONIUM

| Bjorken-expanding QGP | | | Kajimoto, Akamatsu, Asakawa, Rothkopf (2018)

The real and imaginay parts of the in-medium
HQ potential can be related to the stochastic
evolution of the in-medium wave function which
is perturbed by the thermal medium:

e Stochastic term = thermal noise

OCCUPATION PROBABILITY

ground state without noise ——+—-

ground state —— 1o |m[V] related to the strenght of the thermal noise

lst excited state —*—

‘ 2nd ‘excit‘ed stgte &

o 1 2 3 4+ 5 6 1 8w HNoise provides an dynamical dissociation mechanism

TIME [£fm]
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Recent developments on open quantum systems for quarkonia ‘

1.8

ol | vias) Bjorken-expanding QGP | Time evolution of HQ states in an expanding hot
b yias) | QCD medium by implementing EFT —=pNRQCD- in
12l |1 *CMS2.76 TeV | { the framework of open quantum systems

RUSE 5 | =>Lindblad equation

"o } { ¢ non-Abelian nature of QCD: color transitions
" :l } } } : } | Brambilla, Escobedo, Soto & Vairo (2017)
0.2} ;] } % } i } 1

I . . L .
0 50 100 150 200 250
< Npart >

In the same line: equations for the time evolution of the HQ reduced-density matrix

in a non-Abelian QGP Blaizot & Escobedo (2017)
e take into account the color transitions within 2 strategies:

* perturbation theory => Langevin equation, analogous to QED

« as collisions => Botzman equation

Also: Schrodinger-Langevin equation Gossiaux & Katz (2016)
* interesting framework but not derived from first QCD principles
 QCD features enter in the parameters (similarly to Langevin dynamics in HF physics)
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Recent developments on open quantum systems for quarkonia ‘

1.8

ol | vias) Bjorken-expanding QGP | Time evolution of HQ states in an expanding hot
b yias) | QCD medium by implementing EFT —=pNRQCD- in
12l |1 *CMS2.76 TeV | { the framework of open quantum systems

RUSE | { => Lindblad equation

"o } { ¢ non-Abelian nature of QCD: color transitigns
il I } } } | | | Brambilla, Escobedg 017)
In the same line: equations for the time el e HQ reduced-density matrix

in a non-Abelian QGP Blaizot & Escobedo (2017)
* take into account the color tras ' In 2 strategies:

* perturbatio angevin equation, analogous to QED

* ascqll Botzman equation

Also: Schrodinger-Langevin equation Gossiaux & Katz (2016)
* interesting framework but not derived from first QCD principles
 QCD features enter in the parameters (similarly to Langevin dynamics in HF physics)
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Recent developments on phenomenology for quarkonia ‘

Anisotropic QGP with lattice potential

» |attice QCD vetted in-medium heavy-quark potential with anisotropic hydro QGP
* in-medium potential: complex values at high temperatures
* discrete values of the potential obtained from lattice QCD Krouppa, Strickland, Rothkopf (2018)

f

0.5; |

shifted IQCD Nf=2+1 asqtad data &
Gauss-law fit
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8 03
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) 0.2 0.4 0.6 0.8 7.0 12 14 0% — 8 10
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10p ~ i i ,‘ i i Iyl <24 ; ;
anisotropic hydro QGP | anisotropic hydro QGP . e stronger imaginary
08 | O IS Dot part present in the
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< 0.6 .
. potential

04
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02f IyI<05
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Recent developments on phenomenology for quarkonia ‘

AdS/CFT techniques Barnard &Horowitz (2017)
* Strong coupling techniques of AdS/CFT vs weak coupling techniques from pQCD
1.0" ‘ ‘ d ] ‘ ‘ 0.00 R e i B 1
-~ pQCD AN pQCD | e AdS/CFT potential
____________________ =y %\ \ | .
----------- oo ; has a divergent
$ 05 S — e | : et r imaginary part,
Q I 41 @-018F \\, S~ omeem—snssssaew
= e - compared to the
2 | ¥ -020 .
7 s otk 0 St ho et saturation of the
N T=1T, = T=25T, ‘ ‘0-25: ------ T=1T, ——T=25T, imaginary part of the
‘ — T215T, == = Ta3T, | 030! Ta16T, —— - T=3T, ; :
, -—— T22T, | | A AP | pQCD potential
-05k - - PP TP - - J (), 35 ettt ettt bttt kit e
0.0 0.5 1.0 15 20 25 3 0.0 05 1.0 1.5 20 25 3.
r(im) r (im) => overpredicts the
suppression of Y
states
0 0—m————————————r—=— 0.0 prm—— e S e R N S-S N s TR S e B B B S L B S
| [ \\\ \ : 5' pQCD AdS/CFT ag =0_27:
‘ l B | “| —— - pQCD (KRS Eping) =—---- AdS/CFTA=55 |
-05! : 05! \\ ] || === pQcCD (KRS Full) ®  Y(1S)(CMS) ]
s |/ : s | \ ‘
3 [/ AdS/CFT g8 Se 10
zof [1f = 10 \  AdSICFT ", L N Y(1s)
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Recent results from some long-lasting phenomenology models ‘

Statistical hadronization model a-hydro model

T 14

- < : Pb'Pb, \/37NN =5.02 TeV : Preliminary Result Y(1S) 4mnfs = 1
S2 [ . Centrality 0-20 % il 12 <24 . dnfs =2
o | Andronic, Braun-Munzinger,, i Vsnn = 5.02 TeV i
1.5 Kohler, Stachel (2018)Statistical Hadronisation Model — — 0<pr<30GeV | dmfs =3
- ’ do® / dy = 0.334 = 0.063 mb 1 10
_ o ALICE data : 0s e Krouppa & Strickland (2018)
1+ Jhp = uu, 25<y <4 —] <<C
i Phys. Lett. B 766 (2017) 212 8 06
- g
05 N -\ ] 04
: —o—
i - ]
i - 5 ] 02
00 : R 1I0 04 100 200 300 400
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T part
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1T rrrrrprrrrprrrrprr e e T e e ] T T T T T
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g o virs EllFeicon] Liu, Rapp (2019) = CMS Y(25)
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0.8p# N\ []y@s)esxscL | 41 <08 [
= T e NG T Y@BS)95%CL | .. 1 £ 7Y
(am 0.6 ;;;; e, e 7 06
0.4HIRy TR —+ '.l . 0.4 |1
e, e W T 1 02 | A
0.2 4 . <Y
i ‘ s e S 1 _,__% - [ JELIERNAVNANANY N e R e
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ISummarizing: theory elements on quarkonia in a QGP ‘

Caveat |I: we need firm theoretical understanding of quarkonium production in pp collisions

latticeQCD effective field theory open quantum system

static framework | IU:> dynamical framework

spectral static real static complex master equation
functions potential potential from stochastic process
color screening color screening, Landau damping & singlet <~ octet

eventual recombination

Caveat II: how to extrapolate pA effects —initial & final- to AA? Factorization?
If yes... nature of the medium in pA?
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Production model: state of the art for the (25)

By (2S)—=Jp(—=uw) ) Po¥@/dp_/dy [nb/GeV]

T

10; ATLAS ' ' ‘Prompty(2S) data | o 1
10 s=7 TeV, 2.1fb” —o— IyI<0.75 (x10°) < + Data :
10° e —=— 0.75= lyl<1.5 (x10) L INRQCD(1) -
10°E - —— 1.52lyl<2.0 o |]]]|NRQCD(2) .
10° . 0.5 FENRQeD) ‘,
10? sy s S L [71CSM 4
10F - - I
1 b = "y \—’— 0 __ i || ] 5N ¢N<>‘o<>‘b‘€‘? __
10 B el >~ | B e e e i
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10 - - - - k, factorisation \~\ \‘u.\ i S B eEeLees i
107 2555% Colour Evaporation T -~ » LHCb r =7TeV -
1086 NNLO* Colour Singlet RN -1 L L L L ' L L . ' . : : :
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T NRQCD(2) Gong et al.
Sapore Gravis Review arXiv:1506.03981 NRQCD(3) Chao et al.

At low and mid p; —region where quarkonium heavy-ion studies are mainly carried
out— none of the models can simply be ruled out due to theoretical uncertainties
(heavy-quark mass, scales, non-perturbative parameters, unknown QCD
and relativistic corrections, ...)

New recent developments on may be helpful: ¢ CEM improved
* (CGC meets NRQCD



Production model: state of the art forthe Y

* Larger mass, higher scale and slower velocity could make Y a better candidate for NRQCD

Hang et al.
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Production model: state of the art forthe Y

* Larger mass, higher scale and slower velocity could make Y a better candidate for NRQCD

1. T

precise than theory
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News from feed-down

Feed-down structure at low p; -where quarkonium heavy-ion measurements are
mostly carried out- is quite different than that commonly accepted ten years ago
based on the CDF measurement, with a p;>8 GeV

Low pT

BMFrom 2S:7-8 %
From 3S <1 %
BFrom 1P :~15%
BFrom2P:~4 %
BFrom3P:~2 %

m Direct: ~70 %

Low pT Low pT

BMFrom3S:?<?4 %
From3P:?7<?3 %
BMFrom 2P :?<?20 %

mDirect: ?>?70 %

MFrom 3P :?<?30 %

W Direct:?>?70 %

High pT

HFrom 2S:12-16 %
From 3S:2-3 %
mFrom 1P : 26-32 %
mFrom 2P :4-8 %
B From 3P :2-4 %
m Direct: ~45 %

High pT High pT
BMFrom 3S:4-8 %
From 3P : 3-6 %
M From 2P : 20-40 %
m Direct: 50-70 %

mFrom 3P : 30-50 %
M Direct: 50-70 %

(a) Y(1S) (b) 1(2S) (c) T(3S)
Sapore Gravis Review arXiv:1506.03981 from LHCb data

This information is fundamental to use bottomonia as probes of QGP, especially
for the interpretation of their possible sequential suppression
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Baseline: nPDFs & nuclear absorption in a collinear pQCD framework ‘

 Parton densities in nuclei are modified
Nuclear PDF assumed to be factorizable in terms of the nucleon PDFs :

FAOa,me) = 9(x1; 1r) < RA(x, pg)

In presence of nuclear effects: :Fa’é(x, ]/if) z1

* Mesons may scatter inelastically with nucleons in the nuclear matter
Survival probability for a QQ to pass through the target unscathed:

(0.0)

SA(?Av ZA) = eXp <_A‘7breakup 5 dz pA(?Av 2))
A

* Any differential cross section can then be obtained from the partonic one:

do, S do .
pA= OX :/dx dxoqg(x /dz FAx>. b, z J gg%QJrgS b, z
oy oP o 10%209(x1, pi) | dzaFg (Xe, b, 2, 1if) o A(b, zp)

From any model (CSM, COM, CEM)



Nuclear absorption: Generalities on the break-up cross section

The bound states may be destroyed by inelastic scatterings with nucleons

if they are formed in the nuclear medium. One expect Obreak—up & r2 eon

 |n order to interact with nuclear matter => tfs R

2M .
* |nthe meson rest frame: T.= =€ =~ 0.3+0.4 fm
f (M228—M128

* tyhasto be considered in the rest frame of the target nucleus => | t. =y 7;

Low energy: tr = v(x2) 7r < R High energy: tr = vy(x2) 7 > R

Formation time depends on the boost

X

y = cosh(y-yA eam) => At y=0: = (=

Yaric=107 and y,,,=2660

It takes t, =30 fm/c at RHIC and t,=800-1000 fm/c at LHC for a quarkonium to
form and to become distinguishable from its excited states tf >> R

Consensus: Oy .., IS 8etting small at high energies and
may be the same for ground and excited states




Typical gluon nuclear PDFs

There are several nPDF sets available (using various data, LO/NLO, etc)

18—
1g| — nCTEQ15 |
Typical gluon nPDFs: 4 regions | — EPS09 NLO
. A1_4, DSSZ |
* x <107 shadowing O | — Hkno7 |
>< .
e x =10 anti-shadowing L 10 -
Oogl ]
e 0.3<x<0.7: EMC effect Q:<,06
Q O |
* x2>0.7: Fermi motion 0.4 Gluonsfor Q=10 GeV ,
0.2 i
0.0 -+ ——

—++ 1‘ t t ——
1073 102 10!

* For the gluons, only the shadowing depletion is established although its
magnitude is still discussed

* The gluon antishadowing not yet observed although used in many studies;
absent in some nPDF fits

 The gluon EMC effect is even less known, hence the uncertainty there



Going further: Coherent energy loss ‘

Arleo, Kolevatov, Peigné, Rustamova (2012) (2013) (2014) tharg ~ E/M 2 foctet

This approach is based on the fact that l tiv
for large formation times all scattering :@éu_uu 2 F Y
centers in the medium act coherently.  © QL% XFoPL

* Coherent radiation (interference) in the initial/final state crucial for t>>R
M " M " sf}y "
+ +
gii gfu fii ifn fii 36&

IS and FS radiation cancels out in the induced spectrum
Interference terms does not cancel in the induced spectrum!

JAGP
* Leadsto a behaviour AE o E AE — /dww dl ~ Noas =
dw mr
Aqi related to the transport coeficient § 102 0.3
2 . cj(w) ~ (o ( )
* g related to the saturation scale by Qs(z,L) = g(z)L X

| Cjo is the only fitted parameter of the approach+the option to switch on/off the shadowing
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Recent developments on open quantum systems for quarkonia ‘

1.8

L - Bjorkien-expanding aeP | Time evolution of HQ states in an expanding hot
Y(2s) ' QCD medium by implementing EFT —pNRQCD- in
the framework of open quantum systems

«CMS2.76 TeV |
5 => Lindblad equation
: 1 ¢ non-Abelian nature of QCD: color transitions

1.4}
a
1.2}

1.0} ¢

:C"
8o
0.8}

0.6

e conserves the total number of heavy quarks
f { * avoids classical approximations
} . Brambilla, Escobedo, Soto & Vairo (2017)

i

. . L .
0 50 100 150 200 250
< Npart >

0.4}

0.2}

R
—e—
——

0.0

In the same line: equations for the time evolution of the HQ reduced-density matrix

in a non-Abelian QGP Blaizot & Escobedo (2017)

* treat the relative motion of the heavy quarks semi-classically
» take into account the color transitions within 2 strategies:

* instantaneusly, perturbation theory => Langevin equation, analogous to QED
* as collisions => Botzman equation De Boni (2017)

Also: Schrodinger-Langevin equation Gossiaux & Katz (2016)
* interesting framework but not derived from first QCD principles
 QCD features enter in the parameters (similarly to Langevin dynamics in HF physics)



In-medium Quarkonium properties from first principles

In-medium quarkonium spectral properties from
a lattice effective field theory (NRQCD)

Improved spectral function extraction algorithm,
higher statistics, larger temperature range

Realistic lattice QCD
calculation of the complex in-
medium heavy quark potential

3 T T T T T T
T:15% MeV m—
. T=173 MeV s
Re [V] . 25 F T-199 MoV -
ngm T=273 MgV
smooth transition Cornell=Debye | T>0  7=407mev — |
- (1) [l . . (\‘>
agrees with FY) within uncertainty g .| 35, batomonium -
3 n=4 BR T>0
T Q 1 .
9 more accurate
T ] 0s melting
8 - i !
= T f 0 temperatures
c 2 ﬁd{' ;g,‘}l : 9 10 11 12 13 14 15 16
E [ “‘ .- il 1l 1:'@.%'.' ' ul w [GeV]
< H I; _—
() o . = .
= sf Heavy QQ becomes lighter before melting
) i), (11)1))
=5 s VTG o . ' 6 0o '
= T=150MeV (Nt=12) H— o q) ¢ (0]
> T=159MeV (Nt=12) Fx = 50l S ok o
g 4 T=174MeV (Nt=12) F¥ - o ‘l’ &
T=186MeV (Nt=12) H=H o >
T=198MeV (Nt=12) HilH £ =)
3 HISQ Ng&=2+1 ¥=§(5)gmt9¥ E“tzig oA | % -100 - < -100 |
. — e t= [}
,‘ >0 + Fits T=354MeV (Nt=16) % %
25 ' ' : T=498MeV (N=19) < 150 n=4 bottomonium 1S, S 0 n=8 charmonium 33,
0 0.2 0.4 0.6 0.8 1 1.2 1.4 [BR T>0] calib. [BR T=0 trunc.] [BR T>0] calib. [BR T=0 trunc.]
-200 1 1 1 1 1 =200 1 1
r [fm] 140 160 185 223 251 333 407 140 160 185 223 251

non-zero Im[V] at T>Tc obtained

T [MeV]

T [MeV]

Am<0 consistent with potential based results



Pheno: Y suppression in anisotropic QGP with lattice potential ‘

e lattice QCD vetted in-medium heavy-quark potential with anisotropic hydro QGP
* in-medium potential: complex values at high temperatures
* discrete values of the potential obtained from lattice QCD

shifted IQCD N;=2+1 asqtad data & 1&*?'% 0.5;
7 Gauss-law fit L —
Y
6 i‘h J.‘.Jg 0.4
i <1
55 i‘:ll{ b o
o) L & o3
=4 ! - =
Q 1 83
< { | g
3 >0.2
o E
2
@ T=0(B=6.9) @ T=0(B=7.48) ¥ T=0.86T¢ 01
1 4 T=095T;  T=1.06Tc  T=1.19T¢
T=1.34T; ~ T=141T;  T=166Tc 4
80 —0z 04 08 08 10 1z 14 %%
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0.8 \
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<06
<
S«
|
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VSNN = 200 GeV
0 < pr <20 GeV
00 STAR Data

— T=0.86T; — T=0.95T;
T=1.19T¢ — T=1.34T¢

— T=166T¢

Krouppa, Strickland, Rothkopf (2018)

e e asingleT-
dependent
parameter

remains, the
Debye mass m,

VISNN = 5.02 TeV
0 < pr <30 GeV

P e feed down taken into
nn/s=
Iyl <24 account

cwspa | ®  Stronger imaginary
part present in the

lattice-vetted potential
=>Y states more easily

dissociated
space for
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Pheno: Y suppression in anisotropic QGP with lattice potential

Re[Vaco] [GeV]

lattice QCD vetted in-medium heavy-quark potential with anisotropic hydro QGP
in-medium potential: complex values at high temperatures

discrete values of the potential o

btained from lattice QCD
Krouppa, Strickland, Rothkopf (2018)

10 Real-part of the heavy-quark potential from the Gauss-Law 0.30 Imaginary-part of the heavy-quark potential from the Gauss-Law ° a Si ngle T_
0.25 dependent
0.5 S
$ 020 parameter
0.0 gos remains, the
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\/;20-415(15)(39\/ e Mp=200MEV s Mp=600MeV 0.05 e Mp=200MeV mm Mp=600MeV
c=-0.177(21)GeV Mp=300MeV. Mp=300MeV.
-1.0 0.00
9% i 5 3 4 0 1 2 3 4
r [fm] r [fm] .
—° feed down taken into
mn/s=
1.0p ~ lyl <24
l m:sfmv account
0 < pr <30 GeV o .
03 e “ewspua | ® Stronger imaginary
part present in the
< 0.6 . .
i lattice-vetted potential
04 + | =>Y states more easily
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oo STARDaa space for
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Phenomenology: recent developments ‘

Dynamical in-medium transport model:

PNRQCD in a thermal QGP
Stochastic Boltzmann equations
HQ diffusion in the medium:

necessary for the system to reach equilibrium

Predicts v, from recombination

Yao & Muller (2018)

Collisional and thermal dissociation at high p:
Collisional dissociation by p; broadening

Raa[w(2S)]/ Ryp[dAp]

Debye screening, no Im[V]

1 2 I T I T I T I T I
I — (2S) / Jhp suppression

Lor ¢ CMSdata, s"?=5.02Tev| |

Min. bias Pb+Pb :
0.8 g=1.85 &=1-2 —1-15fm -
0.6
041
02F
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Vitev & Sharma (2017)

Quarkonium
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NRQCD for
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baseline
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Recent results from some long-lasting phenomenology models ‘

Statistical hadronisation model a-hydro model

) —_— — — 14
- < : Pb'Pb, \/57NN =5.02 TeV : Preliminary Result Y(1S) 4mnfs = 1
S < L . Centrality 0-20 % i 12 lyl<24 | drfs =2
o | Andronic, Braun-Munzinger,, | Vsnn = 5.02 TeV
1.5 Hohler, Stachel (2018)Statistical Hadronisation Model 0<pr<30Gev |~~~ dmfs = 3
- ’ do®® / dy = 0.334 + 0.063 mb . 1o {
i  ALICE data 1 osl Db Krouppa & Strickland (2018)
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