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Outline

« Bottomonia measurements: “go heavy or go home” in AA.

 Bottomonium.
 what can beauty (+ charm) bound states tell us about U @@D

* How notdoes it get?
* Is cotor deconfined?

— Bottomonium measurements:

« Double ratios, RAA, centrality, pT, y, +/s.

— STAR: pp, dAu, AuAu, +/s=200 GeV 1S, 25+3S, UU /s=193 GeV.
» PLB 735 (2014) 127, PRC 94 (2016) 64904
— PHENIX: pp, AuAu 1/s=200 GeV 1S+2S+3S, PRC 91, 024913 (2015)

— ALICE: PbPb 2.76 TeV, 5.02 TeV 1S, 2S5
» PLB 738 (2014) 361, arXiv:1805.04387 (to appear in PLB)

— CMS, PbPb 2.76 TeV, 5.02 TeV 1S, 2S, 3S.
» PRL 109, 222301 (2012), PRL 120 (2018) 142301, arXiv:1805.09215 (to appear in PLB)
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Bottomonium states in AA

UCDAVIS

o States are massive, produced early
— pPQCD can estimate production
e Sensitive to temperature and deconfined
color fields: input from Lattice QCD

— Debye screening, Landau damping
« Reand ImV(r, T)

— Different states have different sizes/binding
energy
 Sequential suppression
e Cold-nuclear matter
— Initial state effects: e.g. nPDF, energy loss

— Final state: absorption/co-mover interaction

e Regeneration
— Uncorrelated heavy-quarks can pair up
e Bottomonium: a cleaner probe than
charmonium...

— 3 states are accessible experimentally
« Differentiate between initial and final state effects From A. Mocsy

— expect some small CNM effects
(shadowing/nPDF)

— expect small regeneration effects
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® Heavy Quark Potential at High T

UCDAVIS

e Quarkonium suppression: longstanding QGP signature
— Original idea: High T leads to QCD Debye screening

a a, —
V~=-" . _Ze D

QED: r r
7=0 Tr>T,

C.CD:

— T=0, Cornell potential: V = —=+ o7 + ¢

— Presence of Debye mass in Cornell potential, screening of potential at
large r.

— Screening prevents heavy quark bound states from forming!

— Original idea of J/y suppression:
« Matsui and Satz, Phys. Lett. B 178 (1986) 416

— What do the latest calculations in lattice QCD say?
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Lattice QCD Heavy Quark Potentlal

UCDAVIS
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Y. Burnier & A. Rothkopf
PRD 95 054511 (2017)

e Lattice calculations confirm screening effects
Screening: Re V
— Landau damping, gluodissociation: Im V
Both contribute to Quarkonium Suppression
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Interpretlng the T>0 potential

UCDAVIS
Burnier & Rothkopf, PLB 753 (2016) 232
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e Combine non-perturbative T=0 Cornell potential and
perturbative medium:
— Re[V](r,T) and Im[V](r,T) from one T-dependent parameter: Debye mass, mp,.

— Lattice results from Re[V] are well described by tuning mg, smooth onset for
T>T..
— Im[V] predictions based on mg are slightly lower.
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Sequential Melting of Bottomonia

QQ state properties change at high temperature
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Tightly-bound state
e As temperature increases:
— The peaks broaden and their masses shift to lower values.
— Highest states broaden and shift first, followed sequentially by lower states.

— Peaks eventually disappear completely —> States melt.
— Y(1S), Y(2S) and Y(3S) melt at 2.66TC, 1.25TC and 1.01TC.

e Sequential melting of Y states is sensitive to color deconfinement!
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UCDAVIS

J]I— pp : 3 states to study
— Hot Nuclear Matter Effects

« Different sizes, binding energies. £
« Sequential melting. g
— Expectation:
— Y(1S) almost no melting
— Y(2S) likely to melt
— Y(3S) fully melted? L
» Feed-down is important. 5
e Recombination/coalescence s
(1 T11S) recombination — much ~

smaller effect than for J/y.

— Ko etal. PRC 85, 014902 (2012)
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Bottomonia: from pA to AA

UCDAVIS

e pA measurements are crucial to ; :pcxl

study CNM effects. Sod

— Necessary step before discussing U

possible Hot Nuclear Matter effects. : $ by E

e e.g. ratios vs. activity in pp, pA, AA. ozt ‘s :

 Extrapolation from pA to AA not 015 ‘% E

trivial o o %

e Bottomonia: N %"%
e Cold Nuclear Matter Effects ) e 1

« Shadowing small near y~0 Y

« Small hadronic absorption for Y(1S). A R

— Lin & Ko, PLB 503 (2001) 104 - : ]

* Nuclear breakup ~ before formation ! I(2s) 3

time. 03 % . Y(1S) .

_ = T,

. Cgmover Interaction Model: AA and 3 o % E

p & Ferreiro and Lasberg: JHEP 10 (2018) 094 01_ CMS %’ % %ﬁ.

track
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Bottomonia in AA
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e T ¢ Relative and Absolute Modification

e Observables:

— Double Ratio of excited to ground state yields

 Relative modification of excited states compared to ground
state
— Cancellation of efficiency and acceptance corrections
— Cancellation of mitial state effects, e.g. nuclear shadowing of PDF’s

Y (nS)

Y(1S)pppp _ Raa(Y(nS))
Y(nS) R 4 AGCTES
Y(nS),, 44(Y(19))

b : i 1 N(Y)pbpro
— Nuclear Modification Factor, Ryp *4 =y, ),

« Ratio of invariant yields (or cross section) from PbPb to pp
» Scaled by the number of nucleon-nucleon collisions
 Absolute modification from pp to AA
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e Visual representation of Double Ratio
e pp shapes scaled to 1S in PbPb and overlayed on PbPb data:

— Relative suppression of excited states.

— Strong relative suppression of 3S state!
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Double ratio Graphically

PbPb 368 ub™” (5.02 TeV)
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CMS: PRL 120 (2018) 142301
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UCDAVIS

PbPb 368/464 ub™, pp 28.0 pb™ (5.02 TeV)
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CMS: PRL 120 (2018) 142301

Noar (‘

Central collisions
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Y(2S) Double Ratio vs. Centrality

— Larger suppression
toward more central
events

— Consistent with unity in
most peripheral bin

e Comparison to theory:
— Model: Strickland et al.

— Containing bottomonia
evolved using anistropic
hydrodynamics

» Curves:
. 47”“ ={1,2,3}, T, = {641,632, 629}MeV

— Consistent with our data
 Similar results by Rapp et al.
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Y(3S) : Strong suppression!

o Strong Su ppreSSIOn Of PbPb 368/464 o«b™, pp 28.0 pb™ (5.02 TeV)

Y(3S) relative to the _&*° oo T
1S in all centralities & 147 y7i<24 T
. 0 q [ p_>4GeVic % oL h
e Upper limits 7 2 gt S
calculated inallcases = + 1
=. 0.8F +
o Y(3S) haS Sma”eSt %06:_50-100% 30-50% 0-10% I § ]
binding energy in Y QL 10-30% Te
family J
. : N .2— - ]
— Sequential suppression & o2t R
of Y states = =0"100 150 2oo 250 300 350 400
— Supports picture of “ Noar (‘
melting in a color- CMS: PRL 120 (2018) 142301
deconfined QGP
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Y Absolute modification: Striking result

UCDAVIS
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e Measure production in pp. PLE inpress

e Scale by number of binary nucleon-nucleon
collisions, compare to AA measurement.

e Suppression observed!
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http://arxiv.org/abs/1805.09215

|
Raa Graphically, RHIC and LHC
UCDAVIS /
PbPb 2.76 TeV PbPb 5.02 TeV
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e Heavy ion data: dilepton invariant mass in ® region

e pp reference shape: overlay after scaling by number of binary
collisions, N

e Difference between Data and pp reference: evidence for ®
suppression, Ry, < 1.
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Y Nuclear Modification in STAR

i (AS+H2S+3S) R

e All data in STAR acceptance |y|<1 T =~ S~ S S
— dAu, and two most peripheral Au+Au bins: =14 [ - e
consistent with no suppression i S 2 2 2
— Suppression in the most central Au+Au bin: sk 8% s & F O -
— Consistent with expectations for hot & cold = % E 8 E
nuclear matter N S £ ]
e  Calculations: BE < -
— Strickland & Bazow (Nucl. Phys. A 879 . = £ 2
(2012) 25 ): =F S8 £
* Includes estimate of heavy quarkonium 8 = £ 2 B 4
potential, Re and Im. L= g = = 7
« Evolution through anisotropic hydro., _SF° 2 =]
o T:428 — 442 MeV (Depending on n/s, to R s Ll Lo b Lo b1
match dN/dn)
— [Emerick, Zhao & Rapp: “ STAR: PLB 735 (2014) 127 ‘
 attempt to include both Hot & Cold nuclear .
effects. _ o @ RAA,dl
* T,=330 MeV. ST tn e
: : - =3 - e
e First combined dAu, AuAu T B ‘ T2 2§ °
analysis: =t g? I S
— Peripheral R, similar to Ry, F 5
=] O 7
— Hint of stronger suppression for more s £ 2 g
central collisions, but not enough data wf EF 2 ]
to conclude difference with dAu af & 3% B

-
\l
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(1S), [1(2S), [1(3S) R,y at 2.76 TeV

UCDAVIS

e 2011 150 /ub
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| — = 3= =31 U ®1S)suppression
SHE g 22w - - -
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sE T g |8 3 - removes feeddown
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S e - g 22z « Isdirect Y'(1S) suppressed?
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oo I =g =2 ] R,(Y(19)=056 + 0.08 (stat) * 0.07 (syst)
N Sy - O | | 1 R, (Y(2S))=0.12 + 0.04 (stat.) + 0.02 (syst.)
C 11 L1 T e (N R | IR L]
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— Observation of sequential
ANy suppression of ®in order
of thelr binding energy
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UCDAVIS
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RHIC and LHC midrapidity comparison

e 1S+2S+3S: via dielectrons and
dimuons.
— Rpaz slightly smaller than 1

— Centrality dependence: more
suppression in central events

— R, In central events significantly
smaller than R,
e Separation of 1S (bottom
panel)

— Centrality dependence RHIC vs
LHC:
o Similar suppression of Y'(1S)!
» Feeddown dominated?

- P Zaochen Ye, STAR, QM17
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PHENIX: Y results
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e Suppression in central events of similar
magnitude as STAR and CMS.
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Y'(nS) Ry, vS. Centrality at 5.02 TeV

UCDAVIS

PbPb 368/464 ocb pp 28 0 pb (5. 02 TeV)

e Nuclear modification e

1.2k P <30 GeV/c CMS _'_ _

for the 3 S-states: AR pretminay_ T ]
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Y(1S) Ry, in ALICE

UCDAVIS
Cté E ALICE, Inclusive Y(1S) - u'u,25<y <4
1.2~ M Pb-Pb |s, =5.02TeV,p_<15GeVic
- ® Pb-Pb \I'S_NN = 2.76 TeV (PLB 738 (2014) 361-372)
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i N T
K B s I\ \\\ .
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o4r ~~ i) ) )N NN
N T e— - 72,
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o
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e Suppression increases for central events in ALICE kinematic
region.

e Same trends seen in 2.76 and 5 TeV.
— No energy difference within the ~20% uncertainties.
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UCDAVIS

. Transport Model by R. Rapp
PRC 96 (2017) 054901
— Re[V] and Im[V]
— In-medium binding energies
— Internal energy potentials
— Feed down from excited states
— Directly produced Y(1S) ~67%

— Model QGP via Kinetic rate
equation

— Regeneration
e Melting temperatures:

— Y(1S, 2S, 3S): 500, 240, 190 MeV
e Initial temperature:

— 2.76 TeV: 520 - 750 MeV

— 5.02 TeV: 7% increase

— Y(1S) RAA: only slight decrease

— Direct Y(1S) melts!
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UCDAVIS

. Hydro Model by M. Strickland
Universe 2 (2016) 16

— Re[V] and Im[V]
— In-medium binding energies
— Internal energy potentials
— Feed down from excited states
— Directly produced Y(1S) ~67%
— Model QGP via Hydrodynamics
— Momentum-space anisotropy
— No regeneration

e Melting temperatures:

— Y(1S, 2S, 3S): 600, 230, 170 MeV
e Initial temperature:

— 2.76 TeV: 544 - 552 MeV

— 5.02 TeV: 629 - 641 MeV (16%
Increase)

— Y(1S) RAA: ~25% decrease
— Direct Y(1S) melts!
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Comparison to Model, KSU
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. Comparison to 2.76 TeV Results

(A\31 20°)-.ad 0’8z dd * au 79%7/99¢ Adad
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UCDAVIS
* Y(15): 58 Gfnb B b
— Models expect increased 18 = = =
suppression with larger /s SE -
— Larger suppression at higher 25 = E
energy? Can’t really say: VEE e 7T P .
« Factor of 1.2 &= 0.15 (syst). S == 5§ ?f:% i
» Need to reduce uncertainties below =F o N ; E5:
10% o’:::}H:}:H}H:}Hé¥g::} o

g2

R
* Y(25): B2 28 .5 %5

— Suppression level is consistent Bp - =7
between the two energies St E
« Larger role of regeneration for 2S . E

state? N mET % *5
— Rapp et al. arXiv:1706.08670 of i i £
CMS 5.02 TeV Ry, CMS PAS HIN-16-023 arXiv:1805.09215 an;f - ; % % :
CMS 2.76 TeV R,,: PLB 770 (2017) 357 T e

= gog

N
(9
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http://dx.doi.org/10.1016/j.physletb.2017.04.031
https://cds.cern.ch/record/2244680

Y Ry Pt dependence

S DC L ALICE, Inclusive Y(1S) = u'l, Centrality 0-90%
RAA 1.2+ W Pb-Pb \'sNN=5.02TeV,2.5~:y€4
© © © © I
SN R - M T e 3
i — [_:] - _E_:i < 83 < E I Transport model
o1 — OO E 33 r/\\a — U 08+ Du et al. (TM1) with without regeneration
i L2222z @x 15 Tl
5 338z s 19 i
Sf R B - BT
° 0 % % 2 1= I E
[t -7 I3 o4 ; . el
D I l :'O / e ————————
5 i e i -% 7778
N [ L Jo e
Ol ° 33 3 =2 02 :
! Py U‘) = 15 | Hydro-dynamical model _
i - = 3. o - Krouppa et al, —— heavy-quark potential uncertainty
B‘I);" 22__8 0_||||||||||||||||||||||||||||||
i 3ol 0 2 4 6 8 10 12 14
w ] | | | | 1S P (GeVic)
o
e Y(nS): No significant dependence of Ry, On py
e p;, Rapp Model: Contributions from regeneration have different shapes.
— Not visible within our uncertainties.
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Y R Y denpndpnrp

UCDAVIS - ALICE, Inclusive Y(15) = ', Centrality 1:90%
- 1 PbPY i 2802TeN . <1566l

RAA . Pb-Ph (5., = 276 TeV (PLB 738 (2014) 361372
. Hhle = -
o o o o ¥ PP s =276 Tel (PLBT38 2014 6172 " Centrality 0-90%
O ) I o o) -
TR T A [ | T 1 115 GeVl/c
o - | ] : ~ o~ oo _% 33 c’:) {o. Kopaeldl — ek polnialncetany | i '
Ol A o & _|oT
= i =T == 508
i fﬂ (Ifl‘ (ﬁ %) 81 2 1o lark potential uncertainty
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: = 1 1%
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C Y(nS) No significant dependence of R,, on rapidity.

e y, Strickland Model: Modest increase of R,, at higher
rapidity. Consistent with data.
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Y Collisional + Thermal dissociation model

1.75 T I T I T I T 1.2 ' | ' | ' | '
| = Y(18) Therm.+Coll. ] I — Y(18)s"* Therm. + Coll. | |
1.50 — - Y(2S) Therm.+Coll. N 1.0 - L 12 -
1.25 S 1 - oshk g=185 =12 ® CMSY(1S)s"’=2.76 TeV| _
T ol " COMS Y(1S),s -276Tev| | 7 L EEt,,, =1-15fm| ® CMSY(2S)s"*=2.76 Tev| -
Z N Pb+Pb, 5"%=2.76 TeV 1= o6
n:é 0.75 0=1.85 &=1-2,t _=1-15fm 7 I§ - ~
04 |
0.50 - I -
0.25 ¢ 02 | .
0 - 100 200 300 400 0 5 10 15 20
Npart Py [GeV]
Aronson, Borras, Odegard, Sharma, Viteyv,
e Model: PLB 778 (2018) 384
- QQ proto-quarkonia state with formation time ~1 fm interacts via Debye screened

potential.
» Thermal screening dominates the suppression of excited states.

— Broadening due to multiple scattering in QGP, controlled by & parameter.
» Ground state is also dissociated due to collisional interactions.

— Reproduce data at 2.76 TeV
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Y in Co-mover Interaction Model

UCDAVIS
- o _ Extrapolate to AA using same parameters
Flt dISSOCIatIOn CrOSS SeCtIOn ‘t _I rea | [ | [ B | | rrna | [ '| i | IIlIlII [ I l'- i
parameters in pA o 120 PbPb5.02 TeV T
o C I e e " ly| <2.4 T 7
£ 160 pPb 5RTeV P Cent. -
oc . 4:_ E 1_ * Y(19) Eto-mﬂ% 4
F . ) = Y(2S) T i
1-2E E 0.8#. ] v(3s)68%0L | §
& . RN o
- . Ty N ¥ ¥(39) 5% CL
= e - T TSN T _
08:_ (1] | _: 06_ ; T N *L_ ------
oo LIENEN : iaL O T e T
TE 4ATLASY(IS) ] 0.4 S e uf ~ S
0.4 LiHeh, Y(1S) = - - .
0.2F  4ALICE Y(1S) £ 0.2 \ k.. € _
0: I T R R i ‘ ,-_ T = ]
-4 -2 0 2 4 yc.mls_ 0 . TN s e o ot «Z' ....':;,,v, S i P
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part

Same physics in pA and AA?
Hadrons in pA vs gluons in AA? Same parameter for scattering strength in
pp and AA...Coincidence?

Do we agree these are gluons in all cases? QGP drop in pA? Is this a crude
way to deal with gluodissociation?

Note uncertainties from PDF: with reduced uncertainties, will this still work?
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Next Y measurements...

e Do heavy quarks flow?

—= 0.25 ¥ L] L ¥ T T T T T T T T I T T T T I T T
a n
w - ALICE Prellmmary Pb Pb \s,, =5.02TeV
~ 0.2
> n

e

E ® Inclusive Jhy = e, v {EP, An = 1.1}, 25 < y < 4, 20-40%, global syst: 1
~0.05 ™ Prompt D’ o’ average, v,{EP, lanl = 0.9}, Iyl < 0.5, 30-50%

: . Syst from B feed-down

—[}.1-""""'I""I""I""
0 5 10 15 20

P, (GeV/c

i IllIII]IIIIIIlIIIIIIIIII

-._fm ;|||||
on

e J/y v, is large, and puzzling. Should heavy
uarks flow? What will Y do?

16/Jan/2019, Quarkonia as Tools M. Calderdn de la Barca Sanchez 30



UCDAVIS

e Non-central collisions produce
elliptical shape in transverse
plane.

o Azimuthal distribution of
particles around the reaction
plane:

— driven by large anisotropic pressure
gradients in relativistic QGP fluid.

— in-plane vs out-of plane difference

— Characterized by Fourier series. 2nd
coefficient: v, ~ <2cos(2(p-y))>
called “elliptic flow”.

e Low pt azimuthal anisotropy:

e Characteristic mass ordering vs
pr in Hydro

— Same velocity, but different mass.

16/Jan/2019, Quarkonia as Tools
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- PbPD @ 5.02 TeV lyl<2.4 20%-40%
= Y([15) 1eg
‘r‘15g rim
C Y(1S) total
0.04
i
0.02

o —mm——————r— 77—
- PbPDb @502 TeV lyl<2.4 20%-40%

0.04 -

0.02

Y v, predictions, Transport Model

=3 Y Esz reg
Y(23) prim
o Y{(2S) total

20 25 30 35 40

Du, He, Rapp, PRC96 (2017) 054901

e Expect small (< 2%) v, for 1S (with reg). Otherwise ~ 0 up to 10

GeV/c.

— Also expected small v, for J/y... didn’t happen. Attempt Y v, with 2018 data.
e Test of regeneration: v,(2S) ~ 2 v,(1S)
— Will need higher luminosity, more data for v,(2S).
e Toward correlating Y with activity in azimuth in AA.
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c @‘é CMS Experiment at the LHC, CERN
> @é;i Data recorded: 2015-Nov-26 00:37:43.058368 GMT

y "‘%’5 Run / Event / LS: 262620 / 19625751 / 367,
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Bottomonia: essential to quantitatively explore the temperature and color deconfinement
properties of the Quark Gluon Plasma.

1S: Direct ~67%, RAA ~0.4, how much suppression from CNM?

2S: Dominated by regeneration? Not all models include it.

3S: Fully melted?!

Open questions: Feed-down, suppression mechanisms, energy dependence, pAto AA...
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ALICE signal

UCDAVIS
- ALICE, Pb-Pb |s,, =5.02TeV, L, =225 ub™ —.— ??1‘;)
Centrality 0-90%, p_< 15 GeV/¢, 25 <y <4 = T(25)
T === Background
= T Ofal

SIB (15 = 0.64 £ 0.04
¥2indf=1.15

Combinatorial background subtracted
¥?indf = 1.00

Counts per 50 MeV/c2
=

107
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e 1S and 2S observed. 3S consistent with zero.
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LHC pPb Results
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UCDAVIS

e Central collisions: 1S states
— P —S transitions, not fully compensated by suppression of

RaalY)

1.2+
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0.4f
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0.0

CMS, 2.76 TeV

pr>4 GeVle, ly|<2.4
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4
{ Y(25) CMS Vo
++ + Y(15) CMS
.
Y(2S)%heo ®* .+ 1.+ +
100 200 300 400

.Y(1$) theo
1

0

Gossiaux and Katz
arXiv:1611.06499

Vpar 1

feed-down from higher excited states.
— Need to include CNM effects in model.
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% Schrodinger-Langevin Approach

survive more in Model.
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J/w Forward, ALICE & PHENIX
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e p.-integrated R,, : systematically larger at LHC than at RHIC.
— 5.02 TeV RAA >than at 2.76 TeV

e Excess seen at LHC from low-p; J/y.
— Theoretical interpretation: screening + regeneration
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J/v v,: recombination signal

o Centrality 20-
40%

o Non-zero v,
observed!!

e Effect is 5-7c for
some p; bins.

Ua25 LINNL L L B B B —r ¢ & 15T [T

o

L - ALICE Preliminary, F'b Pb \s,, =5.02TeV
~ 021

> »
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g T

- ¢ Inclusive Jhy = o, Vo{EP, An = 1.1}, 25 < y < 4, 20-40%, global syst: 1%
-0.05 :— W Prompt D°, D average, vo{EP, lAn) = 0.9}, Iyl < 0.8, 30-50%

Syst from B feed-down
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D'10 5 10 15 20

P, (GeV/c)

e Supports the idea that charm quarks thermalize in the
QGP

— If so, expect D meson Vv, to be similar, but maybe a little higher.
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Y RAA Model II

UCDAVIS
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e Weak vs. Strong Binding

— Narrower spectral functions for “Strong”
case

— Ratios of correlators compared to Lattice:
favor “Strong” binding case

e Kinetic Theory Model
— Rate Equation: dissociation + regeneration
— Fireball model: T evolution. T, ~ 300 MeV
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