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Evolution of a heavy ion collision

arXiv:2211.04384

ol

Time: 0 fm/c <1 fm/c ~10 fm/c ~101% fm/c

What are Quarkonia?

— Bound states of heavy flavor quarks-antiquark pair, charmonium (CC ) and bottomonium ( bb )
— Produced very early in collisions from initial hard scattering

Why important ?
— Benchamark for non-perturbative and perturbative aspects of QCD
— Sensitive to partonic deconfinement



Why Quarkonia/Bottomonia ?
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Static dissociation and sequential melting
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Regeneration (unlikely for Y)
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Why Quarkonia/Bottomonia ?

arXiv:2211.04384

Time: 0 fm/c <1 fm/ec ~10 fm/c

.S%O 0’%‘ Information on thermalization
- O,. . Y (nS) -—picksup flow (v,)?



Why Quarkonia/Bottomonia ?

Tio Freeze-out
Hadronisation @ ....7

QGP formation @ ..l =

arXiv:2211.04384

Time: 0 fm/c <1 fm/ec ~10 fm/c

Information on thermalization
i — picks up flow (v,) ?
X0 o)
O. - Y'(nS) What else ?
Q‘  m— — Dynamic dissociation (co-mover/close in
SS phase space)
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Signal Extraction
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Nuclear Modification factor, R, ,
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Nuclear Modification factor, R, ,

Naa
(TAA) W Er

Raa =

R,, = 1:AA equivalent to pp
R, , < 1: signature of QGP

Ordering in R, :
Y(1S) > Y(2S) > Y(2S5+3S)

No strong p.. dependence

Evidence of sequential melting
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Nuclear Modification factor, R, ,

CMS-HIN-21-007-pas.pdf
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Nuclear Modification factor, R, ,

From RHIC (200 GeV) to LHC (5020 GeV)
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Ordering in R :
Y(1S) > Y(2S) > Y(25+3S / 3S)
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Nuclear Modification factor, R, ,

CMS-HIN-21-007-pas.pdf
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Clear indication sequential melting both at RHIC and LHC

Important to note:
— Y (1S) has same order of suppression both at RHIC & LHC
—~Y'(2S) is more suppressed at LHC than RHIC

Model calculation simultaneously
explains RHIC and LHC data with:
medium temperature

— 455 MeV at RHIC

— 630 MeV at LHC
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Model predictions for R, |

Models use different approaches
but agrees well with data

Key ingradient in all models is
deconfinement
LHC data suggests strong

BE of Y'(1S) that can survive
upto Tan ~ 500 MeV

Y'(2S) melts at ~ 250 MeV
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Nuclear Modification factor, R, ,

From mid rapidity to forward rapidity CMS-HIN-21-007-pas.pdf
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— Sequential suppression both at mid and forward rapidity
— No rapidity dependence
— Model calculations suggest regenaration effect is insignificant
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Binding energy relation of Quarkonia R, |
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Collective flow

PRL 123 (2019) 192301 PbPb @ 5.02 TeV

5.02 TeV PbPb (0.4/0.58/1.6 nb™)

S' | ALICEPb-Pb {8, ="5.02 TeV 5-60% 1 B e ]
0.2 25 4 - 0.25 CMS Preliminary m Prompt D°, Iyl < 1 7]
[ sl o 1 i b < Prompt J/y, 10-60% New!]
T m Inclusive J/y 1 0.2F s 0 16<lyl<2.4 B
0.15 e T(15) - CF o lyl<2.4 -
T g Y(1S), TAMU model ] - ¥ (b =)Dyl <1 New! 1
r e ‘r{-l S}’ BBJS model : 015_— (.b —) Jhyp, 10-60% NEW|—_
0.1— iy i 0 16<lyl<24
F ] o i E ¢ lyl<24
H '#] 1 > 0.1 0 + Y(1S), Iyl <2.4

= S

»
0.05| _m |
[ ! 0.05
o T .
| T Cent. 10-30%

-0.05F o

10
P, (GeV/c)

Y(1S) v, consistent with zero, model calculations predict very small value
— Leaves the medium very early

Simultaneous description of R, , & v, can constrain model parameters better
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Small System (pA)

&

17



Nuclear Modification factor, R]D N
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-R exhibit ordering same as R, ,

— Presence of final state interactions,
consistent with “co-mover” scenario

— Y'(1S) order of suppression is same

at mid and forward rapidity
— Pb going direction shows more suppression
— Agrees with “co-mover” scenario
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Collective flow

PbPb @ 5.02 TeV PPb @ 8.16 TeV
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Y'(1S) v, is consistent with zero both in AA and pA collisions
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Smaller System (pp)
g’}
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Y(nS)/Y(1S) with Event Activity (EA)

JHEP 04 (2014) 103

o cCMS JHEP 11 (2020) 011
] LN IR RN UL IULRE LR R R 0.5
S 0.45f. CMSppVs=276TeV  CMSpPb |s,, =5.02TeV 3 [ pp (s=7TeV  pp {s=276TeV pPb {5=502TeV
& F o Y{2S)/T(1S) ® T(25)/T(1S) R -~ Y(28) / Y{18) = Y(28)/ Y(18) — Y(28) / ¥Y(18)
= 0.4;— YESVT(S) & TE8YT(5) — 0.4 :_+ Y(3S) / Y(1S) <+ Y(38) / Y(1S) - Y(38) / Y(1S)
0asf | ERS P > 0 GeV, [y*| < 1.93
AN V<193
. 03_ = - ™
EA is the measure of number i ? ' I~ 0.3f* *
. . 0.251 -
particles produced in an event ? " T o>~ ‘%94}+ + ,+. +
o2t o | - N 0.2 %\ ~+
gL & = — -
Y(nS)/Y(1S) vs EA TR ST
: 0.1 T. = - ‘%ﬂ
is analogousto R, orR_, 5 , w 5 0.1 : ’+ o +
P 0.05~ i) L K _‘F* +
G:l 11 { 11| J L1l I LAl I Ll I 111 I 11 1 I 1 l: B
‘- * 0 20 40 60 894 100 120 140 Illllllllllllll]llllIllllllllll
CMS results at mid-rapidity N 0052646 60 80 100 120 140 160
and high multiplicity shows N ek
a suppression
— Hint of final state interaction? é 3F Aucel op 'JE;IIS Tev l I I I . é 3t .':\ucu;| op 15 = 1I3 Tev l I | | ]
oro ) T(1S), Y(25) - W, 25 <y <4 i == T(18), Y(38) - ', 25 <y <4 ]
g ‘g 25 o Data — 3-pomeron CGC - g “E" 25F 5 pam — 3-pomeron CGC -
No EA dependence at forward y == ;PYTH'Aa'z il PYTHIA 8.2 (no CR) 1 22 EryTHAS2 EEPYTHAB2 (oCR) [Mcomovers 7
: : =1 CPP N ]
— Consistent with PYTHIA g2 o 1 gz ‘

— Comover model underestimates

S

chh / dn INEL>0 chh / dﬂ INEL>0
(chh/df]) Inl<1 (chh/dm [pl<1
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Y(nS) <p,>vs EA

A clear mass ordering

—<p,> of Y(3S) > Y(2S) > Y(1S)

— Is the reason same as it is for m,K & p?
Mass ordering due to radial flow-like
effect

What can be other explainations ?
— Can co-movers/dynamic dissociation
explain ?

CMS 4.8 o (7 TeV)
14F +Y(3S)
12; Y(2S)

i +Y(1S)

S 10F

D [

O sf T i
Wef L e T T

4
2F P, >0GeV, [y < 1.2
l:l:"'I"'|l|-|||-I...I...I...

0 20 40 60 80 100 120 140

N

frack
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Y(nS) < p.>vs EA

CMS 4.8 fb' (7 TeV)
1af 4+ Y(3S)
A clear mass ordering 12F :(fg}
—<p,> of Y(3S) > Y(2S) > Y(IS) — 10f HYas)
—Is the reason same as it is for m,K & p? S sf I S = =
S e
What can be other explainations ? 4F2
— Can co-movers /dynamic dissociation 2_ o™ > 0 GeV, [y"| < 1.2
explain ? s T
% ~"26"20 60 B0 100 120 140
Nirack A
A A
7 N\
/ N N
co-mover/dynamic disso. e _\ S
> VAR NN N
/ \ A
BE [Y(3S) <Y(2S) <<Y(1S)] N \
R [Y(3S)>Y(2S) >>Y(1S)] / NN
RN
> e
v P_[GeV
P_[GeV] vl ]

Low p_yield depleted, high p_yield roughly same
More weightage from high p_bins, <p > shifts to a higher value



Test of co-mover idea

E Y (nS)momentum direction

Transverse

Forward

|

Backward . Track momentum
: direction

JHEP 11 (2020) 011
4.8 b7 (7 TeV)

D.Ujllllilllllllll

Y(2S) / Y(15)
4 Ny =0
—+- "i?cu =1
—+ N:Ech =2
—+ N;":ch >2
Y(35) / Y(15)
= Nyggey = 0
s & - —# Ni?cu =1
¥ % e ~ Nipei = 2
—+ Nf:clt >2

pfll_“ > 7 GeV, [y <1.2

Lo oo o boyoooa by s

05?MS
0.4f

2 :ﬁ{
‘5:"0.3_—

%ugé¢
~
0.1F

0 20

40 60 80 100 120 140
N

track

Y(nS)/ Y(1S) vs N, calculated for # of tracks in a cone around Y'(nS)
— In co-mover scenario ratio should depend N, around Y'(nS)

— Results is contrary to the expectation

— Some thing more is happening
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A novel and unconventional measurement from
ATLAS

s —F— T [ *f t t [ ©t & F [ 1

<O [ ATLAS Preliminary .

~ [ pp,13TeV, 139 fb” o !
ATLAS measured < n_, > for different Y (nS) : 50 ¥

— <n, > is different for different Y(nS) states

— Event with Y(2S) has ~3 tracks less than events that 40
has Y(1S)

— Event with Y(3S) has ~5 tracks less than events that _':- PYTHIA data
has Y(1S) S0g/s, —  x Y(19)
™ — n Y(25)
— = Y(38)

— More dominant at low-p,, O | g g, o B
Y(1S) -¥(28) -

Energy penalty is more producing massive
particle

O i, Y(1S)-¥(3S)
: = T++ o _data o .
— No such effect in PYTHIA @ + ~ PYTHIA with ¥(nS) —¥(mS) — .
54 ‘P? . -- PYTHIAw/o ¥(nS) ¥(mS) ...  —
=0 . ]
Trivial i . o T |
rivial interpretation: B =
2 Y Z

o
o | | I




A novel and unconventional measurement from
ATLAS ATLAS-CONF-2022-023.pdf

o 'P-“Egu GeV ATLAS Preliminary -
<
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12 101,
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¥
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Excess in <n_, >is not only around
Y'(1S) direction

It is spread over entrire A¢

- + 2

e L. i B

Something interesting must be happening - fl ? o=
0.5




Summary

s [T _____PbPb1.6nb", pp 300 pb” (.02 TeV)
30-60% 10-30% 0-10% 0-60% fis ATLAS AR RAARN RARAN AL RARAN LAR) CI Msw
1.2f ' ' ' R 1 2r o V5-502TeV, L= 0.26b" ] V20 b <30GeVie i ]
gy s Cent. T
Au+Au 200 GeV, [y| <1,0 < p_ <10 GeV/ Pb+Pb, {5, = 5.02 TeV, L = 1.82 b’ - o l<2d Preliminary
1 global uncertai 1_A.NNAAE._ S [ Cent 1
S | R N . Lol 0-90%
o Y(1S ,
STAR ° Y(1S) 1 + F;Wr ft;eev i rizs; i ~e- Y(1S) (2015 PbPbipp)
0.8 o . 08 <l Y B 08 - . ..
T(28) -+ Y(25+3S) , s
e Y(3S) (95% C.L r ] . £ T(2S) 95% CL Ié [ ) 1 AA COII].S].OHS
m< 0.6 $% ¥ T(38)(95% C.L.) | — 0.6 E O Correlated uncer. ] O'Sfl H —= Y(3S) T g
0.4 L 0.4 B - 1 04H Gl +8 1
L L ] + MY olic 0 . s & 4 18
0.2} = #ﬂ . 0.2 [ ; 02 " s I ]
Ncn].l uncertainty I ‘{ 1 E& ‘l F [ ¥ 2 - E';‘ oo B = ]
0 s . . s ‘ . s bl 8, N, ol b b Lo b Wb
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 400 050 00 A0 200 250 300 950 400
part <Npa"> part
CMS pPb @ 8.16 TeV
PbPb 368 ub™", pPb 34.6 nb™, pp 28.0 pb™' (5.02 TeV) 05 8.16 TeV pPb
[ " ] [pp {S=7Tev  pp {5=276TeV pPb {5=5.02TeV 0.25 [ [T T T T T T
1of R eyl <193 CMS L - Y(25) / Y(1S) - V(28) / Y(1S) -4 Y(28) / Y(1S) L CMS Preliminary u Prompt 0°. iyl <1 ]
L mRuI <24 py <30 GeVic 1 0.4[ * YOS/ Y(1S) < Y(3S)/ Y(18) - Y(@S) / Y(15) 0.2 K3, Iyl <1 ® PromptJAy, 12<lyi<24
L i i i F ¥ (b =)D’ lyl<1 i
1l e e e e — & | Py > 0GeV, [y*| < 1.93 N + Y(19), Y <24 New! ]
[ ] = 031 0.151- 70 = N,, <300 =
p] L ] o Yo r 1 . .
Sosk @ | Z T _ Y3 = 1 pA/pp collisions
o — ] - L +.+. ++_+_ > r ﬂ'* m 8 b
& & B (%)) L *+ r [ L ]
s 06 = 0.2 0.055 i 4, . | E
1 L L = L 05p | e : ]
- C ] r " ‘ L | ]
0.4r ] o1t *}‘ + " L = e e - ]
L 1 F + - ‘ i
02__ ] [ _? -0 05; ‘ 185 < N,, <250 ? ]
L [ 95% CL ] 00 e e T e e e b e
ok A "0 20 40 60 80 100 120 140 160 0 1 2 3 4 (G5ewCG) 7 8 9 10
Y(1S) Y(2S) Y(3S) Nirack Py

Sequential (like) suppression observed in AA (pA) collisions both at RHIC and LHC
Medium effect in pA, most likely effect of dynamic dissociation 40\3
v, of Y(1S) consistent with zero &
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