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at the LHC

Andry Rakotozafindrabe

g Irfu
.




Heavy quarkonia as hard probes of the medium
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hard scatterings QGP not hadronic phase free streaming detection
pore-equiliorium hydrodynamic ch. freeze-out  Kin. freeze-out
dynamics expansion

» Large b(c) mass — produced In the early hard scattering stage

» High density of color charges in QGP — bounded QQ pairs undergo color screening — their binding Is weakened
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Heavy quarkonia as hard probes of the medium

hard scatterings nNot hadronic phase free streaming detection

» IN-medium dynamics: progressive dissolution of the quarkonium states, depending on their binding strength
and the lbath temperature, for e.g. Y(nS) :

Lafferty, Rothkopf [ PRD 101 (2020) 056010 ] lattice In-medium spectral functions lattice In-medium masses vs |
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https://inspirehep.net/literature/1737714

Heavy quarkonia as hard probes of the medium

hard scatterings QGP not hadronic phase free streaming detection

» Can be used as a QGP « thermometer » 7 Ta from hydro + lattice QCD

11 13 105 2 4
Ta/Te [ [ | - a»
- In PbPb relative to pp collisions, Y(15) o(2P)

and Y(2S) were observed by ALICE,
ATLAS, CMS
Y(1S)

CMS [ PLB 790 (2019) 270 ] ¥ E
ALICE [ PLB 822 (2021) 136579 ] AD 1 ;

ATLAS [ PRC 107 (2023) 054912 ]
J/P(1S)

» For e.g. the Y(nS) family :

Y(35) Y(2S) ¥(1P)

- Y(3S) totally suppressed at LHC ? 0(2S) ';'(C(1 P)

Mocsy et al., [ Int.J.Mod.Phys.A 28 (2013) 1340012 |
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https://inspirehep.net/literature/1218383
https://inspirehep.net/literature/1829413
https://inspirehep.net/literature/1674529
https://inspirehep.net/literature/2661794

Y(3S) in PbPb collisions at LHC

CMS [arXiv : 2303.17026 ]

; » First Y(SS) measurement in AA collisions
PbPb 1.61 nb™ (5.02 TeV)

b <30GeVic ¢ Data » ©.60 signal for Y(3S)

yl <2.4 — Total fit
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https://inspirehep.net/literature/2648528
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Y(1S) CMS [ PLB 790 (2019) 270 ]

Y(nS) : a GQP thermometer in PbPb ? ALICE [ PLE 822 (2021) 136579

ATLAS [ PRC 107 (2023) 054912 ]
Y(2S) and Y(3S) CMS [arXiv : 2303.17026 ]

® Y(1S) (ALICE) PbPb 5.02 TeV p; <15 GeV 2.5 <y < 4
A Y(1S) (ATLAS) PbPb 5.02 TeV p; <30 GeV lyl <1.5
* Y(1S) (CMS) PbPb 5.02 TeV p; <30 GeV lyl <2.4
® Y(2S) (ALICE) PbPb 5.02 TeV p; <15 GeV 2.5 <y < 4
A Y(2S) (ATLAS) PbPb 5.02 TeV p; <30 GeV lyl <1.5
# Y(2S) (CMS) PbPb 5.02 TeV p; <30 GeV lyl <2.4

ﬂ % Y(3S) (CMS) PbPb 5.02 TeV p; <30 GeV lyl < 2.4

H' most central
collistons

100 200 300
(N
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Y(1S) CMS [ PLB 790 (2019) 270 ]

Y(nS) : a GQP thermometer in PbPb ? ALICE [ PLE 822 (2021) 136579

ATLAS [ PRC 107 (2023) 054912 ]
Y(2S) and Y(3S) CMS [arXiv - 2303.17026 ]

® Y(1S) (ALICE) PbPb 5.02 TeV p; <15 GeV 2.5 <y < 4
A Y(1S) (ATLAS) PbPb 5.02 TeV p; <30 GeV lyl <1.5
* Y(1S) (CMS) PbPb 5.02 TeV p; <30 GeV lyl <2.4
® Y(2S) (ALICE) PbPb 5.02 TeV p; <15 GeV 2.5 <y < 4
A Y(2S) (ATLAS) PbPb 5.02 TeV p; <30 GeV lyl <1.5
# Y(2S) (CMS) PbPb 5.02 TeV p; <30 GeV lyl <2.4

ﬂ % Y(3S) (CMS) PbPb 5.02 TeV p; <30 GeV lyl < 2.4

H' most central
collistons

double ratio
[Y(3S) / Y(2S)]rorb
[Y(3S) /' Y(2S)]pp

100 200 300 50 100 150 200 250 300 350 400
< N part> <Npart>

» Sequential suppression pattern in more central events 1.e. ordered by binding energy :
- All states are suppressed, with a larger suppression olbserved for the excited states
- Y(3S) seems more suppressed than Y(2S5)
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Heavy quarkonia as hard probes of the medium

hard scatterings QGP not hadronic phase free streaming detection

» Can be used as a QGP « thermometer » 7 Ta from hydro + lattice QCD
11 13 15 2 4

» Quite straightforward if quarkonium states  T4/T. B | E | - »
were only directly produced

» Complicated by feed-down :

- In-family, from higher resonances

- cross-family, I.e. non-prompt ¥ :
charmonium from b-hadron feed-down 1 ' /0(1S)

Mocsy et al., [ Int.J.Mod.Phys.A 28 (2013) 1340012 |
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https://inspirehep.net/literature/1218383

Feed-down to Y(nS) from measurements in pp collisions

» Using S-wave differential cross-section measurements from ATLAS or CMS in pp at vs = 7 TeV + LHCDb
P-wave to S-wave ratio measurements

ATLAS [ PRD 87 (2013) 052004 ] CMS [PLB 727.(2013) 107 ] CMS [PLB 749 (2015) 14 ] LHCb [ EPJC 74 (2014) 3092 ]
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Feed-down to Y(nS) from measurements in pp collisions

» Using S-wave differential cross-section measurements from ATLAS or CMS in pp at vs = 7 TeV + LHCDb
P-wave to S-wave ratio measurements

ATLAS [ PRD 87 (2013) 052004 ] CMS [PLB 727.(2013) 107 ] CMS [PLB 749 (2015) 14 | LHCb [ EPJC 74 (2014) 3092 ]

» Extract feed-down fraction from fits to S-wave and P-wave diff. cross-section and PDG branching ratios

Y (1S) feed-down fraction at < pt>y(s) ~ 5.8 GeV

ATLAS + LHCb: 1§

(pr) feed-down fraction

0.763 = 0.010
0.0625 + 0.0019
0.127 £ 0.009
0.00786 £ 0.00018
0.039 + 0.004

Boyd et al. [ PRD 108 (2023) 094024 |
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Feed-down to Y(nS) from measurements in pp collisions

» Using S-wave differential cross-section measurements from ATLAS or CMS in pp at vs = 7 TeV + LHCDb
P-wave to S-wave ratio measurements

ATLAS [ PRD 87 (2013) 052004 ] CMS [PLB 727.(2013) 107 ] CMS [PLB 749 (2015) 14 | LHCb [ EPJC 74 (2014) 3092 ]

» Extract feed-down fraction from fits to S-wave and P-wave diff. cross-section and PDG branching ratios

Y (1S) feed-down fraction at < pt>y(s) ~ 5.8 GeV

ATLAS + LHCb: 1§

(pr) feed-down fraction

0763 +0.010  PRslEer
0.0625 + 0.0019
0.127 + 0.009
0.00786 = 0.00018
0.039 =+ 0.004

Boyd et al. [ PRD 108 (2023) 094024 |
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Feed-down to Y(nS) from measurements in pp collisions

» Using S-wave differential cross-section measurements from ATLAS or CMS in pp at vs = 7 TeV + LHCDb
P-wave to S-wave ratio measurements

ATLAS [ PRD 87 (2013) 052004 ] CMS [PLB 727.(2013) 107 ] CMS [PLB 749 (2015) 14 | LHCb [ EPJC 74 (2014) 3092 ]

» Extract feed-down fraction from fits to S-wave and P-wave diff. cross-section and PDG branching ratios

Y (1S) feed-down fraction at < pt>y(s) ~ 5.8 GeV

ATLAS + LHCb: 1§

(pr) feed-down fraction

0.763 = 0.010 direct
0.0625 + 0.0019
0.127 £ 0.009
0.00786 £ 0.00018
0.039 + 0.004

feed-down

Boyd et al. [ PRD 108 (2023) 094024 |
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Feed-down to Y(nS) from measurements in pp collisions

» Using S-wave differential cross-section measurements from ATLAS or CMS in pp at vs = 7 TeV + LHCb
P-wave to S-wave ratio measurements

ATLAS [ PRD 87 (2013) 052004 ] CMS [PLB 727.(2013) 107 ] CMS [PLB 749 (2015) 14 | LHCb [ EPJC 74 (2014) 3092 ]

» Extract feed-down fraction from fits to S-wave and P-wave diff. cross-section and PDG branching ratios

Y(1S) feed-down fraction at < pt>y(s) ~ 5.8 GeV PbPb 1.61 nb™" pp 300 pb™ (5.02 TeV)

lyl <2.4
Cent. 0-90%

ATLAS + LHCb: 1§

(pr) feed-down fraction

0.763 = 0.010 direct
0.0625 + 0.0019
0.127 £ 0.009
0.00786 £ 0.00018
0.039 + 0.004

feed-down

Boyd et al. [ PRD 108 (2023) 094024 |

» Only conjecturing the melting of the excited states feeding down
Y(1S) Is not enough CMS [ arXiv : 2303.17026 ]

- cold nuclear matter (CNM) effects ? direct Y(1S) melting

A. Rakotozafindrabe (CEA Saclay)
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Y(1S) : RHIC (200 GeV) vs

0 Y(1S) (STAR) AuAu 200 GeVp; < 10 GeV lyl < 1
® Y(1S) (ALICE) PbPb 5.02 TeV p; <15 GeV 2.5 <y < 4
A Y(1S) (ATLAS) PbPb 5.02 TeV p; < 30 GeV lyl < 1.5
# Y(1S) (CMS) PbPb 5.02 TeV p, < 30 GeV lyl < 2.4

|

100

» Similar suppression seen at RHIC and at LHC (x 25 in vs):

- In favour of a negligible melting of the direct Y(15) (.e. dissociation temperature not reached yet at L

- but different CNM effects

A. Rakotozafindrabe (CEA Saclay)

H  (5.02 TeV)

CMS [ PLB 790 (2019) 270 ]
ALICE [ PLB 822 (2021) 136579 ]

ATLAS [ PRC 107 (2023) 054912 ]
STAR [ PRL 130 (2023) 112301 ]
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Charmonium regeneration

Up to 100 cc pairs in central Pb-Pb collisions @ 5.5 TeV. oy .
(x10 RHIC @ 0.2 TeV) "
+ Color charges mobility in the QGP

» Possible (re)combination of uncorrelated ¢ and ¢

» during QGP evolution and/or at hadronization (chemical freeze-out)

P. Braun-Munziger, J.Stachel [ PLB 490 (2000) 196 |
R. Thews et al. [ PRC 63 (2001) 054905 |
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Charmonium regeneration

Up to 100 cC pairs in central Pb-Pb collisions @ 5.5 TeV
(x10 RHIC @ 0.2 TeV) "
+ Color charges mobility in the QGP

» Possible (re)combination of uncorrelated ¢ and ¢

» during QGP evolution and/or at hadronization (chemical freeze-out)

P. Braun-Munziger, J.Stachel [ PLB 490 (2000) 196 |
R. Thews et al. [ PRC 63 (2001) 054905 |

» [0 first approximation :

dNJ/w . ché :
dy dy

» Crucial parameter of the models : the charm production cross-section

» Regeneration will interfere with the sequential suppression pattern for charmonia

A. Rakotozafindrabe (CEA Saclay) 11
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At LHC : higher €, but moderate suppression of inclusive J/¢

NASO [ EPJC 39 (2005) 335 |

PHOBOS [ PRC 83 (2011) 024913 ]
® ALICE, Pb-Pb \/s,, =5.02 TeV Iyl <0.9 p_>0.15 GeV/c
ALICE [ PRL 176 (2076) 222502 | > STAR, Au-AU |5, = 200 GeV Iyl < 0.5 p_>0.15 GeVic (PLB797,134917)
STAR [PLB 797 (2019) 134917 ] ' ® NA50, Pb-Pb |5, =17 GeVO <y <1

ALICE Run 1-2 review [ arXiv:2211.04384 ]
ALICE [ arXiv:2303.13361 ]

Raa ~ 1 at mid-y In
central collisions at LHC

chhldr]IyI<1 Au-Au sNN=200G|eV
(PHOBOS, PRC83(2011),024913)

dN,/dn, , o - Pb-Pb \5,=5.02TeV
(ALICE, PRL116(2016) 222302)

charged-particle pseudo-
rapidity density averagead
per centrality bin

0 200 400 600 800 1000 1200 1400 1600 1800 2000
(N, /dn)

» At LHGC, the (presumably) larger suppression from color screening at higher € is compensated
by a sizeable regeneration

dN....
dy

2
» Regeneration o ( > increases by ~106 from SPS to LHC
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J/P regeneration vs y and vs pr

ALICE [arXiv:2303.13361 |

ALICE
Pb—Pb, |[s = 5.02 TeV

Inclusive J/y
® 0-10%, lyl <0.9
® 0-20%,25<y<4

» The density of charm quarks is larger at mid-y and at low pr

» [herefore, we can expect an enhanced regeneration component at mid-y compared to fwd-y at low pr

» At low pr, Baa (Mid-y) > Raa (fwd-y)

A. Rakotozafindrabe (CEA Saclay)
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https://inspirehep.net/literature/2648616

J/P regeneration : inherit parent (anti)charm elliptic flow

ALICE [ PRL 119 (2017) 242301 ]
CMS [EPJC 77 (2017) 252 ]
ATLAS [ EPJC 78 (2018) 784 ]

Elliptic flow vz :
® ATLAS, Prompt J/y, 5.02 TeV, |y| <2, 0 -60%

- second-order coefficient of the Fourier .2 [ % ALICE, Inclusive J/y, 5.02 TeV, 2.5 <y < 4, 20 - 40%

decomposition of the azimuthal angle A CMS, Prompt J/y, 2.76 TeV, 1.6 < |y | < 2.4, 10 - 60%
distribution ¥ CMS, Prompt Jiy, 2.76 TeV, |y | < 2.4, 10 - 60%

- measured w.r.t. event plane

» (Anti)charm quarks (at least partially) participate to the motion in-medium collective dynamics (as seen
in the v2 measurement of prompt D hadrons)

» We can expect J/ from regeneration mechanism to inherit (at least part of) their parent (anti)charm
elliptic flow, In particular at low pr

» Regeneration models : test vs both the measured Raa and vz

A. Rakotozafindrabe (CEA Saclay)
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J/P vs P(2S)

(TAMU) Du and Rapp [ NPA 943 (2015) 147 ] CMS [ EPJC 78 (2018) 509 |

Pb-Pb, s = 5.02 TeV )
T ALICE 2@ c4 o000 SVl <1.6,0-100% ALICE [ JHEP 02 (2020) 041 ]
Transport model TAMU: L °  (EPJC78(2018)509)

o Jhy (JHEP 2002 (2020) 041) o Jjy ALICE [arXiv:2210.08893 |
Continuous charmonium dissociation

and regeneration in the QGP, described
by a rate equation

» Larger suppression of P(2S) with respect to J/P, on the whole pr range

» Both states are enhanced at low pr, which is successfully described by the TAMU model which
includes a regeneration component

A. Rakotozafindrabe (CEA Saclay)
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https://inspirehep.net/literature/2165947
https://inspirehep.net/literature/1753083
https://inspirehep.net/literature/1644903
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J/P polarisation measured w.r.t event plane

ALICE [ PRL 1371 (2023) 042303 |

Huge magnetic field (short lived) and very large
angular momentum (highest in semi-central _
collisions) ALICE, Pb-Pb {s = 5.02 TeV
Inclusive J/y — utu~
2<p_<6GeVic,2.5<y<4

- present at the QGP formation

- In the direction orthogonal to the event-plane
IN the center of mass of the colliding lbeams

- may affect the system evolution

Kharzeev et al. [ NPA 803 (2008) 227 |
Becattini et al. [ PRC 77 (2008) 024906 | $ Stat. uncert.

[ 1Syst. uncert. Event plane

10 20 30 40 50 60 70 80 90 100
Centrality (%)

B ~1016 T

» Small but significant polarisation, particularly in the 40-60% centrality
range (3o effect)

» Theoretical models needed to distinguish between B and L
contributions

A. Rakotozafindrabe (CEA Saclay) 16


https://inspirehep.net/literature/767033
https://inspirehep.net/literature/766870
https://inspirehep.net/literature/2680575

Fixed-target at LHCb : J/¢ / D% in PbNe at /s = 68.5 GeV

o better understand charmonium suppression: measure of charmonium yields and the overall charm quark
production.

Most of the charm quarks hadronise Into open charm DO mesons.

= [Use DY production yield as reference for the study of the charmonium yield modification, assuming that DO
production is not modified by the medium.

'S\ = 68.5 GeV

—&— pNe
—— PbNe

LHCb [ EPJC 83 (2025) 658 |

» Linear trend of J/ / DO ratio in pNe vs PobNe — consistent with nuclear absorption

A. Rakotozafindrabe (CEA Saclay)

17


https://inspirehep.net/literature/2682616

Thanks for your attention
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Charmonium system

PBDG [ Prog. Theor.Exp.Phys. 2022, 083C01 |

Mass (MeV)

4700 |  (4660)

Thresholds:

]PC — 0 +
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https://pdg.lbl.gov/2022/web/viewer.html?file=../reviews/rpp2022-rev-charmonium.pdf

Bottomonium system

PDG [ Prog. [heor.Exp.Phys. 2022, 085C01 |

Mass (MeV)

11100 Y'(11020)

Y'(10860)
Thresholds:

Z, (10650)

P ANZT5TET5TY O S PP Ko (BP).................... Ko 3P)....

¢
h, (2P) X, (2P) Xy (2P)

/NI - .

N 411

,,//

T

| JPC - O— +
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https://pdg.lbl.gov/2022/web/viewer.html?file=../reviews/rpp2022-rev-bottomonium.pdf

Uncertainties on the dissociation temperature

PHENIX [ PRC 971 (2015) 02413.]

35 4 45 5
melting T/T

A. Rakotozafindrabe (CEA Saclay)
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https://inspirehep.net/literature/1289084

Pseudo-rapidity density, energy density at LHC

ALICE [ PLG 845 (20235) 157730 ]

= 5.02TeV

ALICE, /syy = 5.02TeV
B o B »rPb B Pb-Pb Pb-Pb, +/snn = 2.76 TeV

N
)
-]
)

Pb-Pb, 0-5%

VSN
H
- p—-Pb, 0-5%
H

dNch/dmiap

ol
a1
(-]
o

pp, INEL > 0
Data (symmetrised)

Reflected
Glauber area

® Upart. O Npart.

O
EI Uncorr. syst. unc.

Corr. syst. unc.

Charged-particle pseudo-rapidity density Estimate of the lower bound of the Bjorken
transverse energy density
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https://inspirehep.net/literature/2070408

Pseudo-rapidity density vs collision energy

ALICE [arXiv:.2211.045384. |

pp(pp), INEL AA, central
ALICE
CMS
UAS5
PHOBOS
ISR

ALICE
CMS
ATLAS
PHOBOS
PHENIX
BRAHMS
STAR
NAS50

pA(dA), NSD
ALICE

CMS
PHOBOS

X % 4> + 06 © 1

Collision energy dependence of the charged-particle pseudo-rapidity density at mid-rapidity
normalised to the average number of participants, for different systems (pp, pA, AA)
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https://inspirehep.net/literature/2178285

J/P polarisation in pp collisions s -7. 8Ty foward-y

ALICE [ PRL 108 (2012) 082001 ]
ALICE [EPJ C 78 (2018) 7, 562 ]
LHCb [EPJ.C 73 (2013) 11, 2631]

m | HCbdata7 TeV
A ALICE data 7 TeV (inclusive JAhp)

e ALICE data 8 TeV (inclusive Jhp)
. |CGC+NRQCD

p+pe J/w, Vs = 7.0 TeV (CS frame)
. | ICEM2.0<y<45
LHCb data2.0<y <4.5
ALICEdata2.5<y<4

25<y<4, VS=7o0r8TeV
recoil (helicity) frame

ICEM, Cheung, Vogt [ PRD 104 (2021) 9, 094026 |
CGC + NRQCD, Ma et al. [ JHEP 12 (2018) 057 ]
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