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Quark-gluon plasma (QGP) and heavy-ion collisions

The space-time history of heavy-ion collision at LHC energies (Pb-Pb)

Time Michael Strickland, Acta Phys.Polon. B45 (2014) no.12, 2355-2394
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QGP is a special state of nuclear matter at high ® e/ @ @ e
N NV L e/

temperature and/or density, which consists of \

deconfined quarks and gluons

Hot Hadron Gas

Freezeout £ T,
T > 10 fmic : ;.

# B<T< 10 fm/c i
. 19
'*:?*‘ T §a5 -» T
i
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MNon-equilibrium QGP
03<T < 2fmfc

QGP can be created in laboratory
with heavy-ion collisions at high energy

Semi-hard particle production
0<T<03fmfk

P
=

basam direction

1fm/c~ 3.33 X 107245 Beam direction
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J/U particle

* J/Y particle is a bound state of charm (c) and anti-charm (¢) quark pair vacuum

o J/Y lifetimeis 7.2 X 10721 s (= 2162 fm/c)

* J/ leptonic decay mode: ? ?

o utwu,(593+0.06)% | I
r
e Inclusive J/:

 PromptJ/{ (~85%):

o0 direct J/Y production (75%) J/?,/)

0 J/Y feed-down from decays of charmonium excited . <

states (25%) beam beam

* Non-Prompt J/P (~15%): collision

e J/Y from beauty (B) mesons

K,

e.g. Eur.Phys.J. C76 (2016) no.3,107

A\ J

beam
collision
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J/U as a probe of QGP

J/Y production can probe the QGP

Prompt J/ suppression by color screening in QGP i
Satz, Matsui. Phys.Lett. B178(1986) 416-422 | | E
¥

Ap(T): screening radius.
T,: dissociation temperature.
r: binding radius

I Prompt J/{ produced in the early stage of the collision

hmpomtare T-:Ts Térgpﬁrat:re T:-fT‘
o (? Jhy
1
. | I @ . @
r r
r <Ay —J/U can be formed r>Ap — J/U melt — J/{ suppression
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J/U as a probe of QGP

At the LHC energy, cc pair production increases
Start of collision  Development of QGP  Hadronization O |

& ®
5 YOO e e
A%) - (i %
b7 F g L adp . .
g J/U (re)generated either during QGP

cand ¢ phase and/or at the hadronization stage

P. Braun-Munzinger and J. Stachel, Phys. Lett. B 490 (2000) 196
R.L. Thews, M. Schroedter, and J. Rafelski, Phys. Rev. C 63 (2001) 054905

o J/y (re)generation in QGP — J/y enhancement
» Regenerated J/y are expected at low p; (transverse momentum)

2019/5/29 6



Energy loss effect

e Parton energy loss by multiple scattering of the parton
in the medium and gluon radiation

7

X

\éf | Hard probes produced in the early stage of collision
_*~5%%&\\\\\\\\\::::::_____

Medium formed * Energy loss expected as the main mechanism at large p
in the collision * Energy loss by quarks, gluons or cC pairs?

fe

M. Spousta, Phys. Lett. B 767 (2017) 10
F. Arleo, PRL 119 (2017) 062302
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Observable: nuclear modification factor Ry 4

vl

R,, =
AT <tpa>op,

Yf{[{w is the J/Y invariant yield in nucleus-nucleus collisions (AA)
]/q; is the J/ production cross section in proton-proton (pp) collision at the same energy

< Ty44 > is the nuclear overlap function which quantifies the average nucleon-nucleon luminosity per AA collision

peripheral collision central collision

X
bI @ @ @ l J/y enhancement
" Qverlap regio

e Centrality describes how large the overlap area is
e Centrality (in %) can be mapped into <T,,> by Glauber model*

< Ty, > is higher if the overlap area is large
*:https://alice-notes.web.cern.ch/system/files/notes/public/711/2018-06-18-ALICE_public_note.pdf
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Impact parameter of the collision: b 1 4= NO significant medium effect

J/y suppression




J/W R4a(pr) at RHIC (PHENIX) and LHC (ALICE, ATLAS, CMS)

T T T T T T T T | T T T T T T T T T T T T T T T

n_—'f 14 Inclusive J/y — p*p’, 0-20% centrality E I:li.::: ; ' ATLAIS T
C ® ALICE, Pb-Pb\s,,=502TeV,25<y <4 ] ]Irm = 5.02 TeV, 0.42 nb™
W ALICE, Pb-Pb\s,, =276 TeV,25<y <4 1 _
1.2 - ¢ CMS DD, 0-109%, Phys. Lett. B 782 (2018) 474

B Charged particles, 0-5%, 2.76 TeV
B Mon-prompt Jfy, 0-10%%

III|II.I|.I

—#% Prompt Jhy, 0-10%

0.85— - 7 0.6
0-55‘ % - @I ‘“ 0.4 -]
0.4f . B ;
: 8 g “me < G ”'EM .
02r@m mw @ o o 1 ? - §
ol v v e > 678 10 20 30 40 400
0 2 4 6 8 10 12
p, (GeV/c) pT>1ZGeV P, [GeV]

EPJC 78 (2018) 762

" pr < 6GeV: Ry, increases towards low p;: hint of regeneration. Interplay between color screening and
regeneration
" 6 < pr<20GeV:Ry4~0.2 — 0.3 and increases slightly at larger p; but suppress strongly. Color screening mostly

= pr > 20 GeV: R££¢~R§Zarged: energy loss signature. Interplay between color screening and energy loss
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The Large Hadron Collider (LHC)

= |LHC at CERN (Geneva) is the largest
and most powerful particle collider for
pp (currently up to 4/s = 13 TeV) p-Pb
(currently up to 4/syy = 8.1 TeV) and
Pb-Pb (currently up to 4/syy =5 TeV)
= Types of collisions:
= pp: investigate the quarkonium
production mechanism
= p-Pb: explore the cold nuclear
matter effect
= Pb-Pb: study the properties of
quark-gluon plasma
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ALICE detector

*ALICE (A Large lon Collider Experiment ) detector is
designed to study QGP in heavy-ion collisions

SPD SDD SSD TOC VOC
ACORDE S\

°*Muon spectrometer EMCal
= Absorber system: stop i, k and low momentum p e
particles
= Tracking system: provide the 3D position information of HMPID
particles

= Dipole magnet: bend particles to obtain momenta and Pb 706G
charges (3 Tm) :

= Trigger system: trigger on dimuon and identify the single  T0A VoA
muon (2 trigger p; thresholds: 0.5 & 1 GeV/cor 1 & 4
GeV/c) .

*Other ALICE detector used for muon analysis
= SPD: vertex determination S

= VO (VOA & VOC): centrality estimator, minimum bias e
trigger and background event rejection BHER ' ’ e

= ZDC (= 100m before / after IP): background event 3 solenoid dipole
rejection
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Data taking in 2018 Pb-Pb collisions

” r‘ "“? }‘ I
IR

Event display on November 8, 2018
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Data samples: pp 2017 and Pb-Pb 2015+2018

Pb-Pb 2015 pp 2017 Pb-Pb 2018
Luminosity =225 ub~1 1223 nb~? =537 ub~1!
Data sample 137 runs 51 runs 232 runs
L%r?tl&Pb_Pb ~ 2.4 X L%SgS'Pb_Pb Run is basic unit of data taking
pp 2017:

e Extract the J/Y signal in p; (and y intervals)
e Acceptance times efficiency in detector
* Measure the J/ cross section vs p;(and y)
Pb-Pb 2015:
e Extract the J/Y signal and systematic uncertainty
* Acceptance times efficiency in detector
Pb-Pb 2018:
e Extend the 2015 analysis to higher p; by summing the two data samples
e Measure the R,, versus p;
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Nuclear moditication factor R4

J/b J/b
R, = Y14 _ Nia (pr)
< TAA > O'pp dZO'pp
<, >-ﬁ-BR-A£(pT)-NMB-Ap-Ay

N/{I{lw(pT): raw number of J/{ as a function of p;

BR: branching ratio of J/ decaying into dimuon

Ae(pr): detector acceptance times efficiency

Nysg: number of minimum bias events, computed from the number of dimuon triggered events
dZO'pp

J/v _ Njp(PT)
dprdy  BR-LYP -As(pr)-Apr-Ay

Differential J/{ cross-section in pp:

ppo
Lint'

luminosity in pp collisions at /s =5 TeV
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J/U differential cross sections in pp

2 PP
oy _ Ny (®1)
dprdy  BR-LPP .As(pp)-App-Ay

int
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op Data samples: event and track selections

Data samples:

. li ran hecked run
Quality assurance checked runs The extrapolated track e

‘ Ty scaltering
B P
-

Event selections: 1 ]

. Trigger selection: opposite sign dimuon trigger
. Physics selection: to reject the background events |
. Centrality selection: with VOA and VOC (for Pb-Pb only) vy

verlex

Track selections: _ oy
* 0,.:2-10 degree matera  materia
. p*DCA cut: to reject beam gas tracks

. Pseudo-rapidity N: 2.5 — 4.0: the geometrical acceptance of the muon spectrometer

. Matching of tracking tracks with trigger tracks with p; threshold of 0.5 GeV/c or 1 GeV/c

Dimuon selection:
. Rapidity: 2.5<y < 4.0
e  Opposite charge muons

The same cuts are applied in Monte Carlo & data samples
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J/U signal extraction in pp

Signal functions (for invariant mass of dimuons Mﬂ+u—):
o Extended Crystal Ball (CB2), tails from MC (Geant3 & Geant4) and 13 TeV pp data

o NA60 function, tails from MC (Geant3 & Geant4)

Background functions:
o Variable Width Gaussian (VWG1) Extended Crystal-Ball (CB2)
o Polynomial ratios (Pol1/Pol2) - . | . ] | |
~ 1F E
Fitting ranges of invariant mass: ©
o pp: [2.0, 4.8], [2.2, 4.4] GeV/c?
Total methods inpp: (3 +2) X2 x2 =20 107 3
102 F E
24 26 28 3 % 82 '3.4x

X : the mean. o: the width. (a,n, a’, n’): 4 tail parameters fixed from MC
simulation and from free tails fit to large statistics pp data

17
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J/U signal extraction in pp

- 0<p;<12GeV/c
2017 pp

fitFuncCB2VWG_geant3_2.00_4.80
N, = 103486 + 441
Mass = 3.0975 + 0.0004
o, =0.0706 + 0.0004
™ 1986 + 121
x2/nDoF = 2.29
Fit Status = 0
Fit Validity : good
Fit Cov Matrix Status = 3
Background Normalization factor: 31515 + 4268
al: 0.641 + 0.072
a2: 0.453 + 0.011
a3: 0.125 + 0.015

—}— Rawevents
——}—— Fitted J/y events
14— Fitted (2S) events

= = =f = = Fitted background events
= Fitted J/y v (25) and background events

2019/5/29
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J/U signal: extraction and systematic uncertainty

p,< 120 GeV/ic N, = 101136 +459 (stat) + 2936 (sys)

(statyN =0.45 %; (sys)N =290%
x10° " N
;2 120
1156 <N,,,>= 101136 +/- 459 (stat) +/- 2936 (sys)
110F- ,
0] S st _ iwiNjy
100;—____+____+____H___T__i _____ —-'—____ (N]/q,)— R w;is to account for the

__________________________________ fact that there are less tests with pp data tails
ERRR S than with pp MC tails. Dominant source of
uncertainty from the tail choices

95
90
85

ARG+ MAG0+ Geantd_2.04.8

Systematic uncertainty:

WG+CEE+pp13_2MEIII|IIII|IIIIlII

WWGHCEZ4pp13_22 A4
polRatio+CE2+ppl3_2 0,48
pol RatiotCE2+pp13_2 2,44

VAT NAGD +Geantd_2.2.4.4
WG+ MAGD + Geantd_2.2.4.4

VWG CE2+Geant] 2.2 44
MG+ HAG0 + Goantd 2.0 48

WG CE2+Geantd_2.0,48

SAWGHCE2+Geantd_2.0,48

VW GHCE2+Geantd_2.2 4.4
polRatio+CE2+Geantd_2 0,45
polRatio+CB2+Geant3_2 0,45
polRatio+CE2+Geantd 2244
polRatio+CB2+ Geantd_2 2,44
polRatio+ MA4G 0+ Geantd_2.04.5
pol Ratio+ MG 0+Geantd_2.0 4.6
polRatio+ NG 0+ Geantd_2.24.4
pal Ratio+ HAG 0+ Geantd_2.2 4

2 Wi X Ni?]/w _ 2 Wi X Nijpy
ZiWi ZiWi

AN gy = I
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# of events

J/ signal extraction in different p; bins in pp

dimuon invariant mass distribution vs Pt0.3to1

fitFuncCB2VWG_geantd_2.00_4.80

0.3<p;< I GeV/c

2000 2 0 1 7 "c'x::{’::.‘;‘e’ss?:'ésf;';é%és
1800 Pp A Pinpor o1y
— Fit Status =0
[ Fit Validity : good
1600 — uwgmurﬂl&:n:m:wﬁ;m:r? 10200 +7
= at: 0.981 + 0,030
1400 — 25017 - 008
1200 :— ——+}— Rawevents
- —|— Fitted J/ y events
1000 — ——}—— Fitted v(25) events
— = ==f == Fitted background events
800 :_ ——— Filted &'y  (25) and background events
600
400
200
0 - 1 1 { ;—o:_ T S Y M - 4——-]-
2 35 4 4.5 5
Muu
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# of events per 25 MeV/c?

40

35

30

25

20

15

10

dimuon invariant mass distribution vs Pt12to15

fitFuncCB2VWG_geant4 2.00 4.80
N,, =245+22
Mass = 3.0923 + 0.0076
5, , =0.0893 = 0.0085
N, =7+8
¥3/nDoF = 0.87
Fit Status = 0
Fit Validity : good
Fit Cov Matrix Status =3
Background Normalization factor: 4.537 + 2.111
a1:0.018 + 0.007
a2:3.083 + 2.911
a3: -0.003 £ 0.011

12< p; < 15 GeV/c

2017 pp

—+— Rawevents
——}—— Fitted Jy events
——}—— Fitled (25) events

= = =j = = Fitted background events

—}— Fitted Jy y (25) and background events

# of events per 50 MeV/c?

dimuon invariant mass distribution vs Pt15t020

fitFuncCB2VWG_geantd_2.00_4.80
Ny, =84 211
Mass =3.1174 +0.0139
o, =0.0900 £0.0132
Nv, =2 +4
%3/nDoF = 0.87
Fit Status =0
Fit Validity : good
Fit Cov Matrix Status = 3
Background Normalization factor: 92.775 + 80.232
a1:0.304 £ 0.564
a2:0.275 £ 0.159
a3: 0.075 £ 0.145

—+}— Rawevents
——}— Fitted J/\y events
——}—— Fited v(2S) events

===} - - Fitted background events

Fitted J/'y w (25) and background events

| Y I |-||:|_| |
4 4.5 5

an

N, =84+/-11
Statistical precision is around 13%




J/Q yield: dN/dp; as a function of p;

®Cross-check with another independent analyzer up to 12 GeV/c: good agreement within 1%

® p. reach in pp defines the p; reach in Pb-Pb as well

% I
S el — —F— Chun-Lu
g = —
z = —+— Hushnud
— e [ ] Systematic uncertainty
10° = —
— ——
— =
[ —
107 = —_—
|1\p¢ N N 1 N N N 1 N N N 1 N N N 1 N N N 1 1 1 | 1
1.015 — N, CL" CMUL_HCMUL CL/N, H
1.01
1.005 — ———
| I e o e o
0.%5 ——
0.99
0.985
0.98 3 7 3 B 70 72 13 76 7
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J/U Acceptance times Efficiency Ae

Jy A*eiin 2017 pp data

v 03 Ae_vs_run
= - Entries 51
, 029 0 < pr <12 GeV/c Mean
To correct for detector effect and geometrical = Mean Ae = 0.2372 +/- 0.0001 (CL) Std Dev 0
0.28 . .
acceptance - Mean Ae = 0.2374 +/- 0.0001 (H)
o NTE€ (pr) 027H"  Difference between analysers-> 0.08%
Acceptance x Efficiency A€;(pr) = I\I‘lgT(ID) 0.26
i T
l 0.25 +++£ﬁHﬂﬁﬂ#+*++ ———————— e ————
Ae€; may vary run by run - ——
01&3;—
a22§—
0.21F
0.2 Lo e er et e e g

JRQ-20883

YRS 8L OIQT Y88 LS
R R b
€0 €0 60 6060 €0 €0 60 60 60 €0 €0 €0 60 €00 60 C0 O 0 0 XV
NN AN NN NN NN NN N I NI I I

—————— —— ——

282008 [TTTT
282016
282021
282025
282031
282050
282051
282078
282098
282099

taking period because of high voltage trips in tracking
chambers
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° ffo °
§ LI) Acceptance times E ICIENCY
£ - E.-._ 106:;
0.55— 2 E —%— dN/dp_* 1/Ac
N 107 n ™ T [ Systematic uncertainty
— = —— input MC (arbitrary norm.)
0.5 gl T
- r+_ 10" == T e
- - = ——
0.45— - e
~ = E L
0.4/— c ~
: — 102E_E_
0.35/— — =
C 10 =
0.3 =
0.25[ _ AXEffO
z ! |_|_| PRI N T Y T Y N T T T T T T T D~ NS oSSR R,
0 2 4 6 8 10 12 14 16 18 20
Pt(GeV/c) 0.9 3 4 5 8 10 12 1 16 7 20

P, (GeVic)

Input MC shape is not consistent with J/{ yield shape at first
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[ o J ossf-
. . . 5:—..0. -0 L c - _|_
Applying the iterative procedureto " - % NP, /A g S
. o —— 0.5—
tune the input MC shape to the ° o o : L
10* o dN,. /dp_ aritary norm 45—
J/U data corrected by AxEff ] ! *F e
—— -
B o 0.4f— L
103:_ —O— E
E '°‘_°_ 035 -
L —— 0sf- —
- ——— 025 AXEff2
[, )] | | PR B B Lo =
0 2 4 6 8 10 12 14 6 plaeewczo 5 Iél”'J'IIIél”éHI1[°“I1I2IH1|4I”1I6HI|;1.%IG;V;§°
%§1J5§- é’ D;_ R — o
p T - — -
§§L%§_. A —
a% 1; 2’ _1:_
oof T =*  Difference is within 1 % in
ossE- = most common p; bin
0-32— —2.5:—
S S Sy S S TR VR R - —_—
p, GeVic s 1 1 | | v 1 1 ool 0wl oo
1} 2 4 5] 8 10 12 14 15 E
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J/w cross-section in pp

2
d*a 1/¢ Nj/y(Pr)
pPD —
dprdy — BR- ‘L Ae(pT)-ApT-AY B F
> -
o & 1o e — % chunu pp 2017@ /s =5 TeV
Integrated IUmanSItyI > = —— [ gg:;ematic uncertainty
C —F— PP
e Chun-Lu: 1220.88 +/- 21.80 nb™! N e
S 10 =
O ==
© - ==
ey - . . o B t;:
e Agreement within 1 sigma for the integrated cross 102 ——
. . = s = 5.02 TeV, 2017
section and for the most of p; and y bins ] o e
ve J/
* Biggest deviation of 1.7 sigmain4 < pr < 5 GeV/c 0 L psey s ————i
E ]
-¢n—|4_q__l | |
1.3 E_ —%— (d°c_CL/dp_/dy)/(d"c_2015pp /dp_/dy)
1.2;— ‘ *
11
HERE ! ......................................................
0.9;—
085 2 % 3 8 70 5 14 16 18 20
[ (GeVic)
P (Ge¥ o) | o+ (stat) £ Gsyst (b 0CL) | o4 (stat) + (syst) (ueb) (Hy | o+ (stat) + (systh (pby (2015)
0-12 58596 4+ 00267 + 0.2515 5.860 4+ 0025 4+ 0.247 561 +0.08 +0.28
0-20 58600 + 00263 £ 02544 - -
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Nuclear modification factor R4 4in Pb-Pb collisions

R., = N/{I{lw(pT)
AA — dzo_p/ztop
< TAA >'W°BRNMB ApAy
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J/U signal extraction in Pb-Pb

x10° -10°

) w
I fitFuncCB2VWG_pp13_2.20 4.50 = ke MFURCCEZVWE_ppl3_2.20_4.50
n = N, = 267471 + 2535 o 600 M, =532838 =373z
€ 8 350f 2015 Pb-Pb el 1308 000 8 2018 Pb-Pb e
Q | = 1503 2898 =4 1= N,.=7000 21348
> - 0<p;<12GeV/c S - 0<p;<12GeV/c et
v N . o e - : 5 e
g 200 ce nt ra I |ty 0-90 A) Background "ﬂﬂ:ﬂ:!.ﬂa::':;ﬂ;:; 389751 + 8224 = ce nt ra | |ty 0'90 A) Background Normallzation factor: 323052 + 10614
- s o : S
£ N Moo o 400/ s
.-5 150— —+— Rawevenis B ———— Rawevems
Y B —}— Fitted J/y events : )
O — 300 . —|— Firted J/ ¢ evenzs
o - ———— Fitted y(25) events B | Fitrad s (25) avents
qJ — = = =} = = Filted background avents —
Q0 1 00 B —|— Fitted J/ vy v (25) and background events B Toohe Fedbaskaroand svens
B — Firted ¢ ¢ % (25) and bachground evenrs
£ N 200
> = 5
P - B
50— B
B 100
0 B | 1 L | 1 1 1 | L 1 1 1 | 1 1 1 L | | 1 : A
25 3 35 4 4.5 U | | L | 1 | 1 I | 1 1 [l | | 1 1 1 I 1 1
M, (GeV/c?) 25 3 3.5 4 45

Ny : 267471 +/- 2535 N,y : 632459 +/- 3792
 Fitrange [2.2, 4.5] GeV/c?
* Signal function: Number of J/ ratio: 632459 / 267471 = 2.37

O Extended crystal-ball (CB2) In agreement with the luminosity ratio between 2018 and 2015
e Background function:

O Variable Width Gaussian (VWG?2)
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J/U signal extraction in Pb-Pb: event mixing

e Dimuon sources populating the invariant mass spectra
e Fully correlated dimuons decayed from charmonium states (J/{ or {(2S))
 Background events:

0 Correlated dimuons from the decay of heavy quark pairs:c > D - u*

0 Uncorrelated dimuons coming from different physics processes. K -» u*; m - u~

e Remove the uncorrelated dimuon events — mixed event method

same-event
dimuon mixed-event dimuon
Q00| O |0 O - 0000
event i event i+1 event i+2 event i+n
centrality “A”™ centrality “B” centrality “A” centrality “C”

2019/5/29
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J/U signal extraction in Pb-Pb: event mixing

Signal function: CB2 with Geant4 tail
Background function: Exponential function: f(x) = A - eB*
Fit range [2.2, 4.5] GeV /c?

x10° iﬂ
2 F cC
S0 g
S —+— Raw events q>_,
200 :__;—;. —+}— Normalized Mixed-events g
180 = —+— Raw minus Mixed events g
160 =
- = S
140 = 5
120 =
100[— _g
80 = 2
60
40
20 ~ T
0 ;*’MHL el _..h:I'_ ] ’-I'—._L R B _Jm
2 25 3 3.5 4 4.5 5
M, (GeV/c?)

35000

30000

25000

20000

15000

10000

5000

fitFuncCB2Exp_geant4_2.20_4.50
N‘m = 274801 + 2650
Mass = 3.1006 + 0.0006
Sy = 0.0666 + 0.0007
N, = 3351+ 1184
x%nDoF = 0.61
Fit Status =0
Fit Validity : good
Fit Cov Matrix Status = 3

—+— Rawevents
——}—— Fitted J/y events
——+}—— Fitted \(2S) events

-
——}—— Fitted J/y v (25) and background events

Fitted background events

2015 Pb-Pb
0<p;<12 GeV/c

_I._I|IIII|IIII|IIII|IIII|IIII|IIII|III

3.5 4 4.5 )
M,, (GeV/c)

Signal is clear. Correlated background is estimated with an exponential
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# of evenis

10

Number of J/u

) in 2018 Pb-Pb

dimuon invariant mass distribution vs Pt0.3to1

T Il]lll]

T IIIIII]

T

fitFuncNAG0Pol2_geant4_2.40_4.70
N, = 66753 + 1893

Mau =3.1094 + 0.0013
o, =0.0587 £0.0015

N, = 1613 + 566
x’i‘nDoF 3.72
Fit Status = 0
Fit Validity : good
Fit Cov Matrix Status = 3

—F— Raw avents
——f— Fittod J'y svents
e Filllod i (25) ovenis

==af == Fitled background events
—}— Fited J'v v {25} and background evenis

0.3 <p;<1GeV/c
Centrality 0-20%...

v ey e b b e b e by

2.5 3

35 4 4.5 ]
M,, (GeV/c")

# of events

10°

10

dimuon invariant mass distribution vs Pt12to15

T IIIIIII

T

fitFuncNAG0Pol2_geantd_2.40_4.70
N, =1320 + 68
Mass = 3.0997 + 0.0042
o, =0.0809 +0.0053
N,=0+0
¥nDoF = 1.26
Fit Status = 0
Fit Validity : good
Fit Cov Matrix Status = 3

§ T TR gt

R E————
—f— Fittedt &y events
——}—— Fitted w(25) svents
===k == Fitted background evenis

—}— Fitted &y v (25) and background events
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Centrallty 0 20%
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I e—y

5
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-
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dimuon invariant mass distribution vs Pt15t020

fitFuncNAGOPol1over2_geantd_2.20_4.50
N,, =258 +35

Mass = 3.0889 + 0.0091
a, =0.0711 £ 0.0119

N,=0+0
%%/nDoF = 1.03
Fit Status = 0
Fit Validity : good
Fit Cov Matrix Status = 3 ‘
|

(0 O B O
‘ ——}—— Raw events

_|_ Fitted J/ v events
_|_ Fitted y(25) events

= = =} = = Fitted background events
——f— Fitied 4y w{E)nm:rbnnkgmund events

[ |
5<pTJ(20

GeV/c
Centrality 0-20%

4 45 5 5 65
M, (GeV/c?)

Signal function: NA60 (The same Geant4 tail as in 2015 Pb-Pb). Background function: pol2/pol3, pol1/pol2 (for high p; region)

N/ =258 +/- 35 in p; [15, 20] GeV/c -> the statistical precision on the J/{ yield is ~13.5%
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Acceptance times efficiency vs p-

Ae as function of Pt 2017 pp Ae as function of Pt _Cent0to20
w [
< I pp2017 &
0.55— 0.55— |
: - Pb-Pb 2015 |
0.5 - 0.5
~h — =
- . 0.45F- 4'7
.4 — —
045 - — 0.4
0.4{— L 0.35
: - hAe_Pt
- —_ 0.3 _—
0.35[— - Entries 12
- . 0.25 . Mean  9.066
0.3 -
- S 0.2 L Std Dev  5.504
025 [ 0.15 i . include run number weighting
. o E_._A—— include centrality weightin
i T N T N N U N U TN N N U N A U T N T W A A B BN 0111 Lo b by by P v b v by gy 1y I L1 o
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Pt(GeV/c) Pt(GeV/c)

Efficiency is lower in Pb-Pb due to the higher trigger p; threshold and high occupancy in detectors
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Conclusion and to do

*Measuring J/{ production cross section in pp collisions at various energy is important to study J/{
production mechanism

eIt is also an important reference for the new J/{ R,, measurement in Pb-Pb with 2015 + 2018 data
which allow one to reach larger p;and perform double differential analysis in p;/y

*J/U is a probe of the QGP by measuring its R,, observable

*Different medium effects can explain the yield suppression / enhancement in Pb-Pb w.r.t pp collisions:
o color screening (low to large p;)
° regeneration (low p; mainly)
o energy loss (large p;)

*Combined analysis of several datasets is on the way to compute J/{ R,, up to p; = 20 GeV/c

*To measure J/Y R,, accumulating 2015+2018 Pb-Pb data
> Compute Ae vs p;in 2018 PbPb

o Extract J/ signal with full statistics in p; intervals until 20 GeV/c
o Apply the mixed-event method to subtract the background events in 2018
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Back up
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QCD phase diagram

early universe

XALICE quark-gluon plasma
X RHIC

Te ~ 170 MeV [V crossover
r
quark matter
<Yy> >0
hadronic fluid

ny= 0 n >0
Vacuum nuclear matter neutron star cores
W~ 922 MeV
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Relating Glauber to real collisions

2019/5/29
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Luminosity at the LHC in 2018

ALICE Performance 2018, PbPb s, = 5.02 TeV

Fill: 7481 E: 6369 Z GeV t(SB): 05:08:40 28-11-18 16:09:24 600 5018-12-02 17:11:56
ION PHYSICS. STABLE BEAMS Di-u, smglephlghp fwd UPC: 536.723 ub
. Single p low-p_: 19. 361 ub™
500 emcal stdalone: 501.862 b
6369 Z GeV |(Bl) 6.65e+12 I(B2): 6.90e+12 EMCal: 240.948 ub™
PHOS stdalone: 487.548 ub™
Inst. Lumi [(b.s)A-1] IP1: 1598.15 IP2: 1013.89 IPS: 1640.13 IP8: 256.52 400~ PHOS: 246.598 b

FBCT Intensity and Beam Energy Updated: 16:09:23 Instantaneous Luminosity Updated: 16:09:22

| - : 300
- ﬁ 200
' s ) ~] 100

ol T T T T T T
1%00 2200 01:00 0400 O700 10:00 1300 16:00

Barrel UPC: 243.894 ub™

Integrated luminosity [ub™
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Energy @ GeV)
Luminosity / 124 cm-2s-1

T 1 T
19:00 22:00 01:00 04:00 07:00 10:00 13:00 16:00 — ATLAS — AUCE — CMS — LHCb

e | |
15 Nov 22 Nov 29 Nov
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Quality of muon data in 2018 Pb-Pb

I quber pf Tr.a(.:k.s /CMUL7-B-NOPF-MUFAST for all collisions

ck —ch1

—ch2

20

Optimum number of clusters per
track per chamber>1 ] s

Counts

18

11 !“}“IMIMI“

16 —ch4

- ¢chb5

14

—— Alltracks P ' ; e e S e e et I 1o

i ——— Tracking (only) tracks Pii Pl PiTi T .
12 ) .. . — i ianieciagon CPEPLY, : Ll ch7

——— Matched tracks : PiL et 13 ~ -ch8

] e T track
10 rigger (only) tracks -—ch9

—ch10

LR

* Matched tracks: Matching of tracking tracks with trigger tracks with p; threshold of 1 GeV/c
e Stable trending plots in 2018
 Chamber inefficiencies are reproduced in MC simulation




Analysis of inclusive J/{ in 2015 and 2018 Pb-Pb data

Data samples
137 QA checked runs (2015)
(110+101)QA checked runs. 2018 data taking reconstruction finished in January,2019

Event selection

= Trigger selection: Dimuon trigger
=  Centrality selection: With VOA and VOC
= Physics selection: To reject background events

Track selection (Single muon)

= Pseudo rapidity selection: 2.5-4.0. The geometrical acceptance of the muon spectrometer
0,y selection: 2 — 10°

= Matching of tracking tracks with trigger tracks with p; threshold of 1GeV/c
= p X DCA (momentum times Distance of Closest Approach) selection: To reject beam gas tracks

Dimuon selection

= Rapidity: 2.5 <y < 4.0: The acceptance of the measurement
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J/U signal extraction in pp & Pb-Pb

Signal functions (for invariant mass of dimuons Mﬂ+ﬂ—):
o Extended Crystal Ball (CB2), tails from MC (Geant3 & Geant4) and 13 TeV pp data
o NA60 function, tails from MC (Geant3 & Geant4)

Background functions:
> Variable Width Gaussian (VWG2 & VWG1) Extended Crystal-Ball (CB2)

° POlynomiaI ratios (POlZ/PO|3 & POIl/POIZ) Signal functions (for invariant mass of dimuons M+ ,,-):

> Extended Crystal Ball (CB2), tails from MC (Geant3 & Geant4) and 13 TeV pp data

o Exponential function — for mixed-event method only « NS0 unction tallsrom M (Geant3 & Geant]

Background functions:

Flttlng ranges Of Invarlant Mass: ° Variable Width Gaussian (VWG2 & VWG1)
o Pb_Pb [22 4 5] [2 4 4 7] Gev/cz > Polynomial ratios (Pol2/Pol3 & Pol1/Pol2)
rootmy S » Exponential function - for mixed-event method only
° pp [201 48]1 [22; 44] GEV/CZ Fitting ranges of invariant mass:
o Pb-Ph:[2.2,4.5], 2.4, 4.7] GeV/c?
Total methods in pp: (3 +2) X 2 X 2 = 20 ' PER0AZL 22 A1GRYE
Total methods inpp: (34 2) Xx2Xx 2 =20
Total methods inPb-Pb: (3 +2) X 2 X 3 =30 Total methods in Pb-Pb: (34 2) X 2 X 3 = 30

X : the mean. o: the width. (@, n, a’, n’): 4 tail parameters fixed by
MC simulation and data
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J/P sequential suppression

[ J/U regeneration ]

~

statistical regeneration

J/U production probability as a function
of energy density

i

sequential suppressk

Energy Density

J/Y Production Probability

[ Color screening
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fillrandomCrystalBall

F ° ° d1_geantd
It Tunctions
W [T e r” s
—Extended Crystal-Ball {CB2) " E | Geant3 :
- —— pp13TeV f
10° = %
{x x)2 r x—Xx = i(:‘
exp( ) for a’' > > —a -
CB2(x)=N- A-(B—¥)_ for =X < —a 1022— \ \‘
C.(D+ ’%’E)_ni for ? >a' - |i \ﬁ .u}
with ) , | | ’I'” |
A:[i exp[—ﬁ),B:i—la:l
al 2 lal
n’ ni ’a;’2 n’ 1 | 1 1 1 1 | 1 | | | | | | | | ‘ NMI |
C:[m) nea 2 ’D:m_ ’} si 2 25 3 35 x4
£\2 »n has a normalization factor N, and four parameters (x, a, (3, v):
NAGO(x):N-exp[ 0 5[{—) )
0
- 2 _ 2
i —(x—x) X—X X—X
R VG2(x)=N.exp|————|,wherec=a +f +y|—
o 20’2 X x
to=1 +p{‘(txl‘ - t){pg'_pg Val=t)  for t < oL
th=1 for al <t <al

Polynomials ratio (Pol2/Pol3)
to=1 +p{z(t - a:R){pg_pg Vi=a®)  for t > ol

In addition to the normalization factor N, this function has 5 parameters (a1, ag,
b1, by, b3) and it is defined by:

2

l+aix+asx

Pol2/Pol3(x)=N.
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Weight in calculation of A*g

Run number Weighting

Lj .
i NéyuL: A€ij

Weighted Acceptance x Efficiency A_ej =

SiNewuL
Z. Ni’j 2*0'2. .
the weighted uncertainty o, ; = A CMlilf) 2o
Qi Némun)?
Centrality Weighting
: - - jNéMULAEJ
Weighted Acceptance x Efficiency Ae = ;
Z] NCMUL

where Né}QUL is the number of events in run number i in centrality bin j for
CMUL trigger from real data.
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m . _ mem I B | ~ NN N N 4 - rm Yy

o 2 N : E L
s | gf ALICE o ygl AUCEp-Pb VS =8.16TeV,203<y_ <353

s Inclusive J/w, 2.03 <y___<3.53 E Inclusive J/y

1.6 1.6

1.4F 14 F

1.2} 1 2:

SIS

08f & ~H~ it

: 0.8F

0.4 * PPbYsu=816TeV 0.6 & I EPS09NLO + CEM (R. Vogt)
0.2 o p-Pb sy, =5.02 TeV (JHEP 06 (2015) 055) 0.4 [ |nCTEQ15 (J. Lansberg et al.)
B 111 | L1 | L1 I L1l | Ll | Ll i I | -] | Ll | Ll I L1l | | EGG + NHQGD {H. venugopalan Et altl}
00 5 4 6 8 10 12 14 16 18 =0 0.2 CGC + CEM (B. Ducloue et al.)

— Transport (P. Zhuang et al.)

o SO~ SORMRRAR = S = S 1o O b=t Mt = 0 t < 0=
pT(GeWc)

P, (GeV/c) 0

CNM effects (shadowing, gluon saturation, energy loss, ...) studied by measuring the nuclear
modification factor R,g in light systems
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Newest R, vs prin LHC and models

N L l LI B | L l LI ) I L l LI I
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0.8F = H : 0.8
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Monte-Carlo(lV imulation of 2015 Pb-Pb collisions

m High occupancy of the detectors in Pb-Pb collisions -> decrease of the detector resolution and efficiency

Principle of an embedding MC simulation

MC simulation Raw data
1J/Y per event MB trigger

Merge at hit level in the .
Reconstruction
detector

Embedding simulation: merge at hit level raw data and pure signal -> allow to simulate the
high occupancy of the detectors

A 4

Analysis code
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Estimation number ¢ in 2C
Centrality 0-20%, J/U p; range: 0-20 GeV/c

pT: 12-15 GeV/c pT: 15-20 GeV/c

u fitFuncNAGOPoI2_geantd_2.40_4.70 ; fitFuncNA60Pol2_geant3_2.40_4.70

B Mass = 3.100 + 0.007 - Mass = 3.106 + 0.014
60— oy, =0.063 +0.008 25— o, =0.081+0.014

[ NJ'._-HS + 36 : H#v-‘l‘lﬂ +17
50:_ diganiilyd u xFﬂsm'ﬂ

= Fit Validity : good 20— Fit Validity : good

~ l Fit Cov Matrix Status = 3 B Fit Cov Matrix Status = 3
40— - | |

: Nl i o S

C B \ —4}— Fitted J/y events
30__ ===k =~ Fitted background events | 1 = ==} = - Fitted background events

[ {» { | —}— Fitted J/\y and background events 10 ul ——— Fitted Jy and background events
et Wbl LTI

25 3 35 4 4.5 Ol o L N )

2.5 3 3.5 4 4.5

Signal function: NA60 o o o _
(Signal tails integrated over p;: Geant 4 and Geant 3) The statistical precision on the J/ yield is ~¥14% in p; 15-
Background function: pol2/pol3 20 GeV/c -> p; reach = 20 Gev/c
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276046.85 +2619.5796 (stat) + 4963.7473 (sys)

Centrality 0-90 Pt< 12.0 GeV/c’ N,

The systematic uncertainty on J/{ signal extraction in 2015 Pb-Pb
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J/U signal extraction in 2018 PbPb

2018 (30 runs/ (130 runs + 118 runs to be
checked QA) ) Dimuon invariant mass
with all centrality and p; integrated

Signal function: CB2
Background function: VWG

Estimated number of J/ events

in this year : 276k*2.4~ 662k
according the luminosity
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Number of events

25000
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15000
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Number of J/{ events:

25408 + 699

titFUncCB2VWG_geantd_2.20_4.50
4y, = 25408 + 699
Mass =3.0995 +0.0016
o, =0.0661 £ 0.0019

= 468 + 298
¥2inDoF = 0.81
Fit Status =0
Fit Validity : good
Fit Cov Matrix Status = 3
Background Normalization factor: 63165 +1196
al: 0.170 +0.005
a2: 2.515 £0.086
a3:-0.095 £0.004
ad: 0.002 +0.000

—+— Rawevents

——}—— Fitted J/y events

—|— Fitted v (25) events

===} = = Fitted background events

———— Fitted J/ v v (25) and background events
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