ALICE

Experimental constraints from LHC
on the Quark-Gluon Plasma

(including recent results from ALICE)

Jan Fiete Grosse-Oetringhaus, CERN
for the ALICE collaboration

57" International Winter Meeting on Nuclear Physics
January 2019

C

E/RW




Outline

ALICE
Collective flow & Parton-medium Particle yields &
hydrodynamics interactions hadronization
A J»ﬁ A
4 /4 QGP an d ) hadronic phase
o hydrodynamic expansion and freeze-out
initial state T . )
o
\ pre-equilibrium adronization
Y
Surprises in small systems
,\\ h\
':73";/,; - 1. @/’e:.,;o\ ,
Results & Lessons learnt ~5Zez Prospects ~2
LHC Run 1 and 2 (2010-18) LHC Run 3 and 4 (2021-29)

Experimental constraints from LHC on the Quark-Gluon Plasma - Jan Fiete Grosse-Oetringhaus



ALICE

Particle Production and Hadronization
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Particle Yields in Pb-Pb 5 TeV

ALICE

S = SN - # He Fit with statistical (thermal) model
& » Relativistic ideal quantum gas of
10° Foam | . ALICE Preliminary hadrons
(0P o | e | . Pb-Pb 15, = 5.02 TeV, 0-10% * 3 parameters: V, T, ug
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el antip/p ratio
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Particle Yields in Pb-Pb 5 TeV
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Nuclei: Production Mechanism |@A ® eeersicr
P

ALICE . b anti-3He
* Heavy and fragile objects in agreement with | S, Vs, Vs
thermal model at chemical freeze out T -~ GSHeideberg
— Binding energy d ~ 2.3 MeV, 3He ~ 7.7 MeV 8- STAR Auhy 0.80% —Eya raMn
— Chemical freeze-out ~ 153 MeV F L e e
o5l PLB 747 (2015) 129 String Melting AMPT + Coal.
. . _ - S A
Open puzzle: Apparently no re-scattering of ha
anti-nuclei in hadronic phase despite large I il it
. . . . i assuming B.R. = 25%
dissociation cross-section 1.5 : e 3H / °He
_ o g + S AJp
« Simple coalescence after kinetic freeze-out Uy
does not describe the data oof o g B
(13;\;‘4 (,'13;?\'?’ A : Imw s & Uncertainties: stat. (bars), sys. (boxes)
E-j. 3 :B_--'l (Ep—r;) 0— Ll Lol Lol I B
(dpi) (dpp) 10 102 10° 10°
Francesca Bellini, Tue 12:15 V'S (GeV)
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Nuclel : Next Decade IR S,
ALICE I
» Precision era for (anti-)(hyper-)nuclei production 10_‘*"“8935‘3370(*)/
- Abundant d, 3He, 3 AH’ > 1000 4He f """"""""""""""" | “l """"
— Significance above 5¢ for 4,H and 4,He 1 - |
— V, for loosely-bound objects (e.g. hypertriton) " i, bies ntegraten '“mi,rf’s?&’ ()
—~ 10" B ' Hl*'?r°/'e\\
: : s 3 VS. radius 7 0
* Production mechanism T 1o 2
8 10
— Coalescence vs. thermal model 107
@ 10°
10°
« Astrophysical background in dark matter 17 f coalescence™
searches use anti-d and anti-*He data (AMS) N L .
— Coal., r (H) =6.8fm
10" === Coal., r EAH; =14.1 fm
Francesca Bellini, Tue 12:15 10
based on Bellini, Kalweit, 1807.05894 R (fm)
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. Hyperon-Nucleon Potentials ~;#

ALICE . -
Lednicky model

° Femtoscopy Of AA and pE pairs (Sov. J. Nucl. Phys.-35 (1982) 770) Femtoscopic fit
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—> constrain interaction potential
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ALICE

Collective Flow
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n/s near T,

Collective Flow

« Key observable in heavy-ion collisions

d N A / RITTITE: g
do AL+ Y 150, cos n(p— )

 Elliptic flow v, established (perfect) fluid paradigm
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« Triangular flow v, established participating nucleon picture
* Precision and wealth of flow measurement constrain initial

conditions and medium transport coefficients (n/s, {/s,

T T T T — pls =020
LO pQCD ol i 'I]/S vs. T | rl/S A
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- - viscous hydro + flow data
= AdS/CFT limit
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X High-Precision Measurements

v, 5/2.76 TeV ratio vs. centrality =
02AL|CE Pb-Pb g};r;i‘gte?/lfcg3,o14912 % 0.2
. <pT<3GeV/C ‘“’E /s = 0.20 i
Ml <0.8 1/s(T), param1 o 0.15
1.2 M ‘ ) . ) ;'C"\l
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o
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=, ole 1
S 115 0.5
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N 2
1.05 =
1 <1 0.06
"
: : o ~50.04
p+ differential v, constrains initial >
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+ sub-nucleon sensitivity 15
. J EF '1
70 80 8 2
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arXiv:1804.02944
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High-Precision Correlations of Correlations

ALICE

Symmetric cumulants Factorization ratios
SC(m,n) = ((cos(m@r+nr—m@s —n@s))), = (vivi)—(vi){v:) a " W, (p%) — Pu(pr
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Do v, factorize in p;?
——— SC(m,n) vs. centrality — n Pt
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ALICE

Parity Violation In
the Strong Interaction
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Chiral Magnetic Effect ,

ALICE f’

« Spectator charge causes large magnetic field

(~10'8 Gauss) k4
— Aligns spins \ b *
« Domains with non-zero topological charge 2 .\V

—> chirality flip

« Leads to charge separation t TUR

« Experimental correlator o
Y112 = €0S(da + @ —2V2) o, == leOl ‘ TUJ d,
— Same sign = signal tuRt tdL X
— Opposite sign = control " 1 1"1
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g 0% Y110 VS. centrality
Earller ReSUItS sa‘ne ocgp ALICE Pb-Pb @ |5y = 2.76 TeV -
. 04 & % STARAuAU@|s,=02TeV Py,
ﬂ I. IC E "& 0.2 - (ALICE) same+opp. mean +A E
- " o
. . . . . . Nn 5 . - ¢-,’.r "B‘
* Signal observed increasing with increasing o I ra e g
centrality g 02 | o . é
~ 04 (005(0, + 0, - 20 )/ Vo2) * +* &
1 : : 06 - —— cME expectation (same charge [13])
* Magnitude similar at 0.2 TeV (STAR) and il bl i

0 10 20 30 40 50 60 y4

2.76 TeV (AL|CE) @ centrality, %
« Magnitude similar in Pb-Pb and p-Pb

x1 0_3 Y1 1 ?/VZ VS . Nch ;ality(%)

0.5 |Syy=5.02TeV CMS _|
8 sS 0S LY
. A
o ® = pPb, ¢ (Pb-going) —
* Issue: Large backgrounds due to local charge Frra. comm =
conservation (resonance decays, momentum cgu S L EL B e
conservation, parton fragmentation) = * S
8-051 80 °r | S
[y . N
. ® 0-Pb &
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Event Shape Engineering

ALICE

- Large event-by-event variation of v, e elliptic [(C D <=

» Final-state v, correlated with initial-state ¢ | ound Q o
eccentricities ¢, (hydro with small n/s) T 1 :

- At fixed centrality, split events by WM ] @ @D
event-by-event v, (q vector) S e _
[Schukraft, Timmins, Voloshin (PLB719 (2013) 394)] central peripheral
:'_f 0471 30-40% - . ('Yopp = 'Ysame) * I\Ich VS. V,

ZC 0.3 Sp ¢ zﬁ " ALICE Pb—Pb | s = 2.76 TeV

—- 02 e § W€ Large g, = large v, 5 017 02<p <5.0GeVic In<0.8 Ltk
o, %00t o # g ‘f*w%
2 ; o€ Small g, > small v, T d g{ﬁa;'\

> T 6 8 PRC 93, 034916 (2016) £ 005 %}é Wik

4
C) I +%] qﬁy & 10-22% o iﬁigf
« CME backgrounds proportional to v, ‘ #ﬁ

0 ; ......... AR ----linear fit [© 20-30%
— Possibility to constrain background 0 002 00¢ 005 008 01 012
PLB777(2018)151 i
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r.o

% 5, fome vs. centrality /'bea ~
3t o MC-Glauber ALICE Pb-Pb |5, 0= \‘Ir
NOW & FUture I | o Mckincae —0-2<pr<50GeVic m}'e,be’?l‘l
ALICE ! + EXAT hd
1 S —
L u] vy)
« Event shape engineering, modelling of magnetic 114 %H; | 3
field + initial state models allows limit on CME 1 ——— f..... W 5
B (¢]
* foue = maximal signal contribution in correlator ! H‘ 5
— Limit set on signal 7-33% at 95% C.L. 5 | 020 T30 w0 s 60
[PLB 777(2018)151, PRC 97(2018)044912] Cerjia"w (%)
. fCME limit vs. ALIEIE‘?,"eTS ﬁ"o ~
:U - 20-30% :t? r:big OIE': ;:T; \/ oilol)\ y
* Sub-percent precision in Run 3 and 4 = F o -~
g L nuJI hypothesls

* Interesting opportunity: Isobar run at RHIC -

— Test Z? magnetic field dependence with 107
Zirconium and Rubidium :
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D-meson Directed Flow

ALICE

« Passing nuclei = strong magnetic field - C-odd directed flow v,

« Electric field = same effect with opposite direction
« Measured for hadrons and D mesons

— Earlier formation time of D mesons - sensitivity to stronger magnetic field F
N Ay, odd ~ <

 Av,00d ys, "7e x10° AV42°EVS. M/ Proi> <

; |c‘8~ : n asa, 40, -—1—|—|—|— - /eC[
Th eo I‘y eXpeCtS th at B fleld 5 0.6 ALICE Preliminary e’);e - ALICE Upgrade projection ’)

dominates, but Opposite slope 37—045_ 10-40% Pb-Pb, \s,,, = 5.02 TeV _ ’7’/ 20§ 30-50% Pb-Pb, | s, = 5.02 TeV, 10 nb™ ]
measured (with limited significance) N L Norteessouncaneses E (00 - V(D) ]
-E"' 02 ~ Not efficiency and acceptance corrected ] _:

Signal factor 10 larger C T EETEEEETEEES ;
0.2 7] 71’ - _

Run 3 and 4 will tell - —$L—3<pT<6(GeWc) : _oof E
_0'4: ] : fit function: k x i ]

—0.6 ‘5210 ftaf“”fgﬁ?:fgﬂsﬁ oy t)_' 30 k = (3.0 0.1 (stat) + 0.2 (syst)) x 102 3

=52x +1.8x stat) + 5.5 x syst) | : ]

Prediction from S. Das et al. LI s 06 a4 95 0 02 04 08 08
PLB 768 (2017) 260 (see backup) n n
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ALICE

Parton-Medium Interactions
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HAA
N

Al y|<05 0-8L - RAA Ve pT |

p-Pb reference from arXiv:1712.09581

Average D°, D", D", |y|<0.5, 0-10% (arXiv:1804.09083)

pp rescaled reference

D;, ly|<0.5, 0-10% (arXiv:1804.09083) P t I

pp rescaled reference

T, |y|<0.5, 0-10% articies
charged particles, ||<0.8, 0-10% (arXiv:1802.09145)

Energy Loss

ALICE "o

« HlI collision = superposition of nucleon-nucleon e ﬁj[ ---------------------------- S
collisions with incoherent fragmentation? [ ALICE Prelminary E}*—ﬁL

0.5/~ Pb-Pb, 5, =5.02 TeV

dN /de Raa =1 = no modification EN*
R, = Frart O oot

- @

TI'IIII[IITI

IIII|IIIl|

0 o
< coll>dN /dpy Raa 1= 1 medium effects 107 1 % b (Gevie)
< 1.8 RAA VS. Pt _ RAA VS. Pt e RAA VSpT p)I+4:|J4Iun'j{5.0|2TevIPb|?b}
© | ALICE Preliminary Jets ATLAS ' antik R= 04jets C <21 | _ .
1.6; PE-Po 0-10% |5~ 5.02 TeV & o o ) J uFCMS e o ad Particles -
TAp PP }fw; -054‘3'2;9'\’(03 Significant suppressmn of hadrons and jets 276TeV v ATLAS276Tev E
T2E 7 Gavie Hadron R, keeps growing with p ordumimcerainy L
|
sl mee . Jet Ry flattens o
06| B e - Caused by AA/pp ratio of jet FF: enhancement at high z meroc oo e 7t
"7 [ g Hybrid Model, . . . . ol B0
o,4gg§5w§éfgzgo..sm L= - wider jets more suppressed, narrow jets dominate i E
0.2 = More |nS|ght D. Pablos @ QI\/I %@wﬁ |
oL L L ‘ e | o |:u-u.fo
0 S0 100 40 60 100 200 300 500 900 ol el
pT‘jet (GeV/c) pT [GeV] 1 1p0T (GeV) 10
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https://indico.cern.ch/event/656452/contributions/2869948/attachments/1649579/2637622/pablos_qm18.pdf

ALICE

Solved Puzzle: Peripheral Ry,

Raa ~ 0.8 In peripheral Pb-Pb collisions
— Npare ~ 5-10, like in p-Pb and there R, ~ 1
Shown to be caused by biases

— Event selection

— Nucleon-nucleon impact parameter: in
peripheral Pb-Pb collisions, the average NN
Impact parameter is larger than in pp

Above 80% reproduced by simple
superposition model HG-PYTHIA

(Loizides, Morsch, Phys.Lett. B773 (2017) 408-411)

No need to involve energy loss in peripheral collisions

arXiv:1805.05212

Expectation __—7 .=

Raa VS. Py
E P‘[_ . T T LI L | ]
@« - 0-5% 5-10% 10-15% 15-20% 20-25% -
10 25-30% * 30-35% 35-40% v 40-45% 45-50% 1
B 50-55% 55-60% 60-65% 65-70% 70-75% 7]
- I 75-80% 80-85% 85-90% 90-95% ¢ 95-100% -
H E
0.8— —
0.6— =
0.4 o
0.2— ‘ —
C ALICE, Pb-Pb, | s, = 5.02 TeV S\L 7
. = charged particles, || < 0.8 : -
II_ I 1 1 1 L1 1.1 I 1 1 1 L 11 1 I 1 ]
107" 1 10 P, (GeVic)
R.a (high po) vs. centralit
aa (NIGN P+ y |
x Pb-Pb, \s, = 5.02 TeV, charged particles, | n | < 0.8 1 .
1.2 ® ALICE data, 8 < p_<20 GeV/c —at h | g h p
— HG-PYTHIA, PLB 773 (2017) 408 §

from bias Os ]
[ ki.“

04:— .?l N

: ~= Data ]

0.2_— o ;..'j

0_—|...|..1|.,.1...|...|__

0 20 40 60 80 100

Centrality (%)
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—_ 107 dN/dz VS. Z, .
03 ? E e r;";i;';;::'“' ?
Jet Substructure A N A
g T 07k i N E SollDrop 2., = 0.1 5 =0 E
ALICE - T B R 3
2 s | T s :ﬁrﬁrﬁ: gcr:tr::gggd 3
» Characterize and understand parton-medium  g; °¢ 12 [ == :
. . . _ = ~F E— E_ —_— E
Interactions by exploring splitting phase space " I —
0.1 ; 107 = . =
BT I AT S
d ] @ £ ey
© 0.8- ] o 05~ =
() : o 00
unselected 00501015{}20;5;503035641]4505
i ) o . dN/dz, vs. z,

0.95 E thl?E I"l;:?gl:l:lllldl'y 3

5. O L e
L §OTE e é
3 = C -+ Data 7]
P oo S o T
* First splitting at small angles S, o0& 8 ¢ ?
1% g3 < 1 = ' —
— PDb-Pb jets ~ vacuum reference < M —a—
. . 0.1 oL R>0.1 —t—
* First splitting at large angles I o Swmmmwmm
1.27 BE -
_ . . . . — 1 ‘:_a 'IE— :
Overall suppression, steeper z, distribution a,g o £ B =
m & 00501015020225]50303504(:4505
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Energy Loss and Heavy Quarks

ALICE

« Significant energy loss
— Consistent picture of charged jets, D jets and D mesons

. . R T R D R B
* Quark-mass dependent energy loss involving b w = Ry <Ry,
< 1.4 T T T RAA VS . pT T T T T R VS N
@ [ ALICE Preliminary ] <A ERAALEEE Tpart.
L - @c - Pb-Pb, \s,, =2.76 TeV 1
1.2~ Pb-Pb, {5 =502 TeV ] { o[- @ Dmesons (ALICE) 8<p <16 GeV/c, ly|<0.5 N
i . i “L Non- Jy (CMS i
- Charged Jets, Anti-k;, R = 0.3, Injet| <06 ] - e%l grgr;OmG eu\;h(7 , |y|<)1 2 ensorr o o5 -
1}— — ’ - (empt)}) filled boxes: (un)correlated syst. uncert. -
C . . ’ L MC@sHQ+EPOS2 Phys Rev 89 (2014) 014905
F T R : [ N oR :
0‘8__ = D'm esons ] 0.8 NH oo Non-prompt J/y with ¢ quark energy loss —|
- ; il - - -
- Charged jets | : . ]
o6~ ° ged] - 0.6 1l ™ TH~—_B 2> -
i ] - RN H —~———— 4
i J&HH'HH ] - 50-80% RN ]
04 ﬁ B 04 B e g
K ‘ﬁ_ . B h"n.ﬁ-ﬂh D i
: - ﬂ S D
02l N 0.2 30-40% 0000, el
i H - . 10-20% n

L _ : (*) 50-100% for non-prompt J/y 0-10% :

[ n 1111 | 1111 | 1111 | 1111 | 1111 ‘ 1111 ] | . | 1111

o '1'0 ' E— '1(']2 % 50 100 150 200 250 300 350 400

Prpandp, . (GeVic) PRC93,034913(2016)  Noar
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Heavy Quark-Medium Interactions

ALICE

. VpVs. py .. PRLI20(201)102301

gf 03" 30-50% Pb-Pb, | 5, = 5.02 TeV ]
| . 5 [ weos | AUCE
 Charm v, >0 - charm quarks flow with medium & ool £ o tomam ]
. . . L. hf‘ B Syst. from B feed-down ]
— Constrains quark diffusion coefficient o ]
2nTD, ~ 1.5-7 at T, preferred Y A NS O
« Event shape engineering "l N ot N 0.
— At fixed impact parameter, select shape of collision region | EalRESEe  wwewesa™
10 12 14 16 18 20 22 24
« Heavy flavour v, “follows” shape fluctuations q, P (Gevid
& T T V,VS.Pr :v, Selected / unbiased vs. p;
o Ty ?043_ [ Syst. from data E ‘(.;,'g [ ALIUL FO-FD, | S =2.Uz 18V ]
T Centrality 30-50% 3 llest g,TPC S "k i Syst. from B feed-down -é 3 Prompt D°, D* average |y|<0.8 n
+ unbiase E 60% - <l - L ]l @
biased smallest gz o 0.3:_ 20% |arge_ t q2 1 2 L 20% Iarge t q2 i ;<
<v2)small—q2 < <V2>unb w e _$_ i ] = 2; —%&Ei - E
>02F Crm —#— 15 | %qﬂ | &
i 4 1 Q2 . {1 ©
20% largest g,TPC o1 E¥ 3 8 T3 _E;__l_____. Q
< > E 60% smalles%? 13 1 TP ] §
" targe—gs > (V2)unb op— 2> 2=allesl 4+ 60% smallest q; iR
_ - Centrality 30-50% 1 = | centrality 30-50%
05 2 4 6 8 10 12 i I P I R R e R S S T R SR B R I
q,° 2 4 6 8 10 12 2 4 6 8 10 12
[ (GeV/e) [ (GeV/e)
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2T A D
o |+ 0-80%Pb-Pb,ys5=502Tel O vS. p_T
AC [ Dhep os oty toey | s
HLICE 2~ p-Pb, |8, =502 TeV, -0.96<y<0.04 - 522
- (JHEP 04 (2018) 108) 1 .
- B, i ALICE o
* Does charm recombine from the QGP~ h ob.Ph 12
— Baryon/meson ratios D/D, A /D, A, /B - pp m - g
— Very challenging: e.g. A, ct ~ 60 um - J&@B@ p-Pb "
: ——
. OOI“é“J-ﬁlll“f:l":”IEISHJ1IOHI1|2I
« First measurement at LHC o /0 > py (GeVic)
I I I I . . :> % 1 p-Pb.\s AC/D VS pT Preliminary
 Validation of recombination ® o [
and coalescence models @_. > 0% - Bhawowor 15 huce amrzmer
05: lpp — — PYTHIAS (CR Mode?) |
6 === DIPSY (ropes) ~
— PbPb > pp = coalescence contribution ﬁ{# o ]
0.4~ R — =
— pp: larger than in LEP-tuned common MCs ol T~ ¥ p-Pb
—> impact on total charm cross-section __;_,,H.._h_ NSNS
MCS’;_f“j.m.‘.*.fl.‘.;|...J|.‘.
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o 1 A/Dvs. p; ! Mgy <
< [ ”,,u.u.,‘,NquuzTev ur\t:.\ Sl,,, L
S ’77@ >
{ s r pp, 15 =7 TeV, |y|<0.5 /¥
C L © (JHEP 04 (2018) 108) R o
HLICE 2r p-Pb, | 5, = 5.02 TeV, -0.96<y<0.04 - ;_2
L " (JHEP 04 (2018) 108) 1<
: - ALICE &
* Does charm recombine from the QGP? h ob-Ph 13
. : Pb -
Baryon/meson ratios D/D, A./D, A, /B T pp mE 13
. 1IN
— Very challenging: e.g. A, ct ~ 60 um J&@B@ ——4—P-Pb Pb
0 | - — ] i - I L1 1 l I —— I | I 1
. . . . . 0 2 4 6 8 10 12
» High statistics and detailed insight N
- ~ S A./D vS. ! Dy .
expected in Run 3 and 4 o o DOlBVS Py o> o AeBVSIPT || AP~
‘<‘:o 92 ALICE Upgrade simulation /@cll 9< B _ ALICE U fmulation ~ \017 L
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7E E 25 A .
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ALICE

Jy

Regeneration at play
— Midrapidity less suppressed than forward
— Less suppressed at low p;

Sizable J/ly v, (see backup)

First evidence for v; > 0 (3.70)

Underlines importance of
regeneration component
— Finite value at high p; value puzzling

ST T T T T T T RuaVS. L
= [ ALICE preliminary 2 .pT+_ ]
-~ Pb-Pb |5, =5.02TeV e'e”: | <09 -
1.5 Inclusive J/y oW, 25<y<4
I‘H I mid-rapidity 1
L —
[ o —f]— ] i
0.5\~ o =
: —m— o forward i
- 0-20% * —To=

PR | | PR S I S T TR NN SR T
% 2 4 6 8 10
P, (GeV/c)

V3 VS. pq
[ap] F -
> 0.04 ALICE Preliminary 0-50%
- Pb-Pb |5,,=5.02 TeV

0.03 Inclusive J/y ]

[ 2.5<y<4.0 -

0.02/- -+ ¢ 3

0.01F .
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Electron
p Positron
0

ALICE 25 ™

Thermal Radiation
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- . g 'do/dmg, vs. mg, "”@a J ]
> v — v, S h ~ i
Thermal Radiation O e —— °:e@e,,3\, :
ALICE (at vanishing py) gég - PR o
3 . / e \ e I,
* Access space-time evolution of medium i ..-zj = f‘%‘:?w.» -
. 1g” :pi\:* \';,‘ Y= - o
« Change of p spectral function connected 100 fy L T, {28
= . -3 < L N~
to chiral symmetry restoration ’ Tﬁﬂt’jﬂjzjf - 3
10°* ) ~ o ;'
* Resultsinpp at 7 and 13 TeV and Pb-Pb at 2.76 TeV ' e=gery  psseseu Y X
. . . . Mee (GeV/c?
— Data consistent with cocktail expectation /(I;r ’
— Charm and beauty cross sections in pp major background % A W"“"al'l‘,f:p(b . %fogl
* Not yet sensitive to quantify the presence of an SrorL e +;S“L“;:d_“ ]
enhancement in Pb-Pb 3 = S
51072 <
z N
« Run3and4 =10 S
— Temperature (=2 20% uncertainty) 104 o
— V, of thermal photons (1% abs. uncertainty on v,)

iR L1 L1 1 Lo b g 1
0 0.5 1 1.5 2 2.5
M., (GeV/c?)
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ALICE
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ALICE

Xe-Xe

« LHC provided a few hours of Xe-Xe collisions in 2018 (as a proof-of-principle)
Resulted in a number of publications

= 12
=
=" 10
S
(q\| o
<
6
4

- Inl <05

K RHIC (PHOBOS)

O Au-Au, \ s, = 0.2 TeV (x 2.73)
O Cu-Cu,\s,, =0.2TeV (x2.73)

| . . . L |

| dN,./dnm vs. Noart

|
L
+
‘
@)
) Q

ALICE -
Xe-Xe, | Sy = 5-44 TeV 7]
Pb-Pb, | 5 = 5.02 TeV (x 1.02) ]|
p-Pb, | sy = 5.02TeV (x1.02) |
PP, | Sy = 5:02 TeV (x 1.02) |
Pb-Pb, | 5 = 276 TeV (x 1.23) |
PP, | Syy = 2.76 TeV (x 1.15)

0 100

arXiv:1805.04432

200

300
part

400
(N_ )

C
> ~ @ Xe-Xe ST A TV Vg |All > £ Neiue n
[ O Pb-Pb (5,=5.02TeV: v,{2Jan|>2) ~ 02<p, <30GeVic 7
0.1 ® Xexe: vyf2)an| > 2) mi<0.8 ]
"L O Pb-Pb: v.{2,An] > 2) S ° ° (.D -
. . i
0.05— 8 ]
o i
e ®& ° & ¢ g i
— 0= } ] | ——————————
o
o | N
S - @ ALICE: n=2 ®n=3
- — U
o4 — EKRT (1/s=0.2): n= —n=
B P (n/s=0.2): n=2 n=3 | 5
x ~V-USPHYDRO (1/s=0.047):n=2  ~=n=3 7|
Q 5
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Xe-Xe (2)

ALICE

Raa Vs. dNgp/dn

1.2F | -
* R,, suppression Pb-Pb vs. Xe-Xe £ p=5-8Geve ]
. o i _
— weaker at same centrality 0.85n == Xe-Xe, | sy =544 TeV |
: : < R —- Pb-Pb, \s,, =5.02TeV

— Identical at same dN/dn or N o 06FR | Snn .

part .. ——Pb-Pb,| s, =2.76TeV

for central events 0.4 ¥k NN E

. . . B T Thpaé - J

— deviations above 30% centrality but 0.2 D

within uncertainties 1.2F 3

< — 1] L T T e p,=10-20GeV/c E

l‘f: i ] 1.2 3 :ﬁ ]

08:-. Xe-Xe, | Sy =544TeV | i + 3 B 0.8_—%&@\ -

““Fo Pb-Pb,\s, =502TeV g 5] < . Froa B

06‘ +— 08 F’_i_ O 1 Ay 0.6 Eg:é:!\ ]

045_p _._ - _E 065_ ® —E 04'_ 9 SR ‘@Ji‘*‘ ]

02—'*"1-«."+ 0-5% - 0'4;_ -' 50-60%_5 0.2 !bh*”"“***l---—ﬂ::
0 10 20 30 40 50 °°0 10 20 30 40 50 I e

Centrality Centrality PLB788 (2019) 166 (chh/d n)
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ALICE

Discoveries In Small Systems

&
Paradigm Shifts
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% CIMSI T T I T T T T I T T T V2 VS - NCh 1 I 1 1 I ) I 1 1 1 T I 1 1
0.10F PP IS=13TeV o ysubfo, |AT1|>2}-; PPb \ sy =5 TeV Ph -
Small Systems T L PP |
ALICE : * {6} 1 15
[ 0 V.8 o000 1 5‘
O v,{LYZ} o ® ®e |
(d) CMS N > 110, 1.0GeVic<p_<3.0 Pandorid hod (jar) S| ? 1 - S
: 'S 0.05} + b ‘ 2 - -
_*‘e‘\_ o "‘ \ / g, | ° | @ + | '5
' POTLL AR - L. | e 1 ]
é 1} ”‘&:“"‘:‘:\\s\:"«‘-‘\_\“’ L, 0.3<p_ <3.0GeVic 0.3<p. <3.0GeVic «
R &7 ‘ 24 1 24 ‘
m - "‘“““"“"“‘"’ "lili"' " \{“\;‘ 3 . I L L L 1 I 1 L Ih1 |I <I I. 1 1 L I L L L I L L 1 1 I L L h’! | <| | ) L L L 1 l 1 1
4 A :fg?,m“‘\,* Py 0 50 100 150 0 100 200 300
Noﬁllne Nofflme
trk trk

Collective phenomena in pp and p-Pb
collisions have caused a paradigm shift

2< p_rmg <4 GeVie

EPJC 77 (2017) 428

1<pT;mc<ZGeV/c o, 0.25 T
i & 0.14_ — T '% I ALIICE I V2 VS. pT side only)
Pb = r SJ;';SM N 8 0z p-Pb S, = 5.02 TeV
- < — — el 9 9,
p N 012 5o b, o Gev V2 VS. ch it (0-20%) - (60-100%)
§ s L m<25 1% - mp AT
£ 085 0.1 o ®~ 015
83 0.0 C « o *° ] [ *K  ep
glo 0. L . ]
% gmo.'rs 0.081- o* B 01F =E_+__+_
'-|z'5 » 3 o’ . ok Kk K* * * ] - =i
C . " ] C
006 % ak* % p+p V5 =5.02 Tev ] C ==
:WIEN!EM " = p+p Vs=13TeV ] 005 —— _+—
- + e p+Pb |5, =5.02TeV - B m+
g 0.04~ p p & PbiPb |5, =276TeV | of | | | , | . , 1
1 0 TR S S (R TR N SR S T T S SR | At e e
Nl o ou 200 300 200 0.5 1 15 2 25 3 3‘5(G w4)
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https://commons.wikimedia.org/w/index.php?curid=17344549

Strangeness Production

ALICE

« Strange baryon production increases
with increasing multiplicity

—
<

Ratio of yields to (nt*+m)

— KO, AE, Q
— Smooth across system (pp, p-Pb, Pb-Pb)
— Multiplicity only relevant variable here? 1070
 Need more overlap for final answer [ ﬁ?
I %}i i ALICE
i ® pp,\s=7TeV
. _ i l O p-Pb,\sy=502TeV |
 Traditional MC codes fail to reproduce trend 0 PO-PD, | Sy =276 TeV
. . , _ — PYTHIA8
* Tjorben Sjostrand (QM "18): | g oPSY
need new framework for baryon production” .
10 102 10°
<chh/d 77>|q|< 0.5

Nature Phys.13(2017)535
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Strangeness Production (2)

ALICE

E '_"""'I T rTTrg ' L ! LR |
L [y OOSROMNNNO 408 ® § wamngyp(6)
> | |
B Lo owteanbencd ® ¥ F e T2k

l;“m IR O Do DmEm,
9 i g T
5 I ah 0 W0 W0 poexe)
g . ‘1. Q‘MW ! *J o (x2) |

B L oo G ﬁﬂﬁ 'r"®':$z—z+ .
M B G0 BT NEW-

107 3 @a [E] % j@ [HJ [H] [FI Q+Q° (x12)7 pp @ 13 TeV

ﬂ1» W it B : Pb-Pb @ 5 TeV

I *@M . Xe-Xe @ 5.44 TeV

L % ‘# ALICE Preliminary _

4# ALICE ® pp, \s=13TeV
i O pp,\s=7TeV [0 Pb-Pb, |5y, =5.02TeV ]|
¢ p-Pb,\s,y=502TeV | W Xe-Xe, s, =544TeV
103 H'~1"0 — 162 16 16 Consistent picture of smooth
AN, o), enhancement vs. dN_,/dn
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ALICE

0.2

sub
V2
]

0.0

Charm & Beauty

Can similar effects be observed for heavy quarks?

CMS Preliminary V, VS. Pt pFPb 8.16TeV
— T T T | T T T | | T T I T T

- @ PromptJhp, -286<y_ <-1.860r094<y <194
| M PromptD’, -146<y_ <054
L 0

[ Kg,-1.46<y_ <0.54

<
9
o

CMS-PAS-HIN-18-010

00 g
DDD++*+. ] ED

Jhy

A T N N A TR NN MO A M

||||||

|Q:|Ij|j

|
ER
)
_f_mn|
_'1:'|
-
[
2
-
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p_ (GeV)

€00-L L-NIH-SWO “£9/60 081 AlXIe

0.2
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0.1

0.05

T
ATLAS p-Pb \s,,,=8.16 TeV
—+— Perliminary (c,b) — u

ATLAS-CONF-2017-006

V, VS.

Pr .

ALICE p-Pb \5,,, = 5.02 TeV
-a- Charged particles

PLB 726 (2013) 164-177  —
——(cb) & il

p-Pb

—y

E . - * arXiv:1805.04367

- Eﬁﬁ . ATLAS

[ B . c,b>p ]

-5 ALICE By . s

=  c,bYe : ]

T LN S Sy S S
arXiv: 1805.04367 p. (GeVic)

« Signal observed for D, J/y, leptons from HF decays
« Heavy quarks participate in the collective effects observed
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Energy Loss

ALICE What is the role of final-state interactions?

 |If v, are caused by final-state interactions, partons should loose energy

:|—|—|—|—|—|—||Rp|AVIS.pIT||||||||||||||||_ E]t"__l_r Ip'A‘\IIS.Ip-I-||||||||||||||||||_ ,_O_1_8:.—IRpAVS.IpTI||||||||||||||||||
1.8  ALICE, charged particles - o™, [ ALICE Preliminary  p-Pb, {s,-502TeV = - ATLAS 1
" e p-Pb y5,,=5.02TeV, NSD, |n__ h ad rons 1 6:_ Prompt D mesons, -0.96<y__<0.04 B 8 1.6[ Non-prompt Jry Pb+Pb. |s,,, = 5.02 TeV. 0.42 nb™]
1-6:_. Pb-Pb \5,,,=2.76 TeV, 0-5% central, | 1| < 0.8 = % 1.4F B g 1 42_ R, 20<lyl<1.5 P+Pb, sy =502 TeV, 2? nb’
1 4‘_1 Pb-Pb 1,||% =276 TeV, 70-80% central, | n| <028 - T ;':5\ . .g T #R,.lyl<20 pp, s =5.02 TeV, 25 pb
& . E E I': 1 2_— ;X + . :‘:) 1_9_:—- B Correlated systematic uncer. -]
o * HHEE _____________ E _______________ E ”g 1 e ﬂﬁ .......... k £ 1__ .....................................................................
P 1B N\ 1 S nal B
£ RN 0.8@ L = S 0.8
oy & ‘s Memp0®DtDt ] S | Jhy from B
m HHHHHH H H @ @ E E E m H E__ 8 Oﬁi—i measured pp reference at ¥s = 5.02 TeV N E 0.6__ \II
1N 1 ] -
18 0.4 —-- Duke - 0.4'_.—":li E
my M - — . POWLANG (H 1 _—F ATLAS-CONF-2018-013
pgm g wmmm W EEE H 3 0.2F D mesons - 0'2: ]
||||||||||||||||||||||||||||||: :||||||||-.:--||PC|}‘H||\”|_"Th:|3|[|IE|||||||||||||||||||: G_I|I|||||||||I|||||||||||I|IIIIIIIIII_
6 8 10 12 14 16 18 20 10 15 20 25 30 35 40
0 5 10 15 20 25 30 35
p, (GeVic) p, (GeV/c) p_[GeV]
Rpr =1

No significant signal observed in R, for hadrons, D and B
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Initial or final state effect?

ALICE What is the relation to the shape of the initial state?

RHIC geometry scan

Prediction by hydrodynamic models

t=1.0fm/c

Vi, yS. pT
p+Au |s,, =200 GeV 0-5% (a)

-@- v, Data p _Au
+ vy Data
== v, SONIC

= = v, IEBE-VISHNU

y [fm]

+
R
lllll 11111111 llllll‘

= - : ' l LA LDl LA Ll
06 1 16 2 26 3 05 1 186 2 286 3 05
pT(GeV/c) pT(GeV/c)

y [fm]

y [fm]
dhvonbro bhpONAD DAONRO

642024 6
x [fm)]

Triangular initial state - large v,

arXiv:1805.02973
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e*e- (archived ALEPH data)

ALICE Can we observe the same structures in e*e- collisions?
>
10 < N < 20 O PRELIMINARY N - 35 Y(A(I)) VS A(I)
ALEPH e'e, {5=91GeV b [ICD PRELIMINARY : S MNARY.:
10<Nry <20 ) ALEPH '¢, (s-91GeV | 0.3 e o |
m|<5.0 ' 35=NE"" 999 P ' . ' fnl<1.8, 0.0<p_<100.0 GeV
0.0<p_<100.0 GeV n/<5.0 7 ' - 0.025) e |
Thrust Axis 0.0<p,_<100.0 GeV 0.02. Systemaical Uncertainty &
. = Thrust Axis . 5 —— Archived PYTHIA 6.1 MC j,.- i
L3507 A s Zoos i
[l 1 el = o — [ ]
g 0.6 O\ %, 3 > 001 e |
22 on —si £S5 A s
> 0.5 il = : 0.005 * \1\ /“‘* A i
4 ~0.005 1.6 < An< 3.0
s et = S
-2

No collective effects found in ee collisions!
Yen-Jie Lee, Quark Matter 2018
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Understanding Small Systems

ALICE A
_ _ Al 65% central
* Observations challenge two paradigms at once _ ,‘g\eo:‘/
. . : 15
— For how small systems does the “HI SM” remain valid? Z W P(Nen) VS Nep pb'_“FL;
2
— Can the standard tools for pp physics remain standard? 1; A ¥ bb.Pb 5.5 TeV
10-*
* Run 3 can reach extremely rare (10-') pp events 10-5 p-Pb 5.5 TeV
6
— 200 pb! | Sampling 103 events 1; \ 0-Pb
« Significant overlap between pp and PbPb 10°? T\ op 14 TeV
— In multiplicity up to ~65% centrality 110(}10 Today " |
- If pp behaves as HI, we can see “standard” Hl physics 10"F =5 = 2 %3 op
10-'2 o lele |3 l%
— Including jet quenching if effects driven by final state 108 e S E s L N\
. 0 50 100 150 200 250 304 350 400
— If not, we can see the differences NI, (| < 1.5)
* In addition: MB sample for low-multiplicity limit
14-16 <N.,>

— What is smallest droplet of matter showing collective behavior?

>25k events
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~ o — ———— Q)fit ratio vs. N
! rads . h
/ p/’ o’ J:t:; i atlltci:[fncl;ltzgslic?ng with mid-rapidity estimator .
\ =
Future Opportunities ~~%;,; £ .
+ic: 10-3: ) .. -
ALICE 2 P :
o: - _\_,-"; ® =
T - s eeceee 1
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ALICE

The Next Decade
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2018 2019 2020 2021

SPHENIX const.
STAR upgrades

A 4

2022

Upgrades “LHC LS2”

LHC: collimators + injectors

ALICE: Tracking, DAQ (rate x100)
ATLAS: Fast tracker trigger (rate x2)
CMS: pixel detector (rate x2)

LHCb: VELO, tracker, DAQ (rate x10)

Timeline

2023 2024 2025

2026 2027 2028

2029

SPHENIX

« 10 events read out
« Sampled 50 nb-!
STAR

« 10° events read out

A 4

Upgrades “LHC LS3”
ATLAS:

« Tracker (acc x2)

* Timing

CMS:

« Tracker (acc x2)
 Encap Calorimeter
LHCb:

« TOF?

LHC Run 3 + 4 (numbers for Pb-Pb)

« L=6-10cm=st~

50 kHz rate

. 13 nb (ALICE, CMS, ATLAS) | 2 nbl (LHCD)
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Ongoing ALICE Upgrade (data taking from 2021)

ALICE

¥ ITS+MFT+AIT

- Significant upgrade, including R
— Data rate x100 [MBx100 | L;,x10] e e <
— Impact parameter resolution x3

» Collision spacing < TPC drift time
— No notion of event during data taking

« Continuous data-taking
— 50 kHz Pb-Pb

— Offline reconstruction determines which
track belongs where

— Online reduction 3.4 TB/s = 0.1 GB/s | Tracking Svst \ - 4 Track
) nner Irackin stem uon rForwar racker
— 10 nb' = 10% Ph-Pb events in 2021-29 \| =Y
Y

F(_)CUS on _unt”ggerable signals Monolithic active pixel sensors (MAPS)
with tiny signal over background thinned down to 50 um

P

NG

Fast trigger detectors
# FIT and AD

Time Projection Chamber
GEM readout

(] ~

Experimental constraints from LHC on the Quark-Gluon Plasma - Jan Fiete Grosse-Oetringhaus



@ 50 kHz Pb-Pb

Space charge limit - rate limit ! Dariusz Miskowiec, Thu 17:20
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Summary

ALICE

» Legacy of results from first 8 years of heavy-ion collisions at the LHC

— Participant picture, medium properties, energy loss in 100-1000 GeV regime,
qguarkonia regeneration

— Paradigm shift of understanding of small collision systems

* Next decade (LHC run 3 and 4) expects up to 100x larger data sample
— Macroscopic long-wavelength QGP properties
— Microscopic parton dynamics underlying the QGP properties
— Investigate unified picture of particle production from small to large systems

Opportunities detailed in community document: arXiv:1812.06772

Thank you for your attention!
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https://arxiv.org/abs/1812.06772

Backup

ALICE
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ALICE

D Directed Flow

predicted strength from S. Das et al., PLB 768 (2017) 260
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ALICE
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