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what have we | learned so far?

(a personal overview)

Federico Antinori
INFN, Padova, Italy and CERN, Geneva, Switzerland




Conclusions

« the LHC has ushered in a new era for ultrarelativistic AA collisions
— abundance of hard probes
— state-of-the-art collider detectors (ALICE, + AA capabilities in ATLAS, CMS)

* Run 1: two major discoveries...
— new regime for J/y production - evidence for regeneration?
— double ridge in p-Pb, pp = signal of collectivity, what about quenching?

* ... +rich harvest of other results
— system still very close to thermodynamic equilibrium and ideal hydro behaviour

— strong jet quenching, up to highest jet energies
no evidence of angular decorrelation
angular dependence: sensitivity to path length dependence

— indication of parton-mass ordering in heavy flavour quenching
— hints of final-state effects in p-Pb? (@(2S), Y)

» the future looks bright - high stats HF, stay tuned!
— Run 2: O(10) increase in statistics, int lumi for Pb-Pb, p-Pb
— Run 3: O(100) increase, ALICE 2.0 upgrade!
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What next?

Some open points for Run 2
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QGP radiation?
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« key measurement for Run 2
« enough stats for thermal dileptons?
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Fluctuations: what next?

* e.g.: net charge fluctuations fluctuations decrease

o iti I I o : :
sensitive to charge of carriers! _ with increasing centrality
— but can be “diluted” in final state... _ with increasing An
3 E diffusion of hadrons in y?
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Phys. Rev. Lett. 110, 152301 (2013) An

« baryon number, strangeness fluctuations - connect to lattice QCD
* Dbut analysis “phase space” is huge...
- needs immediate attention
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Low-p; D

charm thermalisation/flow
baseline for J/y

ongoing efforts (pp, p-Pb)
Pb-Pb needs statistics

—>key item for Run 3, but we should push in Run 2!
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R,,: Flavour Dependence

* indication of R ,(b) > Raa(C) ! * ... but are D and 1 different?
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« and how about the D_?
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HF correlations?

* very strong quenching, but no angular decorrelation
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* how about charm?

« events with two reconstructed D very rare
—> study e*-e- correlations?

- how about e-u?
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Jig v,

* recombination in charm sector
— charm strongly coupled to medium - thermalisation?
— indication of recombination from J/y R,
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« s dependence!
 measure low-pT charm!

* how about J/y v,?
- 50 within reach in Run 2! I R N
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Pb-Pb \s, = 2.76 TeV, centrality 20%-60%
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The Double Ridge

— in 60-100% no ridge seen, similar to pp
- what remains if we subtract 60-100%?
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* the ridge is doubled!

- the origin of this structure is still unclear...

Can we separate the jet and ridge components?

[ALICE, PLB719 (2013) 29]
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similar structure observed in Pb-Pb is attributed to hydrodynarﬁzlc flow...

CGC-glasma graphs can also produce symmetric ridges?
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ldentified particles

* how does the correlation depend on the particle species?
p-Pb Pb-Pb
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* p-Pb remarkably similar to Pb-Pb. p, (GeV/c)

— where particle species dependence is attributed to collective flow!
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Multiparticle correlations

« v2 calculated with higher order cumulants
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« again: p-Pb very similar to Pb-Pb
« azimuthal asymmetry is a true multi-particle effect, in both systems!
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Ridges In pp

* near side ridge first seen by CMS  ATLAS: double ridge from 13 TeV
—> all the way to low multiplicity?!
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(depends crucially on subtraction...)
[CMS, JHEP 1009 (2010) 091]
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Multi-strange baryons in pp, p-Pb

« e.g.. =/m
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« smooth onset of collectivity from min-bias pp to p-Pb to Pb-Pb?

F Antinori - ALICE India - 7 February 2016




How about quenching?

* should it be there?
— does collectivity imply quenching?

 could it be there, just very small?
— pp, PA not so small, after all...
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 how about initial state effects?
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Could charm come to rescue?

* no quenching observed in RpPb
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« what about v,?
— wouldn’t observation of charm v, in pp, pA be a signal of quenching?
— ... or could charm know about geometry w/o interacting with medium? (CGC?)

* In any case, observation of charm v, in pp, p-Pb would be a sure hit!!!
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... and many more... e.g.:

+ Pb-Pb
— correlation between quenching end e-by-e shape?
- ESE quenching

— medium response? (e.g.: Mach cone)

« small systems
— low-p; charm?
— any sign of jet modifications at high multiplicity?
— can we clarify the onset of v, with high-stats p-Pb data?
— what can we learn from the study of fluctuations?

« searches
— nuclear states? glueballs? pentaquarks? dark photons?

F Antinori - ALICE India - 7 February 2016




Higher stats is not enough...

* Increased statistiscs = lower statistical uncertainties...

* ... but many measurements have large systematic uncertainties!
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- In Run 2 we need to work a lot on the systematics!
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How do we attack systematics? (i)

« some of it will naturally improve with more statistics
— e.g.: feed-down corrections: we usually quote them in the systematics

« improving the control of tracking/reconstruction
— in some Runl analyses ~4% syst per track provides dominant source of syst error

e going the extra mile!
— in some cases, a systematic effect is found, but not corrected for
— its magnitude is included in the systematics
— this may be justified in a few cases, but in general it is bad scientific practice!

* not being conservative!
— some time people feel that being conservative with systematics is more “serious”
— an over-estimated error is WRONG, just like an under-estimated one
— and it is unprofessional: one deliberately decreases the information from the analysis!
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How do we attack systematics? (ii)

« calculating it properly...
— rms, not max!!! = it must be used in quadrature!!!

* not counting statistical fluctuations as systematic variations!

— unfortunately, this is a common mistake...

— sometimes variations (e.g. cuts) are made, and the difference is taken in the
systematics!

— we must always ask ourselves if the variation is statistically significant!

- use Barlow’s Criterion!
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Barlow’s Criterion

e consider systematic checks as pass/fail tests
— is the discrepancy between two variations of analysis statistically significant?

« if not = do nothing (do NOT add discrepancy to systematics!!!)

« if yes = try to find what is going on (and correct for it!)
—> only incorporate difference in systematics as last resort

* see R Barlow: arXiv:hep-ex/0207026

— for more
— for practical recipes
— ...and itis a very pleasurable read, too!
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Simple examples...

* main analysis: sample A
— result: x, £ 0,

« alternate analysis: sample B
— result: xg £ Og

« difference: A =| x, — Xg | =2 when is it significant?
- how much is the expected statistical fluctuation?
in general: 0,2 = 0,° + 052 — 2p0,0g (p = correlation coefficient)

- specialcase:BNA=0Q 2> 0,2=0,2+ 02
« specialcase:B=A > 0,°=0
« special case: B c A 2 0,2=0g%- 0,2
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Nuclear collisions at the LHC

» large cross-section for “hard probes”

BICIHHE

"Jet 1, pt:70.0 GeV

Jet 0, pt: 205.1 GeV

—> novel tools to probe QCD medium
In particular: heavy flavour:
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Nuclear collisions at the LHC!

2010/12/08 2135 , LHC 2011 HIRUN (3.5 Z TeV/beam)
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» three successful Pb-Pb runs already
— 2010 > sy = 2.76 TeV, L, ~ 10/ub
— 2011 > sy = 2.76 TeV, L, ~150/ub
— 2015 > Vs = 5.02 TeV, L, ~ 500/ub
e + p-Pb “control” run
— 2013 > sy, = 5.02 TeV, L, ~ 30/nb

« +pp “reference” runs in 2010 and 2013 (2.76 TeV), 2015 (5.02 TeV)
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http://lpc-afs.web.cern.ch/lpc-afs/LHC/lui_days_logy_ion.png
http://lpc-afs.web.cern.ch/lpc-afs/LHC/lui_days_logy_ion.png

Particle yields

« ~thermodynamic equilibrium * ... but with some tension
— T~ 156 MeV — especially p and K*
— now including 3,H!
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10° origin of deviations?
— feed down from resonance decays?
— sequential freeze-out?

— non-equilibrium freeze-out?
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Azimuthal asymmetry

« to quantify the asymmetry:
—> Fourier expansion of the angular distribution:

uil+2v, cos(/ - y,)+2v,cos(2[/ - y,])+..

— in the central detector region (3 ~ 90°) = v, ~ 0 = asymmetry quantified with v,

« experimentally: v, ~ as large as expected by hydrodynamics
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ldentified Particles v,

. ALICE 10-20% Pb-Pb \s,, = 2.76 TeV

v,{SP,|An| > 0.9}
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Comparison with hydro

* proton v, underestimated
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2 03 " : _
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The ¢

ALICE 10-20% Pb-Pb VSTN =2.76 TeV ALICE 40-50% Pb-Pb VSTN =2.76 TeV
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— in peripheral events, the @ behaves like a pion 04
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« similar story from particle spectra - 02? lﬁ% ENCI
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The deuteron

9 0.6 pata Blast-Wave :
S lom et « simple coalescence model does
=05 K K not describe deuteron v,
ﬂ“_ i lp+E —p+§
ol 04'_-d+d —d+d o
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* a beautiful tool...

Higher harmonics

initial state geometrical asymmetries — final state momentum asymmetries
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[ALICE: PLB 708 (2012) 249]

« connects final state distribution to initial state fluctuations
— via medium transport
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Longitudinal asymmetry

« event-by-event fluctuations

asymmetric events in ZDCs effects on n distribution
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 a new event classifier?
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Very strong guenching

« Pb-Pb significantly below scaled pp  * Rua
for central collisions (filled points)

é T T T T | T T T T | T T T T | T T T T
o
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10°— ..é....15....%.. —— — minimum around 6-7 GeV (R, ~ 0.14)
P, (GeVic) — clear increase at higher p;
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Dependence on particle species

« particle mass / type (baryon/meson) dependence of suppression
— e.g.: proton enhancement

§ _l LI | I LI I LI I LI I LI I LI I LI I LI I LI I LI l_
'y _ 4
1 -
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—> sensitivity to hadronisation in medium
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R, fOr vector bosons

» electroweak probes, on the other hand, are unmodified
—> (essential cross check!)
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Di-jet imbalance

Pb-Pb events with large di-jet imbalance observed at the LHC

0 Ge

pt: 70

";let...f'

a,

:39 2010 CEST

CERN

]

2

205.1 GeV

51076 f 1328520

S Experithent at|LHC )
Oatarécorded: SurjNoy 14 19:31

‘Jet 0, pt

1102.1957

v

sarX

CMS

t strongly quenched

ing je

- reco

(o]
i
o
N
>
©
>
o
Q0
(b)
LL
N~
A
o
=
L
O
—
<

inori

F Ant




Di-jet imbalance

» Imbalance quantified by the di-jet asymmetry variable A;:
< b Centrality 0-10% Centrality 10-20% I  Centrality 20-30% |

%3; ATLAS Preliminary E..>100 GeV CIHUING=PYTHIA] _ Ey—Eq E;>100GeV
~ " [PO+Pb N8y =2.76 Te E . 05Gev ® PbPbDala | A== E..>25GeV
2,43 Ly =7ub"F  pTzoeo e opiDala | Ept B, 127 ¢

. R=04

R=04 |f<28

* with increasing centrality:

- enhancement of asymmetric di-jets
with respect to pp
— & HIJING + PYTHIA simulation

T |
02 04 0B 08

A,

L | ra| L 1 L L | 1 1 'l L
02 04 06 08 62 04 08 08

ATLAS: PRL105 (2010) 252303
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Di-jet Ag

* no visible angular decorrelation in A(p wrt pp collisions!
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- large imbalance effect on jet energy, but very little effect on jet direction!

—
Q
[#:]

IIII| T T T
o ———
L

—

e

e

1 rad§

F Antinori - ALICE India - 7 February 2016



Jet Ry

Jet P, (GeV/c)

Jet P, (GeV/c)
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Jetv,

a”mE JLdr=D.14nb"' 5-10% | [ antik,R=02 10-20% 1| 20-30% |
| - Pb+Pb s, =2.76 TeV . ATLAS preliminary - I .
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| . . + 1L i
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50-60%

s he
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L

ATLAS-CONF-2012-116

« substantial azimuthal asymmetry up to highest jet energies!
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Jet fragmentation is modified

v
g

 ratio of Pb- Pb and pp Fragmentatlon Functions
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Z = p1(track)/p+(jet)
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Where does the energy go?

» look at missing p; projected on leading jet axis

ﬁ’llt — Z _p¥rack COS ((PTrack - (PLeading ]et)
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[CMS: PRC 84 (2011) 024906]

» the energy reappears, degraded, outside of the jet cone...
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Particle composition

» peak excess particle composition similar to pp!

Pythia {Peak - Bulk Ratlo)
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J/y suppression at the LHC

e LHC (ALICE, 2.5<y < 4, p;>0)

% 1 4 Inclusive J/y — p*y’, Pb-Pb \ s, =2.76 TeV and Au-Au |s,, = 0.2 TeV .
D: B ALICE (PLB 734 (2014) 314), 2.5<y <4, O<pT<BGeWc global syst.= + 15% 9 |eSS SuppreSSIOn than RHlC
1.2 O] PHENIX (PRG 84(2011) 054912), 1.2<ly<2.2, p >0 GeV/c  global syst.= + 9.2% (PHENIX, 1.2 < y < 2.2, p > O)
L B B B
0.8f iy —> weaker centrality dependence
0.6 L] @ E "
: i - new regime wrt RHIC!
i & @ —> c-cbar coalescence?
0.2F &
: oo G
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J/W R,A: pr dependence

* decreases with p; « at RHIC: opposite behaviour

< 1 .4 | 1 8 N T T T T T T T T T l
< L Inclusive Jiy — ', Pb-Pb |s,, = 2.76 TeV : Zhao, Rapp (a) 0-60% |O®@ STAR (b) 0-20%
Ay i 1.6 -.Liu et al. T O PHENIX 1
1.2 m ALICE (PLB 734 (2014) 314), centrality 0%~—20%, 2.5<y<4 global syst.= + 8% 1.41- - .

I 1.2 . .

Transport model (Y.-P. Liu & al, PLB 678 (2008) 72)

1 -_ ------------------------------------------------------------------------------------------------------------------------------------ 1 _______________________
_ 0.8
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pT (GeV/C) 0 2 4 6 p?_ (Ge\f}é) 4 6 8 10

[STAR, arXiv:1310.3563]
« consistent with regeneration models
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J/Iyp flow?

* hint for a modulation...

— 1200 Q 0.3
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* more statistics coming!
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Bottomonium suppression

é 1 .4_ I | | | | I I | I | I | I | I | | | I | I I | ]
0C [ CMS Preliminary 0-100%
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« stronger suppression for less bound Y states
— very efficient melting: Y(3S) not measurable (upper limit only)
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Very soft J/p excess

<
o 3 ALICE, Pb-Pb |5, = 2.76 TeV _
25<y<4 « strong enhancement in R,, for p; < 0.3 GeV/c
48 — O < pT<0.3 GeV/c, global syst = + 15.7 %
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o =
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« observation of EM production in hadronic collisions?
* no theoretical calculation exists!
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R, Flavour Dependence!
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D meson v,

 indication of non-zero v, « theory must describe
~ consistent with strong coupling of simultaneously v, and Ry,
c to medium
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5.02 TeV: multiplicity
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- s dependence steeper than pp
« follows trend established at 2.76 TeV
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[ALICE, arXiv:1512.06104]




Parton shadowing...

« complication in interpretation of Pb-Pb results:
different parton distribution functions in protons and nuclei

X114
12

1.0 x = fraction of

0.8

06 nucleon momentum
0.4 carried by parton

02

14
12
1.0
i 08

06
4 | == This work, EPSOONLO_| _ 04

04 1 HRNOT (NLO) -

+ 0.2 -—— DS NLO) I 102

m | IIHIIIl | HIIIIIl | IIIHHl L 111l L 111l | L1111 | L 111l ‘ ||||h L1111l | L 1111 | L 111l | LIl 0-0
10° 102 10° 1 3 2 1 i 3 2 1

x T T

[K J Eskola et al: JHEP04(2009)065]

—> uncertainty on “trivial” nuclear effects baseline
- measure p-Pb collisions!!!
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- ~30/nb

p-Pb collisions In the LHC!

tricky, but can be done...
2-in-1 design...
- identical bending field in two beams
—> locks the relation between the
two beam momenta:
p (Pb) = Z p(proton)
=» different speeds for the two beams!
adjust length of closed orbits!
— to compensate different speeds
different RF freq for two beams at injection and ramps ,, weczosmnwneozrumen
short low lumi pilot run (a few hours) on 12/9/2012

first run in Jan-Feb 2013!

)

10tk

Delivered integrated luminosity (nb~

Week in 2013
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Control experiment: R p,

* measurement of nuclear modifications in initial state

1.8F p-Pb |5, = 5.02 TeV 3
1.6f- @ ALICE, NSD, charged particles, |1 | < 0.3 .
1.4 -
1.2 ]

ALICE, charged particles
e p-Pb \s, =5.02TeV, NSD, | ncmsl <0.3
= Pb-Pb \s,, =2.76 TeV, 0-5%central, | n| < 0.8

Saturation (CGC), rcBK-MC

1I'|lillllll[ll|l|’

Pb-P = 2.76 TeV, 70-80% central < 0. F

1.4-* 0-Pb Sy 6 TeV, 70-80% central, | n| < 0.8 0.6 Saturation (CGC), reBK
f 0.4 [ Satprationl(CGC)l.IP—Salt
E 1.2 . Shadowing, EPS09s (1%)

16 [ LOpQCD + cold nuclear matter
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* Rpa~ 1for pr>3 GeVic > confirms quenching is due to QCD medium

1'6; -.-- DHC, no shad. _
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High-p+ puzzle!

* high-p; R, from CMS: enhancement??
— similar picture from ATLAS (not from ALICE)

2 B | B LR I T T ) T P i | T T LR LR _[
- —— CMS, [|<1 ] . iate?
1.8 sy e ] but not for jets”
1.6 ALICE, pis0-3 . PPb Y = 5.02 Te PBPb {5 = 2.76 TeV
23 - 7| T | T 1T | TTTT | L | L ‘ LI ‘ L ‘ L
1 4 :_ - | == Inclusive jet RPA (0-100%) \nGM| <05
1.2 :_ }_ } % Inclusive jet R, (0-5%) [n| <2 —i
o) L
%_ 1 r i
14 : - .
08F . i 1
Y & Ny oo 904 g 0o % on o a]
0.6 ¥ - I R et |
0.4 - - }
0.2 -~ pPb /sy = 5.02 TeV, charged particles L ol
O:IIIIII 1 I|||||I| 1 Illlll(l .:l 7I\\Il\l\||\||||\||\|\|I\‘IIII‘II\|‘||\|7
10 02 0 50 100 150 200 250 300 350 400
p, [GeV/c] P, [Gevicl

—> modification of fragmentation function?
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Being resolved...?

- fragmentation function (Hard Probes 2015)

o 1.4 ATLAS Preliminary h « ATLAS sees modification...
& | 80 < p*' < 110 GeV ]
1.2 B -
| o0 "Q\ ]
1-_{__.__._,___.___9_____, YT
[ 'y
L L}"Je[|<1.6 -
0 gL PHPD. {5 =5.02 TeV, 28 nb" 5
- pp., v5=2.76TeV, 4pb ! i

107 1

Z
L IR B LLLL B S AL B R LLLL N

2 S0 o 02 o0 pPE pretminary
% 25_2 5 b (7 TeV pp) __ _  but CMS does not...
g T « RpPb relies on interpolated pp ref
-L"'?-% - pp reference at 5 TeV needed...
L
[
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J/p In p-Pb

R,pp CONsistent with shadowing * Rppp, backto 1 at high py
— p+-integrated — opposite behaviour for Pb-Pb!
Q:Dg-] 4 :_ p-Pb \..'m=5.02 TeV, inclusive Jiy—u'y, 0<pT<15 GeVic Ecg 1.4 :_ ALICE inclusive Jiy—suy
Lie (-4.46<y _<2.96)=5.8 nb", L  (203<y  <3.53)=5.0 nb! 2 i
1.2 & 1.2F _H_
PR Ry o R
L R "

0.8 B § #
' —

0.6} :

04F —H $
I ® p-Pb:2.03<y  <3.53, |sy,=5.02 TeV (preliminary)

02 L @ p-Pb: -4.46<ycms<-2.95, \ Sy= 5.02 TeV (preliminary)
i A Pb-Pb: 2.5<ycm5<4, \ Sy= 2.76 TeV, 0-90% (arXiv:1311.0214)

: IIIIiIIIIiIllll\l\l‘I\I\lllllllllllllll
0.6} 4 % 1 2 3 4 5 6 7 8
0.4 Y s P, (GeV/c)

o ALICE: 0<p <15 GeV/c, (arXiv:1308.6726)

0.2 . LHCb: 0<p <14 GeVic, (arXiv:1308.6729) & LHCDh jOinS the Heavy-lon club!

o b b b by b b b b b

0 4 3 2 -1 0 1 2 dj/
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W(2S) In p-Pb

e surprise: more suppressed than J/gp! ¢ more “active” events = larger effect
— how can shadowing (initial state) do that? — l.e.: effect increases with multiplicity
— at odds with shadowing in Pb hemisphere

o = g
S 1 .8 :— ALICE, p-Pb |s,,= 5.02 TeV, inclusive J/y, y(2S)—-p*w g% 1.4 Inclusive y(2S) - ww ALICE Preliminary
@ C G p-Pb | s,,=5.02 TeV
1.6 12F
1.4 1 _ ........................................................................
1.2 A ;
e 0.8

o EEE— i
o \\\\\&\\% L P 0 [# %

EPS09 NLO (Vogt)

| | | |

L7 EL ith g =0.075 GeVZ/fm (Arl t al.
O 2 \//\\f EP::SQ VI:LO qOEL '(:h mC(' 0;:‘:: Vilf) (Arl t al.) 80-100 60-80 4060 20-40 5-20
: + ELoss with g =0. eV?/fm (Arleo et al. o
0 -I 1 I\: | 1111 I | -l I 1 | IOI 11| | L1 11 I 111 | I L1 1| I L1 1| | L1 1| ZN Energy Event ClaSS ( /o)
5 4 3 2 -1 0 1 2 3 4 5

- Indication of final state effects?
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Bottomonia in p-Pb

* Y(1S) ~ OK with shadowing e excited states more suppressed
‘g B -Pb =5.02 TeV & L omspp Sy =5.02TeV CMSPbPb s, =276 TeV
[y 1.4_— Y VS—NN e (:f_}—"l ,4_— . leTES‘ i(izm @ |VCM|V;.4, L =150 ub' ]
N _ ¥ 95% upper limit 7]
112 PEL&P}!?RERY %1 .2:— PRL 155 (2012) 222301_:
3 HBB __________ s b éﬂ 1: ot > 4 GeVic
Rk S o 08 5&
0.8 ﬂl ' N =08 L p-Pb +

[Y(nS)

III[III[l]II

06/~ ¢ Inclusive JAy—p*y, p. >0 (JHEP 02 (2014) 073) - B
04— ® Inclusive Y(1S)—u'w, pT>0 (preliminary) 0.4— ]
- EPSO09 at NLO (Vogt, arXiv:1301.3395 and priv.comm.) - ]
02l Ezzza Yas) 0.2 *#% Pb-Pb -
B Y JAp R T i
o_lll1[[llllllIIlIIllllllllllllllllllllllllllllll n_ |
-4 -3 -2 -1 0 1 2 3 4
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The Ridge

2 < Pryig <4 GeV/c
2<p,,, <4GeVc p-Pb | 8,y = 5.02 TeV 1 < Prassoc <2 GeVic
1€ Py < 2 GVl T 020% 20% highest multiplicity

Near-side jet
(Ap ~ 0, An ~ 0)

- Away-side jet
(Ap ~ m, elongated in An)

Near-side ridge
(Ap ~ 0, elongated in An)

PLB719 (2013) 29

1/ Ntrig dz_Nassoc/ dAﬂdA(P

« in addition to near side peak and away-side recoil...

... there’s an additional near side ridge in p-Pb
first observed by CMS [PLB718 (2013) 795]
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direct photons
fluctuations
J/psi v2

Dpi/K
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