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Why Strangeness in Quark Matter
(SQM)?

e | have had a long interest in the series, having been to
most of the conferences, including one of the
contenders for the “original” conference (Kolymbari,
Crete, 1994), and having hosted one at Birmingham in
2013

* The size and scale of the conference has grown a lot
over the years, from ~40 participants in 1994 to ~170 in
Birmingham and ~290 in Bari.

 Now regarded as one of the “major” conferences for Heavy
lon physics, and one to which (for example) the ALICE
collaboration gives a high priority.
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Why Strangeness?

e The scope of “strangeness” has been extended over the years to
include not only the features of strange quark production in heavy ions,
but also that of heavier flavour quarks, c and b.

 They are all good probes of the development of a quark-gluon plasma

* Strange quarks are not present (much) in the initial state, but are produced
copiously in a heavy ion interaction — mainly thermal production

* Heavier flavours c and b have been considered to be too heavy to be .
produced thermally, and therefore must be produced through hard scattering
e > calculable cross sections to compare with pp scattering!
e At LHC energies, the temperatures achieved in a heavy ion collision are so

high that this is not quite true for ¢ quarks, where there is now a lot of
evidence for a thermal component, but remains true for b quarks.

e These differences in production, coupled with full use of the analysis of
dynamics developed using unidentified hadrons (e.g. jet production,
azimuthal dependence, etc.) make the use of flagged flavour
production a very powerful tool in studying the QGP.



Why Quark Matter?

e Of course, the main focus of the conference has been to
discuss the findings from the experimental studies of (ultra-
relativistic heavy ion collisions), (BNL, CERN, GSI, with more
in future) and their interpretation (hot quark matter)

* However, the origins of the conference stem from an
|nterd|SC|pI|nary project with astrophysicists). The scope was
originally intended to cover f) the origins of the Universe in
cosmology, and (ii) evidence for large strange objects
(“strange stars”) in the current universe.

e Unfortunately, it has been a Ion% time since the early universe was

discussed at these conferences (Schramm in Chicago was a fan...
but there has not been a lot of activity more recently), but

e Strange stars have remained, and very recently there has been a
linking of the two studies.



The Experiments



Experimental facilities: LHC

 LHC, CERN:

* pp up to 13 TeV (0.9, 2.36,5.02,7, 8,13 TeV)
* Pb—Pbupto5.02TeV (2.76,5.02 TeV)
e Xe—Xe 5.44 TeV
e p—Pb upto8.16 TeV (5.02,8.16 TeV)
e possibly other nuclei

* ALICE — dedicated heavy-ion experiment

ALICE

e ATLAS —general-purpose detector,
HI capabilities

e CMS - general-purpose detector, AD

HI capabilities

. East A
e LHCb - forward beauty experiment, 1SOLDE )
epeg e . - —] E
HI capabilities forward and fixed target T
nToF CTF3
. o
e H
y W, }
LINAC 3 AD  Antiproton Decelerator
PS  Proton Synchrotron n-TOF  Neutron Time Of Flight
- protons = antiprotons SPS  Super Proton Synchrotron AWAKE Advanced Wakefield Experiment
- ions p electrons LHC Large Hadron Collider CTF3  CLIC Test Facility 3

- neutrons » neutrinos
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Experimental facilities: RHIC

 RHIC, BNL
* pp up to 500 GeV (62, 200, 400, 500 GeV, polarized)
* Au—Auupto 200 GeV (many from 7.7 GeV) BES
e Cu—Cuupto 200 GeV (22,62, 200 GeV)
e U-U 193 GeV

RHIC energies, species combinations and luminosities (Run-1 to 18)
e Cu-Au 200 GeV W W N S B Y
Zr-Zr; Ru—Ru 200 GeV e
special run with isobar nuclei
e p,d, He—Au 200 GeV
(d—Au 19.7, 39, 62, 200 GeV) BES

e possibly fixed target Au-Au  BES

e STAR — multipurpose HI detector (hadrons)
* PHENIX — multipurpose HI detector (leptons)
->sPHENIX

. 8 9 12 15 20 23 27 39 54 56 62 130193200410 500510
http //WWW rhichome.bnl gOV/RH |C/RU ns/ Center-of-mass energy Vsyy [GeV] (scale not linear)
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Experimental facilities: SPS, SIS18

SPS, CERN

* pp up to 29 GeV (450 GeV in lab)
e Pb—Pbupto17 GeV (156 GeV in lab) BES
* many other combinations from fragmented beams  BES

e NA61/SHINE — follow-up of NA49

SIS18, GSI

* pp upto 2.9 GeV (4.5 GeV kinetic in lab)
e Ne-Ne uptol1.9GeV (1.9 GeV kineticin lab)
e U-U uptol.4GeV (1.1GeV kineticin lab)

e HADES - high acceptance spectrometer
for di-electrons and hadrons

* FOPI—4T spectrometer, hadron identification

20 November 2019 13




A Brief Dynamical History of Time

Nuclear Geometry
Parton distributions
Nuclear shadowing

Parton production
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Heavy Flavour



Open Heavy Flavour

e Heavy flavour is a probe of the early stages in a heavy
ion collision. (quarks formed in initial hard collisions at
t<0.1 fm/c, before the QGP has developed.)

e Rates in pp are calculable by pQCD, so a comparison
with production in AA gives us an indication of how the
qguark interacts with the medium.



Open charm: D, B meson measurements in pp

Eur.Phys.J.

C79 (2019) no.5, 388

3,
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fragmenting parton
h = 2:pq With z<1

'recombining parton

7 8 9 10

pp: fragmentation reference

Plethora of open charm measurements
NLO description reasonable within uncertainties
Fundamental reference for QGP studies

Dhanker; Tuesday |7:30
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Open charm Ra

< 1.8 rr T 'i*New201BPb—Pb%: Ch. hadrons, D% D°%from B,
T f ALICE Preliminary - g J/¥ from B, B+
°E 0-10% Pb-Pb, |5, = 5.02 TeV i
n Rl ] arXiv:1810.11102v1
a - ifﬁﬁgjg’ 07 ity E 27.4 pb” (5.02 TeV pp) + 530 ub' (5.02 TeV PbPb)
4 o = Charged particles, Inl <0.8 7 16 CMS « D’ fromb hadrons |y|<1
““r JHEP 1811 (2018) 013 ] g e Bt ly|<24
e o 140w Prompt D° [y|<1 J/y from b hadrons:
- ] -« Charged hadrons [n<1  « 1.8<|y|<2.4
08 =T = - Global uncertainty W24 ...
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* New results from ALICE and CMS quantify suppression: DY D° « b
* Suppression similar at high py, different at low p+:

N * Raa(m) < Raa(D) <Run (B)
aY Wang, Tuesday [7:30
UNICAMP SQM2019 - Experimental Summary talk '
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Baryon/meson in the charm sector: A /D

CMS pp, Pb-Pb |

Fillad markere: pp messured reference
Open markerz: pp Py -axtrapolated refarence

— —l =
PbPb 44 ub”', pp 38 nb™ (5.02 Te o - ] e AT
0.7r 2P { v =, 095 ALICE Preliminary = a ¥ ALICE Preliminary
L - o = =~ L
s CMS Preliminary Egj Dl < = (5,4, =502 TeV, lyl <05 = e F -
0.6f1yl <1.0 ~&- PYTHIA8 0.8- = 2.5~ 0-10% Pb-Pb, |5, = 5.02 TeV
—~ | PbPb 4+ PYTHIAB + CR 5% R B Iyl <05
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* AJ/DCin pp: matched by improved CR in PYTHIA (but beware caveats)
*  AJ/DOin Pb-Pb: hint of increase at mid-p! Reminiscent of A/K%!? Prino, Wednesday 12:00
* Pb-Pb: coalescence+fragmentation or stat. hadr. Model

é"& * Improved measurements needed to constrain models Xiao, Iuesday 14:20

Y ;

Upziup SQM2019 - Experimental Summary talk Zampolli, Tuesday | 5:20 37

20 November 2019 22



Quarkonia



Quarkonia

e A long history. J/ suppression was one of the first
signatures proposed for detecting the QGP (Debye
screening)

 Many other explanations possible.



Summarizing: theory elements on quarkonia in a QGP ‘

Caveat |I: we need firm theoretical understanding of quarkonium production in pp collisions

latticeQCD effective field theory open quantum system

static framework dynamical framework

spectral static real static complex master equation
functions potential potential from stochastic process
color screening color screening, Landau damping & singlet <> octet

eventual recombination

Caveat II: how to extrapolate pA effects —initial & final- to AA? Factorization?

If yes... nature of the medium in pA?
20 November 2019 25
E. G. Ferreiro USC Heavy Quarkonia in medium SQM2019, 13/6/2019



Quarkonia

e A long history. J/ suppression was one of the first
signatures propose for detecting the QGP (Debye
screening)

 Many other explanations possible.

* No time to go through them. Will mention a few as we go
through.



Onia production vs ev. activity

s I Study role of MPI in quarkonium production

>0 GeVie T
] ::n.mawc
' p, >4 GeVic L]

acE Increase of J/y and Y yields with event
e ' activity observed at RHIC and LHC

| ® STAR Praliminary 1(1S) p >0 GeVic
# STAR Preliminary 1(15) p »4 GeVic

- Increase is:

2 4 C
fd NP-.IBII.d] ].I'CdNHEi-"dI > 3 .,
arxiv.1805 03748 " * weakly dependent on energy

AUCEPeimnary - * stronger for high p;
" J/w mid-y . "
‘ : ® stronger than linear when no rapidity

gap is present between quarkonium
and multiplicity measurement

sete |y | <09

P, 25<y<4

einclusive Jiw

®* independent on quarkonium state

o

] -
dN,,/dn |"’*’5'-:--:'_.

aN_ rdm o
SQM 2019 June 13™ 2019
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production vs ev. activity

PYTHIAB Jivw ]
[ P, >0 GeVic
[ ] P, > 1.5 GeVic
(1] ;.'oT >4 GeVic
STAR Jhy

[ ] P, >0 Ge
=] p,>15Ge

T T T

EP0OS3.2D’

Bz< pr-r.dGaWc
Mll4<p_<8Gevic
Percolation mode!
= p_ >0 GeVic

¥

Study role of MPI in quarkonium production

Most predictions, based on different

underlying processes, are in qualitative

agreement with data

fe B

4
(dN"®/d M }r‘-:@N":‘EId n=>

0

STAR, arXiv:1805.03745"

ALICE J/y

2Er T
. C ALICE Prekminary
“F pp.15=13TeV
- Inchsive My — ea (jy| < 0.5)

- 10% normalizatian unoortainty

5 e D

Famaina et al

F B erosaD2<p <4 Geviey
<C WM e 8 (Monash 2013)

o |:[ Fpalaovich et a

20 November 2019
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EPOS3 and PYTHIA: include MPI

Kopeliovich: high multiplicities reached
via contribution of higher Fock states

Percolation: mimic MPI via interactions
of colour sources with finite spatial
extension

Roberta Arnaldi

CGC saturation effects

SQM 2019 June 13t 2019 n
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Percolation Model

e Based on strings as fundamental variables in the collision

e Strings have finite extension, and can fuse when drawn too
densely

e Heavy flavour driven by number of collisions, which follows
number of strings before fusion

I\Icoll oc N
 Multiplicity determined by number of strings after fusion
H oC \/ Nstrings

* As multiplicity increases, Ny, flavour ©F N
more rapidly

 Consequence of multiple parton interactions in the collision.
E.G. Ferreiro and C. Pajares, Phys. Rev. C86 034903

strings

quarkonia INCreases
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CNM effects affect J/y production | AL_[CE‘ Ip—Pb VS =8.16 TeV
mainly at forward-y and low p; 2k e inclusive J/y — e*e (Preliminary)

X e inclusive J/y — i (JHEPO7(2018)160) -

- consistent results between
experiments in similar kinematic
range (LHCb, PLB774 (2017) 159)

fair agreement between data and

: ' CEM EPS09NLO (R. Vogt
models based on shadowing, CGC, nCTEQ15 reweigrgied (J.gL)ansberg et al.)

energy loss 0.4H=1EPPS16 reweiﬁgted (J. Lansbergetal.) 3

CGC NRQCD (R. Venugopalan et al.)
CGC CEM (B. Ducloue et al.)

Energy loss (F. Arleo et al.)

0.2 — Transport (P. Zhuang et al.)

- size of uncertainties (mainly 3 Transport (X. Du et al.)

. SR == Comaqvers (E. Ferreiro)
shadowing) still limits a more o v .

quantitative comparison 2 4-3-2-10 12 3 4 5
Y ems

p-going direction: 2.3 10-5<x<1.5 104

Pb-going direction: 1.5 102<x<10"?
Roberta Arnaldi SQM 2019 June 13t 2019
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ALICE, LHCb

B T T e e e
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pAu
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EFPS09 4+ 8 Areoatal)
(. Lansherg et al
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nsberg et al )

B STAR H;: Common norm. Sy,
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GETTTTT !

P TR N AT U NN [ A A T OO I 0 O T TN OIUEN C R A C O TR I o O O A
= -4 -3 -2 —1 0 1 ?
*=i ik ICE-PUBLIC-2018-008 ATLAS, EPJC78 (2018) 171

Improved precision in p-Au, but a precise comparison with models is still difficult

8 Suppression stronger at forward-y and low p;
®* shadowing and energy loss models fairly describe data at forward-y and mid-y,

but slightly overestimate backward-y A,,?

Roberta Arnaldi SQM 2019 June 13t 2019
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a significant non-zero v, is observed

8.16 TeV mid-rapidity high-mulliplicit S B
i« oA in high-multiplicity p-Pb

ALICE JI¥ -4 .4B6<y<-2.96
ALICE J/¥ 2.03<y<3.53
CMS J¥
size of v, similar to the one

measured in PbPb

however, common v interpretation
for PbPb, based on regeneration or
path lengths effects doesn’t work
in pPb

models where the v, originates
from final state effects
ALICE, PLB 780 (2018) 7 (dissociation/regeration) in the

CMS, PAS HIN-18-010 : ‘
Rapp et al, JHEP03(2019)015 fireball underestimate the data

[E. Chapon, Friday 12.00]

Roberta Arnaldi SQM 2019 June 13t 2019
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Hot Matter effects

Recombination
the original idea:
quarkonium production suppressed
via color screening in QGP

(T.Matsui,H.Satz, PLB178 (1986) 416)

Central AAcoll N perev. N,; perev.

RHIC, 200GeV ~10
LHC, 5.02 TeV ~115

Sequential melting

J/y production probability

energy density | |
Roberta Arnaldi SQMI 2019 June 13t 2019
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Inclusive: Au+Au @ 200 GeV, P> 5 GeVic

* Iyl <0.5 Olyl =<1
m Prompt: Pb+Pb @ 2.76 TeV, |y| < 2.4, p.> 6.5 GeV/c

Inclusive Jiy — p*u
ALICE, Pb-Pb \Sun = 502TeV,25<y <4, 'DT < B GeVic
ALICE, Pb-Pb \s,, =276 TeV,25< y < 4, p.< B GeVie
| PHENIX, Au-Au | s, =0.2TeV, 1.2<|y| <22,p_>0GeV/c Au+Au @ 200 GeV, p_> 5 GeVic
—— TM I Tsinghua
T™ II: TAMU

ALICE, 5.02TeV 1

STAR, 0.2TeV

g
‘gl gEg @@ ]
® Y m ®
[ ] ®

ALICE, 2.76TeV

F>HE|\u><,0.2Tevm B g g B

|||I||i||||||I|||I||II|III|III|III|Iii

N,y uncertainty CM S, 2.76TeV
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0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300
ALICE, PLB766 (2017) 212 <Npaﬂ) STAR, arXiv:1905.13669, CMS, EPJC77 (2017) 252

stronger suppression at RHIC in central suppression increases towards central
events, in spite of the larger LHC energy events, being of similar size at RHIC and

densities LHC energies
Roberta Arnaldi SQM 2019 June 13% 2019 m
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(S = 5.02 TeV, 0.42 nb”!
$ cMS D%D°, 0-10%, Phys. Lett. B 782 (2018) 474
8 Charged particles, 0-5%, 2.76 TeV
& Non-prompt J/y, 0-10%
- Prompt J/yy, 0-10%

- weak regeneration expected,
parton energy-loss at play?

20 30 40 | 100
P, [GeV]

ATLAS, EPJC78(2018) 762

Roberta Arnaldi SQM 2019 June 13t 2019
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Bottomonium: the Y family

PbPb 368/464 b, pp 28.0 pb”' (5.02 TeV)
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| Edros) ® 1(25) T ]
0.8 T(25) []r@3s)68%CL | ]
P - T(38)95% CL | ]
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0.2 +
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CMS, PLB790(2019)270

o Raa of Y(IS) > Y(2S) Y(3S): described by
models with suppression and regeneration

Noar

Fasanella, Tuesday 17:30

Rapp, PRC96(2017)5,054901

ALICE Preliminary Pb-Pb s, =5.02 TeV

25<y<4
B Inclusive Jiw
® Y(15)
B Y(1S), TAMU model, PRC 96 (2017) 054901
-=== 1(18), KSU model, arXiv:1809.06235

5-60%
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But: flow compatible with zero?

|
8
P, (GeV/c)

Future measurements will add precision!

20 November 2019
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Thermal Production



Thermal Production

* One of the most characteristic features of heavy ion
collisions is the huge multiplicities achieved in such
collisions. The standard interpretation is that

* |[n a heavy ion collision very large energy densities are
achieved in the early stages of the collision. These lead to
copious production of (mainly) gluons, and quarks, which
quickly thermalize, giving rise to a rapidly expanding and
cooling system of deconfined quarks and gluons. These
eventually freeze into hadrons, which may still interact
further, but without greatly changing the flavour yields set
during the early stages. The final yields should reflect the
expectations for a Boltzmann distribution at the temperature
at which freeze-out into hadrons occurred.



Thermal Production

e Of course, checking thermal production is complicated.

* The role of resonances is crucial, as these distort the yields of
quarks in the final distributions, typically increasing the
numbers of u and d quarks

e (For example K™(890)(sd) — K*(su)~ (ud) increases the number
of light quarks whilst not changing the number of strange
quarks.)

* This is now taken into account for all known resonances with
masses below ~ 2 GeV.

* Remember T ..,. ..t ~ 160 MeV, so resonances above this
cutoff have little effect: they are not produced thermally.



dN/dy

(mod.-data)/o . (mod.-data)/mod.

Thermal model fits to LHC data (5.02 TeV)

o+ K'4K R E+zt Q4+
2 ¢ X 2 2 d
10° ot : : ALICE Preliminary
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1071 €= Not in fit ! : e el
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107 E == GSI-Heidelberg 153+2 7260+ 410 41.9/10
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Francesca Bellini (CERN) - SQM Bari, 12th June 201
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20 November 2019

Bellini- Wednesday

Preliminary data in 0-10% Pb-Pb at
5.02 TeV can be fitted with a
slightly lower temperature and
higher x?/ndf ~ 4-6

T, = 153 MeV at 5.02 TeV

Tensions seen at 2.76 TeV are
confirmed.



dN/dy

(mod.-data)/s . (mod.-data)/mod.

Thermal model fits to LHC data (5.02 TeV)

10°
10°
10

107"
1072
1072
10

o

|
o

Francescs

AOMNME U © O

3 3
p+p TeE QO JHeH o
p) i 2 2 d 2 He

- 92 Not in fit

. ALICE Preliminary 1 Preliminary data in 0-10% Pb-Pb at
PoTR M =002 TEN 0T 4 5.02 TeV can be fitted with a

Mode
— THERMUS 4

=+ SHARE 3

v (fm”) ‘ ¥NDF| i : : :
7832 +484 58710 |
7260410 41.910| | e Ten = 153 MeV at 5.02 TeV ‘

5211+ 703 49.710| : i ol

e ==+ GSl-Heidelberg

- gy @ea--00a

e ------------- +¢¢°— Tensions seen at 2.76 TeV are

ul g il'-':h'l'rl!lu =

tpsnmanmarsEd hnsnnapmnuny

EREEEE < P - - T,
EAE AL A - S

ol .'I‘I'I‘El‘l

"""""""" e bt bt i | conifimed.

Bellini- Wednesday

20 November 2019

e 2019 s

42



dN/dy

(mod.-data)/s . (mod.-data)/mod.

Thermal model fits to LHC data (5.02 TeV)

- * — . 3 3
T+ K*+K Kg K*+R* ¢ p_;ﬁ A :,-5;, Q.'én" d ,\Hz :ﬂ 3He

10° e  AucEPreimnay © {  Preliminary data in 0-10% Pb-Pb at
100 F T el PP ew=s02Te010% 4 5 02 TeV can be fitted with a
s .— E E 5 ol E E | -

100 | @ Notinti s i

10°2 !_ Model T (iVleV} v (fm’) ‘ XNDF | i : i
5 - — THERMUS 4 152 +2 7832 + 484 58.7/10
107 F  |-- GSl-Heidelberg 153+2 7260410  41.910| = Tch =~ 153 MeV at 5.02 TeV ‘

10% F =+ SHARE 3 153 +3 5211+ 703 49.7110 ol

o
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O

B ------------- ¢¢¢°— Tensions seen at 2.76 TeV are
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..problems and tensions...

e Protons

* Role of the ¢
e =/ ratio

e Deuterons

Small systems

e systematics

20 November 2019
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Towards understanding the thermal proton anomaly

The role of resonant and non-resonant 7t and it interactions

0.03 I T T T I 2

T T r— -
5 i | Pb-Poys; =276 TeV | T A
1.8 H ¥ = 1 3 E T £ I : £ T 1 t : i3 7 1 =
Normalised proton yield vs T g "°F paa Ao 010% SEEEEEEE ;
0.025F ¢ o “Ee B % 3 fghwlgs £ ER OB OE B W R : o
HRG = - - 5 iR LI RRIRGE IR ]
S-matrix:piN ‘ 8 gk b G i il Z i ++ I =
S ’ = et T oo 3
Sk +eff.pipiN —* 3 e $ - l,H: *é [l : g e |1
' EBEXE AR ERERF ki ]
" waRIEEE 13 BRIRE P =
L3 I EEE ' EEIEER IR AN
A D.015f AELTERE IV EEIEERBESIEENE E
& 8F FitiT-1566MeV, 4 = 07MeV, V=t1750m® | | |
2B P bl 11 ik . ’
0.01 B E: &8 & 5 ¢ 3
2 Eew S BR
Bogbi il i 25T gt g
o Pl 1 1 W ¥ f i § fF 1 1 1 1 @
0.005 © t i3 tug ipe ok 2o
thermal a -F B i :
proton _oE ; .
0.1 0.11 0.12 0.13 0.14 0.15  0.16 0.17 B ayrrre s e
T KKKoépPAAEZEZT QO

T (GeV)
A. Andronic et al., PLB 792 (20139) 304-309

The inclusion of the resonant and non-resonant TTN and TN interactions via the S-matrix
formalism has the net effect of reducing by 17% (1%) the proton (pion) yield with respect the
HRG case. More specifically, TN reduces the proton, N tends to increase it.

— Improved agreement between p ALICE data and thermal model after this correction.

Francesca Bellini (CERN) - SQM Bari, 12th June 2019 13
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The pivotal role of $ meson

R (fm) R (fm)
£, gl ALICE Preliminary 1 Z 8 4 seruoe ¢ 9§ oo
1 - s ||
I __ I ALICE I+ — THERMUS v3.0
I e H * H ] “_g- — ®ppVs=7TeV,|y|<05 1 T = 146-166 MeV
06_— | i ; T | =15 = O p-Pb {5y, =502TeV,0<y _ <05 ¢ R=R o
) % Il ‘ | ® Pb-Pb|5y=276TeV,[y|<05 ][ ¢
| 1| = 2o : i k=135+028 ]
- % | | — vl W
0.4 — stat. I i ® ol |
i . |:|sys. - I8 i
[Juncorr. sys. 1 I 1 W
' pp [s=13 TeV | 0.5f - ]
0.2F - -
i o p-Pb (s, = 5.02 TeV |/ 1 | | (CI) ]
- 8 £ v vnl IR ETET sl (R AT] L1 1 iaill L1 1111l
- wPbPbysy=502TeV. 10 10 10° 10 102 10°
% 10 102 10° dN,/dy dN,/dy
<chh/d n>|??| <05 ALICE, PRC 99, 024906 (2019)

From the measured multiplicity-dependence of ¢/11, the behavior of § meson is between that
of a S=1 and a S=2 particle.

¢ is the exception that does not fit in the canonical suppression picture that describe all other
measured LF and strange hadrons from small to large systems.

Francesca Bellini (CERN) - SQM Bari, 12th June 2019 18

20 November 2019 48



‘Fragile” objects: production and survival

_ _ _ g 10—2;3H£; CW] ALCE,pp (5=7TeV
(Anti-)nuclei puzzle: 8 .ok [[® ] ALICE, Pb-Pb {5y, = 2.76 TeV
how can loosely-bound states (Bg ~ 1 MeV) produced at ~ « _.F f:;;_”:;ij‘::zf?:;;}:Tig‘_’;gm
chemical freeze-out survive the hadronic phase ol 3
(156 MeV < T < 100 MeV)? ok :

10‘7; """" —;
Production via coalescence of nucleons at kinetic w{r p/A=073 Gevic ?
freeze-out? Other explanations? e
— More in D. Ollinychenko’s talk 2 i) 3H  pyA=1Gevc 9
7 E A — Coal., !(__‘H} =6.8 fm E
G 10°F ---- Coal, r(H)=14.1fm
— Experimentally to be addressed with multiplicity- wr s 1
dependent measurements of different nucleus species 10°k ]
107
10'“?
10‘95—. i
FB, A. Kalweit, PRC 99
o e S ey =
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Small Systems



The ridge

resembles the ridge-like correlation seen in A-A collisions
Interpreted as consequence of hydrodynamic flow

N=>110, 1 .OGeV!c<pT<3.0GeV!c

Au+Au central
3<p,"9<4 GeV/c Au-Au

R(An,A9)

CMS, JHEP 09 (2010) 091 STAR, PRC 80 (2010) 064912

Roberto Preahenella




Strangeness Enhancement in Small Systems

o Charged particle multiplicity is
biggest driver of strangeness
enhancement

o Results consistent for different
colliding energies and collision
systems measured by ALICE (pp, p-Pb,
Pb-Pb, Xe-Xe)

o Strangeness production increases
until saturation levels are reached

Ratio of yields to (nt*+r")
o
L

—
o
o

1073

i

o #. .QMW

'

[p ROOOONG § Oy 3 g g i
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ALICE

O pp,\s=7TeV

O p-Pb, | s = 5.02 TeV
1

ALICE

# 0 PP (x6)

@.m&m@ § o W@ a2k
R
B0 B0 g2
D GV e -

i ﬁ f f il LH] Q+Q (x12

Preliminary

® pp, \s=13TeV

O Pb-Pb, |\ 5y, =5.02TeV 7
B Xe-Xe, | Sy, =544 TeV

IIIIlII|
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| I N O I |

102

11/06/2019 ALICE | Strangeness in Quark Matter 2019, Bari, Italy | Emily Willsher

20 November 2019 | Emily Willsher
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v2 of identified particles In pp

CMS pp Vs = 13 TeV
I [ I |

- An| > 2

L + hi __
i ; PP ]
- om Kq _
- e A/A + * §
0.10— —
~ i + ]
g o -
S +
i [ ‘I
0.05( + 0 + + —
- ]
I *1'- - | | ]
2 + (105 < NJ'™ < 150) - (10 < NS < 20) -
0.00 | | | | | | | | B
0 2 4

P (GeV/c)

mass ordering observed at low pr
also In pp collisions
|[Roberto Preghenella CMS, PLB 765 (2017) 193
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A Brief Dynamical History of Time

SO e ® 0O
Hadron Rescattering % 'O _ o
Thermal Freezeout &
Hadron decays

>7 fm/c



Unlike Particle Correlations



Reminder- Identical Particle Correlations

 When two identical bosons (e.g. n*nt*) are emitted incoherently with very
similar momenta, there is a quantum-mechanical correlation between the
particles, leading to an enhancement relative to expectations for uncorrelated
particles (e.g. those from different events)

e This is known as the Hanbury-Brown Twiss effect, because the same physics
applies for Ehoton—photon correlations. Hanbury-Brown and Twiss used this at
Jodrell Bank to estimate the size of stellar objects. In particle physics it is also
known as the Goldhaber effect, as Goldhaber et al. applied it independently in
a plagréilclle physics context in a scattering experiment at Berkeley, in both cases
in :

 The use of the technique was extensively studied at RHIC in the period 2003-
2008. Results were used at LHC as a tool to determine the size of particle-
emitting volumes. Nowadays referred to as “femtoscopy”.

e If instead we use two identical fermions, we see similar effects, except that
now the result is destructive rather than constructive. The ratio of same event
correlation to random correlation gives a depletion rather than an
enhancement.



The Correlation Function T|.|T|

25

ALICE

Source function S(7)
Measure the
correlation function C (k")
W(k,7)
two particle wave function
Experimental definition Theoretical definition
>1 : Attractive
Neame(k®) 2 . ko -
ame - T Interaction
Ck) =N == | S@|w(k"7)| a3F— 1
NMixed (k ) <1: Repulsive
Interaction

Relative distance / reduced momentum in
the rest frame of the pair

— 20IN i 57
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The Correlation Function T|.|T|

25

ALICE

Source function S(7)
Measure the
correlation function C (k")
W(k,7)
two particle wave function
By this technique, we learn
e The sign of the potential between two particles
Experimental definition The * _lts magnitude.
>1 : Attractive
Neame(k*) 2 . k*s0 -
ame - LT Interaction
Ck) =N == | S@|w(k"7)| a3F— 1
NMixed (k ) <1: Repulsive
Interaction

Relative distance / reduced momentum in
the rest frame of the pair

— 20IN i 58
i I Ewrpgkﬁettl | Strangeness in Quark Matter, Bari 2019




G l\.\-:
ALICE
D. Mihaylov (ALICE) WPCFI9 slides

Experimental definition Theoretical definition

NSame(k *) —
NMixed (k*)

k*—=oo

Ck) =N fS(F)|qJ(E*,F)|2d3F—> 1

Relative distance / reduced momentum in
the rest frame of the pair

Assumption of a ‘common’ source for the
PA, PZ, AA, pK+, pK-, pX and p(2 Correlation Function

The pp correlation is used to constrain the source, since both Coulomb and
Strong interactions are very well known

The K+p correlation is used to cross-check the pp benchmark independently
since also for this channel the Coulomb and Strong interactions are known

iZO November 2019 | Strangeness in Quark Matter, Bar 2019‘

The Correlation Function T|.|T|
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Ed

p=" Correlations for p-Pb 5 TeV and pp 13TeV HM TUT

B. Hohlweger (ALICE) WPCFI9 slides

ALICE Collaboration, arXiv:1904.12198 [nucl-ex]

— 26 — - - T T r : - r T - - . E 2.6 AL T T T T T L T T L
X £ b) ALCEp-Pb s =502 TeV i = F ALICE Preliminary E
) 3 s _LTN E T 2 pp Vs =13 TeV ]
22F m p-E ®p-= & 2 ol High Mult. (0-0.072% INEL) =
d E_ - Coulomb + HAL-QCD _E ok m p-= @ ﬁ_‘f _E
- 2 Coulomb q 18F - Coulomb + HAL-QCD 3
ww p-Z sideband background - $ ~ Coulomb + ESC 16 :
L B 1.6 W Coulomb E
141 * 3 = 14F \ Y  p-Z sideband background
12F . —’ 1.2 ~
E . $ ¢ $ . .. - E C — oo o .
1 e S 1 i sl sa i i
: 1 i L 1 I L i 1 i t L |: : I Il L 1 J 1 1 1 1 I 1 L 1 1 I-
*% 100 200 300 0'80 100 200 300
k* (MeV/c) ~ k* (MeV/c)
g = 1-4fm TEFF =0.93fm
Coulomb-only excluded at 4-50 level Coulomb only: >5.7 0
HAL-QCD Correlation is compatible HAL-QCD Potential: (1.3-2.5) o
with the data ESC 16 Potential: > 18 o

Visit the Poster by O. Vazquez Doce Tonight

Femtoscopic studies on proton-= and proton-Q correlations in p-Pb and pp collisions with ALICE

20 November 2019 ; : 60
Strangeness in Quark Matter, Barn 2019 33




o§)™ Correlations for pp 13TeV HM TUTI

O.Vazquez Doce (ALICE) WPCFI 9 slides

ALICE

TEFF = 0.85 fm

i T B N e e —
S F §§ ALICE Preliminary : |
6 gé\ pp Vs =13 TeV g -100
1B High-Mult. (0-0.072% INEL) . |
SEl 4 o po o p T EE
A W Coulomb + Sekihara (°S,) 4 = — Sekihara
- 1 Coulomb + HAL-QCD (°S,) . 5 —HAL t=12
3 . I Coulomb 4 <& 5 ]
E g, pﬂ'@ﬁﬁ* sideband background E ' S 2
2 E— \'-.\-‘“_.“ G ““*\\A\‘\‘.‘\\\ﬂ“\“‘“ _E -500 L
1 :— won e o ma o e SR :\w&‘é‘%\‘m—&m.-@ g --*‘E |
- TR (N B T Y R T ST
0 100 200
k* (MeV/c) r [fm]
Evidence of an attractive strong interaction
Strongly bound states?
Visit the Poster by O. Vazquez Doce Tonight
Femtoscopic studies on proton-= and proton-Q) correlations in p-Pb and pp collisions with ALICE
& 20 November 2019 : : 61
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At ...summarizing...

K¥p. K~ p.lpp; p/ DENPESNE0

If these two body reactions were so-far poorly determined how precise can all the
equations of state of dense neutron matter + strange hadrons be?

If the LHC provides a unique and precise testing of the strong interaction at
distances lower than 1 fm we mimic two-body interactions within dense
matter.

RUN3 and RUN4 will provide the possibility of carrying out more differential
studies and also investigate three-body interactions.

—— 20 November 2019

Strangeness in Quark Matter, Ban 2019
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=N scattering and = in dense matter .. Haidenbauer and
U.G. Meil3ner EPJA 55 (2019) 23

Using experimental constraints on A A

scattering length to be mildly attractive,
whereas =N cross sections are small = in dense matter X
122 . I | 15 T T T T
: B ;EFT NLO i
B e 1O xEFT LO .
= S|~
P =55 o i o z |
P (MEV/E) = O
_1 :;11 -
1 s
o ] i
= 1
5 il -10+-
|
j - -
: = 136 0.8 1.0 1.2 1.a 1.6
G, Z00 G000 800 Ke (1/fm)

Moderately attractive =-nuclear interaction,
with U=(0) ~ -3 to -5 MeV.

Smaller than U=(ng) ~-14 MeV Khaustov et al'00
and in line with other BHF studies with
phenomenological =N potentials
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EEEEEEEEEEEEE Watts et al. ‘16

8

Hyperons and Neutron Stars |, & =

A NEUTRON STAR: SURFACE and INTERIOR
e = arn

Ladta Totos {o1°

ot

‘nstar.htmi

Termparalura M)
e -
- - =]

e
s
a3

0,001
o

1
Baaryan Charmical Potantial (Gel)

« produced in core collapse
supernova explosions, usually

observed as pulsars

« usually refer to compact objects
with M=1-2 Mg and R=10-12 Km

» extreme densities upto 5-10 pg
(np=0.16 fm=3=> p,=3+10"* g/cm?3)

* magneticfield:B~108-10G
« temperature: T~ 1061 K

* observations: masses, radius (?),
gravitational waves, cooling...
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What about Hyperons?

First proposed in 1960 by
Ambartsumyan & Saakyan

credit: Vidana

Hyperon Quarks 1C7) Mass (MeV)
A L= oq/2% s
=+ uus 10/2) 189
¥o uds 1/20 1195
ok dds 1a/2%) o7
=0 uss 1/2(/25 %15
=- dss [ 1/2(1/29) 1321
Q- sss o3/ 2 1672

Traditionally neutron stars were modeled by a uniform fluid of

neutron rich matter in B-equilibrium

n—p e UV

€

pe —NnY,

but more exotic degrees of freedom are expected, such as

hyperons, due to:

* high value of density at the center and

* the rapid increase of the nucleon chemical potential with density

Hyperons might be present at n~(2-3)ny !!!

| Lagracrorss fors
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Inclusion of hyperons....

(a) (b)
450||1|l]||||l — T T T

400

[
n

— mucleons and leptons
— — mucleons, hyperons and leptons

z smaller M &
PSR J0348 + 0432 max

- 2
- 7 !
! - é
E 300 softenlng of B =
% 250 the EoSin = 13 [
= - the presence 7 s
a, 200 y — >
g L of hyperons A 1.0 2
;é- 150 N ] =
b
100 — 7 05 5
= = =1
50 — :
i T . [ ! 1 . o &

0 200 400 600 800 1000 1200 O 0.5 1 1.5

energy density £(MeV fm ) central baryon number density p (fm™)

..... Induces a strong softening of the E0S
that leads to M4 < 2Mg,, ok

(w\}
Chatterjee and Vidana, Eur.Phys.J.A52 (2016) 29 '
Vidana, Proc. Roy. Soc. Lond. A474 (2018) 0145 The Hype ron PUZZIe
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The Future



Future Projects

e Not counting the Run 3 and Run 4 LHC plans...
e Four different projects were presented

* Low Energy (search for onset of QGP)
e J-PARC (Japan)
e CBM at FAIR, GSI. (Germany)
e NICA, Dubna, (Russia)

e High Energy

 Next Generation Heavy lon Experiment (CERN)



New Heavy lon Projects
 [CollsionRate |Energy _ [lons |TargetDate

J-PARC Vs =2-5GeV U238 2024
CBM at FAIR 107 10 A.GeV Au 2025
NICA 104 Vs =4-12GeV  Au 2022
CERN 1-2.5x106 Vs\=5.02GeV  Pb CERN Run 5

All projects (except CERN) are currently under construction.
CERN “new generation” detector first presented at ECFA meeting in Granada, May 2019

20 November 2019 69



Experiments in the high net-baryon density

CBM Collaboration, EPJ. A53 (2017) no.3, 60

E 10?% EEMsIB100
L 48k
< 10°c
oC -
5
5 10°€ BM@N Il ¢
5 -  HADES &—
@ 10° ;'}'ﬁ”“
@ - 5 ' N
c 103 STAR FXF » < ISTAR BES it
s !
10
B
1 o 10 - _
Collision Energy (|/sy,) [GeV]
CBM will operate at high reaction rates:
10° - 107 Au+Au reactions/sec
20 November 2019 70
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©
MPD Collaboration: spokesperson— A. Kiesel WUT, Poland (NIC@
o

10 Countries, 32 Institutes, 465 participants IHEP, Beijing, China;

University of South China, China;
Palacky University, Olomouc, Czech Republic;
e NPI CAS, Rez, Czech Republic;

B —TC FHCal
SC Coil —_

Yoke —— = _—ECT Thilisi State University, Tbilisi, Georgia;
Tubingen University, Tubingen, Germany;
BBC — (A= o Tel Aviv University, Tel Aviv, Israel;

Joint Institute for Nuclear Research;

IPT, Almaty, Kazakhstan;

UNAM, Mexico City, Mexico;

. N Institute of Applied Physics, Chisinev, Moldova,;
. Cryostat WUT, Warsaw, Poland;
3 NCN, Otwock — Swierk, Poland;

R UW, Wroclaw, Poland;

Jan Kochanowski University, Kielce, Poland,;
Baku State University, NNRC, Azerbaijan; INR RAS, Moscow, Russia:
UniverSity of PlOVdiV, BUIgaria; MEPhL Moscow, Russia;
University Técnica Federico Santa Maria, Valparaiso, Chili; PNPI, Gatchina, Russia:
TSinghua UniverSity, Beljlng, Ch|na, INP MSU, Moscow, Russia;
USTC, Hefei, China; KI NRS, Moscow, Russia;
Huizhou University, Huizhou, China; SPSU - Dept. of NP, Russia;
Institute of Nuclear and Applied Physics, CAS, Shanghai, China; St. Petersburg, Russia;
Central China Normal University, China; SPSU — Dept. of HEP, St. Petersburg, Russia;

Shandong University, Shandong, China;  North Ossetia State University, Vladikavkaz, Russia;
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STS RICH TRD
(inside
dipole

magnet)

MVD
(inside
dipole magnet)

20 November 2019

llya Selyuzhenkov CBM @ FAIR, SGM2019 15/06/2019

CBM detector subsystems

Dipole Magnet
bends charged particle's trajectories

l l STS (Silicon Tracking System)

TOF ECAL PSD

charged particle tracking

MVD (Micro-Vertex Detector)
secondary vertex reconstruction

RICH (Ring Imaging Cherenkov)

TRD (Transition Radiation Detector)
electron identification

TOF (Time of Flight detector)
hadron identification

MUCH (MUon CHambers)
muon tracking & identification

ECAL (Electromagnetic Calorimeter)
electron/photon identification

T PSD (Projectile Spectator Detector)
collision centrality and
reaction plane determination

FLES (First-level Event Selector)
online reconstruction / event selection

17




Concept of an all silicon detector

Tracker: ~10 tracking barrel layers (blue, yellow, green) based on CMOS sensors Inl < 1.4
plus 2 endcaps with ~ 10 disks 1.4 <Inl<4

Hadron ID: TOF with 3 outer silicon layers (red)

Electron ID: < 500 MeV via TOF, > 500 MeV pre-shower pixel detector (blue)

Shower Pixgl| Detector (SPD)

— Preliminary studies

(TOF)
Magnetic field
B=05to1T

Spatial resolution
i Inner most 3 layers: 10x10 um?2
"I_conversion ayr  0.05 % Xp,0<3 um

"‘ Outer layers: 30x30 um2

0.5% Xg, 6~5um

Time measurement
3 layers with o; ~ 20 ps

73
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Summary

e Heavy ion physics now following several different
strands

e Properties of deconfined quark matter (high energy)
* Properties of small systems (pp, pA) at high multiplicity

e Search for Critical Point and properties of matter in this
region (low energy)

e Several new detectors will address low energy region at
very high intensities in the 2020s

 CERN programme now being considered into 2030s
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