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This Is SQM, Strangeness In Quark Matter

So let's start with the famous strangeness
enhancement

SQM, Strasbourg, 07/06/2024
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The famous strangeness enhancement

The original idea Is simple

= Strangeness enhancement

= Stronger enhancement for larger s content

Observed at SPS, RHIC, LHC energies

@ J. Castillo Castellanos

Strangeness enhancement phenomenon

Strangeness originally proposed as a signature of QGP

Strangeness enhancement with particle multiplicity is
independent of collision system and energy
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The (in)famous strangeness enhancement

The original idea Is simple

= Strangeness enhancement

= Stronger enhancement for larger s content

Observed at SPS, RHIC, LHC energies

But the interpretation still challenging

= Strange-to-non strange particle ratio increase with

multiplicity

= Independently from collision system and energy

@ J. Castillo Castellanos

Strangeness enhancement phenomenon

Strangeness originally proposed as a signature of QGP
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The (in) famous strangeness enhancement

The original Idea Is simple Strangeness enhancement phenomenon
. . &
= Strangeness enhancement Strangeness originally proposed as a signature of QGP £ |
O
= Stronger enhancement for larger s content QGP — deconfinement — lower effective s quark mass 8
)
>
: = G
Observed at SPS, RHIC, LHC energies . thermalss o ii)strange hadrons s
production =
But the interpretation still challenging
= Strange-to-non strange particle ratio increase with Hyperon production dependence on system size
multiplicity
= Independently from collision system and energy 107 STAR Preliminary
- A+A
[ e nTHRRR A (e #le 2" Apn e
| &V @ Hyperon-to-pion ratios follow the
2102 same trend as a function of dN_,/dn
I - _+ for different collision systems
. A @UAD A E+E /
s | %ﬂ:@wwa * A He
g ; %Y @ Similar Hyperon production mechanism
103 STAR (200 GeV) ALICE for systems with same multiplicity despite
- @ Zr+Zr&Ru+Ru(Thisstudy) A Pb+Pb2.76TeV differences in collision energy or system
- 0 Au+Au &5 p+Pb5.02TeV
[V p+p 3% prp7TeV
Ll oo vl Lo vl L
1 10 100 1000 STAR: e
Chargec-partcte Mltplcity o, /on ussomoon e Gy
PRC 79, 034909 (2009) PLB 758, 389-401 (2016)

Nature Phys 13, 535-539 (2017)
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The (in) famous strangeness enhancement

The original idea is simple Strangeness enhancement phenomenon

= Strangeness enhancement Strangeness originally proposed as a signature of QGP ém

= Stronger enhancement for larger s content QGP — deconfinement — lower effective s quark mass %
Observed at SPS, RHIC, LHC energies : Eﬁgm‘ij —— more (multi)strange hadrons ; /
But the interpretation still challenging

= Strange-to-non strange particle ratio increase with Hyperon production dependence on system size

multiplicity
= Independently from collision system and energy 107" STAR Preliminary
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B ) %}**W%WA [® E.DAD AAN  THT
| &V @ Hyperon-to-pion ratios follow the
2102 same trend as a function of dN.,/dn
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] V p+p X p+p7TeV
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: ATE. PRL 98, 062301 (2007 PLB 728, 216-227 (2014)
Charged-particle Multiplicity dN , fan PRC 75, 064901 E2007§ PLB 728, 25-38 (2014)
PRC 79, 034909 (2009) PLB 758, 389-401 (2016)

Nature Phys 13, 535-539 (2017)
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Origin of strangeness enhancement in small systems

Angular correlations in and out of jets h — ¢ /h — h yield ratios vs multiplicity £
in p—Pb collisions

= The relative production of strange hadrons is larger in

. . . 1.5 < prg¢ <2.5GeV/c 2.5 < prgp < 4.0GeV/c NEW!
the underlying event than in hard scattering processes 0 e DA
==k ] - 80T T T T arXivi2405.14491
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04/06/2024 Chiara De Martin - SQM 2024 10/18
T — —

SQM, Strasbourg, 07/06/2024 9

@ J. Castillo Castellanos




Origin of strangeness enhancement in small systems

Angular correlations in and out of jets h — ¢ /h — h yield ratios vs multiplicity

in p—Pb collisions

= The relative production of strange hadrons is larger in
the underlying event than in hard scattering processes

Results: SgTzl integrated particle ratios

" ' - | < 0.8
AS O fu nCtlon Of SpherOCIty * Significant suppression of yields in Jet-like 1 1__\{§ =13 TeV, Niagess (1), Ml < 0.8, Nch = 10|
: : : : events o r v
= Large Spherocity selects isotropic events driven by . Proton is largely unmodified = 5 ;?...
. . e A i ly 20% effect for = — -
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. 0 ¢S5 '=p 1 T | ° .
= Strangeness enhancement: seemingly property of UE/ - N
n B [
| - ALICE
soft physics 2 1= g apnz S 090 |
p y SgT=1 — TTT mﬁi'n (zlklgT,l X nl) _g- | + "Np/ NTC
tracks o ) 8: ‘ +N,/ N,
o “° ¢
e 2 | 4Nz / Ny
oC [
0.7
» Reminder: Multiplicity fluctuates at roughly 15%! i | | | |
0 02 04 06 08 ]
» Strangeness enhancement: seemingly property pfol;ﬁglffitnp_lxsics S OT %
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Origin of strangeness enhancement in small systems

Angular correlations in and out of jets h — ¢ /h — h yield ratios vs multiplicity £
in p—Pb collisions

= The relative production of strange hadrons is larger in

the underlying event than in hard scattering processes pr=1
Results: SOT integrated particle ratios

1 1E\{§ =13 Tev’ N{tl:lla:Kloeth (I)s |T]| < 085 NCh >10 ‘
l

As a function of Spherocity

* Significant suppression of yields in Jet-like

leading jet track

= Large Spherocity selects isotropic events driven b : : t o
g€ op Y P Y Studying strangeness enhancement with N, /N o ¢ =0
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= Most sensitive to Nwp? e the strongest effect is seen in the nypy-sensitive transverse-min whilst not evident : ﬂ ;ﬁ 2
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@ J. Castillo Castellanos SQM, Strasbourg, 07/06/2024 1




Origin of strangeness enhancement in small systems

Angular correlations in and out of jets h — ¢ /h — hyield ratios vs multiplicity e
in p—Pb collisions

= The relative production of strange hadrons is larger in
the underlying event than in hard scattering processes
~ Results:

* Significant suppression of yields in Jet-like

integrated particle ratios

1 1Ii\{§ =13 TeV, N{?flsl:k?etBS (I)s |n| < 085 NCh >10 ‘
|

SpT=1
As a function of Spherocity 0

= Large Spherocity selects isotropic events driven by NEW!

Studying strangeness enhancement with N, /N K?

multiple softer collisions

= Strangeness enhancement: seemingly property of UE/soft ool d M} e gy § Tasmn 4 §Towmes

physics Baryon/strangeness enhancement NEW! %

As a function of Ry, Rt min, RTmax oo . ¥ 4L aucePeimnay -

. . < Yk—part > = z o ) 'P(n) > = pp Vs =5.02TeV, [y| <0.5 (Y, ) C

= Activity (min, max) in the region transverse to the jet n=k k! (n —k)! < Vo) -

e Y n

= Enhancement with increasing Rrmin? o Important to decouple strangeness-related = '* ¢ << v”>>

’ from baryon-related effects ~ i <Yz K‘é) N

= Most sensitive to nyp? - 3 A T

o Increase of 1/ , with multiplicity when looking at 107 N ! E

- S - Y ]

Rather a baryon enhancement multiple production : e

- . . - . _3_— e —

= At least part of the enhancement seen in HM pp is due to d o Possibly in all strange-hadron/m vs multiplicity el -

plots we have a strangeness-related and a : e ]

bOIryOH— related effect contribution to the enhancement 4— T e Pythia 8 Monash -

10 —— Pythia 8 QCD-CR Ropes  —

= Baryon-related effect well-reproduced by Pythia 8 QCD- o Baryon-related effect well-reproduced by -, poBpostHC

Pythia 8 QCD-CR Ropes 0 5 10 15 20 25
CR Ropes <chh/d77>|n|<o.5

@ J. Castillo Castellanos Roman Nepeivoda SQM 2024 - Strasbourg 11




The (in) famous strangeness enhancement

Also when hadronizing with heavy flavors?

B /B ratio with multiplicity

= Strange-to-nonstrange B meson ratio increases with

multiplicity (measured in the same eta region) in p—Pb
« Ratio enhancement observed with VELO

tracks.

* No significant enhancement with backward
tracks. This hints that the mechanism
responsible for the increase in the ratio is
related to the local particle density.

« Results coherent with e*e™ measurements

at low multiplicity.

SQM 2024

O‘Bso/ Oy

0.5

:a)
0.1—+—

T T T | T T
'LHCb
[ 0<p_<20GeV/c

T | T T T | T
pp Vs =13 TeV-
54fb]

. ete—Z'—>BB

{tete—Y(5S)—BB
I Il Il Il I Il Il Il I Il

0

2 4 6

VELO VELO
Ntracks /<Ntracks >NoBias

T T T | T T
"LHCb
| 0<p_<20GeV/c

| b)
0.]t———

T | T T T | T
pp Vs =13 TeV]
54fb"

" ete—>Y(5S)—BB
Il Il Il I Il Il Il I Il

2 4 6

Nback / <Nback >

tracks tracks™ NoBias

Results quoted 1n normalised multiplicity

C. Landesa Gomez for the LHCb Collaboration

7
A

J. Castillo Castellanos

N =
L

SQM, Strasbourg, 07/06/2024
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The (in) famous strangeness enhancement

Also when hadronizing with heavy flavors?

B /B ratio with multiplicity

= Strange-to-nonstrange B meson ratio increases with

multiplicity (measured in the same eta region) in p—Pb
« Ratio enhancement observed with VELO

= Strange-to-nonstrange D meson ratio ... will come to that tracks.

* No significant enhancement with backward
tracks. This hints that the mechanism
responsible for the increase in the ratio is
related to the local particle density.

e Results coherent with eTe™ measurements

at low multiplicity.

SQM 2024

O‘Bso/ Oy

0.5

01—/

T T T | T T T | T T T | T
"LHCb pp s=13TeV]
10 <p_<20GeV/e 54 o)

 ete—Z"—>BB
[ ete— Y(58)—>BB
I L L L I L L L I L

0 2 4 6

VELO VELO
Ntracks /<Ntracks >NoBias

o Bs"/ Oy

0.5

0.4

b

0.2

01—/

03F .

| b)

T T T | T T
"LHCb
| 0<p_<20GeV/c

T | T T T | T
pp Vs =13 TeV]
54fb"

{ pp—>BB+X
e —Z'=BB
" iete— Y(5S)—>BB
I S T NN S R N !

2 4 6

back back
Ntracks/<Ntracks>N0Bias

Results quoted 1n normalised multiplicity

J. Castillo Castellanos

SQM, Strasbourg, 07/06/2024
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This IS also SQM sharm in Quark Matter

So let's now focus on charm (and beauty)
hadronization

@ J. Castillo Castellanos

Sﬁf‘,”j I‘y’} SQM, Strasbourg, 07/06/2024
4
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Charm fragmentation function

Factorisation approach

Open heavy-flavour hadron production cross section calculated by factorisation approach:

doHe do°
dpr (pr; pr, pr) = PDF (21, up)® PDF (22, up) © s (pr; prs pr) © Deu. (2 = pH./Pe, UF)
Parton distribution Hard scattering Fragmentation functions
functions cross section ( hadronisation )
O (pQCD) Assumed universal across

collision systems (ee,..., AA)

S©M 2024, Antonio Palasciano

@ J. Castillo Castellanos

SQM, Strasbourg, 07/06/2024
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Charm fragmentation fonreton fraction

Factorisation approach — I

Open heavy-flavour hadron production cross section calculated by factorisation approach: Chapm fpagmentation fPaCtion __ ‘
d H do€ e » _ = E
d(;T (pr; pr, pr) = PDF (21, ur)® PDF (22, ur) ® ape (pripr, pr) ® Desu. (2 = pH. /Dy IF)
T
Parton distribution Hard Scatierin Fragmentation functions ] . S JHEP 12 (2023) 086
functions gl sectiong ( hadronisation ) In different collisions energy .?\" - "ALICE, pp y| < 0.5 I'-Iadll'oni'c i | ]
(pQCD) Assumed universal across . i | = Vs=13TeV col | i
D) < No energy dependence within the o ° i
~ collision systems (ee, ..., AA) 9y aep = 0.8[] = (s=5.02TeV | i
uncertainties . s e
S©M 2024, Antonio Palasciano i ! Eégcmpe-s’ﬁf mﬁ =105GeV I'epton'c
06 1& “ HERA op. DIS 2 col. -
° , ep, DIS

o o e HERA, ep, photoproducti i
Comparing to e*e- collisions I A i il _-
- | A8 | :

w Significantly increased baryon - \ | ] .

. . - |« 1 Fra ion
production, decreased meson production 02 Fm - N
: | fun is NOT

' Indicate different hadronization oL lﬁ?’m |. @ |E| Ell Ellszfali | [

mechanism in hadronic collisions with D° D Df Ay = E Jy Dt oyl veesal

ALI-PUB-567906

respect to leptonic collisions

SQM, Strasbourg, 07/06/2024 17
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Charm #regrrentation funetion fraction hadronization

Factorisation approach — _

Open heavy-flavour hadron production cross section calculated by factorisation approach: Chapm fpagmentatlon fPaCthn l_?: ‘
doHe do® R R —
d (pr; pr, pr) = PDF (21, up)® PDF (22, up) © UC (pr; prs pr) © Deu. (2 = pH./Pe, UF)
dpr dp
Parton distribution Hard scatteri Fragmentation functions R .. JHEP 12 (2023) 086
functions :rroszcsaecfigr;g ( hadronisation ) h/ In different collisions energy - ALIV(—:E’ op ly| < 0.5 I'-Iadll'oni'c i | )
. (pQCD) : | _ | mVs=13TeV | |
© corsonsematen, ) | | < No enerdy dependence witin e TN el A
SOM 2024 Antonio Palasciano uncertainties I + B factories, e'e”, Vs = 10.5 GeV I.ePtOﬂic
' : _ 1& &+ LEP, %, 5= m, col. -
R e HERA, ep, DIS °
oy . . o g o _o y o HERA, ep, photoproduction i
Probability of charm quark to hadronize into a | Comparing to e*e- collisions 0alg g L
»< Significantly increased baryon i | ]
' A ; ¢ | [Fra ion
g IVéen C h arm h d d fTON production, decreased meson production 0.2 mqu - HE
. : : .. »< Indicate different hadronization i P ly B Tzﬁ?’} oL fun s NOT
= Charm mesons: reduced in hadronic collisions o o ol — —
mechanism in hadronic collisions with D° D' Dy Ay =2 E Jy D gl

compa red to ee respect to leptonic collisions

= Charm baryons: increased in hadronic collisions
compared to ee

= But, no to little change for strange D meson

= No energy or hadronic collision system dependence

SQM, Strasbourg, 07/06/2024 18
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Charm #regrrentation funetion fraction hadronization

Charm baryon-to-meson ratio 7> + /N0 ;
&) Prompt A7 /D" in pp

Sawy,

= Charm baryon enhancement in pp collisions pp 252 nb™! (5.02 TeV)

pp < PYTHIA8+CR2 predictions consistent
@ Data with pp data for p; < 10 GeV/c,

E gfésgrf c(jizcgi201n) 136622 systematically lower for p; range 10-

PLB795 (2019) 117 30 GeV/c.
Global uncertainty: 6.6%

=0
NS
ol /2

= Similar to enhancement in strange sector

1.2
= Reminiscent of Pb—Pb

= Reproduced by PYTHIA8 with color reconnection or by models | 1.0

including some sort of quark recombination

IIIIIIIIIII

¢ Catania model including both
coalescence and fragmentation
consistent with data for py < 10
GeV/c.

>i model using statistical

(A + A)) / (D'+ DY)
o
T
._._

o
N~

o
o))
IIIIIIIII;Illl
@

hadronization approach and
N
0.2 Ne-—e o including excited charmed baryon
T ' . | states beyond the PDG describes the
O O |- | I I | I 1 1 1 | 11 1 | | 1 1 | | 11 1 | | data reasonably
' ) 10 15 20 25 30
pT (GeV/C) Soumik Chandra, SQM 2024 19

SQM, Strasbourg, 07/06/2024 19
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Charm #regrrentation funetion fraction hadronization

Charm baryon-to-meson ratio

= Charm baryon enhancement in pp collisions

Similar to enhancement in strange sector
Reminiscent of Pb—Pb

Reproduced by PYTHIA8 with color reconnection or by models
iIncluding some sort of quark recombination

= Enhancement increases with multiplicity

@ J. Castillo Castellanos

Prompt A¥ /D° in pp

pp 252 nb' (5.02 TeV)

A+/ DV vs. event multnphc:ntg =

Phys Lett B 829 (2022) 137065

TeV
0‘,>3 0
=)

- ALICE

Low @ 0 (dN/dn):

igh

pp \I__13TeV

| < 0.5-
N, multiplicity classes

. —=— 3.1
s\l ——378
00

PYTHIA 8.243 ]
— — Monash -
727} CR-BLC Mode 2

~ 7 1n pp collisions

Multiplicity dependence in baryon-to-meson ratio

< Significant multiplicity dependence(5.30) for pr <12 GeV/c
region going from lowest to highest multiplicity class

/¢ Even in lowest multiplicity class, A7/DV is much higher than

e+e-collisions

Model comparison

< PYTHIA 8 Monash doesn’t reproduce neither magnitude nor
multiplicity dependence

< PYTHIA 8 Mode 2 provides better description than Monash

SQM, Strasbourg, 07/06/2024 20



Charm #regrrentation funetion fraction hadronization

Charm baryon-to-meson ratio

= Charm baryon enhancement in pp collisions

= Similar to enhancement in strange sector
= Reminiscent of Pb—Pb

= Reproduced by PYTHIA8 with color reconnection or by models
including some sort of quark recombination

= Enhancement increases with multiplicity
= Enhancement is also there in p—Pb

= Rapidity dependence of enhancement in p—Pb?

= No significant pr dependence at forward rapidity

@ J. Castillo Castellanos

Prompt A¥ /D° in pp

pp 252 nb' (5.02 TeV)

AT/DY vs. event  multiplicity =

@\Z

— 7 In pp collisions
P A M
Bal : charm had ts (pPb)?  -*
aryons vs. mesons: charm hadron results (pPb)? =
o 47T 71 771 7 71 « Observed a strong pr dependence of the baryon-
~, N S = 5.02 TeV ] to-meson ratios in the charm sector, similar to that
< 1.2 ¢ ALICE, pPb, |y| < 0.5 - observed in the light-flavour sector.
1E *  LHCb,pPb,2<y<45 ] Ratio modified in pPb w.r.t. pp (intermediate pr).
_ *  LHCb, pPb, 4.0 <y<-25 - Possible influence of recombination or radial flow?
0.8 —~ No significant pr dependence observed at large
- . rapidity in pPb.
0.6 ﬂﬁﬁm 1 Possible rapidity dependence?
A @ 0.4 f.l_&#%ﬁ-m_ _:
@ 0.2 ﬁﬁ H . _
Do N - i
0 B | | | | | | | | | | | | | | | | | | | ]
10 20 30 40
Baryon-to-meson ratio (pp, pPb) P, (GeVi/c)
ALICE, pp, pPb, PRC 107 (2023) 064901
CMS, pp, PbPb, JHEP 01 (2024) 128
LHCb, pPb, JHEP 02 (2019) 102
LHCb, PbPb, JHEPQ6 (2023) 132
—_—
L Vi 4 23 Z.Conesa del Valle
SQM, Strasbourg, 07/06/2024 21




Charm #regrrentation funetion fraction hadronization

Charm baryon-to-meson ratio

= Charm baryon enhancement in pp collisions

= Similar to enhancement in strange sector
= Reminiscent of Pb—Pb

= Reproduced by PYTHIA8 with color reconnection or by models
including some sort of quark recombination

= Enhancement increases with multiplicity
= Enhancement is also there in p—Pb

= Rapidity dependence of enhancement in p—Pb?

= No significant pr dependence at forward rapidity

= But no multiplicity dependence seen by CMS in p—Pb

= Due to restricted prrange?

= FEarlier coalescence?

@ J. Castillo Castellanos

Prompt A¥ /D° in pp

pp 252 nb' (5.02 TeV)

AT/D vs. event multiplicity, =
= — 7 1n pp collisions

@\Z

Prompt Af /D" ratio in pPb

SQN\',‘?
CMS Preliminary pPb 97.8 nb' (8.16 TeV) 1 GMS Prefiminary . PPbo78 nb’(8.16 TeV)
B T T I T | T T T T | T T T T | T T T T I T T T T | T ] —' ! I I T T T T T T T T T T T T |
1.21— pPb (5.02 TeV) — [
B ~ 0 oA 0.0 ] i ® pp
B O (A+A)/ 2Kg ® (A +A)/(D+D") ] 0.8 = PbPb 0-10% & 5.02TeV
g T Y gl <1 146<y <054 “L * PbPb 0-00% J 1<
g - . ] O pPb 1< Ny <35
O 08— — T - o pPb 185 < Ny, < 250
2 n — 1 - - 06 ]
£ L E—— i a) -
..6_- 0.6/ —— 7 \o - *
§~ = e ¢ - < 04l %i i
g 4 + - I +
m N
02— — B i _
- 3<p_<5GeV ! 0.2_ + 1 * *
B 1 1 I 1 1 | | I 1 1 1 1 I 1 1 | 1 I 1 | | 1 I 1 | B *
0 50 100 150 200 250 - -
offline 0 (YN T TN TR NN TN SRR SR AN (N SR SO SR T S S S SR S
N 10 20 30 40
% No significant multiplicity dependence p; (GeVic)

» Differs from strange quark trend < At /DY ratio decreases with increasing pr
* Coalescence process saturates early for charm quark with ~ %* Consistent with pp and PbPb results

multiplicity

Soumik Chandra, SQM 2024 23

SQM, Strasbourg, 07/06/2024 22




Charm #regrrentation funetion fraction hadronization

Charm baryon-to-meson ratio

Prompt A¥ /D° in pp

pp 252 nb' (5.02 TeV)

= Charm baryon enhancement in pp collisions

= Similar to enhancement in strange sector

AT/DY vs. event multiplicity, =
m—e——>__7"Iin pp collisions

= Reminiscent of Pb—PDb

= Reproduced by PYTHIA8 with color reconnection or by models e
including some sort of quark recombination

Prompt At /D ratio in pPb

= Enhancement increases with multiplicity

= Enhancement is also there in p—Pb

o o +
c

= Rapidity dependence of enhancement in p—Pb? A;F/DO in hadronic collisions — AR

—

= No significant pT dependence at forward rapidity

PT integrated . o | Ilrhxls.LetTc.BIS?QI .(.2.(.)|23) 1.37.79.?
. . . . (MR - ] ® °_o
= But no multiplicity dependence seen by CMS in p—Pb =~ 2-ALICE y| <05 | Among hadronic collisions
, ] < 1.8 pp,j%;%;e_rvv Estatt- *gHtMC_ 3 | +v NO multiplicity dependence in
| - Vv , VS = 0. e Syslt. atania
Due to restricted pr range: 12_A E?pb, (5. = 5.02 TeV eitr_ sTaMu || printegrated AF /D ratios within
= Earlier coalescence? "k = Pb-Pb, {s, =5.02TeV RJtotal @ PYTHIA8 | 1ho ncertainty
1.2F ¢ Au-Au, /sy, =200 GeV E
= However, pr-integrated ratio does not depend on 8 :‘:F’:m;;;”’”m Pb-Pb -
T . : .. 0.8 I / E
multiplicity or system size in hadronic collisions 060 | i Y B E
- ﬂ e | l . l -
= Different pr redistribution for baryons and mesons rather than a 8';;_ { = E
multiplicity dependence in hadronization process itself? E e

| II| | | | II| | | |
102 10°
(chh/dn>|n|<o.5

@ J. Castillo Castellanos




Beauty fragmentation fuheton fraction hadronization

Beauty baryon-to-meson ratio

= Beauty baryon enhancement in pp collisions

= Similar to enhancement in strange and charm sector

Statistical hadronisation model (SHM) with relativistic quark model
(RQM) gives better description than with PDG data by considering A%
feed-down from excited baryons

= EPOS4HQ reproduces the enhancement at low pr by incorporating
coalescence

= Enhancement increases with multiplicity

= When multiplicity measured in the same eta region

= Suggestive of coalescence induced by interactions with particles
around b quarks (what does that exactly mean?)

= Would like to see beauty baryon-to-meson ratio in p—Pb,
Its multiplicity dependence and its comparison to charm
baryon-to-meson ratio

@ J. Castillo Castellanos

Ay /B ratio versus pr in different multiplicity intervals

back
N tracks

Phys.Rev.Lett. 132 (2024) 081901

FE A g fi=3Tev. s o207 TLHCh  pp fs= 13 TeV. S0y
E E Multiplicity intervals: N:r]i];(?/ (NXiiS)NB; bo<& E E Multiplicity intervals: szzis/ <NE‘121;(S>NB:
OF T $o2 0.6 % $o2
SEaF T troz 0.5 T4+ o2
YIS 405NN B & S0 s
MRS T } T+t 5 R ++i -
03FF LTI+ —: 03F + N ii :
- T +44 1 : - T :
ok + TFH eI H%w——ﬁ—f
0.2 _—+—:e ‘ + -+I-—+'—‘ 0.2 _—+—:e ‘ +—+—-+- b
0.1} 4 M 0.1} 4 ST
- T a) Global uncertainty: L6 : - T b) Global uncertainty: L6
I TR R NN AN T S N A N A I TR R NN AN T S N A N A
0 10 20 30 0 10 20 30
p. 1GeV/c] p.. [GeV/e]

R A9 /BO shows a stronger dependence on normalised N, =9

dominant) than NP2 = (backward tracks only), which indicates that coalescence

may be induced by interactions with particles around b quarks
R A0 /BO enhancement at low pt observed

Pronounced ordering of R A0/ BO with multiplicity at intermediate pt

(forward tracks

RAg/BO at high pr — e"e™

7/17
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Charm with strangeness hadronization

O— <0
pp collisions

mfaggin@cern.ch

Strange charm hadrons vs. multiplicity

Fragmentation fraction of charm to strange D
meson is unmodified from ee to hadronic _

10/16 pr1CE
€ Phys.Lett.B 829 (2022) 137065 € PYTHIA 8 (J. R. Christiansen, P. Z. Skands): JHEP 08 (2015) 003

€ CE-SH (] Y. Chen, M. He): Phys. Lett. B 815 (2021) 136144

T f v +v‘rr+[ v+ +¢+v[rr¢rr %87 v T r v rrr¢o &[T 171

SCALICE + .

) 0.5
B 1T PYTHIA 8.243 Y. Chen and M. He
« o =, [P is=13TeV. <05 + — Monash T CE-SH model -

C O | | I S I O n S O 04 Ny multiplicity classes £ CR-BLC Mode 0 ]
D (dN,/dn): ALICE; PYTHIA; SH model T EEE CR-BLC Mode 2 ] O up
L —— 3.1; 2.9; 3.1 L CR-BLC Mode 3 _

0.3E —— 378; 406;  37.8 T E O down
i ~——————— . ® charm
T D * =0 @ strange
- S C

Strange-to-nonstrange D meson ratio

B NO pT dependence ° DS+/D0 ratio in pp collisions at midrapidity does
== e . S S T not show any significant dependence vs. p.. and
o p_ (GeV/c) p. (GeV/c) event multiplicity
= No multiplicity dependence o | |
. ) . 2 0-45?9;)'_,'\(%'5: TafeTI:ar\r/],lrﬁ/??Io.5 E i 1 —e D_*/D° ratio described by PYTHIA 8 predictions at
u DeSCHbed by DYTH|A8 W|th or W|thOUt CR T O4F N, muttpliciy classes F [ CRBLC Mode 0 E both low and high multiplicity
0.35F (dN,/dn): ALICE; PYTHIA — EE) CR-BLC Mode 2 3
0.3E v ais ais § BN CRBLCMade3 E e D’/ DY ratio not described by canonical-ensemble
x Not describeo by CE-SH 0.25F E E statistical hadronization model (CE-SH) at high

0.2F event multiplicity

0.15F

= Compensation of reduction of meson hadronization of
probability by strangeness enhancement? o

= °/D° ratio significantly underestimated by
PYTHIA 8 predictions

Xic baryon to D meson ratio

= Shows some pT dependence

= Shows some multiplicity dependence

= Not described by PYTHIA8S

SQM, Strasbourg, 07/06/2024 25
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This is turning iInto SQM, small Quark Matter

So let's look for the onset of collectivity In
small systems

@ J. Castillo Castellanos

SQM, Strasbourg, 07/06/2024
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Onset of collectivity in small systems

pp : N, dependence of v, of identified particles

Flow of identified particle in small systems

S
| | | & [25 <N, <50 pli & [15 <Ny, <25 N TeE
= Two particle correlations with large eta gap = [ AUCEPrelminay | ere %o ] & | AII_IC\()_EIPreIiminéry e ¥pp)
v - pp, Vs= T v - pp, [s=13 TeV . .
: L : g 02 Fg)g</\/ih<;g rev =K ¥ ARA) — £ 02 F1)g</\/sch<25 ° =K ¥A(A)
= Baryon—meson grouping and Sp|lttlﬂg typically v [ Low Multiplicity Template: N,<15  +K® 1 V[ LowMultiplicity Template: N,<15  +K® -
interpreted as sign of partonic collectivity . 1 5t
8 [ * 1 % T
= Baryon—meson grouping and splitting breaks for Nen < 25 =0 ; .o, * 1 =77 o
- e B ¥ ¢ y - i ¢ +
= Bothin and p—Pb . enp ¥ ) + . - | e o °
pp and p ot S £ tood
= Models need quark coalescence to reproduce grouping L . L Lt °T L y 1
o P, (GeV/c) [N (GeV/e)
and splitting
= Case in point: W. Zhao et al, PRL 125 (2020) 072301
. N > 25 : Baryon-meson grouping (~10) + splitting (> 56) of v, at intermediate p;. @
= Onset of porton CO”eCtIVIty around Neh ~ 257 « N, < 25 : grouping and splitting (within 16) diminished in pp. @
" Whatis baryon-meson grouping and splitting IF Nt Nea scoling? Where is the onset of collectivity? Will get back to this in a moment...
= But Ncq scaling only approximate even in Pb—Pb at LHC! June 4, 2024 SQM 2024, Strasbourg Debojit Sarkar (NB) 8
@ J. Castillo Castellanos SQM, Strasbourg, 07/06/2024 27




Onset of collectivity in small systems

pp : N, dependence of v, of identified particles

Flow of identified particle in small systems

& [25<N, <30 PP & [15 <Ny <25
= Two particle correlations with large eta gap [ ALCE Prefminary ' er: &om ] = | ALCEPrelminay er #pm) |

0 Boryon—meson grouping and Splittiﬂg typiCCIHy interpreted Collective features at low multiplicity: Need more model input

as Sign Of pOrtOﬂiC CO” eCtiVity eeé ) 003 Non-flow removal by Template fit method
S Y L L L L LA L LI DL
. o 3 - mpp Vs=13TeV ALICE Preliminary -
= Baryon—meson grouping and splitting breaks for Neh < 25 v - 8p-Pb Sy = 5.02 TeV 7
, g i 3DGlauber+MUSIC+UrQMD: pp Vs = 13 TeV
= Both in pp and p—Pb Y 0.002 B AMPT String-Melting: p-Pb {5y = 5.02 TeV  —
. o = "‘~..\\\_____—_________~_-_—___¥ _
= Models need quark coalescence to reproduce grouping S - . -
a - |
op g A B _
and splitting 3 o001 H‘ H. H H N
= Case in point: W. Zhao et al, PRL 125 (2020) 072301 I H . ]
- ® _— _
= Onset of parton collectivity around Ngh ~ 257 =T
: : . : : oO 10 20 30 40 50 60 70 80
= Whatis baryon—meson grouping and splitting if not Ncq scaling? N, (p. > 0.2 GeV/c, | < 0.8)
c T ' ’ .

= But Ncq scaling only approximate even in Pob—Pb at LHC _ _ _ _
e Hydrodynamics (3DGlauber + Music + UrQMD) underestimates the data. AMPT overestimates.

U|trQ—|Qﬂg de|t(] et(] pgrtic|e COrrel(]tiOﬂ e Proper understanding of the initial state is missing.

Unprecedented constraint for hydrodynamic and alternative models. Need more theory/model input.

= Non-flow subtracted
June 4, 2024 SQM 2024, Strasbourg Debojit Sarkar (NBI) 14

= Ultra-long range particle correlation down to low
multiplicity (about MB multiplicity)

= Available models fail to reproduce the data

= Further theoretical studies needed

@ J. Castillo Castellanos Sg,,w I‘y’} SQM, Strasbourg, 07/06/2024 28
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Onset of collectivity in small systems

- o : : : N, d d f v, of identified particl

Flow of identified particle in small systems PP Mon TEPERCERCE 07 1 0 e pATe™®
| | | & [25<N, <30 pp & [15 <Ny <25 N

= Two particle correlations with extra large eta gap T iy ih e @ Faceremy e wen

1o £ Frelimi et #p(O Lo /= Frelimine e #p(P
= Baryon—meson grouping and splitting typically interpreted as sign Collective features at low multiplicity: Need more model input .
of partonic collectivit %
X Y 0@ Non-flow removal by Template fit method

= Baryon—meson grouping and splitting breaks for Ncn < 25
= Both in pp and p—Pb

= Models need quark coalescence to reproduce grouping and New +Pb theO Y COmariSOnS

splittin
P J Nonzero yPb v,
= Case in point: W. Zhao et al, PRL 125 (2020) 072301 R A ma e m o
_ 3DGlauber + MUSIC + UrQMD-— _
= Onset of parton collectivity around Nep ~ 257 : Val2h Vsi2) il comparison to
| | | . AN  3DGlauber + MUSIC +UrQMD
= But Ncq scaling only approximate even in Pb—Pb at LHC ) p+Pb |/s,=5.02 TeV +

Ultra-long delta eta particle correlation Wiy
) YIS
= Non-flow subtracted _ i v, (y *Pb) < v, (pPb)

« Ultro-long range particle correlation down to low multiplicity 021/ L samnaamsll  Correlations performed in forward

(about MB multiplicity) rapidity in yPb suppresses observed
collectivity

= Available models fail to reproduce the dato N
ch

= Further theoretical studies needed

Collectivity in gamma—p collisions 16

= Lower v, compared to p—Pb

= Due to flow decorrelation and strong rapidity boost
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There Is also SQM, suppression In Quark Matter

So let's briefly dive into quarkonium
production

@ J. Castillo Castellanos Sﬁf‘,ﬂj PV'I SQM, Strasbourg, 07/06/2024
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psi(2S) suppression in high-multiplicity pp and p—Pb

Normalized psi(2S)-to-J/psi ratio
= psi(2S) suppression in pp collisions at high multiplicity

= Suppression increases with multiplicity

= No dependence with multiplicity in disconnected eta region

= Bias due to counting of decay muons?

= Stronger dependence at low pr
= Little rapidity dependence (forward)
= Comover model reproduces the measurements

@ J. Castillo Castellanos

(28) -to- J/q) productlon ratio at Vs = 13 TeV

> l4g .
21, 35— ; LHCb pp Vs=13 TeV —f
o 12F 3
2 LIE N\ E
'g 1—' """ H """" ?' &\* -------------------- E --------------- B_
- AN g
Z 09:_ \\\\\\\\ -
0.8 + prompt \\\\\\\\i\\\ 3 3
07 [ —+ non-prompt \ 3
" EE] co-mover model 3
0.6""""--'----l-~-l-
¢ 1 2 PV PV
JHEP05(2024)243 Neoad N traCkS)NB

> Initial-state effects canceled

» Prompt ratio decrease with multiplicity,
highly dependent on forward multiplicity,
consistent with co-mover model

» Non-prompt ratio independent of any
multiplicity variables, consistent with co-
mover model

Normalised oy(25).n/01p.n

Normalised ©,,,5/0y,,

0p(25)n/ T ppn

Zn T ( 25),n/ Zn O Jjp,n

1.4 T R R T S T L > 1.4 ™ 3
13F LHCb pp 5=13TeV = 2 13F . LHCb pp §=13TeV =
12F E e 12F .
L1E % E B LIE H d 3
L E """" g """"" [ freconease E g | - H """"" g —
0.9F : i . S 09F . 3
E 5 5 g s
0.8F 3 0.8F | : —
o7 giprompt _E a7 g;—prompt _E
E T~ non-prompt = - T~ non-prompt =
06k . "5 i 2 = O6E. . " L s i

0 1 2 3 6 0 1 2 %

PV P PV P

N d/<1\[b\ d’'NB N dl(Nf\ d’NB

EcaL HCAL
SPD/PS

RICH2 M1

JINST 3 (2008) S08005 6
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psi(2S) suppression in high-multiplicity pp and p-Pb

Normalized psi(2S)-to-J/psi ratio
= psi(2S) suppression in pp collisions at high multiplicity

= Suppression increases with multiplicity

= No dependence with multiplicity in disconnected eta region

= Bias due to counting of decay muons?

Stronger dependence at low pr

Little rapidity dependence (forward)

Comover model reproduces the measurements

= psi(2S) suppression in p—Pb collisions at high multiplicity
= Suppression increases with multiplicity

= Little rapidity dependence

= Comover model reproduces the measurements

@ J. Castillo Castellanos

W (2 S) -to- J/q) productlon ratio at Vs = 13 TeV

s 14¢

o S LHCb pp {5=13 TeV
7 13 : H pp \s= e —:
= [ 3
o 1.2F -
= N\ 3
E LIE N\ % -

=) - H N . B

Paeet LR 1 3 e e IEE TR LR ~ kR P e S =]
g | - BN\ QZ:{\E\\ E R
®) - R =t
Zz 0.9F Mk 7
0.8+ prompt ENNE
e

PR R T T S T | 1

2 3PV PV
JHEP05(2024)243 N l\g/(N ol l\s>NB

N lAidiAl

CMS Prellmlnary

Normalised oy(25)n/01pmpn =

> l4r
\—13:
5 iaf
L1E

Normalised ©

0.7F
0.6

p
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6.5 < p. < 30 GeV

|

|

[ N U G U —
N WA OO

Normalized Gw<28)/0J/w

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
- — e
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|
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0.8
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« N.7'" dependence similar for all rapidities — combine
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Summary of high-pr results

pr 175 nb (8.16 Tev

6 CMS Prellmmary pPb 175 nb™ (8.16 TeV)
[ | L | L | L | 1T 1T 1]
E_ 6.5 < p. < 30 GeV _E
1.5 = -2.865 < Yo < 1.935 =
14 -
. - + Prompt + Nonprompt .
g 130 E
o 125 =
= - .
8 1E =
[ - .
£ 1 ]
o n .
< 0.9 B
0.8F =
:I 11 1 | | I I | | | 1| | | I I | | 11 1 | 1 1 | | I:

O'70 0.5 1 1.5 2 2.5 3 3.5

NG J<NE >

e 5.90 deviation from flat line for prompt

o Observation of multiplicity dependence of ¢

track MB 57
s

pT 15]
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First measurement of Chic at LHC energies

Chic production in p-Pb collisions

X.-to-J/p double ratio

= Important missing piece to complete the picture Phys. Rev. Lett. 132 (2024
. . o . " H& | LHCE=e o mpy
= Chic-to-J/psi double ratio is above unity > Initial-state effects canceled Lo O3 Tus) A s 1oms
= No final state dissociation? » No dissociation due to final-state effects for 1 Jg?jir ................... o #W ; R
X. observed gal B - | Y@S) 530 mev
o o _ | x»(2P) 300 MeV
Caution > The medium temperature formed in pPb oL I e[ Y ENCARREIRES
0 0.2 04\ 0.6 0.8 1 12 P(2S) 50 MeV
) . . collisions cannot inhibit the formation of %mdmg energy [GeV | &
= The denominator may contain feed down from higher charmonium states with binding energy : N
Mass states, which in turn might be suppressed larger than 180 MeV e e el &7 e ?Tigje"
\*\g ' 2 <pr,yp <20GeV/e
= Since this is a double ratio plotted as a function of the > Y (39) dissociate, with similar size and 1§ ') SO B —
T : bindi ,can due to its heavierand ~ °
binding energy of the numerator, the comparison naing SnEIgY, ah GUE 10 1S MEAVIBHANT 1 05
. . . . . slower, more easily interact with co-mover &
between ratios with different denominators is not R S S s—
meaningful v
9 12
= Thermmometer picture is misleading L — —
@ J. Castillo Castellanos SQM, Strasbourg, 07/06/2024 33




Quarkonium regeneration

J/psi v, at RHIC

= Compatible with zero
= Lower than non-zero J/psi v, at LHC

= Consistent with increase of regeneration contribution
fromn RHIC to LHC energies

J/psi Raa excitation function
= Constant below top RHIC energy

= Strong increase from top RHIC to LHC energies

= Consistent with increase of regeneration contribution
fromn RHIC to LHC energies

@ J. Castillo Castellanos

PHENIX J/Y v, Measurement

S AutAu- I + X Sy = 200 GeV
@ PHENIX Runl4, 10— 60%, 1.2 < |y| < 2.2
| @ STAR, 10-40%, |yl <1 (PRL 111, 052301 (2013))
0.2/~ pp+Pb - JAp + X Sy = 5.02 TeV
" e ALICE, 20— 40%, 2.5 < |y| < 4.4 (JHEP 10 (2020) 141)
0.1— ) @
0 % ----------------------
B "
-0.1—
-0.2— Systematic Uncertainty
_0.3_|||||||||||||||||||||||||||||||||||||||||||||||||
0O 05 1 15 2 25 3 35 4 45 5

pr [GeV/c]

V 6/05/2024

SQM 2024, Luis Bichon Il

N
PH-<ENIX

* PHENIXJ/Y v, at forward rapidity
is consistent with O.

e Forward and mid-rapidity results
at RHIC are consistent, but the

uncertainties are large

e The ALICE nonzero result is
different from our measurement.

PHENIX J/¢ Result 13

STAR Preliminary

This analysis: Au+Au, 14.6, 19.6, 27 GeV
Au+Au, 54.4 GeV

Au+Au, 39, 62.4, 200 GeV

Pb+Pb, 17.3, 2760, 5020 GeV

0-20%
77" —Total (0-20%)

= - Primordial
-- Regenelation

STAR pre/lmlnary

ol

STAR: Phys. Lett. B 771 (2017) 13-20 102
STAR: Phys. Lett. B 797 (2019) 134917
ALICE: Nucl. Phys. A 1005 (2021) 121769

(5 (GeV)

D\ 1Y

o ™ 2024

103 X. Zh , R. R app, Phy Rev. C 82 (2010)
L. Kluberg, Eur. Phys. J. C 43 (2005) 145
NAS50: Phys. L tt. B 477 (2000) 28
ALICE: Phys. Lett. B 734 (2014) 314

[ Strong rise of the J/y
Raa from RHIC to LHC
energies = evidence for
charmonium
regeneration at LHC

1 No significant energy
dependence of /i) Raa
below Vsyn = 200 GeV

at a given Np,

SQM, Strasbourg, 07/06/2024 34



This sounds like SQM, speed of sound in Quark Matter

So let's study some basic thermodynamical
properties of the QGP

@ J. Castillo Castellanos Sﬁf‘,”j PV'I SQM, Strasbourg, 07/06/2024
a
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Speed of sound Iin the QGP

Measure speed of sound from <pr> and Nep Correlate average p- with multiplicity

= Ultra-central collisions

CMS PbPb (0.607 nb™") 5.02 TeV
B L L L B L L B l'~'_
: V, nl<0. 5
. 10250 pT>OGe , Inl<0.5 /—.
2 dP  d(nT) d(n(pr)) | - e Data o,
Cs= 4 ~ dns) _ d(nNa) 1.02- — - Fit to extract ci .f:' 74 -
| - ---. TRAJECTUM :
| o/\|_1 .015 B . ’ //x =
; o " —-- Gardim et al. e
' g i RO -
Q Q O o 1010 ¢2=0.241+0.002 (stat) + 0.016 (syst) - E
| 1.005 |- ey o B
/', ®
F. G. Gardim, G. Giacalone, and J.-Y. Ollitrault, [oooeteo0000e,,. .-~ T 88
doi:10.1016/j.physletb.2020.135749, arXiv:1909.116009. 1 T S TR R 9T ®-0 ¢ 966 ° ]
0.995 —
PR [ T SN TN SR NN SRR SR SR SR NN WU SO SO NN NN TN SN TN TR NN TR TR TR TN AN TR TR SN SN N SN SN SN SN NN SN NN SN T NN S '
0.8 085 09 0.95 1 1.05 1.1 1.15 1.2
N, /N°
ch h
11 °
@ J. Castillo Castellanos SQM, Strasbourg, 07/06/2024 36




Speed of sound Iin the QGP

Measure speed of sound from <pr> and Nen Correlate average p+ with multiplicity

= Ultra-central collisions

Starting to map c.? versus temperature

c2- 4P _dUnT) _ dln(py)) CMS PbPb (0.607 nb™") 5.02 TeV
$ de d(ns) d(InNg) 0.35 1 T — T T T

noninteracting limit f

0.3 - ]

.............

o 0 ©

F. G. Gardim, G. Giacalone, and J.-Y. Ollitrault, O
doi:10.1016/j.physletb.2020.135749, arXiv:1909.116009.

.............

0.2|

= CMS measurement compatible with LQCD calculations

® CMS Ultra-Central Data ]
——— Lattice Quantum Chromodynamics —
TRAJECTUM Hydrodynamic Slmulatlon
Nat Phys 16 (2020) 615

50 '260' 250 300 350
= (p. \°/3) (MeV)

0.15}

0.1—

1 2 eff

SQM, Strasbourg, 07/06/2024 37
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Speed of sound Iin the QGP

Measure speed of sound from <pT> and Nch Correlate average pr with mu|tip|iCity

= Ultra-central collisions

Starting to map c.? versus temperature

2 dP d(nT) d(n(pr))
Cs= e = d(lns) d(InNg,)

0 e CMS PbPb (0.607 nb™) 5.02 TeV

() Speed of sound as function of #-gap

ALICE

_I I I I I I | I I I I | I I I I | I I I I I I I I I I I I I | I | I I
L ALICE Preliminary E- (pT> 0.15 GeV/c) N, (pT—>0 GeV/c)

2
s

O —]
5 0.5— Po-Pb, (s, =5.02TeV @ I LY —
§ B ¢ ® IV % Vi 7 Observable Label Centrality estimation (pr) and (dNg,/dn) N gap
I o4 R L T S
B N S<|n|<o. n| <0. )
F. G. Gardim, G. Giacalone, and J.-Y. Ollitrault, - . _ - <08 <08 5
doi:10.1016/j.physletb.2020.135749, arXiv:1909.11609. 0-3:— * E ErinTPC Y 05<|n<0.8 n|<0.3 0.3
oo Lattice QCD at T = 222 MeV e , 5'2‘5'0%80 . :ZI =08 2
= CMS measurement compatible with LQCD calculations Teo ¥ : | i 03 <[n| <056 m<03 o
- . VIII 0.7<|n|<1 In| <0.3 0.4
.. . ) 0.1— " —] Ne in VO IX -37<n<-17+28<n<5.1 n| <0.8 1.7
= But multiplicity estimator Is key - -
. . 0 6 | | | IO.|5I | | | -II | | | I1-|5I | | | é 1 1 | I2.|5I.I .I | é 1 1
= Eta gap with particles used for <pr> Minimum JAn|
= Ncn versus Er based

Summary plot of extracted cS2 with different centrality estimators and various 7 separations between
particles used for {(pr) and centrality

= Important to carry out systematic studies

Emil Gorm Nielsen [NBI] | SQM2024 9
|
*—
T —
@ J. Castillo Castellanos 0 SQM, Strasbourg, 07/06/2024 38




There I1s search in SQM, search of the CEP in Quark Matter

So let's continue with the search for the
critical point

@ J. Castillo Castellanos Sﬁf‘,ﬂj PV'I SQM, Strasbourg, 07/06/2024
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Search for critical end point

Net-proton cumulants Precision Measurement of Net-proton Cumulant on BES-II
. ! ! ! LI I || ! | ! LI '| ! _I | | | L | | | | | L | | ]
= More precise data from BES |I ol Auru Collsions at RHIC o BES-I: 0% ~  Au+Au Collisions at RHIC 7yt
Net-proton, lyl éovi O BES-I: 0-5% 3 N
. . 0.4 <P, <2.0 GeV/c -1I: 70-80% on-critica Bl UrQMD (5% collisions)
= Net-proton cumulant ratio C4/C, in 0-5% shows a < [ Ay it et KN Rdiorces 5 HAGCE heasonaoer) —
o X STAR 0C 1 o
Minimum around 20 GeV compared to non-CP models % % = -3 . gzl
*(_U‘ % o ()QQ,.-Q-- 0%) """""" O B B = - N e = =
(Hydro, HRG, UrQMD) and 70-80% data = | 'V o T - LN LY
= ° §§§ - A, A
= Non-critical models include baryon stopping but not its fluctuations E O --sromoemoemoemomeeenosesoeoo - _% '2_ 5 Sim N
3 - Hydro O - \d/,l/
= Peripheral 70—-80% also used as reference ° cv ,"fH:*G CE T 4 —— n
g HRG CE: P. B Munzinger et Lfrzcsyqlai)gfj/;mﬂ 2021 R4§: k- % collisi
» Maximum deviation: 3.2-4.7¢ at 20 GeV AL 2 TS o v Vouchena o ab PR 105, 014504 2025 — o e | o peerosimelisene
o 3 10 30 100 2 5 10 20 50 100 200
= Overall deviation from 7.7-27 GeV:1.9-b.4c Collision Energy {se (GeV) Collision Energy \/% (GeV)

= Interpretation of deviation is still under debate Yifei Zhang, Thurday

= Further experimental input will come from STAR FXT

SQM, Strasbourg, 07/06/2024
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Search for critical end point

Net-proton cumulants Precision Measurement of Net-proton Cumulant on BES-II
. I I | | LI l| ! | ! LI I B '| ! _I | | | L | | | | L | ]
u MOI’e pl‘eCIse dOtO from BES ” Au+Au Collisions at RHIC @ BES-II: 0-5% Au+Au CoIIisic|)ns at RHIC '}‘eltfgog"’gffCO'ESZ‘OQ?GGWC)
2r Net-proton, lyl < 0.5 O BES-l: 0-5% B 3 AR -
= Net-proton cumulant ratio C4/C, in 0-5% shows a I A | oSS o 2 Nomcricel X 1RGO NPATO0B(2021) —
p 4 2 © Qv I i\S\TAR 0 BES-1:70-80% i Iﬁ- 1 References '@ Hydro PRC105(2022)
mMinimum around 20 GeV compared to non-CP models s 1 % = -3 PR
TU‘ % o ()QQ_.-Q-- O%) """""" O B B = - N e = =
(Hydro, HRG, UrQMD) and 70—-80% data =l il o | g A N "y
S i'iii - A, A
= Non-critical models include baryon stopping but not its fluctuations | RSO R———— - _% '2_ ﬁ_ N
3 _ Hydro O - @
= Peripheral 70—-80% also used as reference = gV ---__Hyﬂ_ng_ LI S ]
= Maximum deviation: 3.2—4.7¢c at 20 GeV Energy Dependence of ch from STAR
= Qverall deviation from 7.7-27 GeV:1.9-54¢
anwen reng,
= Interpretation of deviation is still under debate — T . ———rr CAcAub A Roonees
" Au+Au, Central Collisions (0-5%) T Au+Au, Peripheral Collisions (70-80%) 13 O4<p <1.6(GeVic) <05 4 puaz060% E
. . . - p, K', A [ ] uramp, p, K", A, =° —+ ¢ oK. [ Juramp, p, KA, 3° — . [ O = {030 + Ot @ uravp, p, K A, 2°, 0-5% ]
= Further experimental input will come from STAR FXT R = et T BT cranmaiminey A X o et npoomenn ]
PR : |:|FRG,W. Fuetal.,inpreparatiori: O_4<p_|_<1.6 (GeV/C), Iy|<0.5 - :-‘IE\ gz ,'ll \\\ E
. Qif/ow'_ T STAR Preliminary - §o§ - A .
Baryon—Strangeness correlation 2t & 2l :
??/ I s Om_ N S ,L,,i——é—‘————————-
L — gL R E
= Non-monotonic behavior around 20 GeV S R S B R B /At o - ] A— S x . e
: g o=l e R A et A
= Not described by UrQMD s T ¢ & & e e
Ll e e e T T
. L. 7 10 20 30 40 60 7 10 20 30 40 60 . 0 20 30 40 50
= But rather deconfinement sensitive? Collision Energy |5y, (GeV) Gollsion Energy {5 (GeV)
] 1. Central (0-5%): UrQMD qualitatively describes 7.7 and 11.5 GeV while underestimates other energies
But several caveats and homework discussed 2. Peripheral (70-80%): qualitatively described by UrQMD
3. Ataround 20 GeV, the deviation of central data reaches a maximum
yeSterde 4. More investigation are needed on the deviation

Yu Zhang, SQM 2024, Strasbourg, France 14
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This could also be SQM, space Quark Matter

So let's finish with heavy ion physics for
astrophysics

@ J. Castillo Castellanos

Sﬁf‘,ﬂj I‘y’} SQM, Strasbourg, 07/06/2024
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From heavy ions to astrophysics

Heavy-ion collisions can provide important
iInput for astrophysics, e.g.

I Flow measurement in Run 3

: : . 085 New! O New!
= Cosmic ray fluxes of antinuclei for dark matter searches AR | : N A | :
‘;K. . E_ 8 rs iminary . _E ‘;’c'\'. 0.5:_ : rse imlna.ry . _:
= Particle interactions for neutron stars and equation of 3 GOy T E Gy —
0.20F- | - : :+Er__l -
StOte 0.152— —i 0-3;— =
010 = ook E
. . . - - . - [ ] *He,ml<0.8 .
Rich light (anti)(hyper) nucleus programme O T == E
e e : B G ot
. - Blast-wave e 0.0F ast-wave —
= Many new results showed (see C. Pinto summary) R S Y S S ST B | S N S S S
P, (GeV/c) P, (GeV/c)
= A glimpse of future results
- High precision with ALICE . More precise flow measurement of *He in Run 3
»  Can we measure the flow of f\H?
05/06/2024 Yuanzhe Wang | | SQM 2024 | | Strasbourg 23
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From heavy ions to astrophysics

Heavy-ion collisions can provide important I Flow measurement in Run 3
. . ALICE
input for astrophysics, e.g.
= Cosmic ray fluxes of antinuclei for dark matter searches | Qpservation of (Anti)hypertriton at LHCb ~ [CERN-LHCb-CONF-2023-002
= Particle interactions for neutron stars and equation of 2O T coptmiy, ]
state Y =
. . . e Preliminary fit results: a0l e _
Rich light (anti)(hyper) nucleus programme - NCGH - 61+ 8) o |
> NCH=46+7) : | _
= Many new results showed (see C. Pinto summary) " e "“ZZO‘J' kié’éé“m‘i@iﬁ““%ﬁiﬁ‘i e

@ Statistical mass precision: 0.16 MeV m(He 1) [MeV]

= A glimpse of future results

N
]
|

. . . . (] U nder inVEStigation i 3_ﬁ LHCDb preliminary
= High precision with ALICE _ A {* Data55 fb!
» Charge-sign dependent energy-loss lilagcrijground

Same-sign data |

= |HCb as a new player corrections

» Tracking corrections for Z=2

» Efficiency and acceptance corrections - 1
| FUTRNTLIE 2 U UTUN TR VLR TTe

0
2960 2980 3000 3020 3040 3060
m(*He 7+) [MeV]

Candidates / 2 MeV

(\®]
)
T T T

Gediminas Sarpis H with LHCb June 4, 2024 25 / 26
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From heavy ions to astrophysics

Heavy-ion collisions can provide important I Flow measurement in Run 3
iInput for astrophysics, e.g.

= Cosmic ray fluxes of antinuclei for dark matter searches |~ w00 of (Anti)hypertriton at LHCb

S,

ALICE

|[CERN-LHCb-CONF-2023-002]

= Particle interactions for neutron stars and equation of
state

p-p-p correlation functlon

A ere

Rich light (anti)(hyper) nucleus programme

= Many new results showed (see C Pinto summory)

= A glimpse of future results
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Measured cenuine Two-body Single-particle
= High precision with ALICE t:c;(rereelgt(i)gz égrr?eela?i(zﬁé correlations contribution
= |HC as a new player , . . S 4sF | | ALICE | | =

e Cumulant method provides first hint of © E pp Vs =13 TeV E

: : effects beyond two-body correlations : High Mutt. (0-0.17% INEL) E
Comprehensive studies of two and three body. S o asE :
Del Grande, LS et al. EPJC 82 (2022) 244 3 (=] p-p-p@p-p-p Data 3

. . . = —— p-p-p Two-particl lations, 3

hadron interactions using femtoscopy * A deviation of no = 6.7 from lower-order o +{ o ;:ngzglrcr:eﬁ::ams_é
contributions 13 E

= Access to genuine three-body correlations . - E &&. E
* Theoretical predictions necessary to 1—++“**¢=-H+*

= First ever full three-body correlation function calculations furtner understand the origin of the O L foEERseT bR
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

= A Kievsky, LS, et al, Phys.Rev.C 109 (2024) 3, 034006 Q, (GeVic)

laura.serksnyte@tum.de 13
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There Is also a SQM, a “suite” to Quark Matter

So let's see what comes next

@ J. Castillo Castellanos
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A bright future at FAIR

CBM at FAIR

0 (2028%)  ELEHAD
ELEHAD
ELEHAD
ELEHAD
MUON
MUON

MUON

HADR
HADR

HADES

ELEHAD

Outlook: Year 1 — 3 scenario as of September 2023

C+C, Agt+Ag, AutAu
Aut+Au

C+C

p+Be

Au+tAu

C+C

p+Be

Aut+Au

C+C

Ag+Ag

Ag+Ag

2,4,6,8,10, max
2,4,6,8,10, max
2,4,6,8,10, max
3,4,8,29

2,4,6,8,10, max
2,4,6,8,10, max
3,4,8,29

2,4,6,8,10, max
2,4,6,8,10, max

2,4

2,4

60

30 (5 each)
18 (3 each)
12 (3 each)
30 (5 each)
18 (3 each)

12 (3 each)

12 (2 each)
6 (1 each)

28 (14 each)

8 (4 each)

2:10'° each
4-10'° each
2-10'" each
2-10"" each
4-10"" each
2:10'2 each
4-10'"! each
8-10'" each

10'° each

2-10'° each

N

Commissioning

EB mBias
mBias
mBias
mBias
mBias

mBias

EB+ Selectors

PERSPECTIVES ON (MULTI-STRANGE) HYPERNUCLEI
PHYSICS WITH THE CBM EXPERIMENT AT FAIR

i T——

. https://edms.cetn.ch/vi/file /289 39U FLATESTLEAIR . mp4

‘%‘3 '::/“

https://www.cbm.gsi.de

2\

HADES

Focus on beam energy scan:

* 60 days / year beam on target
» factor 100 more statistics w.r.t. STAR FXT

l. VASSILIEV SQM 2024 STRASBOURG

SQM, Strasbourg, 07/06/2024 47

@ J. Castillo Castellanos




A bright future at RHIC

s Large, uniform acceptance

SPHENIX and STAR at RHIC .\ , B e

- -1.1 <n<1.1 geometric coverage

MAGNET

IHCAL

Run Plan to Achieve Physics Goals

» Run-2024: transversely polarized p+p running, with a few options for short Au+Au running:

EMCAL

- finish commissioning, ColdQCD p+p program, TPC

crucial reference data for AA program

» Run-2025: high-luminosity Au+Au running measurements of jets and heavy flavor observables with
unprecedented statistical precision

Year Cryo-weeks Species Goal
2023 11.5 Au+Au Start of commissioning
5024 o5 p+p (at least 19 weeks) Finish commissioning,
Au+Au reference data & ColdQCD
High-statistics jet and heavy- - g
Projections as plans for 2023-2025

2026 28 p+AU, p+p Small syst

0+0, Ar+Ar mail systems Jsnn (GeV) Species Sampled Luminosity Year
oo e Additional unique SPHENIX 200 | Au+Au&p+Au |AuAu 32.7 nb-/ pAu 0.69 pb-| 2023+2025 Ept?ijz?giv

opportunities! 200 p+p 142 pb-1 2024
ok Noui 5 Hot QCD physics: Explore the microstructure of QGP
UL D EEr SQM 2024 - What is the Nature of the 3D Initial State?

* What is the Temperature of QGP and the Temperature Dependence of Viscosity?
* What can Charmonium Tell Us About Deconfinement?

* What are the Electrical, Magnetic, and Chiral Properties of the Medium?

* What are the Underlying Mechanisms of Jet Quenching?

* What is the Nature of the Phase Transition Near ug = 0?

* What Can We Learn About the Strong Interaction?
Cold QCD physics: Establish the validity and limits of

1.5 f 0.0
OB TAR 23025 np projection, Au+Au 200 GeV, 0-80% VSyy =200 GeV, NN — x'x'X STAR

Es Jhy projection, 00 Gi Oen<d E[E,E] . . . . .
g factorization and universality to understanding of QCD
< orsb v, (ZDC), Run23+25 (20B MB + 34 nb™ HT) g | * PP ” p: ﬂ x . .
P R Egiiaw‘égé&z M * Forward Transverse-Spin Asymmetries
. Initial tilt: J/0 vy g e "A%—W + Sivers and Efremov-Teryaev-Qiu-Sterman Functions
S | £ | 7 . : : .
i T I 05 //‘*" sots st  Transversely, Collins Function and Interference Fragmentation Function
0051 | L | | L L | 7’ STAR, PRL 129, 092501 (2022) . ..
e 0 L, e i * Ultra-Peripheral Collisions

12
Transverse momentum P, [GeVi/c] 1 2 3
pfs" [GeV/c]

J. Castillo Castellanos .
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A bright future at SPS

NAB1/SHINE and NAB0O+ at the SPS Future Phase I: Detector

Significantly upgraded during LS2, the detector was successfully used in 2022 & 2023 data
taking. No additional upgrades are needed for post-LS3 light-ion measurements

NA61/SHINE and NA60+: timeline : >

MTPC-L

AN (40 < Lo (o) N~ 0 (@) o — AN ™ < \ToF-L

(9N (9N (9N AN AN (9N (9N AN o o o o o

o o o o o o o o o o o o o Vertex magnet Vertex magnet

AN AN AN AN AN AN AN AN AN AN AN AN AN

| | 2 | | | | | | | | | | | ) ToF-F
" Beam counters / I IGRC MPSD
. and BPDs VD FPSD
SPS RUN 3- LS3 RUN 3 LS4 —Beamy, M4 ol S L]
0 Target S3
FTPC-2/3
=
©
NABL/SHINE S » Light lon run
Phase I g Clusters @ station 71, T1 Events Clusters @ station #2, T1 Events Clusters @ station #3, T1 Events Clusters @'t::::;? T1 Events
E ! ! S E T oo E L Cluster distribution
i | H 4 @ : \u in four planes of the
. c
- e
NA61/SHINE Feasibility study Detector R&D and © :
Phase Il and addendum construction I DEIENELINE > N AGO + t
. 7 Setup
Muon spectrometer \
: (_g C_U A
NAG6O+ O IS S —> Construction Data takin > WA=
EEEE—
3 :§ g— 9 spectrometer

= o

Piotr Podlaski (University of Warsaw) SPS upgrades and prospects SQM 2024
y = — ™ 10.4 m
Pb/p D o
beam A = \ Inspired by the
T former NAGO
. detector

(2002-2004)

Hadron

absorber Toroidal Muon
magnet wall
S. Siddhanta, SQM 2024, Strasbourg 5
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A bright future at LHC

ALICE, ATLAS, CMS, and LHCb upgrades at the

LHC., not to foraet SMOG 2

LHC programme

pp, pO, OO,
pPb, Pb-Pb

A

pp, pPb,

Collision systems Xe-Xe, Pb-Pb

pp, pPb, Pb-Pb

LHC schedule

ALICE

Upgrades @ LHC | SQM, June 2024 | jkI

@ J. Castillo Castellanos

pp, pPb, A2 AA ?
Pb-Pb PP, PAS, PP, pA, AA
HL-LHC ,
Higher luminosities for ions
ATLAS A
L phase Il upgrades §
[ CMS b
phase Il upgrades )
LHCb Y LHCb
L upgrade Ib upgrade Il
[ Auce21 [ ALICE 3
L upgrade Je upgrade

C intermediate upgrade )( major upgrade ) 4

ATLAS phase II
ITk, HGTD, HL-ZDC,
TDAQ, muon chambers

WX 74 - OB
CMS phase I
tracker, MTD, HL-ZDC,
DAQ), trigger, p chambers

Upgraded experiments

LHCb phase Ib
preparation for phase ll,
possibly magnet stations

ALICE 2.1
FoCal, ITS3

LHCb phase 11b
VELO, RICH, TORCH,
calo, p stations, UT, MT

ALICE 3
vertexing, tracking, TOF,
RICH, ECal, pID, FCT

Upgrades @ LHC | SQM, June 2024 | jkI

The SMOG2 system

A
‘,“

System for measuring overlap with gas 2

16

Concurrently collect collider and fixed-target

data using a gas injection system

—_
S

T
T

—_
S
©

| May 2024

Recorded luminosity [nb]
T

107!

1072 '

- LHCb preliminary, sy = 113 GeV .

sz pD2

pHe pNe rO

pAr
Collision system

2

LHCb-FIGURE-2024-005
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Summary of summary?

@ J. Castillo Castellanos
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Thank you for your attention!

And have a safe trip back, but hold on a bit more CEA SACLAY
91191 Gif-sur-Yvette Cedex

France

javier.castillo@cea.fr

Tel. + 3316908 7255



