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Recently at colliders, BNL RHIC and CERN LHC, interesting studies have been performed; one on
the di-baryons with strangeness and the other on the tetraquarks and pentaquarks.

In this seminar, after brief historical introduction of the old studies, | will mainly concentrate on the
recent progress on these studies.

| will also mention on the possible studies at ALICE in near future.
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INTRODUCTION
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Baryons, Mesons and Beyond
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* The quark model allows for the existence of exotic hadrons
such as tetraquarks (qqgq) and pentaquarks (qqqqq)

« Until very recently, we have had no evidence on the
existence of hadrons beyond baryons (qqg) and mesons

(q9)

Baryon
(proton, p )

* Further larger number of quarks together = dibaryons,
strangelet, ..., core of neutron star

« Historically, in heavy ion collisions, we started research to ? @
find out exotic matter rather than exotic particles at LBL o
Bevalac.

Meson
(negative pion, 1)
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Old History In Brief

« Studying exotic matter realized under extreme conditions has
been the major goal of study with high-energy heavy-ion :
collisions since LBL-BEVALC (more than 40 years ago) : <

— “Exotic Hadronic Matter”, such as Lee-Wick matter true false
— Interim of neutron star; Pion condensate, Color superconductor o— 17
At BNL-AGS, attempts were made for searching strangelet,” N

an ultimate form of dense nuclear matter.
— arXiv-9811049v1
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Surprise Finding; X, Y, Z

- 20+ new states containing cc named as X, Y, Z,

[GeV]

have been found since 2003, starting with da | eeeezzzly 2030
X(3872) (Belle Collaboration, PRL 91 (2003) 262001) P - R
— High statistics e+e- co_II|S|or_1 (_jata qccumulated by B- v RNFHTERS sslgggowui---'{z-”--—lunouﬁ*
factory experiments, with original aim of comprehensive | e N e
study of the CP violation in B meson decays. 3.8 - L X(E8T2) Frtarees e _
B e b+D
. 3.6 |- T “h X2
« Some X, Y, Z states (red solid bars) and — LT
. . . 3.4 : mrel,
charmonium states (black solid bars) in ;
comparison with a conventional quark model S
results for ccstates (blue dashed bars) (pPTEP soF Je, :
2016 (2016) no.6, 062C01) 28|t2 0 - 1 - 2
J7V= 0" 1" 1t o™ 1™ 27" 27" 17 2773




Possible Structure of Exotic cc States: XYZ

« X,Y, Zare thought to be candidates of exotic hadrons, which have been
attracting a lot of attentions to reveal unvisited areas of QCD.

Compact i
P Hadronic Molecules
tetraquark/pentaquark PLB 590 209 (2004)

@ Hadrocharmonium/ PRD 77 014029 (2008)

adjoint charmonium PRD 100 0115029(R) (2019)

Diquark-diquark 0
PRD 71, 014028 (2005) & \ PLB 666 344 (2008)
PLB 662 424 (2008) a PLB 671 82 (2009) DO

" N

Mixtures of exotic + conventional states
— = A0 PLB 578 365 (2004)
X a |CC> + b |CCQC]> PRD 96 074014 (2017)
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PENTAQUARKS AND TETRAQUARKS



Pentaquarks

» First claim of pentaquark ©* (uudds) (1540 Compact
MeV/c2 (4.6 o)) from a LEPS experiment in ;\Ei“;.
Japan in 2003 (PRL 91, 012002, 2003)

« Several experiments in the mid-2000s also
reported discoveries of other pentaquark
states (J. of Phys. G. 33, 1-1232)

Molecular
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« Pentaquark with cc (duucc), reported by

LHCDb in 2015 (PRL 115 072001 (2015);
arxiv1507.03414)
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« Seen in both p+p and Pb+Pb collisions in the decay channel,

J/pmtnT

X(3872) at LHC

« Same decay channel for W(25)
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Puzzling X(3872)/1(2S) Yield Ratio in PbPDb

* In pp: X(3872)/y(2S) ratio ~ 0.1 or less; larger suppression at higher event activity

* In PbPb: The X(3872)/y(2S) yield ratio ~ 1
— RAA(P(2S)) ~ 0.1 - 0.15 & RAA(X3872) ~ 1 - 1.5 (= not suppressed or even enhanced)
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New Tetraquark; X (6900)

220 p—— . ——

I I 200 _I_’ll?j::lfil
« Tetraquark states comprising only bottom quarks, igof CHED .
Typpb, have been searched for by LHCb (sHer 10 2018) € 150f Lit e —
086, arXiv:1806.09707) and CMS (arxiv:2002.06393), With no ooE gt LAY %H o= oo

significant signals so far.

« X(6900); four-charm state, T,..., was reported by
LHCDb (arxiv:2006.16957), which disintegrate into a pair
of charmonium states such as J/y mesons, with

Weighted Candidates / (28 MeV/c?)

000 00 9000
My, [MeV/c?]

220 —————————————

each consisting of a cc pair. 0F | et o
. . . 180 e
e Mass and Width obtained with the two models: 160 | | —- e
140 m l;llt)esrference BW

— m[X (6900)] = 6905 =+ 11 + 7 MeV/c2, with [X(6900)] =
80 + 19 + 33 MeV,

— m[X (6900)] = 6886 + 11 + 11 MeV/c2, with F[X(6900)] =
168 =+ 33 + 69 MeV.

120 % % J[ —— NRSPS

Weighted Candidates / (28 MeV/c?)
o
S
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2020/07/23 HENPIC seminar on “Study of Exotic Particles using High Energy Heavy lon Collisions”



DIBARYON AND BARYON INTERACTION



DiBaryon; a Type of Exotic Particle

Deuteron = First and still a unique dibaryon so far confirmed

H-particle: 6-quark state (uuddss = A+A or Z+N)

— Predicted by Jaffe ('77))

— Suggested to be a resonance by the experiment (Yoon+ ('07))
— Could be a bound state of =Z+N (by HAL QCD ('16))

Di-Baryon search and studies of baryon-baryon interaction in the extended
space of flavor SU(3), that is, AN, 2N, AA, =N ..., Is drawing strong attention
recently

— Large push coms from the recent lattice QCD; baryon interaction can be calculated at
almost physical point

— Pioneering works by STAR experiment at BNL RHIC
— LHC ALICE experiment is catching up very quickly
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Methods in Heavy lon Collisions

« Direct method: Construction of Invariant mass from the
possible daughter particles
— Bound state
— Unbound resonance state with small decay width

« Two particle correlation (femtoscopy)

— Origin: HBT (Hanbury Brown and Twiss) Intensity Interferometry

« “ATEST OF ANEW TYPE OF STELLAR INTERFEROMETER ON
SIRIUS”: Hanbury Brown & Twiss, Nature 10 (1956), 1047 12f

* Angular diameter of Sirius = 6.3 msec

— Two particle correlation function provides the information of final
state interaction of two particles at the kinetic freezeout stage

— Wide variety of combinations including unstable hadrons
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Two Particle Correlation

— Static/Spherical Source:
= 5 = STel(7) 213/2 r
= = = )~ (nR exp|l—-——
= e (7R°) p( 4R2)
| ! e Asymptotic wave function:
= ——— e —— \\\‘
= <= == Co(r) ~ sin(Qr + 6)/(Qr)
11
Qcotd = —— + =re5Q?
_ . ao 2
_ |

16
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S = -1 system: p-xY Correlatlon
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« p-20interaction in high-multiplicity pp collisions at Vs = 13 TeV

« p—29 correlation function is consistent with the p—(Ay) baseline ((0.2-0.8)0)
- indicating the presence of an overall shallow potential

* Present data cannot discriminate between the different models
- Two orders of magnitude larger data samples (expected from Run3&4) will

provide tighter constraint to the models on the N—2 sector
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S=-2. AA Correlatlon In p+p & p+Pb Collisions
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* Pioneering work by STAR collaboration

« Correlation function is very flat = allowed region
for scattering parameters, d, and f,1,is very large

* Possible bound state in the region at slightly
negative f,1 and d, < 4
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vV

1
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1_

« Higher statistics at low k* region in Run 3

2020/07/23

HENPIC seminar on “Study of Exotic Particles using High Energy Heavy lon Collisions”

| PhyS Lett. B797 (2019) 134822 | Phys Rev. C 99, 024001 (2019)
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S = -2 System: p-="Correlation
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S = -2 System: p-="Correlation
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« ALICE: p—Pb collisions at Vs, = 5.02 TeV & p-p collisions at Vs = 13 TeV
« ESC 16 may be excluded
« Data with higher statistics in RUN3
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S = -3 System: STAR pQ- Correlation in Au+Au
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« Au+Au collisions at Vs, = 200 GeV, by STAR collaboration ¢ (GeVie)
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— arXiv:1808.02511 [hep-exX]

Correlation pattern depends on the collision centrality = The ratio between central to
peripheral
— K. Morita, A. Ohnishi, F. Etminan and T. Hatsuda, PRC 94, 031901(R) (2016)

The ratio is less than 1 in k* <40 MeV/c -> Positive scattering length - Suggesting bound
state of pQ
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S = -3 System: ALICE pQ- Correlation
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« pQ- correlation in p+p collisions at Vs = 13 TeV

« Compared with the two theoretical calculations: HAL-QCD (PLB 792 (2019) 284)
& meson exchange (by Sekihara; PRC 98, 015205 (2018) )

« More attractive than p=-
« Theoretical uncertainty due to 3S;
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BOUND AND SLIGHTLY UNBOUND
DIBARYONS?



Direct Search of AA and AN Bound State
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Hadron Production in Pb+Pb at LHC

Naturevolume 561, pages321-330 (2018)

Yields are described rather well with the T LT ' Pb-Pb \5,2.76 TeV
statistical hadronization (thermal) model, § 102;\ lf 01076 comraty -
+ Chemical freeze-out temperature, Te,~  © ,F 84 ]
155 MeV, for Vsy, = 2.76 TeV Pb+Pb = b
N = 9aV(TTTcemp/2)%2 exp[(Aug=—mp)/Tee] 107 22 1

. Blast-Wave fit (with T = 100 — 115 MeV) "7 ¢
describe simultaneously the momentum 10°F “3He s, E
spectra of , K, p,A, E, Q, d, 3He, 3,H, and 10"} e Data, ALICE *‘:%A\ E
4He in central Pb+Pb collisions 107 Statistical Hadronization E
10_6; total (af’Fer decays) ~\,‘fHe;

- Itis not obvious why the light nuclei and b P
3 H follows the trend of hadron yield 0 05 1 15 2 25 3 35 4
Mass (GeV)
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Chemical Freezeout Hypothesis

« Hadron yields are fixed at a certain time in the space-time evolution of heavy
lon collisions (chemical freezeout = end of inelastic scattering)
— thermalized system complying hadrons with u, d, s quarks
— hadron yields are determined with the few global parameters

N 2
Pr = |s,| Ji Tch3 (mz) I{Q(m@'/Tch) AgQi Assi Aq:eXP(Mq/Tch)a

S 2 2 Tch )\S — eXp(Ms/Tch)
¢); :1foruandd,-1foruandd |global parameters
s;j :1fors,-1fors T, :chemical freeze-out temperature
g; : spin-isospin freedom Mg light-quark chemical potential
m; : particle mass L, . strangeness chemical potential
L Ys . strangeness saturation factor

Hadron Yields - Determine Temperature (T,) and Chemical
Potential (1) at Chemical Freezeout

2020/07/23 HENPIC seminar on “Study of Exotic Particles using High Energy Heavy lon Collisions”
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Hadron Yields and Chemical Freezeout

« Hypothesis of “Chemical Freezeout” works reasonably well to describe
hadron yields for nuclear collisions in wide colliding energies.

« This property can be utilized to predict yield of specific particles

dev.

2020/07/23

Arorh

10

200 GeV Au+Anu, <Npm_[> =321.513.8

E A~

I — model calculation

F O BRAHMS data
|~ PHENIX data

-3
| < PHOBOS data

E v STAR data

ok

T, = 15642  [MeV]
B= 94% L1 [MeV]
p= 31123 [MeV]
Y= 1.021004

¥%dof=19.9/ 10

T (MeV)

200

i> iiE

100

quark gluon plasma

chemical freeze-out
A SIS, AGS
| SPS

RHIC

ey

quark-
onic
hadron gas matter '

~
S
~
ey
3l ~
color

Chemical Freeze-out conducto
1 M ol
500 1000

Hg (MeV)
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Why Thermal Model works for light

DO, Pang, Elfner, Koch, PRC99 (2019) no.4, 044907

0.1F
nuclei yields?
>, 001
. g :
* Theoretical works: g I et fommation
— Xu, Rapp, Eur. Phys. J. A55 (2019) no.5, 68 2 0F [ ““ggﬁpiigi;?&‘:f?i"ip%;
[ nd — 7pn) + (npn — 7d)
— Vovchenko et al, arXiv:1903.10024 T 20
— Oliinychenko, Pang, Elfner, Koch, PRC 99 (2019) 044907 g °F e
=20 b
* An isentropic expansion of a hadron resonance gas B pbd
(HRG) in partial chemical equilibrium (PCE) at T < T, e V,t.[ﬁ?“.c] ........
.. _ _ L PbPb, 0-10%, Vs = 2.76 TeV, |y| < 1 .
— Mesons play a similar role as the photons during the evolution of ’ !
the early universe — they drive the entropy conservation during .. .| ) . ]
. =y e euteron x3 ini
the expansion. 2 - defultdinit '
= I -——- no deuteron init 1
— Nuclei are kept in partial (relative) equilibrium as long as the 504; 1
cross sections are large from CF stage to KF stage e -
% . .
o 0.2F /____________________—r:—-
« Small entropy production between T, to Ty ? e AN x (ay =2
S
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Survival of Short-lived Hadrons

oopp7TeV

R ™

: _ _ § 0.3} K*O/K'HI H ............... ]
Understanding systematics of the yield of unstable 5% :

hadrons as well as stable particles are important - A .

K*(892)°, ¢ and A(1520) in Pb+Pb collisions NENTL . o84

« K*(892)° (1~3.9 fm/c): K*/K- ratio (PRC 91, 024609 (2015)) °'°Z’ ]

* ¢(1020) (1~46.5 fm/c): ¢/K- ratio SRR PV R

+ A(1520) (1~12.6 fm/c): A(1520)/A ratio (PRC 99, 024905 (2019)) =*"

+ Yield ratio of short-lived hadrons (with lifetime comparable £
to or shorter than collision lifetime) to stable hadrons "o
changes with dN.,/dn, while significant fraction still survives *

* Further works are needed to understand fully the 005
production of (stable and unstable) hadrons and nuclei

| == Pb-Pb, (S, =276 TeV @ Pb-Pb, (5;y=2.76TeV |

T, =156 MeV iL
L — THERMUS H

[ eeeen SHARE3 ‘

e SHARE3
| | L

T T T L R
EPOS v3.107 ALICE

STAR, {8y, = 200 GeV |
Opp 0Od-Au Y Au-Au

----. GSl-Heidelberg

T, =138 MeV, v, =163,y =2.08

2 4 6 8 10 12
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Dibaryons with Multi-strangeness

S=-2: Mass

_ _ (MeV)

» Recent HAL-QCD suggests that H has =N configuration e 2260

instead of AA, with mass slightly below =N or slightly oH eA54
unbound (arxiv 1912.08630)

S=.a AA 2231

« () pis more attractive than =Zp:
« HAL-QCD predicts that °S, is a bound state

« Coupling between Qp (S-state) and 2=, A= (D-state) may not
be big = small decay width

2610
2507
2430

I (<2 p),_,

« They may survive the violent space-time evolution, if H
behaves similar to other short-lived particles

m o

2020/02/14 "Possible Studies with Heavy lon Collisions"



ALICE UPGRADE DURING LS2 (LONG
SHUTDOWN 2)



LHC Long Term Plan

LHC 1
Run 1 I Run 2 | | Run 3
1
sl 13 Tev 1M 13.5-14 Tev 14 Tev s LA energy
8 TeV splice consolidation “E.:ﬁ cryolimit HL-LHC ;5102";/;‘; |
TTeV e e ot P27 T alh) rgons | installation ey
201 2012 2013 2014 2015 2016 2017 2018 2019 20 20 2021 2022 2023 2024 2025 2026 2037
| ,—/
B, | TR | ] ST | | | upgrade phase 2
/ N : Intonlbd
EXd 150 o | now 300 b limihoary
e LS2:2019 —2021May B Run3:2021Jun-2024
— Experiments upgrade phase 1 * X2 p-p nominal luminosity
— Injector upgrade * X6 Pb-Pb nominal luminosity = min.bias 50 kHz
— Civil engineering for !—IL-LHC at ATLAS, CMS B Rund: 2028 — HL-LHC RUN
— Magnet and cryogenics * X5 to x7 p-p nominal luminosity
* LS3:2025-2027(?) * X7 Pb-Pb nominal luminosity
- ' hase 2
Experiments upgrade phase W after

— HL-LHC ti
preparation * HE-LHC (27 TeV) and FCC at 100 TeV (~2040)

2020/07/23 HENPIC seminar on “Study of Exotic Particles using High Energy Heavy lon Collisions”
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ALICE Upgrades during LS2

Purpose: Record minimum-bias Pb-Pb data at 50 kHz

* New Inner Tracking System (ITS)
— 7 layers of MAPS

* New TPC Readout Chambers
— 4-GEM detectors

* New Forward Muon Tracker (MFT)
— vertex tracker at forward rapidity

* New trigger detectors (FIT, AD)
— centrality, event plane determination

« Upgraded read-out for TOF, TRD, MUON, t'ﬁ
ZDC, EMCal, PHOS

 |Integrated Online-Offline system (O?)

=
“Raglll] go0

2020/07/23 HENPIC seminar on “Study of Exotic Particles using High Energy Heavy lon Collisions”
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Inner Tracking System (ITS)

« CMOS Monoalithic Active Pixel Sensor (MAPS)

— 7 layers full pixel detector
(old = combination of strip, drift, and pixel)

— Light weight with carbon structure
— Larger area (10 m?)
— More pseudo rapidity coverage (-1.22 <n < 1.22)

— First layer closer to interaction point
(39 mm -2 22 mm)

* New beam pipe
* Improved features
— Low material (1.44% - 0.3% X,)
— Smaller pixel (50x425 um? 2> 27x28 um?)
— Faster readout (1 kHz (slowest) = 100 kHz))

Beam pipe

2020/07/23 HENPIC seminar on “Study of Exotic Particles using High Energy Heavy lon Collisions”



TPC Upgrade

« Most important and challenging upgrade

« Traditional wire chamber system - 4 GEM system

— Deadtime-less reading by getting rid of Gating Grid
« Old readout: deadtime per event = 500 us
— 530k channels, 200 ns sampling ADC data

« continuous data rate = 3.5 TB/s
* massive online computing power required

 CNS-Tokyo & NIAS from Japan

~—— T
~— - b e ~
—~—— — )

pad plane

= — A |
2020/07/23 HENPIC seminar on “Study of Exotic Particles using High Energy Heavy lon Collisions”



36

TPC Upgrade (cont.)

 LHC will provide ~50 kHz event rate in Pb+PDb collisions after LS2
 electron drift time in TPC =100 us

« Qverlapping events
— 50 kHz = collision every 20 us

\ A AN LI\ JA AL A N SN 1/

Y

@

YA Y Y AY YA
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MFT (Muon Front Tracker)

« MFT: New detector in ALICE T~
— 5 layer silicon pixels (ITS technology) A L e
— 0.4 m? area ~

« Add vertex capability to Muon Spectrometer

— background rejection
— distinguish prompt/charm-decay/bottom-decay
— improve momentum resolution

36<n<-245

Hiroshima group is participating this project

2020/07/23 HENPIC seminar on “Study of Exotic Particles using High Energy Heavy lon Collisions”



Data Taking Upgrade

38

 Triggering rare particles such as low p; heavy flavor multi- trigger device
particle decay from exotic particles in high multiplicity
event is impossible
— decreasing threshold - trigger all garbage

— non-simple threshold type trigger - full data analysis | required (a
dilemma)

— 50 kHz means always ~5 events overlapping in data for ALICE TPC
= event-by-event data taking no longer possible

« The biggest decision for Run3 = Abandon “hardware trigger device
trigger” in Pb+Pb collisions

— TAKE ALL DATA, STORE ALL without trigger = continuous readout

— data compression & online analysis are key technology Trigger AL
Readout processor

2020/07/23 HENPIC seminar on “Study of Exotic Particles using High Energy Heavy lon Collisions”



Common Readout Unit (CRU)

T HEF

39

CRU.. Common Read-out Unit

02.. Online and Offine Computing System
DCS.. Detector Control System

TTS.. Trigger and Timing Distribution System
CTP.. Central Trigger Processor

LTU.. Local Trigger Unit

GBT.. Gigabit Transceiver

FTL.. Fast Serial Trigger Link

« Common to at least “major” and “new” detectors L rot, FiTs)
C t | S tem TTC (ACO,EMC,HMP,PHO)
* Detector Control Sys
: .. y .o . [T & [busy (Tl\:fT;ﬁ-,Fn}hfll#gﬁpc, ZDC, TRD)
« Trigger and timing distribution ARSI
. ] fmnt-end CRU system with TTS link to CRU
« Data readout & processing with O(10) faster than CPUs et W N TP 2280
. . . . . «ftrigger &
— sorting, online processing: clustering (large FPGA), tracking —configuration o
(commercial GPU)  — o DCS
—data &
« deploy ~350 for TPC (~6M CHF project) —oonfurtor
TRG Dist CRU system with TTS link to FE
front-end (ITS*, TRD)
links (GBT)
‘_ :gg;aﬁ:uration %2
electronics M 003 DCS
—data &
«—configuration
DDL1 or2
front-end links —data & . 02
ad:ata & «—configuratiol Py
On-detecto :::rggr"lzrufation Detector 2 DCS

electronics

specific RO
system

Detector spec. system with TTS

based on TTC (HMP, EMC, PHO,

*.ITS uses the CRU or connects directly from
ACO) or FTL (TOF, FIT, ITS*)

the on-detector electronics to the 02 via DDL3

HENPIC seminaro

gliciParticles'using High Energy Heavy lon Collisions”
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Performance of Upgraded ALICE
Central Barrel: ITS + TPC + ...

Minimum bias event ~ 10° events x100 statistics =
(recorded) 10 .

Untriggerable rare ~0.1nb—1 ~10 nb—1 .
event

Triggerable rare ~1019 events x10 statistics = e
event (inspected) 10% .

~1 nb—1 ~10 nb—1

any kind of single particle analysis
e*e— low invariant mass
anti-nuclei (/*He) (already visible)
low-pT multi-particle decay
« open heavy flavor baryons: Ac, Qc
 hyper-nuclei such as 3,H
« dibaryons
* (muti-)hyper nuclei

high p- jet related observables
high p; gamma, electron

such as Y and maybe top-quark
related?

2020/07/23 HENPIC seminar on “Study of Exotic Particles using High Energy Heavy lon Collisions”
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Performance after Upgrade: Light (anti-)nuclel

« ALICE can identify measure ALL charged particles, nuclei, and charged decay daughters, as
well as photons

* Nuclel, anti-nuclei up to A=4 is measured in ALICE 2.76 TeV 40M Pb+Pb data in 2011
* In Run3: x2000 statistics (100 billion events) - ~20,000 “He and 6x10° 3He

= ;L ALICE, 0-80% Pb-Pb, | s, = 2.76 TeVE k 5‘ 102 ALICE
= ] £ i %
0.95 f =+ 10
= B ]
- N ] 1
oo 0.9 | -+
= C ] 1
“=  085F -+ 10
o . | 2
O : ] 10
E 0.8 i 3
.-l: E € - Positive tracks E 10
0.75 8 I - - - Negative tracks \ 1 -4
: "’ K E ; - 107
07F 10[ 1 T /i Data ; 10°F
- :: i T oF
0.65 : 11. ; .'3 ':ii”' o) I :: Theoretfcal 4He Ifne f 10 GE 0-10% Pb-Pb. | Sy = 5 76 TeV
0.6 ’;—’:(Gevzlc‘) ot : Theoretical "He line 2 1 0_7 .
:u|||||||||||||||||||||||||‘ JJJJJ ::||||c.'|||§|[||||||||1|||||||||||: 1078:] | | | | | | | |

-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 4 -3 -2 -1 0 1 2 3 4
rigidity £ Gevic) A

J0s0/0715 Nucl. Phys. A 971 (2018) 1-20., arXiv:1710.07531 penalty factor ~ 300/nucleon

ic Particles using High Energy Heavy lon Collisions”



https://www.sciencedirect.com/science/article/pii/S0375947417304839
https://arxiv.org/abs/1710.07531

Expected Counts in Run3

3He 6,000,000
“He 20,000
3 H 300,000
4 H 800
4 H 34
=5 150,000
QO 3,000

2020/07/23

Upgrade of the ALICE Experiment: Letter Of
Intent (J. Phys. G 41 (2014) 087001)

1010 central Pb-Pb collisions at /Syy = 5.5 TeV

Assume 8% efficiency per detected baryon
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SUMMARY AND OUTLOOK



Summary & Outlook

* Pentaquark and Tetraquark
« Di-baryon and baryon interaction
* ALICE upgrade

Outlook -- only ALICE experiment

« Extensive study of multi-strange dibaryon system, QQ. pQ. p=. [,
using femtoscopy and direct measurement with high statistics
data;

« Extension to Heavy Flavour (not discussed in this presentation)
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BACKUP
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Multi-strange baryons

Pb+ Pb at

j;Afh] - 22.7763 TWGBL,

0-10%
356.1 3.6

Centrality
(Npart)

10-20%
260.1 + 3.9

=" 334+ 0.06+ 024 253+ 0.04 + 0.18
—
= 328+ 0.06 +0.23  2.51 +0.05+0.18
_—_ . =1
=+ = 6.67 +0.08 +0.47 5.14 + 0.06 & 0.36
Q- 0.58 + 0.04 = 0.09 0.37 4+ 0.03 £ 0.06
—+
Q 0.60 + 0.05 +0.09  0.40 & 0.03 + 0.06
=+
Q +Q 1.19 4+ 0.06 = 0.19  0.78 + 0.04 + 0.15
%x10° x10°
% - Pb-Pbat \ s, = 2.76 TeV % 30 po-po at\ s, = 2.76 TeV
?‘j ol @ 0-80% centrality ?‘j 255_ (b) “h 0-80% centrality
100-
0 T3 Tism o 1ss . T1se 1?‘64 e 1_'65 T 1_%3 ———
Invariant Mass( A, ) (GeV/c?) Invariant Mass( A, K) (GeV/c?)
2020/07/23

Phys. Lett. B 728 (2014) 216-227 46

http://alice-publications.web.cern.ch/node/604

Pb-Pb at \ s, =2.76 TeV

Centrality:

2 10
> g v — —— 0-10%x 3.0
F - T — —=— 10-20% x 1.5
0 o .._...II-IA-... *-‘-
= [ .y T —a— 20-40%
o E e, e T 40-60%
S Ty, T Py, 60-80%
Q 10" Fue w7
=) ""q.-_t - T — systematics
~ i
pd T Map
“% 1072 T W
2] i —y—
3 T
= 1 0-3 (a) —d— y
= ————
—e—
104
I 1 l L I 1 1 I 11 J 1 1 1 J 1 I 1 1 1 L
1 2 3 4 5 6 7 8
p; (GeV/c)
§ Pb'Pb at \ SNN = 276 TeV Cel’ltrahty
= 1 P - —¥— 0-10% x 3.0
o .
& gy Q —=— 10-20% x 1.5
= e e —— 20-40%
= 10" Wy 40-60%
- -80%
Q|— —— = 60-80% |
) 102 - = — systematics
% ; s e ——
" 3 B —egie— —_——
B 107 £ —t—
< - (b) *
=
107 & ——
:I Il I 1 l 1 1 I 1 L I Ll l L1 l 1 11 I 11 1
0 1 2 3 4 5 6 7 8
p; (GeV/c)
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Exotica by EXHIC Collaboration

Particle miMeV) g T JE 2q/3q [6g 44 /5q/8q Maol. iyl (MeV) Decay mode
Mesons

Jol980) 080 [0 o gg. s5(L =1) ggsy KK 67.8(B) 7 (Strong decay)
ap(980) 080 301 0* gL =1) ggss KK 67.58(B) nm (Strong decay)

K (1460) 1460 2 172 0~ g5 ggqs KKK 69.0(R) Kmm (Strong decay)
DA231T 2317 I 0 o ci(L =1) ggcs DK 273(B) Dy (Strong decay)
Tl= 3797 i o0 1 — ggcc DD+ 476(B) Kfm~+ K m +m
Xi(3872) 3872 N | I R ctlL = 12) ggct DD* 36(B) J/rmm (Strong decay)
ZH{44300° 4430 301 0 — ggec(L =1) D D* 13.5(B) J frm (Strong decay)
TS® 7123 10 0 — qqch DR 128(B) Ktn~+K'n™
Baryons

A(1405) 1405 2 0 1/27 ggs(L = 1) qggsq KN  205(R)-174(B) T X (Strong decay)
B+(1530)° 1530 20 1/2%¢ — ggggi(l =1y — — K N (Strong decay)
KKN® 1920 4 1/2 1/2° — gqqsi(L. =1) KKN 42(R) Kn X, myN (Strong decay)
DN® 2790 2 0 1/2- — qqqqe DN 6.48(R) Ktm—a=+p
D*N? 2019 4 0 3/2 — ggqqe(L. =2y D*N 6.48(R) D + N (Strong decay)
B* 2980 4 1/2 1/2F — gggsciL = 1) — — A+ Krm-

BN* 6200 20 1/2- — gqqqb BN 25.4(R) K'ma +at+p
BE*N? 6226 4 0 3/2 — ggggb(L =2) B*N 254(R) B + N (Strong decay)
Dibaryons

H? 2245 | 0 o+ gqggss — EN 73.2(B) A A (Strong decay)
KNN® 2352 2 11 0-c gggggsiL = 1)  gqqqqq 5§ ENN 20.5(T-174T) AN (Strong decay)
Qo 3228 0 o 555558 — Qo 98.8(R) AK-+AK-

Hi+ 3377 301 o qgggsc — 2N [87(B) AK mtmt4+p
DNN® 3734 2 172 0 — qqqq9q9q gt  DNN 6.48(T) Ktn~+d, Ktmm +p+p
BNN® 7147 2 12 0~ — gqqqqqgbh  BNN 254(T) K'm~+d. Ktm~+p+p
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ExHIC collaboration;
PRC 84 (2011) 064910



U(k) In Nuclear Matter by HAL-QCD

30 i w w w 30
20 | 20 |
10 10
20 > 0
= =
—~ L N ) )
'g,, -10 ¢ % 210 +
20 20
30 | . 230 ]
[ PNM y — A SNM y
[ p=0.17 [fm>],x=0 C— p=0.17[fm>],x=05 & ——
40 ! ‘ ‘ ‘ 40 ¢ ‘ ‘ ‘
0 1 2 3 4 0 1 2 3 4
k [fm ] k [fm ]

 PNM (pure neutron matter) & SNM (symmetric nuclear matter)
« 2 Is repulsive in pure neutron matter (at normal nuclear density)
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SPS (Single Parton Scattering) and
DPS (Dual Parton Scattering)

n
T c
c
jet
9 jet
P2
Single Parton Scattering Dual Parton Scattering

2020/07/23 HENPIC seminar on “Study of Exotic Particles using High Energy Heavy lon Collisions”



A/D Ratio in pp and Pb-Pb
Collisions

« Sensitive to quark-quark correlation in baryons (and
iIn QGP?)

« Large enhancement in pp and Pb-Pb collisions
compared to those in ee and ep collisions
— We need higher statistics for Pb+Pb collisions

« Multiplicity dependence in pp collisions is compared
with Pythia
— Default Pythia provides the ratio similar to ee and ep data
— Pythia with color reconnection describe the data (ratio) well,

while cross sections are not reproduced

2020/07/23 HENPIC seminar on “Study of Exotic Particles using High Energy Heavy lon Collisi
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Source Characteristics in Small Systems

o 3_5_. L 1t [ 1 1t t [ t 1t t1
« p+p and p+A collisions are also used for femtoscopy RN it (000720 NEL>0)
study I > ppo P

25:_ . Coulomb + Argonne ng (fit) E

« Ansatz: The source is similar for all baryon pairs in T | IEE
i i 4 ® o FRF_ S0 00 B o ]

small systems o B e

— The size of the source core is determined from the p-p 150 P
correlation function, since the p-p interaction is well known : e

1 __ ooOOOOoooooooooooOoooooooooooooooooci

— The p-p femtoscopic analysis is performed differentially in <m> T By e e— e
bins k* (MeVi/c)
— Another assumption: All baryon-baryon pairs have the same %"3; ALICE Pronary E
<m;> dependence -- this may not be correct, in case where A | High-Mult (0-0.072% INEL) 3

. 1.1 ' == p-p (AV1 =

hydro effect is on £ —HA E

. . B SRR Foore =@ - <M. >P + C 3

— Effect of strong short-lived resonances are taken into account 09f N 30 fitto pp s
for all baryons (using statistical hadronization model) T i l 7

» Cross-checked by p-A analysis . } [ o
; - I1.I2I I I1.I4I l I1.IGI l l1.18l . 2I I 22 I 214 l 2I6
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A Short Comment on Small System

1

p+p and p+A collisions have been used in the
study of baryon interaction via femtoscopy

Behavior consistent to hydrodynamical fluid is
seen in violent (high-multiplicity) p+p and p+A
collisions

Understanding the dynamics of small systems are =

relevant to the study of baryon interaction via E 0.2
femtoscopy 5
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Hypertriton (and anti-hypertriton

* Weakly bound state of A, p and n, with m = 2.991
GeV/c?and B, = 130 keV; with rms-radius = 10.6 fm

—3H - 3He + ™ ...25% B.R.

— AH->3H+

—H->d+p+m
B. Donigus, Nuclear Physics A 904-905 (2013) 547¢c-550c

3 0 Pb-Pb /sy = 2.76 TeV/
— AH - d +n-+T Phys. Lett. B 754 (2016) 360-372 run: 137171, 2010-11-09 00:12:13
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Lifetime of Hypertriton 3, H

Determination of lifetime of 3,H has
been made by the several groups
using the heavy lon collisions

— Heavy-ion experiments had provided
consistently a shorter lifetime than free A
lifetime, although the error bar was not
small; deviations were less than 3 sigma.

Recent ALICE measurement (red) is
the most precise determination of
hypertriton lifetime

And the lifetime Is consistent with the
free A lifetime
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