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The 215t International Conference on Strangeness in Quark Matter

This conference will focus on new experimental and theoretical developments on the role of strange and heavy-
flavour quarks in high energy heavy-ion collisions and in astrophysical phenomena.

SQM 2024 will be the 215t edition of the conference series and, for the first time, takes place in France. It follows the
recent events in Busan (2022), New York (2021), Bari (2019) and Utrecht (2017). The full history of the SQM
conferences is listed here.

Scientific topics

Strangeness and heavy quark production in nuclear collisions and hadronic interactions
Hadron resonances in the sQGP (strongly-interacting Quark-Gluon Plasma)
Bulk matter phenomena associated with strange and other heavy quarks
Chirality, vorticity and spin polarisation phenomena
Strangeness in astrophysics
QCD phase structure
Collectivity in small systems
Open questions and new developments
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Focus on the i1ssues | would like
to discuss this week




Chasing the onset of collective effects

ALICE, arXiv:2211.04384 Wha’[ we Qbserve:
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Chasing the onset of collective effects
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ALICE, arXiv:2211.04384

N_ (m| <0.8)

What we observe:

e QOrdering of the v2 with system size

® V3 and va show no evolution with multiplicity
Nor system size

How can we interpret It:

® v3 and vz are sensitive to fluctuations of the
initial geometry

® Vo |S the response of the system to the
initial geometry of the collision

® |[n pp and p-Pb geometry fluctuation only

® |n peripheral Pb-Pb initial anisotropy
create the vo




ALICE, arXiv:2211.04384 VWVh at we Qbse r've.

E 0.12 | | |
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0.1 , ¢+ ¢ **73 *® vsand v show no evolution with multiplicity
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g ¢ o' woamma PP How can we interpret it:
0.06— .o # = ,-;’.!...«4. op . ,
® v3 and vz are sensitive to fluctuations of the

0.04 initial geometry
0.02 o 48 ® V2 IS the response of the system to the
¢ ﬁ " ¢ '+ }t+'l° AAFRIARA initial geometry of the collision
0 L : ® |[n pp and p-Pb geometry fluctuation only
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- g‘-ll-:’ltc):IEb-Pb N_ (Ml < 0.8) ® In peripheral Pb-Pb initial anisotropy
13 5.02 5.02Ysy (TeV) create the vo
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v.{2, |An| > 1.0} - | | . .
] [®] [ v,{2, |An| > 1.0} —xperimental challenge: removing non-flow effect (e.g. jets,
resonances) in small systems




Chasing the onset of collective effects: yPb collisions
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ATLAS, PRC 104, 014903 (2021)

- ATLAS
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\/ =5.02 TeV, OnXn
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Measurement of v2 and vz In photonuclear reactions (yPb) at the LHC

e Hint of v2 smaller than in pp, vz compatible with other systems



Chasing the onset of collective effects: pp and ete-

ALICE, Phys. Rev. Lett. 132, 172302 (2024)

32 < Ny < 37 o ALICE
L <prmgmmc<2GeVic . ppvS=13Tev ALICE pp Vs =13TeV

1 < P71, trig/assoc < 2 GeV/c
1.4<]|An|<1.8

X
=
O
N

- = [(A@) a> term

-« == F(AQ) a5 term e C(A)
= Fourier fit

(1/Nyrig)d2NP3T/dAndAg

—1.5 0.0 1.5 3.0 4.5

® Significant near-side ridge yield observed in pp collisions down to very low multiplicity



Chasing the onset of collective effects: pp and ete-

ALICE, Phys. Rev. Lett. 132, 172302 (2024), Y.-C. Chen et al., arXiv:2312.05084

101
10-2 FALICE
L 0-3 pp VS =13TeV
o
104 y v
GJ ¢ 1 < P71, trig/assoc < 2 GeV/c
<) . 1.4<|An|<1.8
= 107> ——
106 ¥ 95% CL ® ALICE
0 N ALEPH thrust
10~7 v 95% CL _— ete™ 91 GeV
I 059%, CLI-:-I ! ALEPH thrust
1078 , MB, ! ~~ ete™ 183-209 GeV
v v
0 8 16 24 32 40 48
(Nch)

® Significant near-side ridge yield observed in pp collisions down to very low multiplicity
e Below 30 charged particles, no significant signal in ete-, > 30 away from pp

= At higher multiplicity hint of a signal... significance not at the level to firmly conclude



Even charm flows In small systems, but beauty doesn't

015 CMS pp 11.5 pb™" (13 TeV)
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Charm hadrons have non-zero v2 in pp and p-Pb collisions too!!

e Not (only?) due to coalescence with lighter quarks as J/W vz |= 0

® Meson grouping visible

e Beauty vo still consistent with O

CMS CMS, Phys Lett B 813 (2021136036 PPb 186 nb™ (8.16 TeV)
n | | | I | | | I | | | | | | | I _
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Even charm flows In small systems, but beauty doesn't

015 CMS pp 11.5 pb"I (13 TeV) CMS CMS, Phys.Lett.B 813 (2021136036 PPb 186 nb™ (8.16 TeV)
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Charm hadrons have non-zero v2 in pp and p-Pb collisions too!!

behaviour
e Beauty vo still consistent with O More precision and species needecg

e Not (only?) due to coalescence with lighter quarks as J/W vz |= 0 Also CGC explains this
® Meson grouping visible




Baryon-to-meson ratio: radial flow"?
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ALICE, Phys. Lett. B 829 (2022) 137065
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= ALICE o
G op /s =13 TeV N, multiplicity classes
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—— 32.5 S

Pyvon Multiplicity classes
(dN . /dn):
e 31.:5

“H-H-|+f

—E= 46 (A 4+ R)/ (2K
b 25.8 S

e Charm baryons/meson like for strangeness

® Experimentally important to check the effect of di

10 15 20
p. (GeV/c)

® |n ee these ratios are flat in pr, In pp at low pT
{ peak of the ratio —> quark coalescence

® peak pushed to higher momenta at high mult.

ferent multiplicity estimators .



Baryon-to-meson ratio: beauty edition

LHCb, Phys. Rev. Lett. 132, 081901 (2024)
= L Y R

0.7 = —LHCb pp Vs=13TeV,5.4fb" -
E E Multiplicity intervals: szccll‘cs/ (N ZZ‘;];S)NB :
oo $o2
Similar pattern for beauty hadrons at forward rapidity 05F i—-I: +1lt02
® |n this case different multiplicity estimators give a " - 1 _+_+_++ * <1
slightly different picture L 04 H' 4 L+ -
< T
e \With rapidity gap between the multiplicity o 03F + + -
estimator and the measurement milder L + 4 __#__ :
multiplicity dependence ) - + e + ﬁ :
0 - T
0.1 -
E E (b)  Global uncertainty: :169;?
0 10 20 30

P [GeV/c]
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ALEPH e*e”, Vs=183-209 GeV
Inclusive
Thrust Axis

Collectivity in small system summary

32 <Ny <37 W ALICE

1 < pr, trigassoc < 2 GeV/C: : pp Vs =13TeV

(1/Nirig)d2NPaT/dAndAg
w
o

e-et oty

04<p:<2.0&v
0.‘<p:<2.°mv

p-Pb

p-Pb\s,, =5.02 TeV
0-20%

Wherever there i1s a hadron involved In the collisions we see non-zero vn

® Meson/baryon grouping observed even in small systems

e Charm behaves like strangeness

3<p' <4GeVic Pb-Pb 2.76 TeV
: ~0-10%
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Wherever there i1s a hadron involved In the collisions we see non-zero vn

e Meson/baryon grouping observed even in small systems
e Charm behaves like strangeness
Are we seeing a thermalised expanding medium in small systems?
e Non-thermal models actively evolving and able to explain some of the observations
e (Collectivity is only one piece of the puzzle

12



Charm chemistry in detalls

ALICE, Phys. Rev. D 105, LO11103 (2022)

A i | | | | . = - | | | | | | -
=12« ALICE pp, s=502TeV ) ~ 1.2 =« ALCE pp, (s=502Tev "
T - PYTHIA 8: JHEP 08 (2015) 003 - L - SHM: Phys. Lett. B 795 (2019) 117-121 -

1L —— Monash 2013 | 1 PDG, T\, = 160 MeV _
I CR Mode 0 _ e RQM, T, =160 MeV -

L CR Mode 2 - - ---- PDG, T, =170 MeV .

- CR Mode 3 } -  —— RQM, T, =170 MeV ]

0.8 [~ - 0.8 - h -
0.6 - - 0.6 - _
|l 0t 1 x30 _ I Fq ,,,,,,,,,, + ,,,,,,,,,, x 30 _

04 ' S - 0.4 Y X0 -
i x30 I : S L S i

0.2 - : P o - 0.2 - ' I B
0L | | | ] _ oL | | | ek | _

D* D* D A; = Q° Jy D" D** D Ay =0 Q° Jy

Charm hadron production, like light quark hadrons, is surprisingly close to the thermal model
expectation, and it is not far from PY THIA8 advanced color reconnections mode as well

® Resonances play a major role: we need precise measurements of yields (and to discover them all)

13



Charm chemistry in details

ALICE, arxiv2401.13541

ab™ (I = 1/2) (fm)

——

ALICE pp Vs =13 TeV
High-mult. (0—0.17% INEL > 0)

ALICE, Phys. Rev. D 105, LO11103 (2022)

H, / D°

—&¢— Data (x2/ndf = 0.7)
95% CL
o 68%CL
X. Y. Guo et al.
Z. H. Guo (Fit-1B) et al.
Z. H. Guo (Fit-2B) et al.
B. L. Huang et al.
L. Liu et al.
J.M. Torres-Rincon et al.

ALICE, pp, Vs = 5.02 TeV

SHM: Phys. Lett. B 795 (2019) 117-121
PDG, T, = 160 MeV
RQM, T, = 160 MeV
-.-- PDG, T, = 170 MeV
— RQM, T, = 170 MeV

Ir

ab™ (I = 3/2) (fm)
Charm hadron production, like like quark hadrons, is surprisingly close to the thermal model

expectation, and it is not far from PY THIA8 advanced color reconnections mode as well

o e I 0 X2
- - |
D" D** Q0 Jhy

Resonances play a major role: we need precise measurements of vields (and to discover them all)

Oow can charm hadrons reach equiliorium in a Hadron resonance gas, given their small
teraction with other particles”
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ALICE, arxiv:2405.19890

I IR I IIIIIII| I I|||I||| |
- ALICE, \[s, = 5.02 TeV, || < 0.8 -

. {pp tp-Pb tPb—Pb

| 10<p(8)<30GeVic -
| Lol | Lol || L] |
10 10 10°
(dN _ /dm)

-luctuation measurements across systems

Yields of strange particles are reproduced
® |n pp within 20% by both SHM and PYTHIA
® |n p-Pb, Pb-Pb good agreement with SHM
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-luctuation measurements across systems

ALICE, arxiv:2405.19890

0.98

0.96

0.94

0.92

0.9

- ALICE, \[s, = 5.02 TeV, || < 0.8
" {pp {p-Pb {Pb-Pb

__ 1.0< pT(E) <3.0GeV/c __
I EEE I EEE . NN |
10 10° 10°
(dN +/d 1)

Yields of strange particles are reproduced
® |n pp within 20% by both SHM and PYTHIA

® |n p-Pb, Pb-Pb good agreement with SHM

We test models looking at higher moments:
® Smooth evolution across systems

® Net-= agrees with the SHM and more than
50 away from PYTHIA in pp collisions

15
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STAR, arxiv:2311.00934

'1| l I_T_T_TTIII r_l_l—l_l'l'l'r[_l_l_T_YTl'ﬁ‘l—
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S ~ Q ....... . ufu .......... Ty
! PP ]
RENEC P
" Net-protons in 200GeV Collisions
lyl<0.5, 04 < P_< 2 GeV/c
JI | A llllll[ | - lllllll | — lllllll
1 10 100 1000

Charged Particle Multiplicity, m::c

Yields of strange particles are reproduced
® |n pp within 20% by both SHM and PYTHIA

® |n p-Pb, Pb-Pb good agreement with SHM

We test models looking at higher moments:

® Smooth evolution across systems

® Net-= agrees with the SHM and more than

50 away from

PYTHIA In pp collisions

At RHIC, net-proton higher order cumulants

show a smooth evolut

e HM pp co

MmeasurerT’

net-baryon expectation

ISioNs react

ent that IS Ir

on as well
the Au-Au

ine with the LQCD
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Search for the critical point

STAR, Phys. Rev. Lett. 128, 202303 (2022)

4

3

Ratio C,/C,
- — N

1
—

Central Au + Au Collisions

HADES (0 - 10%)
(lyl < 0.4)

@ het-proton
O proton

(04 < pT(GeV/c) < 1.6)

STAR (0 - 5%) —

(lyl<0.5, 0.4 < pT(GeV/c) <20)

_ net-proton__

(-0.5<y<0) UrOMD
(0.4 <p_(GeV/c) <2.0) ¢* proton

2 5 10 20 50 100 200
Collision Energy \'s,, (GeV)

Hint of non-monotonic behaviour
around 20 GeV

® New measurement out last week...
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Search for the critical point
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STAR, Phys. Rev. Lett. 128, 202303 (2022)

HADES (0 - 10%)
(lyl < 0.4)

(0.4 < p_(GeV/c) <1.6)

Central Au + Au Collisions B

STAR (0 - 5%) —
@ het-proton —

O proton
(lyl<0.5, 0.4 < pT(GeV/c) <20)

T

— — GCE
HRG . CE _
(-0.5 <y <0) net-proton_
UrQMD
I (0.4 <p_(GeV/c) < 2.0) rQ s proton B
| I I | | ] | I I I | I I
10 20 50 100 200

Colllsion Energy \sy, (GeV)

Hint of non-monotonic behaviour
around 20 GeV

® New measurement out last week...

No spoil
have a

lers here, but | guess we will
ot of discussion on:

e [he effect of multiplicity fluctuations
on these observables

e Establishing a solid non-critical
baseline

18



Speed of sound

Temperature (T = (py)/3)

CMS, arXiv:2401.06896V1
Impact parameter (b)

. e Amount of energy deposited in the collision

depends on the overlap among the nuclel
2 dP d(nT) d(n{pr))

Cs= de d(ns) d(nN.)

e \With complete overlap, fluctuations in the
number of partonic interactions can still
change the amount of energy In the system

o Atb ~ 0, <pot> and Ngn are proxies for
temperature and entropy density

Entropy density (s), # of charged particles (N,)

19



noninteracting limit f

CMS Ultra-Central Data
Lattice Quantum Chromodynamics

PbPb (0.607 nb™) 5.02 TeV

TRAJECTUM Hydrodynamic Simulation -

Nat. Phys. 16 (2020) 615

CMS CMS, arXiv:2401.06896V1 PbPb (0.607 nb'1) 5.02 TeV 035 CMS
B e e L L L L L L L B ','~'_ . ' T
1.0250 p. > 0 GeV, Inl<0.5 = -
- e Data g /:l i
i _ 5 EARY g 0.3
1.02| — - Fit to extract c: i 7’{ - i
) . ... TRAJECTUM '/ : 1
/Q\_|-1 S S Gardim et al. ' E -2
\\/: : ,”‘,/l ] NOU) I
o 101F ¢2=0.241+0.002 (stat) + 0.016 (syst) - // E 0ol
1.005 e ,{' — I
’ 0
9p009-Q00000e,. 0 _.o- o N Z \
1 _—’.'. """"""""" '.— ':! “!".4'! ":g_"'.”_';_'.. oo-¢ 6 Q/. ] 0.15 i
0.995 - - I |
A T B N R R R R S R 0.1— :
08 08 09 095 1 105 11 115 1.2 150

0
Nch/Nch

! | !
200

! ! ! ! ! ! | !
250 300 350

T (= (p.) 13) (MeV)

Impressive precision in determining the speed of sound with a single measurement

e Compatible with LQC

D and state-of-the-art hydro simulations

® ... but going ultracentral might come with selection biases!

)

Discussion this week will unpack many of this issues and maylbe some new observables for Cs, .



~ Hadronic structure and interactions




Not only QGP properties: understanding hadrons composition

CMS, arXiv:2312.17092

CMS pPb, s, = 8.16 TeV (185 < N, < 250)
| | | | ' ! ' | l |
- 0 15(980) i
0.15- oK aA ¢ 8] ng=2 hypothesis ]
- e E o "~ ng =4 hypothesis”
O i CMS Collaboration,

C 0.1 Phys. Rev. Lett. 121 (2018) 082301

>
i 0

c?>> o\ i , + - . o %@0%(980)
: 3 | | /
__ ml | |
0 2 4

KE/n, (GeV)

Coalescence works for explaining flow of light flavour particles in p-Pb

e Under this hypothesis, fo flows like a meson We should use the same
method for other particles!

® [s the production cross section agreeing with this hypothesis?

22



The case of y.,(3872)

LHCDb, Phys. Rev. Lett. 126 (2021) 092001 LHCDb, arxiv:2402.14975
—~ 0.14 T ' | ' CMS
k [~ e p.>15 GeV/e-
S pp \s=8TeV 3 +Prompt b decays S i T
R o012 5555 318
> (R p.. > 5 GeV/e &5 . . RS l
X S T 25 Comover Interaction Model, Esposito et al. T B _
X S R LHCb .
T ™ 0.1 & %55 Molecule Compact - Molecule > & T i
1 G : ° |J§ p.>5GeV/c -
Q T T (coalescence) tetraquark (geometric) SIS T -
~~ | N - .
o (@ 008 S R
N |~ a i ]
\./'3 s X i i
Ny 006 S la
Al [aa NS "
- 0.04 ©
S| 5
a | Q -1 _
\::3 S. 0.02 10 i -
o © - o i
0 2<y<4.5 1.5<p<4 | -5<p<-2.5 <0.9
0 50 100 150 200 pp pPb Pbp PbPb
NVELO
tracks

If ¥.1(3872) is a molecule, it is 5-10 fm wide: the production rate should reflect this

® Models predicts rising trend with multiplicity for the molecule, not seen in data
® (Case closed?
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A real 10 fm wide bound state: the hypertriton

Vovchenko, et al., Phys. Lett., B785, 171-174, (2018)

Sun. et al., Phys. Lett. B, 792, 132-137, (2019)

ALICE, Phys.Rev.Lett. 128 (2022) 252003

11T | I I I | I I 1T T T | I
% o | ALICE p-Pb, 0-40%, |[s,, = 5.02 TeV
» <, . 5| = | ALICE Preliminary pp, HM trigger,Vs = 13 TeV | 1 : . -
10 5] ALIGE Pb-Pb, 0-10%, {5 - 2.76 Tov 1 SAH/A n small systems: large separation between
" BR L 02540.00 i 1 production models
i | e SHM: insensitive to size of the hypertriton
i o e (Coalescence: yield suppressed with assumed
- f 1 hypertriton radius ~10 fm
107° - - ® Measurements favour coalescence
- ilG - 3- -body coalescence - - |
i “ o body coalescence | © O€NSitivity 1o the wave function shape: 2-body
i —SHM.Ve—dVidy - coalescence favoured
- SHM, Ve = 3dV/dy |
e '1'1)2 — '1'1)3 | Production of hypertriton in pp and p-Pb collisions as
a doorway to the study of its structure: coalemetry
(dN /dn)|77|<O -
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Ratio

Heavier antinypernuclel

STAR, https://arxiv.org/abs/231012674

This Analysis Au+Au, U+U
- i This Analysis Zr+Zr, Ru+Ru
O STAR Au+Au Science(2010)
A STAR Au+Au Nature(2011)
{» STAR Au+Au PRC(2009)
1 ALICE Pb+Pb PRL(2016)
_ —— Thermal Model
- T=164MeV uB=24MeV

:TV-Q A ﬁFl + _*

X This Analysis Au+Au, U+U, Zr+Zr, Ru+Ru

. 3 35 — 4
‘He ‘He.P “He 1 zzHp zH
e Ha P 2 3 3 p 4

He “He He ‘'H H AH

First observations of antinypernuclel with A=4 at RHIC and LHC! o U000
e More compact than 3A\H: in Pb-Pb they agree with the SHM
® Sensitivity to the presence of excited states

ANNE
|
oIl

- -
®

107°L

ALICE Preliminary —
Pb-Pb, |s,, = 5.02 TeV )
SHM using T, = 156 MeV
(including excited states)
SHM using T, = 156 MeV
(ground state only)

III A
L I E
4 4
2.070 AHe AH 2.700
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Another way to Investigate nyperon-nucleon interactions

| STAR Preliminary Shetchfom ALICE, Nt 568 2020) 252 25
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e ?-particles correlation function: a proven method to access hadron interaction that would be
otherwise impossible to measure with scattering experiments
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Another way to Investigate hyperon-nucleon interactions

| STAR Preliminary
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otherwise impossible to measure with scattering experiments
e [t to d-A correlations can give us the isospin-1 component of the A-N interaction




The three-body problem In nuclear physics

12 - | | | | | | | | A:_ICE, arIXiv:23Ol8.1612(i
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In pp collisions particles are emitted closer

to each other

® |n the d-p femtoscopy the proton
resolves the deuteron structure

e (Correlation function cannot be fitted with
point-like particle assumption (Lednisky

formalism)
e ull 3-body calculatior

using 2-body

forces only describes the data
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ALICE, Eur. Phys. J. A 59 (2023) 145
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pp Vs =13 TeV
High Mult. (0-0.17% INEL>0)

D@p-p-p Data
p Two-particle correlations,

projector method
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In pp collisions particles are emitted closer
to each other

® |n the d-p femtoscopy the proton
resolves the deuteron structure

e Correlation function cannot be fitted with
point-like particle assumption (Lednisky
formalism)

e Full 3-body calculation using 2-body
forces only describes the data

New technique: direct access to 3-body
system dynamics with 3 body femtoscopy

e Statistical precision limited

e ... but LHC Run 3 data is becoming
available
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Conclusions

Any collision system involving hadrons at high multiplicity show circumstantial evidence for
collectivity and thermalisation

® Non-zero vn, yields and fluctuations close to SHM and heavy-ion measurements
e Charm in Quark Matter suspiciously similar to Strangeness in Quark Matter at the LHC...
e Non-flow, improvements in “non-heavy-ion“ models... jury is still out
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Thank you!!

And special thanks to: Laura Fabbietti, Sourav Kundu, Andrea Dainese, Fabrizio Grosa, Alexander Kalweit, Federico Antinori,
Jan Fiete Grosse-Oetringhaus
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1he 1dentifled particle case
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® Mass ordering at low transverse momentum

ALICE Preliminary
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e Baryon - meson splitting in both pp and p-Pb

® p-Pb model comparison indicates partonic flow + coalescence
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1he 1dentifled particle case
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e Baryon - meson splitting in both pp and p-Pb
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} lypical features we observe in AA collisions

® p-Pb model comparison indicates partonic flow + coalescence
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Bonus track: 2 particle correlations in et

138 fb™ (pp 13 TeV)

Anti k;R=0.8
P!> 550

CMS, arxiv:2312.17103

CMS 138 fb™ (pp 13 TeV)
<N, > =101 | Anti k;R=0.8
Top 0.0023% highest-N__ jets p’'> 550

N <1.6

0.3<j.<3.0GeV

Angular correlation among particles inside a jet after an
appropriate change of coordinates

® Double ridge structure in high multiplicity jets

4
3¥%
\\Beam axis
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Bonus track: 2 particle correlations in et

CMS 138 fb™' (pp 13 TeV)
_ 0.3 <jT<3.O GeV
® o
¢
- —e— DATA
—_— PYTHIA
------ SHERPA
| I | I |
B tea,,, 0.5<j <3.0GeV
o -
I . .
- M <16
ANl > 2 ¢
_ Anti-k;R=0.8
p’:t>550 GeV
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CMS, arxiv:2312.17103

CMS 138fb" (pp 13 TeV) CMS 138 fb™ (pp 13 TeV)
<N,,>=26 Antik;R=0.8  <Ni>=101 | Anti k;R=0.8
pi:' > 550 Top 0.0023% highest-N‘ch jets pi;" > 550

Angular correlation among particles inside a jet after an
appropriate change of coordinates

® Double ridge structure in high multiplicity jets

Extracted v2 deviates from MC generators at high mult.
e (Collectivity or missing correlation among sub-jets”
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Same phenomenology at RHIC?

STAR, https://arxiv.org/abs/2310.12674

2 This Analysis Au+Au, U+U, Zr+Zr, Ru+Ru
i This Analysis Au+Au, U+U
O
A
Q

This Analysis Zr+Zr, Ru+Ru
STAR Au+Au Science(2010)
STAR Au+Au Nature(2011)
STAR Au+Au PRC(2009)

1| ALICE Pb+Pb PRL(2016)
[ — 1'-‘72'2‘623°°'"—'24Mev Indication of larger deviation
= Mg~ from the SHM prediction in the

collision among “small” ions
(careful with the log scale...)

Ratio

e Same effect as going to p-Pb
or pp collisions at the LHC!
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Precision hyper nuclear physics

STAR, https://arxiv.org/abs/231012674 _ .
Theoretical predictions
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