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Prelude: an antimatter factory

T, Foranucleus X with mass number A at
- 0-5% B ALICE Preliminary - 0-5% ALICE Preliminary - ,
; Pb-Pb |5y = 5.02 TeV - : Pb-Pb {5 =5.02Tev] the LHC it has been found that:
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Why should we care”

Three points we can address by studying (anti)(hyper)nuclel at the LHC:
1. How strong are the interactions among nuclel and nyperons?
o ALICE delivers the most precise measurements of the properties of hypertriton

2. A nuclear physics problem: how loosely bound objects are formed in high energy
collisions (“snowball in hell”)?

e Can we learn something about the particles being produced by studying their
oroduction rate”?

3. How to interpret the flux of cosmic ray antinuclel for dark matter searches?

e Beyond the study of antinuclel production: interaction of antinuclel with the material



Why should we care”

Three points we can address by studying (anti)(hyper)nuclel at the LHC:
1. How strong are the interactions among nuclel and nyperons?
o ALICE delivers the most precise measurements of the properties of hypertriton

2. A nuclear physics problem: how loosely bound objects are formed in high energy
collisions (“snowball in hell”)?

e Can we learn something about the particles being produced by studying their
oroduction rate”?

@ Not discussed here! Come and ask me and L. Fabbietti about this in the breaks!
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Detecting H N heavy ion collisions

(Anti)Hypertriton decay in SHex is easily

reconstructed by ALICE ‘He
Signal Extraction: track
® |dentify SHe and 1t
e Evaluate (3He,n) invariant mass T

| DCA tracks
e Apply topological cuts in order to: track

® |dentify secondary decay vertex
® reduce combinatorial background
® Or... train a ML discriminator




Detecting H N heavy ion collisions

(Anti)Hypertriton decay in SHex is easily
reconstructed by ALICE

Signal Extraction:
® |dentify SHe and 1t
e Evaluate (3He,m) invariant mass
® Apply topological cuts in order to:
® |dentify secondary decay vertex
® reduce combinatorial background
e Or... train a ML discriminator

® XGBoost discriminator trained on data
and MC

® Significance enhanced by up to 50%
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H Ifetime and binding energy in the high precision era
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Paper out in few weeks!



M lifetime and binding energy in the high precision era

b A= Mg+ my — My Using the 2018 Pb-Pb data + ML methods
%1_2:_ Theoretical calculations 7 e World’s most precise measurement
= B NPB47(1972)  — PRC77(2008) 7 e Exclude large deviations from free A lifetime
af ] — arXivii7i.0752 =PJ56(2020) 1 o Test of different models with different ?\H structure
0'85 1 The measured B is extremely small
0.6 - NPB1(1967) STAR(2019) 1 @ Compatible with a loosely bound deuteron-/A
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. + ........................................ + ........ i ® Visua 'si.ngl techniques still have the best
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: 1 we DAL techniques by tracking the , H
-0.4 -~ PRD1(1970) = e -:? before its decay

= Fguivalent to a O(MHz) bubble

Paper out in few weeks!
chamber



(Anti)(hyper)nucleosynthesis processes



Iwo models with very different implications



Iwo models with very different implications
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* Hadrons emitted from the interaction region in statistical
equilibrium when the system reaches a limiting temperature

* Freeze-out temperature Tchem IS @ key parameter

» Abundance of a species «exp(-m/ Ichem):

-or nuclei (large m) strong dependence on Tchem

nly used for Pb-Pb, it can be used in smaller systems by using

the canonical ensemble
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A. Andronic, P. Braun-Munzinger, J. Stachel and H. Stoecker,
Phys. Lett. B607, 203 (2011), 1010.2995
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Iwo models with very different implications

* Hadrons emitted from the interaction region in statistical

* Freeze-out temperature Tchem IS @ key parameter
» Abundance of a species «exp(-m/ Ichem):

=For nuclei (large m) strong dependence on Tchem

ERMAL MOD

the canonical ensemble

equilibrium when the system reaches a limiting temperature
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Mainly used for Pb-Pb, it can be used in smaller systems by using

A. Andronic, P. Braun-Munzinger, J. Stachel and H. Stoecker,
Phys. Lett. B607, 203 (2011), 1010.2995
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(anti)nucleus

formed
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J. |. Kapusta, Phys.Rev. C21, 1301 (1980)

'- If (anti)baryons are close in phase space they can form a

* Interplay between the configuration of the phase space of
(anti)baryons and the wave function of the (anti)nuclei to be

* TL;DR: the larger the wave function the more we are sensitive to
the system size
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Thermal model vs coalescence
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* |s this smooth transition suggesting a single description for

he nucleosynthesis in HEP?

* Thermal model with canonical suppression gets the rise o

" the nucleus/proton ratio

12


http://arxiv.org/abs/2003.03184

Thermal model vs coalescence
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® |s this smooth transition suggesting a single description for the nucleosynthesis in HEP?
® Thermal model with canonical suppression gets the rise of the nucleus/proton ratio
e \Vith the same parameters proton over pion ratio Is not reproduced at low multiplicity

= However we do No

- expect Statistical

equilibrium might r

adronisation Models to necessarily work in pp: system

ot be reached in small systems!
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1he coalescence parameter

The coalescence parameter for a nucleus / with A nucleons is defined as:

A Edd3Nd
3N, SN deuterons dp3
P dpd

Experimental parameter that Is tightly connected to the coalescence probability:

Larger Ba — Larger coalescence probability

The closer the nucleons are in phase space the higher Is the coalescence probability

Small systems Large systems

Small distance in space

Large distance in space

Only momentum correlation
matters

Both momentum and space
correlations matter
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Expect larger Ba Expect smaller Ba
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Understanding nucleosynthesis at LHC

How to get a quantitative prediction in practice?

Our recent development that allows us to zoom into the production of nucleil through coalescence

Correlation radius

B,(p) ® % Jd%@ (EI‘??SRF( D, 61’)]

Wigner density / wave function 1077
3
Copper ;’\H & 10
£ <
® :ﬁ Q®\N/ Q 10-6
R~5fm R~ 5-10 fm

<
~

alo nucleus: wide d/\ molecule

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

F. Bellini, K. Blum, A. Kalweit, M.P. PRC 103, 014907
' I L R R

From understanding nucleosynthesis to understanding the ;’\H wave function
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https://arxiv.org/abs/2007.01750

-rom the correlation to the coalescence parameter

Correlation radius

3 . QN x10™ | JHEP 01, (2022) 106
Bz(p) %%J‘dSQQ(Q%gRF(p, q)] N a -1 r r ot rr 11 T 1 T T ] T T 1
™ '_ —
Wigner density Ni‘) 25 E ALICE N
“Source Radius + Nucleus wave function -> Bo” % 20 - ]
Q) N -
* Different wave functions give quite different  _« 15/ o | :
expected coalescence parameter 0 _ s o o _
e |t works within factor 2 for deuteron ' @O -
i @L* N
o -
Coalescence it is still an incomplete model o - e pp, (s=13TeV, HM | -
» Known approximations and limitations that - Gaussian Hulthen ]
can be worked out -5  xEFT | Two Gaussians -
» We have standard candles to gauge the 05 10 15 50
models

pT/A (GeV/c)
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https://link.springer.com/article/10.1007/JHEP01(2022)106

The case of hypertriton production in small systems

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

K. Sun. et al., Phys. Lett. B, 792, 132-137, (2019)
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ALICE Pb-Pb, 0-10%, |[s,, = 2.76 TeV
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—3-body coalescence
= 2-body coalescence
— SHM, Ve = dV/dy
- SHM, Ve = 3dV/dy

10

107 10°

(dN _ /dn)

Inl<0.5

SAH / A\ in small systems: large separation between
poroduction models

e SHM: insensitive to size of the hypertriton

® Coalescence: vield suppressed with assumed
hypertriton radius ~10 fm
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The case of hypertriton production in small systems

Models:
Vovchenko, et al., Phys. Lett., B785, 171-174, (2018)
Sun. et al., Phys. Lett. B, 792, 132-137, (2019)

SAH / A\ in small systems: large separation between

arXiv:2107.10627

B.R. =0.25+ 0.02
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< 1] | T T T | T T T | prOdUCtion mOde‘S
= e | ALICE p-Pb, 0-40%, s, = 5.02 TeV . " . .
S, s+ ALIGEPreiminary p, WM tigoerys- 1aTev | ® SHM: insensitive to size of the hypertriton
¢ | ALICE Pb-Pb, 0-10%, {5y = 2.76 TeV 1 ® (Coalescence: yield suppressed with assumed

hypertriton radius ~10 fm

1 ® Measurements in good agreement with 2-body
- coalescence

® [ension with SHM at low charged-particle
multiplicity density

® configuration with V¢ = 3dV/dy is excluded at
—SHM, Ve =dV/idy - level of more than 6o

- SHM, Ve = 3dV/dy

10°°

—3-body coalescence

--- 2-body coalescence

i | |
I I N N I 1 1 1 111 I

0 102 103 Production of hypertriton in pp and p-Pb collisions

(dN _/dn) as a doorway to the study of its structure
ch 17]<0.5

18


https://arxiv.org/abs/2107.10627

@

/Rd_ A~ 10fm
e T

“deuteron” core

0l witha=5fm

Pr(a)/P(0)

1.0¢ Gaussian wave function

3

When a > R, requires |x1—xz2| < R:

Py~ Jd3p € _EP/TJd3x1 d’x, | w,(0) |20V(x1)9V(x2)

V2
Py Vi | dpe Sl 0)F - | d'p et

Pr(a)/PH(0)

SH/A
3

The case of hypertriton production in small systems

Particle size matters Berndt Mueller SQM summary talk
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ALICE Preliminary pp, HM trigger,{s = 13 TeV
ALICE Pb-Pb, 0-10%, \s,,, = 2.76 TeV

—

~— 3-body coalescence -
— 2-body coalescence |
— SHM, Ve = dV/dy
= SHM, V¢ = 3dVidy |
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50 10D
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n|<0.5

Particle size aware SHM is coming up: a further confirmation that we can study hypernuclei wave functions



https://indico.cern.ch/event/1037821/contributions/4853861

Summary and outlook



We are in the high precision era for nypernuclel in Hi

LHC Run 3 projections

< _3 lllllllllllllllllllllllllllllll llllIlllllllllllllllllllllllll
M 10 iy “H
4 ' e A
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A v =:=Coal,r ({H)=4.9fm
10°
107”7
107°
107°
1 0_10 i pT/A =0.77 GeV/c ” pT/A =1.17 GeV/c
= *BW + GSl-Heid. (T, = 156 MeV) ¥ === Coal., r ('H) = 6.8 fm
107" ==Coal., r(*He) = 2.48 fm g — Coal, r CH) = 14.1 fm
O 1 .
s L lPb-Pbys,, = 5.5 TeV (Run 3+4) ,
= 0.5 F- [IPb-Pb 5, = 5.02 TeV (2015 data)
D QF-- Boomeemenn ; —— I I SR N N T SRR | S R N S S DN NN WA R W N OO SUSURSI——— T T . 3
s :
“-05F ]
—1F WPTE PRUTE PURTY PRTTY PRRTY PETeT P
102 02 = that + Ggys 1 2 3 4 SR (f?r])
—6,,/B, = 10%
"losys/BA =20%

ALICE Upgrade projection
Pb-Pb ys,, = 5.5 TeV, L, = 10 nb”

No separation

Expect A=4 (hyper)nuclel measurements with precision similar to A=3 during Run 2
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We are in the high precision era for nypernuclel in Hi

:\ 10 - I I I I I = ™M — I I I o IIAII_lICE LIJpglra'ldel IplrlojeCtion
o 9 3 ALICE Upgrade projection E 2 - /T
O TE op\s=14TeV,L _ =200pb”" = - -
8 - N, >7{ Nch ) = - ]
/ E_ _z 10” é_ = _§
-E o Ad E = -
é — 25 (Hammer) - - 7 ppVs=14TeV, L =200 pb” -
5F — 28 (Hammer) + 4SE (chiral EFT) — 2 - =

4 E_ — 2S5 (Hammer) + 4Sf (NSC97f) 1 107 = — Full canonical SHM - loexpected S
3 é § E —— 2-body coalescence S 1o expected E
é é i ——— 3-body coalescence o expected |
2 = 10° —
- . - —e— ALICE Pb-Pb \[s,=2.76 TeV -
1 N ]
C | I I | RIS | | NI EE | | BRI |

0 100 10 10° 10°
k* (MeV/c) (N Jdm), o

® |n Run 3 ALICE will have x100 more hyper tritons in pp collisions
o on the production yields
® Precise determination of through Ad correlations

e Possible background in the dpsr decay of hypertriton”?
e See B. Sigh talk for more on this -




Summary

e ALICE proved to be an precision experiment for the determination of ?\H poroperties

y Starting from the end of this year this will expand to A=4 hypernuclel

® New ways Into hypernuclel structure: study of the production in small collision
systems

» More data coming from the experiment
» More theoretical development required and ongoing

Thanks to B. Doenigus, L. Fabbietti, A. Kalweit for the input and discussion .
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Beyond the average: antinuclel number fluctuations

New observables based on event-by-event
fluctuations to distinguish Statistical
hadronisation and hadron coalescence

(= (m)?)
K1 (n)
 Cumulant ratio currently favours the SHM

* Coalescence depends on nucleon phase
space conditions (correlations p-n)

R2

arXiv:2204.10166

|
s ALICE Preliminary (
1.06 == (Coalescence Model A NEVD
s Goalescence Model B

Thermal-Fist: CE SHM, 4.8 dV/dy

Thermal-Fist: CE SHM, 1.6 dV/dy
104 - Poisson _
1.02

1
|_77| <0.8

0 20 40 60 80
Centrality (%)
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https://arxiv.org/abs/2204.10166

Beyond the average: antinuclel number fluctuations

New observables based on event-by-event
fluctuations to distinguish Statistical B

arXiv:2204.10166

. Q. ALICE Prelimi
hadronisation and hadron coalescence Co ;3 esceri;g]mgel A (x 1/30)
o 2 SR | Model B
Ko B <(TL <TL>) > 0.0051 _(?oa escen.ce. ode
— = hermal-Fist: CE SHM, 4.8 dV/dy
K1 (n) Thermal-Fist: CE SHM, 1.6 dV/dy

 Cumulant ratio currently favours the SHM

* Coalescence depends on nucleon phase 0
space conditions (correlations p-n)

((ng — (ng))(np — (np)))

Ppd = N ~0.005

Pb—Pb, s, = 5.02 TeV
In| < 0.8

d: 0.8 < P < 1.8 GeV/c

p: 0.4 < p_ < 0.9 GeV/c

e Pearson correlation constrains the correlation
volume for baryon number

* Agrees with results from (anti)nuclei yields

» Different wrt results from (anti)proton yields
and fluctuations

—0.01

0 20 40 60 80
Centrality (%)
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https://arxiv.org/abs/2204.10166

UrQMD + Box coalescence

See T. Reichert talk at SQM

Vs = 5.02 TeV, Pb+Pb ‘2 Vs, = 5.02 TeV, Pb+Pb
| UrQMD-hybrid coalescence . _ UrQMD-hybrid coalescence |
| —e—"Help —&— t*p/d’
10 - SHI(A+E°) (Ar=9.5 fm) ; 1.2 | —&— S, (Ar=9.5 fm) -
L ——*HI(A+X’) (Ar=4.3 fm) 77 S,(ar4.31m)
: 1.0 | , -
10° i 08} _
06 | -
-7 u _
107 1 04f -
Data: ‘
® ALICE,°Help 0.2 F )
108 B ALICE :H/(A+X’)
10° 10' 10° 10° 10° 10° 107 10°
dN_ /dn (In|<0.5) dN_ /dn (|n|<0.5)

Similar conclusion as for the coalescence model: strong sensitivity to the object size
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https://indico.cern.ch/event/1037821/contributions/4841825

How precise are we In measuring lifetimes”?

Normalized Counts (cm)

Data / Fit
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Current world average
P.A. Zyla et al. (PDG), PTEP 083C01 (2020)

ALICE
Preliminary
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