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Why study light nuclei?

Nuclei probe late-stage evolution of heavy-ion collisions

Lack of experimental data in pp collisions
« anti-deuterons at CERN ISR
« anti-3He and anti-tritons never observed in pp

Testing model predictions e.g. hadron coalescence

High interest in space-based experiments (AMS-02)
— primordial anti-matter and Dark Matter searches

Search for strange matter

ISR /5 =53 GeV, pp — d + X
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Nuclel production mechanism

o KK KS KR 0 p+B A ExE Q400 AH+3H He H ‘M
H H H H 2 2 2 2 2 2 2
1. Statistical Hadronization Model (SHM) o e e
> + H ; T H T j
. N g . L H : H : ALICE Prelimi , Pb-Pb Vs, = 5.02 TeV, 0-10% : .
- Yields of hadrons (and nuclei) fixed at chemical freeze- = 1°° g I bt hth Sl ]
out (assuming statistical equilibrium) © 10 L e TV eAel i ]
- Hadron abundances proportional to exp(-m/T,) 10 F - S §
1O SRR S SN S S S— T U R R
_ ; 3 ; ) C Model T(MeV)  V (fm) /NDF |: PSR SRR ol N
Large reaction volume (VT >1) in Pb-Pb 405 L |—THERMUS 4 152+2 78324484 58811 = = 1 ]
— grand-canonical description [ |-~ GSlHeidelberg 15342 7260410 416/11 ]
Andronic et al, Nature 561 (2018) 321 o | LpSHARES RS AR SV -
g C
. . . £
- Production yields (dN/dy) described over 9 orders of 3
magnitude (including nuclei) in central Pb-Pb coll. 3
E
- in small systems VT3<1 <
— canonical ensemble description 3
©
3

2. Coalescence

Nuclei form by merging of final-state nucleons which are close in phase space (x, p) after the kinetic freeze-out

Coalescence parameter (B,) is the key parameter, defined as:

3 3
N d’ N,
EAd A _B, | E,—2L
3 P 1.3
dp; dpp

Theoretical calculations of B, available in e.g. Scheibl and Heinz, PRC 59 (1999) 1585
Recent implementations in Bellini, Kalweit, PRC 99 (2019) 054905 and Sun, Ko, Donigus, PLB 792 (2019) 132
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ALICE experiment

THE ALICE DETECTOR A\ a. ITS SPD (Pixel)
Y . ) b. ITS SDD (Drift)
. . C. ITS SSD (Strip)

d. VO and TO
e. FMD

»
gL T[T

i®

ITS
FMD, TO, VO
TPC

TRD

TOF

HMPID
EMCal

DCal

. PHOS, CPV
10. L3 Magnet
11. Absorber

12. Muon Tracker

CONPOAWNE

13 Muon Wall Optimized for Particle
oo t’t Identification at low momenta
S . in a very high-multiplicity
environment
Many particle detection
pp 0.9, 2.76, 7, 8 TeV pp 5.02, 13 TeV techniques employed
p-Pb 5.02 p-Pb5.02, 8.16 TeV (17 detectors) / low material
Pb-Pb 2.76 TeV Pb-Pb 5.02 TeV budget

Xe-Xe 5.44 TeV
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ALICE experiment

THE ALICE DETECTOR

ZDC

i®

ITS
FMD, TO, VO

TPC o
TRD TOF-.

TOF

HMPID
EMCal

DCal

. PHOS, CPV
10. L3 Magnet
11. Absorber

12. Muon Tracker
13. Muon Wall
14, Muon Trigger
15. Dipole Magnet

CONPOAWNE

16, PMD
17.AD H
18.zZDC =

19. ACORDE :
T0, VO

Run 1 (2009-2013) Run 2 (2015-2018)

pp 0.9, 2.76, 7, 8 TeV
p-Pb 5.02
Pb-Pb 2.76 TeV

pp 5.02, 13 TeV
p-Pb 5.02, 8.16 TeV

Pb-Pb 5.02 TeV
Xe-Xe 5.44 TeV

a. ITS SPD (Pixel)
b. ITS SDD (Drift)
c. ITS SSD (Strip)
d. VOand TO

e. FMD

ITS (In|<0.9)

6 layers of silicon detectors
Trigger, vertex, tracking, PID (dE/dx)

TPC (n|<0.9)

Gas-filled cylindrical barrel, MWPC
readout

Tracking, PID (dE/dx)

TOF (|n|<0.9)

Multigap RPC
PID (time-of-flight)

TO (4.6<n<4.9 and -3.3<n<-3.0)
2 arrays of Cherenkov (TOA, TOC)
Luminosity, vertex, event collision time

VO (2.8<n<5.1 and -3.7<n<-1.7)

Forward arrays of scintillators
(VOA and VOC)

Trigger, beam gas rejection,
multiplicity, centrality

ZDC centrality determination
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PID

Low momenta: TPC (dE/dx)

ALICE, PRC 97 (2018) 024615

5 ALICE pp V5 =7 TeV [Ldt = 4,20 nb’”
g . xe, TPC

B + “He, TPC-TOF
E o = t, TPC

3 + 1, TRC-TOF

= — Bethe-Bloch

=

ALICE, PRC 97 (2018) 024615

Py 121 (GeVIE)”

E" T T T T T T T
= i " ]
a - ALICE pp \5=7TeV e -
= | Ldr = 4.20 nb" * -
E L Expected + 1 -
L Expected +2¢ p
- * -
L 4
2BF=""""""""0 "'"i—'-F"';""'i- """ e
L v * i
L 4 * U * i
td

-, o
26+ —
/L -
/ - =

7/

. 1 L1 1 1 1
// 0 1 ] 3 F 5

7, p(Gevic)

counts

Entries / (1 cm)

TPC+TOF: 6 anti-tritons and 10 *He candidates

— first ever observation in pp

ALICE
Higher momenta: TOF (m?)

INFN
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220
200 | VDA Multiplicity ALICE preliminary
E % Ciass (Pb-Side) 0-10% 24 GaVic< p_< 26 Gevie
180 '
160E
140 ® Data
120F- — Signal
100 — Background
Bﬂ;— : — Sig + Bhg
60E- t
H0F” jeuterce
20Ep-Ph | 5, = 5.02 Tev
25 -2 15 1 05 0 05 1 15 2 25
Mo - mE (GeV¥/ e’
LB LB NN LA BLL N BLELELA SLELELN BLALELA LA BLELEL BLELEL
- ALICE Preliminary devteron, 15 < 1.2 GeVic
PO-Pb |5, = 502 TeV (0-5%) — Tatalfi
| Secondary deulerons

107

AN N I R 0
-1 08 -05 -047
7/

R e ]
0.2 [1] 0.2 0.4 0.6 (Y] 1

P DCA,, (cm)

i |

7
ITS: separation of primary and secondary

nuclei (from material knock-out)
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Deuterons, tritons and 3He

and their anti-nuclei in pp at LHC Run 1

a AL A I I I I I I R I R I B s e o B L L) B | R LRSS LR EARS RARAS RARR AR
c;: 3L d, ALICE pp, Iy < 0.5 ALICE pp, ly| <05 | & Rl: L ALICEpp1s=7TeV [ T ALICEpp\s=7TeV 3
3 1077k X o \s=7TeV (x16) 01s=7TeV(x16) 3 § o °He, ALICE pp 1s=7TeV | o “He, ALICE pp \s=7TeV ]
. Eh"lql 1$=2.76 TeV (x4) \5=276TeV (x4) 1 = -- Tsallis 7
> +1s=09TeV (x1) 0 15=09TeV (x1) o107 KX RN E
%l- ) --Tsallis i -~ Tsallis I E Eflﬂ ]
T 104 DREN 43 i i ]
- F F ham 1 = + F N E
: ””'*” ‘ e P o = |
% ¥ 3 3 E
E‘- - "-\Eg:l \‘\ Uﬂbﬂ 5 E He E ‘\\ E
& 10k 3 s or 5=, T i 1
s I S N A S S T —r= 1
= 107 3 a3 M e e L T B
i . ) : ) o 1 2 3 4 5 6 0 1 2 3 4 5 &
I I NIRRT I | | | | p, (GeV/c)
0.5 1 1.5 2 25 3 0.5 1 1.5 2 25 3 AL|CE, PRC 97 (2018) 024615
P; (GeV/c)
% 1 I I I
= P ALICE pp \s=7TeV, |y| <05
= h — ¢ Ach fit . : ; ;
o 7 — reduction of the p;integrated yield (dN/dy) is
o | about 1000 for each additional nucleon in pp
1o = In p-Pb this penalty factor is about 600
10° ~300 in Pb-Pb collisions ALICE, NPA 971 (2018) 1
10° °He
ki
| | I | L
1 2 3
A = mass number
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/Ny 1/(2np.) N/ (dp_dy) (GeV2c?)

Deuterons, tritons and 3He
and their anti-nuclei in pp at LHC Run 1

-—h
Q
w

107

-
9
(2]

Ratio

1078 3

‘“"‘-1-1.1

d, ALICE pp, ly] < 0.5

e \s=7TeV(x16)
\s=2.76TeV (x4)

+15=0.9TeV( x1
--Tsallis

d, ALICE pp, |y| <0.5 |

0 \s=7TeV (x16)
0 \s=2.76TeV (x4)
¢ \s=0.9TeV (x1)
-- Tsallis

i cp e “Db]
::I‘. < |j:|\\ = ) A ~
[0 e val s il Las oall (1l N T
0.5 1 1.5 2 25 3 0.5 1 15 2 25 3
P; (GeV/c)

pT/ A (GeV/c)

T

1/(2np)) d?N / (dp_dy) (GeV23c?)

—
<
~
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)

t, ALICE pp 15 =7 TeV

s *He, ALICE pp1s=7TeV [

R EAREEEAREI LS
i, ALICE pp \s =7 TeV

o *He, ALICE pp 15 =7 TeV ]

-- Tsallis l

P, (GeVic)

ALICE, PRC 97 (2018) 024615

A/A « (p/p)* — d/d « (p/p)?
and p/p approaches unity with increasing energy
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g . ALICE Preliminary — - D ' e s DS
> 107F op, (s =13 TeV, <05 | O ol ALICE VOA Multiplicity Classes -
CHE (He+He) / 2, =>10" Vs = 10% 10-20% (x4) =
gy L with Lévy-Tsallis fits () = p-Pb sy =502 TeV = 0-10% (x8) +10-20% (x4) =
o Q) - 1< 0 20-40% (x2) +40-100% -
2 ] = [ oS o INEL>0 (x100 i
S 107 —~107 5 (He+ He)2 >0 (x100) ~
.DH _o B =.:|=.=I 1
5 S0 e .
10 8 = 2 B —— . \:+=I .
- o -6 g '
B ol10° =
[ = m ¥ =
- q_) - —
10'9:— VOM multiplicity classes 3 10_7 = ! 4= =
T e |- 11l (0-10%) — = =
L e 1l - X (10-100%) - ]
% I ‘ ‘ - I =T ‘ | 1 0_8 g_ 1 1 1 1 | 1 | 1 | i | 1 1 1 T | 1 | 1 | 1 I_g
I) 2;_ ................................ 7 .............................. “ ...................................... 1 2 3 4 5
For I SaT N
= adpy GeV/c
2 e T T == == P S ) p
o B A arxiv:1910.14401 [nucl-ex]
o 1 2 3 ] 5 6 7
P, (GeV/c)

3He p; spectra measured in pp, p-Pb and Pb-Pb collisions
— a comparison between different systems (pp, p-Pb, ...) can be performed
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3H in p-Pb

3H p; spectra measured in p-Pb collisions

— 3H/3He discriminates between
different implementations of
coalescence and tests the validity of
SHM (where 3H/3He=1)

Bellini, Kalweit, PRC 99 (2019) 054905
Sun, Ko, Donigus, PLB 792 (2019) 132

Cn'IS

; E% 5 %ﬁ@ ‘
ALICE
T p- Pb\[_ 502 TeV
[ 5y

3He o °H
] ° 3
3¢ 8He/ He ? *H/°H
o C ]
+ *
o r
1F =+:=+= """"""""" E: """"""""""" =
0 2 3 4 B
(GeV/c) P, (GeV/c)
) C ALICE | -
C 3 P 7
L " pPb (s -502Tev ©He* Hey2 — 1
® L 1<y <0 = (H+"H)2 —
g i cms :*:l i
CDm1O_4 B ---- 7
- [+ & =
H= =S ]
Coalescence expectations
% 2 - Bellini, Kalweit -
@ R R + cede T Sun et al. (Two-body)
—~ - + ------ Sun et al. (Three-body)
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He coalescence parameter (B 3) ALICE ——

e 102 AL I A B LR I R R AL E
8 - Bjcoalesc., r( He) =2.48 fm  SHM + blast-wave (ALICE nKp) 5
— Coalescence probablllty |S ‘r> 10_3 ;_ ----- fitto HBT radii — - GC GSI-Heid. (T = 156 MeV)_;
Suppressed W|th mu|t|p||c|ty by the () - - constrained to\ALICE B, —-CSM (T =155 MeV) =
O —— N .
Increasing size of the hadronic ® 104k ‘ ------ _ -
e . ° @ s AN E
emission region (quantified by HBT - .
radii) 107 . 2
1-A : N 1
BA o« V 10 & ALICE Preliminary —
= = Pb-Pb s, = 2.76 TeV, PRC 93 (2016) 2, 024917 3
, e p-Pb |5, = 5.02 TeV, arxiv:1910.14401 m
‘@ . - | E e Vs=7TeV =0.8 GeV/c), , A=
Two “regimes” observed: 10 EE o rarey RS A E
. ~- p_/A=0.90 GeV/ -
1_ flat: V < nUC|eus Slze 10—8 ,D L1 |e|L|C| Lol ool 1
: . 1 10 10° 10°
2. decreasing: V > nucleus size (dN /dn ) 05
- P B L B BN BN B e | l b |
E - our parameterisation: E
s sf —- R=ax(dN,/dn'"™ + b B
Coalescence A A e
Be"ini, Kalweit, PRC 99 (2019) 054905 ‘f ow p-r;b,mzs.ozTev i,f*/# E
C ® Pb-Pb, (5,,=2.76 TeV el ]
°F inties: \stat.? + sys.2 - _:
Grand Canonical SHM (GC GSl-Heid.) P e e ol -
Andronic et al, Nature 561 (2018) 321 a3 p el E
e —'
Canonical SuppreSSion SHM (CSM) 0;// .| .B.e”.m|l IKaIwelt PRC 99 (2019) 054905 3
Vovchenko et al, PLB 785 (2018) 171 O

@ /dnp)"
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d coalescence parameter (B,)

— coalescence probability is
suppressed with multiplicity by the
Increasing size of the hadronic
emission region (quantified by HBT
radii)

B, x V14

Two “regimes” observed:
1. flat: V < nucleus size

107

)
!
ﬂ L I C E Istituto Nazionale i Fisica Nucleare

T IIIIIIII

T

|

ITIIIII| T IIIIIII[ T II[IIII]

ALICE Preliminary
pT/A =0.75 GeV/c

dpp, Vs=13TeV B

[m]d, Pb-Pb, {5, = 5.02 TeV

l®|d+d, pp, Vs =7 TeV (PLB 794 (2019) 50-63)

[¢]d+d, p-Pb, \s, = 5.02 TeV (arXiv:1906.03136)

+]d, Pb-Pb, \[s,,, = 2.76 TeV (PRC 93 (2015) 024917)
B, coalesc. r(d) = 3.2 fm (PRC 99 (2019) 054905)

-- Param. A (fit to HBT radii)
—Param. B (constrained to ALICE B,)
| | I T | I

I I.TIIIIIl

1 10 10°
2. decreasing: V > nucleus size N, /dn, b>| 05
A B B B L B B
E E Our parameterisation: E
s sf. —-As ax{dN,/dnp"™ + b B
Coalescence A A e
Be"ini, Kalweit, PRC 99 (2019) 054905 ‘f ow p-r;b,mzs.ozTev i,f*/# E
C ® Pb-Pb, (5,,=2.76 TeV el ]
3 inties: \stat.2 + sys.2 - E
Grand Canonical SHM (GC GSlI-Heid.) S e ]
Andronic et al, Nature 561 (2018) 321 a3 p el E
= d =
Canonical SuppreSSion SHM (CSM) ;//' Belllnl Kalwelt PRC 99 (2019) 054905 3
T T T e 8 oz
Vovchenko et al, PLB 785 (2018) 171 (AN, fd*?
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d/p ratio

60.007— T T IIIIIII T T IIIIIII T T IIIIII[ T T
— [#]Pb-Pb, s, = 2.76 TeV (PRC 93 (2015) 024917)

 d/p higher by about a . ~ [#]p-Pb, {5y, = 5.02 TeV (arXiv:1906.03136)

Q 0.006
; _ il ~ [ pp, 15 =900 GeV, d/p (PRC 97 (2018) 024615)
factor 2 in Pb-Pb w.r.t. PP % ~ [Hlpp, Vs = 2.76 TeV, d/p (PRC 97 (2018) 024615)  ALICE Preliminary

QAN 0.005— [Klpp, Vs =7 TeV, d/p (PRC 97 (2018) 024615)
. . (@] pp, s =7 TeV (PLB 794 (2019) 50-63)
« Two different regimes: o

[m] Pb-Pb, \s,, = 5.02 TeV
: . i %]pp, (s =13 TeV

1. increasing: canonical

suppression in SHM

0.003

002 Thermal-FIST CSM (PLB 785 (2018) 171-174)

-- T =155 MeV, V, = 3 dV/dy
—T=155MeV, V. =dV/dy
st — Coalescence (PLB 792 (2019) 132-137)

T 0.
2. flat: (almost) no multiplicity
dependence observed 0.001

|IIII|IIIl|IIII|I|lI

AN

x

IIIIIIIIIlllllllIIIIIlIIIIlIIlIIII

1 10 10° 10°
<chh /dn )

lab |n'ab|<0.5

Coalescence
Sun, Ko, Donigus, PLB 792 (2019) 132
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SHe/p ratio

3He/p higher by about a
factor 10 in Pb-Pb w.r.t. pp

Two different regimes:

1. increasing: canonical
suppression in SHM

Ratio of integrated yields

2. flat: (almost) no multiplicity
dependence observed

Coalescence
Sun, Ko, Donigus, PLB 792 (2019) 132

—h
<
(&)}

—
<
(o]

—
<
L7

154

| LIS L T T T

First (anti-)3H measured in Pb PbI

T T TTT

-
--'—
-
-
P
-
-
-

e
-~

L
-

CSM (Thermal-FIST), pLB 785 (2018) 171-174
— T =155MeV, V,=dV /dy

T =155MeV, V,=3dV /dy
Coalescence, PLB 792 (2019) 132-137
= = = Three-body
==+ Two-body

ALICE Preliminary

m2. He/(p+p) Pb- va =2.76 TeV (|y |<05) PRC 93 (2016) 2, 024917
o2 He/(p+p) Pb-Pb 502TeV(|y |<05)
02- H/(p+p) Pb-Pb 502TeV(|y |<05)

(He+ He)/(p+p prv_ 502TeV(1<y
O(H+ H) (p+p), p- va_ 5.02 TeV (- 1<y )arXIV21910414401
02-3He/(p+p pp Vs = 7TeV(|y |<05) PRC97(2018)2 024615

m (He + °He)/ (p+p) ppF 13TeV(|y | <0.5)

< 0), arxiv:1910.14401

10°
)

Iab | <

10 102
<dN /
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p+ dependence of B,

INFN
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7 TeV
—

i(: :I ‘VIOI\‘:'I I;\i'IL‘JItiplliciltylc;alss‘esl | ALICE l ] ?z
- : ||+|(x(;)) pp, Vs =7 TeV o)
o b v d+d =4 m

. . . ~ E A VRVI(E) 1 -
* In pp B, is approximately flat in p+, R ‘ 1R
in agreement with simple I g““““ |
100 ENG)
coalescence approach E Dl RS
: i 17
see Csernai and Kapusta, Phys. Rept. 131 (1986) 223 i iiﬂ“nﬂnﬂnn“ 18
102 Spaesrareee o] ¢ ]| 2
:|\|\|\||||||\|\\\\|\||||\|\|\\\||:g

02 04 06 08 1 12 14 16 18

pT/A (GeV/c)
pp, /s =13 TeV

(q\ EI L ‘ L ‘ L ‘ T T I T T 7T | T T I L | L I T IE

\0. E L. VOM Multiplicity Classes

N> L _ ALICE Preliminary w1 (1) -

8 10 antideuterons, pp, Vs = 13 TeV A2

;3; ; [ a g  = [®[*] @N, /dn, ) =242 ‘ :3(:(\:)@ 8) ;

1= x:u(f”;e)) =

E OoOoOCE ey n iy VIl (<64 3

B [B]IX (x 128) ]

[®]X (x 256)

e E

C o8 . [ L B Sy S| _

1072 E ﬂnuuﬂul:l.;.““n---- E

. (N, /dn_)=26.22 ]

1078.2| l I()LI-I l I0%6I l I0.\8I - I1.|2J e I —
pT/A (GeV/e)
Manuel Colocci — XSCRC2019 — CERN - 15 Nov 2019 15



p- dependence of B,

a> [T T ] >
&9- i \Lt)l\:‘l::fmg:(t;;;lmny Classes ALICE —
- v 1l (x2) pp, ¥s=7TeV o)
g 1? A C’:ﬁn(x(:ga) dvd é "ITI
* In pp B, is approximately flat in p, in R ‘ 1R
agreement with simple coalescence o g““““ |
e [AT4] E
approach I IS
: B IACN)
see Csernai and Kapusta, Phys. Rept. 131 (1986) 223 i iuguﬂnnnnnn 18
1075 [Epaeersrerere | ¢ | o éo:i
02 04 06 08 1 T2 T4 16 18"
pT/A (GeV/c)

« when integrating over all o T _ ]
multi Iicitigs B ?s observed to L o AUCE SRCALE - >
_ P = =2 & 0.041 anti-deuterons, pp INEL, 15 = 7 TeV ] %
Increase with Pt e | * B, PRC 97 (2018) 024615 1m

[n - _

= . & 0.03— .B' + 1 O

— hardening of primary proton @ S 1m
spect_ra across multiplicity 0.02]- E §
explains the result (no need to - 135
introduce hard scattering effects) 0.01— - g
i i :n/

L | | ‘ | | | ‘ | | | | | | | | | | | ‘ | | | ‘ | | | | \7 o

0.4 0.6 0.8 1 1.2 1.4 1.6
pT/A (GeV/c)
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Input for DM searches

B, (B,) at LHC can constrain

secondary anti-nuclei flux near Earth
induced by CRs interactions with interstellar
matter (H, *He mainly)

Essential for segregated anti-matter
and Dark Matter searches

(CR anti-deuterons and anti-He suggested as
probe of DM annihilation)

10

10 ¢

N events) [%]

prob(>

107 10°
B, [GeV*]

10

Bg [GeV4 ]

Blum et al., PRD 96 (2017) 103021

1072 | ,

— Eq.(11)

pp ALICE 7 TeV v (preliminary)
rZZ1 pAl/Be SPS 200-240 GeV p,, 1
© © PbPb Central ALICE 2.76 TeV v’ high p,
& & PbPb Central ALICE 2.76 TeV v low p, E

& & PbPb Off ALICE 2.76 TeV s high p,

© © PbPb Off ALICE 2.76 TeV Vs low p;

& @& PbPb Central NA44/NA49 158A GeV Vs
& & AuAu Central STAR 200 GeV vs

R [fm]

B R(p,)\? by \?\~
GEV4NU'{}U24((I fm) 08 1.75 fm

2 « Poisson probability for detecting N (1, 2, ...)
secondary 3He events in 5-yr analysis of AMS-02

Manuel Colocci — XSCRC2019 — CERN — 15 Nov 2019
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Bellini, Kalweit, PRC 99 (2019) 054905

0%

B, (GeV /")

pJjA=D.TS Galic
B | ALICE, pp V= T TaW
[ & | ALICE. Po-Pa {5, = 278 Ta¥
— Coal, Ad) = 32 im
104 L absseas GS|-riiceibang (T = 156 Mav) +
H bilast-wave (Kp, PB-PB 5 = 2.76 ToV)

Hypernuclel
Few highlights

= (Coal., A'Hej = 2.48 im

107? ,
3 - '
& 1ot p/A=1GeVie
= — Coal., {'H) = 6.8 tm
@; (1 <wes Goal, r{*H) = 141 m 4
-!.
ol
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Hypertriton

Hypertriton (3H) is the lightest strange nucleus (pnA)
- 3H seen for the first time in 1952 in cosmic rays
- anti- 3H first observed by the STAR experiment in 2010 Science 328 (2010) 58

S

I%H . akHe
m = 2.991 GeV

B,=0.13 + 0.05 MeV
unstable, (weak) decay modes

AH - °He+m~ (+c.c.) (B.R.25%)

3H - *H +n° (B.R. 13%)
AH-od+p+m (B.R. 41%) T
3H o d+p+ 0 (B.R. 21%) H/H/§|

B.R. not well known !H7
only few theoretical calculations available u
Kamada et al., PRC 57 (1998) 4
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(anti-)2H identification in ALICE "=
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+H lifetime

Theoretical predictions

== PRC 57 (1998) 1595 Nuo. Cim. 46 (1966) 786
= J.Phys. G18 (1992) 339-357 == PLB 791 (2019) 48-53
= 77/ IR I I IR
« Very small B, (130 keV) led to the PRISG(ISHBI0E = — e 7
hypothesis that the 3H lifetime is PRL20(1968) 819 1= : T 1} 7
slightly below the free A\ PR180 (1969 1307 1~ T 7
NPB 16 (1970) 46 — —— : | : _
« Few theoretical predictions PRD 1 (1970) 66 |— _._I _
available NPB 67 (1973) 269 [— 4:—|—0:L— —
- first one by Dalitz and Rayet (1966)  Science 328 (201058 — —E'E*—i— -
- latest determination by Gal and NPA 913 (2013) 170 = == : -
Garcilazo (2019) PLB 754 (2016) 360 — -EEI—l : —
PRC 97 (2018) 054909 [— = . I | —Aieime - PDG valve
PLB 797 (2019) 134905 | :ﬂTq'uk World average
ALICE Preliminary Pb—Pb 5.02 TeV |— | | : EI;E] T
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Latest ALICE measurement is the most precise determination so far
— exclude large deviations from free A life time
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... few words about the upgrade **

ALICE has started a huge upgrade in preparation for LHC Run3 and Run4
— expected Pb-Pb £ = 10 nb! at 50 kHz collision rate

Quantity design achieved upgrade
Year (2004) | 2010 2011 2015 2018 =2021
Weeks in physics - 4 3.5 2.5 3.5 -
=  Fill no. (best) 1541 2351 4720 7473 -
;: Beam energy E[Z TeV]| 7 3.5 6.37 6.37 7
% Pb beam energy E[A TeV] 2.76 1.38 2.51 2.51 2.76
% Collision energy , /5, [TeV] 5.52 2.51 3.02 5.02 5.52
‘_\'; Bunch intensity N, [IUE] 0.7 1.22 1.7 2.0 2.2 1.8
c.):? No. of bunches kj, 592 137 338 518 733 1232
§ Pb norm. emittance ey [pm] 1.5 2. 2.0 2.1 2.0 1.65
=  Pbbunch length o, m 0.08 0.07-0.1 0.08
S 5 m] 05 | 35 10 08 0.5 0.5
_§ Pb stored energy MJ/beam 38 0.65 1.9 8.6 13.3 21
Luminosity L [10% em s '] 1 0.03 05 3.6 6.1 7
NN luminosity Lyy [10%cm s '] 1.3 22 156 [264] [303]
:I:E;g_rf‘]te‘j luminosity/experiment 1000 | 9 160 433585 900.1500
Int. NN lumi./expt. Iph_J] 43 038 6.7 19,25.3 39,80 1.3 % 10°

Manuel Colocci — XSCRC2019 — CERN — 15 Nov 2019 22



Citron et al., arXiv:1812.06772 [hep-ph]

ALICE has started a huge upgrade in preparation for LHC Run3 and Run4
— expected Pb-Pb £ = 10 nb at 50 kHz collision rate

Possibility to investigate A=4 (anti-)hypernuclei and A=5 (anti)nuclei
and improve accuracy for A=3 (hyper)nuclei

Expected significance
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... few words about the upgrade ™~ ©

Projection for future LHC pp runs

B, pp Vs L Stat. unc. Sys. Unc.
55 6 /pb <0.1%
A=2. 3 0(10%)
14 200 /pb <0.1%
FIRST time! — e To be
A=4 14 200 /pb 10% estimated

Citron et al., arXiv:1812.06772 [hep-ph]

Low p; O(1 GeV/c) more relevant — good news for ALICE!
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C O n C I U S I O n S ALICE ™= &

Unique tracking/PID capability of ALICE allows one to clearly identify
light (anti-)nuclei at LHC energies

SHM model describes reasonably well not only hadrons but also loosely bound
objects

Validity of hadron-coalescence models tested at LHC
Valuable inputs for Astroparticle Physics provided
The most accurate 3H lifetime measurement reported

Possibility to look for rarer anti-nuclei signals and to improve accuracy for A=3
(hyper)nuclei in the future LHC runs

hank
S
for Your atteng;
on!
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BaCkup ALICE
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LHC runs
System Year(s) Vs (TeV) L.
2010-2011 2.76 ~75 pbl
Pb-Pb 2015 5.02 ~250 pbt
2018 5.02 ~0.9 nbt?
Xe-Xe 2017 5.44 ~0.3 pb'?
2013 5.02 ~15 nb?
p-Pb
2016 5.02,8.16  ~3nbl,~25nbl
0.9,2.76, ~200 pb, ~100 nb?,
2009-2013 7,8 ~1.5 Sb-l, ~2.5 pbt
PP 2015,2017 5.02 ~1.3 pbt
2015-2017 13 ~25 pb?
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ALICE Iin Run 3 and Run 4

New Inner Tracking System (ITS)
- Complementary Metal-Oxide-Semiconductor (CMOS) Monolithic Active Pixel Sensor (MAPS) technology
- Improved resolution, less material, faster readout

New Muon Forward Tracker (MFT)

- CMOS Pixels, MAPS technology
- Vertex tracker at forward rapidity

New TPC Readout Chambers (ROCs)
- Gas Electron Multiplier (GEM) technology
- New electronics (SAMPA), continuous readout

New Fast Interaction Trigger detector (FIT) = —e—__
- Centrality, event plane

FoCal proposal (Run 4)

- Measure forward direct photons

Readout upgrade
- TOF, TRD, MUON, ZDC, Calorimeters

Integrated Online-Offline system (0?)
- Record MB Pb-Pb data at 50 kHz
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Model predictions

Bellini, Kalweit, arXiv:1807.05894v1 [hep-ph]
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SHM expectations
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A.Andronic, private communication, model described in

Thermal model
— T=164 MeV

- T=156 MeV

N, =350

AA

— — Pb-Pb |s,,=2.76 TeV
A

Andromic ef al.,, PLB 697, 203 (2011) and references therein
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Istituto Nazionale i Fisica Nucleare

SHM in STAR

Andronic et al, PLB 697 (2011) 203
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Blast-Wave model fit
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ALICE, PRC 93 (2016) 024917
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» Blast-Wave (BW)
[Schnedermann, Sollfrank and Heinz, PRC 48 (1993) 2462]

hydrodynamics-inspired model describing
particle production assuming a radially
expanding thermalized source

BW fits simultaneously 1, K, p and d, 3He

— kinetic freeze-out conditions for
nuclei identical to those of other light
flavor hadrons
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SHe elliptic flow

v, {EP, |An| > 0.9}

Data — model

arxiv:1910.09718 [nucl-ex]

E ALICE 3

0.7 :
0 6; Pb—Pb, | 5, = 5.02 TeV, 0-20% + 20-40% 40-60% E
s |n1<0.8 I
05~ o ‘He:'Fe - .
0 41_- Blast-Wave ¥ 3
TF Coalescence ((v,), x 3, LoT)pxs)i ]
0.3 Data - BlastWave B
03 5 g (- =
01; :‘:‘:*:I ;: =¢:j:+:l E3 E
0‘ """ "iﬁﬁ‘" =" L= e —re----- == """'""""""“f' """" = == ==
R ikp ol
—02;_ - + E
039727 4 s 6 23 4 5 6 1 2 3 4 5 6
p. (GeV/c) p. (GeV/c) p. (GeV/c)

33



°H elliptic flow
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34, “He spectrain Pb-Pb
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First (anti-)triton and (anti-)*He p; spectra in Pb-Pb at LHC!

35



B, In p-Pb and Pb-Pb

arxXiv:1906.03136v1 [nucl-ex]
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more boxlike transverse density profiles are preferred
in heavy-ion collisions...
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ALICE, PRC 97 (2018) 024615
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By [GeV?]

H L I C E Istituto Nazionale i Fisica Nucleare

C I I — Eq.(12) H

C — pp ISR 53 GeV v& 1

B ROA kh 1
Ko [ pp Serpukhov 11.5 GeV s

B < 771 pAl/Be SPS 200-240 GeV py,, 1

B % L= pBe FNAL 300 GeV pi,, M
AN 772 pTi FNAL 300 GeV p,,,

<1 pW FNAL 300 GeV py,
© © PbPb central ALICE 2.76 TeV s high p,
@ & PbPb central ALICE 2,76 TeV vs low p,
& & PbPb off ALICE 2.76 TeV v high p,

© © PbPb off ALICE 2.76 TeV v low p,

& & PbPb Central NA44/NA49 158A GeV Vs
& @& AuAu Central STAR 200 GeV s

J [1/(m3ssrGV)]

1 2 3 4 5 6 R[GV]

R [fm] FIG. 1. Predicted flux of j,d,He. AMS02 j data are taken

from Ref. [28]. AMS02 d flux sensitivity (5-yr, 95% C.L.) in the
kinetic energy range 2.5-4.7 GeV /nuc, as estimated in Ref. [11],

Blum et al.. PRD 96 (2017) 103021 is shown by solid line. AMS02 He flux sensitivity (5-yr,
’ 95% C.L.), derived from the 3Hc,f’ He estimate of Ref. [27], is

shown by dashed line.
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