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** Anti-matter from dark matter annihilation

*k Background from secondary cosmic ray

** LHC as anti-matter factory

** Results from the LHC with impact for indirect searches
1. anti-proton cross section from p-He collisions in LHCb fixed target
2. anti-deuteron and anti-*He in pp collisions with ALICE

%k Outlook
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Searching for dark matter WIMPs

One hypothesis is that DM is constituted by
WIMPs (x) = weakly interacting massive particles
that are thermal relics of the early Universe.

Direct searches look for elastic scattering of a Visible (baryonlc)

WIMP on nuclei in the detector, production at “Matter Dark Matter
colliders [= G. Landsberg, 21/01] A%.of Usiverse 25% of Universe

Copyright: Hubble/COSMOS

Indirect searches look for signals from yx pair annihilation or y decay into standard model
particles in the Galaxy (e.g. in the Galactic halo).

Focus on: indirect searches for anti-matter in cosmic rays (CR)
- Look for anti-deuterium and anti-*He because of low secondary CR background
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Signal = anti-nuclei from Dark Matter source (1)

1. Anti-p and anti-n are produced by WIMP annihilation into SM channels
2. Anti-deuterons and anti-3He produced via coalescence of anti-nucleons

Modeling of the DM source depends on the details of the particle physics model and the
DM density in a given point of the Galaxy

0(55))2 o0y, N0

1
Eqp, X) ==
QDM( Dx) 2( N

[M. Korsmeier, F. Donato, N. Fornengo, PRD 97 (2018) 103011]
¢ thermally-averaged annihilation cross section into SM channel, e.g. (ov),,—pbar ~ 3 X 1026 cm3/s

** DM mass, e.g. 30 < mpy < 100 GeV
*k energy spectrum of the products

[M. Tanabashi et al. (PDG), PRD 98 (2018) 030001]
** DM density in the vicinity of the solar system, p'°ca,, ~ 0.4 GeV/cm?3
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Signal = anti-nuclei from Dark Matter source (2)

1. Anti-p and anti-n are produced by WIMP annihilation into SM channels
2. Anti-deuterons and anti-He produced via coalescence of anti-nucleons

Anti-nucleons coalesce into anti-nuclei if they are close in phase-space, a condition which
is encoded in the coalescence probability B,

VA N

dN,
P 43
d°P,

dN,
d’P,

E, =B,| E

n

d>P
4 _p —
P,=P,=P /4

related to

[M. Korsmeier, F. Donato, N. Fornengo, PRD 97 (2018) 103011; P. Chardonnet, J. Orloff, P. Salati, PLB 409 (1997) 313; and others...]
*k coalescence momentum pc =2 tuned to e+e- data JALEPH, PLB 639 (2006) 129]

%k Mass of the nucleus

[K. Blum et al., PRD 96 (2017) 103021; R. Scheibl, U. Heinz, (1999) PRC 59 (1999) 1585-1602; FB, A. Kalweit, arXiv:1807.05894v2]
*k Size of the nucleus relative to the size of the source (Hanbury-Brown-Twiss interferometry)

** Nucleus wave-function (quantum-mechanical approach)
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Background = secondary Cosmic Ray source (1)

PDG review, 2018
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Background = secondary Cosmic Ray source (2)

Production of secondary anti-nuclei by spallation reactions of primary
CR with ISM

** Need cross-sections for anti-p production in pp, p-He, p-A

** Threshold for anti-nuclei production
- to produce anti-d by pp in c.m. Vs = 6 m, — lab frame / Galaxy: E = 17m),

** By coalescence mechanism

- same as the DM signal, but different anti-nucleon distributions
- coalescence momentum unknown

Flux calculations sensitive to the astrophysical details
- Introduce model dependency

) Acceleration by Super Novae remnants

¢ Diffusion in the galactic magnetic field (~uGauss)

** Energy loss / gain (for loosely bound nuclei, break-up dominates) Copyright: ESA/Planck Collaboration, 2016
%k Solar modulations (matter mostly at low E, where DM signal prominent)
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Background = secondary Cosmic Ray source (2)

Production of secondary anti-nuclei by spallation reactions of primary

CR with ISM
** Need cross-sections for anti-p p ‘MEASURE AT L4~ b p-A
** Threshold for anti-nuclei production HC
to produce anti-d by pp in c.m. Vs =6 m, — lab frame / Galaxy: £ = 17m,

** By coalescence mechanism
same as the DM signal, but differe
coalescence momentum unknown

Flux calculations sensitive to the astrophysical details
- Introduce model dependency
) Acceleration by Super Novae remnants
¢ Diffusion in the galactic magnet TUN
' EONA ,

*k Energy loss / gain (for loosely bound nuces STRO p A

; : TA |
*k Solar modulations (matter mostly at low E, where DM signar pr@sinent)

Copyright: ESA/Planck Collaboration, 2016
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Antiproton production in p-He with LHCDb

p-He collisions in fixed target mode with SMOG i’z T ' E
[JINST 9 (2014) P12005, = G. Manca, 24/01] Oog pHe {5 = 110 GeV p ]
1 — —
Epoam = 6.5 TeV, Vsyy = 110 GeV EK _ E
:}g 0 é— - —f
Analysis details: 2 E E
** 33M reconstructed p-He collisions = . 214 < p <244 GeVle J
* in p_N frame, _28 < y* < 02 —100 g_ -IT 1.2< p <15GeVic _é
s PID with RICH | (12 < p <60 GeV/c) UE E
and RICH Il (30 < p <110 GeV/c) B T R N 20
sk Momentum resolution better than 1% for DLL
p <110 GeV/c LHCb, PRL 121, 222001 (2018)
** Dominated by systematic uncertainty, < 10% T 7 AR 7 B s ./, ! I A N P
% 3'52_ / /;7/' V4 ,ébc
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Antiproton production in p-He with LHC

p-He collisions in fixed target mode with SMOG
[JINST 9 (2014) P12005, 2 G. Manca, 24/01]

Epoarn = 6.5 TeV, Vsyy = 110 GeV

Analysis details:

*
*
*

33M reconstructed p-He collisions

in p-N frame, -2.8 < y* < 0.2

PID with RICH | (12 < p <60 GeV/c)

and RICH Il (30 < p <110 GeV/c)
Momentum resolution better than 1% for

p <110 GeV/c

Dominated by systematic uncertainty, < 10%

Precise multi-differential measurement of the antiproton
cross-section
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< p<244GeVic, k=4
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<40.0 GeV/e, k=8
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<56.7 GeVlic, k=11

<63.5GeVie, k=12
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<79.3 GeV/e, k=14

< 88.5 GeV/e, k=15

< p <98.7 GeV/e, k=16

< p <110.0 GeV/e, k=17
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Antiproton production in p-He with LHCDb

LHCb
pHe —» pX 07< p.< 1.2 GeV/e
Vo = 110 GeV

p-He collisions in fixed target mode with SMOG
[JINST 9 (2014) P12005, 2 G. Manca, 24/01]

Epoarn = 6.5 TeV, Vsyy = 110 GeV

Allllllllllllllllllllll

Data compared to hadronization models, including

low-energy extension of QGSJETII-04 (m) gOp Gevie] K
motivated by CR anti-protons ———————————
- Unsatisfactory descriptions at low p f;fci 5X 12<p <28GeVie ot

| . —_ 110GV EPOS 1.99 ;
- Yield differences up to 2x R
- = QGSJETI-04m 3
== HIJING 1.38 g

PYTHIA 6.4
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Light (anti-)nuclei production with ALICE

@0

pp
V\s=7TeV

ALICE

@
=
3

£ o 3

THER anti-deuteron 8 i “He -He
®0r
§
i-tri =
H anti-triton . ol

e
3

@57
N anti-helium3
@@

anti-alpha

p/z (GeV/c)

Anti-nuclei up to A = 4 are currently in reach at accelerators.
The anti-alpha is the heaviest observed so far and was first seen by the STAR experiment in 2011,
and recently measured by ALICE at the LHC in Pb-Pb collisions (2018).
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LHC as “anti-matter factory”

.9 .;l I 1 1 I l 1 1 I | I 1 1 | 1 I 1 1 1 1 I 1 1 I—_ -
5 "4E ALICEpp1s=09TeV, |y| <05 0 d/d : Anti-matter / matter ~ 1 at the LHC
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ALICE, PRC 97 (2018) 024615 ALICE, paper in preparation — talk of M. Colocci, QM 2018
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Anti-nuclei production in pp at the LHC

%\ 1 _E | I F—I) | I I I I I I I | I I I %—
> f ALICEpp Vs=7TeV, |y| <05 3
: x 103 oA it 3
10_2 E? ?E
N5 _ 4 Inpp collisions the “penalty factor”
107° & d = . ]
S 3  forincreasing the mass number by
104 & x 10-3 -  adding one nucleon is ~103.
10°% - =
10° k- e o
107 & @ —é
E | | I | | | | I | | | | I | | -
1 2 3
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pp collisions, Vs = 13 TeV

ALICE Preliminary antideuterons, pp, Vs = 13 TeV
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First observation of anti-3He in pp collisions
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2.8 ¢ A B = . .
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Measured coalescence parameter for anti-deuteron
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Low background for low-energy DM anti-d and anti-*He

;]IIIIIIl T T T T

WS BESS limit
[ GAPS sensitivity
il AMS-02 sensitivity

.................... : — Secondary CuKrKo
= DM CuKrKo 1 i MED-MAX

MED-MAX

1077

10-8

¢ [(GeV/n)'Tm2s1sr™]

IIIIIII| | IIIIIII| | IIIIIuJ | IIIIIIII | IIIII|,|] | IIIII'ﬂi

T IIIIIIII T IIIIII T IIIIIIII T IIlIIn]

-9
10 —— Tertiary CuKrKo _EI
MED-MAX 3
10-10 l Coal ! RN L1 11111
107! 10° 10! 102

T/n [GeV/n]
M. Korsmeier et al., PRD 97 (2018) 103011

Coalescence momentum p, constrained by ALICE
measurement of B, in pp collisions at 7 TeV

0.01 < B,<0.02 GeV?/¢c?

3
mp 7pc

m,m, 6

208 < p< 262 MeV/c

Bzz

¢ Uncertainties due to the modeling of the CR
propagation
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Low background for low-energy DM anti-d and anti-3He

Anti-deuterons (p; = 248 MeV/c) Anti-3He (p; = 248 MeV/c)
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@) - ] O .
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© E E ©
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1071 10° 10! 10? 1071 10° 10t 102
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M. Korsmeier et al., PRD 97 (2018) 103011

GAPS, AMS-02 sensitive to anti-deuteron signal but anti-*He seems out of reach
¢ Caveat: scaling of coalescence with nuclear properties k. Bium et al., PRD 96, 103021 (2017)]
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Testing coalescence models

~ 10— ~ 10"

Lk ] % : _ : "

s [ ALICE, pp d | 3 Remmder. production probability

e L., pja=oTsCeVe | o . p/A=0.73 GeVic encoded in coalescence parameter B,
107F E >.Thermal + BW

o 2atl 1 1 ( 27 )3/2<A—1>
A= 7oA \/Zm?—l RQ+(%A)2

Coalescence

The trend with multiplicity can be
explained as an increase in the source
size (radius R from HBT) in
coalescence models

| ® | ALICE, Pb-Pb \[5,,=2.76 TeV

| W | ALICE, pp {s=7 TeV (INEL>0) )
........ BW + GSI-Heid. (T, = 156 MeV), Po-Pb o 1° [Scheibl, Heinz, PRC 59 (1999) 1585;

(GeV®/c?)

K. Blum et al., PRD 96, 103021 (2017)]

B, coalescence
r(d)=3.2fm
r(*He) = 2.48 fm
r(’H) =6.8 fm
r(j‘\H) =2.4fm
r(*He) =1.9 fm
----- r(?\H) =14.1 fm
r(j‘\H) =4.9 fm

Scaling properties of coalescence can
be tested by measuring systematically
different (hyper-)nucleus species in
different systems
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Testing coalescence models

(V’)(: T T T T T TTT T T T T TTT || T T T T TTT || T
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| [+|d, Pb-Pb, |5 = 2.76 TeV (PRC 93 (2015) 024917) -
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1 10 102 10°
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Increasing source size

FB, A. Kalweit, arXiv:1807.05894

Reminder: production probability
encoded in coalescence parameter B,

2J 1 1
By = AT

1

2

24 \/Zmé_l

(7

G

)B/Q(A—l)

The trend with multiplicity can be

explained as an increase in the source
size (radius R from HBT) in

coalescence models

[Scheibl, Heinz, PRC 59 (1999) 1585;
K. Blum et al., PRD 96, 103021 (2017)]

Scaling properties of coalescence can
be tested by measuring systematically
different (hyper-)nucleus species in

different systems
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Measurements at LHC with impact on astrophysics

K. Blum et al., PRD 96, 103021 (2017)

-2
10 :
[ | — Eq. (11) = 107
pp ALICE 7 TeV V& (preliminary) Q
_ [z pAl/Be SPS 200-240 GeV py,, [
-3 © © PbPb Central ALICE 2.76 TeV v high p, %
10 # # PbPb Central ALICE 2.76 TeV V7 low p 0]
& & PbPb Off ALICE 2,76 TeV v5 high p, —
® © PbPb Off ALICE 2.76 TeV v5 low p, m"’ 2
# # PbPb Central NA44/NA49 158A GeV & 10
1 0'4 & # AuAu Central STAR 200 GeV V5
r—
~
O
5
O 10 .
§
10°°
7 107*
10
-8
10
0 1 2 3 4 5 6

R [fm]

ALICE, PRC 97, 024615 (2018)

t, ALICEpp Vs=7 TeV
e *He, ALICE pp Ys=7 TeV
t, Bevalac p-A E, = 2.1 GeV
3 °He, Bevalac p-A E, = 2.1 GeV

I | I 1 I 111 1 I 1 | I 11 1 1 I 1

I, ALICEpp Ys=7 TeV
o “He, ALICE pp Ys=7 TeV

i, EPOS (LHC)*
= e, EPOS (LHC)*
* with afterburner

[oo=g--=-]

I 11 1 1 I 11 1 1 I 11 11 I | I I | I 1

0 0.5 1 1.5

2

0

0.5 1

Previous estimates of the coalescence probability underestimated by >10x

[Duperray et al, PRD71 083013 (2005)]

1.5 2
pT/ A (GeV/c)

— Translates into an updated background estimate for DM searches in space-based

experiments (e.g. AMS-02)
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Measurements at LHC with impact on astrophysics

Poisson prob. for detecting N=21, 2, 3, 4 ALICE, PRC 97, 024615 (2018)
3He_bar events in a 5_yr analySiS Of AMSOZ %‘ 10_ll El T 1 I I 1T T T | I L I 1T 1T 1 | I EI 1T T T | 1T T 1 I T LI | T T T I E
] ] = . t, ALICE pp Vs =7 TeV : i, ALICE pp Vs =7 TeV ]
10° 3 > i .
: a e °He, ALICE pp Vs=7 TeV - o “He, ALICE pp Ys=7 TeV .
< [ t,Bevalac p-A E, = 2.1 GeV [ --1, EPOS (LHC)" l
—_ 1072 °He, Bevalac p-A E, = 2.1 GeV = - “He, EPOS (LHC)* E
s, C : * with afterburner | ]
£ I [ Poe==Gee—=y ]

5 I
O 4q1t 3| | _
> 10 10 - : ‘ E
1l B . — B ]
A i . | [ . i
E T S —
< 104 | -—"'--Ef{ E
100 ‘ _4 T . 1_3 _2 -I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 -I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 |
10 10 10 0 0.5 1 1.5 2 0 0.5 1 1.5 2

B, [GeV] p./A (GeV/c)

Previous estimates of the coalescence probability underestimated by >10x
[Duperray et al, PRD71 083013 (2005)]

— Translates into an updated background estimate for DM searches in space-based
experiments (e.g. AMS-02) /K. Blum et al., PRD 96, 103021 (2017)]
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Anti-*He in the Cosmos

Important Observation of anti-*He

anti-*He track in Y-Z bending plane

Observations on “He
1. We have two *He events with a

background probability of 3x1073.

4+ Momentum = 32.6+2.5 GeV/c

 chage = 205005 2. Continuing to take data through 2024
S Mt - a7ceve the background probability
R for “He would be 2x107,
—— > ¥ i.e., greater than 5-sigma significance.
= 3. The 3He/*He ratio is 10-20%

yet 3He/*He ratio is 300%.
More data will resolve this mystery.

=

Cherenkov cone in RICH (X-Y plane)

X Date: June 22, 2017 06:11:40

S. Ting (AMS), CERN Colloquium 24/05/2018

What is the source of the anti-*He seen by AMS-027?

Anti-*He measurement in pp collisions in reach with ALICE with the High-Luminosity
LHC phase (Run3-4, 2021-2028) - measurement of production probability for A = 4

F. Bellini - Antimatter at the LHC - Winter Meeting on Nuclear Physics - Bormio, 22.01.2019



FLUX RATID

Secondary-to-secondary flux ratios

The flux of secondary anti-nuclei can be calculated with only minor sensitivity to the details of CR
astrophysics if secondary-to-secondary flux ratios (at given rigidity) are used

— astrophysical uncertainties largely cancel /Katz et al. , Mon.Not.Roy.Astron.Soc. 405 (2010) 1458]

JE(R) _ fez_o de Jp(e) dappg;(e,eg) na(R> ~ Qa(R>
F(R) [ de Jy(e) Lrmples] 1 (o (er) — op(ep)) Tn(R) w(R)  @u(R)

Qa2,5(R) = net production of species a per unit ISM column density
n, p(R) = particle density

10° 1 Blum et al., PRD 96 (2017) no.10, 103021
- T Engelmann et al. . :
I a(pp-->pbar), 20%
L Astron Astrophys. 233 (1990) 96111 ": Y t " {SC'C")/FE‘ ] pp-->pbar
-3l |
Foget J'M | \%f\olq . ®, (0.2-0.8) GV
~ B/C g | | N‘
| &\\ { ; I \:‘:]‘H \4.,1 R TR0 3
e T
3 N
-1 * HEAD-3 (2 ' \:\ :_ 'UD-: 2 ) \
R« R i S NE 2 Duyer 2ad Mayer - (98 N
: ) l d' ‘°-1| .
Fiin ... This WO”ELOLQSGCO'EdaW nuclei ] This works for secondary antiprotons
1 o o %0? 1 10 10? ‘1 ‘2 ‘3
Energy [GeV/n 10 10 10
___________________________ gylGeVinl o meer e RIGYD e
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Perspectives at the LHC Runs 3 and 4

CR anti-nuclei flux ratio used to estimate amount of secondary anti-nuclei produced in cosmic

ray interactions as background for DM searches
-> Require precision on B, of the order of O(10%) or better

Report from the HL-LHC Workshop, arXiv:1812.06772

B, pp Vs Lint Stat. unc. Sys. Unc.
J=(R) » B, 5.5 6 /pb <0.1%
lR=100cv ~ 4x10 - A=2,3 O(10%
J5 ER; 1.5 x 102 GeV? ’ 14 200 /pb <0.1% (10%)
J— (R B

TR 2><10_7( s ) _ To be

7. (R) |R=100GV 5 % 102 GaV? A=4 14 200 /pb ~10% estimated

FIRST time!

** Low p7 (< 0.5 GeV/c) most relevant — ALICE is in a good spot!
*k Possibility to reduce systematics by measuring the hadronic cross-section of anti-nuclei in

material
s Beyond ALICE capabilities: rapidity dependence (y = O(1)) and Vs = O(10 GeV)
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Summary

** Anti-deuteron and anti-3He detection in CR look promising for indirect searches of DM,
due to the low background from secondary CR

* LHC can be used as anti-matter factory to study the production of anti-p and light anti-nuclei

** Recent results from the LHC with impact for indirect searches
1. anti-proton cross-section from p-He collisions in LHCDb fixed target
2. anti-deuteron and anti-*He in pp collisions with ALICE

** The increased integrated luminosity foreseen for Runs 3+4 will allow us to reach the 10%

precision on the measured coalescence probability needed to constrain secondary CR anti-
nuclei flux ratios.
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Thank you!

Contact: Francesca.bellini@cern.ch




Additional material



Scaled flux E*° J(E) (m?s'sr'ev'?)

LHC meets cosmic rays
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Energy-per-nucleon

7 1018 1019 1020 1021
Energy  (eV/particle)

LHC pp collisions cover the energy-per-
nucleon range between the 1st and the
2nd knee of the CR spectrum

LHC collision energy Vsyy (TeV)
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System Run | Run |
pp 0.9,2.76,5.02,7, 8 5,13
p-Pb 5.02 5.02, 8.16

Pb-Pb 2.76 5.02
Xe-Xe - 5.44
30



Parameter space to be covered

F. Donato, EMMI Workshop in Torino, Dec. 2017

: Lab frame
Fixed target
10 IIIII T T IIIIIII I T IIIIIII T I IIIIIII I 1T TTT
1
10 ¢ E
8 |- . - g
T5=300GeV i ]
6 Tp=100GeV o 10°L i
- O - -
= T,=40GeV | — : .
4r T;=15GeV & I l
) T,=6.0GeV 0 E i
B T5;=2.0GeV B - ]
T,;=1.1GeV : :
| | I | II | I I | II
0 IIIII | ! IIIIIII | | IIlIIII ! | llIlIII | | | _2 _
1 2 3 4
10 10 10 10 10 10 10
T, [GeV] XR

AMSO02 accuracy is reached if pp>pbar cross section is measured with
3% accuracy inside the regions, 30% outside.
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Coalescence probability for deuteron

Quantum-mechanical factor Coalescence parameter
/\_012 LI | LU | UL | LU | UL | LI C’/)\1071_I T I‘l LU | LI | LI | L | UL
9/ i ] NE - ‘—‘ =111 B, coalesc., r, = 0 (point-like) .
i i % - % = = B, coalesc., r, = 0.3 fm 1
1_-II -III-III-IJI.I‘I.I“Iﬁl-lﬁl-lﬁl-lﬁl-lﬁl-lﬂ_ (D I "4 _BzcoaIeSC.’ rd=3.2fm i
i -=" | e i L = B, coalesc., r, = 10 fm ]
’ | A J
L, i
L _ Y
08— ' — 2 K - 2/
91 —3/2 L : i 10 - p,/A=0.75 GeVic 3 By = 3W3/2<C-d>
(Ca) ~ [1 + (QRH ) ] ! ] - i 2mp R3(mr)
_ b i ]
(mr) 0.6 / n - i
/ ]
] >
0.4 / — 1078 = N =
e ] - .
7 1 e ]
02 / - ] I 7~ S/
-~ N
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~ i ~
0 I-I-h % | 11 1 1 | 11 1 1 | 11 1 1 | 11 1 1 10—4 11 1 1 | 11 1 1 | 11 1 1 | 11 1 1 | 111 1 | | I}
1 2 3 4 5 6 1 2 3 4 5 6
R (fm) FB, A. Kalweit, arXiv:1807.05894 £ (fm)

Increasing source size
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Coalescence probability for (hyper-)nuclei with A<4

B, from coalescence at p1/A =0.75 GeV/c B from coalescence at p1/A = 3 GeV/c
<1O—1§""|"]'|""|"['|["'|""? <1O_1E|II|]|||[||||||l|||||||||1|||§
Q 102 ; p/A=0.75 GeV/c E g i i p/A=3.00 GeV/c E
): Ao 1035 = —d,r=3.2fm
107 = =2 = 107°¢ A=2 =
10-4E : S 5 —°H, r=2.15fm
1056 E — = °He, r=2.48fm
107E 3 n - 3 He, r=6.8fm
107 E = 2 — *He, r=1.9fm
8L o C ]
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Coalescence probability decreases with transverse momentum for all A and R.
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Test production models with L = 10 nb-' at LHC Run 3+4

S T : : : : PR, — e — N
= C lPo-Pb {5 = 5.5 TeV (Run 3+4) ]
— 0.5 F[JPb-Pb s, =5.02 TeV (2015 data) —f .
© X I 1T 1 .
(7 ) S Bomeomenns | P T e e O R | R O O e Y O S
© : . . 1 : ]
“-05F = y
F 3He 4 H
- -1 1 1 - AT NI PP I IS P P
S 10°F o? =0l + ol 3 1 2 3 4 > 6
T® | —oy/B,=10% ] R (fm)
© [ i0,,4/B, = 20%
o
Q 10E 3 ALICE Upgrade projection
o [ N '] Pb-Pb s, =5.5TeV, L, =10nb"
Z 5 ., A
1k

Report from the HL-LHC Workshop, arXiv:1812.06772

At the LHC Runs 3 and 4 (2021-2029), Pb-Pb integrated luminosity will be 100x larger than Runs 1 and 2
Nuclei with A = 3 and A = 4 will be measurable more differentially
- Hyper-triton will allow for a ~100 discrimination between models
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Smooth relative production across collision systems

= 0006
= 0.005
0.004
0.003

0.002

0.001

d/p ratio vs multiplicity across systems
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dE/dx in TPC (arb. units)

Nuclei and anti-nuclei identification in ALICE

. gn . . . gy ALICE, Phys. Rev. C 93 (2015) 024917
** ldentification at mid-rapidity ALICE, Eur. Phys. J. C 77 (2017) 658

** dE/dx in the ALICE TPC at low momenta
*k Mass from time-of-flight measured in TOF at intermediate momenta
¢ Mass from Cherenkov angle in HMPID at high momenta

Specific ionization energy loss in TPC Deuteron signal extraction with TOF Deuteron signal extraction with HMPID
dE Z 1 [1, 2mec?B2y°W, ) 2 (e
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Dealing with detector material

** Knock-out from detector material is a background for nuclei, not for anti-nuclei
¢ Fits to the Distance of Closest Approach (DCA) to the primary vertex (PV) used to reject secondaries

*k Source of large systematic uncertainty for anti-nuclei, due to poor knowledge of the
hadronic interaction cross section

DCA to the PV of deuteron and anti- Template fit to the DCA to the PV
deuteron candidates of deuteron candidates
£ oe TPG dE/dx ut € | ALICE, Pb-Pb 0-10%, |5, = 2.76 TeV
8 - S d a 1.4<plzl<1.5GeV/c 8 0.9 GeV/c < pT < 1.0 GeV/c
o 104 - — [ee} 5| -
- o d IDCA |<3.2cm 107 d
- 00 i
L oo -o- Data
B ALICE oo = Material
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- 29
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