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TI.I-" Introduction %

Introduction ALICE

Cosmic ray antinuclei - unique dark matter probe

*Low background from astrophysical processes is expected

*Need to determine exact primary and secondary fluxes, which requires precise knowledge of
antinuclel production, propagation and annihilation

Schematic of expected antinuclei fluxes
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- == pbackground
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Antideuteron Flux [m-2 s-' sr' (GeV/n)]

nel

Predicted anti-deuteron flux near Earth [1]
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[1] Physics Report 618, 1 (2016) [2] Phys. Rev. D 89, 076005
[2] Korsmeier et.al. arXiv:1711.08465

100

Predicted antinuclel fluxes near earth

Predicted primary “He flux near Earth [2]
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(°*He) | Propagation using GALPROP | Summary %

ALICE


https://arxiv.org/abs/1711.08465

nel

Measurements of (anti-)nuclei production ALICE
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This talk: annihilation of
antinuclei and the impact
on fluxes In space. 4
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Annihilation: pieces of the puzzle ALICE

 Antinuclei (A=2) o;, ., remained poorly Previous Now

known since the 70s — only 2 papers on d
at high energies from ’70, ’71

go]
ol

* 3 vyears ago, ALICE started contributing _
to this field by measuring the inelastic d

cross sections of d, t and “He :

e Studied the impact of these
measurements on cosmic ray antinuclei

* This talk focuses mainly on A=3 results

[1] Binon et al. PLB 31 (1970) [2] Denisov et. al. Nuc. Phys. B 31 (1971)
[3] PRL 125, 162001 (2020) [4] arxiv.org/2202.01549 °



https://arxiv.org/abs/2005.11122
https://arxiv.org/pdf/2202.01549.pdf
https://www.sciencedirect.com/science/article/abs/pii/055032137190229X?via=ihub
https://www.sciencedirect.com/science/article/abs/pii/0370269370901127?via=ihub
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Current status of antinuclei inelastic cross sections

* Antiproton inelastic cross section is well known.

(B

ALICE

* Antideuteron inelastic cross section is poorly known at low energies.
 Antihelium/antitriton inelastic cross section has never been measured before.

= (Jse ALICE to measure antinuclei inelastic cross sections!

(mb)

pA

ann

[1] Phys. Rev. C 89, 054601 (2014)
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[2] Nuclear Physics B 31(2), 253 (1971)
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The ALICE experiment at CERN ALICE

* Excellent tracking and particle
identification (PID) capabilities

 Most suitable detector at the LHC to
study the physics of (anti)nuclel

PEERE AW . Y 'RV (A= n\l'.l .

A .
Ny =
® i

L J
T —

)’//// ' :
(14 , o\
L ] Y.y

Time Projection Chamber (TPC) — =
* Tracking, PID (dE/dx)

Time of Flight detector (TOF)
 PID (TOF measurement)

Transition Radiation Detector (TRD)
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Use the LHC as an antimatter factory... ALICE

At LHC energies, particles and antiparticles are produced in almost equal amounts.
p/p ratio at mid-rapidity vs Vs [1]

o 1.1
~

This talk has results from: S uncert” = stat” + syst’
1 - " TR AR —
- High muiltiplicity pp collisions at PP
J PICTLY bR 0.9 collisions
\/s =13 Tev val |
. Pb—Pb collisions at 4 /sy = 5.02 TeV. 0.7}
0.6 -
. p—Pbcollisions at 4 /sy =5.02TeV. .| A ISR © NA49
* STAR ¢ PHOBOS
0.4
¥ BRAHMS 0 PHENIX
0.3
S ¢ CMS e ALICE
0.2 l l | l l l l l
2 38 4 5 6 7 8 9 10
y

beam
[1] Phys. Rev. C 97, 024615 (2018) 0



ALICE measurements of o;, .

(He)

T

... and the ALICE detector material as a target

— - Average over ¢

— Tracks at the center of TOF sector

—_ | 0 _ I i} g‘ \r | \
X 1.4 | HL
X - o
® 12 ‘ A
g | T~ i
S . y A\
0 1 N \\TOF 7 U
- E N ¥ 5
o i W TRO\ \ \ / N
O 0.8 \ » =
: B \
o 06 TPC '\
= L
% 0.4l
= v
- - -.
O 02 | \ .

0_ 1 : 1 f 11 l  —— — ! 1 A\-l 1. ‘x y— IR gT .r.t\. _—

0 50 100 150 200 250 300 350 400
r(cm)

> Antiparticles undergo annihilation while traveling
through the detector material
By quantifying this loss, we can measure the
inelastic cross section of antinucleil!
But: need to know our material budget very

accurately

[1] PRL 125, 162001 (2020)

TOF / TPC matching eff. pions

Data / MC

0.8

0.6

0.4

0.2

1.1

0.9

ALICE
p-Pb \s,, =5.02 TeV

——8—

Inl <0.5

® Data (x* from Kg — 1t + )

® MC GEANT4 (x* from K — n* + ")

Details in CERN public note

(B

ALICE
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http://cds.cern.ch/record/2800896/files/ALICE_MaterialBudgetPN.pdf?version=1
http://cds.cern.ch/record/2800896/files/ALICE_MaterialBudgetPN.pdf?version=1
http://cds.cern.ch/record/2800896/files/ALICE_MaterialBudgetPN.pdf?version=1
http://cds.cern.ch/record/2800896/files/ALICE_MaterialBudgetPN.pdf?version=1
http://cds.cern.ch/record/2800896/files/ALICE_MaterialBudgetPN.pdf?version=1
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... and the ALICE detector material as a target

— - Average over ¢ — Tracks at the center of TOF sector
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> Antiparticles undergo annihilation while traveling

through the detector material

By quantifying this loss, we can measure the
inelastic cross section of antinuclel!

But: need to know our material budget very
accurately

[1] PRL 125, 162001 (2020)
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Uncertainty on material budget

I | | | | | I I
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Details in CERN public note
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ALICE
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ALICE measurements of ¢ (*He)

The observables: antimatter-to-matter and TOF/TPC ratio:

Antimatter-to-matter ratio TOF-TPC-matching

. Measure reconstructed “He/°He and « Measure reconstructed 3H_eTOF/ 3H_eTpC
compare with MC simulations and compare with MC simulations

ot Q
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Ll i :fl-..
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'
e
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ALICE measurements of ¢ (*He)

Tl

Extracting ¢, ., from data and Monte Carlo

 Monte Carlo (MC) simulations ) '
with varied o;, ; T; 1.2
1
e In each momentum bin, compare T
the antiparticle-to-particle ratio In T o3
MC to the one in data e
 MC points are fit with an
: : 0.4
exponential, according to the
Lambert-Beer law: 0.2
B de
B/B o eXp(—0;,,/629) 0

[1] arxiv.org/2202.01549

ALICE
pp Vs =13 TeV

Inl < 0.8

T LT —

o

+ Data

—— MC default o__(°He)

—— MC with o,__(°*He) = 50%

o

O
o
—
—
o
N

35 4 4.5

p / 1zl (GeV/c)

primary

S. Koenigstorfer | DPG 2022 | 30.3.2022 12
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Extracting ¢, , from data and Monte Carlo

ne

 Monte Carlo (MC) simulations
with varied o;

A
1 ® c

Data

SHe/ °He

nel
—  Fit

* |n each momentum bin, compare
the antiparticle-to-particle ratio In
MC to the one in data

« MC points are fit with an
exponential, according to the
Lambert-Beer law:

B/B x exp(—o;, /%)

inel 05 1 15 3 e/ o

[1] arxiv.org/2202.01549 S. Koenigstorfer | DPG 2022 | 30.3.2022 12
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Extracting ¢, , from data and Monte Carlo

ne

 Monte Carlo (MC) simulations
with varied o;

A
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Data
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—  Fit

* |n each momentum bin, compare
the antiparticle-to-particle ratio In
MC to the one in data

« MC points are fit with an
exponential, according to the
Lambert-Beer law:

B/B x exp(—o;, /%)

inel 05 1 15 3 e/ o

[1] arxiv.org/2202.01549 S. Koenigstorfer | DPG 2022 | 30.3.2022 12
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Extracting ¢, , from data and Monte Carlo

ne

 Monte Carlo (MC) simulations
with varied o;

A
1 ® c

Data

SHe/ °He

nel
—  Fit

* |n each momentum bin, compare
the antiparticle-to-particle ratio In
MC to the one in data

 MC points are fit with an

exponential, according to the N
L ambert-Beer law: o~

B/B x exp(—o;, /%)

inel 05 1 15 3 e/ o

—e

[1] arxiv.org/2202.01549 S. Koenigstorfer | DPG 2022 | 30.3.2022 12
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Extracting ¢, , from data and Monte Carlo

ne
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« MC points are fit with an
exponential, according to the
Lambert-Beer law:
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with varied o;
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Data
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—  Fit

* |n each momentum bin, compare
the antiparticle-to-particle ratio In
MC to the one in data

« MC points are fit with an
exponential, according to the
Lambert-Beer law:

B/B x exp(—o;, /%)
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Extracting ¢, from data and Monte Carlo

ne

 Monte Carlo (MC) simulations

> BRI I I R LI ILR LI I UL I I

with varied Oinel «ié 14 - 0.65 < pprimary [z < 0.8 GeV/c -

» In each momentum bin, compare [T '2F I <0.8  — _ Lambert-Beer i E
the antiparticle-to-particle ratio in = 1~ PPV*=1™ + MCuitn varied o,,,(Fe)
MC to the one in data S o amnE
0.8 EI- ~ —_ Resulting o, ("He) —

« MC points are fit with an 0_61 """"""""""""""""""""" T T —— -
exponential, according to the S i
Lambert-Beer law: >4 -
0.2 _

B/B eXp(_Ginel/GiiZ];) O:":

O 05 1 156 2 25 3 35 4 45 5
o, (’He) on (A) = 17.4

[1] arxiv.org/2202.01549 S. Koenigstorfer | DPG 2022 | 30.3.2022 12
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Antideuteron inelastic cross section
oinel(d) on average ALICE detector material w-enerd 3
Hint of a steeper rise at low momentum First at of G\ne\(
measufeme
) 7 1 | 1 | 1 | < % > ) 7 .| | 1 | |
| ALICE =y 2 ALICE
° p-Pb |5, = 5.02 TeV : ° p-Pb |5, = 5.02 TeV :
5 (Z)=85(A)Y=17.4, <08 — 5 (Z)=14.8,(A)=31.8<08 —
——0,(d+ (A)) Geant4 i — — 0,,(d + (A)) Geant4
o (d+(A)) Geantd 4N o, (d+(A)) Geantd
—— Data (ITS+TPC) ' "\ —— Data (ITS+TPC+TOF) -
B o, (d+(A) £To B 3 1\ B o, (d+(A) £To B
o, (d+ (A)) =20 - , T\ o, (d+ (A)) =20 -
— : L _j
% % 2 3 4 % 4
p (GeV/c) p (GeV/c)

PRL 125, 162001 (2020) 13
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TI.I-I-I ALICE measurements of ¢ (*He)
Antitriton inelastic cross section

oinel(t) on average ALICE detector material
Good agreement with Geant4, but with significant uncertainties

NeW— N | | | | | | | | |

| | | | | | 1 8 5__ | | | ]
ALICE Preliminary = | ALICE Preliminary Rt -
y op, /s = 13TeV _] I% i Geant4 _
- (A) = 31.8 . & 4| pp,y/s=13TeV . Data =
— x 8 — - (A) =31.8 _
08:— P _: 3_— —
0.6:— * _: 2:_ o _:
0.4 — i ]
- - 1 : —
0.2— —] i |
: | T s A R R | T : : | :

1.2 1.4 1.6 1.8 2.0 2.2 2.4 0.0 O.|5 1.|O 1.|5 2.|O 2.|5
p (GeV/c) p (GeV/c)
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ALICE measurements of o:

(He)

1ne

SHe inelastic cross section

oine|(’He) on average ALICE detector material

 (Good agreement between the measurements and the Geant4
parameterizations
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“He inelastic cross section

oine|(’He) on average ALICE detector material

 (Good agreement between the measurements and the Geant4
parameterizations

New New

gz\ 15""I""I""I""I""I""I""I""I""é @ 5é-""l""I""I""I""I""I""l" 0\6‘ ¢

= 09F ALICE E ‘6 4.5 ] ALICE E

@ 08} 0-10% Pb-Pb \s,,=5.02TeV  Inl<0.8 = i 4 T 0-10% Pb-Pb |s,,, = 5.02 Tev =

“ E - g oo F n| < 0.8 -

‘\E 0.62— ———— _i 35\ (A) = 34.7 .Data — — GEANT4 —E

T o5k E 3 E

Py 0'45_ ¢ Data _§ 2;—\\ _g
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L 0-2 . —— MC with o,_(*He) = 50% = 16 =
O1E E 0.5 F- E
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How do these measurements impact cosmic ray antinuclei?
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Recipe to cook antinuclel fluxes ALICE

y+r=f+fWr+W,...=p,d He,y... ALICE results —
oinel("’He) on H and He

Dark matter
annihilation

and decays
Results:
o Propagation through anti’He fluxes
1% +p,p +H€,He +H€ — D, d,He, V... the Galaxy: near Earth

diffusion,
convection,

Production solar modulation

of secondary
antisHe

Implementation of antinuclei
propagation in GALPROP

17
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Galprop ALICE

Transport equation

oy . 0 Jdwy 0| dp p, .. /S

— = g(r,p) + div(D. grady — Vy) A ’D div .-V

v q(r,p) (D grady — Vy) app o 02 o v 3( W -
Source Fragmentation,

Propagation: diffusion, convection...

Function annihilation

- | o

104F

X 0.
102_
Cx1
x 0.

Propagation can be
constrained using proton and
heavier nuclei cosmic ray
measurements

Differential Intensity x R?7 [(m? s sr GV) ]

[1] Boschini et al. ApJS 250 27 (2020) o h i T 18
A. Strong, et. al. Nuclear and Particle Physics Proceedings, 297-299, 2018 Rigidity [GV]
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Antinuclel source terms ALICE

e The source term for antinuclel from dark
matter can be written as:

2
r dN
q(r, Ekln) — _PDMn( ) <GV>(1 + 6)
2 m)? dEkin

Figure by L. Serk$nyte
Sun

102 1073 10° 102
Distance from the galaxy centre (kpc)

19
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Antinuclel source terms ALICE

. . This is the thermally averaged annihilation
 The source term for antinuclei from dark

Cross section.
matter can be written as: We can use < ov > = 2.6x1072%cm3s-1

pDM( ) dN [1] Korsmeier et al, Phys. Rev. D. 97,
q(r, E) = ————(ov)(l + 103011 (2018)
2 m)( dEkin

19
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Antinuclel source terms ALICE

e The source term for antinuclel from dark
matter can be written as:

| p]%M(r) ) dN This accoun.ts fo3r Eﬂi-tritons which will
Q(raE / ) — <0V>(1 + 6)___ then decay into "He. ¢ ~ 1
m)( kin

19
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Antinuclel source terms ALICE

* The source term for antinuclei from dark 2] Carlson et al, Phys. Rev. D. 89, 076005 (2014)
matter can be written as:

AN L
q(r, Eyip) = L ou(® ———(ov)(1 + 6)—(— xx = bb = "He + X

2 m)( dEkm m, = 100GeV

-1 0 1
* The final term iIs the spectra of produced +0 E,. (Gev,ko) +0
antinuclel, normalized to each dark matter
annihilation.

* This can be calculated using a coalescence
model. [3]

[3] F. Bellini, A. Kelweit, Phys.Rev.C pp (2019) 19
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(“He) | Propagation using GALPROP | Summary

TUTL

Relevant collision systems: pp, p-He, He-p, He-He

He source function: Cosmic rays + Interstellar mediunmc:

* Production cross section in pp collisions from [1] (EPOS LHC + event-by-event coalescence)

» Other collision types scaled (AtAp)2-2/3

 Validated by ALICE data *He production in pp

1073 = p+p—>[$+X

.

—

Cosmic rays ISM / W 4700 GeV
107
;‘ ® 1900 GeV
)
O 10
AN
E W 750 GeV
O,
protons protons o & oo
91% 90% © © = N 310 GeV
10—38. m 200 GeV
B B 120 GeV
107 ‘ P
10”" 1 10 107 10°

Kinetic energy per nucleon [GeV/n]

[1] Shukla et al, Phys. Rev. D. 102, 063004 (2020)
[2] ALICE, Phys. Rev. C 97, 024615 (2018)

B 12500 GeV

Comparison with ALICE results [1,2]

o 101 This work
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0] i { ALICE
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©
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g 10° |
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“o
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=

N

=  ppVs=T7TeV +

S 10

ZO

0 0.5 1 1.5 2 2.5 3

pT[GeV/c]
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Solar environment effects ALICE

Solar magnetic field forms heliosphere which shields cosmic rays.
Solar modulation is accounted for using the Force-Field approximation [1] with Fisk potential ¢» = 0.4 GV:

(E — Z¢)? — m?,,

F, (E .¢) = F(E) —— ,where £, =FE —Z¢
E - m3He
p+p— ‘He + X i 5
| LL
L I AMS-02
O ‘He+p—-Y ' 7" A"
I 4 S A
— 1 '
p+*He - "He + X ' ' :
i .
— g ' Y g
¥+y—bb—-"He+X ' & Gaps®
Vdyager
o 7 :
Distance to the galactic centre (a.u.) :
- Local interstellar flux ; ' A Solar modulated flux ; '
(outS|de heliosphere) ™ """ "7"" 777" " FTommmTee 7 (close to Earth) :

[1] Gleeson, Axford, Astrophys. J. 154 (1968) 1011 21
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Inelastic interactions ALICE

ALICE measurements of 6., are on heavy targets with (A) = 17.4 to 34.7

Need to be scaled for proton and helium targets (ISM)
e (Qbtain correction factor for Geant4 parameterization using ALICE measurements
* Use this correction factor for all targets, with additional 8% uncertainty on possible A scaling [1]
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@ 5E-""I""I""I""I""I""I""I""I""I"":I "51000 ' LB LR . LN ' ' -
@ 45 A v E 900 . New
S <0. i
02'%) 4 a- 3.5 77<A>=17.4 %Data — — GEANT4 _i ' Z‘ 800
(- 3 = (A) =31.8 Data —— GEANT4 _E .
b._ 3.5 é" 2.55 °©  (A=174 V¥ 95% confidence upper Iimit_g (LI 700 —— GEANT4 default 0inel(3He_p)
3 ;\ 12: \\\_.\ : bg 600 - Parametrization oinel(sm—p)
- i3 B g Fit to ALICE dat
2.5 :_\ 0-3-_. IIIIII W —- 500 D Iitio CE data
2 ;— \ ot ® p(;ev,cf 400 - Range of ALICE measurement
1.5 ;— 300
1 E_ 200
0o 100 :
O _l - 0 | . | I | | b | |
0 » ,
10 1 10 10

E. /| A(GeV/A)

arxiv.org/2202.01549
[1] Uzhinsky et al., Phys. Lett. B 705 (2011) 235 00
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Propagation using GALPROP
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Results: “He fluxes

Effect of various inelastic cross sections on “He
fluxes

Solar modulated flux shifts particles to lower
energies

Uncertainties only from ALICE measurement on o,

 Small compared to other uncertainties in the
field!

Rather constant transparency of 50% for typical DM
scenario and 25%-90% for background

. High transparency of the galaxy to *He nuclei!

FlU.X(Uinel)
FlU.X(Ginel — O)

Transparency =

Transparency

(B

Outside heliosphere ALICE
M T T T T TT]
0% |- O =0DM  —— GBEAT Dy
B — — 0, = 0 bkg —— oGEANT4 kg
10-8 — o O-iFr:aerIam DM —_
m, = 100 GeV/c? " Ona " bKg
" oy + x> WW > 3He + X
1070 |—
10712
10—14 —
C, Rangel of ALICE r.nle??LIJremen.t
T T T LI R
0.8 - —
0.6 —
04 F —
0.2 E —
0 L ll 1 ] 1 L1 11 ll 1 1 | | L1 11 lI
107" 1 10 0°

arxiv.org/2202.01549

1
E,./A (GeV/A)
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Results: “He fluxes

Effect of various inelastic cross sections on “He
fluxes

Solar modulated flux shifts particles to lower
energies

Uncertainties only from ALICE measurement on o,

 Small compared to other uncertainties in the
field!

Rather constant transparency of 50% for typical DM
scenario and 25%-90% for background

. High transparency of the galaxy to *He nuclei!

FlU.X(Uinel)
FlU.X(Uinel — O)

Transparency =

Transparency
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1071
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-
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A
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ON A O ®_

Near earth ALICE

GAPS GALPROP propagation

m, = 100 GeV/c?

Y+ —> WW = 3He + X

_ Ran
ill

ge of ALICE measurement

| | | | 1 1 LI L L I | | | | 1 | | | LI ;
ALICE -
DM: Phys. Rev. D 89 (2014) 076005
Bkg: Phys. Rev. D 102 (2020) 063004

AMS-02 .

lll 1 1 llllllI

02

1 10 1
E,./A (GeV/A)

arxiv.org/2202.01549
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Summary and outlook ALICE
7] . . . | . | .

O;ner (0)

. _ — — — ALICE d) _
Analysis of raw recon_structed p/p, d/d, t/t and SHe/ He 6 p-Pb |5 = 5.02 TeV S
ratios and 3HeT0F/3HeTPC ratio 5 (Z)=148,(A)=31.8,l<0.8 -~
 Measurement of e[ Via comparison with detailed s — §:§31§ﬁ§§ ceans_

ALICE Monte Carlo simulations using Geant4 A\ —— Data (ITS+TPC+TOF) ~
\ B o, (d+(A)) 1o
. . . . -\ o, (d+(A)) =20
First low energy measurement of the antideuteron inelastic 2

Cross section 1
 Paper: PRL 125, 162001 (2020)
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Summary and outlook

@ 5:-""I""I""I""I'"'I""I""I"''l""l"":

o - ‘6 4.5 3 ol acem oo ] :

Analysis of raw reconstructed p/p, d/d, 1/t and He/He «f% 4 "l ans Bl e ] 3
ratios and SHe o p/3He pe ratio s 35F o _iii;?l:i ?‘
« Measurement of ojg] Via comparison with detailed “E\ e
ALICE Monte Carlo simulations using Geant4 & 3_\\ Vq

2 E_ \ p (GeV/c) é

First low energy measurement of the antideuteron inelastic -0 _ \m
cross section 'E ;
» Paper: PRL 125, 162001 (2020) CEL
% 1 2 3 4 5 6 7 8 9 10

First measurement of the “He inelastic cross section p (GeV/c)

 Paper accepted by Nature Physics: arxiv.org/2202.01549
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Summary and outlook

Analysis of raw reconstructed p/p, d/d, 1/t and He/He

ratios and *Herop/ Herpc ratio

« Measurement of ojg] Via comparison with detailed
ALICE Monte Carlo simulations using Geant4

First low energy measurement of the antideuteron inelastic

Cross section

 Paper: PRL 125, 162001 (2020)

First measurement of the “He inelastic cross section
 Paper accepted by Nature Physics: arxiv.org/2202.01549

First measurement of the antitriton inelastic cross section

o ineI(SH_e) (b)

©
c

ALICE
5 :_l LI I LI L L I LI I LI L L I L L l L L L L I LI L L I rrri l L L L L I LI L l:l
i C A - SR B LI B I B L B = E
4.5 a ’E_ 4.5 ALICE pp Vs =13 TeV 5 3
< 4 Il <0.8 E -
4 a‘ 3.5E (Ay=17.4 EData — — GEANT4 _E E
- N: (=318 [o]pata ——GEANT4  § =
3_5 :\- 2.5' °©  (A=17.4 v 95% confidence upper Iimit_% -
= £\ R
3 :\ 5 N T — 4 =z
- 1 TT—— N -
2.5 -\ s | g 3
E \ T T s S S
2 — \ p (GeV/c) -
15F . _
1 :
0.5F —
0 :l 1 1 1 I 1 1 11 I | . I | . I | . I L P 11 I | . I 1. 1 1 1 I | . I 1 1 1 l:
0) 1 2 3 4 ) 6 7 8 9 10
s ' | ' T T T p (GeV/c)
E ALICE Preliminary — Geant4
4:_ PP, \/5 =13TeV . Data _:
-\ (A)=31.8 ‘
3 7
2 -
1 ]
B | | | | I | | | | I | | | | I | | | | I | | | | I |
0.0 0.5 1.0 1.5 2.0 2.5
p (GeV/c)
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« Measurement of ojg| Via comparison with detai 43 P
ALICE Monte Carlo simulations using Geant4 2‘2 5_\\ Vq
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cross section 'E ;
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First measurement of the >He inelastic cross section p (GeV/c)
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c 02F -
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. . 10
Effect of o;,.,; measurements: E,. /A (GeV/A)

* Transparency of the galaxy to He from different sources
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ALICE Performance.
pp Vs =13 TeV

L

TPC dE/dx signal (arbitrary units)

—_
o
N

1

Particle identification in TPC and TOF

Complementary information from TPC and TOF  antiprotons
detectors allows us to select high purity

(anti)particles:
« TPC: dE/dx in gas

. TOF measurement / = —, p = yff/mc -> mass

TPC + TOF

I-lllllllllllllllllllllllllllllllllllllll-l

Results %

ALICE

0 0.5 1 1.5 2 2.5 3 3.5 4
p/Z (GeV/c)
(Anti)deuterons TPC + TOF
'-l i 1 1 l P 1 1.1 l i 1 1 1 l P P 11 l P4 1 1 l P4 1 1 l | . l i 1 1 l-l
0 0.5 1 1.5 2 2.5 3 3.5 4
p/Z (GeV/c)
Ant)-3He TPC + TOF

l-lllllllllllllllllllllllllllllllllllllll-l
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100 ALICE Performance
>
‘ 8 - deuterons, pp, Vs =5 TeV
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_: 20 — . 5 ++++
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1 ALICE material budget ALICE

— - Average over @

Tracks at the center of TOF sector

ALICE material budget at mid-rapidity [1]: e TS DN
1.4 e \ //f
e Beryllium beam pipe (~0.3% X))

. ITS (~8% X,)
e TPC (~4O/O Xo)

+ TRD (~25% X,) =
0.6y} \
« Space frame (~20% X, between TPC W )/

Cumulative material budget (X/X,)

and TOF)

0.2 o — ff_-_-_‘,".-.'
" 'S i1 1 '
0" \ﬁﬂ“‘ﬂ““' 1L - I . = ' - ta, N
0 50 100 150 200 250 300 350 400

r(cm)
PRL 125, 162001 (2020)

[1] Journal of Instrumentation 3, S08002 (2008) 27
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TI.I-I-I ALICE measurements of ¢; ,(°*He) %

Raw primary antiproton-to-proton ratio ALICE

——  Raw primary p/p ratio:

-~ 1.2 ; I - l :
S l-_ ALICE 41+ Higher loss of antiprotons in detector
s b p—Pb (s =5.02TeV Material
¥ | e Step at 0.7 GeV/c due to additional
0.8 detector material
0.6 ) ﬁa;m v L coems Monte Carlo simulation:
o ITS+TPC+TOF analysis  Detailed simulations of the ALICE detector
0.4 +1.5% global unc. not shown performance
i * Propagation with Geant4
I T |
E 1 ...............
8 090 ............................... :l ................................. 21 ................................. é .............................. J ‘Agreement between data and MC
p  (GeVic) confirms the correctness of the procedure.
PRL 125, 162001 (2020) Priiary
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TI.I-I-I ALICE measurements of ¢ (*He) %

Antiproton inelastic cross section J ALICE

cinel(P) on average ALICE detector material. < /\ - >
Good agreement with Geant4 parameterization. /

- i ALICE
= L p—Pb s\, =5.02 TeV g [ v T
&% | R ALICE (@)
®
0.8 1 p-Pb \s, =5.02 TeV _
i 2.9 (Z)Y=8.5,(AY=174, I <0.8 —
n — -
——o0,_.(p + (A)) Geant4
0.6 Data 2 Olnel( ]
. _(p + (A)) Geant4
i O ITS+TPC analysis B MC Geant4 inel _
® |TS+TPC+TOF analysis 15 — Data_(ITS'I'TPC) _
0.4 — + 1.5% global unc. not shown ' L Oinel(B + (A)) =10 .
1 o0+ (A)) =20 -
= — —
o 0.5~/ -
8 0.9 0 ! I ! I ! I !
0 1 2 3 GeV/ SI 0 1 2 3 4
eV/c
PRL 125, 162001 (2020)  Prmary p (GeV/c)
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Antiproton inelastic cross section

oinel(P) on average ALICE detector material.
Good agreement with Geant4 parameterization.

ALICE

—~ 1.2 ' T v I . —
= ALICE i
> 1 p—Pb s, =502TeV @_ 3.5 _ - | - | - | _
% 2 3 ALICE (b) _
0.8 ] p-Pb \s,, = 5.02 TeV -
i 2.5 (Z)=148,(A)>=318,Inl<0.8 —
| ——o0 ([ +(A)) Geant4 -
0.6 Data — 5 _\ Gmel( B
+ analysis ean inel P + <A>) Geant4
o MSTPGITOFanayss | A —— Data (ITS+TPC+TOF) -
0.4 + 1.5% global unc. not shown — & __\ L OineI(E + <A>) +10 __
_ i AN o0+ (A)) x20 i
O
= TAR - M
— 1} NS 0.5 ——
S i L
<DU 09 ... e — 0 | | | | | | |
0 1 2 3 GeV/ 4 0 1 2 3 4
eV/c
PRL 125, 162001 (2020) ppnmarv( ) p (GeV/c)
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TI.I-I-I ALICE measurements of ¢ (*He)

Antideuteron Iinelastic cross section
oinel(d) on average ALICE detector material. < >
Hint of a steeper rise at low momentum.
—~ 1.2
- ALICE
= 1 p—Pb |5, = 5.02 TeV s - | - | - | —
&% | ALICE (c) _
0.8 - 1 p-Pb \'s,, = 5.02 TeV -
5 (Z)=85,(A)=17.4, I <0.8 —
0.6 Data — — omel(a +(A)) Geant4  ~
| o ITS+TPC analys os o (d+(A)) Geant4 ~
T — Data (ITS+TPC) -
0.4 + 3.0% global unc. not shown L Gme@ + <A>) +10 __
o..(d+ (A)) £20 -
O
Q ]
S - B
©
0 0 : | : | : | :
0 1 2 3 4 0 1 2 3 4
PRL 125, 162001 (2020)  Perimary (G€V/C) o (GeV/c)
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- - - = ALICE
Antideuteron Inelastic cross section
oinel(d) on average ALICE detector material.
Hint of a steeper rise at low momentum. \(3
= 1.2 €
= ALICE ..
L;’« 1 p-Pb |5, =5.02TeV | s |
© . E ALICE (d)
Y = S 6
0.8 éuﬁ * e B - 7 : p-Pb |5, = 5.02 TeV -
5 i 5 (Z)Y=14.8,(A)=31.8, I <0.8
0.6 Dat _ . | — -0, (d+(A) Geant4 -
' ai N oan A o,..(d + (A)) Geant4
2 :1§+1zg+TOIIZ analysis - e Geand ] 3 __\ —— Datla_(ITS+TPC+TOF) ]
0.4 + 3.0% global unc. not shown — O\ L Oine|(9 +(A)) 1o i
N o, .(d+ (A)) 20
2 I
O
Q i
T 1
© i
©
a 0
0 1 2 3 4 0
p (GeV/c)

PRL 125, 162001 (2020) primary
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TI.I-I-I ALICE measurements of ¢ (*He) %

Comparison of inelastic cross sections for A=3 -

Results are compatible within uncertainties.

1

_Q _'_IIIIIIIIIlllllIIII|IIII|IIII|IIII|IIII
|

ALICE Preliminary pp, 1/s = 13TeV

(A)=31.8 [<]oc )
(A)=31.8 [=]o, (CHe)

AN
1

A~
>

-
|
W
—i
(00
),
D
Q
=
N

LW
[
:Illl|llII|IIII|IIII|

- (A)=17.4 — Geant4
2 :_ \ o ° <A> =17.4 - 0'ineI(?H_e)
I S s S e
11— TS T
B | | I | | i
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Comparison of pp and p-Pb systems ALICE
"""" LA B B B R B B B L o q o T T T T T
3 M ALGE Preliminar - G T AUISE Preliminary :
S f op V5= 13 TeV, p-Pb (5o = 5.02 TeV - 2t pp Is =13 TeV, p-Pb sy, = 5.02TeV

Q i _ - Q ®

o Bl H ﬁ : o | :
D el 4 3 L s :
e [P iii - e 0 ﬁ .
- ’ u : i O |
0'95:_ — — — Expected from primordial ratio ) _: 0'9:_ _:
I Dataﬁ/p - i _
09 i i - 0.8 i A A —
O 05 1 15 2 2.5 3 3.5 4 4.5 0O 05 1 15 2 25 3 35 4 45

p (GeV/c) p (GeV/c)

Comparison of raw primary antiparticle-to-particle ratio in p-Pb and pp collisions.

= Consistent with the difference expected from primordial antimatter-to-matter ratio.

= [ he cross section measurements are independent of the collisions system, as expected.
= Analysis method is consistent.
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Variations of o¢ with simple Geant4 model

Vary each oel by £20% in all combinations and check the final ratio
* Ol CcONtributes to scattering effects in ITS, TPC and TRD material
* Only a minor effect on the ratio (1% forp / p, =2% for d / d)

For final results: cross-check the variations with full ALICE MC simulations

Rawp/p

1.1

0.9
0.8
0.7
0.6
0.5
0.4
0.3

ALICE Simulation
p—Pb m =5.02 TeV

mw

+ Simple Geant4 model

O Simple Geant4 model o (P, p) £20%

O Geantd4 ALICE MC

paaadasaa daa s s da s s ol s sl s

Ll_‘jl‘_‘jl

1.2
1.1

Raw d/d

0.9
0.8
0.7
0.6
0.5
0.4

0 0.5 1 1.5 2 2.5 3

3.5 4
p (GeV/c)

0.3

ALICE Simulation
p-Pb Vs_mq =502 TeV

+ Simple Geant4 model
O  Simple Geant4 model o_(d, d) +20%
0 Geantd4 ALICE MC

ALICE
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Parameterisations used in GEANT4

Direct Glauber calculations in GEANT4 in a run-time mode are too heavy
— parametrise Glauber calculations with [1] :

- Agtot - tot 2 2 i B Aa,ff’,f, ]
tot 2 . hN Opn =27 (R% + R5)In| 14
. - Ao fot T : 9 y) I BAU}?I)\: ]
oi" —=wR:2In|1+ —AN | opms =7 (R + R5)In| 14 :

Racannot be directly connected with known values due to some simplifications
Use equations as a determination of Ra having calculated ona and osa with Glauber

For total cross-section: For inelastic cross-section:
5A Rx = 1.34A%23 4 1.35/A'/3 (fm), pA Ra =1.31A"% +0.90/A"> (fm),
dA Ra = 1.46A%21 +1.45/A'/3 (fm), dA R4 = 1.38A%%! +1.55/A'° (fm),
tA R4 = 1.40A%?! +1.63/A' (fm), tA Ra = 1.34A%1 +1.51/A'° (fm),
@A Rp=135A"%" +1.10/A'7 (fm). @A Rp =1.30A%%! +1.05/A'3 (fm).

[1] V.M. Grichine, Eur. Phys. J. C 62 (2009) 399, Nucl. Instrum. Methods B 267 (2009) 2460
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Current predictions of antinuclei fluxes near earth-:

* Production: constrained using collider measurements - large uncertainty
* Propagation: constrained using cosmic ray measurements - large uncertainty
* Annihilation: no experimental data at low energies - unknown uncertainty

Uncertainty bands due to coalescence probability [1] Uncertainty bands due to propagation model [2]
103 1 T T oo T T mma ; T T TTT1 e 10—2
L Bess o | . A
: o <€
syrliell » 107
1077 |~ 13-y eae . TOUGY - S
—  |es— TS W s %
'TL T \::e{ Q‘bec NU) 10_6
TU) ~ t@gsen E
» 10-9 | Ny, — o E WW annihilation
OI,E ~ J‘ S 107°F m=100GeV
T gt B
§ il Cop, o5 o 10 Myéﬁ,/////////////////
3 ry D
= . 1 0-12 bb annihilation \”/,‘
= Tertiary m=40GeV p
10-1° == -
10"
-15 | o aauld | Ll | e et [l i | -16 R RS AW | T I S .
iy = 100 T 102 0 1 10 100
T/n [GeV/n] T [GeV/n]

[1] Korsmeier et.al. Phys.R.D, 97 (2018)
[2] T.Aramaki et al, Physics Report 618, 1 (2016)
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Ll Propagation in the galaxy %E

oy . 0 0w 0| dp p, .. ]
— = ¢4(r,p) + div(D, grady — Vy) + —p*D, —— — — |y— — =(div- V)y| —yT",
> q(r,p) (D grady — Vy) app o 22 ap v 3( Wl —w

1 2 3 4 5 6 7

1 source function: PRIMARY OR SECONDARY
2 diffusion
3 convection
4 diffusive reacceleration
momentum losses:

5 Via lonisation and bremsstrahlung

s adiabatic
7 annihilation

Work of L. Serk3nyté. .
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“He/He Limit (95% C.L.)
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Badhwar et al. (1978) BESS-TeV

Golden et al. (1997)
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Buffington et al. (1981)
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[BESS '95] J. F. Ormes et al. (1997)

Antihelium/helium flux ratio 5

[BESS '93 '94 '95] T. Saeki et al. (1998)
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[AMS] J. Alcaraz et al. (1999)

6|
10 E |BESS ’93-'00|M. Sasaki et al. (2002)
107
- ALL BESS Results
e AMS Candidates
10.3111| | 11111|1| | 1|||1|1| | L 1 111
1 10 10°
Rigidity [GV]

Bess Upper limit on *He
flux (latest published limit). [1]

SHe in cosmic rays?

(B

ALICE

SHe in cosmic rays Is expected to be exceedingly
rare, since the secondary flux expected from
cosmic ray collisions is negligible.

In ALICE, ca. 1°He per 10 high multiplicity pp
events at \/s=13TeV.

AMS has teased the observation of >He
candidates at conferences for the past few
years, but the results have not been published
yet.

If published, even the observation of 1 event
would signal new physics, because the flux
cannot currently be explained by any
considered production process (except an anti-
star within 1 parsec).

This is why it is vital to measure these cross

sections.
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