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Introduction
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ALICE

Low-energy cosmic anti-deuterons - unique probe for indirect Dark Matter searches
Vital to determine primary and secondary anti-deuteron flux!
* Need to know precisely the production and absorption cross-sections at low energies

Detector

Follow the
magnetic field

Dark matter

1) Physics reports 618, 1 (2016)
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A long way to the detectors

Interstellar Space Heliosphere Near-Earth environment
* Injection of primary CR « Solar wind shielding « Shielding / deflection by
* Production of secondary + Most dominant effects at Earth’s magnetic field
CR in interstellar matter low momenta « Background production
e Transport « Time dependency of and absorption Iin
« Absorption and solar activity Earth’s atmosphere

(re-)acceleration

Local interstellar flux Solar-modulated flux Flux at experiment

Anti-deuteron absorption with ALICE | I. Vorobyev | ECT* Trento | 19.06.2019
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ALICE

Calculation of secondary anti-deuteron flux
Anti-deuteron diffusion equation:

V(=KVN; + V. N-)+ 0r(biot N5 — Kgp Or IN-

Propagation term
« Common for all (anti-)particle species

Annihilation term

« Annihilation of anti-deuterons
(interstellar medium, Earth’s
atmosphere...)

Source term
* Production of anti-deuterons in
collisions of pp, pp, pHe, pHe...

Anti-deuteron absorption with ALICE | I. Vorobyev | ECT* Trento | 19.06.2019
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Calculation of secondary anti-deuteron flux

Anti-deuteron diffusion equation:

A Large lon Collider Experiment

ALICE

V(=KVN; + V. N-)+ 0r(biot N5 — Kgp Or IN-

Propagation term
« Common for all (anti-)particle species

Annihilation term

« Annihilation of anti-deuterons
(interstellar medium, Earth’s
atmosphere...)

Source term
* Production of anti-deuterons in
collisions of pp, pp, pHe, pHe...

1) CERN-SPSC-2019-022; SPSC-P-360

No
(Oa)

% uncertainty on p/p

[EEN
o

N
o

[EEN
Ul

Uncertainty on p/p ratio for AMS-02 [1]

—— AMS-02 exp. uncertainty
—— Astrophysics
—— Nuclear physics

1 5 10 50 100 500
Rigidity (GV)
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Simulation of cosmic ray flux: protons

Modelling of propagation in interstellar
medium and in solar magnetic field

* Chain of several MC-based frameworks

* Protons: mostly primaries from

supernova remnants

 Boron / carbon ratio to constrain

B/C

Model/Data

propagation of primary and secondary
_B/Cratio[1] |

I GALPROP: Boschini parametrizatio

particles

0.2

0.1

1.25

4 AMS-02

n; R=8.5

1.00H+-

0.75

L. Serk3nyté, T. Péschl, private communication

R |
100

I |
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102
Energy (GeV/n)
Calculations can describe nicely the AMS-02 data

1)
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ALICE

Solar modulated proton flux [1]
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Simulation of cosmic ray flux: anti-protons ALICE
Modelling of propagation in interstellar _ Solar modulated anti-proton flux [1]

I [ |
medium and in solar magnetic field Lo-2
* Chain of several MC-based frameworks  —~
 Most relevant reactions for secondary >
. _ 4 4 4 4 o 107°F E
anti-protons: pp, p-4He, *He-p, *He-*He [v
* No conclusive model which describes v 1o-4L )
: | :
AMS-02 data in whole energy range 5
Anti-proton production in pp collisions [1] IE 10_5; 3
100 10t 102 EI1<(|)r3\ 104 10° 10° ; - Work in progress
— Kachelriess et al., 2015 E 107° = —— Solar modulated, Tan et al.
Lor Tan et al., 1983 B Solar modulated, Kachelriess et al.
¢ Antinucci et al 10_7'_ -4 AMS-02 data )
087 §  PHENIX i 3 L e -
STAR
o6 t ALICE | ©
< {  CMs 8 2F i
0.4 i %
3
0.2 ; N = 1
/é tual ol Co vl
0.0 I ] 10° 10* 102
T S T —T = Energy (GeV/n)

1) L. éerkényté, T. POschl, private communication _ _ _
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Status of p and d annihilation cross-section ALICE

Anti-deuteron annihilation cross-section is poorly known at low energies
* No experimental data below piap = 13.3 GeV/c [1, 2]

Anti-protons [3] Anti-deuterons [1]

0'0'0—27‘:"‘2
) T I T T T T I —
DE © 06— p _ o SN - w0 | ¢
) 2000 -
d
1000 -
500 |-
//
4
i wr p=13.3 GeV/c
i 200}
2
10°E >
i ! Lo ! ! ! | Lo | p| i 100 TR N T l L 1 1l 1
100 1000 L Be C Al ® cu  sn b A

1)  Nuclear Physics B 31(2), 253 (1971)
2) Phys. Let. B 31(4), 230 (1970)

3) Phys. Rev. C 89, 054601 (2014) Anti-deuteron absorption with ALICE | I. Vorobyev | ECT* Trento | 19.06.2019



m Technische Universitat Miinchen A Large lon Collider Experiment %

Status of p and d annihilation cross-section ALICE

Anti-deuteron annihilation cross-section is poorly known at low energies

* No experimental data below piap = 13.3 GeV/c [1, 2]

» Can the ALICE Experiment at CERN LHC be used to study anti-deuteron
absorption in detector material?

Anti-protons [3] Anti-deuterons
_ T T T T T T T 1 _03500 "':l""l""|""|""l""l""l""_
E H s ;:23 o :::CNLII E E. E —— Geant4 6. d-C .
FC')SOOO - E inel B _:
o3 - . — Geant4 ¢, d-C ]
2500 -f :  memeas Geant3 Oinel d-C ]
Fl e Geant3 o, _, d-C -
2000 [ ¢ o, d-CPRC53(6):2919, 1996 —
PO N\ %_  Within ALICE reach -
- & >
1000 | e —
500 : _______________________ ; ........................... _:
0 - ' ] ] ] ' ] | ]
0 05 1 15 2 25 3 35 4
p (GeV/c)

1)  Nuclear Physics B 31(2), 253 (1971)
2) Phys. Let. B 31(4), 230 (1970)

3) Phys. Rev. C 89, 054601 (2014) Anti-deuteron absorption with ALICE | I. Vorobyev | ECT* Trento | 19.06.2019
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The ALICE Experiment at the CERN LHC ALICE

LHC - 27%m

Anti-deuteron absorption with ALICE | I. Vorobyev | ECT* Trento | 19.06.2019
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The ALICE Experiment at the CERN LHC ALICE

General-purpose (heavy-ion) experiment at Large Hadron Collider

« Excellent tracking and particle
identification (PID) capabilities
« Most suitable detector at the LHC
to study (anti-)nuclei production

Inner Tracking System i~
 Tracking, vertex, PID (dE/dx) A/_" -
Time Projection Chamber
 Tracking, PID (dE/dx) ’
Time Of Flight detector

* PID (TOF measurement)
Transition Radiation Detector

Large samples of pp, p-Pb and Pb-Pb

data at various collision energies

 This talk: results from p-Pb collisions at
Vsnn = 5.02 TeV, ~300 M events

Anti-deuteron absorption with ALICE | I. Vorobyev | ECT* Trento | 19.06.2019
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Particle identification in TPC and TOF ALICE

. . —~ 10007 T 1 T T T 17 L L
dE/dx in material: Bethe-Bloch Iz ALICEp-Pb |
= 900 (s =502Tev |
« TPC gas. Ar/CO2 (88/12) & 800F arXiv:1906.0313 .
S 700 /| £
<dE> 0 Z 1 [1 2mec® 27 Tmax .0 0(87) O
—(— )=Kz*—— |[=In — 34— —= a 600
d ApB2 |2 I2 2
L B E 500
. . > 400
Time of Flight: 8 = v/c i
p = yBm — mass o200k U/

Complementary information from TPC

and TOF detectors allows to select high- N
purity (anti-)protons and (anti-)deuterons =
TPC TPC+TOF
prOtonS: I—llllllllllllllllllllllllllllllllllllll:
0 0.5 1 1.5 2 2.5 3 3.5 4
p (GeV/c) ; -
TPC TPC"‘TOF | ALICé;fdrmance
deuterons: < > < > 5| p-Pb |5,,, = 5.02 TeV
0 05 1 15 2 25 3 35 4 :
p (GeV/c) 1 10
p (GeV/c)
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Particle identification in TPC and TOF ALICE
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LHC as an anti-matter factory

At LHC energies, particles and anti-particles are produced in almost equal
amounts at mid-rapidity

* Protons and deuterons: only ~5% and ~0.005% of all charged particles

(Anti-)deuteron momentum spectra in pp collisions

| LI | LI | T 1T | LI | LI | LI | LI | LI | LI | LI | LI | LI
sl d, ALICE pp, |y| < 0.5 i d, ALICE pp, |y| < 0.5 |
107 ols=7TeV(xie) .. 0 V5=7TeV (x16) 3
C @!m“h \s =2.76 TeV (x4) m% (s=2.76TeV (x4) 1
- ¢ s =0.9 TeV (x1) . 0 {s§=0.9TeV (x1) 1
: ~. Iqq!b - Tsa”is []{m - TsaIIiS
10_4 E_ \‘\\ q‘% E_ Y -
\\I:FI A . |!| . \\\ :olm
10_5_ AN EI\J - - \\\\ s\ % —
; ~N $\\ a \\
0% . -
_l 1111 | 1111 | 1111 | 1111 |\I\‘L 11 | 11 I\_l 1111 | 1111 | 1111 | 111 I\l\vl 111 | 11 \I\_
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1) Phys. Rev. C 97, 024615 (2018)

ALICE

1]
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LHC as an anti-matter factory ALICE

At LHC energies, particles and anti-particles are produced in almost equal
amounts at mid-rapidity
* Protons and deuterons: only ~5% and ~0.005% of all charged particles

» Penalty factor of ~1000 to produce one additional nucleon (in pp collisions)

(Anti-)deuteron momentum spectra in pp collisions [1] Integrated yield at mid-rapidity [1]
(<|\ | LI | LI | T 1T | LI | LI | LI | LI | LI | LI | LI | LI | LI
- o - . > I T T T T T I
o d, ALICE pp, |y| < 0.5 d, ALICE pp, |y| < 0.5 3 g 5 —=
= 10°F B 3 (5=7TeV (x16) 3 > S ALICEpp \s=7TeV, ly| <05 3
2 E o {5 =7TeV (x16) 3 O ¥s=7TeV(x16)  : Z . o
= - @‘wq_] \s=276TeV (x4) [ o s=276TeV (x4) ] ° 10 = — CAcAfit S
= i ¢ s =0.9 TeV (x1) i - 6 \s=09TeV (x1) 1 - 0" 1 .
2“ 104 _ 'm% --Tsallis _ ”_. -- Tsallis _ 1072 £ _§'
E E BN E \‘~‘ [ E C 3
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NZ %EEI \‘\ m[} = =
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S 107 =
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Z o6l N | 107 “He E
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1 Phys. Rev. C 97, 024615 (2018
) ys. Rev ( ) Anti-deuteron absorption with ALICE | I. Vorobyev | ECT* Trento | 19.06.2019



m Technische Universitat Miinchen A Large lon Collider Experiment %

LHC as an anti-matter factory ALICE

At LHC energies, particles and anti-particles are produced in almost equal
amounts at mid-rapidity
* Protons and deuterons: only ~5% and ~0.005% of all charged particles

» Penalty factor of ~1000 to produce one additional nucleon (in pp collisions)

Primordial p/p ratio at mid-rapidity [1]

Primordial ratio extrapolated to o 1 st + ool
Vs = 5.02 TeV collision energy: SR o op T ) ---------
*p/p:R=0.984 *0.015 0.9+ collisions
« ->d/d:R=0.968 £ 0.030 0.8l
(coalescence model: d/d~ (p/ p)?) 07l
ol SR o NAds
* STAR ¢ PHOBOS
041 ¥ BRAHMS O PHENIX
031 S & CMS e ALICE
0% % 4 5 6 7 8 98 10
ybeam

1 Phys. Rev. C 97, 024615 (2018
) ys. Rev ( ) Anti-deuteron absorption with ALICE | I. Vorobyev | ECT* Trento | 19.06.2019
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ALICE

... and ALICE detector material as a target
Material budget at mid-rapidity [1]:
« Beam pipe (~0.3% Xo): beryllium
* ITS (~8% Xo): silicon detectors,
carbon supporting structures

» TPC (~4% Xo): Ar/CO2 gas (88/12),
nomex field cage

* TRD (~25% Xo): carbon/
polypropylene fibre radiator, Xe/CO>
gas, carbon supporting structures

» Space frame (~20% Xo between
TPC and TOF detectors): stainless
steel

1) Journal of Instrumentation 3, S08002 (2008) _ _ _
Anti-deuteron absorption with ALICE | I. Vorobyev | ECT* Trento | 19.06.2019
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. and ALICE detector material as a target ALICE

Material budget at mid-rapidity [1]:

 Beam pipe (~0.3% Xo): beryllium

* ITS (~8% Xo): silicon detectors, ,
carbon supporting structures //

* TPC (~4% Xo): Ar/CO2 gas (88/12), &/
nomex field cage / [T

« TRD (~25% Xo): carbon/ /
polypropylene fibre radiator, Xe/CO- Crlraeee Y8 [ | |
gas, carbon supporting structures \ - 1Ts |

» Space frame (~20% Xo between L | Ul

TPC and TOF detectors): stainless R\
steel \ TPC //

Idea: analyse “raw” reconstructed anti- 7 C Y

particle to particle ratios O \\

* No correction due to detector efficiency or N
absorption in detector material <

» Correction for secondary (anti-)particles (weak decays or spallatlon processes)

 Higher loss of anti-particles in detector material due to higher Ginel

» Constrain oinel(d) via comparison with Monte Carlo simulations based on Geant

N\
o
F o
o

1) Journal of Instrumentation 3, S08002 (2008) _ _ _
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Ratio of raw primary (anti-)protons ALICE
Raw primary p / p ratio compared to full-scale ALICE Monte Carlo simulations

 Higher loss of anti-protons in o0 12—/
detector material e 1.1 ALICE Preliminary
« Step at p = 0.7 GeV/c due to = 1E o P-Pb \ sy =5.02 TeV :
additional detector material T 09E °efg pTT—— ‘-uF%E:
between TPC and TOF (TRD, 0.8E- DD pggea
- LY e
space frame) 07E
_ . 0.6 | o Daia
Monte Carlo data: detailed 05E- O ITS+TPC analysis e eants
simulation of ALICE detector TE ® ITS+TPC+TOF analysis 4 MC Geant4
 Reconstruction of tracks starting 04 3 +1.5% global unc. not shown
from raw hits as for real " 03E
experimental data S A g :
 Propagation of (anti-)particles and © 1—¢§g@ﬁﬂﬂ=mﬂmnmmﬁ*
interaction with matter with Geant CD"E 0.9 E_, .... , .... ,, ........ , .... , .... | ..... =
o 05 1 15 2 25 3 35 4

Geant4-based simulations are in better agreement with experimental data

Anti-deuteron absorption with ALICE | I. Vorobyev | ECT* Trento | 19.06.2019
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Ratio of raw primary (anti-)deuterons ALICE
Raw primary d / d ratio compared to full-scale ALICE Monte Carlo simulations

 Higher loss of anti-deuterons in - 12T T T T g
detector material o 1.1 ALIGE Preliminary =

« Step at p = 1.4 GeV/c due to 2 E P=Pb \ Sy =5.02 TeV =
additional detector material T 09F i ﬁ_f
between TPC and TOF (TRD, 0.8E- _Eg@+—+— +=
space frame) 0.7E- =
Monte Carlo data: detailed g'g 3 O ITS+TPG analysis : e oty 3
simulation of ALICE detector = ® [TS+TPC+TOFanalysis 4 MCGeantd 3
» Reconstruction of tracks starting 0-4 = - +3.0% global unc. not shown 3
fromraWhitsanorreal O 0.3_:_::::}::::{::::}::::}::::}::::}::::}::::—:_
experimenta| data S 102 f_ ................................................................................................................................... -

» Propagation of (anti-)particles and p 1_ ................. @ﬁ{h%::ﬂ+:::: ..............................
interaCtion with matter with Geant g 0.8 ;_14} .... I .... Il“l ........ l .... l .... I ..... _g
0O 05 1 15 2 25 3 35 4

Geantd4-based simulations are in much better agreement with experimental data
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Simple Geant4-based model ALICE

Standalone Geant4 simulation to understand ratios in more details
 (Anti-)proton and (anti-)deuteron source + a target made of ALICE detector materials
 Loss of (anti-)particles due to inelastic processes in detector material
* low p: beam pipe, ITS, TPC (<Z>=7.4, <A> = 14.8)
 high p: beam pipe, ITS, TPC, TRD, SF (<Z> = 11.9, <A> = 25.5)
 Loss of (anti-)particles due to scattering effects in ITS, TPC and TRD material
* Multiple coulomb and hadron elastic scattering

Detailed ALICE simulation Simple Geant4 setup

S1li

o
®
)
=
=4
o
®

awel} aoeds

Same materials as for
the full ALICE simulation
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Simple Geant4-based model ALICE

Standalone Geant4 simulation to understand ratios in more details
 (Anti-)proton and (anti-)deuteron source + a target made of ALICE detector materials
 Loss of (anti-)particles due to inelastic processes in detector material
* low p: beam pipe, ITS, TPC (<Z>=7.4, <A> = 14.8)
* high p: beam pipe, ITS, TPC, TRD, SF (<Z> =11.9, <A> = 25.5)
 Loss of (anti-)particles due to scattering effects in ITS, TPC and TRD material
« Multiple coulomb and hadron elastic scattering

o 12— T T T pol ¥~ I EULELLE UL UL L LA R
o {11E ALICE Simulation o 11E ALICE Simulation
E, E p—Pb \'s,, = 5.02 TeV , § E p—Pb \s,, = 5.02 TeV
g PR, YR, 5 g
0.9 = EEEE gmimmiﬂiﬁmmm Wm* 0.9 = + +-H-; Eﬂ:; E;,;F
F L - Ty o GrmhFEEy
0.8 : Eﬁ;ﬂ 0.8 : & ﬂmﬂ*ﬂﬂ
0.7 F 0.7 F P
0.6 F 0.6 F-
- + Simple Geant4 model - + Simple Geant4 model
0.5 = 0.5 =
0.4 E_ O Geant4 ALICE MC 0.4 E_ O Geant4 ALICE MC
0.3 = 0.3 =
llllllllllllllllllllllllllllllllllll lllllllllllllllllllllllllllllllllllll
0 0.5 1 1.5 2 2.5 3 3.5 4 0 0.5 1 1.5 2 2.5 3 3.5 4
p (GeV/c) p (GeV/c)
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Variations of oe with simple Geant4 model ALICE

Vary each oe by £20% in all combinations and check the final ratio
» Oelcontributes to scattering effects in ITS, TPC and TRD material
* Only a minor effect on the ratio (s1% forp / p, =2% ford / d)

Some disagreement between model and full-scale MC simulations at low p
e Constraints on Oinel(p) and ginei(d) are extracted only for high p part

L= =L LA LA B B B B B Lo BV = B B BN LRI B ELRLELL B
11E ALICE Simulation o 11F ALICE Simulation
E p—Pb |5, = 5.02 TeV E, E p—PDb |/s = 5.02 TeV
0.9 F 0.9F
0.8 - 08F
0.7 - 0.7 F
0.6 - | 0.6 - |
- + Simple Geant4 model - + Simple Geant4 model
0'5;_ O  Simple Geant4 model c,(p, p) +20% 0'5;_ O  Simple Geant4 model cel(a, d) £20%
0.4 & O Geant4 ALICE MC 0.4 O Geant4 ALICE MC
0.3 el b by e b b e by by 0'3—_....1....1....1....1....1....1....1....
0 0.5 1 1.5 2 2.5 3 3.5 4 0 0.5 1 1.5 2 2.5 3 3.5 4
p (GeV/c) p (GeV/c)
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ALICE
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Variations of oinel with simple Geant4 model

Ratios are quite sensitive to the variations of Ginel(p) and Ginel(d)!

Re-scale oinel(p) and oinel(d) to be +10/+20 away from experimentally measured ratio

10 = uncertainties added in quadrature:

 Stat. and syst. uncertainties of the data

» Uncertainty from primordial ratio (1.5% for p/p, 3% for d/d)

« Unc. from variations of ginel(p) and oineil(d) within precision of Geant4 parameterisations
« Uncertainty from variations of elastic cross-sections

1_2_lllllllllllllllllllllllllllllllllllll -O1_2_IlllIllllllllllllllllllllllllllllllll
11 ALICE Simulation o 14E ALICE Simulation
- = C —
1E P—Pb sy =5.02 TeV s 4 P—Pb s =5.02 TeV
R 0oF ¢ o
s gﬁﬁ% - ﬁﬁgﬁ il L% ‘;ﬁ“‘
0.8 F 3 0.8 F I it S 2 2 PN
— - res 4 m@i “0
0.7 F 0.7 F AP eS
C C 00®
0.6 F _ 0.6 F _
- + Simple Geant4 model - + Simple Geant4 model
0.5 = ® Simple Geant4 model ¢.__(p) £10% 0.5 = ® Simple Geant4 model 6.__(d) +15%
~ inel ~ inel
0.4 O Geant4 ALICE MC 0.4 & O Geant4 ALICE MC
0-3_ lllllllllllllllllllllllllllllllllllll 0.3_ lllllllllllllllllllllllllllllllllllll
0 0.5 1 1.5 2 2.5 3 3.5 0 0.5 1 1.5 2 2.5 3 3.5 4
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Constraints for Ginel (p) with ALICE material ALICE

Several measurements available for ginel(p) on different materials

In ALICE, oinel(p) has been estimated for an “averaged element” of detector material
« </>=11.9, <A> = 25.5 (from primary collision vertex to the TOF detector)

* Good agreement with Geant4 parameterisations

Carbon Averaged ALICE material

o 1200 e S 2 B BLALLELEN LELEL AL BLELELELE BLELELELE BLELELELE BLRLELELE BRI
£ i ) SN .
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Constraints for oinel (d) with ALICE material

A Large lon Collider Experiment %

ALICE

No experimental data for ginel(d) for p < 13 GeV/c [1, 2]
In ALICE, oinei(d) has been estimated for an “averaged element” of detector material
e </>=11.9, <A> = 25.5 (from primary collision vertex to the TOF detector)

First experimental constraints on oinel(d) at low momentum!

Carbon

£E33500 'EI' | L L L D
%53000 - ‘ — Geant4 o, cj—C E
N - : — Geant4 ¢, d-C ]
o500 ¢ Tttt Geant3 ¢, d-C 7
o Geant3 o, , d-C .
2000 ¢ o, d-CPRC53(6):2919, 1996 —
1500 |- -
1000 |- e =
500 : ....................... :_.: ........................... .
O—" Ly oo | ] ' ] " .
0 0.5 1 1.5 2 2.5 3 3.5 4
p (GeV/c)

1) Nuclear Physics B 31(2), 253 (1971)

2) Phys. Let. B 31(4), 230 (1970)
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Outlook for future analysis ALICE

* Improve statistical and systematic uncertainties on data for tighter constraints
* Push anti-deuteron analysis towards lower momentum
« Constrain oinel(d) with full-scale ALICE Monte Carlo simulations

* Input for cosmic ray propagation models!

Oinel(p) with ALICE Oinel(d) with ALICE
@ 2.5 N DL DL BN DL DL BN B @ 5: 'l'"'l'"'|'"'I""I""I""I""E
E [ ALICE Preliminary : g 45F  ALICE Preliminary —
°©  2HF  p-Pb sy =5.02TeV — °©  4F  p-Pb sy =5.02TeV =
- (Z)=11.9,(A)=255 i 35K (Z)=11.9,(A)=255 - —
- — 6,,,(P) Geant4 - = — 0,,(d) Geant4 =
' E_ — o, () ALICE +1o —E 2.2 %_ — o, (d) ALICE +1o E
E — G, (F) ALICE +26 JE — o, (d) ALICE +2¢ E
i 1.5F =
osf T A aa E
i 2 05F 3
OO Ol5 ; 1I5 2I I 2I5 (I3 3.I5 | I4 OO : 4
p (GeV/c) p (GeV/c)
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Summary and conclusion ALICE

Simulation of Galactic cosmic rays propagation with a chain of MC-based tools
» Good description of experimental proton flux near Earth
 Lack of precise anti-proton and anti-deuteron data (production, absorption)

ALICE Experiment at CERN LHC as a tool to study anti-deuteron absorption in
detector material
« Analysis of raw reconstructed p/p and d/d ratios
 Better description of results with Geant4-based simulations
» Constrain oinel(p) and oinel(d) via comparison with Geant4-based simulations
* Limits for oinel(p) in good agreement with existing data
 First experimental constraints on ginei(d) in momentum range 1.4 < p < 4.0 GeV/c

Anti-deuteron absorption with ALICE | I. Vorobyev | ECT* Trento | 19.06.2019
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Summary and conclusion ALICE

Simulation of Galactic cosmic rays propagation with a chain of MC-based tools
» Good description of experimental proton flux near Earth
 Lack of precise anti-proton and anti-deuteron data (production, absorption)

ALICE Experiment at CERN LHC as a tool to study anti-deuteron absorption in
detector material
« Analysis of raw reconstructed p/p and d/d ratios
 Better description of results with Geant4-based simulations
» Constrain oinel(p) and oinel(d) via comparison with Geant4-based simulations
* Limits for oinel(p) in good agreement with existing data
 First experimental constraints on ginei(d) in momentum range 1.4 < p < 4.0 GeV/c
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Back-up slides ALICE
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Comparison of ALICE results with existing data
Anti-proton inelastic interaction cross-section as a function of A for fixed

momentum
« ALICE results correspond to £10 limits (blue lines)
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GEANT3/4 cross-sections for (anti-)deuterons ALICE
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GEANT3 inelastic cross-sections ALICE

* Empirical parametrization based on Moiseev’s formula:

Opa = 45477 (1+0.0165in(5.3 —2.63InA7)) (1 —0.62¢ > sin(1.58E02%))

2/3
3/2 3/2 :
OpA = (a() +aiZr +a22%)A§/3
_ C
K(Ar) = Colog(Ar +2)™' where ap = 48.2 + 19(E — 0.02)~°55 a; = 0.1 —0.18E~"2 and ap = 0.0012E '3

o = (51 +16E704)A7

1) A. A. Moiseey, J. F. Ormes, Astroparticle Physics, 6(34):379-386, 1997
Anti-deuteron absorption with ALICE | I. Vorobyev | ECT* Trento | 19.06.2019



Phys. Lett. B705, 235 (2011)

Geant4: total antip-p cross-section

Total antip-p cross-section parametrised as [1-3]:

C 1 dy d ds

=0 |1 - (1 =

Tpp = Casmpt ] i Vs —4m3; R " gu-® " g " gl _
olot = 36.04+0.304 (log(s/33.0625))"

, where mn is the nucleon mass (GeV), s = Ecm? (GeV?2), and

R§ = 0.408740440.2, . — B(s) GeV~? bo = 11.92 + 0.15 GeV—2,

B(s) = by + b1[In(+/5/20.74)]* GeV~2 by = 0.3036 + 0.0185 GeV 2
Parameters C, d1, d2 and ds are 00r Pbar+P
determined from fit to exp. data [PDG] 250 |- Total

C =13.55 4 0.09 GeV 2,
di = —4.47 £ 0.02 GeV,
dy = 12.38 + 0.05 GeV?,
d3 = —12.43 + 0.05 GeV°.

10" 10° 10" 10*° 10®° 10* 10° 10°
1.  J.R. Cudell, et al., COMPLETE Collaboration, Phys. Rev. D 65 (2002) 074024 P.. (GeVl/c)
2. M. Ishida, K. Igi, Phys. Rev. D 79 (2009) 096003.

3. A.A. Arkhipov, hep-ph/9909531, hep-ph/9911533, 1999 13
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Geant4: elastic antip-p cross-section

Parametrisation for elastic antip-p cross-section [1-3]:

g —— ¢ ! (1+ a +d2 d'%)

pp asmpt 0.5 t
\/ G — 477) N sy S S 0

Same formula, but with different parameters oasymp and C, d1, dz2, ds

0t = 454 0.101 (log(s/33.0625))"

asmpt

C =59.34+2.0GeV~?,

d] = —6.95+0.09 GEV, 120 -

Pbar+P
Elastic

d, = 23.54 4+ 0.29 GeV?, 100l |

d3 = —25.34 4+ 0.36 GeV>.

1.  J.R. Cudell, et al., COMPLETE Collaboration, Phys. Rev. D 65 (2002) 074024
2. M. Ishida, K. Igi, Phys. Rev. D 79 (2009) 096003.

3. A.A. Arkhipov, hep-ph/9909531, hep-ph/9911533, 1999 24
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Geant4: Glauber calculations vs data

Lines are Glauber calculations, points are various exp. data
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Parametrisation used in GEANT4

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

AO’tOt BAO-tot
tot 2 hN tot 2 2 NN
o,, =2mR51In|1+ Opa =27 (R% + R ln[1+ ]
ha A [ 2nR§\] s =27 (R + Ry) 27 (R% + R2)
: Agtot . BAg ot
on — 7 R ln[l 4 hN], ol = 7 (R% + R? ln[1+ hN ]
ha =7 TA 7 RZ s =7 (Rp + R4) 7 (R} + R2)

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:

PA Ra = 1.34A%23 + 1.35/A'/3 (fm), pARa=1.31A%2 4+ 0.90/A' (fm),
dA R4 = 1.46A%%1 +1.45/A1/3 (fm), dA Ry =1.38A%%1 4+ 1.55/A13 (fm),
tA Ry = 1.40A%%! + 1.63/A13 (fm), tARs=1.34A%%' + 1.51/A'3 (fm),
@A Ra=1.35A%%1+1.10/A'3 (fm). @A Ra =1.30A%°1 +1.05/A'3 (fm).

1. V.M. Grichine, Eur. Phys. J. C 62 (2009) 399, Nucl. Instrum. Methods B 267 (2009) 2460 36



Phys. Lett. B705, 235 (2011)

Geant4: antih-A and antiB-A cross-sections

Points are Glauber calculation, lines are GEANT4 parametrisation
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Particle production at LHC energies
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ALICE, Phys. Rev. Lett. 110 (2013) 032301
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Light (anti-)nuclei at LHC ALICE

Light (anti-) nuclei up to A =4 are reachable with the currently available statistics
Penalty factor to produce one additional nucleon:

« ~ 350 in central PbPb collisions

« ~ 1000 in pp collisions

ALICE, Nuclear Physics A 971 (2018) 1 ALICE, PRC 97 (2018) 024615
102E ALICE > 1F T I -
- > P ALICEpp Vs=7TeV, |y|<05 7
= > - pp \'s eV, ly| <0. .
10 S 107 Bl _ =
i - — CoAct fit 3
e 102 =
10" = _ .
10—2; 107 d E
10°F 104 - -
10
10°¢ 10° e 3
10°F 0-10% Pb-Pb, |5y = 2.76 TeV SE I
§ - | | | | | | | | | | | | | | a

-8 | | | | | | | |

0" 43 =2 1 0 1 2 3 4 1 ° ° p
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ALICE
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Deuterons from spallation processes

ALICE, Phys. Rev. C 97 (2018) 024615

’é\ ; 1 I I 1 1 1 I 1 1 1 [ 1 1 I ] 1 ] 1 I 1 1 IEI I | I ] 1 1 I 1 ] I I 1 I 1 I 1 ] 1 I ] 1 E
O i i b
— ~— ALICEpp\s=7TeV od E o
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=< 10F 3 E
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8 ol : - :
10°E 2 o F =
O % ¢ - o ]
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Coalescence model for (anti-)deuteron production  ALICE

« Basic idea: if Ap < po, (anti)proton and (anti)neutron will coalesce to form (anti)d
* pois the only free parameter of this phenomenological model

p " - :

Simplest assumption: isotropic and uncorrelated nucleon spectra
» deuteron ~ proton x neutron => deuteron ~ protonZ

« Maximum momentum difference (po) is approx. 100 MeV (5.3 MeV
Kinetic energy of a nucleon in the rest frame of the other)

d> Ny d°N ’
Eq——= =B | Ep zp
dpy dp;

Can be implemented as an afterburner in event generators

Anti-deuteron absorption with ALICE | I. Vorobyev | ECT* Trento | 19.06.2019



Determination of po from fits to data

Herwig-++ (tuned) ot Physics reports 618, 1 (2016)
CLEO, ALEPH, ZEUS
ALICE (pp) Hel e - 7 TeV
— | | ® | |
ZEUS (e p) e 1 '* - 318 GeV
ALEPH (Z decay) L P AR 191.19 Gev
ISR (pp) ad R P - 53 GeV
BaBaR (eTe™) o) Ll +10.58 GeV
e PYTHIA 6/8
CLEO (Y decay) ,.’M:‘ - Herwig++ 71 9.46 GeV
50 T l100l I150l I200l | I250l

Coalescence momentum p, [MeV]

* Which po value should be used in calculations of anti-d flux from DM?...

- Does anti-d production depend on Vs and/or underlying process or MC needs
further refinements?...

» Dramatic effect on final uncertainty, Nq ~ po3! (also holds well for per-event MC)

Theory of anti-matter | . Vorobyev | BD 2018 | Garmisch
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Coalescence parameter B:

[Phys. Rev. C 97 (2018) 024615]
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ALICE

ALICE Preliminary
pT/A =0.75 GeV/c

[e ] ALICE, d+d, pp, Vs = 7 TeV
VOM Multiplicity Classes
[¢ ] ALICE, d+d, p-Pb, VSTIN =5.02 TeV
VOA Multiplicity Classes (Pb-side)
[ m ] ALICE, d, Pb-Pb, VSTIN =5.02 TeV
[ + ] ALICE, d, Pb-Pb, \{STIN =2.76 TeV (PRC 93 (2015) 024917)

10°
@N_ /dn )

10 10°

lab |77Iab| <
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Deuteron to proton ratio ALICE

Ia 0006 B | | | I | | | | L | | | L | | | | :
+ " [#]p-Pb, Vs = 5.02TeV ALICE Preliminary -
g 0.005 —  VOA Multiplicity Classes (Pb-side) ]
~ [ [m]Pb-Pb, |5, =5.02TeV i
& - [®]pp, (s =7Tev i -
0.004—%*/pp, (s =13 TeV ]
_ VOM Multiplicity Classes n H i
0.003 & H H 1 H —
B @ _
0.002F H; H -
- I*Bﬂ " [#[Pb-Pb, {5y, = 2.76 TeV (PRC 93 (2015) 024917) -
= E I pp, Vs =900 GeV, d/p (PRC 97 (2018) 024615) -
0.001— PHpp, Vs = 2.76 TeV, d/p (PRC 97 (2018) 024615) _|
B Pélpp, Ys = 7 TeV, d/p (PRC 97 (2018) 024615) ]
O B ] ] ] I | | ] ] ] I | | ] ] ] I | | ] ] ] ]

1 10 102 N 10°
<d ch / d77Iab>|77|ab|<0.5

 d/p increases with multiplicity from pp to peripheral Pb-Pb: consistent with

simple coalescence
* No significant centrality dependence in Pb-Pb: consistent with thermal model
(yleld fixed by Tchem @s ""eXp(-m/Tchem))

Anti-deuteron absorption with ALICE | I. Vorobyev | ECT* Trento | 19.06.2019



Background sources for d

Dominant source: cosmic-ray particles interacting with interstellar medium

I | T T T T T | LI [ T —

i 1 Physics reports 618, 1 (2016)

TTTTTT]

T

T T T TTTTT

TT]

T 11

N of secondary @ produced (a.u.)

]
| | \ [ |

1 10 100

<
—

Kinetic energy per nucleon 77 [GeV /n]
At low energies the background is highly suppressed

 High threshold E for d@ production (e.g. for pp—adX it's Einr = 16 mn)
« Steep energy spectrum of cosmic rays

For d flux at TOA at T4 ~ 0.1 to 1 GeV/n different DM models give S/B ~ 102 to 10
 Despite large S/B still a rare event search!

Theory of anti-matter | . Vorobyev | BD 2018 | Garmisch



d propagation through the Universe

Galactic environment: magnetic fields, local plasma currents, ISM, annihilation...
Model cosmic transport by spatial diffusion and convection only

Cosmic-ray fluxes determined by transport equation:

5 R 5 0 oN
V-{—KVN+VCN}+ T HEN — 5o b = g, E) — TueN

/ OF ° 9E X X
diffusion” convection  4stgnd 2nd order source term  destruction in ISM
E transport terms

» Diffusion coefficient K(r, E) often assumed to depend only on E
* Low-E (< 10 GeV) anti-d can be swept by convection of local plasma and drift with V¢
« Conservation of cosmic ray currents in energy space — fo(r, E) and so(r, E)

* Production rate: i By = Loy N oom @)\
d Tl 2 dEa Mpm

1 dN; ppm(T)
DM dEa Mpm

for DM annihilation

qo" (7, Eg) = for DM decay

» Annihilation rate I'l, = (ny + 423nye) v 0ine(dp — X) , where ny and Nke in ISM
assumed to be homogeneous

Theory of anti-matter | . Vorobyev | BD 2018 | Garmisch



Prospects for DM detection

Antideuteron Flux [m-2 s*' sr' (GeV/n)"]

Left: DM annihilation/decay from 3 benchmark models
 MED propagation, coalescence model with po = 195 MeV
Right: annihilation of heavy (mpm = 0.5 TeV) DM

 MAX propagation, annihilation into bb or W*W- (Wino DM)

Sensitivities: 5 years of operation for AMS-02, three 35-days flights for GAPS
Physics reports 618, 1 (2016)
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ALICE

Primary/secondary cosmic rays
A. Kounine and S. Ting, ICHEP 2018, Seoul

Traditionally, there are two prominent classes
of cosmic rays:

Primary Cosmic Rays (p, He, C, O, ...)

Secondary Cosmic Rays (Li, Be, B, ...)
are produced in the collisions of primary cosmic rays. They
carry information on the history of the travel and on the
properties of the interstellar matter.

Anti-deuteron absorption with ALICE | I. Vorobyev | ECT* Trento | 19.06.2019
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Primary/secondary cosmic rays ALICE

A. Kounine and S. Ting, ICHEP 2018, Seoul
Rigidity dependence of Primary and Secondary Cosmic Rays

Both deviate from a traditional single power law above 200 GeV.
But their rigidity dependences are distinctly different.
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Re-scattering angle vs momentum: (anti-)protons

Total re-scattering angle after passing 2.1mm of carbon (1% X/Xo)
ALICE tracking: multiple coulomb scattering (MCS) is taken into account
for ITS/TPC tracking and track-cluster association

Red line: “cut” on 3v/4/z - 65, Where oycs = 57.3-0.014 - 1/ X/ X,/ (fp)
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re-scattering angle between ITS and TPC

ALarge lon Collider Experiment %

Re-scattering angle vs momentum: (anti-)deuterons ALICE

Total re-scattering angle after passing 2.1mm of carbon (1% X/Xo)
ALICE tracking: multiple coulomb scattering (MCS) is taken into account
for ITS/TPC tracking and track-cluster association

Red line: “cut” on 3v/4/x - 65, Where 6ycs = 57.3 - 0.014 - /X/ X,/ (Bp)
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Scattering angle TPC-TOF, deg.
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Geant4 model: TPC-TOF matching ALICE

Tracking in pp and pPb collisions: a window of 10x10 cm is open for track at the
TOF radius
 Big difference whether track is a passive scatterer or its parameters are updated
iIn TRD layers
« Approximate window with a circle of r = 5 cm
« — cut on 2.32° angle between TPC and TOF

Scattering angle TPC-TOF (anti-protons)
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Scattering angle TPC-TOF, deg.

ALarge lon Collider Experiment

Geant4 model: TPC-TOF matching ALICE

Tracking in pp and pPb collisions: a window of 10x10 cm is open for track at the
TOF radius
 Big difference whether track is a passive scatterer or its parameters are updated
iIn TRD layers
« Approximate window with a circle of r = 5 cm
« — cut on 2.32° angle between TPC and TOF
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Uncertainty due to Oinel (proton)

ALarge lon Collider Experiment

How precise Oinel (proton) is described by Geant4?
« Check available experimental data (Be,B,C,0,Al,Fe,Cu,Ge,Sn,Pb)
» Vary Geant4 parametrisation, calculate x2 for all data points

e Minimum %2 and 10 : 0.9925 +0.0375 _g 9325
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Uncertainty due to ginel (deuteron) ALICE

How precise Oinel (deuteron) is described by Geant4?

« Check available experimental data (Be, C, O,Si, Sn, Pb)

» Vary Geant4 parametrisation, calculate x2 for all data points
e Minimum %2 and 10 : 1.0175 +0.0625 _ 9475

« Agreement is worse for Sn and Pb
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The Propagation of Galactic Cosmic Rays to Earth --- Modelling

Earth's
magnetic

Injection Propagation Solar
spectra in the magnetic fiold and

(particles) galaxy field atmosphere

Galprop’ Solarprop? Planetocosmics?

1 https://galprop.stanford.edu/
2 http://www.th.physik.uni-bonn.de/nilles/people/kappl/
3 http://cosray.unibe.ch/~laurent/planetocosmics/
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Protons: Local Interstellar Flux — GALPROP Model

108
B c.eror

(https://galprop.stanford.edu/) orotons
+ version 56 Bl J ;
« parameters updated with Voyager data = 3
(Boschini et al. 2017 g [ Hellum
Astr. Phys J. 840:115) oL
} * can reproduce proton and helium flux r? 10‘1%‘
* uncertainty on distance to galactic ;:' i _
center (7.83 kpc — 8.7 kpc) = 10 3
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Department of Physics

Technical University of Munich

Protons: Solar Modulated Flux

i

Modelling of solar modulation

various models available
force-field method lacks charge-
sign dependence

- influences antiparticle — particle
ratio at low energies

~ ¥.. SOLARPROP calculation tool (R.
(244 Kappl et al.)

Includes polarity-dependence
numerically solves the Fokker-
Planck equation

one free normalizing constant (k)
can describe various datasets well
(AMS-Il, BESS flights, PAMELA)

Model/Data
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Protons: Influence of Near-Earth Environment

Earth’s magnetosphere

dipole field
« deflects low-energy cosmic rays
shields particles with rigidities < R yi—oft

Thomas Poschl (TUM) | 03/29/19 | Los Angeles
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Antiprotons: Local Interstellar Flux

108
- No data outside heliosphere available
LosL NO data outside i
heliosphere b
~ available :
l> 102
Q
D
Iln
T
NB 10-1
|
E
X
-
w 104
1077

—— GALPROP V.56 (Boschini et al. parameters)
—10 il Lo rnl Lol Lol ool 1 llllllll [ nml (NN
10 1072 1071 100 101 102 103 104 10°
Energy (GeV)
Anti-deuteron absorption with ALICE | I. Vorobyev | ECT* Trento | 19.06.2019




Department of Physics
Technical University of Munich

Antiprotons: Solar Modulated Flux
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