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Overview

Antinuclei as a signature for dark matter

Coalescence
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Antideuteron formation

The coalescence model in momentum space

Lab frame Deuteron frame
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Antideuteron formation

The new coalescence model
(M. Kachelriess, S. Ostapchenko & J. Tjemsland (2019) [arXiv:1905.01192])

Deuteron formation model
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Antideuteron formation

The new coalescence model
(M. Kachelriess, S. Ostapchenko & J. Tjemsland (2019) [arXiv:1905.01192])

Deuteron formation model
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@ Two-nucleon momentum distribution
o Size of the deuteron

d=32fm
@ Spatial distribution factor

o ~ 1 fm free parameter
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Antideuteron formation

—q q
Standard coalescence model New model
w = O(po — 2q) w = 3((0) exp{—q°d”}
@ Phenomenological with @ Semi-classical
constraints in momentum space o Free parameter o
o Free parameter pg @ Physical interpretation: Size of

the formation region
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Antideuteron formation

—q q
Standard coalescence model New model
w = ©(po — 29) w = 3((0) exp{—q’d?}
@ Phenomenological with @ Semi-classical
constraints in momentum space o Free parameter o
o Free parameter pg @ Physical interpretation: Size of

the formation region
Example

Electron-positron and DM: .+ ~ 1 fm
Proton-proton: Tpp = V20+
Proton-nucleus: Utilise Ry = aOA1/3, ag ~ 1 1fm
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Antideuteron formation

Comparison to experimental data (Pythia 8)
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¢  Experimental data
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Comparison to experimental data (Pythia 8)

Experiment a0 [fm] x%/(N —1) Ref.

pp 7 TeV 1.07 34/19 Acharya 2018

pp 2.76 TeV 1.05 5.6/6 Acharya 2018

pp 900 GeV 0.97 0.3/2 Acharya 2018

pp 53 GeV 1.22 0.3/2 Henning 1978; Alper
ete” 91 GeV 1-0f8€ - Schael 2006

pBe Epim = 200 GeV (A=9)* 1.00 2.2/4 Bozzoli:1978ud

PAIl Eprim = 200 GeV (A =27)" 0.88 2.3/2 Bozzoli:1978ud

Event generators:
Pythia 8.230 (Sjéstrand et al. 2015; Sjostrand et al. 2006)
*QGSJET I1-04m (Ostapchenko 2011; Kachelriess et al. 2015)
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Antideuteron formation

Determining the coalescence parameter ag

The value of ag varies quite a bit for different experiments and event
generators
@ Uncertainties in the coalescence model
@ Experimental uncertainties
@ Current event generators are not tuned to two-particle correlations
°

One cannot expect the model to represent the antideuteron data
better than the corresponding antiproton data
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Antideuteron formation

Determining the coalescence parameter ag

Example: antiproton+proton data masured by ALICE (Aguilar 2016)
compared to QGSJET 11-04m

—— QGSJETII-04m 1
—-—- with weight
---- Pythia 8.230

Experimental data _
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Antideuteron formation

Determining the coalescence param

eter ag

Example: antiproton+proton data masured by ALICE (Aguilar 2016)

compared to QGSJET 11-04m
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Antideuteron formation

Determining the coalescence parameter ag

Example: antiproton+proton data masured by ALICE (Aguilar 2016)
compared to QGSJET 11-04m

1/(NineL27pr) d2N/(dprdy), [GeV~2]
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—— QGSJET II-04m
—-—- with weight
---- Pythia 8.230

$  Experimental data
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a0 = 1.02 fm ~ " ag = 1.16 fm
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Antideuteron formation

Determining the coalescence parameter ag

The value of ag varies quite a bit for different experiments and event
generators

@ Uncertainties in the coalescence model

@ Experimental uncertainties

@ Current event generators are not tuned to two-particle correlations

@ One cannot expect the model to represent the antideuteron data
better than the corresponding antiproton data

Conclusion

a0 = (1.0+0.1) fm

Should hold for all interactions in which coalescence is the dominant
production mechanism for antinuclei
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Secondary source

age credit: NASA JPL; NASA AMS
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Detection prospects

Secondary source

Proton

Helium

Antiproton (x100)
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Detection prospects

two-zone  diffusion
model Maurin et al. 2001; Donato et
al. 2001; Maurin et al. 2002; Donato et
al. 2004

Secondary source Propagation:

Proton
Helium

Antiproton (X]E)O;

—— Parametrisation
---- without breaks
g AMS-02
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Secondary source: results (QGSJET 11-04m)

[ ey ]
~--- pHe
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10—41
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Antideuteron kinetic energy per nucleon, T [GeV/n]
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Detection prospects

Primary source: dark matter annihilations

. 1 p? dNpy
Q. T) = 3 ) S8
X

Generic annihilating dark matter into bb and W W™

Fermionic WIMP, modelled as non-radiating e*e™ annihilation using
Pythia 8.230

Particle physics parameters: (m,, (ov)

ann )

Dark matter distribution p(7) =~ 0.3 GeV /cm?

Large uncertainties related to propagation
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Primary source: upper limit on annihilation cross section

Detection prospects

(Kachelriess & Tjemsland (2019) preliminary)

® AMS-02 antiproton data
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Detection prospects

Primary source: upper limit on annihilation cross section
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Detection prospects

Detection prospects for antideuterons
W+ W~ -channel bb-channel
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Detection pro:

Detection prospects for antihelium

o W+ W ~-channel bb-channel
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Experimental status

Experimental status of antinucleus

@ The AMS-02 (The Alpha Magnetic Spectrometer) Experiment
(Battiston 2008)

Current hints for exotic physics

Antiproton: Small exess at rigidities 10-20 GV
= (FannV) ~ 3 x 1072° cm?/s; m, ~ 80 GeV (Cuoco et al. 2017)

Antideuteron: No detection

Antihelium: 8 possible antihelium events, 2 of which are possible *He events
(Ting 2018)

@ GAPS (General AntiParticle Spectrometer) is being launched during
the next Solar minimum in 2021(Aramaki et al. 2016a)
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Summary

@ Antinuclei offers a potential method of identifying the nature of dark
matter

o New coalecence model:

@ It includes constraints on both momentum and space variables, has a
semi-classical treatment and a microphysical picture

@ Can now describe all prosesses relevant for secondary production and
DM annihilation with a single free parameter

@ The new model does not change current detection prospects
significantly

@ The AMS-02 collaboration have detected 8 possible antihelium events,
of which 2 are possible antihelium-4 events
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Extra: Process dependence

+

@ e e~ and dark matter annihilations:

O'J_(ei) ~ /\QCD ~ 1fm O'”(ei) ~ Lhad ~ 1 fm

@ Hadron-hadron and hadron-nucleus collisions will obtain an additional
contribution from multiparton interactions:

2p2

2 2R R;

2
7 L(zeom) ™ RZR2 T (geom) ~ Max{Ry, Ra}

Other particles

Nucleons

Event generator
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Extra: Process dependence
e e"e™ and dark matter annihilations:
01 (e*x) ~ Nqep ~ 1 fm O)j(e) ~ Lhaa ~ 1 fm
@ Hadron-hadron and hadron-nucleus collisions will obtain an additional
contribution from multiparton interactions:

2RIR3
2 17%2 2
7 Leeom) ™ B2 R2 F(geom) ~ max{R1, Re}

o
Example (proton-proton collisions, Ry = R, = 1 fm)
OJ_(pp) ~ Ui(ei) + UJ.(geom) ~ ZUL (et) ™ (\/_ fm)z
Tipp) ~ T (o) + O geom) ~ 20 o) ~ (V2 fm)?

o Nuclear radius: Ra = agAY/3, ag ~ 1 fm (A <10)
= Set ag ~ 1 fm as a free parameter
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Extra: The two-zone propagation model
R=20 kpc AZ

Solar
modulation

) ) )
h=0.1 kpc
T N\ N N\ N\
ISM H, He, <
L=4-15 kpc

Prim.

Diffusive zone

~Energy losses
-Tertiary sources
-Reacceleration
@ Semi-analytical solution (Maurin et al. 2001)

@ Parameters are constrained using e.g. a B/C study (Aramaki 2016b);
MED-MAX parameters
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Extra: Helium-3 and tritium

Helium-3 and tritium formation model (yield in lab frame)

d3 NHe 64s C d3 P1 d3 P2 b2 p2
= G P P Ba A —
dPI:?Ie 7(271-)3 (27T)3 (271.)3 N1 N2N3( p2 — 3, P2, P3)e g

262 \°
<:(2b2+402) ’

1. L o 2 . .
P2=§[(m—pz)2+(pz—p3)2+(pz—p3)2]=§[p§+p§+p1-pz].

v

bayge = 1.96 fm; by = 1.76 fm; s = 1/12
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BN
Extra: Best fit to the ALICE helium-3 data

Best fit helium, const.

10-10 4 ===+ Best fit helium, beam dep.

—— Best fit antideuteron, const.
==+ Best fit antideuteron, beam dep.
10-'" 4 A Old model

B4  Antihelium-3 data

FH  Antitritium data

10712 T T
0 1 2

1/(Nixer 27pr) d2N/(dprdy), [GeV~?]
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Extra: The coalescence model

The formation of a nucleon 4N can be described by the coalescence model
(Schwarzschild and Zupancic 1963)

£ BN _ (o BN, ‘ £ BN, N
Aapy T A TP aps "dpP3

where By is the coalescence parameter.

)

Po=Pa=Pa/A

4 3 A—-1
By— A (1&)
3 my

By x VA1
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Improving the deuteron wave function

10753 0 :
A ne-Gaussian ]
AN = = - Two-Gaussian ¢-fit
. }\ ----- Hulthen
10724

1073
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Extra: Improving the deuteron wave function Il

The ground state of the deuteron is well described by the Hulthen wave

function,
_ [aBa+ gy e -
walr) = 2m(a — B)2 r ’

with o = 0.23fm™! and 8 = 1.61fm ™! (Zhaba 2017).

Two-Gaussian wave function:

A 2 2 1_A 2 2
—3/4 [ . —r</2d. —r=/2d.
QOd(F):T( / (Hld_{}e / 1+1/d—§e / 2>.
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Extra: Improving the deuteron wave function Il

0.020 ——— One-Gaussian
= == Two-Gaussian @-fit
— - Two-Gaussian r3-fit
0.015 4 ——— 0Old model (x0.3)
g
3
=
Z 0.010
B
NQ* . ~ R -
.
~. .
0.005 ~.. —_
0.000 - T T T T
0.000 0.005 0.010 0.015 0.020 0.025 0.030
q* [GeV?]

pp collisions at /s = 0.9 TeV with 0 =7 GeV ! and py = 0.2 GeV.
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Extra: Wigner Functions

0 MV (p,x) = /p(X+y/2,X—y/2)ei"ydy

d

0 [ (p.x)52 = ploxx) = PL)

) /fw(p, x)dx = p(p, p) = P(p)

Deuteron Wigner function:

—

0(.0) = [ Cen{-id-Eear+ €27~ E/2)
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