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Indirect dark matter searches:

@ intense search for DM since > 30 years:

> ~y-ray line, ~-rays from dwarf galaxies,...
> neutrinos from the Sun

> excess of antimatter: positrons, antiprotons,...

@ no clear evidence found yet...

@ signal hidden below astrophysical backgrounds?
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Antiprotons from DM: close to My
E2F(E)
pp — pPpp

GeV
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Antiprotons from DM: below threshold for CR secondaries
E2F(E)
pp — pPpp

GeV
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Antideuterons as signature for DM
@ antiprotons: two interesting energy regions

» high energy: increasing p/p ratio
> low energy: high threshold for pp — pppp reduces CR background
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@ antiprotons: two interesting energy regions

» high energy: increasing p/p ratio
> low energy: high threshold for pp — pppp reduces CR background
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Antideuterons as signature for DM
@ antiprotons: two interesting energy regions

» high energy: increasing p/p ratio
> low energy: high threshold for pp — pppp reduces CR background

@ Donati, Fornengo, Salati '99: threshold for pp — pppnpn even higher
= antideuterons promising signature for DM

@ up-to 10 events/yr in AMS-02

@ today's expectation?
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Motivation

Ly~ =

f

Why to look into antimatter now?

Michael KachelrieB (NTNU Trondheim) CRs in the Multi-Messenger Era



Why to look into antinuclei now?
e AMS-02: six *He and two *He candidates (2019)
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Why to look into antinuclei now?
e AMS-02: six 3He and two *He candidates (2019)

@ GAPS: flights scheduled next antarctic summer
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Introduction

Formation of light nuclei

interested in various types of reactions:
e DM+DM— Xd
o cte” = Xd
o pp— Xd
o Ap — Xd
o AA — Xd

different physics, different communities = different approaches
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Introduction

Simplest case: ¢"e” — hadrons

@ hard interaction: LO or NLO matrix element

5

. " -
o, 5 :
S ) )m‘q

@ perturbative parton cascade

min

» ordered in virtualities and angles s~ Q3 > (3 > ... > Q. > AéCD

o hadronisation volume in cms: o ~ 1/(ymy), 01 ~ 1/Aqcp

Michael KachelrieB (NTNU Trondheim) Light antinuclei, Paris 5.12.22 CRs in the Multi-Messenger Era 9/26



Introduction

Simplest case: ¢"e” — hadrons

@ hard interaction: LO or NLO matrix element

5

. " -
o, 5 :
S ) )m‘q

@ perturbative parton cascade

min

» ordered in virtualities and angles s~ Q7 > (3 > ... > Q. > AéCD

o hadronisation volume in cms: o ~ 1/(ymy), 01 ~ 1/Aqcp

Michael KachelrieB (NTNU Trondheim) Light antinuclei, Paris 5.12.22 CRs in the Multi-Messenger Era 9/26



Introduction

Simplest case: ¢"e” — hadrons

@ hard interaction: LO or NLO matrix element

5

. " -
o, 5 :
S ) )m‘q

@ perturbative parton cascade

min

» ordered in virtualities and angles s~ Q3 > (3 > ... > Q. > AéCD

@ hadronisation volume in cms: o ~ 1/(ymy), 0, ~ 1/Aqcp
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Introduction

General picture:

@ separation of scales:
» By~ 2MeV < Aqep, Toep

=- coalescence happens after hadronisation

@ semiclassical picture: p(x, p) and n(«, p’) form an antideuteron, if
“close” in phase-space

@ approximations:

» DM: coalescence in momentum space: V < 47R3/3
= fp(®, p) = 6(x — x0) /()

» Heavy-ion: coalescence in coordinate space: V> 4wR?/3

» combination?
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Coalescence in momentum space

Coalescence model in momentum space

@ all nucleons with cms momentum difference Ap < pg form a nucleus
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Coalescence in momentum space

Coalescence model in momentum space

@ all nucleons with cms momentum difference Ap < pg form a nucleus

e for pp and pA collisions: “fireball” isotropic distribution d*N/dp3

2
T3=Tx/ 2)

@ antideuterons ~ antiprotons?

dN; gy ma 1 (dNJ—V
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Coalescence in momentum space

Coalescence model in momentum space

@ all nucleons with cms momentum difference Ap < pg form a nucleus

e antideuterons ~ antiprotons?

e for pp and pA collisions: “fireball” isotropic distribution d*N/dp3
ANy p}mg 1 ( dNy

2
dT 6 m%V z/ T% + 2de3 T3:TN/2>

@ more general: antinuclei A ~ B, antiprotons” with

3\ A-1
By=A (ﬂ&)
3 my

= strong hierarchy p > d > 3He > 4He
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Coalescence in momentum space

Coalescence model in momentum space

@ all nucleons with cms momentum difference Ap < pg form a nucleus

e antideuterons ~ antiprotons?

e for pp and pA collisions: “fireball” isotropic distribution d*N/dp3
ANy p}mg 1 ( dNy

2
dT 6 m%V z/ T% + 2de3 T3:TN/2>

@ consider instead DM annihilation XX — W+ W~

@ decay products of W are boosted in cone with @ ~ my/myx
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Coalescence in momentum space

Coalescence model in momentum space

@ all nucleons with cms momentum difference Ap < pg form a nucleus

e antideuterons ~ antiprotons?

e for pp and pA collisions: “fireball” isotropic distribution d*N/dp3
ANy p}mg 1 ( dNy

2
dT 6 m%V z/ T% + 2de3 T3:TN/2>

@ consider instead DM annihilation XX — W+ W—:

@ decay products of W are boosted in cone with ¢ ~ my/myx

= requires momentum correlation on event-by-event basis
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Coalescence in momentum space

Problems of this approach:
@ discrepancies in py between reactions & MC simulations

Fitting po to data on d production

Herwig++ (tuned)
CLEO, ALEPH, ZEUS
ALICE (pp) e ettt 47 Tev
ZEUS (e"p) [ P e 4318 GeV
%
ALEPH (Z decay) . et 19119 Gev &
p
ISR (pp) ¢ o 153 GeV/
BaBaR (ete™) ok FHett =10.58 GeV
—--PYTHIA 6/8
CLEO (T decay) i i ~e-Herwigi+ | 19.46 GeV
P S S T EP
50 100 150 200 250

Coalescence momentum py [MeV]
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Coalescence in momentum space

Problems of this approach:

@ discrepancies in pg between reactions & MC simulations
@ energy dependence of py?

(©)
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Problems of this approach:
@ discrepancies in pg between reactions & MC simulations

@ energy dependence of py?
@ bad fit of ALICE p, spectra

~— Standard coalescence model
¢  Experimental data

107
107
/s =7TeV (x16)

107 ty ]

H(NineL2apr) dNi(dprdy), [GeV—2]

1076

T priGevi
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Coalescence in phase-space WiFunC model: Wigner functions with Monte Carlo correlations

Solution: use Wigner functions with momentum correlation
@ two-body Wigner function W(z, p) contains full quantum mechanical
information of a system

@ probability distributions follow as

dp

[ W) = ¢ (0) ), 5r Wiap) = 0" (2) U(a)

@ use momentum distribution Gyy(p,,, p,) from Monte Carlo

@ add Gaussian guess for spatial distribution
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Coalescence in phase-space WiFunC model: Wigner functions with Monte Carlo correlations

Solution: use Wigner functions with momentum correlation

@ two-body Wigner function W(z, p) contains full quantum mechanical

information of a system

@ probability distributions follow as

dp

/ dz W(z, p) = ¢*(p) 6(p), LW, p) = 4" (2) ()

2

@ use momentum distribution Gyy(p,,, p,) from Monte Carlo

@ add Gaussian guess for spatial distribution

@ use connection to density matrix

(o)) = [ £ w(p =5 ) ewiip (- o)
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Coalescence in phase-space

Evaluation using Monte Carlo correlations
@ standard QM using density matrices

d3N,
dP?id = tT{Pd pnucl}

Michael KachelrieB (NTNU Trondheim) Light antinuclei, Paris 5.12.22



(OCEI NN NG ERERSET  WiFunC model: Wigner functions with Monte Carlo correlations

Evaluation using Monte Carlo correlations
@ standard QM using density matrices

d3Ny
=t nuc
dch} r{pd Pruct }

with
» deuteron density matrix pg = |d4) (¢4
» two-nucleon density matrix pnuct = |[pthn) (V1]
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(OCEI NN NG ERERSET  WiFunC model: Wigner functions with Monte Carlo correlations

Evaluation using Monte Carlo correlations

@ standard QM using density matrices

d3Ny
d—PZ = tr{pq Pnucl }
o few simple steps later:
PNy 3¢

— B Td _
sz (27-[-)6/(1 qe an(+q7 q)v

B dQ 3/2
CZ(M) =1

with
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(OCEI NN NG ERERSET  WiFunC model: Wigner functions with Monte Carlo correlations

Evaluation using Monte Carlo correlations
@ standard QM using density matrices

d3N,
d—P:; = tr{pd pnucl}

o few simple steps later:

d3N, 3¢ ey
dpgd = @n)s /d3qe T Grp(+4,—q),
d

B d2 3/2
<=(m) =1

@ “usual MC momentum aproach” would be recovered for
> 0K gi:> (—1
> e_q d — ﬁ(q_ Qmax)

with
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Coalescence in phase-space WiFunC model: Wigner functions with Monte Carlo correlations

Evaluation using Monte Carlo correlations

@ standard QM using density matrices

3Ny
d—PZ = tr{pd Pnuct }
o few simple steps later:
d3 Ny 3¢

3 —d? .
i - (2W)6/d ge Grp(+a,—q),

B d2 3/2
<=(m) =1

@ “usual MC momentum aproach” would be recovered for
P oLd=>(—1
> e—q2d2 — ﬂ(q_ Qmax)

e fraction d/(p + n) is bounded
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(OCEI NN NG ERERSET  WiFunC model: Wigner functions with Monte Carlo correlations

Generalising to Ap and AA collisions

7o

» parton cloud distributed within R, or R4
» multiple parton interactions

» cluster can form from different parton interactions
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(OCEI NN NG ERERSET  WiFunC model: Wigner functions with Monte Carlo correlations

Generalising to Ap and AA collisions

ol

A

» parton cloud distributed within R, or R4
» multiple parton interactions

» cluster can form from different parton interactions

@ using Gaussian profiles:
> pp: oPP — ﬁg‘ﬁe*
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Comparison with ALICE and LEP data

== One-Gaussian, const.

034 =< — - One-Gaussian, beam dep.
—-- Two-Gaussian, const.
—=- Two-Gaussian, beam dep.
----- Old model

Experimental data

10 4

10-5 4

(NingL2apr) dNI(dprdy), [GeV 2]

106 4

prlGeV]

Best fit values for spatial extension o: (using PYTHIA)
oPP = (7.6 +0.1)/GeV
o ¢ = (5.3719)/Gev

u}
)

I

il
it
N
o
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Coalescence in phase-space

Comparison with experimental data on pp and Ap:

@ assume R4 ~ a0A1/3 with oPP ~ qq as fit parameter
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Coalescence in phase-space WiFunC model: Wigner functions with Monte Carlo correlations

Comparison with experimental data on pp and Ap:

@ assume Ry ~ aoA1/3 with oPP ~ qq as fit parameter

41 T T
© Pythia 8
B QGSIETII
1.3 :
A Independent
12+ E
= Al +a~
‘E O P e'e pp—)He+X_
o " MpBe o *
o) 1
L S f vy~
09 * ; i
pp
G o T

Michael KachelrieB (NTNU Trondheim)

Vs [GeV]

Light antinuclei, Paris 5.12.22

CRs in the Multi-Messenger Era
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(OCEI NN NG ERERSET  WiFunC model: Wigner functions with Monte Carlo correlations

Comparison with experimental data on pp and Ap:

@ assume Ry ~ a0A1/3 with oPP ~ qq as fit parameter

14F T T L
© Pythia8
B  QGSIETI
13r A Independent T
12+ E
= Al +te~
£ 11)*p 6° ¢ pp-He+X
e - [®pBe il
| e 8
O e ? PE——
09 * ; i
pp
02 3 107

Vs [GeV]

@ good agreement with expectation oP? ~ 1fm

@ independent of energy and reaction type
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FLuxes and detection prospects

Source term (*° for secondary production of d:

r T T T T Tl T T T Tl T T T Tl
[ —— pp —— HeHe —— pHe
t —— pHe —— pp —— Total
10_40 L — Hep E
T
g
%
&) 10—41 L 4
ta/ o ]
o 10742 1 E
/
10—43 s I (VAR Jl s s N s s NN
107! 10° 10! 10?

Antideuteron kinetic energy per nucleon, T [GeV/n]
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)

I
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it
N
o
P

Michael KachelrieB (NTNU Trondheim) Light antinuclei, Paris 5.12.22



FLuxes and detection prospects

Source term (*° for secondary production of d:

[ — pp —— HeHe —— pHe

I —— pHe — pp —— Total

104 — Hep

1074 £

0% [(m3s GeV/n)™']

1079 £

107! 100 10! 102
Antideuteron kinetic energy per nucleon, 7 [GeV/n]

@ lower threshold in pA reactions = dominate at low T
[} = =

il
it
N
o
P
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FLuxes and detection prospects

Antideuteron flux: secondaries plus bb channel

1073
bb-channel

1076
T
S

= 1077
(5]
Qo
&

= 1078
=
&

1070

10710

T [GeV/n]
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FLuxes and detection prospects

Antideuteron flux: secondaries plus

@ DM signal at low-energies background-free
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FLuxes and detection prospects

Antideuteron flux: secondaries plus

o DM signal at low-energies background-free

@ d flux limited by p
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Antihelium-3 flux:

1079 AL T T T T ML |
W+ W ~-channel bb-channel  ____ ﬁgg
—— KRW
10710 & P Al Kolmogorov
£
E ............
= 10—11
E
=
Sl 10712
10—13

T [GeV/n] T [GeV/n]
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FLuxes and detection prospects

Antihelium-3: Comparison to other results

Background Dark Matter =
--------- Blum et al. (Upper limit) Coogan et al B
I Poulin etal. 9 ’ q

My yw = 100 GeV

A. Shukla et al. Ke or etal 3
. orsmeier et al. 3
= = M. Kachelrief et al. - - =
p M, =71 GeV 3
Nan Lietal.
m _=1TeV

x—aq
M. Kachelrie et al.
m =100 GeV
k2o

Antihelium flux [m? s sr GeV/n]"

1 10
Kinetic energy per nucleon Ekin [GeV/n]
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Boosting (and shifting) the He flux?

@ change cosmology: inhomogenous barygenesis
= anti-stars in Milky Way [Dolgov, Silk '93, Poulin et al. '19]

» acceleration mechanism: anti-SNe, anti-SNR?
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FLuxes and detection prospects Boosting the fluxes?

Boosting (and shifting) the He flux?

@ change cosmology: inhomogenous barygenesis

= anti-stars in Milky Way

[Dolgov, Silk '93, Poulin et al. '19]

» acceleration mechanism: anti-SNe, anti-SNR?

@ change particle physics:
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Boosting the flures?
Boosting (and shifting) the He flux?

@ change cosmology: inhomogenous barygenesis
= anti-stars in Milky Way [Dolgov, Silk '93, Poulin et al. '19]

» acceleration mechanism: anti-SNe, anti-SNR?
@ change particle physics:

= need to compress n,(p):
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Boosting the He flux — particle physics

o mpym = (1 4+ &)may,
e involve A decays

@ strongly coupled DM sector
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Can A, decays boost 3He from DM? (Winkier, Linden 21

@ Majorana DM: o, m? = couples mainly to b quarks for myxy < myz
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e
Can A, decays boost 3He from DM? (Winkder, Linden 21

@ Majorana DM: o, m? = couples mainly to b quarks for myxy < myz
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Can A, decays boost 3He from DM? (Winkier, Linden 21
@ Majorana DM: o, mj% = couples mainly to b quarks for myxy < myz

@ mass of Ay is close to 5my = relative momentum small = large
coalescence probability for He
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Can A, decays boost 3He from DM? (Winkder, Linden 21
@ Majorana DM: o, m? = couples mainly to b quarks for myxy < myz

@ mass of Ay is close to 5my = relative momentum small = large
coalescence probability for He

107 F

T
XX bb m,=67GeV

1078

\G 1079
E 10710
& AMS-02 (10 yr)
= —— Pythia
oty L Pythia prompt
—— Pythia Ap-tune
1012 -=-= Herwig

—=- Herwig+EvtGen

1

T [GeV/n]

Michael KachelrieB (NTNU Trondheim) Light antinuclei, Paris 5.12.22 CRs in the Multi-Messenger Era 24 /26



Can A, decays boost 3He from DM? (Winkler, Linden ’21
@ Majorana DM: o, m? = couples mainly to b quarks for myxy < myz
@ mass of Ay is close to 5my = relative momentum small = large

coalescence probability for He

@ no:
» A, tune of Pythia is excluded
» Pythia overestimates BR(A, — udu(udp))
+ can be tested by LHCb
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FLuxes and detection prospects

Strongly coupled DM sector (Winkler, de Ia Torre, Linden 2]

o dark QCD cascade produces ~ 1000 top-quarks with v ~ few
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Strongly coupled DM sector

[Winkler, de la Torre, Linden '22 ]

o dark QCD cascade produces ~ 1000 top-quarks with v ~ few

@ independent QCD cascades, all nucleons can coalesence
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FLuxes and detection prospects Boosting the fluxes?

Strongly COU pled DM SGCtOI’ [Winkler, de la Torre, Linden '22 ]
o dark QCD cascade produces ~ 1000 top-quarks with v ~ few

@ independent QCD cascades, all nucleons can coalesence
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FLuxes and detection prospects Boosting the fluxes?

Strongly COU pled DM SGCtOI’ [Winkler, de la Torre, Linden '22 ]
o dark QCD cascade produces ~ 1000 top-quarks with v ~ few

@ independent QCD cascades, all nucleons can coalesence

@ problem: 1000 top within 1/Aqcp ~ 1/ TeV = QGP
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Conclusions

Conclusions
@ Formation of light antinuclei is interesting in itself:
» inclusion of two-particle momentum correlations necessary
» reaction-dependent size of source is important
» how to deal with spatial correlations?

» when are collective effects important?

@ Coalesence in phasespace — WiFunC model:

» consistent description of various reactions

© Antinuclei are a useful tool searching for new physics
» antideuterons as signal for DM
» strong hierarchy of fluxes as function of A

» antihelium-3 and especially antihelium-4 challenging

@ Upgrade of AMS-02 in 2023, extension of ISS
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