Antinuclei in the Milky Way

Michael KachelrieB (NTNU, Trondheim)

Antideuteron production cross section in HeHe collisions
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Formation of light nuclei

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

o AA — Xd

different systems: point-like, hadronic, nuclear
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General picture of coalescence mechanism:

@ separation of scales:
» B;~2MeV K AQCD, TQCD

> po ~ 100 MeV < m,,
= coalescence happens after hadronisation

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

@ approximations:

» coalescence in momentum space: V < 47R3/3
= fp(, p) = 6(z — 20)f5(P)

» coalescence in coordinate space: V> 4wR3/3

» combination?
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Coalescence in momentum space Isotropic vs. event-by-event

“Old" coalescence model in momentum space

@ 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 Isotropic vs. event-by-event

“Old" coalescence model in momentum space

@ 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 Isotropic vs. event-by-event

“Old" coalescence model in momentum space

@ 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)

e antideuterons ~ antiprotons?

dN; gy ma 1 (dNJ—V

consider e.g. DM annihilation XX — Wt W :
dNy 1 dNp dNp
— X — —
de — M dx dx

1/M%( suppression in contradiction to Lorentz invariance:

@ decay products of W are boosted in cone with ¥ ~ my/mx
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Coalescence in momentum space Isotropic vs. event-by-event

Deuteron yield: “lsotropic” vs. event-by-event:  (ps wk 12

d yield energy dependence

bb, Monte Carlo
W*W", Monte Carlo
bb, Isotropic - - -
WHYW’, Isotropic = - -

._.
S
(5]
T
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Total d yield per annihilation

10‘5 L R - .
10° F P .
107

100 1000

Dark matter mass [GeV]
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Coalescence in momentum space Isotropic vs. event-by-event

Deuteron yield: “lsotropic” vs. event-by-event:  (ps wk 12

d yield energy dependence

103k bb, Monte Carlo |
W*W", Monte Carlo
bb, Isotropic - - -
5 WHYW’, Isotropic = - -
ﬁ 1074 pm -
g T ——
I LT R—
P
= 107} R |
o =
g -
’-U = -~
o WW behaves as expected: oc 1/m?3 vs. const.
= momentum correlations are crucial
107 L |
100 1000

Dark matter mass [GeV]
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Coalescence in momentum space Isotropic vs. event-by-event

Problems of MC coalescence in momentum space:
e discrepancies in pg between eTe™, pp and Ap

Fitting po to data on d production

Herwig++ (tuned)
CLEO, ALEPH, ZEUS
ALICE (pp) FHeH- ° 17 TeV
ZEUS (e"p) [ P ° 1318 GeV
%
ALEPH (Z decay) e 19119 Gev &
ISR (pp) o 153 GeV
BaBaR (ete™) ok ot =10.58 GeV
-e-PYTHIA 6/8
CLEO (T decay) ek —e-Herwigt+ | 1946 GeV
T S
50 100 150 200 250
Coalescence momentum py [MeV] [Aramki et al, 1505.07765 |
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Coalescence in momentum space Isotropic vs. event-by-event

Problems of MC coalescence in momentum space:

e discrepancies in pg between eTe™, pp and Ap
@ energy dependence of py — different for d and d:

(&)
200 A ete” A
175 1 a B o o
m 7
< 150 A A
>
> pBe pp
=
=125{ W
g pAl
1001 A o pythias
75 4 B QGSJET I
EPOS-LHC
504 A [Gomez-Coral et al. (2018)]
10t 102 103
VSyy [GeV]
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(o5 G
Problems of MC coalescence in momentum space:
o discrepancies in py between ete™, pp and Ap

o energy dependence of py — different for d and d:
@ bad fit of ALICE data at large p|

~— Standard coalescence model

1073 ¢ Experimental data

/s =7 TeV (x16)

10-5 g 4

1/(NixgL2apr) dNi(dprdy), [GeV~2]

" pricevi
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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(x, p) contains full quantum mechanical
information of a system

@ probability distributions follow as

[awen=owow, [ 5 Wer =@

@ obtained by a Weyl tranformation

Wiz, p) = / A exp(—ip)i(z -+ €/2)0" (2 — £/2)

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

@ add Gaussian guess for spatial distribution
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two-body Wigner function W(z, p) contains full quantum mechanical
information of a system

probability distributions follow as

dp

o Wi, p) = 4" () ()

/ dz W(z, p) = ¢*(p) (p), /
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WiFunC model: Comparison with ALICE

—— One-Gaussian, const.

1073 4 = = One-Gaussian, beam dep.
== Two-Gaussian, const.
=== Two-Gaussian, beam dep.
""" 0Old model

Experimental data

1074

1073

N
~
/5 =276 TeV (xd)
~

~

1/(NixeL2apr) d2Ni(dprdy), [GeV 2]

107°

35

prlGeV]
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WiFunC model: Wigner functions with Monte Carlo correlations
WiFunC model: Comparison with ALICE

1077

10-8

1070

Best fit helium, const.

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

——— Best fit antideuteron, const.

=== Best fit antideuteron, beam dep.
A Old model
B  Antihelium-3 data
H  Antitritium data

10712 T T
0 1 2

1/(NineL27pr) d2NH(dprdy), [GeV 2]

10—11

pr[GeV]
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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 +
‘E O P e'e pp—)He+X_
o " MpBe o *
o) 1
L S f vy~
09 * ; i
pp
G o T
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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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Determination of o from femtoscopy:

@ ALICE measured size of baryon emitting source in pp collisions
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(OCEI NN NG ERERSET  WiFunC model: Wigner functions with Monte Carlo correlations

Determination of o from femtoscopy:

@ ALICE measured size of baryon emitting source in pp collisions
@ depends on transverse momentum
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(OCEI NN NG ERERSET  WiFunC model: Wigner functions with Monte Carlo correlations

Determination of o from femtoscopy:

@ ALICE measured size of baryon emitting source in pp collisions
@ depends on transverse momentum
@ evidence for collective flow?
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Coalescence in phase-space WiFunC model: Wigner functions with Monte Carlo correlations

Determination of o from femtoscopy:

@ ALICE measured size of baryon emitting source in pp collisions
@ depends on transverse momentum

L4 ' 6=(0.95+0.10) fm 1
135N 4 - === ¢=0.95fm, Analytical approx.
'_j_ N 61 =0.75fm, o) >0
1.2 3
“E 1.1
S10f
09
0.8} .
Data points adapted from
0.7 L arXiv:2004.08018
1.00 1.25 1.50 1.75 200 225 250

my [GeV]
o
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Misuse of Bs:
@ model-independent determination of d yield, based on exp. data ?
[Blum '18,'19,... ]
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Coalescence in phase-space WiFunC model: Wigner functions with Monte Carlo correlations

Misuse of Bs:

@ model-independent determination of d yield, based on exp. data ?

[Blum '18,19,... ]
@ not possible: Bs is not a constant
e Y L e
> - .,
o N
O .
= \,
3 N, —— Epim=50 GeV
N, — = Eprim=100 GeV 1
Voo /5=50GeV
Vo eee /s=13TeV
\ Blum et al. 2017
10—3 I 1 1 N 1 1
0 20 40 60 80 100
p- [GeV]
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Results

Source term (*° for secondary production of d:

[ T T T T T T L | T T L |
[ — pp —— HeH —— pHe
L —— pHe — PP —— Total
1004 L —— Hep E
T
g
%
&) 10—41 3 4
m\g 3 ]
< 10_42 E E
/
10—43 . N [V Jl . o N . 0 NN
107! 10° 10! 102

Antideuteron kinetic energy per nucleon, 7' [GeV/n]

Michael KachelrieB (NTNU Trondheim) Light antinuclei



Source term (*° for secondary production of d:

[ — pp —— HeHe —— pHe
I —— pHe — pp —— Total

104 L —— Hep

1074 | E

0% [(m3s GeV/n)™']

10792 £

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

@ lower threshold in pA reactions = dominate at low T
@ use of “nuclear enhancement factors” fails
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Results

Antideuteron flux: secondaries plus bb channel

1073
bb-channel

107°
T e
Q
= 1077
[ S PP
3 .
7
= 1078
=
o

107°

-------- Kolmogorov
10—10 L M | N P Y " M. VI
107! 10° 10! 10?

T [GeV/n]

Michael KachelrieB (NTNU Trondheim) Light antinuclei



Results

Antideuteron flux: secondaries plus WW channel

1073

W * W~ -channel

1076 - E
= P
T
> 1077 3
(5] 7
Qo
&
g 107 E
=
& ]
107 = 1
KRW = 3
-------- Kolmogorov R \
10—10 N P A | N M | i MOV -
107! 10° 10! 102

T [GeV/n]
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Results

Antideuteron flux: secondaries plus WW channel

- ' W chamel

1073

10-¢

1077

108

@ [(m2s st GeV/n)™']

107°F

10-10 . L X .
107! 10° 10! 102

T [GeV/n]

@ DM signal at low-energies background-free

@ d flux limited by p
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Antihelium-3 flux:

1079 LR | T T T T T T T T T
+ i — T — MAX
W* W~ -channel bb-channel  ____ MED
- KRW
10710 & P Al Kolmogorov
T: RN Y
£
E ............
= 10—11
E
=
Sl 10712
10—13
102
T [GeV/n] T [GeV/n]
o = = = E
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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

@ Coalesence in phasespace — WiFunC model:

» consistent description of various reactions

© Antinuclei are a useful tool searching for new physics
» antideuterons as signal for DM

» simulations of pA, AA reactions needed at low energies

v

strong hierarchy of fluxes as function of A

v

antihelium-3 and especially antihelium-4 would challenge cosmology
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R LT
Can A, decays boost 3He from DM?

[Winkler, 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? (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
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Can A, decays boost 3He from DM?

[Winkler, 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

2.x1077
B prompt
15x107} ® A, decay
>
5 3
£ 1.x107} o
° I
B3
= £
5.x 1078}

0.05 0.50 5 50
T [GeV/n]
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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 ' =
XX bb m,=67GeV

108 vent/ (10 GeV/n)

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

—=- Herwig+EvtGen

1

T [GeV/n]
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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))
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