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Note: The discussions on coalescence apply equally well to
particles and antiparticles. Moreover, only the deuteron production

will be discussed, but the same description has been applied to
antihelium and antitritium as well.
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Antinuclei as a signature

Coalescence

Event generator
(Pythia 8)
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Timescales

» Hard process: tan, ~ 1/v/s

» Perturbative cascade:
Nocp < g% < s
» Hadronisation:
Lhaa ~ vLo, Lo ~ R, ~ 1 fm
» Coalescence:
merging of nucleons that
have nearly completed their
formation
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The coalescence model in momentum space

Lab frame

L Event
generator
1w—w+w]
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The new coalescence model
M. KachelrieR, S. Ostapchenko and JT [1905.01192]

Goals
» Include constraints on both momentum and space variables
» Include a quantum mechanical treatment
» Have microphysical picture
» Include momentum correlations
Starting points
» Nucleon capture process: p +n — d*

» Wigner functions
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The quantum mechanics of coalescence

Starting point (Scheibl and Heinz [nucl-th/9809092])

d3Ny
dpg

= tr pdpnucl

pd = |pd) (¢dl
Pnucl = W}pwn> <¢p¢n‘
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Detour: Wigner Functions

L ) = [t y/2x—y/2)e ™ dy
2. [ F%(pix)5? = o) = P(x)

3. /fw(p, x) dx = p(p, p) = P(p)
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An expression for the deuteron yield

BNy / /d3qd3
P 271')3 2r)3

» Internal deuteron Wigner function

D(7.q) = [ dep{-id-Efear+ §/20i(r - E12)

2

pa(F) = (wd?) /" eXP{—zrdz}

» Two-nucleon Wigner function
Whp = an(F,',, %)an(ﬁn» ﬁp)
2
o5 . 5 o r
Hup(as 7p) = h(Fa)h(7p)  h(F) = (2m0®) 3/ exp{_}
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The new coalescence model

Deuteron formation model

BNy 1 3¢ d3q
dP3 vy (2m)3 J (2m)

d2
=l ——| <1
¢ (d2—|—402> -

1. Two-nucleon momentum distribution

3 GHP(C_f) _q) e_q

2. Size of the deuteron _q‘

d=32fm 4—‘

3. Spatial distribution factor
o ~ 1 fm free parameter
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1. Momentum correlations

— —

iq_‘ '_q,

» QCD inspired event generators (Here: Pythia 8.2, QGSJET II)

Coalescence probability

w = 3¢ exp{—q2d2}
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2. Deuteron wave function

1075

AN One-Gaussian
A = = = Two-Gaussian go-fit
\\ ----- Hulthen
1024

lp(r)

034

|0—4.

1073

w = 3A¢(di) exp{—q°df } +3(1 — A)((co) exp{—q*d5}
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3. Process dependence of o
Point-like processes

Longitudinal spread
» Relevant lengthscale:
Lhaa ~ vLo ~YRp
> Formation size: o (g+e) ~
Lhaa/y ~ Rp ~ 1 fm

Transverse spread
» Relevant lengthscale: AEleD

» Formation size:

Ol (ete=) ™ /\ééD ~1fm

@ NTNU | scaenarecnons 12



3. Process dependence of o
Geometrical contribution (proton-proton)

Longitudinal spread
» Relevant lengthscale: vR,

» Formation size:
O|(geom) ~ Rp ~ 1 fm

Transverse spread </ 1
» Relevant lengthscale: Spread ‘
in overlapping parton clouds,
p = (7R?) exp{—rz/Rz}
» Formation size: ai(geom) ~
(Mo —(R)o=R,=1fm
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Summary of the coalescence models

_.q_.‘_q,

Standard coalescence model

w = O(po — 2q)

» Phenomenological

» Free parameter pg
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New model
w = 3((0) exp{—qzdz}

d? d?
¢= d? + 457 \| d? + 4o
53 = 02 /(cos® 0 + v*sin? )

» Semi-classical

» Free parameter o =
O(ete) = Upp/\f2 ~ 1 fm
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Experimental data: antideuteron spectrum

e
~<

~ ~——— New coalescence model
1073 4 === Standard coalescence model

¢ Experimental data

10—4 4

1/(Niner 27pr) d2NI(dprdy), [GeV 2]

10—6 4

Y
05 10 15 20 25 3.0 3.5
prlGeV]

Proton-proton collisions, ALICE [1709.08522] MC: Pythia 8.2
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Comparison to experimental data

Experiment o [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 1.03 3.3/7 (Alper 1975)

ete™ 91 GeV 107907 - (Schael 2006)
pBe* Epim = 200 GeV  1.00 2.2/4 (Bozzoli et al. 1978)
pAl* Eprim = 200 GeV ~ 0.88 2.3/2 (Bozzoli et al. 1978)

Event generators:
Pythia 8.2 and *QGSJET Il
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Femtoscopy experiments

» Measurable quantity: :
f‘

e@ = [ Ers@Nal sV
» A Gaussian source if often
assumed in experiments 2! { é
2

» The nucleon Wigner functions predict the baryon source

2 .
i ricos29+72usm20}

Whp o exp{uaz B 407
I L1
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Experimental data: baryon

emission source

1.4 R
\ \\
\\ =
1.3F AN
N
N\

12 :

1L.1p

Teore [fm]

10

09

0.8F
Data points adapted from

QGSJETII
6=(12+0.1) fm |
Pythia 8
o=(1.1+0.1) fm |

0.7 | arXiv:2004.08018

mr [GeV]
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Sidenote: Space-time structure in Pythia 8.2

Pythia 8.2 includes now a description of the spacetime structure of
a cascade (Ferreres-Solé and Sjostrand 2018)
Pythia, pp 13 TeV

1N
1 \
1501 | Iy
! N
o0 1
PN i)
£ 1004 r T
o I N
o 1 A
S 1
© 504
D —
A e S
\\\ _—-_7%_:_&
0 r — —
0 1 3 4

2
r=yx?+y? [fm]

Can instead use:
r? 2 2
w = 3exp 7? — d

Norwegian University of
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Detection prospects for cosmic ray antinuclei

age credit: NASA JPL; NASA AMS
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Secondary source

Proton

Helium

Antiproton (X

—— Parametrisati
====without breaks
2 AMS-02
CREAM (I+11I)
NUCLEON (KLEM)
$ DAMPE

10! 10? 10° 104
11GeV/n)

sec . dO-PsP(T ) 7-I\_I)
(T 7) =4wnp<f>/ p ATo 22
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Secondary source

[ —— pp —— HeHe —— jHe
I —— pHe — PP —— Total
10~ — Hep
T
g
2
6] 10—41 3
(?é E
o 10_42 E
10—43 n JC /L S n PR | n L NN
107! 10° 10! 10?

Antideuteron kinetic energy per nucleon, 7 [GeV/n]
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Primary source cannot exceed the antiproton

spectrum

bb-channel

_.
=)
&
sl

._

o
b
|

proton flux ® [(m?s sr)~1]
=
L
1

® AMS-02 antiproton data

(0V)ann = 3 x 1072 cm?3/s

[ ]
[ ]
s °
= [ ]
<10—6_ .'
10“7-------. g g -’--
10° 10! 2 103
Momentum p [GeV
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Detection prospects for antideuteron

1073 — . ——r

W* W~ -channel

@7 [(m?s sr GeV/n)™']

10—10

- n n n PR | n n n PR TR
107! 10° 10!
T [GeV/n]
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Detection prospects for antideuteron

bb-channel

@7 [(m?s sr GeV/n)™']

10—10

1071 T 10
T [GeVin]
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Detection prospects for antihelium-3

1070 T T
W+ W~ -channel bb-channel
N ) S
| NN
g
>
8
o 10—11
E
=
Sl 10—12
10—13
10° 10! 102 10° 10! 10?
T [GeV/n] T [GeV/n]
B NTNU ‘ quwegian University of
Science and Technology

26



Detection prospects for antihelium-3

-5
10 Background Dark Matter
------ Blum et al. (Upper limit) Coogan et al. B
I Poulin et al. gan et 100 G 7
6 My ww = eV
10 A. Shukla et al. « X '
=« M. Kachelrief et al. . morsmelzerflléév
o - b5 ]

107

Nan Li et al.
m, -=1TeV
X -
M. Kachelrief et al.

mo &= 100 GeV

H
9
&

Antihelium flux [m? s sr GeV/n]*
=
S

10710

10711

10712

1 10
Kinetic ener er nucleon E_ [GeV/n .
e w CV) o etinchem [2002.04163])
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The puzzling AMS-02 antihelium events

ay Latest Results from the AMS Experiment on the Internation. ..
uel Ting

74/104 -@ =

Important Observation of anti-*He

anti-*He track in V-Z bending plane

Momentum = 32.6=+2.5 GeV/c

) Charge = -2.050.05
Mass. = 3.81% 0.29 GeV/c?
Mass (*He)

= 3.73Gev/c

(S. Ting: CERN Colloquium 24 May 2018)
B NTNU ‘ Norwegian University of
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Summary

» Antinuclei offers a promising method of identifying the nature
of exotic physics
» Wigner function based coalecence model:

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

» The new model does not change the detection prospects
significantly

» The detection of cosmic ray antinuclei may be just around the
corner
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Thermal state in heavy ion collisions

W3 B ) = g exp] 22 — Lo
p,n\FFp,n; tp,n 4(mTkUt2h)3/2 2mTk 20-132}1

d2 3/2 1 3/2
~ NN, [ e
Ny ~ N p<d2—|—4at2h) (mde2+1>
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The traditional coalescence model

The formation of a nucleon 2N can be described by the
coalescence model (Schwarzschild and Zupancic 1963)

£ BN _ (o BN, ‘ £ &N, N
Aary — AP aps "dp3

where By is the coalescence parameter:

4 3\ A-1
By= A <7TPO)
3 mpy

Po=Pa=Pa/A

Bp o VAL
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Coalescence of helium-3 and tritium

Helium-3 and tritium formation model

d3NH 64SC d3p1 d3p2 o o o\ —p2p2
= = /(27r) 3 2y 3 GnyNaNs (— P2 — P3, P2, P3)e P

dP3. — ~(27)3
262 \°
CZ:(2b2+4a2> ’

P =2 [(B1 — B2 + (P2 — P3)* + (P2 — 757

—

(95 + P53 + P+ P2 -

w\r\)

bsfge = 1.96 fm; by = 1.76 fm; s = 1/12
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Best fit to the ALICE helium-3 data
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A‘T
Z 107
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5 107
s
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T 0-
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z
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3
= 10!
]0—12

~ Best fit helium, const.
=== Best fit helium, beam dep.

—— Best fit antideuteron, const.
— ==~ Best fit antideuteron, beam dep.
A Old model
B Antihelium-3 data
B Antitritium data
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1 2
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Improving the deuteron wave function |

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

wave function,
_ [aBlatp) e — e
#alr) = 27(a — B)? r ’

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

Two-Gaussian wave function:
A 2 2 1 - A 2 2
3/ . —r2/2d —r2/2d
oq(P) = /(1 /?%er/1+ /Tger/ 2>.
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Improving the deuteron wave function Il

®@ NTNU
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- Two-Gaussian go-fit
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The two-zone propagation model

R=20 k z

pe A Solar
modulation

Ve

h=0.1 kpc

N N
ISM H, He, ...
L=4-15 kpc < <

2
=Y

Diffusive zone il

“Energy losses
-Tertiary sources
-Reacceleration

» Semi-analytical solution (Maurin et al. [astro-ph/0101231])
» Parameters are constrained using e.g. a B/C study (Aramaki
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