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CR antimatter — p, et, d, and 3He — long thought a smoking gun of exotic high-
energy physics like dark matter annihilation

...and key diagnostic of CR propagation



CR antimatter — 7, e, d, and 3He — long thought a smoking gun of exotic high-
energy physics like dark matter annihilation

A host of experiments out there to detect it.
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CR antimatter — 7, e, d, and 3He — long thought a smoking gun of exotic
energy physics like dark matter annihilation

high-

An anti-Helium candidate:

Antiprotons
Some confusion in the literature, as to what &
=> will try to sort this out

Positrons
Common belief in the literature: e+ come fron
=> don’t think so. Will try to sort this out, too

Charge
Mass
Velocity

40.3 £2.9 GeV/c

=-2
= 2.960.33 GeV/c
= 0.99730.0005 ¢

Anti-helium
Thought so scarce that a single event would mark new physics.
=> but how does one actually calculate the flux?

Could it be that AMS02 have detected astrophysical anti-He3?




AMSO02, Dec 2016

P/p ratio

Antiproton-to-proton ratio

10
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Astrophysics Model examples: P. Mertsch and S Sarkar, Phys. Rev. D90, 061301 (2014);
K Kohri, K loka, Y. Fujita, and R Yamazaki, Frog. Theor. Exp. Phys. 2016, 021ED1 (2016).
) L ]

Dark Matter Model example: Donato et al., Phys. Rev. Lett. 102, 071301 ( 2003 ).
Momentum [GeV]

500

S0 200 300 400
The excess of antiprotons observed by AMS
cannot come from pulsars.

It can be explained by Dark Matter collisions
or by new astrophysics phenomena
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antimatter is produced in collisions of the bulk of the CRs
-- protons and He — with interstellar gas

Need to calculate this background to learn about possible exotic sources

high energy particles

p-beam




antimatter is produced in collisions of the bulk of the CRs
-- protons and He — with interstellar gas

Need to calculate this background to learn about possible exotic sources

Problem: we don’t know where CRs come from, nor how long they are trapped
in the Galaxy, nor how they eventually escape.

high energy particles
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About diffusion models

K~(E/Z)5

Strong, Moskalenko, Ptuskin, Ann.Rev.Nucl.Part.Sci. 57 (2007) 285327



arxiv:1708.04316
408MHz (Canadian Galactic Plane Survey)
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antimatter is produced in collisions of the bulk of the CRs
-- protons and He — with interstellar gas

Need to calculate this background to learn about possible exotic sources

Problem: we don’t know where CRs come from, nor how long they are trapped
in the Galaxy, nor how they eventually escape.

high energy particles
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antimatter is produced in collisions of the bulk of the CRs
-- protons and He — with interstellar gas

For secondary antimatter we have a handle: particle physics branching
fractions

no(R) _ Qa(R)

;oo - T
Y

ny(R)  Qp(R)

high energy particles

p-beam
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FLUX RATIO

antimatter is produced in collisions of the bulk of the CRs

-- protons and He — with interstellar gas

For secondary antimatter we have a handle: particle physics branching

fractions

n.(R) _ Qa(R)

nb(R) - Qb(R)

...works for secondary nuclei B, sub-Fe (T-V-Sc-Cr)
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Recipe for an antiproton pie:
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MNRAS 405 (2010) 1458 Katz, Blum, Morag, Waxman (arXiv:0906.4696) 19
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Recipe for an antiproton pie:

Ma(R) , QR ) (R~
n(R)  Qu(R) Qs(R)
Average column density traversed by CR nuclei during propagation
nB(R)
Xesc(R) = T
Qs(R) IBhIEn:V g'?;l 2013
. (B/0)
ZP:C,N,O,... (P/C)@ﬁB o (B/C)%B N’E
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Recipe for an antiproton pie:

1C3 Fhaes

1072

Tan & Ng 1982,1983

Py=0.2 GeVic

np

R)

np(R) ~ 2R o (R

op-p(R) =

B(R ) e

o0 dapp—)ﬁ Rp,R
2 32 R, Jy(Ry) (“om g

dR,
Jp(R)
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Recipe for an antiproton pie:

Proton Spectrum

Flux x R [m?srisec! GV'7]
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AMS proton flux

New information: The proton flux cannot be described by a single power law = CR?,

%1 03 as has been assumed for decades
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result n(R) ~ 1B o 2

o(pp-->pbar), 20%
o(?C-->11B), 20%
®, (0.2-0.8) GV

pbar/p
\
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result n(R) ~ 1B o 2

o(pp-->pbar), 20% AMS02 2016

®, (0.2-0.8) GV

10 10 10°
R[GV]
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What about e+ ?
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What about e+ ?

AMSO02, Dec 2016
Physics Result 2: The origin of th

AMSpositron spectrum
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S dary upper bound ”B(R)
(Based on B/C) ne+(R) < Qe+ (R)
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Secondary upper bound B (R)
(Based on B/C) ne+(R) S Qe+ (R)

PAMELA 2008
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Secondary upper bound np (R)
(Based ony B/pg) ne+(R) S Qe+ (R)

PAMELA 2011

——

L 107 —/——
o | 3
o § & %

-2 . . . . L] . . . . L]
10
10" 102 10°
R [GV]

MNRAS 405 (2010) 1458 Katz, Blum, Morag, Waxman (arXiv:0906.4696) 30



Secondary upper bound np (R)
(Based ony B/pg) ne+(R) S Qe+ (R)

- AMS02 2013
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Secondary upper bound B (R)
(Based on B/C) ne+(R) S Qe+ (R)

- AMS02 2016
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anti He3
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anti He3

AMSO02, Dec 2016
1. Handful of events

An anti-Helium candidate:

2. Energy of 1 event
they show is 40GeV

At this point it is not clear
if AMS02 is seeing true CR events,
or some rare experimental background. 7"

Need to reject such freak background

Momentum = 40.3 +2.9 GeV/c

. ( Ch =-2
events at a level of ~ 1:100M... e 6033 Gev/e?
X Velocity = 0.99730.0005 ¢

69

We take it as motivation for theory examination of what
the astro anti-He3 flux is.
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anti He3
1. Handful of events

2. Energy of 1 event
they show is 40GeV

AMS02, Dec 2016

An anti-Helium candidate:

E dN/dE [(He3bar events)/mzssr]

AMSO02 event

10’

10°
(total) kinetic energy [GeV]

Momentum = 40.3 +2.9 GeV/c

Charge =-2
Mass = 2.96+0.33 GeV/c?
Velocity = 0.99730.0005 ¢

69
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anti He3
1. Handful of events

“coalescence’: E4

We need B,.

dN 4
d3pa

zfﬁR@)<

dN,
By

y
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anti He3

1. Handful of events

A
“coalescence”: E 4 AN = B4 R(z) | E AN,
d*p a

We need B,.

Propagation is not an issue:
Can calibrate it out just like for
p-bar.

==> we know what is needed
to give observable flux.

prob(>= N events) [%]
o

Question is:
Does this make sense

w.r.t. accelerator data?




Ed'a | dp’ (mb = GeV’)

Ed'a [ dp' (mb = ' GV

Duperray et al, PRD71 083013 (2005),

B,=1.4x10-5 GeV*
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Ed'a | dp’ (mb = GeV’)

Ed'a/dp' (mb = ' GV

Duperray et al, PRD71 083013 (2005), pA data from SPS (1980’s)
B;=1.4x10-5 GeV*

If true, then anti-helium = new physics (or super lucky AMS02).
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Duperray et al, PRD71 083013 (2005), pA data from SPS (1980’s)
B;=1.4x10-5 GeV*

If true, then anti-helium = new physics (or super lucky AMS02).

Complimentary AA, pA, and related pp data exists elsewhere.

Let’s take a step back and try to see the bigger picture
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dN 4 AN\ 2
E — B ) i

Hadrons emitted from a finite size emission region.
Typical scales O(fm) ~ 1/(100 MeV)

Natural scaling law: BA X vl—A

Emission region scale size is probed by two-particle correlations:

Hanbury Brown-Twiss (HBT) data

Scheibl & Heinz, Phys.Rev. C59 (1999) 1585-1602
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Hanbury Brown-Twiss (HBT)

A Test of a New Type of Stellar
Interferometer on Sirius

R. HANBURY BROWN & , DR.R. Q. TWISS

1. Jodrell Bank Experimental Station, University of Manchester
2. Services Electronics Research Laboratory, Baldock
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HBT in heavy ion and pp collisions

Lisa et al, Ann.Rev.Nucl.Part.Sci. 55 (2005) 357-402
Scheibl & Heinz, Phys.Rev. C59 (1999) 1585-1602
Baym, Acta Phys. Polon. B29 (1998) 1839-1884
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HBT in heavy ion and pp collisions

Example: CERN SPS, PbPb 20, 30, 40, 80, 158A GeV

Rlong (fm)

Royt (fm)

Rside (fm)

o o0
o o
.

8.0}
6.0}
40}
2.0}

8.0
6.0r
40
20F

gy
=)

204 GeV 304 GeV 404 GeV 804 GeV 1584 GeV
| 7(MeV) : L . L,
o 8l.1+/-22 L 917 +-2.8 92.5+/-2.3 99.9 +/-3.0 112 +/-6
P i ol i
0.86 +/-0.01 0.85 +/- 0.01 0.86 +/-0.01 0.83 +/- 0.01 0.89 +/- 0.02
R (fm):
12.6 +/-0.2 12.0 +/-0.1 12.0 +/-0.1 11.7 +/-0.1 11.9 +/-0.1
\\. _ \ - _‘\»\. - \ i \
T (fm/c):
6.8 +/-0.3 52 +/-0.6 5.7 +/-1.0 54 +/-0.6 5.7 +/-0.5
At (fm/c): I | | ¢ |
22+/-0.3 3.0 +/-0.3 3.0 +/-0.3 3.1 +/-0.3 33 +/-03

0.1 02030405

0.1 02 0304 0.5

0.1 0.2 03 04 0.5

0.1 02 030405

0.1 02030405

kt (GeV/e)
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HBT in heavy ion and pp collisions

Example: CERN SPS, PbPb 20, 30, 40, 80, 158A GeV
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B2 [ GGV2 ]
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Collected all systems for which we find nuclear yield & HBT data
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lllllll

T

lllllll

T

— Eq.(12)
pp ISR 53 GeV Vs

i pp Serpukhov 11.5 GeV Vs
[ZZ1 pAl/Be SPS 200-240 GeV py,
.1 pBe FNAL 300 GeV p;y

771 pTi FNAL 300 GeV py,

E=1 pW FNAL 300 GeV p

© © PDbPb central ALICE 2.76 TeV Vs high p;
@® & PbPb central ALICE 2.76 TeV Vs low p;
@& & PbPb off ALICE 2.76 TeV Vs high p,

© © PDbPb off ALICE 2.76 TeV Vs low p;
@ & PbPb Central NA44/NA49 158A GeV Vs
@® & AuAu Central STAR 200 GeV Vs

| — — — -

I T T T 11T

1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII

1 IIIIIIII

— Eq.(11)

[ pp ALICE 7 TeV Vs (preliminary)

rz7 pAl/Be SPS 200-240 GeV p,,

© © PbPb Central ALICE 2.76 TeV Vs high p;
@® @& PbPb Central ALICE 2.76 TeV Vs low p;
& & PbPb Off ALICE 2.76 TeV Vs high p,

© © PbPb Off ALICE 2.76 TeV Vs low p,

@ & PbPb Central NA44/NA49 158A GeV Vs
@® @& AuAu Central STAR 200 GeV Vs
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11 Illllll
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B2 [ GGV2 ]

107!

1072

1073

107

Collected all systems for which we find nuclear yield & HBT data

LI

lllllll

T

— Eq.(12)
pp ISR 53 GeV Vs
pm pp Serpukhov 11.5

FNAL 300 GeV pi
PbPb central ALICE 2.76 TeV Vs high p;
@® & PbPb central ALICE 2.76 TeV Vs low p;
@& & PbPb off ALICE 2.76 TeV Vs high p,

© © PDbPb off ALICE 2.76 TeV Vs low p;

@ & PbPb Central NA44/NA49 158A GeV Vs
@® & AuAu Central STAR 200 GeV Vs

I T T T 11T

— Eq.(11)

[ pp ALICE 7 TeV Vs (preliminary)

rz7 pAl/Be SPS 200-240 GeV p,,

© © PbPb Central ALICE 2.76 TeV Vs high p,
@® @& PbPb Central ALICE 2.76 TeV Vs low p;
& & PbPb Off ALICE 2.76 TeV Vs high p,

© © PbPb Off ALICE 2.76 TeV Vs low p,

@ & PbPb Central NA44/NA49 158A GeV Vs
@® @& AuAu Central STAR 200 GeV Vs
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B2 [ GGV2 ]

107!

1072

Collected all systems for which we find nuclear yield & HBT data

For pp we have no B, but we do have HBT

LI

lllllll

T

lllllll T

T

T T

— Eq.(12)

pp ISR 53 GeV V5

i pp Serpukhov 11.5 GeV Vs

[ZZ1 pAl/Be SPS 200-240 GeV py,
L1 pBe FNAL 300 GeV p;y

771 pTi FNAL 300 GeV py,;

E=1 pW FNAL 300 GeV p

© © PDbPb central ALICE 2.76 TeV Vs high p;
@® & PbPb central ALICE 2.76 TeV Vs low p;

@& & PbPb off ALICE 2.76 TeV Vs high p,

© © PDbPb off ALICE 2.76 TeV Vs low p;

@ & PbPb Central NA44/NA49 158A GeV Vs
@® & AuAu Central STAR 200 GeV Vs

| — — — -

I T T T 11T

T IIIIIIII T IIIIIIII T IIIIIIII T IIIIIIII

LI IIIIIII

— Eq.(11)

[ pp ALICE 7 TeV Vs (preliminary)

rz7 pAl/Be SPS 200-240 GeV p,,

© © PbPb Central ALICE 2.76 TeV Vs high p;
@® @& PbPb Central ALICE 2.76 TeV Vs low p;
& & PbPb Off ALICE 2.76 TeV Vs high p,

© © PbPb Off ALICE 2.76 TeV Vs low p,

@ & PbPb Central NA44/NA49 158A GeV Vs
@® ® AuAu Central STAR 200 GeV Vs
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AMS02, 20177

T IIIIIIII T IIIIIIII T IIIIIIII T IIIIIIII

T IIIIIIII

T T

o0
®e®
*é®
oo
® e
®e®

1 pAl/Be SPS 200-240 GeV py

Eq. (11)
pp ALICE 7 TeV Vs (preliminary)

PbPb Central ALICE 2.76 TeV Vs high p;
PbPb Central ALICE 2.76 TeV Vs low p;
PbPb Off ALICE 2.76 TeV v's high p;
PbPb Off ALICE 2.76 TeV Vs low p;
PbPb Central NA44/NA49 158A GeV Vs
AuAu Central STAR 200 GeV Vs
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« Collected all systems for which we find nuclear yield & HBT data

- For pp we have no B;, but we do have HBT

— Eg. (11) [
[ pp ALICE 7 TeV Vs (preliminary)
rz71 pAl/Be SPS 200-240 GeV p, 1
© © PbPb Central ALICE 2.76 TeV Vs high p,
@® @® PbPb Central ALICE 2.76 TeV v low p;
@& & PbPb Off ALICE 2.76 TeV V5 high p,
© O PbPb Off ALICE 2.76 TeV Vs low p; H
=T @® & PbPb Central NA44/NA49 158A GeV Vs []
@® ® AuAu Central STAR 200 GeV Vs
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« Collected all systems for which we find nuclear yield & HBT data

- For pp — until yesterday — we had no B;... now we do.

— Eg. (11) I
[ pp ALICE 7 TeV Vs (preliminary)
r771 pAl/Be SPS 200-240 GeV p; 1
© © PbPb Central ALICE 2.76 TeV Vs high p,
@® @® PbPb Central ALICE 2.76 TeV v low p;
@& & PbPb Off ALICE 2.76 TeV Vs high p,
© O PbPb Off ALICE 2.76 TeV Vs low p; H
=T & & PbPb Central NA44/NA49 158A GeV Vs []
@® ® AuAu Central STAR 200 GeV Vs
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T T TJTT

T lllll"l T lllll"l T lllll"l T lllll"l

T T llll"l

PR

— Eq.(11)
[ pp ALICE 7 TeV Vs (preliminary)
rz71 pAl/Be SPS 200-240 GeV p,

@® ® PbPb Central ALICE 2.76 TeV Vs low p;
& & PbPb Off ALICE 2.76 TeV Vs high p;

© © PbPb Off ALICE 2.76 TeV Vs low p,

@® ® AuAu Central STAR 200 GeV Vs

© © PbPb Central ALICE 2.76 TeV Vs high p,

@ & PbPb Central NA44/NA49 158A GeV Vs

(0)}

ALICE

)

N

CERN-EP-2017-255
September 26, 2017

Production of deuterons, tritons, >He nuclei and their anti-nuclei in PP

collisions at /s = 0.9, 2.76 and 7 TeV

ALICE Collaborationf]

f, ALICE pp \s =7 TeV
o ®He, ALICE pp Vs =7 TeV
--f, EPOS (LHC)*

- °He, EPOS (LHC)*
* with afterburner

[nucl-ex] 25 Sep 2017
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T T TJTT
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— Eq.(11)
[ pp ALICE 7 TeV Vs (preliminary)
rz71 pAl/Be SPS 200-240 GeV p,

@® ® PbPb Central ALICE 2.76 TeV Vs low p;
& & PbPb Off ALICE 2.76 TeV Vs high p;

© © PbPb Off ALICE 2.76 TeV Vs low p,

@® ® AuAu Central STAR 200 GeV Vs

© © PbPb Central ALICE 2.76 TeV Vs high p,

@ & PbPb Central NA44/NA49 158A GeV Vs

(0)}

[nucl-ex] 25 Sep 2017

ALICE

)

Ny

CERN-EP-2017-255
September 26, 2017

Production of deuterons, tritons, *He nuclei and their anti-nuclei in pp

collisions at /s = 0.9, 2.76 and 7 TeV

ALICE Collaboration]

f, ALICE pp Vs =7 TeV
o °He, ALICE pp \s =7 TeV
--1, EPOS (LHC)*

- °He, EPOS (LHC)*
* with afterburner
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— Eq.(11)
pm pp ALICE 7 TeV Vs (preliminary)
7771 pAl/Be SPS 200-240 GeV p

@® ® PbPb Central ALICE 2.76 TeV Vs low p;
& & PbPb Off ALICE 2.76 TeV Vs high p;

© © PbPb Off ALICE 2.76 TeV Vs low p,

@® ® AuAu Central STAR 200 GeV Vs

© © PbPb Central ALICE 2.76 TeV Vs high p,

@ & PbPb Central NA44/NA49 158A GeV Vs
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We got the basic picture more or less right. @\

ALICE Ve
. . g CERN-EP-2017-255
But we have detailed data now: significant pT September 26, 2017
dependence in B3. Production of deuterons, tritons, *He nuclei and their anti-nuclei in pp

collisions at /s = 0.9, 2.76 and 7 TeV

Most relevant for astro is pT/A < 0.3 GeV

ALICE Collaboration]
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Implication of ALICE results for astrophysics.

He3bar: secondary production by pp collisions
unlikely to explain 1 event/yr at AMSO02.

I this work
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Herms et al (2016)
—Herms et al (2016)

= Duperray et al (2005)
— Cirelli et al (2014)

== Chardonnet et al (1997)
= =95%CL 5-yr

10"

kinetic energy [GeV/nuc]

©f, ALICE pp Vs =7 TeV

o *He, ALICE pp Vs =7 TeV
--1, EPOS (LHC)*

- °He, EPOS (LHC)*

* with afterburner
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Implication of ALICE results for astrophysics.

He3bar: secondary production by pp collisions
unlikely to explain 1 event/yr at AMSO02.

1 event/5yr we could live with, but 1 event/yr unlikely.

( What about p-pbar collisions? )

-
o
N

©f, ALICE pp Vs =7 TeV

o °He, ALICE pp s =7 TeV
--f, EPOS (LHC)*

- °He, EPOS (LHC)*

* with afterburner

prob(>= N events) [%]
o

-
o
o

0 0.5 1 1.5 2




B2 [ GeV2 ]
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— Eq.(12)

pp ISR 53 GeV Vs
[ pp Serpukhov 11.5 GeV Vs
[ZZ1 pAl/Be SPS 200-240 GeV p,,
L] pBe FNAL 300 GeV p,,
771 pTi FNAL 300 GeV p,,,
E=1J pW FNAL 300 GeV py

© © PbPb central ALICE 2.76 TeV Vs high p,
@ @& PbPb central ALICE 2.76 TeV Vs low p,

@ & PbPb off ALICE 2.76 TeV v high p,
© © PbPb off ALICE 2.76 TeV v5 low p,

@ @& PbPb Central NA44/NA49 158A GeV Vs

@® & AuAu Central STAR 200 GeV Vs
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B2 [ GeV2 ]
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— Eq.(12)
pp ISR 53 GeV Vs
[ pp Serpukhov 11.5 GeV Vs
771 pAl/Be SPS 200-240 GeV p,
L] pBe FNAL 300 GeV p,,
7721 pTi FNAL 300 GeV p,,
E=1J pW FNAL 300 GeV p,
© © PbPb central ALICE 2.76 TeV Vs high p,
@ @ PbPb central ALICE 2.76 TeV Vv's low p,
@& & PbPb off ALICE 2.76 TeV v high p,
© © PbPb off ALICE 2.76 TeV Vs low p;
@ @& PbPb Central NA44/NA49 158A GeV Vs
@® & AuAu Central STAR 200 GeV Vs
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Implication of ALICE results for astrophysics.

dbar: secondary production by pp collisions CERN-EP 201735
may be seen at AMS02 5yr exposure. A

Production of deuterons, tritons, *He nuclei and their anti-nuclei in pp
collisions at /s = 0.9, 2.76 and 7 TeV

ALICE Collaborationf]
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Summary
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Summary
- Antiprotons consistent w/ secondary.
- Positrons consistent with secondary.
CR propagation more interesting than supposed in simplified diffusion models

- Secondary anti-He3 events in 5-year of AMS027?
If so, it is unlikely from (the naively dominant) pp collisions
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Ed3a/dp me GeV?]
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finally, whatabout ~ pp — 3He source

If cross section is ~microbarn, would give a few He3bar events.



finally, what about  pp — 3He source

If cross section is ~microbarn, would give a few He3bar events.

We found one Tevatron ref. (CME 1.8TeV)

Quotes ~microbarn cross section... but need to verify analysis.

PHYSICAL REVIEW D, VOLUME 62, 072004

Cross sections for deuterium, tritium, and helium production in pp collisions at \'s=1.8 TeV

T. Alexopoulos,” E. W. Anderson,” N. N. Biswas,** A. Bujak,” D. D. Carmony,” A. R. Erwin,” C. Findeisen,” A. T. Goshaw,’
K. Gulbrandsen,” L. J. Gutay.” A. S. Hirsch,” C. Hojvat,” J. R. Jennings,” V. P. Kenney.! C. S. Lindsey.” J. M. LoSecco,’
N. Morgan,” K. Nelson,” S. H. Oh,' N. Porile,” L. Preston,” R. Scharenberg,” B. Stringfellow,” M. Thompson,’

F. Turkot,” W. D. Walker,' C. H. Wang.' and J. Warchol”




finally, what about  pp — 3SHe source
If cross section is ~microbarn, would give a few He3bar events.

We found one Tevatron ref. (CME 1.8TeV)
Unfortunately, it may be off the truth, because it also seems to be saying
Opp—d/Tpp—t ~ 3

Factor ~few suppression for He3 vs deuterium feels hard to digest: we
expect much stronger suppression...



What’s going on here? (Donato et al PRL102, 071301 (2009))

p/p ratio

Dark Matter Model example: Donato et al., Phys. Rev. Lett. 102, 071301 ( 2008 ).
Astrophysics Model examples: P. Mertsch and S Sarkar, Phys. Rev. D90, 061301 (2014); Momentum [GeV]
K Kohri, K loka, Y. Fujita, and R Yamazaki, Frog. Theor. Exp. Fhys. 2016, 021ED1 (2016).
L l L L 1 L l 1 L L l L 1 L L l ] L L L l L
100 200 300 400 500

The excess of antiprotons observed by AMS
cannot come from pulsars.

It can be explained by Dark Matter collisions
or by new astrophysics phenomena -




What’s going on here? (Donato et al PRL102, 071301 (2009))

Antiproton-to-proton ratio
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104 | Dark matter
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10°

Dark Matter Model example: Donato et al., Phys. Rev. Lett. 102, 071301 ( 2008 ).

AMS proton flux

New information: The proton flux cannot be described by a single power law = CRY,

1 03 as has been assumed for decades
14 i ! 'Unexp:ecteély, \'Ne 'fo:m:i 'Ehe spectrum'can beldesc'ribe'd bly:; dlo:JbIIe
n power law with spectral indexy below Ry and y + Ay
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What’s going on here? (Donato et al PRL102, 071301 (2009))

p/p ratio

Antiproton-to-proton ratio

10

10°

Dark Matter Model example: Donato et al., Phys Rev. Lett. 102, 071301 ( 2008 ).
Astrophysics Model examples: P. Mertsch and S Sarkar, Phys. Rev. D90, 061301 (2014);
K Kohri, K loka, Y. Fujita, and R Yamazaki, Frog. Theor. Exp. Phys. 2016, 021ED1 (2016).

D00 200 300
The excess of antiprotons observe
cannot come from pulsars

It can be explained by Dark Matter
or by new astrophysics pheno

B/C grammage assumed for
making the pbar/p grey line

o XeSC, AMSO02 B/C (2016)
o XeSC, HEAO3 B/C (1990)
- diffusion model, §=0.7




What’s going on here? (Donato et al PRL102, 071301 (2009))

Antiproton-to-proton ratio
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104 Dark matter
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What we get if we use those old
proton flux, B/C grammage

Colh‘sions of ordinary co

p/p ratio

10°
Dark Matter Model example: Donato et al., Phys. Rev. Lett. 102, 071301 ( 2008 ).

Astrophysics Model examples: P. Mertsch and S Sarkar, Phys. Rev. D90, 061301 (2014);
K Kohri, K loka, Y. Fujita, and R Yamazaki, Frog. Theor. Exp. Fhys. 2016, 021801 (2018).

S0 200
The excess of antiprotons

$ AMSO02 (2016)
== Eq.(3)
Donato et al (2009)
mmm \\inkler (2017)
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What’s going on here? (Donato et al PRL102, 071301 (2009))

p/p ratio

Antiproton-to-proton ratio

What we get if we use those old
proton flux, B/C grammage

Colh‘sions of ordinary co

10°

Dark Matter Model example: Donato et al., Phys. Rev. Lett. 102, 071301 ( 2008 ).
Astrophysics Model examples: P. Mertsch and S Sarkar, Phys. Rev. D90, 061301 (2014);
K Kohri, K loka, Y. Fujita, and R Yamazaki, Frog. Theor. Exp. Phys. 2016, 021ED1 (2016).

300 200
The excess of antiprotons
cannot come fron

It can be explained by Dar
or by new astrophysic

0 100
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Propagation time scales: radioactive nuclei

Secondary radioactive nuclei carry time info (like positrons)

reaction o [M;
Be — 1B [ 151(0.
20A1 — 25Mg 0.91 (0.04) 411
19C1 — SAr || 0.307(0.002) | 516
5aMn — 53Fe || 0.494 (0.006)* 635




Positrons vs. radioactive nuclei

How to compare radioactive decay of a nucleus, with energy loss of e+?

o+ 10Be

We'll get there in a few slides.




Radioactive nuclei: Charge ratio

A STUDY OF THE SURVIVING FRACTION OF THE COSMIC-RAY RADIOACTIVE DECAY ISOTOPES
10Be, 2AL 3Cl, and **Mn AS A FUNCTION OF ENERGY USING THE CHARGE RATIOS
Be/B, Al/Mg, Cl/Ar, AND Mn/Fe MEASURED ON HEAO -3

W. R. WeBBER' AND A. SOUTOUL (WS98)
Received 1997 November 6 ; accepted 1998 May 11
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Radioactive nuclei: Charge ratio vs. isotopic ratio

Charge ratios Be/B, Al/Mg, Cl/Ar Mn/Fe

Isotopic ratios 10Be /9Be, 26A1/27Al 36C1/Cls *Mn/Mn



Radioactive nuclei: Charge ratio vs. isotopic ratio

Charge ratios Be/B, Al/Mg, C1/Ar, Mn/Fe
Isotopic ratios 10Be/9Be, 26A1/27Al, 36C1/Cl: 5Mn/Mn

 High energy isotopic separation difficult. Need to resolve mass.
|sotopic ratios were measured only up to ~ 2 GeV/nuc (ISOMAX)

» Charge separation easier. Charge ratios up to ~ 16 GeV/nuc (HEAO3-C2)
( AMS-02: Charge ratios to ~ TeV/nuc. Isotopic ratios ~ 10 GeV/nuc )

* Benefit: avoid low energy complications; significant range in rigidity

* Drawback: systematic uncertainties (cross sections, primary contamination)



Radioactive nuclei: Charge ratio vs. isotopic ratio

Charge ratios

Be/B., Al/Mg, Cl/Ar

0.1 T T T T T T TTY T T T T
0.1 1
ENERGY (GeV/nuc)

0.6 v & Egn BB Fi g )
Isotopic ratios - 198¢/°Be ratio

: a ACE

04 F o Ulysses |
: a Voyager

: - : | = ISOMAX |
10Be/9Be, 26A1/27Al, *6C1/CI -
0.2 i
0.1 ® =450 MV .
s

0 . FRRRPE! N : . PRI, L1 j22-111347
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Positrons vs. radioactive nuclei

How to compare radioactive decay of a nucleus, with energy loss of e+?

o+ 10Be




Positrons vs. radioactive nuclei

« Suppression factor due to decay ~ suppression factor due to radiative loss,

if compared at rigidity such that cooling time = decay time

Explain:

be = ‘R/R‘ x R % Ne+ ~ R~




Positrons vs. radioactive nuclei

« Suppression factor due to decay ~ suppression factor due to radiative loss,

if compared at rigidity such that cooling time = decay time

Explain:

be = |R/R} x R % Ne+ ~ R~

Consider decay term of nuclei and loss term of e+ in general transport equation.

. . ne
decay: ),y — _% loss: Oin,+ = Onr (Rne+> _ _£_+
7 &
fo= —
Y |

e




Comparing with radioactive nuclei
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Comparing with radioactive nuclei
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Qe+/oﬁ

Comparing with radioactive nuclei

— jp o E—2.4
— jp - E—2.7
—_— fp o« E~3
""" jp,obs
4 e*/p; AMS02 (2016)

o

Ridigity [GV]
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Comparing with radioactive nuclei
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Comparing with radioactive nuclei
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Radioactive nuclei: constraints on

tGSC

« Cannot (yet) exclude rapidly decreasing escape time

« AMS-02 should do better!

Need to tell between these fits
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XGSC
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AMS02 (2013-2016)

v (B/C)
esc — a o
>.p—cno. (P/C)E=E — (B/C)%E
Only C,0->B, no (A>16)—>B Only C->B, no O->B etc
o this work
—Blum et al 2013
107 |
o
; s B |
> AOY Yy N L] $
100 -
10’ 10° 10°

R [GV] 27



Stable secondaries with no energy loss

Comment about applicability of the analysis: high energy (relativistic)

Below R~10GV, various propagation effects can change energy of particle during trajectory;
spallation cross sections are energy dependent; rigidity not transferred in fragmentation;...

| b e
Example: solar modulation S PRI Abe et al,
T pt 1506.01267
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About diffusion models

K~(E/Z)3

2L

Strong, Moskalenko, Ptuskin, Ann.Rev.Nucl.Part.Sci. 57 (2007) 285-327 29



About diffusion models

K~(E/Z)3

To a good approximation,

disc+halo homogeneous

difftusion models satisfy the
2L criterion of uniform CR

composition where spallation
v happens.

Should satisfy  Tta oy

ng Qp
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diffusion models fit Xeose

L [kpc]

Iso-)(2 contours for B/C (X2< 40)

0.85 05

|||||||||||||_|l

ll ll lllllll

' 'I.\

K, /L [kpc Myr™] ﬂ8) X K,/L [kpc Myr]

Maurin et al, Astrophys.J.555:585-596,2001
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diffusion models fit Xese

p) 2
[so-y~ contours for B/C (3"< 40)
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Flux x EZ’ [m?srisec'GeV'']

¢ AMSO02 (2016)
—Eq.(3)
Donato et al (2009)

== diffusion model, §=0.7
== \Ninkler (2017)
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MNRAS 405 (2010) 1458 Katz, Blum, Morag, Waxman (arXiv:0906.4696)
JCAP 1111 (2011) 037 Blum
PRL 111 (2013) no.21, 211101 Blum, Katz, Waxman
1704.05431 Blum, Ng, Sato, Takimoto
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PARTICLES IN 200-240 GeV/c PROTON-NUCLEON COLLISIONS
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A. MULLER?, F. RIMONDI', S. ZUCCHELLI' and S. ZYLBERAJCH?

TABLE 2

Rates of production of nuclei and antinuclei relative to pions of the same sign

Lab + + 3 + =, - - Iy, —
Po d/m t/m He/n d/m t/m He/n
(GeV/c) Target “‘(‘(’3‘2‘3‘/‘;‘)‘“ (107%) (1077) (10°7) (1075) (1071) (10719)
200 Al 20 1332014  1.00£0.21 10202 4.85+0.74 1045
22 1414018
30 1724018  090£020  0.90£0.15  6.36+0.80 <4
37 2.5540.25 4104120
Be 12 3.1640.63
i6 4.11+0.78
20 0.88+0.09 0314006  0.80+0.15  4.60+0.92 7.043.5
26 5.52+0.55
30 154£015  0.55+0.10  0.65+0.10  7.06+1.10 845 <15
37 192£0.19 056012  0.65+0.10
210 10.5 1.940.5
237 1242 3.10.4
39.5 48409
240 23.4 524+1.0 8.0+1.5 42404
15.9 87417
37.5 0.87+0.20

The data have been corrected to the centre of the production targets.
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10m.

PARTICLE PRODUCTION AND SEARCH FOR LONG-LIVED
PARTICLES IN 200-240 GeV/c PROTON-NUCLEON COLLISIONS

sparse data

TABLE 2

Rates of production of nuclei and antinuclei relative to pions of the same sign

Lab + + 3 + =, - - I, —
Po d/m t/m He/n d/m= t/m He/m
(GeV/c) Target “‘(‘(’3‘2‘3‘/‘;‘)‘“ (107%) (10°7) (1077 (107%) (1071°) (1071°)
200 Al 20 1.33+0.14 1.00x=0.21 1.0+£0.2 485+0.74 10x5
22 1.41+£0.18
30 1.72+0.18 0.90+0.20 0.90x0.15 6.36+0.80 <4
37 2.55+0.25 4.10+1.20
Be 12 3.16+0.63
16 4.11+£0.78
20 0.88+0.09 0.31+0.06 0.80+0.15 4.60+0.92 7.0+3.5
26 5.52+0.55
30 1.54+0.15 0.55+0.10 0.65+0.10 7.06+1.10 8+5 <1.5
37 1.92+0.19 0.56x0.12 0.65+0.10
210 10.5 1.9+0.5
23.7 12+2 3.1+04
39.5 4.8+0.9
240 234 52+1.0 8.0x+1.5 42+0.4
35.9 R8.7+1.7
37.5 0.87+0.20
The data have been corrected to the centre of the production targets. 37
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PARTICLE PRODUCTION AND SEARCH FOR LONG-LIVED
PARTICLES IN 200-240 GeV/c PROTON-NUCLEON COLLISIONS

t/He >> 1 for antimatter, 7
t/He <= 1 for matter o

TABLE 2

Rates of production of nuclei and antinuclei relative to pions of the same sign

Lab + + 3 + =, - -, - Iy, —
Po d/m t/m He/n d/m= t/m He/m
(GeV/c) Target “‘(‘(’}‘2‘3‘;:)‘“ (1074 (10°7) (10°7) (107%) (10719 (10710)
200 Al 20 1.33+0.14 4.85+0.74 10£5
22 1.41+0.18
30 1.72+0.18 6.36+0.80 <4
37 2.55+0.25 4.10+1.20
Be 12 3.16+0.63
16 4.11+0.78
20 0.88+0.09 0.31+0.04 . . 4.60+0.92
26 5.52+0.55
30 1.54+0.15 7.06+1.10
37 1.92+0.19
210 10.5
23.7
39.5 4.8+0.9
240 23.4 52+1.0
35.9
37.5

The data have been corrected to the centre of the production targets.
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Particle ratios
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Reported only particle/pion
ratios.

Loteaal

Interpreted cross section by
scaling w/ model of pion cross
section

1

1

Prone to large error,
especially at < 10 GeV

L 1ol

(b)
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Laboratory momentum (GeV/c)
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About diffusion models

K~(E/Z)3

2L

2 ‘
. 2
~ C 3eB € ~1 GH B .
NGC 891 v~ (.29 X  p—— (-171.ec2) ~ 1 z (1 ,u.G) (1) GeV)

Strong, Moskalenko, Ptuskin, Ann.Rev.Nucl.Part.Sci. 57 (2007) 285-327 40



pbar/p
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1074 |
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e A Y
—_— Ay
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—_— Ay

Ay =-0.15
=0
=0.15
=0.3
=0.5
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AMSO02 (2016)

10’

41



fot (R) < 1

107 1
10

102
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Secondary: upper bound

fe+ (R)

AMSO02 data favours secondary origin for CR e+.

¢ no brem
¢ brem included

e+
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anti He3

1 Handful of events AMSO02 press release, Dec 2016

An anti-Helium candidate:

2. Energy of 1 event
they show is 40GeV
(13GeV/nuc)

Kinematics:
pp—>(He3bar)+X requires
minimum 8 baryons

(5]

ENEENENEE NI llllfllﬁ-ll IR RENENENEN Header

This means threshold in observer
frame is 12 GeV

40.3 =2.9 GeV/c
-2
2.96+0.33 GeV/c?
0.9973+0.0005 ¢
69

Momentum
Charge
Mass

S Velocity
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Summary

J [1/(m?ssrGV)]

107 i dbar
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Cosmic Rays

The Galaxy is filled with a gas of high-energy particles, of several types

Magnetic rigidity

R =p/Z

Larmor radius

—1
L=R/B~3x10" (&) (555) pe

Galactic:

10°
—~ 1072
‘v
NB
. po
5 4
S 10
()]
9}
L
D 10"
Z
©
(a\]
L

Energies and rates of the cosmic-ray particles

"electrons Yi

X ¢

P X HEGRA —8— 1

plIrons. CasaMia —e—

e, x Tibet —m—

o Fly Eye r—e—i -
. " Haverah +—s—i

-g "
X

- antiprotons

JACEE ¢ |

Akeno

v

HiRes

'CAPRICE —&—i
AMS +—e—

- protons only BESS98 —a—
Ryan et al. —»—

all-particle Tien Shan +——¥—
MSU +—¢—

CASA-BLANCA +—=—

AGASA —a— |

Hillas, astro-ph/0607109



CR antimatter— p, et d, and 3He long thought a smoking gun of exotic high-energy

physics like dark matter annihilation

Antiprotons

Some confusion in the literature, as to what and how we can calculate.

=> will try to sort
this out

AMS02, Dec 2016

P/p ratio

Antiproton-to-proton ratio

Dark Matter Model example: Donato et al., Phys Fev. Lett. 102, 071301 ( 2008 ).
Astrophysics Model examples: P. Mertsch and S Sarkar, Phys. Fev. D90, 061301 (2014); Momentum [GeV]

K Kohri, K loka, Y. Fujita, and R Yamazaki, Frog. Theor. Bxp. Fhys. 2016, 021ED1 (2016).

1 | 1

1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1 1 1
100 200 300 400

The excess of antiprotons observed by AMS
cannot come from pulsars.

It can be explained by Dark Matter collisions
or by new astrophysics phenomena

500
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CR antimatter— P, e, d, and 3He long thought a smoking gun of exotic high-energy
physics like dark matter annihilation

Positrons
Common belief in the literature: e+ come from either pulsars, or dark matter!

=> don’t think so.

AMSO02, Dec 2016

Will try to sort
this out, too




CR antimatter— P, e, d, and 3He long thought a smoking gun of exotic high-energy
physics like dark matter annihilation

Anti-helium
Thought so scarce that a single event would mark new physics.
But how does one actually calculate the flux?

=> will show that previous ideas may have been off the mark.

AMS02 may soon detect astrophysical
anti-He3

49



CR antimatter— P, e, d, and 3He long thought a smoking gun of exotic high-energy
physics like dark matter annihilation

Anti-helium
Thought so scarce that a single event would mark new physics.
But how does one actually calculate the flux?

=> will show that previous ideas may have been off the mark.

AMSO02, Dec 2016
An anti-Helium candidate:

AMS02 may have detected astrophysical
anti-He3

Momentum = 40.3 2.9 GeV/c
Charge -2

Mass 2.96+0.33 GeV/c?
Velocity 0.9973+0.0005)c
69




Cosmic Rays

The Universe is filled with a gas of high-energy particles

(GeV cm'zsr'1s'1)

E2dN/dE

Energies and rates of the cosmic-ray particles
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Cosmic Rays

The Universe is filled with a gas of high-energy particles

(GeV cm'2sr'1s'1)

E2dN/dE
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107
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Energies and rates of the cosmic-ray particles
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Cosmic Rays

Two basic populations:

1. primary (p, He, C, O, Fe, e-,...),

2. secondary (B, sub-Fe, pbar, e+,...),

E2dN/dE

(GeV cm'2sr'1s'1)
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Cosmic Rays

Two basic populations:

1. primary (p, He, C, O, Fe, e-,...),
consistent with stellar
material, accelerated to relativistic energy

2. secondary (B, sub-Fe, pbar, e+,...),

(GeV cm'2sr'1s'1)

E2dN/dE

Energies and rates of the cosmic-ray particles
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Cosmic Rays

Two basic populations:

1. primary (p, He, C, O, Fe, e-,...),
consistent with stellar
material, accelerated to relativistic energy

2. secondary (B, sub-Fe, pbar, e+,...),
consistent w/ spallation products of
primary component

high energy particles
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e —

\ \t.\

p-beam
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Recipe for an antiproton pie:
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Recipe for an antiproton pie:
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Recipe for an antiproton pie:
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Recipe for an antiproton pie:
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Recipe for an antiproton pie:

na(R) ~ Qa(R) Ny R) ~
m(R) — Qu(R) g o

Average column density traversed by CR nuclei during propagation
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Recipe for an antiproton pie:

na(R) _ Qu(R) (R ~ B(R)
m(R)  Qu(R) p )

Average column density traversed by CR nuclei during propagation

ng (R)
QB(R)

Xesc (R) —

(B/C)

Xesc — 0P B .
> p—cNo.. (P/C)ZE=E—(B/C)TE




Recipe for an antiproton pie:

Average column density traversed by CR nuclei during propagation

o this work
—Blum et al 2013

10' 102 10°
R [GV]



Recipe for an antiproton pie:
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Recipe for an antiproton pie:

10 . T T T T T y QB (R)

- Tan & Ng 1982,1983 -

- 2 [ AR, Jy(Ry) (LRl

dR,
Jp(R)
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y; y
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e
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Ratio of p; weighted and integrated
invariant cross section (Data/Tan&Ng)

Recipe for an antiproton pie:

Kachelriess et al, ApJ. 803 (2015) no.2, 54

| dopp—px (Rp,R)
Winkler, JCAP 1702 (2017) no.02, 048 2 [~ dR, J,(R ( e )
( ) fR p p( p) dR,

1709.04953 Blum, Sato, Takimoto B Jp(R)
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Recipe for an antiproton pie:

O O
- N W A

0 O o

Flux x B> [m?srisec’ GV'7]

Proton Spectrum

x10

3

AMS proton flux

New information: The proton flux cannot be described by a single power law = CR?,

as has been assumed for decades

- )
:}*

+*+**++++**{*

Unexpectedly, we found the spectrum
power law with spectral index y below Ry and y + Ay
above Ry. S describes the smoothness of the transition.

L
can be

Rigidity [GV]

described by a doubIIe

apey

10

102

29
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Recipe for an antiproton pie:

CREAM-III (2017)
ApJ, 839:5 (8pp), 2017 April 10

CREAM (2017)

<<<<<<< "“
LT
P11

. 1

E2'7Jp [GeV' 7 /(mZssr)]

5 o
ﬂ o
o

, x10" N
! ¢ AMS02 (2015)
$ PAMELA
ATIC
i ¢ RUNJOB
1.5 $ .

10’ 102

103
E [GeV]

10*

10°
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A more robust derivation:

Relate e+ to pbar

Rather than directly to B/C
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A more robust derivation:

Relate e+ to pbar

Rather than directly to B/C
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Qe’f/Qﬁ

102
Ridigity [GV]

103
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Why would dark matter or pulsars inject this e+ flux?




Why would dark matter or pulsars inject this e+ flux?
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Why would dark matter or pulsars inject this e+ flux?

Pulsar model:

1OO§ g
B LT
/1
/i
10— . . . . Y 4 1 |
10" 102 10°
E [GeV]

D. Malyshev, I. Cholis, and J. Gelfand, Phys. Rev. D80, 063005 (2009)



Why would dark matter or pulsars inject this e+ flux?

10
10’ 102 10°

Pulsar model: D. Malyshev, I. Cholis, and J. Gelfand, Phys. Rev. D80, 063005 (2009)



ALICE 2016, preliminary

Production of light nuclei and anti-nuclei in pp and Pb-Pb collisions
at energies available at the CERN Large Hadron Collider

J. Adam et al. (ALICE Collaboration)
Phys. Rev. C 93, 024917 — Published 29 February 2016

Production of nuclei and antinuclei in pp and Pb-Pb
collisions with ALICE at the LHC

Natasha Sharma (forthe ALICE Collaboration)
Published 10 November 2011 « CERN 2011. Published under licence by IOP Publishing Ltd
Journal of Physics G: Nuclear and Particle Physics, Volume 38, Number 12
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ALICE 2016, preliminary — 20 anti-He3 and 20 anti-t events observed @ L~2.2/nb

Nobs
40

30

T T 1T 17T 17T 17T 17711

20

10_ | I IIIIIIi | I/ | I 1 1 1 11] 4
107° 10~4 1073 10‘43 s(GeVl

Production of light nuclei and anti-nuclei in pp and Pb-Pb collisions
at energies available at the CERN Large Hadron Collider

J. Adam et al. (ALICE Collaboration)
Phys. Rev. C 93, 024917 — Published 29 February 2016

Production of nuclei and antinuclei in pp and Pb-Pb
collisions with ALICE at the LHC

Natasha Sharma (forthe ALICE Collaboration)
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ALICE 2016, preliminary — 20 anti-He3 and 20 anti-t events observed @ L~2.2/nb
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— Eq. (11)
[ pp ALICE 7 TeV Vs (preliminary)
rZ771 pAl/Be SPS 200-240 GeV pyy

& @ PbPb Off ALICE 2.76 TeV v high p,
© © PbPb Off ALICE 2.76 TeV v5 low p,

® @& AuAu Central STAR 200 GeV Vs

© © PbPb Central ALICE 2.76 TeV Vs high p,
@& ® PDbPb Central ALICE 2.76 TeV Vs low p;

& & PbPb Central NA44/NA49 158A GeV Vs
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Preliminary Physics Summary:
Deuteron and anti-deuteron production in pp collisions at /s = 13 TeV
and in Pb—Pb collisions at /sy = 5.02 TeV
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and in Pb—Pb collisions at /sy = 5.02 TeV

ALICE-PUBLIC-2017-006

Deuteron and anti-deuteron production in pp collisions at /s = 13 TeV
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Eq. (12)

pp ISR 53 GeV Vs

pp Serpukhov 11.5 GeV Vs
pAl/Be SPS 200-240 GeV pyy
pBe FNAL 300 GeV py

772 pTi FNAL 300 GeV py,

pW FNAL 300 GeV pyu

PbPb central ALICE 2.76 TeV Vs high p,
PbPb central ALICE 2.76 TeV Vs low p,
PbPb off ALICE 2.76 TeV Vs high p,
PbPb off ALICE 2.76 TeV Vs low p,
PbPb Central NA44/NA49 158A GeV Vs
AuAu Central STAR 200 GeV Vs
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Implication of ALICE results for astrophysics.

He3bar: secondary production by pp collisions
unlikely to explain 1 event/yr at AMSO02.

He3bar B this work
SRR — |=—=Herms et al (2016)
— Herms et al (2016)
~ — Duperray et al (2005)
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Implication of ALICE results for astrophysics.

He3bar: secondary production by pp collisions
unlikely to explain 1 event/yr at AMSO02.

1 event/5yr we could live with, but 1 event/yr seems unlikely.

What about p-pbar collisions?
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Implication of ALICE results for astrophysics.

Secondary production by pp collisions
may be seen at AMS02 5yr exposure.
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Abstract

Invariant differential yields of deuterons and anti-deuterons in pp collisions at /s = 0.9, 2.76 and
7 TeV and the yields of tritons, *He nuclei and their anti-nuclei at v/s = 7 TeV have been measured
with the ALICE detector at the LHC. The measurements cover a wide transverse momentum (p)
range in the rapidity interval |y| < 0.5, extending both the energy and the pr reach of previous
measurements up to 3 GeV/c for A =2 and 6 GeV/c for A = 3. The coalescence parameters of
(anti-)deuterons and 3He nuclei exhibit an increasing trend with pr and are found to be compatible
with measurements in pA collisions at low pr and lower energies. The integrated yields decrease by
a factor of about 1000 for each increase of the mass number with one (anti-)nucleon. Furthermore,
the deuteron-to-proton ratio is reported as a function of the average charged particle multiplicity at
different center-of-mass energies.

Production of deuterons, tritons, >He nuclei and their anti-nuclei in pp
collisions at /s = 0.9, 2.76 and 7 TeV

ALICE pp Vs =0.9 TeV, |y| < 0.5
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