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Cosmic Rays

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

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

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

Where do they come from?
What role do they play in Cosmic evolution?
What role do they play in Galaxy dynamics?

Do they contain hints of exotic high-energy

physics?
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Cosmic Rays

Two basic populations:

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

2. secondary (B, sub-Fe, pbar, e+,...),
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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+,...),
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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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CR antimatter — 7, e, d, and 3He — long thought a smoking gun of exotic high-

energy physics like dark matter annihilation
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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.




CR antimatter — 7, e, 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

Anti-helium, anti-deuterium
Thought so scarce that a single event would mark new physics.
=> but how does one actually calculate the flux?
will show very recent progress thanks to the LHC ALICE collaboration
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AMSO02, Dec 2016

P/p ratio

Antiproton-to-proton ratio

10

10°
Dark Matter Model example: Donato et al., Phys. Rev. Lett. 102, 071301 ( 2003 ).
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 ]

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

37
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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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https://arxiv.org/pdf/1708.04316.pdf
408MHz (Canadian Galactic Plane Survey)




S. Schael, Moriond 2016 for AMS02
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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

high energy particles

p-beam
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Recipe for an antiproton pie:

na(R)  Qu(R) (R
w® o P (R~ G 0R)

MNRAS 405 (2010) 1458 Katz, Blum, Morag, Waxman
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Recipe for an antiproton pie:

1a(R)  Qu(R)
w® S o
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Recipe for an antiproton pie:

1a(R)  Qu(R)
w® S o

Qu(R) =) np(R)

P

UP—)a(R) .
m

nqe(R)

0.(R)

m
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Recipe for an antiproton pie:

na(R)  Qu(R) (R
w® o P (R~ G 0R)

o this work
——Blum et al 2013

~ ng(R)
XeelR) = 5 R) t
g

X




(e ¢ oldp’) . Imb Gev ? ¥

Recipe for an antiproton pie:

na(R) _ Qu(R)

-
9
w

107

107°

Py=23 2 GeVic

py=C.& Gevic .

dRJ

dopp—px (Rp,R)
dRyp

0pp(R) =

»(R)
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Recipe for an antiproton pie:

na(R) Qa(R) ﬁ
~ ns(R) ~ Q5(R
103
A o(pp-->pbar), 20%
®, (0.2-0.8) GV
o _
@
Q0 ,
=107
10’ 10°

R [GV]

1704.05431, 1709.04953, 1709.06507
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Recipe for an antiproton pie:
n.(R) _ Qa(R) - ~ ng(R) .
w®) S Or) W nR)~ o QR)

103

o(pp-->pbar), 20%

AMS02 2016

®, (0.2-0.8) GV

10’ 102 10°
R[GV]

23
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Antiprotons are secondary.

o(pp-->pbar), 20%

AMS02 2016

3, (0.2-0.8) GV

10’ 102 10°
R[GV]
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1704.05431, 1709.04953, 1709.06507



anti He3
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anti He3

AMSO02, Dec 2016
Handful of events?

An anti-Helium candidate:

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

AMSO02, Dec 2016
Handful of events?

An anti-Helium candidate:

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

Need to reject freak background
events at a level of ~ 1:100M... "

Momentum = 40.3 +2.9 GeV/c

Charge =-2

Mass = 2.96+0.33 GeV/c?

Velocity = 0.9973=0.0005 c
69

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

27



anti He3

dN 4 AN\ 2
“coalescence”: E — BA R E p

The difficult part is to get the cross section right.

Note: we need pp initial state for astrophysics...



anti He3

dN 4
d3pa

“coalescence’: E4

The difficult part is to get the cross section right

We need B, 5

| Events

prob(>= N events) [%]
o

-
o
o

— B, R(x) (E

dN,
p d3 pp

y

Cross section

e
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Ed'a | dp’ (mb = GeV’)

Ed'a [ dp' (mb = ' GV

Duperray et al, PRD71 083013 (2005),

B,=1.4x105 GeV*
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Ed'a | dp’ (mb = GeV’)

Ed'a [ dp' (mb = ' GV

10" 4

Duperray et al, PRD71 083013 (2005),

B,=1.4x105 GeV*

pA data from SPS (1980’s)

If true, then anti-helium @AMSO02 = new physics

'''''

prob(>= N events) [%]

102

—_
o

—
o
o
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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 @AMSO02 = new physics

Previous CR literature typically made 2 key assumptions:
1. Same coalescence factor describes He3 and d
2. Ba extracted from pA used directly for pp

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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HBT in heavy ion and pp collisions

Example: CERN SPS, PbPb 20, 30, 40, 80, 158A GeV
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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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BQ [ GeV2 ]

« Collected all systems for which we find nuclear yield & HBT data
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BQ [ GeV2 ]

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

1072

Scheibl & Heinz, Phys.Rev. C59 (1999)

BA X Vl_A
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BQ [ GeV2 ]

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

Blum et al
1704.05431

« For pp, until Sep 26, 2017, we had no B,, but we did have HBT

1072

1 1
I I — Eq.(12)
pp ISR 53 GeV Vs

'@® @& PbPb central ALICE 2.76 TeV Vs low p;, [
@ & PbPb off ALICE 2.76 TeV v high p;
© O PbPb off ALICE 2.76 TeV Vs low p,

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

BA X Vl_A

T TT

T llllllll T llllllll T llllllll T llllllll

T lllllll

1 1

— Eg.(11)

[ pp ALICE 7 TeV Vs (preliminary)
77 pAl/Be SPS 200-240 GeV py; 1
© © PbPb Central ALICE 2.76 TeV Vs high p;
@® & PbPb Central ALICE 2.76 TeV Vs low p; E
@ & 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

1 1 1 11T

1 llllllll 1 llllllll

11 lllllll

w
B
O]
(o)}



BQ [ GeV2 ]

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

Blum et al
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« For pp, until Sep 26, 2017, we had no B,, but we did have HBT
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Collected all systems for which we find nuclear yield & HBT data

For pp, until Sep 26, 2017, we had no B,, but we did have HBT
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Collected all systems for which we find nuclear yield & HBT data

For pp, until Sep 26, 2017, we had no B,, but we did have HBT
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« Collected all systems for which we find nuclear yield & HBT data

- For pp, until Sep 26, 2017, we had no B,, but we did have HBT

@

ALICE F

CERN-EP-2017-255
September 26, 2017
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Production of deuterons, tritons, >He nuclei and their anti-nuclei in PP
collisions at /s = 0.9, 2.76 and 7 TeV
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— Eq.(11)
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« Collected all systems for which we find nuclear yield & HBT data

- For pp, until Sep 26, 2017, we had no B,, but we did have HBT
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Production of deuterons, tritons, *He nuclei and their anti-nuclei in pp
collisions at /s = 0.9, 2.76 and 7 TeV

1 1
— Eq.(11)
[ pp ALICE 7 TeV Vs (preliminary)
771 pAl/Be SPS 200-240 GeV p; 1
© © PbPb Central ALICE 2.76 TeV Vs high p,
@® @® PbPb Central ALICE 2.76 TeV Vs low p; E
@ @& 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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We got the basic picture more or less right.

But we have detailed data now: significant pT dependence in B3.

@

ALICE P

Most relevant for astro is pT/A < 0.5 GeV
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We got the basic picture more or less right.
But we have detailed data now: significant pT dependence in B3.

Most relevant for astro is pT/A < 0.5 GeV
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Implication of ALICE results for astrophysics.

He3bar:
1 event/5yr plausible; 1 event/yr seems unlikely with current pp analysis.

Are we missing a large contribution in high-rapidity region (y >~ 1)?

...Is AMSO02 seeing background?

-
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
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Implication of ALICE results for astrophysics.
@)

ALICE D
dbar: CERN-EP-2017-255

September 26, 2017
may be seen at AMS02 5yr exposure. '

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

- Antiprotons are (at least dominantly) secondary.

- Secondary anti-He3, anti-d events in 5-year of AMS027?

prob(>= N events) [%]

102

10"}

10°

1 anti-He3 event/5yr plausible.
5 events/5yr seem unlikely from current (y~0) analysis of pp collisions,
but: are we missing key contributions aty >~ 1?

Anti-d events: possibly in reach.

10-3 c

o(pp-->pbar), 20%

®, (0.2-0.8) GV

pbar/p

T, ALICE pp Vs =7 TeV
o “He, ALICE pp Vs =7 TeV
--T, EPOS (LHO)*

E - °He, EPOS (LHC)*

* with afterburner
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Implication of ALICE results for astrophysics.

He3bar:
1 event/S5yr at AMS02: plausible.
1 event/1yr: seems unlikely with current analysis.

He3bar I this work
R , Herms et al (2016)
——Herms et al (2016)

sl ™~ = Duperray et al (2005)
10° S o — Cirelli et al (2014) ) L
S o —— Chardonnet et al (1997) "L ALICE pp Vs = 7 TeV
~ g - =95%CL 5-yr o_ He, ALICE pp \s =7 TeV
~ --f, EPOS (LHC)*

- °He, EPOS (LHC)*
* with afterburner

\
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Implication of ALICE results for astrophysics.

dbar: CERN-EP 2017253
eptem! X
may be seen at AMS02 5yr exposure.

Production of deuterons, tritons, *He nuclei and their anti-nuclei in pp
collisions at /s = 0.9, 2.76 and 7 TeV
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Relative contributions for pypar = 10 GeV

|0910(pproton/GeV)
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Coalescence: semi-analytic vs. PYTHIA

Ed3G/dp me GeV?]

5_,(10_4,

—

1.x107°}
5.x107%}
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5.x1o-4f
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5.x1076}

1.x1078
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Pt [GeV]
0

— P{{GeV]
1.0

e event by event analysis (PYTHIAG)
= event by event analysis (PYTHIAS)

—— Coalescence formula (PYTHIAG)
—— Coalescence formula (PYTHIA8)

@ event by event analysis (PYTHIAG)
= event by event analysis (PYTHIAS)

—— Coalescence formula (PYTHIAG)
—— Coalescence formula (PYTHIAS8)
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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

...works for secondary nuclei B, sub-Fe (T-V-Sc-Cr)

na(R)  Qa(R)

(R) — Qu(R)

B/ C (Sc-Cr) 7/ Fe
TTITITT T T TIIIII] T T T T7TTTTT ELEERAS T Y‘TIYITII T T T TTrTT]
~ Engelmann et al (1990) 1
® 0 B 7
- e° xﬁ“%ﬁ\‘ = §§
Q T - =~ —
- AL
s
'}\ = haé\?
% é [~ Q}“\ 7]
T N
™~
N
» * HEAO-3 (2 \{’ e HEAO-3 (2 \k}
107" o Gupta and Webber - (1988) — o Binns et al - (1988) \i
- & Dwyer and Meyer - (1987) %\ 1 & Dwyer and Meyer - (1987)
- — 10 —_]
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1 10 102 1 10 102

ENERGY (GeV/n)
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About cosmic ray propagation models

K~(E/Z)5

Strong, Moskalenko, Ptuskin, Ann.Rev.Nucl.Part.Sci. 57 (2007) 2855327



diffusion models fit X ..

Iso-x2 contours for B/C (X2< 40)

L [kpc]

|
1|
0.85 0.5 I k
FENE BN I L
| | :

K, /L [kpe Myr”] f18) X K, /L [kpe Myr™]

Maurin et al, Astrophys.J.555:585-596,2001
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diffusion models fit X ..
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What’s going on here? (Donato et al PRL102, 071301 (2009))

Antiproton-tg-proton ratio

—_—— - - —
_ - AMS
L ]
10" Dark er
(=}
2
- Collisjo
a ns of ordinary cosmic
=} rays with 1spy
10°
Dark Matter Model example: Donato et al., Phys. Fev. Lett. 102, 071301 ( 2009 ).
Kot ek . e o Y o Thor 56 s 2016 001ED1 (016 Momentum [GeV]
L | L : L 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 -
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What’s going on here? (Donato et al PRL102, 071301 (2009))

Antiproton-to-proton ratio

10§ Dark matter

p/p ratio
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proton flux

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

3 as has been assumed for decades

x10

T LN B B B B ) lllll

T T T T T

Unexpectedly, we found th'e spectrum can be described by a double
power law with spectral indexy below Ry and y + Ay
above Ry. S describes the smoothness of the transition.
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-
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Flux xR [m?sr'sec’ GV'7]

Proton Spectrum

F
3

Rigidity [GV]
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-
o

proton flux assumed for making
the pbar/p grey line
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What’s going on here? (Donato et al PRL102, 071301 (2009))

Antiproton-to-proton ratio

Dark Matter Model example: Donato et al., Phys. Fev. Lett. 102, 071301 (2009 ).
Astrophysics Model examples: P. Mertsch and S Sarkar, Phys. Rev. D90, 061301 (2014);
K Kohri, K loka, Y. Fujita, and R Yamazaki, Frog. Theor. Bxo. Phys. 2016, 021ED1 (2016).

L

S0 =0 300
The excess of antiprotons observe
cannot come from pulsars

—

a\]

It can be explained by Dark Matter E,
or by new astrophysics pheno =

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

B/C grammage assumed for /01

making the pbar/p grey line

103
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What’s going on here? (Donato et al PRL102, 071301 (2009))

Antiproton-to-proton ratio

T T T T T T T T

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

10"
2
® .
% Collisions of ordinary cq 1 0-3 _
I
¢ AMS02 (2016)
10_5 Dark Matter Model example: Donato et al., Phys. Fev. Lett. 102, 071301 ( 2009 ). Eq.(3)
Rt o S o e o 10 [ IDonato et al (2009)
100 200 mm \\\/inkler (2017)
The excess of antiprotons
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It can be explained by Dar = AL
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What’s going on here? (Donato et al PRL102, 071301 (2009))

Antiproton-to-proton ratio

T T T T T T T T T T T

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

10"
2
E CO"l'Sio .
I% ns of °’dmary co
10° | {
e e o P 5 11 b 4 T
100 200 ——— Y
The excess of antiprotons
cannot come fron
: o
It can be explained by Dar = ]
or by new astrophysic 2
107° !
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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

g

.\’?

e
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Secondary upper bound
(Based on B/C)

not (R) < ns(R)

~ QB (R) Qe+ (R)

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

MNRAS 405 (2010) 1458 Katz, Blum, Morag, Waxman
1709.06507
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Secondary upper bound

ng(R)
<
(Based on B/C) ne+(R)

™ Qs(R)

Qe+ (R)

PAMELA 2008
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MNRAS 405 (2010) 1458 Katz, Blum, Morag, Waxman
1709.06507



Secondary upper bound

<
(Based on B/C) ne+(R)

)

ng (R)
Qs(R)

Qe+ (R)

PAMELA 2011
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P ;qig
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R [GV]

MNRAS 405 (2010) 1458 Katz, Blum, Morag, Waxman
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Secondary upper bound - n8(R)
(Based on B/C) net(R) S QB(R) Qer(R)
- AMS02 2013
%
1 = \«R ' Y
107 et *
H 1
o :
o i i
-2 ; ; ; R | ; ; ; |
10
10" 102 10°

R [GV]

MNRAS 405 (2010) 1458 Katz, Blum, Morag, Waxman
1709.06507
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Secondary upper bound

ng (R)
<
(Based on B/C) ne+(R)

™ Qs(R)

Qe+ (R)

- AMS02 2016

1072 e
10" 102
R [GV]

MNRAS 405 (2010) 1458 Katz, Blum, Morag, Waxman
1709.06507



e+ are probably secondary. (R)
Ne+

A\

ng (R)
Qs(R)

Qe“‘ (R)

- AMS02 2016

1072 e
10" 102
R [GV]

MNRAS 405 (2010) 1458 Katz, Blum, Morag, Waxman

1709.06507



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

AMS02 2016

1072 e
10" 102
R [GV]

Blum, Katz, Waxman, Phys.Rev.Lett. 111 (2013) no.21,211101
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Why would dark matter or pulsars inject this e+ flux?

- mpw=600 GeV, BF=700, x?/dof=0.86
| mpw=800 GeV,
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Why would dark matter or pulsars inject this e+ flux? 1709.06507
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Pulsar model:

D. Malyshev, I. Cholis,

and J. Gelfand, Phys. Rev. D80, 063005 (2009)



Ne (R
" = f6+(R)Q () Secondary upper bound fer(R) <1
np Qs(R)
More robust (no need to go via B/C):
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