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Motivation

• Atmospheric muons (above a few GeV) and neutrinos reach ground

Inform about hadronic interactions and neutrino oscillations

Background to astrophysical neutrino sources

• At high energy (above a few TeV) standard sources become long lived

• Identify and estimate all atmospheric lepton sources

• Revise correlations of muon and neutrino fluxes

[using the Z-moment method]
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Motivation

• Components of atmospheric lepton (µ, νe, νµ, ντ) fluxes according to parent j:

γcτj = λ
(j)
dec = h0 ⇒ Critical energy ε j =

mjc2

cτj
h0 , h0 = 6.4 km

Source j + antipart. cτj ε j [GeV] BR to leptons

X Standard π+ → µ+νµ 8 m 115 100%

KL → {µ±νµ, e±νe}π∓ 15 m 210 67%

K+ → {µ+νµ, e±νe} 4 m 850 69%

X Charmed D+ → {µ+νµ, e+νe}K0 310 µm 0.38× 108 18%

D0 → {µ+νµ, e+νe}K− 125 µm 0.96× 108 7%

D+
s → τ+ντ 150 µm 0.85× 108 6%

Λ+
c → {µ+νµ, e+νe}Λ+ 60 µm 2.40× 108 4%

! Unflavored η, η′ → µ+µ−γ <∼ Å — ∼ 10−4

ρ, ω, φ → µ+µ−(π0)

Photon conversion to muons negligible
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Motivation

• Components of atmospheric lepton (µ, νe, νµ, ντ) fluxes according to parent j:

φ`(E, θ) = ∑
j

φ
(j)
` (E, θ)

φνα(E, θ) = φstand
να

(E, θ) + φcharm
να

(E)

φµ(E, θ) = φstand
µ (E, θ) + φcharm

µ (E) + φunflav
µ (E) + φ

(γ)
µ (E)

at ground level
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The Z-moment method [T. Gaisser ’90, P. Lipari ’93]

∂φj

∂t
= −φj

λj
− φj

λ
(j)
dec︸ ︷︷ ︸

sink

+ ∑
k

[
S(int)

k→j + S(dec)
k→j

]
︸ ︷︷ ︸

source

λj(E) =
mair

σj−air(E)
λ
(j)
dec(E, t, θ) = τj

E
mj

ρ(t, θ)

S(int)
k→j (E, t) =

∫ ∞

E
dEk

φk(Ek, t)
λk(Ek)

dnkj(E; Ek)

dE

S(dec)
k→j (E, t, θ) =

∫ ∞

E
dEk

φk(Ek, t)

λ
(k)
dec(Ek, t, θ)

dnkj(E; Ek)

dE

sc
al

in
g 1

dnkj

dE
(E; Ek) '

1
Ek

Fkj(x) , x = E/Ek

2 λk = const 3 φk(E, t) = KE−α
k fk(t)

Zkj(α) =
∫ 1

0
dx xα−1 Fkj(x)
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The Z-moment method [T. Gaisser ’90, P. Lipari ’93]
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= −φj
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The Z-moment method

• Power law spectrum [φk(E, t) = KE−α fk(t)] valid if:

– Primary Nucleon spectrum is a power law

φp(E, 0) = p0KE−α , φn(E, 0) = n0KE−α = (1− p0)KE−α

[p0 ' 0.8, α ' 2.7 changes to α ' 3.0 at Eknee ' 3× 106 GeV]

– Decay terms (sink and source) neglected
e.g. Nucleon fluxes:

d fp

dt
= − fp

λp
+

fp

λp
Zpp +

fn

λn
Znp

d fn

dt
= − fn

λn
+

fn

λn
Znn +

fp

λp
Zpn

⇒ fp(t)± fn(t) = (p0 ± n0)e−t/Λ±N , Λ±N =
λN

1− Zpp ∓ Zpn︸ ︷︷ ︸
regeneration

[λN ≡ λp = λn, Zpp = Znn, Zpn = Znp]
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The Z-moment method

• Still applicable to our lepton fluxes in two limiting cases:
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The Z-moment method

• Still applicable to our lepton fluxes in two limiting cases:

– Rapidly decaying sources (k int−−→ j dec−−→ `) ⇐ low energy

φ
(j)
` (E)

(K E−α)
'
(∫ ∞

0
dt ∑

k

fk(t)
λk

Zkj(α)

)
Zj`(α) = Aj(α) Zj`(α)

e.g. j = unflavored mesons and charmed hadrons below ∼ 107 GeV

Note: isotropic
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The Z-moment method

• Still applicable to our lepton fluxes in two limiting cases:

– Rapidly decaying sources (k int−−→ j dec−−→ `) ⇐ low energy

φ
(j)
` (E)

(K E−α)
'
(∫ ∞

0
dt ∑

k

fk(t)
λk

Zkj(α)

)
Zj`(α) = Aj(α) Zj`(α)

e.g. j = unflavored mesons and charmed hadrons below ∼ 107 GeV
Note: isotropic

– Small decay probability (suppressed by γ−1 = mj/E) ⇐ high energy

φ
(j)
` (E, θ)

(K E−α)
' mj

τjE

(∫ ∞

0
dt

f j(t)
ρ(t, θ)

)
Zj`(α + 1) ' ε j

E
Fzenith(θ) Bj(α) Zj`(α + 1)

since ρ(t, θ) ' t cos θ

h0
for θ <∼ 60◦ and Fzenith(θ) '

1
cos θ

e.g. j = π/K standard component at high energy
Note: non-isotropic and steeper
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Muons and neutrinos from standard (π/K)

φstand
` (E, θ)

(KE−α)
' E`(α)

E cos θ
E` = ∑

j∈{π±,K±,KL}
ε jBj(α)Zj`(α + 1) [E >∼ 10 TeV]

[ZjN = 0]
d f j

dt
= − f j

λj
+

f j

λj
Zjj +

fN

λN
ZNj f j(t) = p0 fp→j(t) + n0 fn→j(t)

Bpj ± Bnj =
∫ ∞

0
dt

fp→j(t)± fn→j(t)
t

=
Zpj ± Znj

1− Zpp ∓ Zpn︸ ︷︷ ︸
regeneration

Λj

Λj −Λ±N
ln

Λj

Λ±N

e.g. Λπ± =
λπ

1− Zπ+π+ ∓ Zπ+π−︸ ︷︷ ︸
regeneration

λj from PDG
Z-factors using Glauber with Sibyll

E`(α)/GeV µ+ µ− (µ+ + µ−) νµ νµ (νµ + νµ) νe νe (νe + νe)

α = 2.7 5.2 4.1 9.3 2.2 1.2 3.4 0.10 0.07 0.17

α = 3.0 2.8 2.1 4.9 1.1 0.6 1.7 0.06 0.04 0.10

1 ÷ 0.35 ÷ 0.02
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Muons and neutrinos from standard vertical flux

Primary N

µ+ + µ−
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νe + νe
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Muons and neutrinos from standard zenith angle distribution

1/ cos θ

1/ cos θ∗(θ)

φstand
ℓ (θ)/φstand

ℓ (0)

0◦60◦

[θ∗ at t = 200 g/cm2]
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Muons from unflavored (η, η′, ρ, ω, φ)

Very fast electromagnetic decays into µ+µ−(γ, π0) with B ∼ 10−4, high multiplicities

φunflav
µ (E)
(KE−α)

= Cunflav
µ (α) = ∑

j∈{η,η′,ρ,ω,φ}
Aj(α)Zj`(α)

e.g. Aη(α) =
ZNη(α)

1− ZNN(α)︸ ︷︷ ︸
nucleon int with reg

+
ZNπ(α)Zπη(α)

[1− ZNN(α)][1− Zππ(α)]︸ ︷︷ ︸
pion int with reg

j η η′ ρ ω φ

ZNj(2.7) 0.014 0.013 0.013 0.010 0.00038

ZNj(3.0) 0.0087 0.0086 0.0082 0.0066 0.00022

Zπ j(2.7) 0.029 0.027 0.026 0.021 0.00047

Zπ j(3.0) 0.021 0.020 0.019 0.016 0.00019

Zjµ(2.7)/10−4 1.37 0.43 0.33 1.00 2.15

Zjµ(3.0)/10−4 1.12 0.35 0.30 0.86 1.93

Cunflav
µ (α) µ+ + µ−

α = 2.7 6.2× 10−6

α = 3.0 3.1× 10−6
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Muons from unflavored flux

Primary N

(µ+ + µ−)unflav
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Muons from unflavored flux

Primary N

(µ+ + µ−)unflav

µ+ + µ−

νµ + νµ

νe + νe

φ
(E

)
E

2
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[G
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1
.7
/(
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2
s
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.
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⇓

Eµ(α)

E cos θ

∣∣∣∣
stand, θ=0◦

= Cunflav
µ (α) ⇒ E× ' 1.5× 106 GeV
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Muons from unflavored modelling

• Understanding unflavored-meson production

ZNj(α) =
∫ 1

0
dx xα−1FNj(x) , 〈xj〉 = ZNj(2)

FNj(x) =
〈x〉
x

(1 + nj)(1− x)nj , 3 <∼ nj <∼ 4

〈xj〉 =
〈Ej〉
E0
' 0.6

〈Ej〉
Eqq̄

, E0 ' Eqqq + Eq̄q̄q̄ + Eqq̄︸︷︷︸
inputs: Eqq̄/E0 ' 0.6 , Pscalar ' 0.5 , Ps ' 0.13

0−



π0 =
1√
2
(uu− dd)

η =
1
2
(uu + dd)− 1√

2
ss

η′ =
1
2
(uu + dd) +

1√
2

ss

1−



ρ =
1√
2
(uu− dd)

ω =
1
2
(uu + dd)

φ = ss



〈Eη〉
〈Eqq̄〉

'
〈Eη′ 〉
Eqq̄

' Pscalar

[
(1− Ps)2

8
+

P2
s

2

]
〈Eρ〉
〈Eqq̄〉

' 〈Eω〉
Eqq̄

' (1− Pscalar)
(1− Ps)2

4

〈Eφ〉
〈Eqq̄〉

' (1− Pscalar)P2
s

(agrees well with Sibyll)
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Muons from unflavored comparison

Zunflav(α) = ∑
j∈{η,η′,ρ,ω,φ}

ZNj(α)

Pythia pp

Sibyll pp

Sibyll p–air

Z
u
n
fl
a
v
(α

)
..

α

3.02.82.62.42.22.0

0.20

0.15

0.10

0.05

0.00

}
10–15%

∗
{

∗ Int with a nucleus are softer and leading baryon less energetic
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Muons and neutrinos from charmed (D±, D0/D0, D±s , Λ±c )

Decays like D0 → {µ+νµ, e+νe}K− or D+
s → τ+ντ with B ∼ 10% but suppressed prod.

φcharm
` (E)
(KE−α)

= Ccharm
` (α, E) = ∑

j∈{D±,D0/D0,D±s ,Λ±c }
Aj(α, E)Zj`(α) [E <∼ 107 GeV]

[scaling violation] Aj(α, E) ' ZNj(α, E)
1− ZNN(α)

+
ZNπ(α)Zπ j(α, E)

[1− ZNN(α)][1− Zππ(α)]︸ ︷︷ ︸
∼20−30%

ZNj(α, E) =
∫ 1

0
dx xα−1FNj(x, E) , FNj(x, E) ' σ

pA
cc̄ (E0)

σ
pA
inel(E0)

pjcj(1− x)nj /x3/2 , ∑
j

pj = 1

σ
pA
cc̄ ' Aσ

pp
cc̄ , σ

pp
cc̄ ' σ

pp
DD

+ σ
pp
ΛcD

[Ep = 106 GeV]
[nD ' 5, nΛc ' 1] Ccharm

µ (3) ' 1.2× 10−6

[
σ

pp
DD

4 mb

]
+ 1.5× 10−6

[
σ

pp
ΛcD

4 mb

]
<∼ Cunflav

µ (3) !!

ZDνµ(3) ' ZDνe(3) ' 1.25 ZDµ(3)

ZΛcνµ
(3) ' ZΛcνe(3) ' 1.16 ZDµ(3)

⇒ νe and νµ fluxes 20% higher than µ (robust)

(ντ flux 30 times smaller than νe or νµ)
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Cross-sections for charm production

Consistent with [Gonçalves, Machado ’07; Enberg, Reno, Sarcevic ’08]

Λ+
c

D+
s

D+

D0

x
d
σ
/d

x
[µ
b
]

.

.

Ep = 106 GeV

x = Eh/Ep

1.00.1

104

103
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100

10−1

Λ+
c

D+
s

D+

D0

σ
[µ
b
]

.

.
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xmin = Emin
h /Ep

1.00.1

104
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101
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Muons and neutrinos from charmed models and limits

Ccharm
µ

<∼ Cunflav
µ

µ÷ νµ ÷ νe ÷ ντ ' 1÷ 1.2÷ 1.2÷ 0.04

[IceCube, 1302.0127]

Primary N

(µ+ + µ−)unflav

µ+ + µ−

νµ + νµ

νe + νe

φ
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)
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2
.7
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1
.7
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.
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 [GeV])
ν

log10(E
4 4.5 5 5.5 6 6.5 7

]
1

 s
r

1
 s

2
 c

m
1

.7
 [

G
e

V
ν

/d
E

Φ
 d

2
.7

ν
E

5
10

410

310
 (HKKM07)µνconv. atms. 

 (Enberg et al.)µνprompt atms. 

 (Bugaev et al.  RQPM)µνprompt atms. 

 (Martin et al.  GBW)µνprompt atms. 

 (Martin et al.  KMS)µνprompt atms. 

 (Martin et al.  MRST)µνprompt atms. 

90%CL limits IC59

Preliminary

νstand
µ

←−


νcharm

µ

— Bugaev et al

— Enberg et al

— Martin et al

— 95% CL upper limit IC59

(E <∼ 105.4 GeV = 250 TeV)
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Muons from photon conversion

γ + nucleus→ µ+µ− + nucleus

dσγ→µ+µ−

du
'
(

me

mµ

)2

︸ ︷︷ ︸
2×10−5

dσγ→e+e−

du
, u = E/Eγ

φ
(γ)
µ

(KE−α)
= C(γ)

µ (α) ⇒ C(γ)
µ (2.7) = 1.0× 10−6 C(γ)

µ (3.0) = 0.39× 10−6

C(γ)
µ (α) ∼ 0.15× Cunflav

µ (α) ⇒ negligible
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Conclusions

• Atmospheric lepton fluxes:

– Standard: steeper than primary nucleon flux ∝ 1/ cos θ (θ <∼ 60◦)

µ÷ νµ ÷ νe ÷ ντ ' 1÷ 0.35÷ 0.02÷ 0.00
〈

Φstand
µ

〉
' 400

[
106 GeV

Emin

]−3

(km2 yr sr)
−1

– Unflavored: follows nucleon flux isotropic dominant µ @ E >∼ 1.5× 106 GeV

1÷ 0.00÷ 0.00÷ 0.00
〈

Φunflav
µ

〉
' 90

[
106 GeV

Emin

]−2

(km2 yr sr)
−1

– Charmed: isotropic below 107 GeV large uncertainties

1÷ 1.20÷ 1.20÷ 0.04 Ccharm
µ

<∼ Cunflav
µ

– Photon conversion: isotropic negligible

• Bkgd for astrophysical neutrino sources (isotropic, equal fluxes of all neutrino flavors)
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Limit on an extragalactic diffuse neutrino flux

[IceCube, 1302.0127]

 [GeV])
ν

log10(E

3 4 5 6 7 8

]
1

 s
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1
 s

2
 [
G

e
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 20002003 90%CL limitµνAMANDA  
 0709 90%CL limitµνANTARES  

IC59 diffuse sensitivity
IC59 diffuse 90%CL limit
IC40 atmospheric unfolding

 (HKKM07)µνconventional atmospheric 

µνconventional (HKKM07) + prompt (Enberg et al.) 

WaxmanBahcall upper bound (2011)

Mannheim 1995
BBR I 2005 steep spectra sources
Stecker AGN (Seyfert) 2005
High Peaked BL Lac (max) Mucke 2003
Prompt GRB Razzaque et al. 2008

Preliminary
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Muons from unflavored meson spectra

x
d
n
/
d
x
≡

x
F
N
j
(x
)

φ

η′

ω
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η

π0

(E0 = 109 GeV)

p–air interactions

.

x = Ej/E0

10010−110−210−310−4
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Muons from unflavored muon spectra

ω → µ+µ−π0 [ps]

[ps]

η → µ+µ−γ [exact]
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Muons and neutrinos from charm lepton spectra

Λc → ℓ

Λc → ν

D → ℓ

D → ν
d
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d
y
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