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Motivation

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

\'b Inform about hadronic interactions and neutrino oscillations

@ Background to astrophysical neutrino sources

e At high energy (above a few TeV) standard sources become long lived
e Identify and estimate all atmospheric lepton sources

e Revise correlations of muon and neutrino fluxes

[using the Z-moment method]
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Motivation

e Components of atmospheric lepton (i, ve, vy, v7) fluxes according to parent j:

2
YeT; = /\((1]2 . =hy = |Critical energy| ¢; = %ho , hgp = 6.4 km
Source j + antipart. CT;j ¢; [GeV] BR to leptons
v’ Standard 7t " — utuy, 8m 115 100%
Kr — {pFvy,eFvtnt  15m 210 67%
K+ — {p vy, eTve} 4m 850 69%
/ Charmed D*  — {utv, ety }K 310 um 038 x 108 18%
DY — {putvy, et K- 125 um  0.96 x 10° 7%
D — TTU; 150 yum  0.85 x 10° 6%
AT — {putv, et AT 60 um  2.40 x 10° 4%
| Unflavored 7,7’ — utuy <A — ~ 1074
pwd —ptu ()

Photon conversion to muons negligible
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Motivation

e Components of atmospheric lepton (i, ve, vy, v7) fluxes according to parent j:
¢:(E,0) = Y_ ¢, (E,0)
J

v (E,0) = ¢y "(E,0) + 5™ (E)

(P]/l(EIQ) _ (Pstand(E 9)_|_(Pcharm( )_i_(PunﬂaV( )

at ground level
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The Z-moment method

[T. Gaisser "90, P. Lipari "93]

vy Y1 Y] (int) (dec)}
ot . /\(]‘ + E {Sk—ﬁ' +Sk—>]‘
e K )
s?r?k soa;ce
_ _ Mair (7) _ E
/\](E) = —(Tj—air(E) /\deC(E t,0) = T ]p(t,G)
g(int ¢ (Eyx, t) dnyj(E; Ex)
’HJ (E/t) / dEx A (E) dE
Slgdec)(E L 0) / dE, ¢r(Ex, t) dngi(E; Ex)
K “A0 () dE
dnk 1
o0 |1| —Z(E;E —F.(x), x=E/E
? 12| Ax = const 3| ¢x(E, t) = KE, " fi(t)
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The Z-moment method

[T. Gaisser "90, P. Lipari "93]

a¢] CP] ] (int) (dec)
i v D [ SR )
I Adec k
si‘r:k source
M(E) = Mt A0 (B gy = 7 2ot 0)
J Uj—air(E) dech ™™ _T]%]p ,
mt (Pk Ek/ dnk](E Ek) —u fk(t)
S (E, 1) / I
dn;(E; E
S (E, 1,0) / dE, _Pe(Ert)  dniy(Ei B

AW (B0 dE

dnk 1
s0 |1 '(E,E F =E/E
£ dE( k) =~ Ekk](), x = E/Ej
3 [2] Ac=const  [3] ¢(E t) = KE“fi(t)

Zyj(a /dxx“lF (x)
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The Z-moment method

[T. Gaisser "90, P. Lipari "93]

o¢; i @ (int) . w(dec)
oA 0 ; 85 + 557 |
< dec, P
s;r:k source
Mair E
NE) = oy (B0 = Tt
1nt (Pk Ek/ dnk](E/ Ek) — fk(t) .
5™ (E, 1) / dB Ty g = KE R Z(a)
dn;(E; E
S (E,1,0) = / dE; 4”‘(E"’) E ) gty M S8 o i(a+1)

di’lk 1
oo |1| —2L(E;E —F —
3 [2] Ac=const [3] ¢(E t) = KE“fi(t)

T p(t,0)

A /dxx“lF X)
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The Z-moment method

e Power law spectrum [¢y(E, t) = KE™* fi(t)] valid if:
— Primary Nucleon spectrum is a power law
¢»(E,0) = poKE™" ,  ¢u(E,0) = ngKE™" = (1 — po)KE™"*
[po ~ 0.8, a ~ 2.7 changes to & ~ 3.0 at Eypee == 3 X 10° GeV]

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

dfP _ fP fP fn
dfn _ fn | fa fr
dt — /\n + /\nznn + )\_pZPn

AN
L=Zpp ¥ Zpn

\

= fp(t) £ fu(t) = (po +ng)e /AN AY =

[/\N = /\p — )\n/ ZPP — Znn/ an — an] regeneration
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The Z-moment method

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

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

— Rapidly decaying sources (k LN ] dec, 0) < low energy

()
¢; (E) [ = fie(D) o
(Kg E-a) </o a ; I;\k ij(a)) Zje(a) = Aj(a) Zji(«)

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

Note: isotropic
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The Z-moment method

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

— Rapidly decaying sources (k nt, ] dec, ?) < low energy
¢, (E ° fi(t)
~ /O dt ;A—k Zii(@) | Zio(a) = Ai(a) Zjg(a)

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

Note: isotropic

— Small decay probability (suppressed by vl =m i/E) « high energy
¢€ f] 8]'
(KE - / dt ({X + 1) = Eernith(Q) Bj(“) Z]‘g(oé + 1)
t cos 6 1

for 6 < 60° and F,epih(0) =

since p(t,0) ~ o p—;
e.g. ] = 1t/ K standard component at high energy

Note: non-isotropic and steeper
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[E > 10 TeV]

Muons and neutrinos || from standard | (/K)
$7"(E,6) _ Eg(a)
~ E)= Z EjB]'(DC)Z]'g(DC + 1)
(KE—%) Ecos®6 e lrb ke k)
df; fi | i
[ZjN = 0] d—t] = )\]] + /\]] Zjj + f]\\]] ZN;j f](t) = POfp—>j(t) + ”0fn—>j(t)
oo (1) £ Fi(t Z 7, A, A
Bp]-iBn]-:/ g T ESuoil) 2 2oy | 1n-
0 t L=Zpp FZpn Aj = Ay Ay
regeneration
e.g. An—ﬁ: — /\n

Aj from PDG
Z-factors using Glauber with Sibyll

1— Z7I+7r+ + Zn+n—

-~

regeneration
E/(a)/GeV wtoowm (W HpT) vy v (Vv e Ve (Ve +7e)
x =27 52 4.1 9.3 22 1.2 3.4 0.10 0.07 0.17
x = 3.0 28 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

10° —/ Primary N

¢(E) E*7 [GeV!"/(cm? s s1)]

100 102 104 106 108 1010
E [GeV]
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Muons and neutrinos

from standard

zenith angle distribution

10 “ | | | [
. gbz‘cand (9) /¢2tand (O)
1/cos0*(0) ——
s O l
=
g
S |
2+ ]
O L L 600 L L OO
0.0 0.2 0.4 0.6 0.8 1.0
cos 6
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from unflavored

Muons (n,1',p,w,

Very fast electromagnetic decays into uu= (v,

(Punﬂav ( )

(KE ) _ C;nﬂav<“)

ZN17 (Dé) n

¢)
Y) with B ~ 10™%, high multiplicities

)

j€n pw, P}

Aj(a)Zjp(a)

ZNr(0) Zy ()

eg. Ay(a) = 1= Zom (@)

il — ZNN(DC)] [1 — Znn

()]

nucleon int with reg

~"

pion int with reg

j U 7' o w ¢
Zni(2.7) 0.014 0.013 0.013 0.010 0.00038
Zn;i(3.0) 0.0087 0.0086 0.0082 0.0066 0.00022 Ciri¥(w)  pt 4
Zi(2.7) 0.029 0.027 0.026 0.021 0.00047 v =27 62x10°°
Z,i(3.0) 0.021 0.020 0.019 0.016 0.00019 x=30 31x10°°
Zy,(27)/107* 137 043 033 1.00 215
Zy,(3.0)/107* 112 035 030 086 193
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Muons

from unflavored || flux

100 —/ Primary N A
=
n
C\lg y
S 107 ¢ -
=
&}
O,
. 1074 .
<
LB/ (M+ + M_)unﬂav-
© 6

107° .

10° 102 104 109 108 1010
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Muons

from unflavored || flux

¢(E) E*7 [GeV!7/(cm? s s1)]

Primary N A

(M+ + ,LL— )unﬂav-

1076 | 1
10V 102 104 106 108 1010
E [GeV]
E, («x
Eyle) = Cﬁnﬂa"((x) = |Ex ~ 1.5 x10° GeV
E cos® stand, 6=0°
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Muons

from unflavored

modelling

e Understanding unflavored-meson production

inputs: Eg7/Eg~ 0.6, Psaar 205, Ps~0.13
1. - E,) (E;) (1—P)%> P?
= —(uu—dd 10~ 2 ~  P.iar [—S - —s]
7 ) (Eqs) ~ Eqg ! 8 2
- Yoatrdi - Les 4o - Lum (Ep) _ (Ew) (1P
0 1 5 (utt + dd) \/ESS 1 = 5 (unt +dd) <EP_> ~ et (1 — Pscatar) —1
1 B 1 19 <E‘7‘7>
1’ —(uu+dd)+ ——=ss = S5 ¢) _ 2
2 - ]‘ Psca ar PS
\/E <qu> ( 1 )
(agrees well with Sibyll)
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Muons

from unflavored || comparison

Zunﬂav(“) — Z ZN]'(“)
ISULRSCE:

0.20

Sibyll p-air
Sibyll pp = ---------

0-15 , }10—15% |
Pythia pp —_—

<
2
=
= 0.10 -
N
oo+ T
* Int with a nucleus are softer and leading baryon less energetic
0.00 | | | | |
2.0 2.2 2.4 2.6 2.8 3.0
8%
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Muons and neutrinos || from charmed |(D*, D"/ 50, D, AT)

Decays like D° — {u*v,, et1,} K™ or D — tv; with B ~ 10% but suppressed prod.

Charm
¢(KE ()) csharm(y EY| = Y. Aj(a,E)Zjp(a) [E <107 GeV]
je{D*,D°/D°,DF A}
ZN‘<DC E)
scaling violation| A;(«, E J
scaling violation]  4;(x, E) = ;=02
a—1 O'CPEA(E0> ni 7..3/2
Znj(a, E / dx x* " Fynj(x,E), Fnj(x,E) oA pici(1—x)" /x>, Y pi=
inel<E0) ]
A
o't~ AP, PP :Upp +UZPD
[E, = 10° GeV] Upp gzpﬁ
~ ~ 1 charm ~ 1. —6 6 c < unflav I
[np >~ 5, np, ] Cy (3) ~1.2x10 [4mb +15x 10 [4mb NC# (3)

Zpv,(3) = Zpy,(3) = 1.25Zp,(3) L v and v, fluxes 20% higher than y (robust)
Znw,(3) = Zpw,(3) =116 Zp, (3) (v¢ flux 30 times smaller than v, or v,,)
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Cross-sections for charm production

Consistent Wlth [Gongalves, Machado '07; Enberg, Reno, Sarcevic "08]

10" —————— . . ——
_ E, = 10° GeV DY ——
o Dt
10° | * by ——
_ A
S 107 B
8
=
~
< _
5 100 b
100 F
107 b

0.1
$:Eh/Ep

104 ¢
103 |

10% |

o [ub]

10% |

109 |

101

E, =10° GeV

‘po ]

S

AF ]

Lmin — E}I;lin/Ep
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Muons and neutrinos

from charmed

models and limits

Ccharm < cun flav 1/S’[and [IceCube, 1302.0127]
;/l ~ y 1’I—_| 10-3 [ T IZ/ | T Pll T T T T T T | T T T T | T T T T | T T T T ]
vy ~Ve+vr=1+12+-12+0.04 K = m— o o, (T ]
C}‘E : [ prompt atms. v, (Bugaev et al. - RQPM) :
SO T onptamen, (eneta, 0
‘% | E:Zzgt alms: v: EMartin et aI: - MR?I’)
' ' ' S 90%CL limits IC59
g
g 10% e g e —
109 ¢ S UE NG T e R
B - LT :
® _ Preliminary
(2] - -
= \ /Charm
= 1072 B H
. E .\E
- =  ia e m——— i — -
— = ~ S
% 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 |\I I\I\I ﬁ )
4.5 5 5.5 6 6.5 7
~, L0t Ve + Ve log10(E, [GeV])
o
Ei .................. — Bugaev et al
n B ]
% (47 4 17 Junttay —  Enberg et al
1070 - Martin et al
95% CL upper limit IC59
100 102 104 106 108 1010 (E < 1054 GeV = 250 TeV)
E [GeV]
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Muons || from photon conversion
v + nucleus — pﬁ u~ + nucleus
do - 2 do _
L o () S,
i
2><\16—_5
(P(v)
KE=) ~ CP@| = cPe7n=10x10"° c(3.0)=039x10"°

Ci (&) ~ 0.15 x C21a¥ () = negligible
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Conclusions

e Atmospheric lepton fluxes:

— Standard: steeper than primary nucleon flux o<1/ cos0 (o <60°)

10° GeV

E min

—1

-3
Wy = Ve +vp ~ 1+ 035 0.02 < 0.00 <<I>§}a“d> ~ 400 [ ] (km? yrsr)

— Unflavored: follows nucleon flux  isotropic dominant @ E > 1.5 x 10° GeV

. 10° GeV] ~° 9
1= 0.00 = 0.00 = 0.00 <<I>; fla > ~ 90 [K] (km? yrsr)
— Charmed: isotropic below 107 GeV large uncertainties
1=1.20+1.20=0.04 Cparm < Cynlay

— Photon conversion: isotropic negligible

e 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]

AMANDA v, 2000-2003 90%CL limit
ANTARES v, 07-09 90%CL limit

IC59 diffuse sensitivity

—— |C59 diffuse 90%CL limit
—@—— 1C40 atmospheric unfolding
——— conventional atmospheric v, (HKKMO07)
— - — conventional (HKKMO07) + prompt (Enberg et al.) v,
== ===« \Waxman-Bahcall upper bound (2011)
Mannheim 1995
BBR | 2005 steep spectra sources

—
<
o
T IIIIII|
L1 IIIIII|

E2 d®/dE, [GeV cm™? s sr ]

10-6 - Stecker AGN (Seyfert) 2005 —

= High Peaked BL Lac (max) Mucke 2003 3

- Prompt GRB Razzaque et al. 2008 .

1 0—7 — . I —

_8 __ L& B & & W I 5 .8 & N &N & & B N ;N | __

07 e E
10°°

Prellmlnar
y\

3 4 6 | ‘ 8
log10(E, [GeV])

José 1. Illana (ugr) Atmospheric muons and neutrinos at very high energy EPNT, Marseille, April 2013 21



BACKUP
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Muons

from unflavored

meson spectra

10_1_ ———r . - .
p—air interactions T
(Eo = 10° GeV)
T 1072 | /
=
S
8
] 0.
T
< 1073F 7
~~
S
o
& Uj
D
—4
1074 vV 7,
104

Ir = Ej/E()
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Muons

from unflavored

muon spectra

2.5 .

dn/dy (normalized to 1)

n— u Ty fexact]
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Muons and neutrinos || from charm

lepton spectra

3.0 . . .

2.5

2.0

1.5

1.0

dn/dy (normalized to 1)

0.5

0.0

0.0 0.2 0.4 0.6

0.8 1.0
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