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Atmospheric muons & neutrinos

Overview of current topics

Workshop on Muon and Neutrino Radiography, Clermont-Ferrand, 17-20/04/2012

Clermont-Ferrand, 19-04-2012 Tom Gaisser 1



Outline

Introduction
— Analytic approximations
— Primary spectrum

Muon charge ratio (also v/ ratio)

— K/t ratio

Seasonal effects

Prompt leptons

Atmospheric neutrinos above 100 TeV



Atmospheric leptons (u and v)

* Primary cosmic-ray spectrum
— A mixture of protons and nuclei
— 1, K, D, ... produced at the level of nucleons (p, n)

— Decays of charged pions, kaons and charmed
hadrons produce wand v

— Processes are identical until the last step:

e it 2> v # at -2 u (different energy fractions)

* More massive mesons (K,D) divide energy almost
equally between wand v



High-energy atmospheric neutrinos

dN
Primary cosmic-ray spectrum ¢n(En) = En—— ~ KE™"

(nucleons) dEN |7

v =~ 1.

CY‘rthNA»Q QYNM;H e[ :W\l.cl Ch;‘ ¢V (EV) — ¢N (E’/)

é/w = | GeV pions >< A7TV
€ =115 G 1+ By, cosOFE, /e,
€ = 350 GV AK

14

kaons ——
+

— 7
~ 5.0
é(,kaww. 9 6oV 1 —|— BKV COS HE]//GK

charmed AC’
hadrons \»_|_ Y
1+ BoycosOFE, /ec }

Same form for muons



Similar analysis for atmospheric u

Compilation of muon spectra

Account for u energy loss \ —— T

—
Ol

(cm'2sr'1 s GeVz)

If L were stable -
Analytic approx ——
Allkofer 1971 i

Account for u decay

N
gy
.

 Ayre 1975 ——
Green 1979 —a—
lvanenko 1985 +—»—

j L3 Cosmic 2003 —e—

3
E°dN, /dE,
o

_l BESS - Lynn Lake —e—
Analytic approximation O e
E, (GeV)

works well!

Vertical spectrum x E3

Clermont-Ferrand, 19-04-2012 Tom Gaisser



Fraction

Kinematic differences for u,v (K,m)

* Flux(v) < Flux(u) from pion decay

* Kaons therefore more important for v than for u

* Charm contribution same forvand u
— Therefore charm relatively more important for v

— Charm contribution isotropic (compared to secant 0 effect for

>TeV leptons from decay of t and K)

Neutrinos

~ charm—u

10°
E, (GeV)

10%

108



Primary spectrum

Combine information

— from direct measurements < 100 TeV

— with air shower measurements of all-particle spectrum at higher E
Assumptions:

— 5 nuclear groups: p, He, CNO, Mg-Si, Fe

— 3 populations: SNR, Hillas” Galactic component B, extra-galactic

— All features depend on rigidity, R = Pc / Ze

Requirements

— Consistency with air shower measurements of the all-particle
spectrum

— Anchor to composition from direct experiments below 100 TeV
Goals

— derive spectrum of nucleons to > 10 PeV (beyond the knee)

— Calculate atmospheric muons and neutrinos to PeV
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(m'zsr'1s'1 GeV' '5)

E23dN/dE

Fraction of primary Hydrogen

All nucleon
Polygor-naio --------
10° |
Spectrum of
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101 | . | . | Ll . |
103 10* 10° 108 107 108
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E2%dN/dE
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Muon charge ratio s

« MiNOs MINOS
PHYSICAL REVIEW D 76, 052003 (2007)

1.6

s L3+C

Z'i - —nK model .
- 1.4 ]
T T T T 1 1 Z:" E E
O This Work 40°.80° . —]
a Ayre et ol O° Park Clty ) 1 ‘3: .
.6+ - N ]
® Burnett a1 al. Combined Angles B ]
I v Wide Angle Survey 7 1 2:_ —:
| — o0 4 N ]
2 - ¢ —;wﬂﬂ‘é%:’ ———l ] | 6|1 - % 10
+\=t 1.2} T’—F—— - e .
10 Median Primary Energy (TeV/Nucleon ) 16
] 1 IL i 12 1 ? | Ip 2‘0 1 510 ] s E : L?Uélc OPERA
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Mean Muon Momentum at Production (TeV/c) e Tt mads
180 T TR VRGS mede .
Ashley, Elbert, Keuffel, Larsen, Morrison, PRL 31(1973) 1091 -
13 .

* Ratio due to excess of p over nin 12k ‘
primary CR + steep spectrum which . .
favors p—> mtt over p=> b

* Rise at TeV due to increased : | 1 |
importance of Kaons (especially K*) ! 10° 10° 10° 10°

5, cos 8" (GeV)
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3 fits to uw*/u ratio:
p(0) —n(0)

% = 5(0) T (0)
0, energy-dependent from fit to CREAM, etc.

3. 9, energy-dependent + decrease K*

= constant = 0.76

16 s e e
CMS —82—
L3-C —+—
15 + MINQS +—e—i
energy independent
composition{E) --------

plus reduced K/rt

K/m decreased from
0.149 to 0.135

1.4 -

n*/p ratio

13 e

1.2

1.1 e —
0.01 0.1 1 10

Clermont-Ferrand, 19-04-2012 Tom Gaisser 11



(g0
. -
o
> ¢
. ! =
E g
o = s
15 5T energy independent
™~ composition{E) --------
> plus reduced Ki/r
Polygonato K/t -- -- - -
1 L L - L 1 | 1 1 | 1 o | ; .
0.01 0.1 1 10 100 1000
E, (TeV)

Note that Polygonato o, gives different ratio for v
It is tuned to the same u*/u" ratio with a different Z +

Clermont-Ferrand, 19-04-2012 Tom Gaisser



Seasonal variations of u in IceCube
and K/m ratio

This work is in progress in IceCube. Preliminary
results were shown by Paolo Desiati at ICRC 2011
(arxiv:1111.2735, with TKG, T. Kuwabara).

See also S.Tilav et al., ICRC 2009 (arxiv:1001.0776)

Clermont-Ferrand, 19-04-2012 Tom Gaisser
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History

Cornell

— P.H. Barret et al., Refs. Mod. Phys. 24 (1952) 133
MACRO

— M. Ambrosio et al., Astropart. Phys. 7 (1997) 109
LVD

— M. Selvi, Proc. 315t ICRC (2009)
AMANDA

— A. Bouchta, Proc. 26t ICRC (1999)

MINQOS

— P. Adamson et al., Phys. Rev. D81 (2010) 012001
IceCube

— S.Tilav et al., Proc 315t ICRC (2009)

— P. Desiati et al., Proc. 32" |[CRC (2011)



MINQOS/IceCube

PHYSICAL REVIEW D 81,
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Temperature
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AR, /<R,>, AT/ <T 4> [%]

Correlation coefficient relates Rate & T

High statistical precision of IceCube

(P RN DT ] T ST Ty WO S

(Bt b bron ol i i oo dle A i

/%Fr Jul Oct Jan Apr
2007 2007 2007 2008 2008

Clermont-Ferrand, 19-04-2012
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o depends on K/m

A A
E )6 - E X = -
d’u( u ) ¢N( u) {1+B7WCOSBE“/€W T 1+BKMCOSQEM/€K}

A/rvni 02 h() €x,0 T

Ecritical = — — X
| cos g* cos 0* cT; cos@* Ty

1 do,(Ew,0)
a,(E,,0) =T o Sl
B0 = B 4T
See Desiati & TKG
PRL 105, 121102 (2010) T d Any _ _AmuBrycos OF,/€x
dT'1 + Brucos0E,/ex (1 + By, cosbE,/e;)?

| T
~ [dE¢,(E,0) x A, (E,0

o, (6) S % diT / dE ¢,(E) X A, i (E, 6).

Clermont-Ferrand, 19-04-2012 Tom Gaisser 17



Teff

Weight function (normalized), 2007
0.5 : — : -
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K/mt ratio
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Can we use seasonal variations to see
prompt leptons from charm decay?

* Look for charm as temperature-independent

component
* Also isotropic
* Need 100 TeV u
with high statistics
* Expect~10°u
per year in lceCube
with E, > 100 TeV

Temperature coefficient

1 T T LI | T T LI | T T LI | T T LI | T T T

08

06 -

04F v

02

10° 10° 10° 10° 10° 10

P. Desiati & TG, PRL 105 (2010) 121102



Atmospheric v for E, > 100 TeV

Plot by Kurt Woschnagg, IceCube

* This is the current range
of interest for IceCube
looking for a diffuse flux
of astrophysical

10 m. m Frejusv
- .,; o Fre}usv';

— g SuperK v,

<,
. %, AMANDA v,
X o unfoldin

’;60 1 forward ?olding
.
N fﬁ/:’ lceCube v,
AN e unfoldin

-
o
n
T

E2 ®, [GeV cm? s sr ]
5 o
- W
115

neutrinos above the -, N Tfowvard?owmg
background of ol N\ X
atmospheric neutrinos o "ot !

* Need to account for ool cosmicw, { W bound

= N
8 IceCube limit
knee in primary S JNN
spectrum L / og,.(E, [GeV])
* Also relevant for v

tOmOgraphy (K Hoshina) Current IceCube limit:
Phys. Rev. D84 (2011) 082001

Clermont-Ferrand, 19-04-2012 Tom Gaisser 21



Neutrino yield

o0 (Ey,0) = / dEo ®x (Eo) Y, (E,. Eo,0)

If the yield per nucleon (Y, ) is known, we can calculate v (or w)
flux numerically for an arbitrary primary spectrum. For a power-
law spectrum, the neutrino spectrum is known (see slide 4), so the
yield can be obtained by inverting the following integral equation

(inverse Mellin transform):

o, (F,,0) = /dEO KE;“Y,(E,, Ey,0)



Elbert formula for yields of u and v

Lipari showed that the Elbert formula for muons approximates the
Mellin transform of the elementary solution (Astropart. Phys. 1 (1993) 399):

A Eo \" AE, N\
N,(> E,) = & 1 — —*+
u(> By) E, cost (AEM) ( Ey >

£, ~ 14.5GeV, p~0.76 and q ~ 5.25

The corresponding formula for neutrinos differs only in the
decay kinematics of 1 = v instead of t 2 u

From this | estimate
£ ~ 4.8GeV
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Summary remarks

Analytic approximations
— Could substitute for CORSIKA etc in u tomography

Muon charge ratio refines K/ ratio (and v /v )
Seasonal effects well understood

Prompt leptons?

Atmospheric neutrinos above 100 TeV — o.k.



On-ice weekly report week 15 2 -8 April 2012

This week in pictures.

From Sven Lidstrom at the South Pole

Moon over South Pole at -100F ICL in moonlight

Carlos in action on Tuesday 300 club training session

Clermont-Ferrand, 19-04-2012 Tom Gaisser 26
Walking home Last of the trace of sunlight in the horizon



Follow the charges

Reference: TKG arXiv:1111.6675v2

X
ox(E) = ox(0) x exp(—22)  A(X) = Gagw(0) x ezp(—+)
N (0) —n(0) 1 1-Zp+ 2, 1
N=p+n 00:£(0)+n(0) I_1+pr+anAN

For the pion channel only, the result is ( Frazer et al., 1972)

Aq, % 0.5(1 £ Béoay)

+ _
¢“(EM) — ¢N(EM)1 + B;_EHECOS(G)EM/GW

1= Zw=%m 1009 @ = Zont = Zon= 165 oy = 2Kt~ Lok
1 —Zpp+ Zpn Lzt + Lpn- Zpk+ + ZpK-

Clermont-Ferrand, 19-04-2012 Tom Gaisser 27



Kaon channel

_ ZNK- ANk

PK(Eu)” = ZNK on(Ew) 1+ Bgpcos(0)Ey/ex

2(1+ axBdo)
1+ B;:»# cos(0)E,/ek

ok (Ey)" = on(EL) ANk X

o — Zpk+ — ZLpk-
p2natt=n—2>pmw butp2>AK=n->AK’ T+ + Zpic-
- _ p(0) —n(0)
To evaluate the formulas we need the proton excess, §, =
p(0) +n(0)

and we need the energy spectrum of nucleons ¢(Ey) per GeV/nucleon

Clermont-Ferrand, 19-04-2012 Tom Gaisser 28



3 fits to uw*/u ratio:

u*/u ratio

1.

50:

p(0) — n(0)

p(0) +n(0)

= constant = 0.76

0, energy-dependent from fit to CREAM, etc.
3. 9, energy-dependent + decrease K*

1.6 T ————r
CMS —8—
OPERA H——x—
15 F MINOS +—e— _
Utah +——<—
energy independent
reduced K/t | =
L low-E -------- Bt =
1.4 high-E - -- -- - ; L'I..n::“ :
a5
13 F _..--::‘::3::"
1.2
1.1 L
0.01 0.1

Eucose {TeV)

Clermont-Ferrand, 19-04-2012
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1.6 T T T T T TT | T T T T | P L P I
CMS —3—
L3-C —+—
15 F MINQOS +—e—
energy independent
composition{E) --------
plus reduced K/rt
o 14
[
2
3
:‘ 1'3 Fen LR
12 _
1.1 — e s z =
0.01 0.1 1 10
E, (TeV)
Tom Gaisser 29



Dependence of scale heighton T

h = altitude
X — XO % e—h/ho X = column depth (g/cm?)

X, = column depth at sea level

The scale height h, is not constant, but it defines an exponential
approximation to the atmospheric profile locally at each altitude.

dX X

The local density is p = o = I and pressure P = gX
0

The ideal gas law relatesPandptoTbhy P —= p%T where

R = 8.315J/(mol - K), M = 0.028964 kg/mol, g = 9.8m/s*

X P RT
hg = — = = — = 6.18km forT =211°K

p gp Mg



Muons most favorable because of high
rate

* Muon energy spectrum by burst method

* Depends on identifying large radiative bursts
along muon tracks

— Measure energy of single burst to select single
muon from possible bundle

— Relate to energy of muon at surface statistically
using well-known energy loss theory



summer/winter

Calculation for 2 different models

Seasonal effect has an angular dependence because E = ¢ / cosO

Bugaev et al. (probably excluded)

Temperature coefficient (charm component of Bugaev et al.)

2 - - — - i
vertical
c0s6=0.75
cos0=0.5 —
cos0=0.25 --------
1.5 |
1 Le—r
05 |
0 Ll L 1 e L .
10’ 10° 10° 10* 10° 108 107
E, (GeV)

summer/winter

critical —

Enberg et al.

Temperature coefficient (charm component of Enberg, Reno, Sarcevic)
2 — T . - r T 1 r I

vertical
c0s0=0.75
cos6=0.5 —
c0s6=0.25 --------
15 |
1
0.5 |
0 1 1 1 | |



Elementary solution

Solution for a power law primary spectrum is known.

For example, in the high energy limit for the pion channel,

Zne(V) _Ax (M) & (1 — 7))+
1_ZNNA7T_AN AN E,/COS@ ’7—|—2

v

™) __ —(v+1
gb()—KEM(” )

— /dEOKEO_a YV(EV,EO,H)

Invert the integral (inverse Mellin transform) to findY,, (E,,, Ey, 0)
(Note dependence of Z, . etc. on ¥)

Reference: P. Lipari et al., arXiv:1010.5084



Calculate v flux from N, (>E, ,E,,0)

¢V(> EV) = /dEo (I)N(Eo) NV(> EV,E(),@)

Here the primary spectrum of nucleons can have any shape.
The result is obtained by a simple numerical integration.

Differentiate the integral spectrum to obtain the differential
neutrino spectrum



Energy spectrum of atmospheric muons
and neutrinos

* Atlow energy, @,  hassame spectral index at
production as primary spectrum

* @, becomes steeper by one power of
energy at high energy

* Critical energy depends on zenith angle:

Ecri'fical = 8i / COSO



5-component model, 3 populations
Hillas model: SNR, Galactic B, extragalactic

All-particle spectrum  ¢,(E) = X3_, a;; E77 x exp [_Z]]i ]
14le,j

Spectrum of nucleons  ¢; n(En) = A X ¢;(A EN)

R. Yl oPp He CNO Mg-Si Fe
v for Pop. 1 — | 1.66 158 1.63 1.67 1.63
Population 1: 4 PV | see line 1 | 7860 3550 2200 1430 2120
Pop. 2: 30 PV 1.4 | 20 20 134 134 134
Pop. 3 (mixed): 2 EV 14| 1.7 1.7 114 114 1.14
” (proton only): 60 EV 1.6 | 200. 0 0 0 0




Neutrinos from kaons

C‘(rtIC\J 'Q“Qﬂ%\] e[ :Ml.cl l,\o
c T,
€ = | GeV Critical energies determine
where spectrum changes,
Eq =115 GV P J

but A, /A, and A., / Ay,

determine magnitudes

ét,lwvw: ~ 5"’07 Gl

E = S Tp \/
0D
KL 0205 Te New information from MINOS

relevant to vy, with E > TeV



Factors in atmospheric v beam

Branching ratio

For each parent i = t*, K*, charm:
or each parent | = 7%, K%, cha /momentofdecay

A . ZN@' X BRZ,/ X Ziz/
n,g — 1 — ZNN

Spectrum-weighted moment
of hadron production

Forexample, for N 4+ aqir — KT + X

1 Lo d
Inres = / - onNk+(T) Ao
ON,air JO dz




