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The atmospheric muon charge ratio 
•  The atmospheric muon charge ratio  

 Rµ ≡ Nµ+/Nµ- is being studied and 
measured since many decades 
–  Depends on the chemical composition 

and energy spectrum of the primary 
cosmic rays 

–  Depends on the hadronic interaction 
features 

–  At high energy, depends on the prompt 
component 

•  It provides the possibility to check HE 
hadronic interaction models (E>1TeV) in 
the fragmentation region, in a phase 
space complementary to the collider’s one 

•  Since atmospheric muons are kinematically 
related to atmospheric neutrinos (same 
sources), Rµ provides a benchmark for 
atmospheric ν flux computations (e.g. 
background for neutrino telescopes) 
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µ	


µ	


(ordinary) meson decay: dNµ/d cosθ	  ~ 1/ cosθ	


π	


Κ	


hadronic interaction: multiparticle production  
σ(A,E), dN/dx(A,E) → extensive air shower 

νµ	


short-lifetime 
meson production  
and prompt decay 

(e.g. charmed mesons) 
Isotropic angular 

distribution 

detection: Nµ(A,E), dNµ/dr 

transverse size of bundle 
∝ PT(A,E) 

Primary C.R.  
proton/nucleus:  
A, E, isotropic 

TeV muon propagation  
in the rock: radiative  
processes and 
fluctuations 

Inclusive production of  TeV muons (and 
neutrinos) 
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µ	


νµ	


νµ	


High xF = Elepton / Enucleon 
Forward Region 

 High pseudorapidity  
Phase space inaccessible to 

accelerators 



π	


p (primary) air 
nucleus 
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Inclusive production of  TeV muons (and 
neutrinos) 

Conventional muon and muon neutrino yields: N + air  π± , K±	


π± , K±  µ± νµ(νµ)   

The fluxes are similar, but the meson parents 
contribute differently to µ and νµ	


Anatoli Fedynitch, CR+LHC workshop, CERN, 12.02.2012

• The steepness of the primary spectrum suppresses the contribution of 
secondary interactions (SI) of the form                                 or N ! K ! ⇡ ! µ
N ! ⇡ ! ⇡ ! µ

• The combination of meson abundance, their decay length, the density of the 
atmospheric profile,the branching ratios and the decay kinematics results in 
different meson origin of the observed lepton species

Mesonic origin

13

Kaon decays are 
the dominant 
contribution to 
the muon 
neutrino flux  

(Fedynitch, LHC-CR workshop 2013) 



Key features of Rµ 

π	


p (primary) air 
nucleus 

•  Assume only primary protons with a spectrum dN/dE = N0E-(1+γ) 

•  Assume only pions and neglect muon decays (HE limit) 
•  Consider the inclusive cross-section for pions 

Naïf prediction 

Feynman 
scaling 

€ 

Rµ =
µ+(Eµ )
µ−(Eµ )

=
π +(Eπ )
π −(Eπ )

=
Zpπ +

Zpπ −

Assuming Feynman scaling, the muon charge ratio prediction: 

€ 

Zpπ ± ≡ f pπ
±
~

(x)x γ −1dx
0

1
∫ Spectrum  weighted moments 

(SWM) 
where Zij: 

(Gaisser, Cambridge University Press) 
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Interpretation of the prominent features: 
•  The result is valid only in the fragmentation region, enhanced in the SWM 
•  But the steeply falling primary spectrum (γ ~ 1.7) in the SWM suppresses the 
contribution of the central region  scaling holds 
Each pion is likely to have an energy close to the one of the projectile (primary 
CR proton) and comes from its fragmentation (valence quarks)  
 positive charge (Rµ > 1) 
•  Rµ does not depend on Eµ (or Eπ) nor on the target nature 
•  Rµ depends on the primary composition through δ0	


Feynman 
scaling 
validity 

Elaborating the minimal model: 
•  Introducing the neutron component in the primary flux (in heavy nuclei) and considering 
the isospin symmetries: 

primary proton excess 

€ 

δ0 = (p0 − n0) /(p0 + n0)

€ 

Rµ =
1+δ0ΑΒ
1−δ0ΑΒ

€ 

Α = (Zpπ + − Zpπ − ) /(Zpπ + + Zpπ − )

Β = (1− Zpp − Zpn ) /(Zpp + Zpn )where: 

Key features of Rµ (cont’d) 
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•  For kaons: 

 because the reaction 

        p  Air  K+ Λ N + anything 

 is favoured (associated production) 

Kaon contribution 

θ = 0o 

θ = 60o 
επ	
 εΚ	


εi = εi(θ)  critical energy  
energy above which interactions 
dominate over decays. Along the 
vertical (θ = 0o): 

	
επ = 115 GeV 	

	
εK = 850 GeV	

	
εX > 107 GeV 

 This leads to a larger Rµ ratio 
 at high energy 

•  At higher energy (>100 GeV) the contribution  
 of K becomes important 

•  In general, the contribution of each component  
 to the muon flux Npar = (π, K, charmed, etc.)  
depends on the relative contribution 
of decays and interaction probabilities: 
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Parameterization of the charge ratio 
•  Considering the general form for the muon flux 

 where we have made explicit the εi(θ) dependence on θ 

•  The correct variable to describe the evolution of Rµ is 
therefore Eµcosθ* (assuming a constant primary composition) 

•  The Rµ evolution as a function of Eµcosθ* spans over the different sources 

  Rµ = wπRµ
π + wKRµ

K + wcharmRµ
charm +… 

Earth 

θ*	
θ	


POWERFUL HANDLE TO 
DISCRIMINATE MODELS 

 θ* ≡ zenith angle  
at the production point 

Analysis of experimental results in terms of Eµ cosθ* 
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Experiments with magnetic field: 
•  Utah:  

G. K. Ashley et al., Phys. Rev. D12 (1975) 20 

•  CMS: (shallow depth) 
 CMS Collaboration, Phys. Lett. B692 (2010) 83 

•  MINOS: 
P. Adamson et al., Phys. Rev. D76 (2007) 052003 + Phys. Rev. D83 (2011) 032011 

•  OPERA: 
N. Agafonova et al., Eur. Phys. J. C67 (2010) 25 + Eur. Phys. J. C74 (2014) 2933  

Experiments without magnetic field: 
•  Kamiokande-II 

M. Yamada et al., Phys. Rev. D44 (1991) 617 
–  Underground Cherenkov detector at Kamioka ~2700 m.w.e., delayed events on stopping muons, one bin with 0° < θ < 90°  

•  LVD: 
N. Agafonova et al., Proc. 31th ICRC, ŁÓDZ 2009 + arXiv:1311.6995 
–  Underground at LNGS, average overburden ~3800 m.w.e., scintillators, delayed events on stopping muons, one bin with θ < 15° 

Rµ measurements with Eµcosθ* ~ 1 TeV 
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OPERA detector 

Target 
bricks walls + Target Tracker 

ν!

Target 
bricks walls + Target Tracker 

Spectrometer 
RPC + drift tubes 

Spectrometer 
RPC + drift tubes 

SM 1 SM 2 

OPERA: 〈Eµcosθ*〉 ≈ 2 TeV The (magnetized) experiment with 
the largest Eµcosθ* 

Target + magnetic spectrometer (1.53 T) at LNGS, average overburden ~3800 m.w.e.,  
drift tubes + RPC + scintillators, detector angular window 0° < θ < 90°  
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Charge and momentum reconstruction 

•  Charge and momentum information 
provided by the bending angle Δφk = φi – φj  
(k=1,...,4, for the 4 arms) 

Top view of the 
OPERA detector 

Δφ ≡ 
bending 
angle 

  0.15 mrad angular 
resolution for φ = 0  
(improve for φ > 0) 

charge-symmetric detector: 
same acceptance for µ+ and µ- 

  Combination of the two data sets with opposite magnet polarities 
  disposing of the misalignment systematics (~0.1 mrad) 
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Results: underground muon charge ratio 

OK, 
nµ=3 

 Rµ computed separately for single and multiple muon events 
–  Multiple muons: compute Rµ when the 3D  

multiplicity is > 1, independently on the  
number of measured charges in the event 

Nµ	
 ‹A› ‹E/A›primary 
[TeV] 

H fraction Np/Nn Rµ
unf  

= 1 3.35 ± 0.09 19.4 ± 0.1 0.667 ± 0.007 4.99 ± 0.05 1.377 ± 0.006 

> 1 8.5 ± 0.3 77 ± 1 0.352 ± 0.012 2.09 ± 0.07 1.098 ± 0.023 

“dilution” of Rµ for multiple muon events 

primary features extracted from a full MC 
Full OPERA data 
(5-year statistics) 

convolution of two effects: 
larger n/p ratio in the all-nucleon spectrum ⊗ different xF region 

Full OPERA data set (2008-2012): combining data taken with opposite magnet polarities  
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Charge ratio of multiple muon events 
•  The smaller value of the charge ratio of multiple muons is due to the 

convolution of two effects: 
larger n/p ratio in the all-nucleon spectrum ⊗ different xF region 

Feynman x: xF ≅ Esecondary/Eprimary n/p ratio in primary cosmic rays 

Multiple muon sample:  
higher E/nucleon, higher average A  

Multiple muon sample:  
smaller xF, towards the central region 
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Fixing	  RΚπ	  =	  0.127	  (weighted	  
average	  of	  experimental	  
values,	  Grashorn	  et	  al.):	  
fπ+	  =	  0.5512	  ±	  0.0014	  
fΚ+	  =	  0.705	  ±	  0.014	  

only single muons 

Rµ as a function of Eµ cos θ*	
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Bin Eµ cosq ⇤ (Eµ cosq ⇤)MPV hqi Rµ dRµ (stat.) dRµ (syst.)
(GeV) (GeV) (deg) %

1 562 - 1122 1091 47.5 1.357 0.009 1.8
2 1122 - 2239 1563 42.8 1.388 0.008 0.1
3 2239 - 4467 2972 46.9 1.389 0.028 2.1
4 4467 - 8913 7586 60.0 1.40 0.16 7.1

Table 4 The charge ratio in bins of Eµ cosq ⇤. Here reported are the energy bin range, the most probable value of the energy distribution in the bin
(MPV, evaluated using the full Monte Carlo simulation described in [9]), the average zenith angle, the charge ratio and the statistical and systematic
uncertainties.
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Fig. 2 The muon charge ratio measured by OPERA as a function of the vertical surface energy Eµ cosq ⇤ (black points). Our data are fitted together
with the L3+C [12] data (open triangles). The fit result is shown by the continuous line. The dashed, dotted and dash-dot lines are, respectively,
the fit results with the inclusion of the RQPM [18], QGSM [18] and VFGS [19] models for prompt muon production in the atmosphere. The
vertical inner bars denote the statistical uncertainty, the full bars show the total uncertainty. Results from other experiments, MINOS Near and Far
Detectors [13, 14], CMS [15] and Utah [16], are shown for comparison.

The pion moments Zpp+ and Zpp� were set to the values
reported in [2], since the fraction of positive pions in the
atmosphere fp+ = 0.5512± 0.0014 derived in this work is
robust and consistent with previous measurements [13, 14]
and with the ZNp values based on fixed target data [22]. The
moment ZpK� was also set to the value given in [2], since
for K� there is no counterpart of the associated production
L K+. On the other hand K� are equally produced in K+K�

pairs by protons and neutrons (ZpK� ' ZnK� ).

A linear energy dependence in logarithmic scale of the
parameter d0 was assumed, d0 = a + b log10(EN /GeV/nu-
cleon), as suggested by direct measurements of the primary

composition and by the Polygonato model [23]. We fixed
the slope at b = �0.035 which was obtained fitting the val-
ues reported in [2]. All the assumptions on the parameters
appearing in Eq. 3 are summarized in Table 5.

We made a two-dimensional fit of OPERA and L3+C
data as a function of (Eµ ,cosq ⇤) to Eq. 3 with d0 and ZpK+

as free parameters. The fit yields the composition parameter
at the average energy measured by OPERA hEµi = 2 TeV
(corresponding to hENi⇡ 20 TeV/nucleon) d0(hEµi)= 0.61±
0.02 and the factor ZpK+ = 0.0086±0.0004.

The result of the fit in two variables (Eµ ,cosq ⇤) is pro-
jected on the average OPERA zenith hcosq ⇤i ' 0.7 and is

  Fit with the function 

µ	


surface 
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Rµ as a function of Eµ cos θ* and δ0	
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Fig. 1 The muon charge ratio measured by OPERA as a function of
the underground muon momentum pµ . Data are fitted to Rµ (pµ ) =
a0 +a1 log10(pµ/(GeV/c)).

The single muon charge ratio was projected at the Earth
surface using a Monte Carlo based unfolding technique for
the muon energy Eµ [9]. As a first attempt, only pion and
kaon contributions to the total muon flux are considered. We
used the analytic approximation described in [7] to infer the
fractions of charged mesons decaying into a positive muon,
fp+ and fK+ . This approach does not yet consider any en-
ergy dependence of the proton excess in the primary compo-
sition. In this case the muon flux and charge ratio depend on
the vertical surface energy Eµ cosq ⇤, where q ⇤ is the zenith
angle at the muon production point [11].

Rµ is computed as a function of the vertical surface muon
energy, binned according to the energy resolution, which
is of the order of d(log10 Eµ/GeV) ' 0.15 in a logarith-
mic scale [9]. In each bin the two polarity data sets are
combined and the obtained value is corrected for the charge
misidentification. The two contributions to the systematic
uncertainty are computed and added in quadrature. The re-
sults are shown in Fig. 2, together with data from other ex-
periments (L3+C [12], MINOS Near and Far Detectors [13,
14], CMS [15] and Utah [16]). The information for each of
the four Eµ cosq ⇤ bins are presented in Table 4: the energy
range, the most probable value of the energy distribution in
the bin, the average zenith angle, the charge ratio Rµ , the
statistical and systematic uncertainties.

Following the procedure described in [7], we fitted our
data and those from [12] (for the high and low energy re-
gions) in order to infer the fractions fp+ and fK+ . In this ap-
proach, the atmospheric charged kaon/pion production ratio
RK/p had to be fixed. For this, we took the weighted average
of experimental values reviewed in [17], RK/p = 0.127. The
fit yields fp+ = 0.5512± 0.0014 and fK+ = 0.705± 0.014,
corresponding to a muon charge ratio from pion decay Rp =
1.228 ± 0.007 and a muon charge ratio from kaon decay
RK = 2.39±0.16.

Taking into account various models for charm produc-
tion, namely RQPM [18], QGSM [18] and VFGS [19], the
positive pion and kaon fractions obtained from the fit are
unchanged within statistical errors. The results are shown in
Fig. 2. The prompt muon component does not significantly
contribute to Rµ up to Eµ cosq ⇤ <⇠ 10 TeV.

Recently, an enlightening analytic description of the muon
charge ratio considering an explicit dependence on the rel-
ative proton excess in the primary cosmic rays, d0 = (p�
n)/(p+n), was presented in [2]:

Rµ =

"
fp+

1+BpEµ cosq ⇤/ep
+

1
2 (1+aKbd0)AK/Ap

1+B+
K Eµ cosq ⇤/eK

#
(3)

⇥


1� fp+

1+BpEµ cosq ⇤/ep
+

(ZNK�/ZNK)AK/Ap
1+BKEµ cosq ⇤/eK

��1

Here p and n fluxes are defined as

p = Â
i

Zi Fi(EN); n = Â
i
(Ai �Zi)Fi(EN) (4)

where the index i runs over the primary ions (H, He, CNO,
Mg-Si, Fe) and EN is the primary nucleon energy. The con-
tributions from decays of pions and kaons are included in
the kinematic factors Ai,Bi,ei (i= p,K) described in [2, 11].
An analogous contribution from charm decay is foreseen at
high energies but still not observed. The spectrum weighted
moments Zi j [2] are contained in b and aK :

b =
1�Zpp �Zpn

1�Zpp +Zpn
; aK =

ZpK+ �ZpK�

ZpK+ +ZpK�
(5)

Isospin symmetry allows expressing the pion contribution in
terms of fp+ , where

fp+ =
1+bd0ap

2
(6)

Here ap is obtained replacing the subscript K with the sub-
script p in aK .

We extracted from the data the composition parameter
d0 and the factor ZpK+ related to the associated production
L K+ in the forward region. The ZpK+ moment is still poorly
known and its predicted value considerably differs for differ-
ent Monte Carlo codes [20, 21].

In Eq. 3 the charge ratio does not exclusively depend on
the vertical surface energy. Since the spectra of primary nu-
clei have different spectral indices, the parameter d0 depends
on the primary nucleon energy EN . In the energy range of in-
terest the approximation EN ' 10⇥Eµ can be used [2].

The correct way of taking into account the different de-
pendencies is to simultaneously fit Eq. 3 as a function of the
two variables (Eµ ,cosq ⇤). The range cosq ⇤ = [0.1,1] was
divided in 4 bins, the range log10(Eµ/GeV) = [2.95,4.33]
was divided in 5 bins. In each (Eµ ,cosq ⇤) bin the data sets
with opposite polarities are combined and R̂µ is corrected
for the charge misidentification.

Taking into account an explicit dependence on δ0 = (p - n)/(p + n):  
(Gaisser, Astropart. Phys. 35 (2012) 801)  

δ0 depends on Eprimary/nucleon ≈ 10 Eµ  (not on Eµ cos θ*!)  

  Different dependencies:  
fit in 2-dimensions (Eµ, cos θ*) 
 20 bins: 5 energy bins × 4 angular bins 

  Fixed parameters (see table) 
    Inferred parameters: ZpK+ and δ0  
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Fig. 3 Our measurement of the muon charge ratio as a function of the surface energy Eµ (black points). The two-dimensional fit in (Eµ ,cosq ⇤)
yields a measurement of the composition parameter d0 and of the factor ZpK+ . The fit result is projected on the average OPERA zenith
hcosq ⇤i ' 0.7 and shown by the continuous line. Results from other experiments, L3+C (only for 0.675 < cosq < 0.75) [12], MINOS Near
and Far Detectors [13, 14], CMS [15] and Utah [16], are also shown for comparison.

Parameter Value Ref.
Parameters depending on hadronic interactions

Zpp+ 0.046 [2]
Zpp� 0.033 [2]
ZpK� 0.0028 [2]

b 0.909 [22]
Parameters depending on primary spectral index

Ap 0.675 ZNp [7]
AK 0.246 ZNK [7]
Bp 1.061 [7]
BK 1.126 [7]

Parameters depending on primary composition
b -0.035 [2]

Critical energies
ep 115 GeV [22]
eK 850 GeV [22]

Table 5 Summary of the assumed parameters and related values ap-
pearing in the charge ratio parameterization (Eq. 3). The parameters
are classified according to the main dependencies.

shown in Fig. 3 together with the measured charge ratio as a
function of the surface muon energy.

4 Conclusions

The atmospheric muon charge ratio Rµ was measured with
the complete statistics accumulated along the five years of
data taking. The combination of the two data sets collected
with opposite magnet polarities allows reaching the most ac-
curate measurement in the high energy region to date. The
underground charge ratio was evaluated separately for sin-
gle and for multiple muon events. For single muons, the in-
tegrated Rµ value is

Rµ(nµ = 1) = 1.377±0.006(stat.)+0.007
�0.001(syst.)

while for muon bundles

Rµ(nµ > 1) = 1.098±0.023(stat.)+0.015
�0.013(syst.)

The integral value and the energy dependence of the charge
ratio for single muons are compatible with the expectation
from a simple model [2, 22] which takes into account only
pion and kaon contributions to the atmospheric muon flux.
We extracted the fractions of charged pions and kaons de-
caying into positive muons, fp+ = 0.5512±0.0014 and fK+ =
0.705±0.014.

Considering the composition dependence embedded in
Eq. 3, we inferred a proton excess in the primary cosmic
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Rµ as a function of Eµ
	


δ0	  	  (EN ≈ 20 TeV/n)= 0.61 ± 0.02 
ZpK+ = 0.0086 ± 0.0004 

Fit result: 

Projecting the fit result on the average OPERA zenith <cos θ*> ≅ 0.7:  
Rµ as a function of the surface muon energy 

only single muons 

µ	


surface 
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3.3. Muons and the µ+/µ− ratio

The flux of muons in the atmosphere is similar in
form and closely related to the flux of muon neutrinos,
with three terms as in Eq. (3). The abundant and well-
measured spectrum of atmospheric muons is therefore
an important benchmark for any calculation of neutrinos.
In fact, measurements of atmospheric muons [12] are
used to tune the model for hadron production for one
of the standard neutrino flux calculations [13]. The main
difference between µ and νµ is the kinematics of the two-
body decays of charged pions and kaons. Because the
muon carries most of the energy in pion decay, and because
more pions are produced than kaons, most muons come
from the pions, even after accounting for the steep primary
spectrum and the higher value of εK .

The signature of the kaon channel nevertheless shows
up in an important way in the charge ratio of muons, which
increases from ≈ 1.28 around 100 GeV [14] to ≈ 1.4 at
a TeV and above [15,16]. Although most muons come
from π± → µ + νµ, the fraction from kaons increases
above the energy at which charged pions begin to prefer
interaction to decay in the atmosphere. The critical energy
for pions is ≈ 115 GeV compared to ≈ 850 GeV for kaons.
There is an increase in the muon charge ratio in this
energy range because of the importance of associated
production, p → K+$, which makes the ± charge ratio
higher for kaons than for pions. The fluxes of µ+ and
µ− can be calculated in a straightforward way by keeping
track of positive and negative meson fluxes separately [17].
The ratio depends both on the excess of protons in
the primary spectrum and on the spectrum-weighted
moments for the separate meson charge channels. Using
the calculation of Ref. [17] to fit the proton excess
in the primary spectrum and the Z-factor, the OPERA
group found δ0 = (p0 − n0)/(p0 + n0) = 0.61 ± 0.02 and
Z pK+ = 0.0086 ± 0.0004 at a mean muon energy of
2 TeV [16]. This result has implications for the ratio νµ/ν̄µ

in the same energy region. With the value of Z pK+ from
OPERA, the expected ratio for muon neutrinos increases
from νµ/ν̄µ ≈ 1.5 at low energy to ≈ 2.3 above a TeV, as
shown in Fig. 2.

4. Analytic and numerical calculations
of atmospheric neutrinos
A formal expression for the flux of neutrinos is

φν(Eν, θ ) =
∑

A

∫ ∞

Eν

φA(E A)Yν(A, Eν, E A, θ )dE A, (7)

where φA is the primary flux of nuclei with total energy
E A and Yν(A, Eν, E A, θ ) is the yield of neutrinos from a
given primary nucleus. A Monte Carlo evaluation of this
integral is the standard approach for detailed calculations
of the fluxes of atmospheric muons and neutrinos [13,18].
The results can be re-weighted to correspond to any desired
description of the primary spectrum and composition,
including the effects of geomagnetic cutoffs at different
locations. It is straightforward to include muon energy
loss and decay. The flux can be extended to high
energy with good statistics by forcing all mesons to

 1
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Figure 2. Ratio of νµ/ν̄µ inferred from the the µ+/µ− ratio of
OPERA [16].

decay and recording the fractional probability that the
decay would actually have occurred. In the calculation
of Ref. [18], the yields were calculated by Monte Carlo
for five representative nuclei (p, He, N, Si, Fe) at ten
primary energies per decade, equally spaced in log(E A).
The neutrino flux bins were filled with the appropriate
fractional weights in logarithmically spaced bins of
neutrino energies. For both Refs. [13,18] the calculations
extend only to Eν = 10 TeV.

Analytic and numerical calculations are a useful
alternative to the Monte Carlo approach because of the
insight they provide into which aspects of the physics
are most important for different features of the spectra
of atmospheric leptons. A simple, fast analytic/numerical
routine is also suitable for systematic exploration of
uncertainties in the lepton fluxes due to lack of knowledge
of the primary spectrum/composition and to the hadronic
interactions. Two approaches were described at this
conference, the numerical integration of the coupled
matrix of equations [19] and the iterative scheme [20]
of Sinegovskaya et al. [21]. The approach developed in
this paper uses energy-dependent Z-factors to account
for energy dependence of hadronic interactions and non-
power-law behavior of the primary spectrum.

4.1. Energy-dependent Z-factors

In their paper on neutrinos and muons from charm decay,
Gondolo, Ingelman & Thunman [10] showed that the
simple Eq. (3) valid for a power-law primary spectrum
and scaling can be adapted to include energy dependence.
With the generalized definition of the Z-factors as in
the example of Eq. (5), the algebraic solutions (Eq. (3))
correctly account both for the energy dependence of meson
production and for the non-power-law behavior of the
primary spectrum, provided that the energy dependences
are sufficiently gradual. This scheme was used in Ref. [22]
and Ref. [23] to account for the effect of the knee
in the primary spectrum. Here I also give an example
of the comparison of two different interaction models.
Evaluating the energy-dependent Z-factors as in Eq. (5)
requires a representation of the production distribution for
each particle considered. Using the simple, two-parameter
forms of Ref. [24] is sufficient, provided the parameters

05002-p.3

δ0	  	  (EN ≈ 20 TeV/n)= 0.61 ± 0.02 
ZpK+ = 0.0086 ± 0.0004 

Taking into account the Z-factor 
measured by OPERA  

Expected ratio of 
atmospheric muon 
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energy to ~2.3 above a TeV 

The atmospheric νµ/νµ ratio	
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Conclusions 
•  The atmospheric muon charge ratio Rµ provides relevant  information for 

both astro- and particle physics  

•  Above ~100 GeV up to ~TeV: rise of Rµ vs Eµ cos θ*  
  increasing kaon contribution 

•  Rµ measurements in the TeV range allow to constrain kaon production in a 
phase-space inaccessible to accelerators 

•  The OPERA measurement in the highest energy region: 

  Rµ for single muons compatible with the expectation from a simple π-K model 

   No significant contribution of the prompt component up to Eµ cos θ* ∼ 10 TeV 

  Extracted relevant parameters on the primary composition (δ0) and the associated 
kaon production in the forward fragmentation region (ZpK+ moment) 

   Validity of Feynman scaling in the fragmentation region up to Eµ ∼ 20 TeV, 
corresponding to primary energy/nucleon EΝ ∼ 200 TeV 
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Thank you! 



Spares 
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Dependencies of Rµ	


•  Rµ exhibits a zenith dependence if: 
a)  Muon contributions from different sources with different Rµ	


b)  At least one source has a zenith dependence (e.g. π and K due their relatively long 
lifetimes) 

•  In the past several authors applied corrections to convert inclined to vertical Rµ 
measurements 

•  This procedure has a limit: it assumes no other sources apart from π and K and 
it assumes Zpπ and ZpK are known 

•  The projection on the vertical via 
Eµcosθ is safer   
 capability to explore new 
(isotropic) components and to 
derive Zpπ and ZpK from data 
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Phase space of atmospheric µ, νµ	


Anatoli Fedynitch, VLVNT workshop, Rome 09/2015

Relevant phase-space for atmospheric leptons

25

conventional conventional + prompt

LHC

charm probes more central 
phase-space

conventional flux probes 
forward physics

149 GeV

fixed target equiv.

Fedynitch, VLVNT 2015 



  Good overall angular resolution 
“resolutions” < 1 deg both for zenith 
and azimuth direction reconstruction 

Cosmic event reconstruction in OPERA 

θ	   φ

  Multiple muon events well reconstructed 

  High angular resolution in the PT system 
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6 PT stations for each spectrometer: 
2 upstream of the first magnet arm, 2 
in the middle, 2 downstream of the 
second magnet arm 

Top view of the 
OPERA spectrometer 

PT system in the spectrometer 
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Systematic uncertainty on Rµ	


  Misalignment: combination procedure 
•  Estimate of the residual systematic uncertainty related to the combination 

procedure: difference between the charge ratio Rµ for muons coming from 
opposite directions: δRµ = |Rµ (up)- Rµ (down)| 

  Charge misidentification η from experimental data 
•  Estimate δη = ηdata – ηMC for a subsample of events crossing both arms of a 

spectrometer: computation of the probability p of reconstructing  
  opposite charges 

Two main sources of systematic uncertainties:  
     

µ  (up) µ (down) 

Total systematic uncertainty for single µ:     δRµ
unf(syst) = +0.007, -0.001 

Total systematic uncertainty for multiple µ: δRµ
unf(syst) = +0.015, -0.013 
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Rµ as a function of pµ	

•  Rµ (single muons) 
•  Evolution with pµ is compatible both with a constant and with 

a logarithmic energy increase, with a 2.4σ preference for the 
latter 

Rµ = a0 + a1 log10 pµ 	


a0 = 1.322 ± 0.023 
a1 = 0.030 ± 0.012 
(χ2/dof = 14.99/16) 

Rµ = c0	

 c0 = 1.377 ± 0.006 
(χ2/dof = 20.86/17)	


Δχ2/dof = 5.87/1 (~2.4 sigma) 
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