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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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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) 



30 Sep 2014 N. Mauri, RICAP-14 4 

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) 



•  For kaons: 

 because the reaction 

        p  Air  K+ Λ N + anything 

 is favoured (associated production) 
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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* 



Experiments with magnetic field: 
•  Utah:  

G. K. Ashley et al., Phys. Rev. D12 (1975) 20 
–  Underground at Utah University, flat surface above ~1400 m.w.e., magnetic spectrometer  
(1.63 T) + spark chambers, six bins with 46° < θ < 78° 

•  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° 
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Rµ measurements with Eµcosθ* ~ 1 TeV 
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Rµ measurements with Eµcosθ* ~ 1 TeV 
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CMS results 
CMS Collaboration / Physics Letters B 692 (2010) 83–104 89

Table 1
Charge ratio R and relative statistical (stat.) and systematic (syst.) uncertainties in bins of p (in GeV/c), for surface data and both analyses of underground data. The relative
uncertainties are expressed in %.

p range 2006 surface 2008 global-muon 2008 standalone-muon

R stat. syst. R stat. syst. R stat. syst.

5–10 1.249 2.3 1.3 – – – – – –
10–20 1.279 0.5 1.5 – – – – – –
20–30 1.276 0.7 2.1 – – – – – –
30–50 1.279 0.9 2.6 1.268 1.2 2.1 1.287 0.5 1.5
50–70 1.285 1.6 3.4 1.302 1.2 0.6 1.274 0.5 0.8
70–100 1.223 2.1 5.1 1.274 0.9 0.7 1.272 0.4 0.9
100–200 1.287 2.4 8.9 1.280 0.8 0.3 1.298 0.3 0.6
200–400 – – – 1.295 1.6 1.3 1.305 0.8 1.4
> 400 – – – 1.349 3.5 3.5 1.350 2.2 6.0

Fig. 6. (a) The three CMS results, and their combination, as a function of the muon momentum. Data points are placed at the bin average, with the points from the standalone
and global-muon analyses offset horizontally by ±10% for clarity. (b) The CMS result, as a function of the vertical component of the muon momentum, together with some
previous measurements and a fit of the pion–kaon model to the CMS data.

and from the slightly larger uncertainty (∼5%) in the scale of the
magnetic field in the steel return yoke.

The total systematic uncertainties in the three analyses are
summarized in Table 1, as a function of p at the Earth’s sur-
face. The systematic uncertainties have also been evaluated as a
function of the vertical momentum component, p cos θz, an observ-
able on which the charge ratio is expected to depend in a simple
way [7].

7. Results

The results of the three analyses are shown in Fig. 6(a), as a
function of the muon momentum. In the region where the re-
sults overlap, agreement between them is good, so the individual
analyses are combined using a standard prescription [30]. Within
each analysis, some systematic uncertainties are assumed to be
correlated between momentum bins: trigger efficiency, momentum
scale, charge misassignment and asymmetries in the muon losses
due to the detector acceptance. In the global and standalone-muon
analyses, systematic uncertainties from material densities, event
selection, alignment, and magnetic field, are mostly uncorrelated
between momentum bins, and are treated as fully uncorrelated.
On the other hand, they are correlated between the two analy-
ses.

The combined data points are given in Table 2 as a function of
p and p cos θz. They are shown in Fig. 6(a) as a function of p, and
in Fig. 6(b) as a function of p cos θz.

7.1. Charge ratio below 100 GeV/c

In the region p < 100 GeV/c there are measurements in six
p bins. Three bins are covered by all three analyses, with the
surface-based MTCC analysis extending the reach to three lower-
momentum bins. These twelve data points are combined into
a single value of the charge ratio using the same prescription
and scenario for correlations as for the overall combination de-
scribed in the above section. This yields a charge ratio of 1.2766 ±
0.0032 (stat.) ± 0.0032 (syst.), with a χ2/ndf = 7.3/11, in good
agreement with previous measurements [2–5] and representing a
significant improvement in precision.

Repeating this fit in the p cos θz region below 100 GeV/c yields
a charge ratio of 1.2772 ± 0.0032 (stat.) ± 0.0036 (syst.), with a
χ2/ndf = 15.3/11. The higher χ2/ndf indicates that the data in
this p cos θz region have a lower probability of being consistent
with a flat charge ratio. Fitting just the region p cos θz < 70 GeV/c
yields a charge ratio of 1.2728 ± 0.0039 (stat.)± 0.0040 (syst.) with
a χ2/ndf = 4.0/8, consistent with the flat charge ratio hypothe-
sis.

7.2. Charge ratio in the 5 GeV/c to 1 TeV/c momentum range

Considering the full p cos θz range measured, a rise in the
charge ratio is seen, as shown in Fig. 6(b). Comparing to previ-
ous measurements in the same momentum ranges, the CMS re-
sults agree well where there is overlap: with the L3 + C measure-

84 CMS Collaboration / Physics Letters B 692 (2010) 83–104

Fig. 1. Cosmic-ray muons crossing the CMS detector. The upper two pictures display muons from 2008 underground data, leaving signals in the muon system, tracking
detectors and calorimeters. A standalone track (top left) and a pair of global half-tracks (top right) are shown. The bottom plot depicts a muon from 2006 surface data
crossing the muon chambers at the bottom of CMS.

thickness. Thus, depending on the point of impact on CMS, the
total material traversed by close-to-vertical muons changes from
approximately 6 to 175 meters of water equivalent.

The CMS experiment uses a right-handed coordinate system,
with the origin at the nominal proton–proton collision point, the
x axis pointing towards the center of the LHC ring, the y axis
pointing upwards (perpendicular to the LHC plane), and the z axis
pointing along the anticlockwise beam-direction, at geographic az-
imuth 280.8◦ (approximately west). The angle between the CMS
y axis and the zenith direction is 0.8◦ . This small difference is ne-
glected in the analysis, and the angle of the muons relative to the
y axis is used to represent the zenith angle θz.

At the center of the detector, the magnetic field is parallel
to the central axis of the solenoid, which is aligned with the
z axis. Muon momenta are reconstructed by measuring the cur-
vature of the muon trajectory projected on the xy plane, which
yields the component of muon momentum transverse to the z axis,
pT = p sin θ , where θ is the polar angle with respect to the z axis.
This configuration is favourable for the reconstruction of atmo-
spheric muons, providing a strong magnetic bending for muons
traversing the detector, at any incident azimuthal angle φ around
the z axis. Full tracking of muons is available in the polar angle
range 10◦ < θ < 170◦ .

CMS collected cosmic ray data in several runs during the final
years of detector construction and commissioning. Data from the
Magnet Test and Cosmic Challenge in 2006 (MTCC) [12] and the
Cosmic Run At Four Tesla in 2008 (CRAFT08) [13] are used in the
analysis reported here.

In August 2006 the CMS detector was pre-assembled on the
surface before being lowered into the cavern. In this configuration
no material above the detector was present, apart from the thin
metal roof of the assembly hall. A small fraction of each of the

subdetectors was instrumented and operating at the time. The de-
tails of the MTCC setup are described in [12,14]. About 25 million
cosmic-muon events were recorded during the first phase of the
MTCC with the magnet at a number of field values ranging from
3.67 to 4.00 T.

The CRAFT08 campaign was a sustained data-taking exercise in
October and November 2008 with the CMS detector fully assem-
bled in its final underground position. The full detector, ready for
collecting data from LHC, participated in the run, with the magnet
at the nominal field of 3.8 T. Approximately 270 million cosmic-
muon events were recorded.

Single cosmic muons are simulated using the Monte Carlo event
generator CMSCGEN [18,19], which makes use of parameterizations
of the distributions of the muon energy and incidence angle based
on the air shower program CORSIKA [20]. The CMS detector re-
sponse is simulated using the GEANT4 program [21], which takes
into account the effects of energy loss, multiple scattering, and
showering in the detector. A map [19] describing the various ma-
terials between the Earth’s surface and the CMS detector is used
to obtain the average expected energy loss of simulated muons as
a function of their energy, impact point, and incidence direction at
the surface.

3. Cosmic-muon reconstruction

Muon tracking in CMS can be performed with the all-silicon
tracker at the heart of the detector, and with either three or four
stations of muon chambers installed outside the solenoid, sand-
wiched between steel layers serving both as hadron absorbers and
as a return yoke for the magnetic field.

Three types of muon-track reconstruction were designed for
cosmic muons not originating from an LHC proton–proton colli-

  Average vertical overburden 
~100 m.w.e.  
  Superconducting solenoid (3.8 T) 
  Muon tracking with inner silicon 
trackers + outer muon chambers 
(DT + RPC) 
  Zenith window 0° < θ < 80° 

CMS provides the measurement  
of Rµ in the [5 GeV/c - 1 TeV/c] 
momentum range: rise in Rµ  
  Measurement in the transition 
region between the pion dominated 
charge ratio (p < 100 GeV/c) and the 
pion+kaon charge ratio  
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MINOS Near and Far detectors 
Identical detectors: magnetized steel (toroidal magnetic field, average ~1.3 T) + scintillators  
At FD in Soudan flat overburden profile ~2000 m.w.e., detector angular window 0° < θ < 90° 
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MINOS results 
Measurements by two functionally identical detectors, one at shallow depth, one deep 
underground 

  Toroidal magnetic field: different acceptance for µ+ and µ- 

  Combination of data sets with opposite magnetic field orientations to minimize 
systematic errors 

4

further than 3 cm outside the detector volume the track
is rejected. The curvature of the track is known to
be poorly determined, and the track is rejected, if any
scintillator strips hit are further than 3 cm from the
reconstructed position of the track, or if the track does
not pass through a region of the detector where there is
scintillator on each layer of steel.

Track reconstruction errors may occur when the
event contains a large amount of activity which is
not related to the track. These extra hits degrade
the charge sign determination and can be generated
by muon bremsstrahlung, natural radioactivity, or by
electrical and optical cross-talk between the channels on
the multi-anode PMT [16]. Events are rejected if more
than 40% of the strips hit are not track-related. Muon
tracks determined to be poorly reconstructed by internal
consistency checks of the reconstruction algorithm are
also removed from the data sample.

B. Charge Sign Quality Selection

Two selection variables are used to further increase
the degree of confidence in the assigned curvature and
charge sign of the track. The Kalman filter [21] used
in the track curvature fitting provides an uncertainty
σ(q/p) on the measured value of q/p, where q is the
charge and p the momentum of the track. The first
charge sign quality selection is based on the value of
(q/p)/σ(q/p) determined by the track fitter. The second
selection variable BdL is defined to be equivalent to
N
∑

i=1
|Bi × dLi| where N is the total number of planes

in the muon track, and Bi and dLi are the magnetic
field and muon path length vectors, respectively, at
plane i. A selection based on BdL is used to ensure
that the magnitude of the bending due to curvature
is larger than the apparent bending due to multiple
scattering. Figure 1 shows the muon charge ratio as a
function of (q/p)/σ(q/p) and Fig. 2 the charge ratio as
a function of BdL, for data collected in both magnetic
field orientations as well as the combined data set. The
charge ratio for data collected during a single magnetic
field orientation is defined as the ratio of positive
to negative muons collected only in that orientation.
The observed variation in the charge ratio above the
selection thresholds in a single field orientation, as
well as the difference in the charge ratio between the
two different field orientations, stems from acceptance
effects due to the magnetic field, detector asymmetry
and detector alignment errors. The technique used to
combine data taken in the two field orientations and
remove these biases is discussed in the next section. For
this analysis we required that BdL > 3.0 T ·m and
(q/p)/σ(q/p) > 3.0. Below these values the charge ratio
tends towards unity, indicating a degradation of the

charge sign determination. Events which have passed
all the selections described in this section are used in
the calculation of the atmospheric muon charge ratio
described in the next section.

(q/p)σ(q/p)/
0 2 4 6 8 10

-
µ

/N +
µN

1

1.1

1.2

1.3

1.4

Forward Field
Reverse Field
Geometric Mean

FIG. 1: Charge ratio as a function of (q/p)/σ(q/p) after all
selections and requiring that BdL > 3.0 T ·m. The vertical
line is the (q/p)/σ(q/p) threshold value used in the charge
sign quality selection.

V. CHARGE RATIO DETERMINATION

As demonstrated in the previous section acceptance ef-
fects in the Near Detector introduce a bias in the charge
ratio when it is calculated using only data from a sin-
gle magnetic field orientation. Figure 3 shows the charge
ratio as a function of azimuthal angle, a variable sensi-
tive to these biases, for the forward and reverse magnetic
field data sets. Canceling these biases is done in the same
manner as described in [8, 22]. If ε1 is the efficiency for
the selection of µ+ and ε2 is the selection efficiency of
µ− in the forward field direction (FF) then the selection
efficiencies for µ+ and µ− in the reverse field direction
(RF) are ε2 and ε1 respectively. Two independent equa-
tions for the charge ratio, ra and rb, can be constructed
in which the acceptance effects cancel. These ratios, cor-
rected for live time, are

ra = (Nµ+

FF /tFF )/(N
µ−

RF /tRF ), (3)

and

rb = (Nµ+

RF /tRF )/(N
µ−

FF /tFF ), (4)

Rµ (single µ) = 1.266 ± 0.001(stat.) +0.015
-0.014 (syst.) 

Rµ (single µ) = 1.374 ± 0.004 (stat.) +0.012
-0.010 (syst.) 

Rµ (multiple µ) = 1.080 ± 0.004 (stat.) (C. Castromonte et al., Proc. 33rd ICRC, 2013) 

Near 

Far 

4

FIG. 1: The coordinate system for the MINOS cosmic ray
analysis. The octagonal steel and scintillator planes of the
MINOS far detector are 8 m across. The detector is 30 m
long. The central hole is for the magnet coil. The +z-axis is
along the long axis of the detector and points toward detector
North (N). Detector South (S) points back towards Fermilab.
The y-axis is directed toward the zenith. The x-axis direction
is chosen to make a right-handed coordinate system. The ori-
gin of the coordinate system is the center of the South face of
the detector. Detector North (N) is rotated from true North
by an angle α = 26.5548◦ about the y-axis as measured by a
gyro-theodolite; detector North therefore points along an az-
imuthal angle of 333.4452◦ . Alternating planes of scintillator
strips are oriented along either the u or v axis directions, a
coordinate system in which the x−y plane is rotated by +45◦

about the z-axis.

in [11]. The sample was selected using a series of cuts
that are described in detail below and the numbers of
events remaining at each stage in the selection are listed
in Table I.

1. Pre-Analysis Cuts

The first cut in the event selection requires at least
one reconstructed track in the event (“1. no reconstruc-
tion”). This requirement predominantly removes noise

FIG. 2: Finite element analysis model for the toroidal mag-
netic field in a plane of MINOS steel. The coordinate system
for the field map is shown in Fig. 1. In this map, the detector
plane is being viewed from detector North.

where the primary trigger was satisfied, but there was
not enough activity to resolve the eightfold ambiguity
from the optical summing of the scintillator strips. The
second requires that there is only a single track found
by the track-fitting algorithm (“2. multiples cut”). The
third requires that the coil be on and in a known state
(“3. coil status cut”).

2. Analysis Cuts

The next set of cuts are meant to separate muon tracks
from the background with high reliability. These cuts re-
quire that: a track must cross at least 20 planes in the
detector (“1. 20 plane cut”); a track must have a path
length of at least 2 m (“2. 2.0 m track length cut”); the
entrance point of a track was required to be less than
50 cm from an outside surface of the detector (“3. Fidu-
cial cut”); and a track must pass a quality cut based on
χ2

fit/ndf < 1.5 (4. “fit quality cut”). The χ2
fit/ndf pa-

rameter is returned by the Kalman filter [12], which is the
track fitting algorithm used in this analysis [8]. The dis-
tribution used to select this cut value is shown in Fig. 3
and this cut assures that the track found is a good fit to
the track hit points.

In Fig. 4 we show the muon rate (Hz) as a function of
day number from the beginning of data taking with the
complete and magnetized detector after the pre-analysis
cuts and analysis cuts. The fluctuations are consistent
with seasonal variations in the cosmic ray muon flux [13].
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MINOS results 

11

* [GeV]θcosµE10 210 310

-
µ

/N +
µN

1.2

1.25

1.3

1.35

1.4

1.45

1.5
K Model (MINOS data)πBest Fit 

MINOS near detector
MINOS far detector
L3+C
BESS-TeV
UTAH
MUTRON
OPERA
CMS

FIG. 8: The atmospheric muon charge ratio as a function of Eµcosθ*. The y-axis uncertainties are the statistical and systematic
uncertainties added in quadrature. The MINOS Near Detector data, re-binned in five equal cosθ* intervals, are plotted for
each bin at the median Eµcosθ* values; the x-axis uncertainties are the bin widths. The dashed line is the best fit curve to the
πK model using only MINOS Near and Far Detector data.

5. The MDM in the underground detector is negligible compared to the
energy loss from the surface to the detector.

The first four assumptions are equivalent to stating that the muon energy
loss in the earth is proportional to the overburden which only depends upon
the muon zenith angle. In that case the energy loss through the overburden
is Eloss = Emin/cos(θ), where Emin is the minimum energy loss for a vertical
cosmic muon. The fifth assumption implies that the underground energy of
the muons used for the charge ratio measurement is much smaller than their
surface momentum.

With these five assumptions, the muon intensity distribution in Esurface
µ cos θ

would be measured to be a delta function at a value of Emin. While at large
zenith angles the surface energy increases due to the 1/cos(θ) dependence of
the slant depth, the combined quantity Esurface

µ cos θ remains constant. It
is illuminating to compare this naive prediction to the actual distribution
in the MINOS detectors when no such assumptions are made. These are
shown in Figures 6 and 7. Both of these MINOS Esurface

µ cos θ distributions
are considerably narrower than the corresponding Esurface distributions. The
b(E) radiative term yields the largest contribution to the width of the mea-
sured Esurface

µ cos θ distribution for the MINOS Far Detector. In the Near
Detector distribution, the largest contribution is the larger ratio of maximum
detectable momentum to energy loss in the overburden.

 [GeV]
µ
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1000 2000 3000 4000 5000

Ev
en

ts
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 B
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12000
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Figure 6: Distribution of E and
Esurface

µ cos θ for MINOS data muons in
the Far Detector, after cuts (GeV).

Figure 7: Distribution of E and
Esurface

µ cos θ for MINOS muons in the
Near Detector, after cuts (GeV).

We have used Equation 14 and the measured muon charge ratio to study
rπ and rK . We have done chi-squared fits in Esurface

µ cos θ to the MINOS

17

Near Far 

MINOS Far 〈Eµcosθ*〉 ≈ 1 TeV MINOS Near 〈Eµcosθ*〉 ~ O(100) GeV 
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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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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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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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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) 
 (GeV/c)
µ

Underground momentum p
1 10 210 310 410

 u
nd

er
gr

ou
nd

µ
R

0.8

1

1.2

1.4

1.6

1.8

2

µ	



underground 



30 Sep 2014 N. Mauri, RICAP-14 19 

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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6

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	



5

 (GeV/c)
µ

Underground momentum p
1 10 210 310 410

 u
nd

er
gr

ou
nd

µ
R

0.8

1

1.2

1.4

1.6

1.8

2

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  

7

 (GeV)µε
210 310 410 510

 o
n 

su
rfa

ce
µR

1

1.1

1.2

1.3

1.4

1.5

1.6
OPERA
L3+C
Utah
MINOS
CMS
K modelπ

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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Conclusions 
•  The measurement of the atmospheric muon charge ratio Rµ provides relevant  

information for both particle- and astrophysics  

•  Rµ was measured in a wide energy range, from O(1 GeV) up to O(10 TeV) 

•  The results of CMS, MINOS and OPERA show a rise of Rµ vs Eµ cos θ*  
  increasing kaon contribution 

•  The OPERA measurement in the highest energy region: 

  Found a strong reduction of the charge ratio for multiple muon events  

  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 





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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  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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