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• Search following a blind procedure.
• Search period: 12/2004 - 12/2012. 
• No candidates.

• Largest cosmic ray detector: 3000 km2.
• Precise measurements: a fluorescence detector (FD) 

+ a surface detector array (SD) [3].
• Huge target volume in the atmosphere.
• Stable observation over a decade.

Search for Ultra-relativistic Magnetic Monopoles 
with the Pierre Auger Observatory

Monopole Shower Generation
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Data Analysis and Result
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Ultra-relativistic Magnetic Monopoles

FIG. 3: Reconstructed signals for a simulated magnetic monopole of energy 1025 eV and γ = 1011.

In (a), the FD camera view with color-coded timing of triggered pixels (time increases from blue

to red). The red (blue) line indicates the reconstructed (simulated) shower direction projected on

the camera view. In (b), the reconstructed longitudinal profile of the shower. The red line is the
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Conclusions: We have reported an analysis procedure and an event selection to search for signals 
produced by ultra-relativistic IMMs with FD of the Pierre Auger Observatory. Using this analysis, there 
is no candidate for IMMs signal in the data collected by the FD from 2004 to 2012. Therefore, we  have 
evaluated a flux limit of φ90%C.L.  ≥ 10-20 (cm2 s sr)-1 for log10(γ) ≥ 10 which is a order of  magnitude 
stronger than all previous published experimental limits. 

Search for Ultra-relativistic Magnetic Monopoles with the Pierre Auger Observatory

Event selection criteria # events (%)
Reconstructed events 376084 —
Zenith angle < 60◦ 360159 95.8
Distance from nearest SD<1500 m 359467 99.8
Number of FD pixels > 5 321293 89.4
Slant depth interval > 200 g/cm2 205165 63.9
Gaps in profile < 20% 199625 97.3
profile fit χ2/ndf < 2.5 197293 98.8
dE/dX |Xup > 3.0 PeV/(g/cm2) 6812 3.5
Xmax > Xup 352 5.2
Xup > 1080 g/cm2 or dE/dX |Xup > 150 PeV/(g/cm2) 0 0.0

Table 1: Event selection criteria and unblinded result. The number of events passing each selection criteria
is reported, together with the corresponding fraction.

3. Event Selection65

Before shower selection, only time periods with a good status of FD telescopes and a high66

quality calibration of the gains of PMTs are selected using information in Auger databases. Ad-67

ditional cuts are applied to assure good atmospheric conditions due to aerosols and clouds. A68

further set of selection criteria was applied to ensure good quality showers as summarized in Ta-69

ble 1. Those criteria for IMM selection were established from Monte Carlo simulations described70

in Section 2.71

The important parameters for the IMM search are the slant depth at the upper field-of-view72

boundary, Xup, and the energy deposited at Xup, dE/dX |Xup. The requirement dE/dX |Xup >3.0 PeV/(g/cm2)73

is equivalent to an energy threshold of ≈ 1018.5 eV, where the SD is fully efficient. When Xmax >Xup74

is required, the number of proton backgrounds is drastically reduced and become constrained in a75

much smaller region, as shown in Figure 2(a). On the other hand, the reconstructed Xmax will76

always be outside the FD field of view for ultra-relativistic IMM showers, independently of the77

shower’s Xup. This is apparent in Figure 2(b), where the correlation of dE/dX |Xup with Xup is78

shown for ultra-relativistic IMM simulated events. The background from UHECRs is almost elim-79

inated by excluding an appropriate region of the (Xup, dE/dX |Xup) plane. We optimized the se-80

lection to achieve less than 0.1 background events expected in the data set of this search. The81

final requirement, Xup > 1080 g/cm2 or dE/dX |Xup > 150 PeV/(g/cm2), is shown in Figure 2 as a82

dashed box, and results in an expected background of 0.07 events in the search period data set.83

4. Data Analysis and Results84

The search for ultra-relativistic IMM was performed following a blind procedure. The se-85

lection criteria described in Section 3 were optimized using Monte Carlo simulations and a small86

fraction (10%) of the data. Then, the selection was applied to the full sample of data collected87

between 01.12.2004 and 31.12.2012. The number of events passing each of the selection criteria is88

4

Pierre Auger Observatory

Ultra-relativistic IMM Signal 
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Figure 1: (a) Energy loss of a magnetic monopole in air as a function of its Lorentz factor γ . (b) Longitudinal
profile of the energy deposited by an ultra-relativistic IMM of Emon = 1025 eV, γ = 1011 and zenith angle of
70◦ (red solid line). The profile of an UHECR proton shower of energy 1020 eV is shown as a black solid
line.

become the main cause of energy loss. Bremsstrahlung is highly suppressed by the large monopole41

mass. An ultra-relativistic IMM would deposit a large amount of energy in its passage through the42

Earth’s atmosphere, comparable to that of an UHECR. For example, an IMM with γ = 1011 loses43

≈ 400 PeV/(g/cm2) (cf. Figure 1(a)), which sums up to ≈ 1020.5 eV when integrated over an atmo-44

spheric depth of ≈ 1000 g/cm2. This energy will be dissipated by the IMM through production of45

secondary showers along its path.46

The longitudinal profile of the energy deposited by an ultra-relativistic IMM of Emon = 1025 eV,47

γ = 1011 and zenith angle of 70◦ is shown in Figure 1(b). When compared with a standard UHECR48

proton shower of energy 1020 eV (black solid line in Figure 1(b)), the IMM shower presents a much49

larger energy deposit and deeper development, due to the superposition of many showers uniformly50

produced by the IMM along its path in the atmosphere. This distinctive feature will be used in our51

analysis, which is based on the shower development measured by the FD and SD events.52

Monte Carlo samples of ultra-relativistic IMM were simulated for Lorentz factors in the range53

γ = 108 − 1012 at a fixed monopole energy Emon of 1025 eV. While we used a fixed Emon in the54

simulations, the results can be readily applied to a much larger range of monopole energies, since55

in the ultra-relativistic regime of this search the monopole energy loss does not depend on Emon but56

rather on γ . To estimate the background from UHECRs, we simulated proton showers with energy57

Ep between 1018 eV and 1021 eV by three different models, QGSJetII-04, Sybill 2.1 and Epos-LHC.58

We used three different models to account for uncertainties in the hadronic interactions. Events59

were simulated according to an E−1
p energy spectrum, to ensure sufficient Monte Carlo statistics60

at the highest energy, and then appropriately weighted to reproduce the energy spectrum measured61

by the Pierre Auger Observatory [16]. For both the IMM and UHECR simulations, we used the62

CORSIKA package [17] to generate an isotropic distribution of showers above the horizon, and the63

Auger Offline software [18] to produce the corresponding FD and SD events.64

3

90% C.L. Upper Limit on the Flux of Ultra-relativistic IMMs

• Supermassive magnetic monopoles (M ≈ 1026 eV/c2) 
could be produced in the early Universe [1]

• Intermediate mass monopoles (IMMs, M∼1011-1020 
eV/c2) can reach kinetic energies of ~1025 eV [2] by 
acceleration in the galactic and intergalactic 
magnetic fields. 

Important parameters: the slant depth at the upper 
field-of-view boundary, Xup , and the energy deposited 
at Xup, dE/dX|Xup.

FIG. 3: Reconstructed signals for a simulated magnetic monopole of energy 1025 eV and γ = 1011.

In (a), the FD camera view with color-coded timing of triggered pixels (time increases from blue

to red). The red (blue) line indicates the reconstructed (simulated) shower direction projected on

the camera view. In (b), the reconstructed longitudinal profile of the shower. The red line is the
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log(γ) = 10

Cosmic Ray Background Estimation

log(γ) = 11

• The flux Φ of ultra-
relativistic IMM of 
Lorentz factor, γ, is given 
by Φ(γ) = k/E (γ). 

• k = 2.44: the Feldman-
Cousins upper limit [5] 

for zero candidates and 
no expected background.

• Exposure, E(γ), 
determined by Time 
Dependent Detector 
Simulation[6].

• The systematic 
uncertainty on the 
exposure and 

   dE/dX|Xup is 21%.

• Proton simulation 18 < log(E/eV) < 21 
with QGSJetII-04, Sybill 2.1 and Epos-
LHC.

• Optimized the selection to achieve < 0.1 
background events.

• Final requirement: Xup > 1080 g/cm2 or 
dE/dX|Xup > 150 PeV/(g/cm2) (dashed 
box). 

CR-EX 704
PoS(ICRC2015)319 
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Larger energy deposit and deeper development. 
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Measurement of the Longitudinal Profile

Xmax

Reconstructing the Longitudinal Profile

Improvements since ICRC2011

Comparison to ICRC2011 (using same binning)

ICRC13 Preliminary Results

Good data 
taking conditions

Almost unbiased 

Xmax distributions

Good Xmax
 and Energy

measurement

Data Selection

atmosphere and calibration

 good camera calibration constants

 require measured aerosol profile

 reject dust periods (VAOD@3km<0.1)

 cloud fraction < 25%

fiducial volume cuts

 surface detector trigger probability

 field of view

 minimum viewing angle > 20º

quality selection

 hybrid geometry reconstruction

 Xmax observed

 expected s(Xmax) < 40 g/cm2

 reduced c2 of profile fit < 2.5

● new energy scale;

●  corrections due to the lateral 

width of the shower image;

●  new aerosol data analysis;

●   new fluorescence yield.

In the 

reconstruction

Average Acceptance 
Efficiency

Summary

Preliminary update of Xmax 

measurement 

PRL 104, 091101 (2010)

●  eight years of data: 

01/12/2004 - 31/12/2012 

● New bins: E > 1017.8 eV 

and E > 1019.0 eV 

● 17436 events in total 

● XX events above 1019.5 eV 

● improved reconstruction 

and analysis 

● updated measurement 

soon to be published 

The average acceptance 
efficiency as a function of Xmax  

depth has been estimated for 
each energy bin.  The acceptance 
efficiency is smaller at the tails of 
the Xmax distributions. So, we up-

weight the tails accordingly.

  

An update on the measurements of the depth of shower

 maximum made at the Pierre Auger Observatory

Vitor de Souza, IFSC-USP, Brazil, for the Pierre Auger Collaboration

Observatorio Pierre Auger, Av. San Martín Norte 304, 5613 Malargüe, Argentina

Pierre Auger Observatory 

Measurement of the Longitudinal Profile

Xmax

Reconstructing the Longitudinal Profile

Improvements since ICRC2011

Comparison to ICRC2011 (using same binning)

ICRC13 Preliminary Results

Good data 
taking conditions

Almost unbiased 

Xmax distributions

Good Xmax
 and Energy

measurement

Data Selection

atmosphere and calibration

 good camera calibration constants

 require measured aerosol profile

 reject dust periods (VAOD@3km<0.1)

 cloud fraction < 25%

fiducial volume cuts

 surface detector trigger probability

 field of view

 minimum viewing angle > 20º

quality selection

 hybrid geometry reconstruction

 Xmax observed

 expected s(Xmax) < 40 g/cm2

 reduced c2 of profile fit < 2.5

● new energy scale;

●  corrections due to the lateral 

width of the shower image;

●  new aerosol data analysis;

●   new fluorescence yield.

In the 

reconstruction

Average Acceptance 
Efficiency

Summary

Preliminary update of Xmax 

measurement 

PRL 104, 091101 (2010)

●  eight years of data: 

01/12/2004 - 31/12/2012 

● New bins: E > 1017.8 eV 

and E > 1019.0 eV 

● 17436 events in total 

● XX events above 1019.5 eV 

● improved reconstruction 

and analysis 

● updated measurement 

soon to be published 

The average acceptance 
efficiency as a function of Xmax  

depth has been estimated for 
each energy bin.  The acceptance 
efficiency is smaller at the tails of 
the Xmax distributions. So, we up-

weight the tails accordingly.

Monte Carlo Detector Simulation

• Simulated relativistic IMM of energy 1025 eV with different Lorentz factors, γ.
• A flux of 10-20 (cm2 s sr)-1 is assumed. 

352 events left before the final 
IMM candidate selection.

Auger standard simulation/reconstruction software [4] 
to produce FD and SD events.
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