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Study of High pr Muonsin IceCube

THE ICECUBE COLLABORATION!
! See special section in these proceedings

Abstract: Muons with a high transverse momentupa-f are produced in cosmic ray air showers mostly via semitépto
decay of heavy quarks and the decay of highkaons and pions in jets. These high muons have a large lateral
separation from the shower core and accompanying muon &untiteCube, a kilometer-scale neutrino telescope
consisting of an array of photodetectors buried in the icthefSouth Pole and a surface air shower array, is well suited
for the detection of highyr muons. The surface shower array can determine the enemgylamation and direction of
the cosmic ray air shower while the in-ice array can do theesi@mthe highpr muon. This makes it possible to measure
the cosmic ray muon lateral separation distribution atagdises greater than 200 meters. The preliminary results from
analysis of data from 25% of the full IceCube detector wilidnesented.
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1 Introduction whereE,, is the energy of the high; muon, andh is the
interaction height of the shower, here taken as an average
IceCube, a kilometer-scale neutrino telescope, is we¥alue of 25 km. The interaction height loosely depends on
suited for measuring the lateral separation of muons in cote composition and a full treatment of this is planned in the
mic ray air showers. Completed in December 2010, it corfuture. Using a separation of 200 m (75 meters more than
sists of a 1 km array of optical sensors (digital optical the string separation) as a rough threshold for the twdktrac
modules, or DOMs) buried deep in the ice of the South Pokesolution distance of the highr muon from the shower
and a 1 km surface air shower array called IceTop. IceToggore gives a minimum resolvale of 8 GeV/c fora 1l TeV
has an energy threshold of 300 TeV and can reconstrugwon. Rough calculations predict on the order of tens of
the direction of showers with energies above 1 PeV withihigh pr- muon events in the studied data sample [2].

~1.5° and locate the shower core with an accuracy ofhe combined acceptance for cosmic ray air showers that
~10 m [1]. The in-ice DOMs (here referred to as IceCubepass through both IceTop and IceCube is 0.3 &nfor the

are buried in the ice 1450 m under IceTop on kilometerfyll 86-string IceCube array [3]. By the end of the austral
long strings of 60 DOMs with an intra-DOM spacing of summer of 2006/2007, 22 IceCube strings and 26 IceTop
17 m. IceCube can reconstruct high quality tracks of higkanks had been deployed. The combined acceptance for
energy muons witk: 1° accuracy. IceTop and IceCube canshowers that trigger both IceTop-26 and IceCube-22 is 0.09
be used together to select cosmic ray events with a mu@m?sr. In 2007 the discriminator threshold settings for Ice-
with a minimum lateral separation 200 m. The mea- Top were changed partway through the year to sub-optimal
surement of the lateral separation distribution of muons igalues, so this analysis discards the data taken during this
air showers provides a valuable check on air shower singeriod leaving 114 days of livetime. A search has been
ulation models and can be used as an independent methgshducted in this data for cosmic ray events with a muon
for determining the cosmic ray composition [2]. with a large lateral separation.

The most common source of muons with a large lateral seFhe underground muon detector MACRO has previously
aration is muons with a high transverse momentp) ( measured the separation between muons in air showers for
primarialy from charm and bottom mesons and jets of higbhower energies ranging roughly front*iBeV to 16 GeV

pr partons [2]. The transverse separation is given by:  [4]. MACRO measured muon pair separations out to a dis-
tance of about 65 meters. They verified the linear relation-

= prhc (1) ship betweerpr and separation shown in Eq. 1 (with a

d
T=E,
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The resolution is worse for the highy muon because
fewer DOMs are hit. While higlp muons with a greater

Arbitrary Units

— True:0=06 Bundle Fit separation are much easier to resolve with the two track al-

— Reco: 0206 gorithm, they also tend to be lower energy (see Eq. 1) and
E Wt,_ hit fewer DOMs. The average number of DOMs hit by the
g et roni ot zo high pr muon is 15, compared to 90 for the muon bun-

dle. Additionally, because highy muons have fewer hit
DOMs, a DOM hit by the muon bundle that is incorrectly

Arbitrary Units

— Tue:o=26 High p.; Muon Fit placed in the highpr group has a much larger effect on
PN——— the reconstruction of the high track (it can also degrade
e the bundle resolution, but to a lesser extent). These factor
= N S degrade the resolution of the high track direction and

timing. The spatial resolution of the high- muon track
Figure 1: Zenith angle resolution of the high reconstruc- (&s measured by the difference between the reconstructed

tion algorithm. The sigma are the results of Gaussian fitsack and the true track at the point of closest approach to
to the distributions. the detector) is 40 min x, y, and z.

small offset due to multiple scattering of the muons) outt@ Signal and Background Separation

momenta up to 1.2 GeV/c.

Since highpr muons occur in only a fraction of simulated
showers, a toy model based on CORSIKA [5] proton show-
ers was used to model the signal. A single muon is inserted
. o into an existing CORSIKA event containing a muon bun-
High pr muons appear as a separate track coincident fle from an air shower. This modified shower is then run
time and parallel with the track from the central core of '0V\through the standard IceCube propagation, detector sim-
pr muons. Generally the bundle of low: muons leaves yjation, and reconstruction routines. Simulations insert
more light in the detector than the higl muon. muon with energy of 1 TeV separated 100, 150, 200, and
Current reconstruction algorithms in IceCube are designe®0 m from the shower core.

to reconstruct single tracks. In order to reconstruct higosmic ray air showers that do not generate a high
pr double-track events the hit DOMs (i.e. DOMs that demyon (called ‘single muon bundles’) are a background to

tect at least one photon) are attributed to either the muqRis search. Since they generate only one track in the ar-
bundle or highpr muon based on their timing and posi-ray these events are mostly eliminated by requiring there
tion. The muon bundle is reconstructed first by the IceToge two well-reconstructed tracks in the IceCube detector.

ﬁtg;ia;f:o31?;e;—?;éﬁg?rﬂittzggtfsqnse{ggslczsésbseegg,]:jrl'ﬁe IceCube 22-string configuration is large enough that
9 3he rate of simultaneous events from cosmic rays is signif-

Only IceCube DOMs within 90 m of the seed track are .
. . : icant. Muon bundles from two (or more) air showers can
used for bundle reconstruction. The high muon hits

. trike the array within the 1ps event window, producin
are selected relative to the reconstructed bundle track. T y o P cing
. . . wo separated tracks. These so-called double-coincident
high p muon arrives at the same time but laterally sepa- . ! .
— . 2~ " “events are another background for air showers with high
rated from the bundle, so its hits will have a negative time

residual relative to the bundle reconstruction. Additigna 27 M-ONS- Since these double-coincident events are un-
high pz muon hits are required to be at least 90 m frorr%:orrelated in direction and time, requiring that both recon

the reconstructed muon bundle track. The highmuon structed_ tr_acks be parallel (.W't.h'n 1f each other) and
. . . - . occur within+£600 ns can eliminate most of these events.
hit track is reconstructed using a likelihood reconstiutti

. : ! However, an irreducible background remains from double-
with a downgoing hypothesis. o

] ) coincident events that happen to come from roughly the
Figure 1 shows the performance of this procedure after rgame direction and time. The rate of double-coincident
construction quality selection criteria have been appliegyents can be estimated by looking at the off-time rate of
The zenith angle resolution for groups determined using th&,ents (j.e. events with tracks that occur more than 600 ns
true simulation information (black, solid lines) is comedr - apart) in the data that pass all other selection criteria.

to the resolution for groups determined using the splittin% number of selection criteria are applied to separate svent
algorithm (red, dashed lines) for the muon bundle (top) an PP P

. o /- Wwith high pr muons. The events are required to trigger
high pr muon (bottom). Roughly 50% of the events fali tOat least 6 DOMs in IceTop and at least 8 DOMs in Ice-

:ﬁgor;ztl:ugt because there are not enough DOMs in °”e8Lbe. The events are also required to have high quality
groups. ] . ) ) two-track reconstructions. This includes requiring thet t
These reconstruction algorithms achieve a zenith anggycks have at least one hit DOM with a time residual of

(space angle) resolution of 0.6L.3") for the muon bundle |ess than 15 ns (a ‘direct hit') and that tracks pass withén th
and 2.6 (8.2°) for a highpyr muon separated by 200 m.

2 Reconstruction Methods
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detector fiducial volume. Further reduction of single muon
bundles is done based on the differences in event topologies
and timing. For instance, single muon bundles are well-
reconstructed by a single track hypothesis, while the high
pr muon events are not. Figure 2 shows the negative log
of the reduced likelihood of a single track reconstruction
for single muon bundles, and showers with an inserted 8
and 16 GeV/gpr, 1 TeV muon (separation of 200 m and
400 m from the shower core, assuming an average inter-
action height of 25 km). Well-reconstructed events have a
lower likelihood value on this plot. For large separations,
this variable separates single muon bundles from showers
which contain a higlpyr muon. This analysis retains events
with a likelihood greater than 7.5. Next we require that the
high p7 muon track be a robust track in the detector with at
least 6 direct hits. Finally, the remaining background&ing Figure 3: Candidate shower with a high- muon. The
muon bundle events are removed by requiring the perpegosmic ray bundle is on the left and the highmuon is on
dicular separation between tracks to be at least 160 m. Tkige right.

number of events passing each type of selection criteria for

data and simulated background and signal are shown in Ta-
ble 1. the final sample a study has been conducted of simulated

events which pass the reconstruction quality and double-
coincident selection criteria (without applying the cride

2 Data designed to remove single track events). At this cut level,
25000 oS a0y the only events left in the single muon bundle background
oeoee Shalil ) are events which are incorrectly split into two tracks by the

N

0000

splitting algorithm. Two previously unused variables were
developed that focused on studying how well the bundle fit
described the higpr muon hits and vice versa.

The first variable is the standard deviation of the time resid
ual relative to the reconstructed bundle traet,(q.)-
e Only hits belonging to the higlpr muon reconstructed

‘ 717\5 SN 8\59 track (time residuak 100 ns and distance from the bun-
Likelihood of Single Track Reconstruction dle > 90 m) were used to calculatg,,, 4. In the single
muon bundle background,, 4. is small because the bun-
Figure 2: Negative log of the reduced likelihood for thedle reconstruction is equally good at describing both sets o
single track reconstruction hits. Conversely, events with high-r muons have a later-
ally separated track that is causally disconnected from the

bundle track. This leads to larger valuesgf,, ;e -

The second variable is the mean of the time residuals rel-
ative to the reconstructed high- muon track. Only hits
within 90 m of the bundle track are used for this calcula-
After applying all selection criteria 53 events remain id11 tjon  This variable uses the fact that the parallel but lat-
days of data. No events remain in the S|mL_1Iated_ ba}clé—ra”y separated high; muon track have a negative time
ground. One event that passes all the selection criteriaissjqual relative to the bundle track. Single muon bundles
shown in Fig. 3. The reconstructed high muon and bun- j,correctly split into two groups tends to have time residu-

dle track have a perpendicular separation of 207 m at thgs that are closer to zero because both groups are causally
center of the detector. The two tracks arrive within 470 ngynsistent with the bundle hypothesis.

and 3.3 of each other.
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4 Reaults

These two variables are shown in Fig. 4. The back-
ground single muon bundles and high muon simulation
4.1 Purity of Final Sample are at a relaxed cut level with only reconstruction quality

) ) ) ‘and double-coincidence selection criteria applied, whige
Simulation of single muon bundle background events igata points are after all selection criteria have been agpli
too computationally intensive to accumulate large statisrhe dashed grey line is a fit to the mean of the background
tics. Although no simulated single muon bundle evenjngle muon bundle points. To estimate the purity of the
passed all the selection criteria, the possibility exib& t qata sample, this line has been moved upwards until every

some single muon bundle background events could survitgnlated single muon bundle event is below it. Thirty-one
in the final data sample. In order to estimate the purity of
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Cut Data Simulation  Simulated Signal (%)
IceTop and IceCube Trigger 1.35x10 1.47x10 100%

Bundle and Highpr Reconstructions Successfu4.59 x 1¢  3.04 x 10 49%
Double-Coincidence Cuts 1.16x10 1.35x 10 25%
Reconstruction Quality Cuts 257x10 1.64x10 13%

Single Track Cuts 53 0 8%

Table 1: Number of events in 114 days for data and simulateldraund. The percentage passing rates for simulated
high p muons with a lateral separation of 200 m (8 GeV/c) are shownedls

These events have been scaled down to the rate of 3 events
High pT Muons in the on-time window.

4 Single Muon Bundles
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Figure 5: Preliminary perpendicular separation between

of the fifty-three data events lie above the line, giving a pre?h”e”gfteir;grhlgfm muon reconstructions at the center of

liminary estimation for the purity of the final event sample
of at least 58%.

4.2 Estimation of Double-Coincident Rates 5 Conclusions

As mentioned in Section 3, an irreducible background reA search for cosmic ray events with laterally separated
mains from double-coincident cosmic rays. The number ghuons has been conducted in 114 days with 25% of the
these events in the on-time window§00 ns) can be es- full IceCube detector. The fraction of single muon bun-
timated by counting the number of events with tracks thatle events remaining in the final sample has been con-
occur with a time difference greater than 600 ns after agervatively estimated to be 42% and the number of back-
plying all other selection criteria. In the final data sampleground double-coincident events has been shown to be very
eight events were found in this off-time window. To be consmall. Further searches with IceCube data with larger in-
servative, two events with a time difference greater thastrumented volume will have important implications for
20,000 ns are discarded. The remaining six events wecesmic ray composition and air shower simulation.

spread over a time range of 2260 ns, giving an expectation

that 3 of the 53 events in the600 ns on-time window are

due to double-coincident cosmic rays. References
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Figure 5 shows the preliminary perpendicular separati
between the bundle and high muon reconstructions at
the center of the detector. The black solid lines are t
53 data events that passed all selection criteria. Prelimi-
nary estimations indicate that this sample is 58% pure. TE
dashed red lines are the data events that passed all se %
tion criteria, but had time differences greater tRs#00 ns.



