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Event reconstruction in | ceCube based on direct event re-simulation
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Abstract: We present a new method of event reconstruction in IceCwtedfarches through an exhaustive set of
re-simulated events to find the best match to data. Sevenallsmethods, including the stochastic approximation
and localized random search, were tried. We demonstrataffability of the new method to reconstruct cascade-
like as well as track-like events. While significantly slowean the PDF-based reconstructions, the new method
is able to take into account all of the nuances present inithielation that are sometimes omitted from the PDF-
based description of data.
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1 Introduction each iteration 25 possible sets of space and angular coordi-
natesx,y, z, 6, ¢) are sampled from the proposal distribu-

the ice at the geographic South Pdlé [1] between depth ion around the best cascade from the previous iteration (or

of 1450m and 2450 m. Detector construction started i€ initial guess, if this is the first iteration). For eaclelsu
2005 and finished in 2010. Neutrino reconstruction reliesS?tEthe SPOI:[O” S'thIat'on di [é.lt] IS ;!,m with (tjhe bes'tv'valltjes
on the optical detection of Cherenkov radiation emitted b andlo from the previous iteration, progucing vionte-

secondary particles produced in neutrino interactionsen t ??ﬂgthrll%xm?zlt‘[]heebliisétli\éac:ggsffrflg?oen@zzgigﬁg tlg;r?al-
surrounding ice or the nearby bedrock. 0 :

The development of the method described in this papelly’ the sets are re-simulated with the optimized values of

. . ; . . ndty at each of their respective space and angular coordi-
was triggered by our concession that it was impossible t‘ﬁates. The final likelihood values for all 25 sets are comput-

:Q%U: gg:lz?y;gfggdkg%\gg Sr:lrjj cr':i(i)ens \c;\mlg?,[tfscga?ﬁsef”pggned and the event with the best value is selected. This best
' Y3 \alue and corresponding cascade parameters are saved and

to add a description of almost any conceivable detail 0)sed as a starting point for the next iteration.

the detector simulation, adding even one new dimension to This process is repeated 400 times. Every 40 iterations
the existing probability tab!es IS very prohibitive, frofet the proposal distribution width parametéisandAW are

perspective of the computing time necessary to create th& dated to the RMS values of space and angular coordi-
PDF tables, and storage of and access to the stored t""blﬁ'gtes calculated from the best 20 of the previous 40 iter-

(Which becomes slow if the tables cannot be fitted into theations. Finally, the solution is calculated by averaging th
active computer memory). best 160 iteration results. Some measure of statistical un-
certainties is given by the spread of parameters of the best
2 Cascade reconstruction 160 cascades, although a strict statistical meaning of this
spread is unclear.
We start by describing the cascade reconstruction, which | addition to the “localized random search” method de-
proceeds as follows. The initial guess is initialized with scribed above we have tried two more approaches, which
coordinates of the center of gravity of hits in the detedor, yielded somewhat less robust performance. First approach
random direction, the energy Bf= 10° GeV, and the start s the simultaneous perturbation stochastic approximatio
time ofto = 0 ns. In the localized random search versionand its variations, which is a derivative-based maximiza-
of the algorithm we specify the widths of the proposaltion search method, where the derivative is calculated “s-
distributions for space coordinatesr€10 m) and angular  tochastically” from consecutive iterations, but the step s
coordinates 44%=30 degrees). The proposal distributions is reduced in a controlled manner. The second method was
are the 3-d Gaussian and 2-d Gaussian on a sphere (vdnspired by the Markov chain Monte-Carlo method; here
Mieses-Fisher distribution). each proposed step is either taken or rejected based on
We compare data and simulation with a likelihood func-whether the calculated value of the likelihood at the new
tion described in[[2], which takes into account statisticalcoordinates is better or worse than at the current point. S-
fluctuations in both data and simulation, as well as a possince the likelihood value at given coordinates is calculat-
ble systematic disagreement between data and simulatioad from a simulation performed anew for each new evalu-
which is modeled with a log-normal Gaussian (describingation, it is a “stochastic” quantity, forming a distributio
the “model error” of the ice model, as explainediih [3]). At rather than assuming a single value. So, it is often possible

IceCube is a cubic-kilometer neutrino detector instalted i
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to jump from a point with parameters providing a (on av-Markov Chain (rather than simple rejection), where steps
erage) better description of data to a point with parameterare sampled from a proposal distribution and accepted as
providing a (on average) worse description of the data, jussoon as the “distance” condition is satisfied. The parame-
like in a typical Markov chain Monte-Carlo. Although the ters of the proposal distribution amdn the “distance” ex-
iterations of the method do, in fact, form a Markov chain,pression are estimated from the best steps of the minimiza-
this Markov chain is not reversible, with no obvious prob-tion procedure of sectiofi$ B, 3.
abilistic interpretation of the resulting sequence ofdater  Estimating statistical uncertainties using this method
tions. takes approximately the same amount of time as the recon-
struction. Itis unclear if adding nuisance parametersito th

] procedure to additionally account for the systematic uncer

3 Track reconstruction tainties is realistic as the step acceptance rate is lowered

The algorithm described in the previous section also work#'ith each additional parameter (leading to a “curse of di-
for track reconstruction with a following modification. For mentionality”).

each proposed set of space and angular coordinatgs(

0, @) small cascades are simulated every 7.5 meters alo R ion E |
the part of the track that is inside the detector with a ﬁxegg econstruction Examples

combined energy of F0GeV. Each such cascade (num-The method of this report was applied to the 28 high energy
bered with index) produces a pattern of hits in the detec-events of[[9]. Figur€ll compares the reconstructed energy
tor, creating a column in a matri%;j, wherej represents and zenith with the main reconstruction method used in
a time bin in a DOM. We now have the unfolding problem [9]. Out of the 28 events only one reconstructed as a track,
similar to that discussed inl[5], where the energy of eactwith many reconstructed losses along its path (as shown in
cascadg needs to be scaled by “weightel; so that the figure[2). In the other 6 events that have a muon in addition
sumy ; Ajjw; best matches the hit counts in dakaThis  to the larger cascade the muon part of the event is largely
problemis solved taking into account the Poisson nature oignored by this reconstruction. We believe this happens
both data and simulation sets of each cascade (as describatien the contribution to the likelihood from the few hits

in [2]), resulting in the set of unfolded simulation weights left by the muon is so small that it is largely “washed out”
wi. The first guess is obtained by solving igAijwj = di by the fluctuations of the much larger contribution from the
with a non-negative least squares (NNLS) method, and theascade part of the event. Finally, figlile 3 illustrates how
solution is then refined for the full likelihood description the method converges to the solution.

with a derivative method (BFGS2 of GSL] [6]). The unfold-

ing procedure is repeated for various valuegpfind the

best value ofp is chosen to maximize the likelihood com-

paring the data with a superposition of cascades weighteRefer ences

with the unfolded weightw/; corresponding to thdg. The .

unfolded pattern of Weigh{s corresponding to the best vafll A. Achterberg et al. (IceCube Collaboration),

ue ofto is applied to the energies of cascades along the_ AStropartPhys. 26, 155 (2006).
track, and the event is re-simulated. This procedure is o§-2] D. Chirkin, arXiv:1304.0735 (submitted to NIM-A).
tionally repeated one more time, adding simulation to th 3] M. Aartsen et al. (Icggube Collaboration), NIM-A
pool created during the first iteration, after which the fi- (2013) pp. 73-89, arXiv:1301.5361.

nal pattern of cascade energies re-simulated one more tirr{ ] D. Chirkin, DOI: 10.1016/j.nima.2012.11.170

and the final likelihood value for this iteration is comput- ] N. Whitehorn, awesome millipede reference

; ] GNU Scientific Library, http://www.gnu.org
g‘i;ggggﬁtr_nonsnates the convergence of the method f‘{ ] P. Marjoram et al., PNAS Dec. 23, 2003 vol. 100 no.

26 15324-15328
[8] E. Cameron, A. Pettitt, MNRAS, Volume 425, Issue
4 Estimating uncertainties 1, pp. 44-65

- . ) , [9] N. Whitehorn, C. Kopper, these proceedings
Statistical uncertainties can be estimated with an Approxi

mate Bayesian Computation (ABC) method a<in [7], [8].
The idea is to substitute the probability of d&tayiven
event parameter®, p(D|6), in the Bayes'’s expression for

the conditional probability density

p(DI6) - p(6)
p(D)
with a probability to obtain data events that are sufficientl

similar to the event under investigation. The similarity is
defined with a “distance”

p(8|D) =

p(D,D) <e,

which we substitute with the likelihood dfi[2] comparing
data and simulation.

Since the prior in variables, y, z, 8, @ can be often
assumed to be flat, the sampling method of choice is a
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Fig. 1: Comparison between the results of the reconstruc- I
H H H . H H . O‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘
tion method dgscrlbed in this report with th(_a main recon 0 50 100 150 200 250 300 350 400
struction used in[[9] for the 28 HE events bf [9]. Most of step number
the points are within the average estimated uncertainties 180
of 10% in energy and 10 degrees in the zenith angle. The i
energy of the outlier is overestimated by the reconstruc- 160f
tion method ofl[9], since it did not include the effect of the 140 [
ice layer tilt in the PDF used by the reconstruction, where- ;
as the method of this report used our best description of - 120
the ice, including the tilt. The uncertainties for this even 3;'») 100;
t were estimated ir ][9] by reconstructing events similar to g T
this one, simulated with the best knowledge of ice, and re- g 80
sult in the median of the result that has a good agreemen- & i
) . . N 60
t with the energy reconstructed with the method of this re- i
port. The outlier in zenith is for a cascade event with a par- a0l
ticularly poor reconstructed angular resolution. i
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Fig.3: Top: Reduced log likelihood (log likelihood divid-
ed by the number of degrees of freedom) after each of the
400 iterations. Some stepping structure evident in the plot
is related to the fact that the parameters of the proposal
distribution are updated every 40 steps. Bottom: Conver-
gence of the best fit direction: results of successive itera-
tions are connected by line segments for visual claritysThi
is a reconstruction of a well-defined track, and results in
the method wondering around in a very narrow range of
zenith and azimuth. This reconstruction took about 2 days
on a computer with 5 GPUs. Most of the calculation time
was spent on the GPUs, which were used to run the photon
propagation simulation.

energy losses [ GeV ] vs distance [ m ]

Fig. 2: Reconstructed energy losses along the muon track.
The losses are normalized to the total energy lost in the
volume of the detector.
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