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lceCube and DeepCore

Detection of neutrinos via Cherenkov
radiation of charged secondaries

» Searches for particles beyond the standard
model including fractionally charged
particles

« 1 km3of instrumented ice

* IceCube: 125 m string and 17 m PMT
spacing

 DeepCore: 72 m string and 7 m PMT
spacing

50m

1450 m

2450 m
2820 m

IceCube Lab

IlceTop
81 stations / 162 tanks
324 optical sensors

[ IceCube In-Ice Array

L 86 strings including DeepCore
[ 5160 optical sensors

?

DeepCore
8 strings optimized for lower energies +

7 standard central strings
480 + 420 optical sensors

Eiffel Tower
324 m
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Fractionally charged particles

Fractionally charged particles (FCPs) appear in several extensions
of the standard model

Produced Cherenkov photons, ionization, pair production and
photonuclear interactions o z2

The detector signature for FCPs are faint through going tracks

A previous lIceCube analysis searched for charges between e/3
and 2e/3

For a charge of e/3 the triggers start to be inefficient

The standard triggers work on HLC hits

» Hard Local Coincidence (HLC): in a time frame of = 1 ps around the hit a
neighboring sensor on the same string is hit

+ Soft Local Coincidence (SLC): Single hit

FCPs with a charge of e/3 dominantly produce SLC hits
Built the Faint Particle Trigger (FPT) that includes SLC hits
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Faint Particle Trigger structure

« FCPs dominantly produce SLC hits which are not forwarded to the standard triggers

» For the FPT all HLC and SLC hits in DeepCore are forwarded
* In a sliding time window with a size of 2500 ns four cut variables are calculated

Remove Detector Noise and Remove Detector Noise by velocity Remove a fraction
too bright signatures and directional hit consistency of the muons
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Cutl

» Fractionally Charged Particles (FCP) with a
charge of 1/3 and a mass of 1 TeV 100

Cut 1: #Hits

IceCube Preliminary === Fractionally Charged Particle

== Detector Noise
Fixed Rate Trigger data

* Only events that produce at least 10 hits in DC

101 m— Cut
* Fixed Rate Trigger (FRT) reads out the whole
detector for 10 ms every 300s > 10725
i
[
« Detector Noise simulation 51073

« Radioactive decay (low abundance of 4°K

in glass spheres) 10-4-
« Correlated component
* Thermal noise

1075
: 0 5 10 15 | | '
« Detector noise produces a lower amount of Ahits 20 25 30
hits in the time windows compared to the
signal
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Cut 2

Cut 2: #Doubles

» Calculate the velocity of - hit :

( - ) ] lceCube Preliminary === Fractionally Charged Particle
pairs (combinations with itself and 12 —— Detector Noise
commutative ones are not 107"+ - E‘;‘fd Rate Trigger data
calculated f

) 102 = L
« The velocity cut interval: > !
0.033c<vel<1.033¢ © 1073 +'+
AT - DO
 Count the velocity consistent hit 10775
pairs (Doubles) per time window '
10~
« Detector noise clusters at lower ;
#Doubles compared to the FCPs 107°; "
0 10 20 30 40 50
#Doubles
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Directional clustering of Doubles

Zenith histogram of Doubles (One FCP example event)

* anCUI‘Tﬂe the direction for all Doubles per 164 JceCubePreJJanary _____ SNSRI S S p— True zemth
time window | | | | § | ‘ ‘
R e [ e B e o
« For Detector Noise there should be no 12 e
preferred direction
10
+ Histogram the direction in 20° bins 5 8 I e
S A I R B
« Example for one time window of a FCP 61—+
event (simulated zenith 80.5°) N I I L o o N
* Select the bin value of the bin with the 2 ’
maximum count 0 | | | ; ;
0 200 40 60 80 100 120 140 160 180
Zenith/®
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Cut 3

* Apply this simultaneously on the azimuth and zenith angle
* Detector Noise clusters at lower values

Cut 3: Doubles zenith vs. azimuth for FCP 1éiut 3: Doubles zenith vs. azimuth for Detector Noise
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Cut4

SLC fraction

SLC fraction cut
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* Divide the number of SLC hits in the time window by the number of all hits in the time window
« Combined signal efficiency: Standard Trigger + Faint Particle Trigger
« The combined signal efficiency is “stable” up to a cut of >0.75, because additional triggered
events have a high SLC fraction value and only double triggered events are lost
Cut 4: SLC f.ra_ction Trigger rate and signal efficiency vs. SLC fraction cut
IceCube Preliminary 300 285 a2 1 28 0 o
I— —R10 | ¥ FPT on FRT data
. [ 0.9 80
_I_I_J 250+ 3.0
109 — - 0.0 .
200110 60 c
3 N ...........:::-.-.._‘,5;5,:(3 .......................................................................................................... g
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@ @ 15047 20 »46.2 ‘@
S 10-1 [ I - 140 —
Q10 e +118 ~87:3 ©
wl T Pg ----- " _‘\322‘5 5
. . IceCube Preliminary | e 5.‘ ‘‘‘‘‘‘ n
= Fractionally Charged Particle ""---..“_‘%g-'g-___ 0 20
Fixed Rate Trigger data 501 —« standard Triggers + FPT on FC ' “'&8
-x- FPT on FCP
1072 e S = Standard Triggers on FCP
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Summary Cuts 1-4

Trigger rate and signal efficiency after consecutive cuts

] 7 -
105. 22 97.4 —— Standard Triggers + FPT on FCP 100
T T Standard Triggers on FCP
- »89.1 90
1044 —87.0 >
| ¥303.0 -
N I T 80 ¢
L 103 0 T~ O
~ - ~yl L Y=
Q I T~  TTEee—a q(]__)
T~ T —— .
5T B0 70 —
102_: ~~~~~~ ‘95.0 (-
f i)
IceCube Preliminary i 60 n
101? .........................................................................................................................................
1 -¥- FPT on FRT data
| —— FPT on Detector Noise ﬁ+1.9 50
100 ! T T T
Cut 1: #Hits Cut 2: #Doubles Cut 3: Direction Cut 4: SLC fraction
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Performance and reSUItS 8h Run on the South Pole Test System

14 {-1ceCube. PIEJlmLIZlaF¥ --------------- —— Standard Trlggers
» Performance pIOt from South Pole Test ; —— Standard Triggers + Faint Particle Trigger
SyStem 12 ..................... —— Faint Particle Trigger
S
 FPT consumes = 1% of CPU utilization < 10 """"""""""
and produces additional 3.4 GB of *g' 8 TRk & AR .L\\}"w., I O ,’Ww#ﬁv‘rﬁ“u
data per day = i
S5 T e T i SRR
) i
- Atthe South Pole ~ 1 TB of triggered SE N N S S S
data are saved and = 100 GB of filtered e | |
data are transferred via satellite per day 5 S S
0 i i M-
« The signal efficiency for FCP is 0 100 200 - 300 400
improved by a factor of = 1.55 while Time/min
increasing the event rate by = 1.004 Trigger configuration | Signal Event rate | Additional
efficiency FCP | [HZ] data
[90] [GB/day]
Standard Trigger 56 +1 2784.0 £ 0.3
Standard Trigger + FPT 87 x1 2793.9+£0.3 34
Bl e
ICHEP 2024 Prague 1 /ﬂ :.IJ\IUPPERSTAL

IcCECUBE



Result on low energy neutrinos Flavor and | Relative signal

energy efficiency
« Applied the trigger to low energy neutrino Increase
simulations in DeepCore Ve A 1.11 + 0.02
+
. A:1GeV < Energy <4 GeV Ve,B 1.18+0.02
« B:4 GeV < Energy <12 GeV Ve 1.10+£0.01
« C:12 GeV < Energy <100 GeV
VA 1.11 £ 0.02
* Analyses using low energy neutrinos will include VB 1.15+0.01
the new events in their selections
Vg 1.14 £ 0.02
VB 1.15+0.01
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Trigger rate

. . . IN_ICE_FAINT_PARTICLE IceCube Preliminary
« The FPT is online since o
November 28 2023
= 10% correspond to events 105
that are only triggered by the
FPT _
ii
. . o 100
» The trigger rate trend aligns 5
with the trend of the main
triggers o
» Correlated to seasonal
variations of the atmospheric o
temperature Dec 23 Jan 24 Feb '24 Mar '24 Apr ‘24 May 24
Time
— Rate
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Processing

* The processing of FPT events will reduce the rate by approximately one order of
magnitude

« The final steps apply cleaning and reconstruction algorithms to the remaining events

« For SLC dominated events existing cleaning algorithms had to be adjusted

« Several cleaning methods were compared

« Comparison of existing reconstruction algorithms and other machine learning
based approaches are currently conducted
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Summary

« The FPT was developed, tested and is running at South Pole since November 2023
« It significantly improves the signal efficiency for FCP while increasing the event rate by = 0.5%
« Additional low energy neutrinos are triggered with a relative signal efficiency increase up to 1.18

Outlook

» Finalize the reconstruction algorithms for the new events
« Use new events in BSM and low energy analyses
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Hit pair velocity

le—6 Hit pair velouty

_____________________________________________________________________________

3.57 =1 Fractionally Charged Particle IceCube Preliminary
] Detector Noise i

Density

105
Velocity [km/s]
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Cut 3 for FRT data

15 Cut 3 Doubles zenith vs. azimuth for FRT data

10 1

Maximum azimuth histogram bin count
(@)}

Iceth,lbe Prelimiinary
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Maximum zenith histogram bin count
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Noise components

0.40 —— ———— :
0.35
0.30
0.25
gﬁ 0.20
0.15
0.10

0.05

— HitSpool

— Uncorrelated Noise
Correlated Noise
Afterpulses

0.00
10° 107 10" 107 10° 10"
Time between subsequent hits [s]

Noise Component  Origin Distribution Parameters

Afterpulses PMT Gaussian pw="6ps
o=2ps

Uncorrelated Thermal noise Poissonian A =~ 250Hz

Radioactive Decay
Correlated Luminescence (7) Log-normal = fﬁ[logm{%)]

o = 0.85[log; (A1)
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