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High energy physics with LENA

Performance of LENA at high energies not known too
well

Earlier studies up <1 GeV

* Proton decay and studies for beta beams (Teresa)
Some studies being made for HanoHano

* Learned (Hawaii)

For Borexino muon studies

 echidna,...



Simulate high-energy measurement

A simple Java app “Scinderella.java”
Initial brute-force simulations to get the feeling
* Not designed to be a full analysis program
Uses a simplified internal event generator
Uses a simplified model for the detector
 Reduced number of photosensors, no deficiencies
« Scintillator decay time and pmt time jitter modelled
Records observation times of photons in photocounters
« Selectable data loss by errors, smoothing etc
Compare the light signals of “true event” to “test event”

e “true event” Monte Carlo
e “test event” analytic



£ Scinderella: neutrino with 2000.0 MeV (QE from carbon) muon® minus+ proton |_:;'_EI_“_)'(_[|

Contral  Options  BEvent Measurement Analyse View Layer Help
CETECTOR

YValume = 21206 m3

Fhotosensor coverage =6 %

FDE of photosensors = 100 %

QRIGIMAL EVERMT QE with neutring energy 2000.0 kel
Depositable energy 1879.60 Me' Measurable energy 1984.00 Mel
muorn: 159213 MeV and 8.00 m.

proton:287 47 Me and 0.5594 m. vertexEnergy =0.00 Mel

MEASLIFEEMEMT

measured 320332 photons of 20056 M. {1.596 %)

FIT (dane fit for selected event)

In{Ly=1097186 s=0.00

Vertex at (0.54, 0,42 1409164 60 Me 10 = 67.73 ns.

Deposited energy 1945.02 MeV Measured energy 20458 .42 hel
Inferred neutrino energy 2066.07 Mev with uncertainty 16.65 Meyf
meutring energy from lepton angle: 2081.33 Me [QEES]

[0] muon: 1642 Mey and 8.24 m.

[1] proton:238 Mev and 0.405 m.

[2] 0 Med and 0.000 m.

[3] 0 wey and 0.000 m.

Predict 319721 photons of 20049 M emitted. (1.56 %)

bestfit original, with measured E= 1984 00, Chi= 922337 203685477580

PMTI2][1 2] 6@ 3.70,6.10,17.86)
1326 photons 1320 photons
Curation 87 89 ns Duration 107.00 ns

Time 3.97 ns Time 4.27 ns
Mean time 265 ns Mean fime 8.20 ns
COMARD: Fit selected event ALYVERDICT Decay signal=18  Decay signal 570,54
event generated Errarin measured energy 6542 eV = 3.30 % +18 +18.00
IEYY: top Errar in lepton energy 2016 Me =315 % Inily-4140.40

LAYER: photons Errarin lepton track 0.24 m= 3 %, vertex: 0.11 m.

|ru1|aan = 508.46 and wariance = 307.20 Errarangle LO.01 rad =0 deq {p 0.49 rad = 28 deq) ‘"Ih. T
i i v s s |




Contral  Options  EBvent Measurement

B Scinderella: neutring with 4000.0 MeV (DIS from carbon) muon®minus+ proton
Analyse View Layer Help

COmMMARD: Fit selected event
event generated

IEYY: top
LAYER: photons

|ru1|aan = 853.02 and variance = 600.22

ALWVERDICT

Errarin measured energy 145.73 Mel = 366 %
Errarin lepton energy 103.41 Me =508 %

Errarin lepton track 0.47 m =5 %, vertex: 0.11 m.
Errarangle LO.00 rad=0deq {p 1.40 rad = 80 deq)

=

DETECTOR

YValume = 21206 m3

Fhotosensor coverage =6 %

FDE of photosensors = 100 %

QRIGIMNAL EVERMT DIS with neutring energy 4000.0 els
Depositable energy 3460.80 Me' Measurable energy 3984.00 Mel
muon: 203387 MeV and 10.05 m.

proton:1 41,28 Mev and 0166 m. vertexEnergy =1.08 Mel
pion:3a0MeV[7Ens]pion: 322MeV[37ns]pion:B1 1 MeN[23ns]
MEASLIFEEMEMT

measured 600405 photons of 37.86 M. {1.599 %)

FIT (dane fit for selected event)

In{Ly= 2178201 s=0.00

Vertex at -6.07, 0,14, 158913772 MeY 10 = 46.03 ns.

Deposited energy 3606.53 MeV Measured energy 4128.73 hel/
Inferred neutrino energy 4387 .96 Mel with uncertainty 253.23 ey
mHeutring energy from lepton angle: 5311.41 el [DIS]

[0] muorn:2137 Mey and 10.592 m.

[1] proton:465 Mev and 1.20 m.

[2] pion:87 Me and 0.256 m. 73.71 ns.

[3] pion:194 Med and 0.796 m. 38.80 ns.

[4] pion:5a2a Mev and 2. 96 m. 22.72 ns.

FPredict 898310 photons of 37.36 M emitted. {1.58 %)

best fit original, with measured E= 3982 70, Chi= 9223372036854 77580

2134 photons
Ciuration 132.00 ns
Time B.97 ns

Mean time 21.54 ns
Decay signal 26.36
+1. 71+10.70+8.42+5.593
m In{Ly -8554 61
‘ ‘ H|||||| N o
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B Scinderella: neutrino with 4000.0 MeV (SPP from carbon) electron® minus+ proton |_:;'_EI_“_)'(_[|

Contral  Options  BEvent Measurement Analyse View Layer Help
CETECTOR

YValume = 21206 m3

Fhotosensor coverage =6 %

FDE of photosensors = 100 %

DRIGIMNAL EVERT SPP with neutring energy 4000.0 ket
Depositable energy 3845.19 Me' Measurable energy 3984.00 Mel
electron:2004.02 MeV and 5.78 m.

proton:1 83567 Mev and 8.26 m. vertexEnergy =0.00 Mel
pion:EMet[157ns]

MEASLIFEEMEMT

measured 675485 photons of 41 .90 0. {1.61 %)

FIT (dane fit for selected event)

In{Ly= 2302063 s=0.00

Vertex at (0.89, 014, 14.7130.00 Met0 = 63,82 ns.

Deposited energy 3861.59 MeV Measured energy 4000.40 hels
Inferred neutrinog energy 4026.32 MeV with uncertainty 25 .92 Meyf
mHeutring energy from lepton angle: 3676.42 Me [SPP)

[0] electron:197 8 Mew and 5.76 m.

[1] proton:1878 MeV and 8.50 m.

[2] pion:a wMed and 0.003 m. 147.00 ns.

FPredict 811213 photons of 43.18 M emitted. {1.88 %)

best fit original, with measured E= 3984 00, Chi= 9223372036854 77580

932 photons 871 photans
Duration 130349 ns Duration 95.00 ns
Time 13.93 ns Time 13.549 ns
Mean time 1035 nz Mean fime 8.75 ns

COMARD: Fit selected event ALYVERDICT Decay signal=7¢  Decay signal 0.00
event generated Errarin measured energy 16.40 e'=0.41 % +7 +2.44

IEYY: top Errar in lepton energy -25.60 MeY=-1.28 % Inily-3615.83
LAYER: chi Errarin lepton track 0.02 m =0 %, vertex: 0.06 m.

- Errarangle LO.03 rad= 2 deg {p 0.00 rad = 0 deq) o . M
| A, e ——T, s i =3 s T e |




Results so far

* Very good fit to simple events

« Almost absolute flavor recognition (even without muon
decay signal)

» Positional accuracy a few cm
 Angular accuracy few degrees
- Neutrino angle limited by unseen nuclear recoils
* Good fit to more complicated events, too
 Three tracks can be fitted if well separated
 More tracks very challenging
« Muon track always fittable (if exists)

» So far no flavor misidentifications for any topology

e Only unconsidered major fluctuations or rare rescatterings



Energy resolution

In simple events all tracks fitted better than 1 % accuracy

In complicated events

» Single tracks fitted less accurately

« Total light output is fitted at few % accuracy
Typically the accuracy of the routine better than 1 %

Larger uncertainties:

e Nuclear physics: Carbon binding energy, nuclear spillouts
etc: uncertainty of 20-40 MeV

e Misrecognized hadrons: quenching factor significant

 Neutrons so far lost energy — to be studied more
May assume 5 % accuracy, sufficient for neutrino beams



Recognizing antineutrinos and neutrinos?

 Recognize prompt nucleon?

Neutron can be recognized by absorption signal (95 %)

Neutron track may be followed

Proton track distinguishable if energy > 100 MeV

But: nucleon interchange within nucleus (20-30 %) or
charged pions may complicate the analysis

 Muon charge can be measured with magnetic field?

 Bending in a moderate magnetic field 0.1 T or less clearly
observable

e Fluctuations in trajectory (Coulombian scat.) limiting factor

 Magnetized liquid scintillator needs different photosensor
technology



Control  Options  Event Measurement

COmMMAND: Check charge
event generated

[EWY: top
LAYER: photons

£Y Scinderella: neutrino with 3000.0 MeV (QE from carbon) muon®minus+ proton

Analyse View Layer Help

ALWVERDICT
Errarin measured energy 4. 05 Mel=014 %
Errarin lepton energy -21.33 MeV' = 0.80 %
Errarin lepton track 0.09 m=-1 %, vertex: 010 m.
Errorangle LOO3 rad=58deg (p 0.43 rad = 25 dem)

L 1 I

DETECTOR Volume = 21206 m3 BE=005T
Photosensor coverage =6 % PDE of photosensiors = 100 % |
QORIGIMAL EVENT QE with neutrino energy 3000.0 Mel

Depositable energy 2853 60 MeV Measurable energy 2963.00 Mel
muon: 2664 15 Med and 12.87 m. vertexEnergy =0.00 Mey
proton:194 45 MeV and 02590 m.

MEASUREMEMNT

measured 307529 photons of 3116 M. (0.99 %)

FIT (studied charge)

(L) =1109822 s=0.00

Verex at¢-3.41, 0.02, 0.1.3)0.00 MeV 10 = 60.79 ns.

Deposited energy 2862 65 MeY Measured energy 2967 .05 Mel
Inferred neutrino energy 310745 MeN with uncertainty 1.34.39 Meyf
mHeutrino energy from lepton angle: 28949 58 Mel [QES)

[0] muoni-132643 MeY and 12.78 m.

[1] proton:220 Mev and 03680 m.

Predict 3077448 photons of 2.28 M emitted. {1.3.51 %)

best fit original, with measured E= 2963.00, Chi= 92233720368547 74580

- FmT lqualihf perfect
177 photons 171 photons
Duration 8294 ns Duration 60.00 ns
Time B0.88 ns Time B1.13 ns
Mean time 641 ns Meantime 616 ns
Decay signal =1 Cecay signal 0.76
+1 +0.76

InfLy 014

=S T
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Considerations for detector design

* |Important

» Fast scintillator (< 5 ns)

« Small scattering of light in liquid

* \ery good photosensors &

electronics:
- Total photon count & start time for

each PMT very important

- Recording individual photon times

would be nice but not mandatory

Less relevant

* Light yield & light attenuation

Noise

 The buffer and the shield can be
used to extend the fiducial volume

DETECTOR LAYOUT

Cavern
height: 115 m, diameter; 50 m
shielding from cosmic rays: ~4, 000 m.w

Muon Veto
plastic scintillator panels (on top)
Water Cherenkov Detector
1,500 phototubes

100 kt of water

reduction of fast

neutron background

Steel Cylinder
height: 100 m, diameter. 30 m
70 Kt of organic liquid

13 500 phototubes

Buffer
thickness: 2 m

non-scintillating organic ligquid
shielding external radioactivity

Nylon Vessel
parting buifer liquid
from liquid scintillator

Target Volumé¢ —M—
height: 100 m, diameter: 26 m
50 ki of liquid scintiliator

vertical design is favourable in terms of rock pressure and buoyancy forces




Atmospheric neutrinos

* Vertical direction optimal — upward going neutrinos best
* Three interesting ranges

 10-20 GeV: upward-going neutrinos, satisfactory energy
resolution and good angular resolution

* Around 3 GeV — matter resonance: ability to differentiate
neutrinos from antineutrinos very valuable

 Near 100 MeV: study solar neutrino parameters. A small
window for LENA?

 Atask to be done



Neutrino beams

 Conventional wide band beam: 1-6 GeV (< 100 M€)

« Baseline > 1000 km preferred
« Vertical alignment not a burden if wide enough
e Good for sin’(2theta)>10""

 Beta beam: 300 MeV - 5 GeV (1 G£)

 LENA very good with a high-energy beta beam

« May study sin’(2#heta)>10"" or less, depending on
beam power and detector size

» Larger detectors preferable, with horizontal alignment
* Neutrino factory 3 GeV — 50 GeV (>2 G€)

* Requires a magnetic detector (B >0.1T)

 For E > 5 GeV detector to be aligned parallel to the beam
e Good for  sin’(2theta)~10">...10*



Conclusions

Large volume liquid scintillation detector serves as a good
tracking detector for high-energy events (> 1 GeV)

* Flavor recognition very good
« Energy resolution typically better than 5 %
e Capacity mostly limited by physics
Very good detector for neutrino beams
 Wide band beam
« High-energy beta beam
* Low-energy neutrino factory: Magnetized liquid scintillator

Interesting for atmospheric neutrinos

Challenges for the design of the detector

« Light sensors, electronics, data acquisition



WBB with LENA @2300 km

theta reach: theta_13 and delta for 38 kt
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Some comparisons

plotfile using 1:2:3 plotfile using 2:1:3
required fiducial mass of the detector to measure non-zero theta_13 theta reach: theta_13 and baseline for 58 kt
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