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Detecting Neutrinos - a numbers game

Incredibly small cross sections demand: 
• large fiducial mass
• time
• high intensity
• low noise Visualizing LBNE

chroma-cam: Utility for raytracing a geometry or detector 
using Chroma into a Pygame window (no OpenGL!)

� �

��	����� �	�� ��� ���	!�""" Proposed LBNE Water Cherenkov detector would 
have comfortably contained the Statue of Liberty

LENA, the proposed European liquid scintillator 
detector: A nice addition to the Philly skyline?

credit Jürgen Winter credit Anthony La Torre
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Detecting Neutrinos (proton decay) - a numbers game

Visualizing LBNE
chroma-cam: Utility for raytracing a geometry or detector 
using Chroma into a Pygame window (no OpenGL!)

� �

��	����� �	�� ��� ���	!�""" The proposed LBNE Water Cherenkov detector 
would comfortably contain the Statue of Liberty

LENA, the proposed European liquid scintillator 
detector: A nice addition to the Philly skyline?
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your expected 
wait time is 
~30 years...

I turn 61 here.

plot by Ed Kearns, BU

Incredibly small cross sections demand: 
• large fiducial mass
• time
• high intensity
• low noise
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high efficiency (resolution)

Liquid Argon

Water Cherenkov
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Neutrino experiments often face tough choices.

tradeoff curves of constant cost  

 The Limits of Thinking Bigger 
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The limits of thinking bigger

high efficiency (resolution)

Liquid Argon

Water Cherenkov
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Neutrino experiments often face tough choices.

one particular budget  

 The Limits of Thinking Bigger 



 The Limits of Thinking Bigger 

Instrumentation Frontier Workshop - April 18, 2013

6
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new 
technology

• The development of new technology 
could push this frontier forward. 

• New technology can create intermediate 
options, where there are only a few 
choices.

• New capabilities drive new physics.

same budget



 The Limits of Thinking Bigger 

Instrumentation Frontier Workshop - April 18, 2013

7

high efficiency (resolution)

Liquid Argon

Water 
Cherenkov

hi
gh

 s
ta

tis
tic

s 
(la

rg
e 

fid
uc

ia
l v

ol
um

e)

new 
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• Other dimensions to this graph:
• particular target masses have different 

cross-sections/sensitivity
• different physics goals need more or 

less of each capability
• We want many choices and we want a 

variety of technology options in play
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Charged Current (signal) Neutral Current (bkgd)

W±

l±

Z0

Recoil(pion)

νlνlνl

• We detect neutrinos through the products of their interactions with matter.
• Neutrino flavor can be determined by charged-current interactions, which 

produce charged leptons of like flavor. 

Typical neutrino oscillation experiments count the relative fractions of leptons of each 
flavor produced at a near detector, compared with those fractions at a far detector

this experiment 
measures blue 
appearance and red 
disappearance.

 Neutrino Detection Basics
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• An shockwave of optical light is 
produced when a charged particle 
travels through a dielectric medium 
faster than the speed of light in that 
medium: c/n 

• This light propagates at an angle θC = 
acos(1/nβ) w.r.t. the direction of the 
charged particle…

• Geometry is well-constrained

s1
s2

s1

s2

Cherenkov Effect

• Light produced by flourescence of 
ionized atoms

• Narrower spectral range
• Light yield is much higher
• Energy threshold lower
• But, light is emitted isotropically about 

emission points along the track
• Emission times are delayed and 

dispersed

Scintillation

Light Production In Neutrino Detectors
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1. Signal per unit length (before attenuation)

2. Drift time

3. Topology

~225,000mm/microsecond

drift distances depend 
on track parameters

4. Optical Transport of light in water 

~20 photons/mm (Cherenkov)

 Full Track Reconstruction: A TPC Using Optical Light?
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1. Signal per unit length (before attenuation)

2. Drift time

3. Topology

~20 photons/mm (Cherenkov)

~225,000mm/microsecond

drift distances depend 
on track parameters

4. Optical Transport of light in water

Acceptance and coverage are 
important, especially at Low E. Is 
there any way we can boost this 
number? Scintillation? Chemical 
enhancement

This necessitates fast 
photodetection. It also requires 
spatial resolution commensurate 
with the time resolution.

This presents some 
reconstruction challenges, but 
not unconquerable.

Appropriate reconstruction 
techniques are needed.

 Full Track Reconstruction: A TPC Using Optical Light?
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 Three Needed Improvements in Physics Capabilities

1. Granularity

2. Low E/heavy particle sensitivity

3. Energy Resolution
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1. Granularity

2. Low E/heavy particle sensitivity

3. Energy Resolution

 Three Needed Improvements in Physics Capabilities

1. Can water Cherenkov/liquid scintillator 
detectors achieve fine-grained tracking?
• resolve multiple track event topologies 

with small opening angles?
• resolve substructure/systematic 

differences in EM showers?

2. Can we resolve more kinematic details in 
“low energy” (O(10) MeV) events, 
particularly details of nuclear recoil? Can 
we see heavy charge particles below 
Cherenkov threshold?

3. Can we resolve more kinematic details in 
“low energy” (O(10) MeV) events, 
particularly details of nuclear recoil? Can 
we see heavy charge particles below 
Cherenkov threshold?
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1. Granularity

2. Low E/heavy particle sensitivity

3. Energy Resolution

 Three Needed Improvements in Physics Capabilities

In this talk we will look at 
• a few examples of physics questions limited by these 3 capabilities
• ways in which new technology could address these problems
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Section I:

A Sampling of Neutrino and PDK Problems Limited by WC Technology
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Sam  Zeller, INSS, 07/08/09

Neutrino Cross Sections

• this will be our template

Sources for neutrino detectors

nuclear reactors

double-beta decay

super-novas

1 keV

1 M
eV

1 G
eV

1 TeV

1 PeV

neutrino factories?

beta beams?

3
10

4
10

5
10

6
10

7
10

8
10

9
10

10
10

11
10

12
10

13
10

14
10

15
10

Energy [eV]

the sun particle accelerators

atmospheric neutrinos

extra galactic sources?

primarily νe or anti-νe

primarily νμ or anti-νμ
mixed νe + νμ

duty cycle ≈ 1

duty cycle << 1}at source

3Monday, July 6, 2009

Medium energy ranges 
typical of accelerator and 
atmospheric neutrino 
physics fall into the 
“transition region” between 
Quasi-elastic scattering 
and deep inelastic 
scattering.

Pion production (from 
excited nuclear states) 
peaks at these energies.

 

 Granularity 
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Sam  Zeller, INSS, 07/08/09

Neutrino Cross Sections

• this will be our template

Medium energy ranges 
typical of accelerator and 
atmospheric neutrino 
physics fall into the 
“transition region” between 
Quasi-elastic scattering 
and deep inelastic 
scattering.

Pion production (from 
excited nuclear states) 
peaks at these energies.

 Granularity 
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Here "3 ¼ þ1ð$1Þ for proton (neutron) scattering, sin2!W
is the weak mixing angle, and Fs

1;2ðQ2Þ are the strange
vector form factors, assuming a dipole form. The strange
axial-vector form factor is commonly denoted as

Fs
AðQ2Þ ¼ !s

ð1þQ2=M2
AÞ2

; (67)

where !s is the strange quark contribution to the nucleon
spin and MA is the same axial mass appearing in the
expression for CC QE scattering [Eq. (61)].

Over the years, experiments typically measured NC elastic
cross section ratios with respect to QE scattering to help
minimize systematics. Table VIII lists a collection of histori-
cal measurements of the NC elastic and QE cross section ratio
%$p ! %$p=%$n ! $$p. These ratios have been integrated
over the kinematic range of the experiment. More recently,
the MiniBooNE experiment measured the NC elastic and QE
ratio on carbon in bins of Q2 (Aguilar-Arevalo et al., 2010b).

Experiments such as BNL E734 and MiniBooNE have
additionally reported measurements of flux-averaged abso-
lute differential cross sections d&=dQ2 for NC elastic scat-
tering on carbon. From these distributions, measurements of
parameters appearing in the cross section for this process,MA

and !s, can be directly obtained. Table IX summarizes those
findings. As with QE scattering, a new appreciation for the
presence of nuclear effects in such neutral-current interac-
tions has also recently arisen with many new calculations of
this cross section on nuclear targets (Amaro et al., 2006;
Benhar and Veneziano, 2011; Butkevich and Perevalov, 2011;
Meucci, Giusti, and Pacati, 2011). Just as in the charged
current case, nuclear corrections can be on the order of
20% or more.

C. Resonant single pion production

Now that we discussed quasielastic and elastic scattering
mechanisms, we consider another interaction possibility: this
time an inelastic interaction. Given enough energy, neutrinos
can excite the struck nucleon to an excited state. In this case,
the neutrino interaction produces a baryon resonance (N().
The baryon resonance quickly decays, most often to a
nucleon and single pion final state

%$N ! $$N(; (68)

N( ! 'N0; (69)

where N, N0 ¼ n, p. Other higher multiplicity decay modes
are also possible and will be discussed later.

The most common means of single pion production in
intermediate energy neutrino scattering arises through this
mechanism. In scattering off of free nucleons, there are
seven possible resonant single pion reaction channels (seven
each for neutrino and antineutrino scattering), three charged
current:

%$p ! $$p'þ; "%$p ! $þp'$; (70)

%$n ! $$p'0; "%$p ! $þn'0; (71)

%$n ! $$n'þ; "%$n ! $þn'$ (72)

and four neutral current:

%$p ! %$p'
0; "%$p ! "%$p'

0; (73)

%$p ! %$n'
þ; "%$p ! "%$p'

0; (74)

%$n ! %$n'
0; "%$n ! "%$n'

0; (75)

%$n ! %$p'
$; "%$n ! "%$p'

$: (76)

TABLE VIII. Measurements of the ratio %$p ! %$p=%$n !
$$p taken from BNL E734 (Faissner et al., 1980; Coteus
et al., 1981; Ahrens et al., 1988), BNL E613 (Entenberg et al.,
1979), and Gargamelle (Pohl et al., 1978). Also indicated is the Q2

interval over which the ratio was measured.

Experiment Target Ratio Q2ðGeV2Þ
BNL E734 CH2 0:153) 0:018 0.5–1.0
BNL CIB Al 0:11) 0:03 0.3–0.9
Aachen Al 0:10) 0:03 0.2–1.0
BNL E613 CH2 0:11) 0:02 0.4–0.9
Gargamelle CF3Br 0:12) 0:06 0.3–1.0

TABLE IX. Measurements of the axial mass and strange quark
content to the nucleon spin from neutrino NC elastic scattering data
from BNL E734 (Ahrens et al., 1988) and MiniBooNE (Aguilar-
Arevalo et al., 2010b). BNL-E734 reported a measurement of # ¼
0:12) 0:07 which implies !s ¼ $gA# ¼ $0:15) 0:09. Note that
updated fits to the BNL-E734 data were also later performed by
several groups (Garvey et al., 1993; Alberico et al., 1999).

Experiment MA (GeV) !s

BNL E734 1:06) 0:05 $0:15) 0:09
MiniBooNE 1:39) 0:11 0:08) 0:26

Joseph A. Formaggio and G. P. Zeller: From eV to EeV: Neutrino cross sections . . . 1327

Rev. Mod. Phys., Vol. 84, No. 3, July–September 2012

F1ðQ2Þ ¼
!
1

2
$ sin2!W

"#
"3½1þ #ð1þ$p $$nÞ'
ð1þ #Þð1þQ2=M2

VÞ2
$
$ sin2!W

#
1þ #ð1þ$p þ$nÞ
ð1þ #Þð1þQ2=M2

VÞ2
$
$ Fs

1ðQ2Þ
2

F2ðQ2Þ

¼
!
1

2
$ sin2!W

"
"3ð$p $$nÞ

ð1þ #Þð1þQ2=M2
VÞ2

$ sin2!W
$p þ$n

ð1þ #Þð1þQ2=M2
VÞ2

$ Fs
2ðQ2Þ
2

FAðQ2Þ

¼ gA"3
2ð1þQ2=M2

AÞ2
$ Fs

AðQ2Þ
2

:

Here "3 ¼ þ1ð$1Þ for proton (neutron) scattering, sin2!W
is the weak mixing angle, and Fs

1;2ðQ2Þ are the strange
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where !s is the strange quark contribution to the nucleon
spin and MA is the same axial mass appearing in the
expression for CC QE scattering [Eq. (61)].
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cross section ratios with respect to QE scattering to help
minimize systematics. Table VIII lists a collection of histori-
cal measurements of the NC elastic and QE cross section ratio
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over the kinematic range of the experiment. More recently,
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current case, nuclear corrections can be on the order of
20% or more.
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Largest reducible background at ~GeV energies. In WC, in order to achieve 
a pure electron sample (~1% π0), one needs harsh quality cuts at the cost 
of signal efficiency.

There is still a room for significant improvement in the physics 
capabilities for a given mass of water.

π0 BOOST π0

π0 BOOST π0

γ

γ

γ

γ

γγγγ
light from the weak, second 
gamma is lost. Second 
gamma is misidentified as 
an electron

Two boosted gammas 
overlap. Unable to 
distinguish two separate 
rings. Looks like a single 
electron

 Granularity 
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π0

~1 radiation length
~37 cm

vertices are separated:
at 7 degrees: ~4.5 cm
at 15 degrees: ~9.7 cm

On average, this amounts to separating 
the two vertices from which the 
Cherenkov cones radiate...

• Finding a single event vertex is limited by 
our ignorance of T0.

• Vertex separation is not...

~1 radiation length
~37 cm

 Granularity 

electron shower pi0single gamma

Can we reconstruct the first several stages of an EM shower?
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π0

On average, this amounts to separating 
the two vertices from which the 
Cherenkov cones radiate...

• Finding a single event vertex is limited by 
our ignorance of T0.

• Vertex separation is not...

in term of time:
at 7 degrees: ~200 psec
at 15 degrees: ~425 psec

speed of light in water: ~44 psec/
cm

~1 radiation length
~1.64 nsec

electron shower pi0single gamma

 Granularity 

Can we reconstruct the first several stages of an EM shower?



Instrumentation Frontier Workshop - April 18, 2013

21

Charged particles only produce 
Cherenkov light when v > c/n

For massive particles, the threshold 
for Cherenkov production is >100 
MeV

 Low Energy/Heavy 
Particle Sensitivity 

 More light/light below Cherenkov threshold

Proton decay – physics below Cerenkov

• Scintillation catches the K+ and its decay 
daughters.

• Cerenkov identifies the signatures of 
prompt and delay; and further suppress the 
atmospheric Q background.

BNL Particle Physics 2012 M. Yeh 8

H2O

WbLS

10-MeV proton

K+ in water and liquid scintillator

Particle Threshold

electron > 0.6 MeV
muon > 120 MeV
pion > 160 MeV
kaon > 563 MeV
proton > 1070 MeV
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Charged particles only produce 
Cherenkov light when v > c/n

For massive particles, the threshold 
for Cherenkov production is >100 
MeV

 Low Energy/Heavy 
Particle Sensitivity 

 More light/light below Cherenkov threshold

Particle Threshold

electron > 0.6 MeV
muon > 120 MeV
pion > 160 MeV
kaon > 563 MeV
proton > 1070 MeV

Water(Cherenkov( Liquid(Argon(TPC(
Efficiency( Background( Efficiency( Background(

p)→)e+π0) 45%) 0.2) 45%)?) 0.1)
p)→)νK+# 14%) 0.6) 97%) 0.1)
p)→)µ+K0) 8%) 0.8) 47%) 0.2)
nWnbar)) 10%) 21) ?) ?)

Background:)events/100)kt•yr)

No)advantage)for)LAr)over)water)for)e+pi0:)efficiency)dominated)by)nuclear)
absorpMon)of)the)pi0)–)for)both.)
)
I)should)update)this)table)with)numbers)for)LENA)(sorry))p → K+ ν

SUSY favored proton decay mode:

μ+ ν

π0 π+ 2γ μ+ ν
152 MeV

4 MeV135 MeV

Inefficient channel in water. Cannot 
see the Kaon

63.5 %

20.7 %
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Sam  Zeller, INSS, 07/08/09

Low Energy σν
• neutrinos scatter off more than free protons (IBD)

• for ex., what if you want to detect SN ν’s in Super-K (H2O)?

K. Zuber,  Neutrino Physics, IOP, 2004

(x2)

(x10)

low E

(<
 1

00 M
eV)

Sam  Zeller, INSS, 07/08/09

Low Energy σν
• neutrinos scatter off more than free protons (IBD)

• for ex., what if you want to detect SN ν’s in Super-K (H2O)?

K. Zuber,  Neutrino Physics, IOP, 2004

(x2)

(x10)

low E

(<
 1

00 M
eV)

Sources for neutrino detectors

nuclear reactors

double-beta decay

super-novas

1 keV

1 M
eV

1 G
eV

1 TeV

1 PeV

neutrino factories?

beta beams?

3
10

4
10

5
10

6
10

7
10

8
10

9
10

10
10

11
10

12
10

13
10

14
10

15
10

Energy [eV]

the sun particle accelerators

atmospheric neutrinos

extra galactic sources?

primarily νe or anti-νe

primarily νμ or anti-νμ
mixed νe + νμ

duty cycle ≈ 1

duty cycle << 1}at source

3Monday, July 6, 2009

At O(10) MeV energies, inverse 
beta decay has the largest 
cross-section in water.

Provides an excellent channel 
for detecting electron anti-
neutrinos in a wide variety of low 
energy electron anti-neutrino 
detection contexts:

• Supernova neutrinos
• Solar neutrinos
• Geo neutrinos
• Reactor neutrinos

 Low Energy/Heavy 
Particle Sensitivity 

Seeing neutrons
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Largest reducible background from 
atmospheric neutrino interactions fall in 
the signal region for proton decay in the 
p→eπ0 channel.

This background presents a problem 
for next generation experiments 
approaching megaton scales.

This background is largely reducible if it 
were possible to see any neutrons 
produced in the final-state of the 
neutrino interaction.

 Low Energy/Heavy 
Particle Sensitivity 

Seeing neutrons



Instrumentation Frontier Workshop - April 18, 2013

25

3

2/eV2mδ
0.0020 0.0025 0.0030

-0.02

-0.01

0.00

0.01

0.02

0.03 FCT spectrum
NH

eeP
31P
32P

211-P

2/eV2mδ
0.0020 0.0025 0.0030

-0.03

-0.02

-0.01

0.00

0.01

0.02

0.03 FST spectrum
NH

eeP
31P
32P

211-P

2/eV2mδ
0.0020 0.0025 0.0030

-0.02

-0.01

0.00

0.01

0.02

0.03 FCT spectrum
IH

2/eV2mδ
0.0020 0.0025 0.0030

-0.03

-0.02

-0.01

0.00

0.01

0.02

0.03 FST spectrum
IH

FIG. 2: Fourier sine (FST) and cosine (FCT) transform
spectra for 1 − P21 component (dotted line), P32 component
(dashed line), P31 component (dot-dashed line) and all the
components of Pee (solid line) in the cases of NH and IH.

|∆m2
31|, respectively, and two valleys on each side

of the peak. The amplitude of P32 to that of P31 has
a ratio of about 1:2 determined by tan2(θ12). The
shapes of P32 and P31 are left-right symmetric with
respect to their peaks (mirror symmetric). This
symmetry is broken for Pee as an approximate sum
of P32 and P31 in different ways for NH and IH. For
NH, the peak of P32 is at the left of the valley of
P31, while for IH, the peak of P32 is at the right
of the valley of P31. This feature can be used to
distinguish NH and IH.

5. For FST spectrum, the shapes of P32 and P31 are
positive-negative symmetric with respect to zero
(rotation symmetric) around |∆m2

32| and |∆m2
31|,

respectively. This symmetry is broken for Pee in
different ways for NH and IH. For NH, the peak of
P32 is at the valley position of P31, while for IH, the
valley of P32 is at the peak position of P31. This
feature can be also used to distinguish NH and IH.

As discussed above and shown in Fig. 2, the normal
or inverted mass hierarchy can be distinguished by the
symmetry breaking features of the FCT and FST spectra.
To quantify these features, two parameters, RL and PV,
are introduced as the following:

RL =
RV − LV

RV + LV
, PV =

P − V

P + V
, (6)

where RV is the amplitude of the right valley and LV is
the amplitude of the left valley in the FCT spectrum. P

is the amplitude of the peak and V is the amplitude of the
valley in the FST spectrum. From the above discussion,
we know

RL > 0 and PV > 0 ⇒ NH

RL < 0 and PV < 0 ⇒ IH (7)

The values of RL and PV as well as the shapes of FCT
and FST spectra depend on the baseline and neutrino
mixing parameters. Parameters such as sin2 θ12, ∆m2

21,
and ∆m2

32 are relatively well known, hence only small
uncertainties are introduced. The baseline and sin2(2θ13)
are more important and are discussed below.

1. Baseline determines the oscillation cycles. To max-
imize the symmetry breaking of FCT and FST
spectra, we scan the baseline length and find that
the peak (valley)of P32 spectrum lays on the val-
ley (peak) of P31 spectrum around 60 km. The
widthes of peaks and valleys of the Fourier spectra,
which are proportional to 1/L, are also determined
by baseline. In an extreme case, the peak and val-
ley of P31 and P32 spectra all become δ-functions at
infinite baseline, hence are well separated from each
other. In fact, this is already the case at 200 km
and the mass hierarchy can be determined by look-
ing at the position of the smaller peak (P32 compo-
nent). If it is on the left side of the main peak (P31

component), it is NH. Otherwise it is IH. However,
since the neutrino flux from reactors is proportional
to 1/L2, shorter baseline, say at 60 km, is the best
from an experimental point of view. The actual op-
timum baseline can be determined by taking into
account both statistical and systematical errors.

2. sin2(2θ13) determines the amplitude of the Fourier
spectra of P31 and P32. At sin2(2θ13) = 0, P31

and P32 components will vanish and no features
can be used to discriminate the mass hierarchy. A
minimum value of sin2(2θ13) to distinguish NH and
IH experimentally will be analyzed by taking into
account possible experimental errors [20].

In order to understand the robustness of the discrim-
ination method using FCT and FST spectra, values of
baseline are scanned from 46 to 72 km; sin2(2θ13) from
0.005 to 0.05. The resultant RL and PV values are well
separated into two clusters, corresponding to the case of
NH and IH respectively, as shown in Fig.3.

The FCT and FST spectra for sin2(2θ13) = 0.005 are
shown in Fig.4. Although a detailed experimental anal-
ysis of error contour is to be completed [20], the features
of NH and IH are still very distinctive. On the FCT spec-
trum, a valley appears at the left of the prominent peak
for IH, and a peak appears at the left of the valley for NH.
On the FST spectrum, there is a clear valley for IH, while
for NH it is a peak. In comparison, the Fourier power
spectrum used in Ref. [15] is also shown in Fig.4. The
FCT and FST method is more sensitive than the Fourier
power spectrum method for a very small sin2(2θ13).

Daya Bay II
• Proposed reactor neutrino 

experiment to determine the 
neutrino mass hierarchy based 
on a novel approach.

• 10 kton liquid scintillator 
detector on a 60 km baseline

Need excellent energy resolutions: 
3%/sqrt(E)!

 Energy Resolution 
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FIG. 2: Initial (dashed, r = 50 km) and final (solid, r = 200 km) νe, ν̄e, νx, ν̄x neutrino fluxes as a function of the neutrino
energy for the normal (left) and inverted mass hierarchy (right), for |∆m2| = 2.5× 10−3 eV2 and sin2 θ = 10−4. See [36] for an
animation of the radial evolution of the fluxes.

the energy spectra of neutrinos are very different for the two hierarchies, it is not yet entirely clear whether a robust
neutrino mass hierarchy measurement with supernova neutrinos is practical considering the uncertainties in the initial
fluxes [43]. Here we will not concern ourselves with this very important practical issue.
In this paper we study the effect of nonzero neutrino magnetic moments in the presence of a strong magnetic field

on collective neutrino oscillations. The effect of neutrino magnetic moments in neutrino oscillations in variable matter
density is an interesting phenomenon that was first identified as a potential solution to the solar neutrino puzzle
several years ago [44, 45], but its consequences for collective effects in supernova neutrino oscillations are, to the best
of our knowledge, yet to be discussed in the literature.
We assume that neutrinos are Majorana fermions. When the standard model is augmented to include nonzero

Majorana neutrino masses and lepton mixing, electroweak interactions lead to very small but nonzero transition
magnetic moments. These results are summarized in Section III, along with our assumptions regarding the magnetic
field inside the supernova explosion. We limit our discussion to Majorana neutrinos for several reasons. Some
are related to technical issues concerning numerical calculations: Majorana neutrinos only have nonzero transitional
magnetic moments and hence there are fewer free parameters, and only the transverse component of the magnetic field
affects their flavor evolution. More important, in the case of Majorana neutrinos, the magnetic moment interactions
with the magnetic field mediate “neutrino–antineutrino oscillations” and one naively anticipates the possibility of
spectral splits between neutrinos and antineutrinos of different flavors. Our results, presented in Section IV, confirm
this suspicion and reveal that even very small values the magnetic moment, perhaps those close to the “standard
model” level, may play a significant role in the evolution of neutrino fluxes due to the high degree of non-linearity in
the problem.
In our attempt to draw attention to the importance of the transition magnetic moment (and in order to simplify the

discussion), throughout, we are limiting our discussion to the so-called single angle approximation, and pretend there
are only two neutrino/antineutrino flavors: νe and νx, the latter a linear combination of νµ and ντ . We comment on the
inclusion of multi-angle and three-flavor effects in the conclusions, Section V. There we also address other simplifying
assumptions, and comment on our expectations regarding the impact of magnetic moments if the neutrinos are Dirac
fermions.

II. COLLECTIVE NEUTRINO OSCILLATIONS

We discuss neutrino oscillations inside the supernova using the density matrix formulation. The evolution of the
neutrino states is given by

iρ̇ = [ρ, H ]. (1)

• Core Collapse Supernova 
• the ultimate intensity frontier

• ~99% of energy is carried 
away by neutrinos

• neutrino densities are so 
high that neutrino-
neutrino interactions 
dominate

• an experiment we could 
never afford to build

• predicted to occur a few 
times a century in our galaxy
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Section II:

Leveraging Technology to Address the Challenges
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 3 Key Questions -   3 Areas of Technological Improvement 

1. Granularity

2. Low E/heavy particle sensitivity

3. Energy Resolution
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 3 Key Questions -   3 Areas of Technological Improvement 

1. Photodetector Technology

2. Chemical Enhancements to the 
Target Volume

3. Geometry and Coverage

1. Granularity

2. Low E/heavy particle sensitivity

3. Energy Resolution



A new technology for 
neutrinos: LAPPDs

4
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Reinventing the unit-cell of light-based 
neutrino detectors

• single pixel (poor spatial granularity)
• nanosecond time resolution
• bulky
• blown glass
• sensitive to magnetic fields

• millimeter-level spatial resolution
• <100 picosecond time resolution
• compact
• standard sheet glass
• operable in a magnetic field
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Glass body, minimal 
feedthroughs

transmission line anode

fast and economical front-end 
electronics

large area, flat panel 
photocathodes 

MCPs made using atomic layer 
deposition (ALD).

30

Key Elements of the LAPPD Detector
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 LAPPD 

• As an R&D project, the LAPPD 
collaboration attacked every 
aspect of the problem of 
building a complete detector 
system, including even 
waveform sampling front-end 
electronics

• Now testing near-complete 
glass vacuum tubes 
(“demountable detectors”) 
with resealable top window, 
robust 
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 LAPPD 
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 LAPPD 
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time different between two end of anode ~2mm
parallel position (wrt striplines)

weighted charge centroid < 1mm
transverse position (wrt striplines)
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Demonstrated gains of O(107)

Timing in the many-photoelectron limit 
approaching single picoseconds

Single photoelectron time resolutions of ~40 
picoseconds.
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Work with timing-residual based 
muon fits to study 

the relationship between 
vertex resolution and 
detector parameters

improvements to track 
reconstruction with 
chromatic corrections

Isochron Transform: 
Causality-based Hough 
transform for building 
trakc segments from 
photon hit parameters

exploring more detailed 
reconstruction of EM 
shower structure

Chroma: Geant-based, fast 
photon-tracking MC. 

Capable of rapidly generating 
large sample MC for a wide 
variety of detector designs

Also capable of pattern-of-light 
fits, where the light pattern for 
each track hypothesis is 
generated in real-time.

Working forwardWorking BackwardFast/parametric

35

(pattern of light)
Makes fullest use of all photon information, 

both direct and indirect light
Becomes computationally prohibitive as one 

tries to resolve finer structure in the event 
topology
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Reconstructed 750 MeV Pi0 (geant)

(Generalized Hough Transforms)

Requires no initial assumptions about event 
topology

Only makes use of direct light

(simple track fits)
Useful for seed fits and helpful for 

pedagogical understanding of detector 
tradeoffs

Limited in Possible Complexity
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T. Xin, I. Anghel (Iowa State) M. Wetstein (U Chicago) S. Seibert, A. La Torre (U. Penn)“Hyper-SNO”
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3 Generic Approaches to Event Reconstruction
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 Pattern of Light Fitting 
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M. Wilking - Triumf

Chroma: Reconstruct like it’s 2099 

Stan Seibert,  Anthony LaTorre
University of Pennsylvania

PXPS, June 18, 2012
1
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 Simple Vertex Reconstruction 

7

Timing-based vertex fiting: Timing-based vertex fiting: 
Probability density function (PDF)Probability density function (PDF)

 PDF needs to be built to model 

the shape of time residual 

spectrum. This PDF is taking 

into account chromatic 

dispersion, optical attenuation 

and quantum efficiency.

 The final PDF (ChromPDF) is 

computed by summing over all 

the possible colors. 

 PDF is then used in a maximum 

likelihood method based vertex 

reconstruction algorithm.

Λ = 250 nm
Λ = 365 nm
Λ = 445 nm
Λ = 545 nm
Λ = 575 nm

γ path length = 10 m
γ path length = 30 m
γ path length = 50 m

time resolution = 2.0 ns
time resolution = 1.0 ns
time resolution = 0.5 ns
time resolution = 0.2 ns

7

Timing-based vertex fiting: Timing-based vertex fiting: 
Probability density function (PDF)Probability density function (PDF)

 PDF needs to be built to model 

the shape of time residual 

spectrum. This PDF is taking 

into account chromatic 

dispersion, optical attenuation 

and quantum efficiency.

 The final PDF (ChromPDF) is 

computed by summing over all 

the possible colors. 

 PDF is then used in a maximum 

likelihood method based vertex 

reconstruction algorithm.

Λ = 250 nm
Λ = 365 nm
Λ = 445 nm
Λ = 545 nm
Λ = 575 nm

γ path length = 10 m
γ path length = 30 m
γ path length = 50 m

time resolution = 2.0 ns
time resolution = 1.0 ns
time resolution = 0.5 ns
time resolution = 0.2 ns

A timing residual-based fit, 
assuming an extended track.
Model accounts for effects of 
chromatic dispersion and 
scattering.

separately fit each photon hit 
with each color hypothesis, 
weighted by the relative 
probability of that color.

For MCP-like photon detectors, we 
fit each photon rather than fitting 
(Q,t) for each PMT.
Likelihood captures the full 
correlations between space and 
time  of hits (not factorized in the 
likelihood).
Not as sophisticated as full 
pattern-of-light fitting, but in local 
fits, all tracks and showers can be 
well-represented by simple line 
segments on a small enough scale.
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 Simple Vertex Reconstruction 

A timing residual-based fit, 
assuming an extended track.
Model accounts for effects of 
chromatic dispersion and 
scattering.

separately fit each photon hit 
with each color hypothesis, 
weighted by the relative 
probability of that color.

For MCP-like photon detectors, we 
fit each photon rather than fitting 
(Q,t) for each PMT.
Likelihood captures the full 
correlations between space and 
time  of hits (not factorized in the 
likelihood).
Not as sophisticated as full 
pattern-of-light fitting, but in local 
fits, all tracks and showers can be 
well-represented by simple line 
segments on a small enough scale.
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 Simple Vertex Reconstruction 

9

Fit Result: Fit Result: 

LAPPD with various time resolutionsLAPPD with various time resolutions

3× gain in the perpendicular vertex 

resolution can be observed, as time 

resolution of LAPPD improves 

from 2.0 ns to 0.1 ns. 

By using LAPPD with 0.1 ns time 

resolution, we get a ~ 3 cm 

perpendicular vertex resolution  – 

very promising number for 

further background rejection.
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~1 radiation length
~37 cm

vertices are separated:
at 7 degrees: ~4.5 cm
at 15 degrees: ~9.7 cm

~1 radiation length
~37 cm

• Transverse component of the vertex (wrt to 
track direction) is most sensitive to pure timing 
since T0 is unknown.

• Separating between multiple vertices depends 
on differential timing (T0 is irrelevant)

• We study the relationship between vertex 
sensitivity and time resolution using GeV 
muons in water. This study is performed using 
the former LBNE WC design, with 13% 
coverage and varying time resolution.

• Transverse vertex reconstruction is better than 
5 cm for photosensor time resolutions below 
500 picoseconds.  

Plot Credits: Tian Xin

Work by I. Anghel, M. Sanchez, M Wetstein, T. Xin
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 Isochron 

For a single PMT, there is a rotational 
degeneracy (many solutions).
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 Isochron 
first 2 radiation lengths of a 1.5 GeV π0 → γ γ

mm

first 2 radiation lengths of a 1.5 GeV π0 → γ γ

true

mm
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 Isochron 
first 2 radiation lengths of a 1.5 GeV π0 → γ γ

reconstructed

first 2 radiation lengths of a 1.5 GeV π0 → γ γ

reconstructed

first 2 radiation lengths of a 1.5 GeV π0 → γ γ

mm
mm
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New Developments in Water-Based Detectors:
Possibility of Water-Based Scintillator

Linear Alkylbenzene (LAB) - Industrial detergent
Key innovations: 
• ability to create stable solutions
• purification to achieve longer attenuation lengths

Ideal for large scale experiments
•Non-toxic
•Non-flammable
•Stable
•Cheap

The scintillation light might be difficult 
to resolve with timing, but...

• It may be possible to have both Cherenkov and 
scintillation light, separated in time

• The spatial/statistical gains would be 
considerable.

This slide is courtesy of M. Yeh. Special thanks also to Howard Nicholson.

Minfang Yeh et al, Brookhaven National Lab
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Cerenkov (Super-K)

0Qȕȕ, geo-Q, 
reactor-Q, beam 
physics ND 

proton decay, supernovae 
(Gd),beam physics FD 

~kt Detector
~>50kt Detector

~100% LS~20% LS

Scintillator (Daya Bay)

BNL Particle Physics 2012 M. Yeh
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Inverse Beta Decay Detection with Gd

y Ethreshold = 1.8 MeV
y ‘Large’ cross section ı~10-42 cm2

y Distinctive coincidence signature in 
a large liquid scintillator detector

Cowan & Reines, Savannah River 1956

Ev - 0.8 MeV

PX workshop M. Yeh
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 Discriminating Between Scintillation and Cherenkov Light 

WbLS(PPO) between 2 – 4 ns

BNL Particle Physics 2012 M. Yeh12

10-MeV e- beam at LEAF

Time-resolved fluorescence systema simple cartoon of the 
timing

~10s nanoseconds

red component of the 
Cherenkov light arrives 
O(100) picoseconds earlier 
than the (blue-ish) 
scintillation light

scintillation light more spread 
out in time

scintillation light is spread 
isotropically, while Cherenkov 
is constrained to a ~42 degree 
angle

a simple cartoon 
of the spatial 
distribution

Emission at the PMT sensible region is almost clean

BNL P a rti c l e  Physi cs 2012 M . Y e h15
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• The fluor/shifter 
transmission needs to be 
optimized.
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 Discriminating Between Scintillation and Cherenkov Light 

28

• Very clear Cerenkov 
ring even without cut 

A quick look of 

݇ା

ߨାߨ

BNL Particle Physics 2012 M. Yeh

Can potentially tune:

relative light yield
wavelength
timing
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 Energy Resolution 

KamLAND Daya Bay II

Detector ~1 kt Liquid Scintillator ¾10 kt Liquid Scintillator

Energy Resolution 6%/√E 3%/√E

Light yield 250 p.e./MeV 1200 p.e./MeV

How?

¾ Highly transparent LS: Attenuation length/D: 15m/16m Æ 30m/34m    h0.9

¾ High light yield LS: KamLAND: 1.5g/l PPO Æ 5g/l PPO  

Light Yield: 30%Æ 45%;                                     h 1.5

¾ Photocathode coverage : KamLAND: 34%  Æ ~ 80%                        h 2.3

¾ High Quantum Efficiency (or Photon Detection Efficiency) “PMT”˖

20” SBA PMT QE:  25% Æ 35%                           h 1.4

or New PMT  QE˖ 25% Æ 40%                           h 1.6
Both˖ 25% Æ 50%                          h 2.0

*4.3 –* 5.0   Î (3.0 – 2.5)% /√EMore photons, how and how many ?More photons, how and how many ?

¾ 1.2 The requirements of the PMT for the neutrino detection

KamLAND Daya Bay II

Detector ~1 kt Liquid Scintillator ¾10 kt Liquid Scintillator

Energy Resolution 6%/√E 3%/√E

Light yield 250 p.e./MeV 1200 p.e./MeV

How?

¾ Highly transparent LS: Attenuation length/D: 15m/16m Æ 30m/34m    h0.9

¾ High light yield LS: KamLAND: 1.5g/l PPO Æ 5g/l PPO  

Light Yield: 30%Æ 45%;                                     h 1.5

¾ Photocathode coverage : KamLAND: 34%  Æ ~ 80%                        h 2.3

¾ High Quantum Efficiency (or Photon Detection Efficiency) “PMT”˖

20” SBA PMT QE:  25% Æ 35%                           h 1.4

or New PMT  QE˖ 25% Æ 40%                           h 1.6
Both˖ 25% Æ 50%                          h 2.0

*4.3 –* 5.0   Î (3.0 – 2.5)% /√EMore photons, how and how many ?More photons, how and how many ?

¾ 1.2 The requirements of the PMT for the neutrino detection
Sen Qian

•Increased QE
•Light collection
•Higher Light yield
•Digital photon counting?
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Conclusions
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 Closing Thoughts

• Radically new technology can come from old 
ideas

• Often - the enabling technology is not one 
innovation but the combination of several 
new ideas

• There is a strong future for advanced WC/
scintillation detectors

• The combination of fine timing and space 
resolution makes for much improved tracking 
and analysis capabilities

• The introduction of liquid enhancements (Gd, 
WbLS, etc) can radically change sensitivities 
to low energy and high-mass particles

• Need for demonstration experiments over the 
next few years

• Need for a strong and imaginative 
community!

DANIELBOONE
Next Generation Water Cherenkov Experiment

ν

Tuesday, September 20, 2011

Richard Northrop
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Thank you

Thanks also to all of my LAPPD and fast timing 
colleagues for all of the work presented in this talk 


