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Reines and Cowan planned to return to the site a few days later, after the surface
radioactivity had died down, to dig up the record. Work began on the hole (150 feet
deep), on the vacuum tank (10 feet in diameter and 75 feet tall), and on the
detector. In the fall of 1952, they realized that a nuclear reactor would also work
as a source of neutrinos if they could reduce the background from other events,
which they could do if they could detect the flashes from both the positron and the
neutron as separate but related signals. There also were other advantages in the use
of a reactor as the source, such as ease in repeating a measurement and the
opportunity to extend the observation time to reduce statistical uncertainty. They
abandoned the idea of detonating a bomb and turned their attention in this new
direction.

The Hanford Neutrino Experiment of 1953

Reines and Cowan’s first detector had a volume of 300 liters of liquid scintillator in
a cylindrical tank 28 inches in diameter and 30 inches high and incorporated ninety
2-inch-diameter photomultiplier tubes (figure 3). The detector was set up and
heavily shielded near the wall of C Reactor, a new plutonium-producing reactor at
the Hanford Engineering Works near Richland, Washington. The shielding was
intended to stop reactor neutrons and gamma rays not induced by neutrinos from
entering the detector and producing unwanted background.

Fig. 3. The scintillation detector for the 1953 neutrino detection experiment at Hanford. Courtesy of the
Regents of the University of California, operators of Los Alamos National Laboratory.
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O U T L I N E

I. What can we learn from neutrinos? 

II. What are we planning for the future?   

III. What are the challenges/opportunities 
in instrumentation and detectors?
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W H AT  C A N  W E  L E A R N  F R O M  N E U T R I N O S ?
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F R O M  T H E  P 5  R E P O RT
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The U.S. is well positioned to host a world-leading neutrino
physics program. Its centerpiece would be a next generation
long-baseline neutrino facility (LBNF). LBNF would combine
a high-intensity neutrino beam and a large-volume precision
detector sited underground a long distance away to make
accurate measurements of the oscillated neutrino properties.
This large detector would also search for proton decay and
neutrinos from supernova bursts. A powerful, wideband neutrino
beam would be realized with Fermilab’s PIP-II  upgrade
project, which provides very high intensities in the Fermilab
accelerator complex. Short-distance oscillation experiments,
cosmic surveys, and a variety of other small experiments will
also make important progress in answering these questions.

Pursue the physics associated with neutrino mass: 
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•A thriving area of research.  Can’t cover everything. 
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•A thriving area of research.  Can’t cover everything. 
•I’ve chosen a few topics based on my personal biases…apologies 
to those whose activities are not covered.

•Talks during dedicated neutrino session this afternoon will have lots 
more details on specific experiments.  Please attend!

•Let’s start with a very brief review of the interesting physics for those 
who only think of the neutrino as “missing ET”. 



N E U T R I N O S  H AV E  M A S S !
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•This “recent” discovery drives much of the excitement in our field. 
•Non-zero mass implied by quantum-mechanical mixing of flavor 
and mass eigenstates.
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Pontecorvo-Maki-Nakagawa-Sakata (PMNS) Mixing Matrix:

∆m212 (7.53±0.18)×10-5 eV2

∆m232 (2.44±0.06)×10-3 eV2

sin2(2θ12) 0.846±0.021
sin2(2θ23) 0.999+0.001-0.018

sin2(2θ13) 0.093±0.008
δCP CP Violation?

Refs: 
1.) K.A. Olive et al. (Particle Data Group), Chin. Phys. C38, 090001 (2014)
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N E U T R I N O S :  C P - V I O L AT I O N ?
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• We know neutrinos violate Parity in a maximal fashion. 

• “Leptogenesis”+“Seesaw” - Postulates very heavy right-handed neutrinos (N) with 
masses near the GUT (1015 GeV) scale, were produced in the Big Bang and undergo 

a leptonic decay that violates CP.  Imbalance of charged-leptons gets converted 
into observed baryon asymmetry we observe today. 

• Would like to know if neutrinos of Standard Model violate CP symmetry.

?



N E U T R I N O S :  P R O P E RT I E S
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Refs: 
1.) KATRIN: A next generation tritium beta decay experiment with sub-eV sensitivity for the electron neutrino mass: LOI, KATRIN Collaboration, hep-ex/0109033 
2.) Planck 2013 results. XVI. Cosmological Parameters
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•Absolute mass yet to be measured.

Refs: 
1.) KATRIN: A next generation tritium beta decay experiment with sub-eV sensitivity for the electron neutrino mass: LOI, KATRIN Collaboration, hep-ex/0109033 
2.) Planck 2013 results. XVI. Cosmological Parameters



N E U T R I N O S :  P R O P E RT I E S

10

•Absolute mass yet to be measured.
•Constraints from astrophysics (e.g. 
Planck) give an upper limit for Σν of 
0.933 eV at 95% C.L.
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•Absolute mass yet to be measured.
•Constraints from astrophysics (e.g. 
Planck) give an upper limit for Σν of 
0.933 eV at 95% C.L.

•Precision measurements of beta-
decay allow direct probe of mass.

•Majarona or Dirac nature also 
undetermined.  If Majarona, should be 
able to observe neutrino-less double-
beta decay.

Refs: 
1.) KATRIN: A next generation tritium beta decay experiment with sub-eV sensitivity for the electron neutrino mass: LOI, KATRIN Collaboration, hep-ex/0109033 
2.) Planck 2013 results. XVI. Cosmological Parameters



N E U T R I N O S :  H O W  M A N Y  T Y P E S  A R E  T H E R E ?
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LSND Experiment (Δm2 ~ 1 eV2)
•Hints from several areas (LSND, 
reactor antineutrino anomaly,  
gallium solar neutrino calibration 
experiments) seem to suggest 
the possibility of additional mass 
eignestate(s). 

•How to understand such results 
in the context of astrophysical 
and collider constraints? 

8 46. Plots of cross sections and related quantities

Annihilation Cross Section Near MZ

 

 

Figure 46.8: Combined data from the ALEPH, DELPHI, L3, and OPAL Collaborations for the cross section in e+e− annihilation into
hadronic final states as a function of the center-of-mass energy near the Z pole. The curves show the predictions of the Standard Model with
two, three, and four species of light neutrinos. The asymmetry of the curve is produced by initial-state radiation. Note that the error bars have
been increased by a factor ten for display purposes. References:

ALEPH: R. Barate et al., Eur. Phys. J. C14, 1 (2000).
DELPHI: P. Abreu et al., Eur. Phys. J. C16, 371 (2000).
L3: M. Acciarri et al., Eur. Phys. J. C16, 1 (2000).
OPAL: G. Abbiendi et al., Eur. Phys. J. C19, 587 (2001).
Combination: The ALEPH, DELPHI, L3, OPAL, SLD Collaborations, the LEP Electroweak Working Group,

and the SLD Electroweak and Heavy Flavor Groups, Phys. Rept. 427, 257 (2006) [arXiv:hep-ex/0509008].

(Courtesy of M. Grünewald and the LEP Electroweak Working Group, 2007)

Refs: 
1.) Evidence for Neutrino Oscillations from the Observation of Electron Anti-neutrinos in a Muon Anti-Neutrino Beam, A. Aguilar et al, PRD 64 112007 (2001) 
2.) The Reactor Antineutrino Anomaly, G. Mention et al, PRD 83 073006 (2011)
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12Refs: 
1.) Implication of neutrino backgrounds on the reach of next generation dark matter direct detection experiments, J. Billard et al, PRD 89 023524 (2014)
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• astrophysics

12Refs: 
1.) Implication of neutrino backgrounds on the reach of next generation dark matter direct detection experiments, J. Billard et al, PRD 89 023524 (2014)

SN1987A
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• astrophysics

• proton decay

12Refs: 
1.) Implication of neutrino backgrounds on the reach of next generation dark matter direct detection experiments, J. Billard et al, PRD 89 023524 (2014)



N E U T R I N O S :  O T H E R  A R E A S  O F  I N T E R E S T

• astrophysics

• proton decay

• background to dark 
matter searches?

12Refs: 
1.) Implication of neutrino backgrounds on the reach of next generation dark matter direct detection experiments, J. Billard et al, PRD 89 023524 (2014)



N E U T R I N O S :  O T H E R  I N T E R E S T S
• Modern experiments utilize nuclear targets. 

• Correlated nucleons and final-state interactions can influence what 
is inferred about the initial neutrino, directly impacting precision of 
oscillation measurements, CP-violation searches, etc… 

• Imprint of these nuclear effects has been suggested from data of 
several neutrino experiments. 

• Large fine-grained detector will provide statistics to do a precision 
measurement.
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Visually the signature of these events gives the appearance of a hammer, !
with the muon forming the handle and the back-to-back protons forming the head.

cos(γ)<-0.95

(µ-+2p) data sample - 4 “Hammer Events”

!-
p

p

Refs: 
1.) First Measurement of the Muon Neutrino Charged Current Quasielastic Double Differential Cross Section, MiniBooNE Collaboration, PRD 81 092005 (2010) 
2.)The detection of back-to-back proton pairs in Charged-Current neutrino interactions with the ArgoNeuT Detector in the NuMI low energy beam line, R. Acciarri et al, PRD 90 012008 (2014)

uBooNE&Summer&Student&Seminar& Anne&Schukra4,&Fermilab& 40&

Mul];nucleon&knockout&
through&re;interac]on&of&the&
outgoing&nucleon&

When&scatering&off&nuclei&instead&of&free&nucleons&the&observed&topology&can&be&more&complex:&

Two&nucleons&in&correla]on&
Means&for&the&experimentalist:&&

&MulM'nucleon#knockout!#
The&pair&inside&the&nucleus&has:&

&large&rela]ve&momentum,&&
&small&total&momentum&

#
Nucleon'nucleon##

correlaMons#

Meson#exchange#
currents#

Final#state#
interacMons#

μ'#

n

W# p+#

νμ#

p+#

n

p
p

p

p

p

p
n

n

n

n

n

W#

p#

π#

p#

n#

p#

n#

p#

W#
p#

π#

p#
π#

W#
p#

π#

p#

n#

p#

Δ#

The&observed&state&looks&
like&QE&but&it&was&not!&

n

W#

νμ#

p+#

np

p

p

p
n

n

n
n

p
n

pn

μ'#

p+#

p+#

n#

The&next&level:&scatering&off&a&nuclear&target&

uBooNE&Summer&Student&Seminar& Anne&Schukra4,&Fermilab& 40&

Mul];nucleon&knockout&
through&re;interac]on&of&the&
outgoing&nucleon&

When&scatering&off&nuclei&instead&of&free&nucleons&the&observed&topology&can&be&more&complex:&

Two&nucleons&in&correla]on&
Means&for&the&experimentalist:&&

&MulM'nucleon#knockout!#
The&pair&inside&the&nucleus&has:&

&large&rela]ve&momentum,&&
&small&total&momentum&

#
Nucleon'nucleon##

correlaMons#

Meson#exchange#
currents#

Final#state#
interacMons#

μ'#

n

W# p+#

νμ#

p+#

n

p
p

p

p

p

p
n

n

n

n

n

W#

p#

π#

p#

n#

p#

n#

p#

W#
p#

π#

p#
π#

W#
p#

π#

p#

n#

p#

Δ#

The&observed&state&looks&
like&QE&but&it&was&not!&

n

W#

νμ#

p+#

np

p

p

p
n

n

n
n

p
n

pn

μ'#

p+#

p+#

n#

The&next&level:&scatering&off&a&nuclear&target&

16

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

)2
 (c

m
σ

0
2
4
6
8

10
12
14
16

-3910×

MiniBooNE data with shape error
MiniBooNE data with total error

=1.000κ=1.03 GeV, eff
ARFG model with M

=1.007κ=1.35 GeV, eff
ARFG model with M

 (GeV)QE,RFG
νE

(a)

 (GeV)QE,RFG
νE-110 1 10

)2
 (c

m
σ

0
2
4
6
8

10
12
14
16

-3910×

MiniBooNE data with total error
=1.000κ=1.03 GeV, eff

ARFG model with M
=1.007κ=1.35 GeV, eff

ARFG model with M
=1.03 GeVAFree nucleon with M

NOMAD data with total error
LSND data with total error(b)

FIG. 15: (Color online). Flux-unfolded MiniBooNE νµ CCQE
cross section per neutron as a function of neutrino energy. In
(a), shape errors are shown as shaded boxes along with the
total errors as bars. In (b), a larger energy range is shown
along with results from the LSND [56] and NOMAD [10] ex-
periments. Also shown are predictions from the nuance sim-
ulation for an RFG model with two different parameter vari-
ations and for scattering from free nucleons with the world-
average MA value. Numerical values are provided in Table X
in the Appendix.

CCQE parameters underpredicts the measured differen-
tial cross section values by 20 − 30%, while the model
using the CCQE parameters extracted from this shape
analysis are within ≈ 8% of the data, consistent within
the normalization error (≈ 10%). To further illustrate
this, the model calculation with the CCQE parameters
from this analysis scaled by 1.08 is also plotted and shown
to be in good agreement with the data.

C. Flux-unfolded CCQE cross section as a function
of neutrino energy

The flux-unfolded CCQE cross section per neutron,
σ[EQE,RFG

ν ], as a function of the true neutrino energy,
EQE,RFG

ν , is shown in Figure 15. These numerical values
are tabulated in Table X in the Appendix. The quantity
EQE,RFG

ν is a (model-dependent) estimate of the neu-
trino energy obtained after correcting for both detector
and nuclear model resolution effects. These results de-
pend on the details of the nuclear model used for the cal-
culation. The dependence is only weak in the peak of the
flux distribution but becomes strong for Eν < 0.5 GeV
and Eν > 1.2 GeV, i.e., in the “tails” of the flux distri-
bution.
In Figure 15, the data are compared with the nuance

implementation of the RFGmodel with the world average
parameter values, (M eff

A = 1.03 GeV, κ = 1.000) and
with the parameters extracted from this work (M eff

A =
1.35 GeV, κ = 1.007). These are absolute predictions
from the model (not scaled or renormalized). At the

source normalization error (%)

neutrino flux prediction 8.66

background cross sections 4.32

detector model 4.60

kinematic unfolding procedure 0.60

statistics 0.26

total 10.7

TABLE IV: Contribution to the total normalization uncer-
tainty from each of the various systematic error categories.

average energy of the MiniBooNE flux (≈ 800 MeV), the
extracted cross section is ≈ 30% larger than the RFG
model prediction with world average parameter values.
The RFG model, with parameter values extracted from
the shape-only fit to this data better reproduces the data
over the entire measured energy range.
Figure 15(b) shows these CCQE results together with

those from the LSND [56] and NOMAD [10] experiments.
It is interesting to note that the NOMAD results are bet-
ter described with the world-average M eff

A and κ values.
Also shown for comparison in Fig. 15(b) is the predicted
cross section assuming the CCQE interaction occurs on
free nucleons with the world-averageMA value. The cross
sections reported here exceed the free nucleon value for
Eν above 0.7 GeV.

D. Error Summary

As described in Section IVE, (correlated) systematic
and statistical errors are propagated to the final results.
These errors are separated into normalization and shape
uncertainties. The contributions from each error source
on the total normalization uncertainty are summarized
in Table IV. As is evident, the neutrino flux uncer-
tainty dominates the overall normalization error on the
extracted CCQE cross sections. However, the uncer-
tainty on the flux prediction is a smaller contribution
to the shape error on the cross sections. This can be
seen in Figure 16 which shows the contribution from the
four major sources to the shape error on the total (flux-
unfolded) cross section.
The detector model uncertainty dominates the shape

error, especially at low and high energies. This is because
errors in the detector response (mainly via uncertain-
ties in visible photon processes) will result in errors on
the reconstructed energy. These errors grow in the tails
of the neutrino flux distribution due to feed-down from
events in the flux peak. This type of measurement usu-
ally has large errors due to non-negligible uncertainties
in the CC1π+ background predictions. In this measure-
ment, that error is reduced through direct measurement
of the CC1π+ background. However, this error is not
completely eliminated due to the residual uncertainty on
the rate of intranuclear pion absorption that is included.
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• Modern experiments utilize nuclear targets. 

• Correlated nucleons and final-state interactions can influence what 
is inferred about the initial neutrino, directly impacting precision of 
oscillation measurements, CP-violation searches, etc… 

• Imprint of these nuclear effects has been suggested from data of 
several neutrino experiments. 

• Large fine-grained detector will provide statistics to do a precision 
measurement.

13

29

Visually the signature of these events gives the appearance of a hammer, !
with the muon forming the handle and the back-to-back protons forming the head.
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Refs: 
1.) First Measurement of the Muon Neutrino Charged Current Quasielastic Double Differential Cross Section, MiniBooNE Collaboration, PRD 81 092005 (2010) 
2.)The detection of back-to-back proton pairs in Charged-Current neutrino interactions with the ArgoNeuT Detector in the NuMI low energy beam line, R. Acciarri et al, PRD 90 012008 (2014)
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Abstract: We examine the systematics of deep inelastic neutrino scattering from 
complex nuclei by computing the cross section for quasi-elast ic  scat ter ing and 
for quasi-free resonance production. We retain relat ivist ic  kinematics for the 
recoil ing part icle and the full relat ivist ic  hadronic weak vertex. The isobar cross 
section is expressed in terms of helieity amplitudes of the weak current ,  defined 
through an application of the Jacob-Wick formalism to the general isobar-nucleon 
weak vertex. The cross section is computed analytically for the nuclear Fermi  
gas model. We s t ress  that exactly the same model has already been very success-  
fully applied to inelastic electron scat ter ing from complex nuclei. 

1. INTRODUCTION 

With the e m e r g e n c e  of m e d i u m  and high e n e r g y  a c c e l e r a t o r s  capab le  of 
p r o d u c i n g  h i g h - i n t e n s i t y  n e u t r i n o  b e a m s ,  n e u t r i n o  r e a c t i o n s  on n u c l e a r  
t a r g e t s  can  be s tud ied  e x p e r i m e n t a l l y  with much  g r e a t e r  p r e c i s i o n  than was 
p r e v i o u s l y  p o s s i b l e .  Such p r o c e s s e s  can  p r o v i d e  i n f o r m a t i o n  both on the 
d y n a m i c s  of n u c l e a r  s y s t e m s  and on the weak i n t e r a c t i o n s  of e l e m e n t a r y  
p a r t i c l e s .  F i r s t ,  the n e u t r i n o  r e p r e s e n t s  a new probe  with which the n u c l e a r  
p h y s i c i s t  can s tudy  the s t r u c t u r e  of complex  nuc le i .  In p a r t i c u l a r ,  the 
c o n s e r v e d  v e c t o r  c u r r e n t  hypo the s i s ,  which iden t i f i e s  the i s o v e c t o r  h a d r o n i c  
e l e c t r o m a g n e t i c  c u r r e n t  and the h a d r o n i c  weak v e c t o r  c u r r e n t s  as  an i s o -  
t r i p l e t ,  i m p l i e s  that  n e u t r i n o  r e a c t i o n s  can f u r n i s h  both the v e c t o r  and 
a x i a l  v e c t o r  n u c l e a r  c u r r e n t  d e n s i t i e s  when c o m b i n e d  with the a p p r o p r i a t e  
e l e c t r o n  s c a t t e r i n g  m e a s u r e m e n t s .  F o r  the p a r t i c l e  p h y s i c i s t ,  n e u t r i n o  
induced  p r o c e s s e s  offer  the only  p r e s e n t l y  f e a s i b l e  method  for  i n v e s t i g a t i n g  
the weak i n t e r a c t i o n  at  high e n e r g y ,  and n u c l e a r  t a r g e t s  a r e  c e r t a i n  to f ind 
wide use  in t he s e  i n v e s t i g a t i o n s  in o r d e r  to enhance  the coun t ing  r a t e s .  A 
r e l i a b l e  t heo ry  of the n u c l e a r  s t r u c t u r e  e f fec t s  is e s s e n t i a l  for e x t r a c t i n g  
the " e l e m e n t a r y "  n e u t r i n o - n u c l e o n  a m p l i t u d e s  f r o m  e x p e r i m e n t a l  data. 

:~ Research sponsord by the Air Force Office of Scientific Research,  Office of 
Aerospace Research,  U.S. Air Force ,  under AFOSR Contract No. F44620-71-C 
-0044. 
N. S. F. Predoctoral  Fellow. 
Service de Physique Theorique, C. E. N. Saclay, France.  N.S.F.  Postdoctoral 
Fellow. 
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FIG. 15: (Color online). Flux-unfolded MiniBooNE νµ CCQE
cross section per neutron as a function of neutrino energy. In
(a), shape errors are shown as shaded boxes along with the
total errors as bars. In (b), a larger energy range is shown
along with results from the LSND [56] and NOMAD [10] ex-
periments. Also shown are predictions from the nuance sim-
ulation for an RFG model with two different parameter vari-
ations and for scattering from free nucleons with the world-
average MA value. Numerical values are provided in Table X
in the Appendix.

CCQE parameters underpredicts the measured differen-
tial cross section values by 20 − 30%, while the model
using the CCQE parameters extracted from this shape
analysis are within ≈ 8% of the data, consistent within
the normalization error (≈ 10%). To further illustrate
this, the model calculation with the CCQE parameters
from this analysis scaled by 1.08 is also plotted and shown
to be in good agreement with the data.

C. Flux-unfolded CCQE cross section as a function
of neutrino energy

The flux-unfolded CCQE cross section per neutron,
σ[EQE,RFG

ν ], as a function of the true neutrino energy,
EQE,RFG

ν , is shown in Figure 15. These numerical values
are tabulated in Table X in the Appendix. The quantity
EQE,RFG

ν is a (model-dependent) estimate of the neu-
trino energy obtained after correcting for both detector
and nuclear model resolution effects. These results de-
pend on the details of the nuclear model used for the cal-
culation. The dependence is only weak in the peak of the
flux distribution but becomes strong for Eν < 0.5 GeV
and Eν > 1.2 GeV, i.e., in the “tails” of the flux distri-
bution.
In Figure 15, the data are compared with the nuance

implementation of the RFGmodel with the world average
parameter values, (M eff

A = 1.03 GeV, κ = 1.000) and
with the parameters extracted from this work (M eff

A =
1.35 GeV, κ = 1.007). These are absolute predictions
from the model (not scaled or renormalized). At the

source normalization error (%)

neutrino flux prediction 8.66

background cross sections 4.32

detector model 4.60

kinematic unfolding procedure 0.60

statistics 0.26

total 10.7

TABLE IV: Contribution to the total normalization uncer-
tainty from each of the various systematic error categories.

average energy of the MiniBooNE flux (≈ 800 MeV), the
extracted cross section is ≈ 30% larger than the RFG
model prediction with world average parameter values.
The RFG model, with parameter values extracted from
the shape-only fit to this data better reproduces the data
over the entire measured energy range.
Figure 15(b) shows these CCQE results together with

those from the LSND [56] and NOMAD [10] experiments.
It is interesting to note that the NOMAD results are bet-
ter described with the world-average M eff

A and κ values.
Also shown for comparison in Fig. 15(b) is the predicted
cross section assuming the CCQE interaction occurs on
free nucleons with the world-averageMA value. The cross
sections reported here exceed the free nucleon value for
Eν above 0.7 GeV.

D. Error Summary

As described in Section IVE, (correlated) systematic
and statistical errors are propagated to the final results.
These errors are separated into normalization and shape
uncertainties. The contributions from each error source
on the total normalization uncertainty are summarized
in Table IV. As is evident, the neutrino flux uncer-
tainty dominates the overall normalization error on the
extracted CCQE cross sections. However, the uncer-
tainty on the flux prediction is a smaller contribution
to the shape error on the cross sections. This can be
seen in Figure 16 which shows the contribution from the
four major sources to the shape error on the total (flux-
unfolded) cross section.
The detector model uncertainty dominates the shape

error, especially at low and high energies. This is because
errors in the detector response (mainly via uncertain-
ties in visible photon processes) will result in errors on
the reconstructed energy. These errors grow in the tails
of the neutrino flux distribution due to feed-down from
events in the flux peak. This type of measurement usu-
ally has large errors due to non-negligible uncertainties
in the CC1π+ background predictions. In this measure-
ment, that error is reduced through direct measurement
of the CC1π+ background. However, this error is not
completely eliminated due to the residual uncertainty on
the rate of intranuclear pion absorption that is included.



W H AT  A R E  W E  P L A N N I N G  F O R  T H E  F U T U R E ?



W H E R E  A R E  W E  G O I N G ?

• Planning for the next generation of experiments already well underway 

‣ Oscillation experiments (atmospheric, accelerator, reactor) all trending towards 
much bigger detector volumes. 

‣ Double-beta experiments trending towards better precision + larger size + 
multiple isotopes. 

• Let’s highlight plans for a couple of the future areas of research and 
mention areas where instrumentation development may benefit.

15



E X P E R I M E N TA L  C H A L L E N G E S ?

16

•Cross-sections are low. 
•Many different sources. 
•To tackle all the questions 
we have, need a diverse 
set of experiments across a 
wide range of energy.

Refs: 
1.) From eV to EeV: Neutrino Cross Sections Across Energy Scales, J.A. Formaggio, G.P. Zeller, Rev. Mod. Phys. 84, 1307 (2012)



A  R E M A R K A B L E  A R R AY  O F  E X P E R I M E N T S

17

• Long-baseline: NOvA, MINOS+, T2K, OPERA,… 

• Reactors: Double Chooz, RENO, Daya Bay, KamLAND,… 

• Astrophysics: ICECUBE, ANTARES,… 

• Interactions: MINERvA, MicroBooNE, MiniBooNE,…  

• Double-Beta Decay: EXO, NEMO, GERDA, MAJARONA, CUORE, SNO+,… 

• Direct mass: KATRIN, Project 8,…

Challenge to list them all (I haven’t), let alone get capitalization correct (I didn’t)!



B I G  D E T E C T O R S !

18

IceCube

MINOS

ANTARES

NOvA

Super-Kamiokande



G O I N G  B I G G E R !

19GVD (Lake Baikal)

Hyper-Kamiokande

KM3NET

DUNE INO

IceCube-Gen2



L I Q U I D  A R G O N  D E T E C T O R S

20 A. M. Szelc, Neutrino 2014, Boston 26/7/14

Why Liquid Argon?

● Bubble chamber quality of 
data with added full 
calorimetry.

● Can produce physics results 
with a “table-top” size 
experiment:

– Benchmark - “standard 
candle” results.

– Physics enabled by LAr 
capabilities.

– Development towards 
future large detectors.

Muon

proton

Charged π

ν interaction

Muon

proton

Charged π

ν interaction

• Liquid argon detectors have emerged 
as an attractive technology for 
studying accelerator neutrinos. 

• Fine-grained tracking combined with 
electronics readout.  Appear scalable 
to largest sizes imagined. 

• Pioneering work done by ICARUS 
collaboration over last ~25 years.  
Recent program developed in U.S.



L I Q U I D  A R G O N  D E T E C T O R S :  W O R L D W I D E  D E V E L O P M E N T

21Figure 4. Left: Picture of the TPC with the 125 field shaping rings. Right: View inside the TPC with the
mounted Greinacher/Cockroft-Walton circuit visible on the side.

maximal electric field is still much lower than the breakdown strength of liquid argon, expected
to be 1.1-1.4 MV/cm [19]. The optimal pitch for placing the field-shaping rings is 4 cm, with a
space between the rings of 5 mm. This results in 125 rings mounted in a column to build the field
cage, each of them having an outer diameter of 40 cm. With the cathode plate at a design voltage
of 500 kV the potential difference between two rings is 4 kV, providing the design drift field of
1 kV/cm. In Figure 3 also the resulting electric field strength and the electric field lines in the TPC
are shown. The field variations in the middle of TPC are smaller than 0.1% and at 150 mm distance
from the center the field variations are less than 0.5%, which is well within the surface readout of
20⇥20 cm2.

The Greinacher high voltage circuit presented in Section 2.3 is placed inside the field cage in
order to minimize the electric field at the surface of its small structures with radius less than one
millimeter. Inside the TPC the drift-field is only slightly disturbed by the Greinacher circuit.

In Figure 4 the assembled TPC is shown with 125 field-shaping rings.
These are made of solid aluminum, polished and gold plated to obtain a very clean and inert

surface. The total weight of the field cage with the wire planes is about 250 kg. The supporting
structure holding the field cage is made out of PAI (Polyamidimid + Ti02 + PTFE), which keeps
its mechanical strength from -200 �C to +250 �C, allowing for operation in liquid argon. Other
characteristics of PAI are its extremely low thermal expansion for a plastic (30⇥10�6 K�1 at room
temperature), very high electric resistivity (2⇥1015 Wm), very high mechanical stability (tensile
strength of 218 MPa at -196�C), high stiffness, excellent impact resistance and very good radiation

– 5 –

S. Zeller, NygrenFest, 05/02/14 
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•  first and only 
  membrane cryostat  
  built for scientific  
  purposes 

•  view inside of the  
  35 ton prototype 
  before filled with LAr 

•  plumbed into  
  the existing  
  cryogenic &  
  purification 
  infrastructure 
  from LAPD 

designed by a Japanese company (IHI) using 
LNG industry technology & built at FNAL 

LBNE 35 ton Prototype 

• 250L Vessel: 
– Dimension: 70cm ȍ㽢 100cm 250L 250L LArLAr TPCTPC

evacuable, vacuum insulated
– Small thermal inflow ~30W

Wi h b i d 0 13 X–With beam window ~0.13 X0
• 40 㽢 40 㽢 80 cm3 TPC inside

D ift di t 40– Drift distance䠖 40 cm

Anode

Drift
(40 cm)

Anode

(40 cm)

Cathode

PMT

Figure 1. Global view of the experiment.

The cryostat consists of three concentrical stainless steel cylinders: the innermost cylinder
contains the purified LAr with the drift chamber, the second cylinder is a LN2 bath kept at
a pressure of 2.7 bar in order not to freeze out the LAr at about 1 bar, and the outermost
cylinder is for the insulation vacuum.
The chamber has a length (along the B-field direction) of 300mm, a height of 150 mm and a

maximal drift length of 150 mm (horizontal drift field perpendicular to the B-field). The left
side of Fig. 2 shows a CAD drawing into the open chamber, and and the right side is a picture
of the chamber ready to slide into the cryostat. After pumping the LAr cryostat, it was filled
through a purification cartridge containing activated Cu powder to remove impurities, mainly
O2, the LAr was not recirculated anymore through the cartridge after the filling.
The chamber consists of a stainless steel cathode, 27 field shaping electrodes to produce a

Figure 2. Left: CAD drawing of the open TPC. Right: Picture of the TPC ready to slide into
the cryostat.

On top of the field cage two horizontal extraction grids are mounted with a gap of 10 mm in
between. The grid is a 0.15-mm-thick stainless-steel mesh, where square holes with a size 2.85 ⇥
2.85 mm2 are etched at a pitch of 3 mm all over the active area. The lower grid is positioned at
the top face of the field cage. For the double-phase operation mode the LAr surface is adjusted at
the middle of the two grids. The liquid level at each of the four corners can be monitored with a
precision of ⇠0.5 mm with the aid of four capacitive level meters. Ionization electrons produced
by ionizing particles are drifted upwards to the liquid surface. These electrons are extracted across
the liquid-vapor interface into the gas argon (GAr) phase with the aid of a strong extraction field
of typically 3–4 kV/cm between the two grids. They are then collected by the charge readout
system incorporating the Large Electron Multiplier (LEM), which is described in Section 2.1.2.
The bottom face of the field cage is covered by the cathode grid that is a stainless-steel mesh of the
same type as used for the extraction grids. The top (FS0) and the bottom (FS30) field shapers are
electrically coupled to the lower extraction grid and respectively, to the cathode.

The HV for creating the drift field is generated using a built-in 30-stage Greinacher HV mul-
tiplier, which is described in detail in Section 2.3. The circuit is integrated in the design of one
of the side-wall PCBs and the components are mounted directly on the outer surface of the PCB,
as can be seen in Figure 2. As already mentioned the generator itself avoids the use of a voltage
divider, since each multiplying stage provides a characteristic DC voltage. The various multiplying
stages generate a monotonously increasing potential to supply the electrodes surrounding the drift
volume. In our setup, the DC output of each of the 30 Greinacher stages is connected to each field
shaper via a wire through the PCB.

Figure 2. Picture of the LAr LEM-TPC with readout sandwich and drift field cage, which are about to be
inserted into the ArDM vessel. The stack of blue capacitors on the front side wall shows the Greinacher HV
multiplier.

Under the field cage two photomultiplier tubes (PMTs) are installed to detect scintillation
light produced by charged particles crossing the LAr target (primary scintillation, S1), as well as

– 4 –



L I Q U I D  A R G O N  D E T E C T O R S :  S H O RT- B A S E L I N E

22

• Fermilab pursuing a plan to complement MicroBooNE with a “near” and “far” detector, to search for 
short-baseline neutrino oscillations. 

• The “near” detector is called SBND, and the “far” detector will be the refurbished ICARUS detector, 
now at CERN. 

• If sterile neutrinos active, the combined program will map out the oscillation curve.

J. Zennamo, UChicago

Short-Baseline Neutrino Program

7

SBND
112t Active Mass

• SBND will provide a detailed 
characterization of the beam before 
oscillations can occur 

• This allows for the cancelation of many of 
the dominant systematics 
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L I Q U I D  A R G O N  D E T E C T O R S :  L O N G - B A S E L I N E

• Deep Underground Neutrino 
Experiment (DUNE) will feature ~40 
kTon liquid argon detector. 

• single-phase and double-phase 
options for various ~10 kTon modules. 

• Industrial-scale scope of construction 
sure to benefit from advances in 
instrumentation used in fabrication 
and commissioning.

23 DUNE Far Detector Module (10 kTons)

Person scale



M A J O R A N A  O R  D I R A C :  E X O
• EXO-200 utilizing liquid xenon TPC to search for neutrinoless double-

beta decay. 

• nEXO would expand concept to ~5000kg detector. 

• Barium tagging allows for significant reduction in backgrounds…
several ideas being developed.

24Andrea'Pocar''+''UMass'Amherst NOW'2014''+''Conca'Specchiulla''+''September'7+14,'2014

nEXO$5yr

nEXO$10yr$w/$Ba$tag

Final$EXO/200

PRL$109$(2012)$032505$(EXO/200)
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nEXO'sensi0vity

• Sensitivity computed using 
background simulations

• Self shielding gives significantly 
lower backgrounds, especially in 
innermost volume

• Possible upgrade to include 
daughter Ba tagging

Andrea'Pocar''+''UMass'Amherst NOW'2014''+''Conca'Specchiulla''+''September'7+14,'2014

46 cm

EXO-200

nEXO

• Large'(5'tonne)'homogeneous'enriched'LXe'TPC'can'allow'large'exposure'and'
background'suppression'

• Inspired'by'EXOE200'design,'and'based'on'its'demonstrated'technology
• More'powerful'thanks'to'selfEshielding

nEXO'TPC'design'concept

~150 kg
~ 5000 kg

13
0 

cm

charge 
readout tiles

light 
sensors

Refs: 
1.)A. Pocar, NOW 2014



N E U T R I N O  M A S S :  P R O J E C T  8
• Project 8 is pursuing a technique to measure the cyclotron frequency of single 

electrons emitted in Tritium beta-decay (now using Kr83 for testing/calibration). 

• Potential mass reach down to 0.05 eV.

25

Gray Rybka - Fermilab - 10/2014 5/41

Direct Neutrino Mass Measurement 
with Beta Decay

The masses and kinetic energies of the products must 
add up to the mass of original nucleus

Neutrino Mass 

!  Project!8!uses!measurement!of!cyclotron!frequency!of!a!single!electron!in!a!
uniform!magneLc!field!from!TriLum!decay!to!measure!electron!energy!and!set!
limit!/!measure!neutrino!mass!!

Lepton'Photon*2015,*Ljubljana,*August*17*'*22,*2015***''*M.*Demarteau*
Slide**41*

Mass!reach!!0.05!eV!!

Refs: 
1.) Single-Electron Detection and Spectroscopy via Relativistic Cyclotron Radiation, D.M. Asner et al, PRL 114 162501 (2015)

Gray Rybka - Fermilab - 10/2014 24/41

Spectrogram Information

Electron slowly loses energy
from cyclotron emission
~ 1 fW radiative loss

Electron scatters off gas 
molecule, losing energy, 
possibly changing pitch 
angle

Track start gives initial electron kinetic energy

Electron tracks in spectrogram are information-dense

f ≈
1

2π
eB

me+Ekin

(1+
1

2
cot

2θ)Frequency depends on both 
energy and pitch angle

Scale:
100eV



C H A L L E N G E S / O P P O RT U N I T I E S  I N  
I N S T R U M E N TAT I O N  F O R  N E U T R I N O S

Build a better mousetrap and the 
world will beat a path to your door. 
- Ralph Waldo Emerson 



C H A L L E N G E S

• Experiments get increasingly longer in duration (~decades)…qualifying 
lifetime of components (electronics, photon detectors, tracking chamber 
wires/connectors, etc…) non-trivial but crucial. 

• Demands on precision only going to get more stringent (e.g. - energy 
reconstruction, timing, …).  Variety of nuclear isotopes/targets in use 
requires input from NP community. 

• To say nothing of needs for: intense beams/sources with well understood 
flux; computing/readout; stable long-term underground operation

27



O P P O RT U N I T I E S ?

• LAPPDs for large neutrino detectors (water, scintillator, cryogenic)…? 

• New ideas for mitigating Ar-39 in large quantities of liquid argon? 

• Magnetizing very large liquid argon detectors? 

• …

28

“The program will place an emphasis on proposing new ideas for detection technologies”



F E R M I L A B  N E U T R I N O  D E T E C T O R  R & D  W O R K S H O P

• Fermilab will host a Neutrino 
Detector R&D Facility Workshop 
Jan. 20-22, 2016. 

• Come up with a great idea here at 
this meeting and then go learn how 
to test it out! 

• Formal advertisement coming soon.

29



C O N C L U S I O N S

• The experimental study of neutrinos is an exciting field of research that is 
ripe for new discoveries in the coming years. 

• Innovations in detectors and instrumentation are a necessary element for 
the next generation of experiments to be successful. 

• Apologies to the many wonderful experiments I skipped…please go see 
the neutrino parallel session this afternoon! 

30



BACK UP

31



L I Q U I D  A R G O N  D E T E C T O R S  F O R  N E U T R I N O S

• Charged particles produced in a neutrino interaction ionize the liquid argon they travel through. 

• That ionization is drifted to a set of anode planes that are samples in time by electronics.

32
Refs:
1.) Design of Grid Ionization Chambers, Bunneman, Cranshaw,Harvey, Can. J. Res. 27 (1949) 191
2.) Design of Large LArTPCs, B. Yu, TIPP 2011
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L I Q U I D  A R G O N  D E T E C T O R S  F O R  N E U T R I N O S
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L I Q U I D  A R G O N  D E T E C T O R S  F O R  N E U T R I N O S
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L I Q U I D  A R G O N  D E T E C T O R S  F O R  N E U T R I N O S

• Charged particles produced in a neutrino interaction ionize the liquid argon they travel through. 

• That ionization is drifted to a set of anode planes that are samples in time by electronics.
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Refs:
1.) Design of Grid Ionization Chambers, Bunneman, Cranshaw,Harvey, Can. J. Res. 27 (1949) 191
2.) Design of Large LArTPCs, B. Yu, TIPP 2011



L I Q U I D  A R G O N  D E T E C T O R S  F O R  N E U T R I N O S

33



L I Q U I D  A R G O N  D E T E C T O R S  F O R  N E U T R I N O S

• One of the attractive aspects of this technology is we don’t need to instrument the entire volume.  Just 
drift liberated ionization over to anode plane.   

• Allows us to scale the detector to very large sizes without the cost of electronics becoming prohibitive. 

• The longer the drift length, the higher the demands on LAr purity and high-voltage capability.

34

S. Zeller, NygrenFest, 05/02/14 

TPCs for Neutrino Physics 
10 

T2K 

concept 

both  
massive 

and  
extremely 

high 
resolution 

•  gaseous TPCs 

   - T2K 
   - hadro-production exps used to 
     constrain ν fluxes (HARP, NA61, MIPP) 

   - spherical TPCs 
      (for very low energy ν physics) 

•  liquid argon TPCs (new generation) 
  (denser so more ν interactions!) 
   - ICARUS 
   - ArgoNeuT, MicroBooNE 
   - future short and long-baseline 
     ν oscillation experiments 



N O B L E  E L E M E N T S … L I Q U I F I E D

35

Atomic Number 2 10 18 36 54

Boiling Point [K] @ 1atm 4.2 27.1 87.3 120 165

Density [g/cm3] 0.125 1.2 1.4 2.4 3
Radiation Length [cm] 755.2 24 14 4.9 2.8

dE/dx [MeV/cm] 0.24 1.4 2.1 3 3.8

Scintillation [γ/MeV] 19,000 30,000 40,000 25,000 42,000

Scintillation λ [nm] 80 78 128 150 175

Cost ($/kg) 52 330 5 330 1200



A D VA N TA G E S  F O R  L I Q U I D  A R G O N  D E T E C T O R S

• Fine spatial resolution allowed excellent particle ID, and hence excellent background rejection. 

• Appear scalable to sizes necessary to be the “far detector” in a long-baseline neutrino experiment.

36

A. M. Szelc, Neutrino 2014, Boston 146/7/14
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