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Outline
• The show so far: the Standard Model works really well, 

but...

• Go big, go deep!

• A view of the next ten years of dark matter searches...

• The case for LBNE

• What else can you do with 
something like the LBNE far 
detector?

• The technical challenges that 
tie all this together

• Conclusions and perspectives
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Lewis and Clark on the Lower Columbia
Charles Marion Russell, 1905



Where do we stand?
• It looks like “we’ve” 

discovered the Higgs!

• It also looks like the 
Higgs from the standard 
model

• Physics has been 
chasing the Higgs at this 
energy scale since 1933!

• We now have a 
complete theory of the 
electromagnetic, weak, 
and strong forces.
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news.slac.stanford.edu/features/cern-experiments-observe-particle-consistent-long-sought-higgs-boson

Current Status:
mH = 125.9 ± 0.4 GeV (PDG)

Significance > 6 σ
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Just the Standard Model?
• The new scalar particle observed by ATLAS and 

CMS, really does look like the standard model 
Higgs...

• It’s the right energy scale,

• It decays into the right things in the right 
proportions

• There also haven’t been any hints of supersymmetry in 
ATLAS or CMS data.

• This does NOT mean that 
the energy frontier is dead!

• Getting a factor of 2 in LHC 
energy soon,

• There are a lot of precision 
measurements to be done at the the LHC 
as well as the ILC or something like it!
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Figure 18: Best-fit production cross sections times branching ratios
to H ! !!, H ! ZZ, H ! W +W!, H ! bb̄, and H ! "+"!,
normalized to the SM predictions for Higgs boson production and
decay, assuming it has a mass of 126.5 GeV (ATLAS, left), and
125 GeV (CMS, right). The combined result, assuming SM ratios for
the production and decay modes, is shown as a separate point on
the ATLAS graph at µ = #/#SMH = 1.2 ± 0.3 and is shown with the
shaded band on the CMS graph at µ = 0.80 ± 0.22.
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II.1. Indirect Constraints on the SM Higgs Boson

Indirect experimental bounds for the SM Higgs boson mass

are obtained from fits to precision measurements of electroweak

observables. The Higgs boson contributes to the W± and Z

vacuum polarization through loop e!ects, leading to a loga-

rithmic sensitivity of the ratio of the W± and Z gauge boson

masses on the Higgs boson mass. A global fit to the precision

electroweak data accumulated in the last two decades at LEP,

SLC, the Tevatron, and elsewhere, gives mH = 94+29
!24 GeV, or

mH < 152 GeV at 95% C.L. [5]. The top quark contributes to

the W± boson vacuum polarization through loop e!ects that

depend quadratically on the top mass, which plays an important

role in the global fit. A top quark mass of 173.2± 0.9 GeV [77]

and a W± boson mass of 80.385± 0.015 GeV [5] were used.
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cal uncertainties [40–44].

July 25, 2012 15:44

PDG, 2013

PDG, 2013

PDG, 2013

Real value of mH



Just the Standard Model?
• The new scalar particle observed by ATLAS and 

CMS, really does look like the standard model 
Higgs...

• It’s the right energy scale,

• It decays into the right things in the right 
proportions

• There also haven’t been any hints of supersymmetry in 
ATLAS or CMS data.

• This does NOT mean that 
the energy frontier is dead!

• Getting a factor of 2 in LHC 
energy soon,

• There are a lot of precision 
measurements to be done at the the LHC 
as well as the ILC or something like it!

4

– 70–

)µSignal strength (

        
  -1   0    1

   

Combined

 llll→ (*) ZZ→H 

γγ →H 

νlν l→ (*) WW→H 

ττ →H 

 bb→W,Z H 

-1Ldt = 4.6 - 4.8 fb∫ = 7 TeV:  s

-1Ldt = 5.8 - 5.9 fb∫ = 8 TeV:  s

-1Ldt = 4.8 fb∫ = 7 TeV:  s

-1Ldt = 5.8 fb∫ = 8 TeV:  s

-1Ldt = 4.8 fb∫ = 7 TeV:  s

-1Ldt = 5.9 fb∫ = 8 TeV:  s

-1Ldt = 4.7 fb∫ = 7 TeV:  s

-1Ldt = 4.7 fb∫ = 7 TeV:  s

-1Ldt = 4.6-4.7 fb∫ = 7 TeV:  s

)<1 Intervalsµ(λ-2ln 2011 + 2012 Data

-0.3
+0.3 = 1.2 µ

ATLAS Preliminary

HSMσ/σBest fit 
-3 -2 -1 0 1 2 3 4 5

 ZZ→H 

 WW→H 

γγ →H 

ττ →H 

 bb→H 

CMS Preliminary
-1 = 7 TeV, L = 5.1 fbs
-1 = 8 TeV, L = 5.3 fbs

 = 125 GeVH m

Figure 18: Best-fit production cross sections times branching ratios
to H ! !!, H ! ZZ, H ! W +W!, H ! bb̄, and H ! "+"!,
normalized to the SM predictions for Higgs boson production and
decay, assuming it has a mass of 126.5 GeV (ATLAS, left), and
125 GeV (CMS, right). The combined result, assuming SM ratios for
the production and decay modes, is shown as a separate point on
the ATLAS graph at µ = #/#SMH = 1.2 ± 0.3 and is shown with the
shaded band on the CMS graph at µ = 0.80 ± 0.22.

July 25, 2012 15:44

– 70–

)µSignal strength (

        
  -1   0    1

   

Combined

 llll→ (*) ZZ→H 

γγ →H 

νlν l→ (*) WW→H 

ττ →H 

 bb→W,Z H 

-1Ldt = 4.6 - 4.8 fb∫ = 7 TeV:  s

-1Ldt = 5.8 - 5.9 fb∫ = 8 TeV:  s

-1Ldt = 4.8 fb∫ = 7 TeV:  s

-1Ldt = 5.8 fb∫ = 8 TeV:  s

-1Ldt = 4.8 fb∫ = 7 TeV:  s

-1Ldt = 5.9 fb∫ = 8 TeV:  s

-1Ldt = 4.7 fb∫ = 7 TeV:  s

-1Ldt = 4.7 fb∫ = 7 TeV:  s

-1Ldt = 4.6-4.7 fb∫ = 7 TeV:  s

)<1 Intervalsµ(λ-2ln 2011 + 2012 Data

-0.3
+0.3 = 1.2 µ

ATLAS Preliminary

HSMσ/σBest fit 
-3 -2 -1 0 1 2 3 4 5

 ZZ→H 

 WW→H 

γγ →H 

ττ →H 

 bb→H 

CMS Preliminary
-1 = 7 TeV, L = 5.1 fbs
-1 = 8 TeV, L = 5.3 fbs

 = 125 GeVH m

Figure 18: Best-fit production cross sections times branching ratios
to H ! !!, H ! ZZ, H ! W +W!, H ! bb̄, and H ! "+"!,
normalized to the SM predictions for Higgs boson production and
decay, assuming it has a mass of 126.5 GeV (ATLAS, left), and
125 GeV (CMS, right). The combined result, assuming SM ratios for
the production and decay modes, is shown as a separate point on
the ATLAS graph at µ = #/#SMH = 1.2 ± 0.3 and is shown with the
shaded band on the CMS graph at µ = 0.80 ± 0.22.

July 25, 2012 15:44

Now:
(2012 data)
µ = 1.4+0.5

�0.6

– 12–

II.1. Indirect Constraints on the SM Higgs Boson

Indirect experimental bounds for the SM Higgs boson mass

are obtained from fits to precision measurements of electroweak

observables. The Higgs boson contributes to the W± and Z

vacuum polarization through loop e!ects, leading to a loga-

rithmic sensitivity of the ratio of the W± and Z gauge boson

masses on the Higgs boson mass. A global fit to the precision

electroweak data accumulated in the last two decades at LEP,

SLC, the Tevatron, and elsewhere, gives mH = 94+29
!24 GeV, or

mH < 152 GeV at 95% C.L. [5]. The top quark contributes to

the W± boson vacuum polarization through loop e!ects that

depend quadratically on the top mass, which plays an important

role in the global fit. A top quark mass of 173.2± 0.9 GeV [77]

and a W± boson mass of 80.385± 0.015 GeV [5] were used.

 [GeV]HM
100 200 300 400 500 1000

Hi
gg

s 
BR

 +
 T

ot
al

 U
nc

er
t

-310

-210

-110

1

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
1

bb

ττ

cc

ttgg

γγ γZ

WW

ZZ

Figure 4: Branching ratios for the main de-
cays of the SM Higgs boson, including theoreti-
cal uncertainties [40–44].

July 25, 2012 15:44

PDG, 2013

PDG, 2013

PDG, 2013

Real value of mH



So, what do we do now?
• We have a prodigiously successful Standard Model, with 

no more free parameters to measure

• But, we also have several confirmed departures from the 
Standard Model:

• Non-baryonic dark matter

• Neutrino flavor oscillations

• Baryon asymmetry

• Accelerating Universe/dark energy

• Inflation

• The down side is that we don’t know the energy scale 
that these departures are telling us to investigate!

5

These have something 
in common that I will talk 

about in a bit...



Outline
• The show so far: the Standard Model works really well, 
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• Go big, go deep!
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years of dark matter 
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• What else can you do with something like the LBNE far 
detector?
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Hayden Expedition of U.S. Geological Survey En Route to the 
Yellowstone Country. 
Photographed by William H. Jackson in 1871.



Expeditions to Higher Energies
• Because we don’t know the next energy scale to start 

studying in detail, we have to go on these expeditions 
looking for unified theories, based on the hints we 
already have

• The good news: lots of these expeditions can be 
undertaken with large, underground detectors!

• The bad news: 
building these 
detectors is going to 
be hard, expensive, 
and not guaranteed 
to pay off in the way 
we expect...
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Figure 2. Approximate energy reach for expeditions. Solid arrows indicate the current
reach, while the dashed arrows anticipated improvements by proposed experiments [16].

of the UV cuto↵ of the Standard Model as a low-energy e↵ective field theory. And

the e↵ects of the UV cuto↵ can be parametrized by higher dimension operators power

suppressed by ⇤UV added to the Standard Model,

L = LSM +
1

⇤UV

L5 +
1

⇤2
UV

L6 + · · · (1)

We need to first look at the Standard Model Lagrangian LSM which has the structure

as shown on T-shirts from CERN designed by John Ellis,

LSM = � 1

g2
F 2
µ⌫ +  ̄i6D + |DµH|2 � y ̄ H +

✓

64⇡2
FF̃ � �(H†H)2

+ µ2H†H � ⇤CC . (2)

The first line here has only dimensionless parameters and is only logarithmically sensitive

to the physics at ⇤UV . On the other hand, the last line has two parameters µ2 (mass

dimension 2) and ⇤CC (4) and remember physics at ⇤UV , the origin of the naturalness

problems we will come back to later.

On the other hand, the power-suppressed operators come in a great variety. For

instance, those suppressed by two powers can be

L6 = QQQL, L̄�µ⌫Wµ⌫Hl, ✏abcW
aµ
⌫ W b⌫

� W c�
µ , (H†DµH)2, Bµ⌫H

†W µ⌫H, · · · (3)
They may be seen in proton decay, gµ�2, triple gauge boson vertex, T and S-parameters

in the precision EW observables, respectively.

It is interesting to note that there is actually only one-type of operator we can write

suppressed by a single power,

L5 = (LH)(LH). (4)

arXiv:1401.0966



Big, Underground Detectors

8

...especially noble gas-filled detectors!LUX
NEXTEXO

MiniCLEAN

13-2-27 M. Kuźniak 
(Snowmass Cosmic Frontier Workshop)
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Underground 

 bonding and machining

DEAP-3600XMASS

LBNE

XENON100

LZ

nEDM
MicroBooNE

Figure 2.1: Schematic drawing of the CAPTAIN detector.

2.1 Cryostats

The CAPTAIN project utilizes two cryostats for TPC development. The first is a small,
1700L vacuum jacketed cryostat provided by UCLA for the e↵ort. It is being modified at
LANL to provide features to accommodate and test mini-CAPTAIN. The vacuum jacket is
60.25 inches in diameter, and the vessel is 64.4 inches in height.

The primary CAPTAIN cryostat is a 7700L vacuum insulated liquid argon cryostat which
will house the final TPC. It is an ASME Section VIII, Division 1 U stamped vessel making
operation at several national (or international) laboratories more straightforward. The outer
shell of the cryostat is 107.5 inches in diameter, and it is 115 inches tall. The vessel
is designed with a thin (3/16 inch) inner vessel to minimize heat leak to the argon. All
instrumentation and cryogenics are made through the vessel top head. The vessel also has
side ports allowing optical access to the liquid argon volume for the laser calibration system
or other instrumentation. A work deck is to be mounted on the top head to provide safe
worker access to the top ports of the cryostat. A ba✏e assembly will be included in the
cold gas above the liquid argon to mitigate radiation heat transfer from the un-insulated top
head. Figure 2.1 shows a schematic of the CAPTAIN cryostat, TPC, and work deck.

5

CAPTAIN
Noble gas detectors, but not underground

These have a 
particularly bright 

future at LBL!



Hey, look!  An Underground Lab!

9

The Sanford Underground 
Research Facility
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The Yale College Expedition of 1870 to Bridger Basin 
in southeastern Wyoming, with paleontologist O.C 
Marsh standing at center. 
http://www.rockymountainpaleontology.com/

http://www.rockymountainpaleontology.com
http://www.rockymountainpaleontology.com


Dark Matter Searches: Now

11

Current LUX limits 
(Run03, Oct. 2013, 
85 days x 118 kg)

• No dark matter yet, but increasingly stringent 
limits...

mWIMP (GeV/c2)

W
IM

P−
nu

cl
eo

n 
cr

os
s 

se
ct

io
n 

(c
m

2 )

101 102 10310−46

10−45

10−44

 6 8 10 12

10−44

10−42

10−40

mWIMP (GeV/c2)

W
IM

P−
nu

cle
on

 c
ro

ss
 s

ec
tio

n 
(c

m
2 )

 

 

101 102 10310−46

10−45

10−44

10−43

10−42

10−41

10−40

CRESST−II
CDMS−II Si 90% CL
CDMS−II Si ROI Centroid
CoGeNT 2013
DAMA/LIBRA
XENON100 225 days
XENON100 100 days
CDMS−II all Soudan data
CDMSlite
ZEPLIN−III
EDELWEISS
CDMS−II Ge 2keV threshold re−analysis
XENON10 S2−only
SIMPLE



Dark Matter Searches: Now

11

Expected final LUX 
limits (Run04, Late 

2014, 300 days)

• No dark matter yet, but increasingly stringent 
limits...
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Dark Matter Searches: Now

11

So what’s next?

• No dark matter yet, but increasingly stringent 
limits...
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• The LUX and ZEPLIN collaborations are joining forces for 
a multi-ton two-phase xenon search (“LUX” + “ZEPLIN” = 
“LZ”  Get it?)

• 5-6 tons fiducial mass (8-9 tons total)
• Will fit into the current LUX 

water shield tank at SURF
• More sophisticated active 

veto system
• Xe outside field cage 

instrumented with PMTs
• Add liquid scintillator veto 

outside cryostat inside 
shield)

LZ
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Other Physics with LZ
• Low-energy solar neutrinos?
• 2νββ is actually a background...  How many 2νββ events will slip 

through the NR/ER rejection in to the dark matter signal box?
• Can we get some physics out of the 2νββ shape?

About 350 pp neutrino 
events per year!
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Can we “finish” Direct Detection?

14



Can we “finish” Direct Detection?
• Yes, but because of 

backgrounds, not signals...

• Can justify a 50-100 ton 
experiment before the “neutrino 
floor,” could we push past it?

• Currently, dark matter signals 
are: single, uncorrelated nuclear 
recoil scatters.  What else could 
we use?

• Direction: if we could see tracks from WIMP interactions point away 
from the earth-sun system’s orbital velocity, that could differentiate 
those recoils from coherent neutrino scatters.

• Indirect detection: annihilation of WIMPs into standard model particles 
(usually photons or neutrinos).  Messenger particle gets the full mass 
of the WIMP, makes dark matter astronomy something to think about!

14

10 Direct Detection Program Roadmap 39

1 10 100 1000 104
10!50
10!49
10!48
10!47
10!46
10!45
10!44
10!43
10!42
10!41
10!40
10!39

10!14
10!13
10!12
10!11
10!10
10!9
10!8
10!7
10!6
10!5
10!4
10!3

WIMP Mass !GeV"c2#
W
IM
P!
nu
cl
eo
n
cr
os
ss
ec
tio
n
!cm2 #

W
IM
P!
nu
cl
eo
n
cr
os
ss
ec
tio
n
!pb#

7Be
Neutrinos

  NEUTRINO C OHER ENT SCATTERING 
 

 
 

 

  
 

NEUTRINO COHERENT SCATTERING
(Green&ovals)&Asymmetric&DM&&
(Violet&oval)&Magne7c&DM&
(Blue&oval)&Extra&dimensions&&
(Red&circle)&SUSY&MSSM&
&&&&&MSSM:&Pure&Higgsino&&
&&&&&MSSM:&A&funnel&
&&&&&MSSM:&BinoEstop&coannihila7on&
&&&&&MSSM:&BinoEsquark&coannihila7on&
&

8B
Neutrinos

Atmospheric and DSNB Neutrinos

CDMS II Ge  (2009)

Xenon100 (2012)

CRESST

CoGeNT
(2012)

CDMS Si
(2013)

EDELWEISS (2011)

DAMA SIMPLE (2012)

ZEPLIN-III (2012)COUPP (2012)

SuperCDMS Soudan Low Threshold
SuperCDMS Soudan CDMS-lite

XENON 10 S2 (2013)
CDMS-II Ge Low Threshold (2011)

SuperCDMS Soudan

Xenon1T

LZ

LUX

DarkSide G2

DarkSide 50

DEAP3600

PICO250-CF3I

PICO
250-C3F8

SNOLAB

SuperCDMS

Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013

arXiv:1310.8327
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Figure 16. Photograph of bubbles from a muon (left), neutron multiple scatter (center) and neutron single
scatter (right) in a COUPP bubble chamber.

5.5 Scintillating Crystal Detectors

Scintillating inorganic crystals, such as NaI and CsI, are the basis of one important class of dark matter
experiments. These crystals are high e�ciency scintillators producing many optical photons even for
quenched WIMP-induced nuclear recoils. They benefit from an attractive combination of low target costs and
existing well-understood technologies for light collection and detection over wide areas. Scintillation pulse
shape discrimination provides modest levels of EM background discrimination (90–99%) in the currently
deployed NaI(Tl) and CsI(Tl) experiments. Additional background rejection power comes from detection
of coincidences between elements of multi-crystal arrays and from the exploitation of the predicted annual
modulation properties of the WIMP signal. The main experimental challenges for these types of detectors
are obtaining a low overall background rate and, more importantly, maintaining detector stability over a
period of years.

The DAMA/LIBRA [31] collaboration began a search for dark matter with an array of NaI crystals in 1995
and has been operating the current DAMA/LIBRA setup of 250 kg of NaI since 2003. They have observed an
annual modulation in their data at greater than 9� significance, with a phase consistent with that expected
from galactic dark matter interactions. If the signal is interpreted as evidence of spin independent (or spin
dependent) scattering of WIMP dark matter, it is in strong tension with results from many other searches.
The collaboration maintains that this signal represents a model-independent observation of dark matter
interactions. To date, no successful experimental or theoretical explanation for the annual modulation signal
has achieved consensus in the community.

Several other collaborations are now attempting to test the DAMA/LIBRA signal using crystal detectors.
The main challenge facing these experiments is to reproduce, or improve on, the ultra-low background levels
achieved in the DAMA/LIBRA NaI. The ANAiS collaboration aims to build a 250 kg ultrapure NaI (T1)
array at the Canfranc Underground Laboratory [62]. The KIMS experiment [41] is currently operating
100 kg of CsI, with future plans to deploy two detectors, a lower-background array of NaI (KIMS-NaI) and
cryogenic CaMoO4 bolometers (AMORE-DARK). The CINDMS collaboration plans to deploy 100 kg of
CsI(Na). They expect to achieve a factor of 109 reduction for �/� background reduction by exploiting the

Community Planning Study: Snowmass 2013
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15th century Chinese Admiril, Zheng He, seen here with one of his massive ships in a painting at a temple 
shrine in Malaysia, led seven enormous seafaring expeditions. 
Photo credit: © Chris Hellier/Corbis.  www.pbs.org

http://www.pbs.org
http://www.pbs.org


Long-Baseline Neutrino Oscillations
Lots of outstanding questions in Neutrino/oscillation 
physics:

• Determination of the neutrino mass 
hierarchy

• CP violation in the neutrino sector 
(including phase measurement)

• Is θ23 really maximal?

• Stringent test of the three-neutrino flavor paradigm

• Are there non-standard interactions?

• Are there other (sterile) neutrino states?

• Cross section and other interaction measurements
16

2 Introduction

The now well-accepted picture of neutrino mixing involves three underlying mass states, with
three mixing angles defining the linear superpositions that make up each of the three weak,
or flavor states. The magnitude of the mass-squared splitting between states ⌫1 and ⌫2 is
known from the KamLAND reactor experiment, and the much-larger splitting between the
third, ⌫3 state and the ⌫1�⌫2 pair is known from atmospheric and long-baseline experiments.
However, pure neutrino oscillations are sensitive only to the magnitude of the mass splitting,
not the sign. Defining the ⌫1 state as having the largest admixture of the electron flavor
eigenstate, the sign of the mass splitting between states ⌫2 and ⌫1 is determined to be
positive (�m2

21 > 0) using the pattern of neutrino oscillations through the varying-density
solar medium. However, the corresponding sign of �m2

32 ⇡ �m2
31 remains unknown. That

is, there are two potential orderings, or “hierarchies”, for the neutrino mass states: the
so-called “normal hierarchy”, in which ⌫3 is the heaviest, and the “inverted hierarchy”, in
which ⌫3 is the lightest (as shown in Fig. 1). This committee was tasked with the goal of
identifying the most promising technique, or techniques, for addressing the question of the
neutrino mass hierarchy.

Figure 1: Pictorial representation of the possible neutrino mass hierarchies. Note: �m2
atm is

equivalent to �m2
32 and �m2

sol is equivalent to �m2
21. [1].

Section 2.1 describes the status of our understanding of neutrino mixing in greater de-
tail. Section 2.2 further discusses the physics motivation behind the hierarchy question.
Section 2.3 details the explicit charge give to this committee. Section 2.4 explain the ap-
proach taken by the committee for answering this question. Following the introduction, this
document begins in Section 3 with a discussion of what constitutes a statistical measurement
of the hierarchy, and the di↵erent definitions used by various collaborations. We then sum-
marise the potential for each individual technique (Sections 4– 11), followed by conclusions
and recommendations in Section 12.
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2.1 Status of Neutrino Mixing

The relationship between neutrino flavor {⌫e, ⌫µ, ⌫⌧ } and mass { ⌫1, ⌫2, ⌫3 } eigenstates is
described by the PMNS mass matrix [2, 3]:
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where cij ⌘ cos ✓ij and sij ⌘ sin ✓ij. This matrix depends on: three mixing angles ✓12,
✓13, and ✓23, of which the first and last are the dominant angles for solar and atmospheric
oscillations, respectively; a Dirac phase �CP that can induce CP-violating di↵erences in the
oscillation probabilities for conjugate channels such as ⌫µ ! ⌫e versus ⌫̄µ ! ⌫̄e; and two
Majorana phases ↵1 and ↵2 that will a↵ect the interference among mass eigenstates in the
e↵ective neutrino mass probed in the lepton-number-violating process of neutrinoless double
� decay (Section 7).

The state ⌫1 is the largest piece of the electron-neutrino and �m2
21 > 0. One of these

is by definition, while the other is an experimental fact from the observation of the MSW
e↵ect (the interaction of neutrinos with matter) in solar neutrinos. Thus we know the sign
of �m2

21, while the sign of �m2
31 is precisely the question of the neutrino mass hierarchy.

In the normal hierarchy �m2
31 > 0. The �m2

21 splitting is commonly referred to as the
solar splitting, while |�m2

32| is called atmospheric, in reference to the ways they were first
observed.

It became apparent from early two-flavor analyses of solar and KamLAND reactor neu-
trino data [4] that there was some hint of the third neutrino flavor, a nonzero ✓13. The ✓13

extracted proved to be consistent with the long-baseline ⌫e appearance results announced
shortly afterwards, 0.008 ⇠< sin2 ✓13 ⇠< 0.094 [5] and 0.003 ⇠< sin2 ✓13 ⇠< 0.038 [6]. In 2012
results from additional and much more precise reactor ⌫̄e disappearance experiments be-
came available, yielding sin2 ✓13 = 0.022 ± 0.011(stat) ± 0.008(syst) [7], sin2 ✓13 = 0.0236 ±
0.0042(stat) ± 0.0013(syst) [8], and sin2 ✓13 = 0.0291 ± 0.0035(stat) ± 0.0051(syst) [9]. The
precise Daya Bay and Reno measurements of ✓13 e↵ectively remove a degree of freedom (and
thus an uncertainty) from three-flavor solar neutrino analyses.

The current best knowledge of the oscillation parameters is given in Table 1.

Table 1: Neutrino parameters from [10].

Parameter Best-fit value
sin2 2✓12 0.857 ± 0.024
sin2 2✓23 > 0.95
sin2 2✓13 0.098 ± 0.013
�m2

21 7.50 ± 0.20 ⇥ 10�5 eV2

|�m2
32| 2.32+0.12

�0.08 ⇥ 10�3 eV2
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Long-Baseline Neutrino Oscillations
Lots of outstanding questions in Neutrino/oscillation 
physics:

• Determination of the neutrino mass 
hierarchy

• CP violation in the neutrino sector 
(including phase measurement)

• Is θ23 really maximal?

• Stringent test of the three-neutrino flavor paradigm

• Are there non-standard interactions?

• Are there other (sterile) neutrino states?

• Cross section and other interaction measurements
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identifying the most promising technique, or techniques, for addressing the question of the
neutrino mass hierarchy.

Figure 1: Pictorial representation of the possible neutrino mass hierarchies. Note: �m2
atm is

equivalent to �m2
32 and �m2

sol is equivalent to �m2
21. [1].
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Baryogenesis 
requires matter-antimatter 

asymmetry ~5 x 10-10.
The quark sector provides enough 

CP violation for ~10-20.
Neutrinos might make up 

(part of) the rest!



A Long-Baseline Neutrino Experiment

• Why FNAL to Homestake?  Just because of convenient facilities?

• NO!  1000 - 1500 km is actually a well optimized baseline that allows us to “run 
the table” on δCP, mass hierarchy, and θ23 octant.  (arXiv:1311.0212)

• Too short a baseline: not enough “matter effects” to see the hierarchy

• Too long a baseline: “matter effects” swamp δCP

• A much longer baseline would give more sensitivity to non-standard interactions
17
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INTRODUCTION

Experimental observations [1–10] have shown that neutrinos have mass and undergo flavor

oscillations due to mixing between the mass states and flavor states. For three neutrino

flavors, the mixing can be described by three mixing angles (✓12, ✓13, ✓23) and one CP-

violating phase parameter (�
CP

). The probability for flavor oscillations also depends on the

di↵erences in the squared masses of the neutrinos, �m

2
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2
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Five of the parameters governing neutrino oscillations have been measured: all three

mixing angles and the magnitude of the two independent mass squared di↵erences. Because

the sign of �m

2
31 is not known, there are two possibilities for the ordering of the neutrino

masses, called the mass hierarchy: m1 < m2 < m3 (“Normal hierarchy”) or m3 < m1 < m2

(“Inverted hierarchy”). The value of the CP-violating phase �

CP

is unknown. Another

remaining question is the octant of ✓23: measured values of sin2(2✓23) are close to 1 [1, 3],

but the data are so far inconclusive as to whether ✓23 is less than or greater than 45�, which

is the value for maximal mixing.

The mass hierarchy, the value of �
CP

, and the ✓23 octant (value of sin
2
✓23) a↵ect the muon

neutrino to electron neutrino oscillation probability over a long baseline. The oscillation

probability can be approximated by [11]
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Figure 29: Three sigma sensitivity for the CP fraction with and without ⌫⌧ backgrounds
versus the distance between the neutrino beam source and the detector. The sensitivity is
best in the region 1000 km to 1500 km and decreases with longer baselines, particularly when
the ⌫⌧ background is added [79].
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Figure 30: Five-sigma sensitivity for the mass hierarchy versus detector baseline with and
without ⌫⌧ background. The sensitivity plateaus around ⇠1500 km, but is acceptable at
1300 km. The beam line (energy and o↵-axis angle, if needed) has been optimized for each
distance. [79].
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Figure 30: Five-sigma sensitivity for the mass hierarchy versus detector baseline with and
without ⌫⌧ background. The sensitivity plateaus around ⇠1500 km, but is acceptable at
1300 km. The beam line (energy and o↵-axis angle, if needed) has been optimized for each
distance. [79].
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The LBNE Far Detector

• Modular TPC design allows for flexible drift distances

• Wire planes designed to be slung under the cage at SURF

• Photon collection done with sensors inside the anode plane 
assemblies (doing this better would dramatically improve 
energy resolution!!!) 18

2*5kt$Detector$Underground$Design$
Beam’s'Eye'View$ •  2$detector$modules$5(9.4)kt$

fiduical(liquid)$volume$
•  2$anode$plane$assemblies$(APA)$

wide$
•  2$APA$assemblies$high$
•  10*2.5m$wide$APAs$long$(~25m$

total$length)$
•  Each$module$has$4$drid$volumes$

25m$long$

•  Instrumented$with$Y,U,V$planes$

Anode Plane Assemblies"Cathode Plane Assemblies"
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The LBNE Far Detector

• Modular TPC design allows for flexible drift distances

• Wire planes designed to be slung under the cage at SURF

• Photon collection done with sensors inside the anode plane 
assemblies (doing this better would dramatically improve 
energy resolution!!!) 18

Event Display – 10kT FD 

2/2/14 M. Stancari   FD Simulation and Reconstruction 12 

Geometry simulation by Tyler Alion 

Traditional display too slow 
(too much data) and visualizes 
only one drift volume at a 
time.  Instead, create 
histograms in advance and 
store in an intermediary file Seongtae Park (UTA) 

307,200 channels, 240 drift volumes 



Outline
• The show so far: the Standard Model works really well, 

but...

• Go big, go deep!

• A view of the next ten years of dark matter searches...

• The case for LBNE

• What else can you do with 
something like the LBNE far 
detector?

• The technical challenges that tie 
all this together

• Conclusions and perspectives
19
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Other Physics with the LBNE FD
• Supernova burst neutrinos

• Indirect dark matter (χ χ→ ν ν)

• Atmospheric neutrinos

• Nucleon decay (esp. p→K+ ν)

20 http://www.amanda.uci.edu/

http://www.amanda.uci.edu
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Core Collapse Supernova Neutrinos
• Fewer than 20 neutrinos detected from 

1987A, lead to thousands of publications 
over the intervening years!

• ~99% of the proto-neutron star’s energy 
release goes into neutrinos.

• Too many uncertainties from collective 
effects, etc. to do a lot of neutrino physics 
with a supernova, but there is A LOT of 
astrophysics we can learn:

• Binding energy and net lepton number  
of the proto-neutron star

• Time evolution (“neutrino light curve”) 
provides structural information about the 
collapse, including things like the 
neutronization burst and black hole 
production!

• Early warning (minutes to hours) in advance 
of optical pulse

• High densities and astrophysical object sizes 
could provide a wealth of information on 
neutrino interactions in matter

21

Chapter 2: Overview of the LBNE Science Program 2–33

the oscillations manifest very di�erently in the two channels. In the neutrino channel the
oscillation features are in general more pronounced, since the initial spectra of ‹

e

and ‹
µ

(‹
·

) are always significantly di�erent. Second, the problem is truly multidisciplinary and the
neutrino physics and astrophysics go hand-in-hand. One needs to model both, and the payout
one gets is simultaneous for both fields. For instance, one learns the sign of the neutrino
hierarchy, the speed at which the shock expands, and the density profile of the star, “all in one
package”. The better one understands the astrophysics, the better the quality of information
about neutrino physics, and vice versa. Hence it is essential to gather as much high-quality
information as possible, and to optimize ability to disentangle the flavor components of the
flux. Currently, world-wide sensitivity is primarily to electron anti-neutrinos, via inverse beta
decay on free protons, which dominates the interaction rate in water and liquid-scintillator
detectors. LAr has a unique sensitivity to the electron neutrino component of the flux, via
the absorption interaction on 40Ar, ‹

e

+ 40Ar æ e≠ + 40Kú. In principle, this interaction can
be tagged via the coincidence of the electron and the 40Kú de-excitation gamma cascade.
About 900 events would be expected in a 10-kt fiducial LAr detector for a supernova at
10 kpc. The number of signal events scales with mass and the inverse square of distance as
shown in Figure 2–9. For a collapse in the Andromeda galaxy, detectors of 100 kilotons of

Figure 2–9: Number of supernova neutrino interactions in an LAr detector as a function of
distance to the supernova, for di�erent detector masses. Core collapses are expected to occur a
few times per century, at a most-likely distance of about 10–15 kpc.

mass would be required to observe a handful of events. However even a small 10-kt detector
would gather a unique ‹

e

signal from supernovas within the Milky Way.

As a final note, because the neutrinos emerge promptly after core collapse, in contrast to the
electromagnetic radiation which must beat its way out of the stellar envelope, an observed

Scientific Opportunities with LBNE
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decay on free protons, which dominates the interaction rate in water and liquid-scintillator
detectors. LAr has a unique sensitivity to the electron neutrino component of the flux, via
the absorption interaction on 40Ar, ‹

e

+ 40Ar æ e≠ + 40Kú. In principle, this interaction can
be tagged via the coincidence of the electron and the 40Kú de-excitation gamma cascade.
About 900 events would be expected in a 10-kt fiducial LAr detector for a supernova at
10 kpc. The number of signal events scales with mass and the inverse square of distance as
shown in Figure 2–9. For a collapse in the Andromeda galaxy, detectors of 100 kilotons of

Figure 2–9: Number of supernova neutrino interactions in an LAr detector as a function of
distance to the supernova, for di�erent detector masses. Core collapses are expected to occur a
few times per century, at a most-likely distance of about 10–15 kpc.

mass would be required to observe a handful of events. However even a small 10-kt detector
would gather a unique ‹

e

signal from supernovas within the Milky Way.

As a final note, because the neutrinos emerge promptly after core collapse, in contrast to the
electromagnetic radiation which must beat its way out of the stellar envelope, an observed
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Indirect DM from Neutrinos
• Operates on the assumption that WIMPs can get gravitationally 

trapped in heavy things (Earth, Sun, galactic center)

• Search for neutrino emission from WIMP annihilation above 
backgrounds like atmospheric neutrinos

• Then assume that WIMP capture rate equals the annihilation 
rate (equilibrium) for a constant WIMP density in the object

22M. Smy

Already done in SuperK. 
LBNE should do it too.
• Neutrino cross section 

in argon higher than 
water

• Excellent tracking 
capability for pointing 
back to astrophysical 
sources



Atmospheric Neutrinos
• Gives an “independent” cross check of much of the 

neutrino beam physics

• Hard to imagine doing just this in LBNE, but we’re going to 
get these events whether we like it or not, so we might as 
well do something smart with them

23



Nucleon Decay
• Liquid argon has a high efficiency and low background for 

kaon modes

• These are favored by SUSY, and very difficult to see in 
water Cherenkov detectors!

24
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Outline
• The show so far: the Standard Model works really well, 

but...

• Go big, go deep!

• A view of the next ten 
years of dark matter 
searches...

• The case for LBNE

• What else can you do 
with something like the 
LBNE far detector?

• The technical challenges that tie all this together

• Conclusions and perspectives
25

The H.M.S. Beagle in Sydney Harbor,
 January 12, 1836



Non-Beam Events
So, what do you need to see all of these events that 
aren’t associated with a beam spill at Fermilab?

• Reliable, efficient trigger based on argon scintillation

• Threshold low enough to see these events

• Understanding of backgrounds in this region

• Understanding of detector response in this region

26



Noble Gas Scintillation
• Argon is an excellent scintillator, 

but, the light is in the vacuum 
ultraviolet

• Rayleigh scattering goes like λ-4 
(position information gets 
scrambled)

• VUV light is strongly absorbed 
by nearly everything

• Best bet is usually to turn that 
VUV light into visible, with some 
fluor, but...

• very few of the efficiencies of 
these fluors have been measured, 
and if they have, often not at the 
wavelength you want, or under the 
conditions you care about 27
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WLS Plastic for LBNE
• Got WLS doped bars that match the LBNE baseline (25 x 6 x 525 

mm) last year
• Measured the fluorescence efficiency at the end of the bar resulting 

from illumination at three points along its length

• Two bars (one TPB and one BisMSB) are already at CSU for 
further tests, some more may be going to Tall Bo.
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• Measured the fluorescence efficiency at the end of the bar resulting 
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WLS Plastic with Embedded Fibers
• Also bought some wider 

panels to experiment with 
fiber readout

• Sent a drawing off to the 
shop at LBL on January 
20.

• Will begin with some 250 
nm LED tests once this is 
back from the shop.

12.5%

25.0%

25.0%

25.0% 100.%
(width%of%%
material%
%supplied)%

525.%(Length%of%material%supplied)%
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Radioactive Backgrounds
• Cosmic ray shower backgrounds (including neutrons)

• Cosmogenic radioactive backgrounds

• Intrinsic radioactive backgrounds
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Background 
Model

Truth-level Analysis 
(Physics Parameter 

Studies)

Detector 
Optimization

Detector Design

Physics Reach

Software Function Implementation Output/Result

Beam Simulation Existing LBNE 
Software

ν Interactions GENIE

Material Effects 
(energy loss, electron/

photon transport)
BACCARAT 

(GEANT4, NEST)

Detector Response LArSoft

Physics Object 
Reconstruction PANDORA

Detector Modeling
• There’s already an LBNE simulation and reconstruction package, called 

“LArSoft,” but...

• It’s REALLY interwoven with the specific version of Scientific Linux for FNAL

• The learning curve is quite high because of the very large number of 
package dependencies

• So, we’re talking about promulgating an alternate simulation package that could 
be fed into other reconstruction and analysis software...

31

Code exists already
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Talked about on 
the last slide...
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BACCARAT
“Basically a Component-Centric Analog 

Response to AnyThing”
• Grew out of the LUX simulation framework
• Requires Geant4 and ROOT, but 

everything else works “batteries included!
• Geometries exist for generic, and several 

real detectors
• Plan for analytic detector response 

functions to start, will feed into real 
reconstruction software later
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BACCARAT
“Basically a Component-Centric Analog 

Response to AnyThing”
• Grew out of the LUX simulation framework
• Requires Geant4 and ROOT, but 

everything else works “batteries included!
• Geometries exist for generic, and several 

real detectors
• Plan for analytic detector response 

functions to start, will feed into real 
reconstruction software later

Also a need for “connective tissue” 
software that passes data back and forth



CAPTAIN: Cryogenic Apparatus for Precision Tests of 
Argon Interactions with Neutrinos

• Will examine neutron and neutrino 
cross sections and event topology 

• Started with LANL LDRD Funding

• Now, a multi-institution collaboration

• “Portable” liquid argon TPCs being 
built at LANL

• 500 V/cm drift field

• 3 mm wire spacing

• Photon detection system 
(Hamamatsu R8520-500 PMTs)

• LASER system to calibrate on 
straight tracks

• Uses MicroBooNE electronics
32
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The Detector (2 phases) 

August 15, 2013 DPF 2013 - UC Santa Cruz 8 

•  Cryostat from UCLA holds 1700 L of LAr 
(Diameter = 1.5 m; Height = 1.64 m) 
 

•  TPC has a total of about 1000 wires (3 
planes) and a max. drift length of 32 cm  
 

•  Will allow for early development of DAQ 
software and provide much needed 
operational experience 

Prototype (Mini-CAPTAIN) Full-scale (CAPTAIN) 
•  7,700 L cryostat (Diameter = 2.72 m; 

Height = 2.92 m)  
  

•  TPC has about 2000 wires and a max. 
drift length of 100 cm 
 

The CAPTAIN Detectors
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• Start at LANSCE WNR at LANL:

• Measure lots of spallation neutron cross 
sections, at higher energies than ENDF

• Look at neutrino-like interactions, esp. 
final state de-excitation gammas

• Pion production in liquid argon

• Build a library of neutron event 
topologies, to help with neutrino energy 
reconstruction

• Then move CAPTAIN to Fermilab for 
neutrino running:

• near the Booster Neutrino Beam  at 
MI-12 (stopped pion ν > 60 MeV),

• in the NuMI beam line (1 - 15 GeV)

34

Neutron Beam Run 
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CAPTAIN = 15 Deg  
off-center beamline 

The CAPTAIN program will take advantage of the LANSCE WNR 
neutron beam at LANL: 

Neutron energies up to 0.8 GeV obtained 
with TOF 

•  Spallation neutron background studies for a 
detector on the surface (ex: 40Cl production) 
 

•  Study neutrino-like Argon excitations via: 
                                    with de-excitation γ’s 
 

•  Study π-production in liquid Argon (for 
neutron energy > 400 MeV)  
 

•  Develop techniques to identify neutron 
interactions in Argon that will later help with 
neutrino energy reconstruction 

n+ 40Ar→ n+ 40Ar∗

We anticipate a neutron beam run in the August 2014 – Early 2015 time period. 

Near-future CAPTAIN Outlook: 

•  Initial fabrication of the Mini-CAPTAIN has already begun and 
construction/assembly will continue throughout the fall 2013 
 

•  Start commissioning and testing of Mini-CAPTAIN at the end of 
2013 to prepare for LANSCE neutron beam exposure in 2014 
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Neutrino Beam Run II – SNS 
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Neutrino beam from stopped pion source at Oak Ridge National Laboratory 
covers the energy range relevant for supernova neutrinos 

π + → µ+ +νµ

↓

µ+ → e+ +νµ +νe

•  CAPTAIN positioned at ~50 m from the SNS amounts to about one 
supernova / day exposure 
 

•  Allows for neutrino cross-section measurements and TPC performance studies 

~1 GeV protons bombard Hg to 
produce pions: 

Neutrino Beam Run II – SNS 

August 15, 2013 DPF 2013 - UC Santa Cruz 11 

Neutrino beam from stopped pion source at Oak Ridge National Laboratory 
covers the energy range relevant for supernova neutrinos 

π + → µ+ +νµ

↓

µ+ → e+ +νµ +νe

•  CAPTAIN positioned at ~50 m from the SNS amounts to about one 
supernova / day exposure 
 

•  Allows for neutrino cross-section measurements and TPC performance studies 

~1 GeV protons bombard Hg to 
produce pions: 

Neutrino Beam Run I – NuMI Beamline 

•  Running CAPTAIN in NuMI beamline 
(on-axis with medium energy tune) will 
shed light on lack of cross-section data 
between 1 – 10 GeV 
 

•  Complimentary measurements to 
MicroBooNE (booster beamline) = total 
sampling of LBNE energy spectrum  
 

•  CAPTAIN is about 20 times larger than 
ArgoNEUT = higher statistics 
 

•  Monte Carlo studies show about 10% of 
all neutrino events will be contained 
(everything but the lepton and neutrons) = 
3.7×105 contained CC events / year 
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(Assuming 4×1020 POT) 

 

 

FIGURE 2.  Neutrino beam energy spectra achieved at the 
MINOS experiment with the target in its nominal position 
inside the horn (LE), or retracted 1 m (ME) or 2.5 m (HE). 

focuses pions along the decay pipe length, have been 
abandoned due to budget constraints.  Such a device 
increases the neutrino flux by approximately 30%. 

At the end of the decay volume is a beam absorber 
consisting of a 1.2!1.2!2.4 m3 water-cooled aluminum 
core, a 1 m layer of steel blocks surrounding the core, 
followed by a 1.5 m layer of concrete blocks.  The 
core absorbs 65 kW of beam power, but can sustain 
the full 400kW beam power for up to an hour in the 
event of mistargeting. In the event of a proton intensity 
upgrade the core would require no modification, but 
the steel blocks might require cooling.   

SECONDARY AND TERTIARY BEAM 
INSTRUMENTATION 

Ionization chambers are used to monitor the 
secondary and tertiary particle beams [17].  An array is 
located immediately upstream of the absorber, as well 
as at three muon 'pits', one downstream of the 
absorber, one after 8 m of rock, and a third after an 
additional 12 m of rock.  These chambers monitor the 
remnant hadrons at the end of the decay pipe, as well 
as the tertiary muons from " and K decays.  When the 
beam is tuned to the medium energy configuration, the 
pointing accuracy of the muon stations can align the 
neutrino beam direction to approximately 50 µradians 
in one spill.  In NuMI, the hadron (muon) monitor will 
be exposed to charged particle fluxes of 109/cm2/spill, 
(107/cm2/spill).  Beam tests  of these chambers indicate 
an order of magnitude safety factor in particle flux 
over the rates expected in NuMI before space charge 
buildup affects their operation.   

OUTLOOK 

Fermilab is in the midst of a 12-week shutdown 
whose purpose includes completion of the NuMI 
transport line in the MI tunnel.  NuMI will commence 
operations with a short test run of the proton extraction 
line and instrumentation in December, 2004.  The 
target hall installation will be complete Jan. 1, 2005, 
whereupon commissioning of the neutrino beam with 
target, horns, and tertiary beam instrumentation will 
commence.  In the coming year it is hoped that the 
Booster/MI complex will be commissioned to deliver 
3.3!1013 protons/cycle (2.5!1013 ppp for NuMI).  
Significant experience will also be gained regarding 
the adequacy of component cooling and of the 
shielding for future proton intensity upgrades, such as 
the proton driver. 
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• The show so far: the 

Standard Model works 
really well, but...

• Go big, go deep!

• A view of the next ten years 
of dark matter searches...

• The case for LBNE

• What else can you do with something like the LBNE far 
detector?

• The technical challenges that tie all this together

• Conclusions and perspectives
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• It’s easy to think of particle physics as a victim of its own 
success...

• We have an embarrassingly successful Standard Model, 
and no clear indication of what the scale of new physics 
should be!

• But we have a bunch 
of hints that the 
Standard Model isn’t 
the whole story.

• So we are embarking 
on several 
expeditions to learn 
more about these 
hints.

Conclusions and Perspectives

36 Roald Amundsen's South Pole party, en route to the pole November 1911
From Amundsen, Roald: The South Pole, Vol. II, first published by John Murray, London 1912. Photo facing page 32



• Like all expeditions, we are essentially exploring and don’t know what 
we’re going to find.

• These expeditions are going to be hard, expensive, and not 
guaranteed to pay off in the way we expect.

• But physics has been here before, and we responded by learning 
more about the Universe in a way that opened up our understanding 
of it!

• And the techniques and 
instruments I have 
discussed here are 
strongly applicable LOTS 
of physics!

• This allows us a high 
degree of flexibility in the 
face of uncertain national 
priorities and funding.

Conclusions and Perspectives

37 http://www.theodore-roosevelt.com
Theodore Roosevelt in Sao Paolo, examining a snake on the Rondon Scientific Expedition

I told you we’d see 
at least one snake.
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Thank you for your attention...
Any questions?

Berkeley Marina at sunset. 
Photograph by R. Coles, July 4, 2013.


