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About the Workshop
The XIIIth International Conference on Heavy Quarks and Leptons will be held in
Blacksburg, Virginia from May 22 through May 27, 2016. The conference will be hosted by
Virginia Tech's Center for Neutrino Physics.

Heavy Quarks and Leptons is dedicated to the study of the heavy quarks charm, bottom, and top
with obvious extensions to interesting topics involving the strange quark. Neutrino oscillation
studies and new insights in μ and τ lepton phenomenology are also included. The conference
continues the tradition of regular scientific meetings, first started in 1993 at the Laboratori
Nazionali di Frascati under the name "Heavy Quarks at Fixed Target", and widened in 2002 to
include leptons with the workshop renamed to "Heavy Quarks and Leptons".

Topics:

Rare Decays
CP Violation
CKM and form factors
Lepton Flavor Violation
New Experiments on Heavy Quarks and Leptons
Neutrinos
Top and Tau Physics

This all plenary conference will also include a poster session.

 

Contact: hql2016@phys.vt.edu

Sponsored by:

  Office of the VP for Research      The College of Science  
  The Department of Physics      The Center for Neutrino Physics  

DUNE 

ETW: DUNE Oscillation Physics, Neutrino -- Latin America Workshop 8 

Measure νe appearance and νµ disappearance in a 
wideband neutrino beam at 1300 km to measure MH, CPV, 

and neutrino mixing parameters in a single experiment.    

arXiv:1512.06148, 1601.02984, 1601.05471, 1601.05823

856 collaborators   149 Institutions   29 Nations

⌫µ

• Need |Uµ1| and |Uµ2| separately: L/E=15,000 km/GeV

• ⌫µ disappearance experiment to a detector in geo-synchronous orbit.
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What is  DUNE/LBNF ?
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• DUNE/LBNF will consist of

• An intense (1-2 MW) neutrino beam from Fermilab

• A massive (70 kton) deep underground LAr Detector South Dakota

• A large Near Detector at Fermilab

• A large International Collaboration (~1000 scientist)
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• DUNE/LBNF will consist of

• An intense (1-2 MW) neutrino beam from Fermilab

• A massive (70 kton) deep underground LAr Detector South Dakota

• A large Near Detector at Fermilab

• A large International Collaboration (~1000 scientist)
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Protons & Neutrino Beam
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LBNF and PIP-II 
 !  In beam-based long-baseline neutrino physics:

§   beam power drives the sensitivity

!  LBNF will be the world’s most intense high-
energy ν beam

§  1.2 MW from day one
•  NuMI (MINOS) <400 kW
•  NuMI (NOVA)   ultimately 700 kW

§  upgradable to 2.4 MW
!  Requires PIP-II (proton-

improvement plan)
§  major upgrade of FNAL 

accelerator infrastructure
§  Replace existing 400 MeV LINAC
      with 800 MeV SC LINAC
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The LBNF Neutrino Beam  
 

hadrons

§    i)   Start with an intense (MW) proton beam from PIP-II
§    ii)   Point towards South Dakota
§    iii)  Smash high-energy (~80 GeV) protons into a target
§    iv)  For neutrino/antineutrino beam focus positive/negative pions/kaons 
§    v)   Allow them to decay, e.g.
§    vi)  Absorb remaining charged particles in rock
§    vii) Left with a “collimated”       beam⌫µ

⇡+ ! µ+⌫µ

i)ii)
iii)v) iv)

vii)
vi)

p p
p

π

ν, µ 

ν
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DUNE ND (in brief) 
CDR design is the NOMAD-inspired FGT 
•  It consists of:
–  Central straw-tube tracking system
–  Lead-scintillator sampling ECAL
–  RPC-based muon tracking systems

•  Other options being studied
•  The Near Detector provides: 
–  Constraints on cross sections and the neutrino flux
–  Sterile neutrino search
–  A rich self-contained non-oscillation neutrino physics program
–  N

Will result in unprecedented samples of ν interactions
–   >100 million interactions over a wide range of energies:

•   strong constraints on systematics  
•   the ND samples will represent a huge scientific opportunity

Chapter 7: Near Detector Reference Design 7–99
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Figure 7.1: A schematic drawing of the fine-grained tracker design.

The DUNE ND is designed to meet the required performance and fulfill the physics program
described in Chapter 6 of CDR Volume 2: The Physics Program for DUNE at LBNF [4], and
in the DAE/DST Detailed Project Report[52]. The most significant requirements[53, 54] for the
FGT include:

• Muon energy scale uncertainty better than 0.2% and hadronic energy scale uncertainty better
than 0.5% for the low-‹ flux measurements;

• Magnetized detector capable of separating µ

+ from µ

≠ as well as h

+ from h

≠, where h is a
charged hadron;

• Capability to to separate e

+ from e

≠ for absolute and relative flux measurements;

• Excellent momentum (<5%) and angular (< 2 mrad) resolutions for µ

±, e

±, fi

± and proton,
and fi

0/“ via decay/conversion and K

0

S/� produced in ‹-induced interactions;

• 4fi ECAL coverage to ensure accurate determination of the momentum vector of the hadronic
shower;

• 4fi MuID coverage to identify muons with a wide range of energies and angles;

• Electron/positron identification through the use of transition radiation (TR) in the entire

Volume 4: The DUNE Detectors at LBNF LBNF/DUNE Conceptual Design Report

(Fine Grain Tracker)
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1.5 km

DUNE Far Detector site
•  Sanford Underground Research Facility (SURF), South 

Dakota
•  Four caverns on 4850ft level (~1.5km underground)
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1.5 km

Davis Campus:
• LUX
• Majorana demo.
• …
• LZ

Ross Campus:
• CASPAR
• …
• DUNE

Green = 
     new excavation
     commences in 2017

DUNE Far Detector site
•  Sanford Underground Research Facility (SURF), South 

Dakota
•  Four caverns on 4850ft level (~1.5km underground)
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1.5 km

Davis Campus:
• LUX
• Majorana demo.
• …
• LZ

Ross Campus:
• CASPAR
• …
• DUNE

Green = 
     new excavation
     commences in 2017

Chapter 3: Technical Overview 3–22

underground enclosures for the primary beam, targetry, horns and absorber, and related technical
support systems. Service buildings will be constructed to provide support utilities for the primary
proton beam at LBNF 5 and to support the absorber at LBNF 30 (shown in Figure 3.1). The Target
Hall Complex at LBNF 20 houses the targetry system. Utilities will be extended from nearby
existing services, including power, domestic and industrial water, sewer, and communications.

Near Detector CF includes a small muon alcove area in the Beamline Absorber Hall and a separate
underground Near Detector Hall that houses the near detector. A service building called LBNF 40
with two shafts to the underground supports the near detector. The underground hall is sized for
the reference design near detector.

3.1.2 Far Site Facilities

The scope of LBNF at SURF includes both conventional facilities and cryogenics infrastructure
to support the DUNE far detector. Figure 3.2 shows the layout of the underground caverns that
will house the detector modules with a separate cavern to house utilities and cryogenics systems.
The requirements derive from the DUNE collaboration science requirements, which drive the space
and functional requirements for constructing and operating the far detector. ES&H and facility
operations (programmatic) requirements also provide input to the design. The far detector is
divided into four 10≠kt fiducial mass detector modules. The designs of the four detector chambers,
two each in two caverns, and the services to the caverns will be as similar to one another as possible
for e�ciency in design, construction and operation.

Figure 3.2: LBNF Far Site cavern configuration

The scope of the Far Site CF includes design and construction for facilities both on the surface and
underground. The underground conventional facilities include new excavated spaces at the 4850L

Volume 1: The LBNF and DUNE Projects LBNF/DUNE Conceptual Design Report

DUNE Far Detector site
•  Sanford Underground Research Facility (SURF), South 

Dakota
•  Four caverns on 4850ft level (~1.5km underground)
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62 x 14 x 15 m

70-kt LAr-TPC = 4 x 17-kt modulestotal

 Fiducial =  4 x 10 kt
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62 x 14 x 15 m
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Liquid Argon TPC Basics  
e.g. a modular implementation of Single-Phase TPC
•  Record ionization in LAr volume        3D image  

14.4 m

1
2

 m

time /ms
w

ire
#

E

⌫

e� �180 kV

CA

A A ACC

Anode planes Cathode planes

Steel Cryostat

3.6 m

3 planes in DUNE
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Staged Approach to 40 kt (fiducial)
Layout at the Sanford Underground Research Facility
•  Four chambers hosting four independent 10-kt FD modules
–  Gives flexibility for staging & evolution of LAr-TPC technology design 
•  Assume four identical cryostats: 15.1 (W) x 14.0 (H) x 62 (L) m3

•  Assume the four 10-kt modules will be similar but not identical

•  Collaboration considering two LAr readout technologies
–  Single-Phase (Ionization read out in the Liquid Ar)
•  Demonstrated by ICARUS, ArgoNut & MicroBooNE
•  Forms basis of first 10-kt detector 

–  Dual-Phase (Ionization amplified and readout out in Gas phase) 
•  Pioneered by WA105 (protoDUNE-DP)
•  Option for second and/or subsequent detector modules

–  Large-scale prototyping going in parallel at CERN: protoDUNE–SP & 
protoDUNE-DP



Events:
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2 ⇡0’s

Appearance: ⌫µ ! ⌫e ⌫̄µ ! ⌫̄e

Disappearance: ⌫µ ! ⌫µ ⌫̄µ ! ⌫̄µ

Long Baseline @VOM Reactors

P (⌫µ ! ⌫e) + P (⌫̄µ ! ⌫̄e) ⇡ 2 sin2 ✓23 [1 � P (⌫̄e ! ⌫̄e)]

⌫µ ! ⌫µ gives:

|Uµ3|2 $ (1 � |Uµ3|2) degeneracy +!

Normal Ordering — Inverted Ordering

P (⌫µ ! ⌫e) 6= P (⌫̄µ ! ⌫̄e)

in vacuum

– Typeset by FoilTEX – 1

ArgoNeuT



Events:

10
Stephen Parke, Fermilab                                          HQL/Virginia Tech                                                       5/26/2016                      

2 ⇡0’s

Appearance: ⌫µ ! ⌫e ⌫̄µ ! ⌫̄e

Disappearance: ⌫µ ! ⌫µ ⌫̄µ ! ⌫̄µ

Long Baseline @VOM Reactors

P (⌫µ ! ⌫e) + P (⌫̄µ ! ⌫̄e) ⇡ 2 sin2 ✓23 [1 � P (⌫̄e ! ⌫̄e)]

⌫µ ! ⌫µ gives:

|Uµ3|2 $ (1 � |Uµ3|2) degeneracy +!

Normal Ordering — Inverted Ordering

P (⌫µ ! ⌫e) 6= P (⌫̄µ ! ⌫̄e)

in vacuum

– Typeset by FoilTEX – 1

ArgoNeuT

75 cm
Run 3493 Event 41075, October 23rd, 2015 

(collection plane view)

time

Wire number

The invisible 
neutrino is 
coming in here

Cosmic background

Cosmic background

Cosmic background

Cosmic background

Two electromagnetic 
showers with an offset 
from the vertex: this could 
be a !0 -> ữ + ữ0 -> ữ + ữ
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Physics of DUNE:

•Neutrino Mass & Mixing Physics 
• Stringent test of the 3 Neutrino paradigm 

• CP Violation, Mass Ordering, Dominant Flavor of ν_3, …. 

•Proton Decay 

• especially    p → K ν 

•SuperNova Neutrinos 
• ν_e flux from core-collapse in Milky Way 

•Surprises ! 
• NSI, sterile ν, Lorentz Violation, ν decay, decoherent, …..

11
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CP Violation:
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DUNE will address big questions in science, e.g.
•  The matter-antimatter asymmetry in the Universe

–  CP Violation in the leptonic sector

•  Big Bang: matter & antimatter created in equal amounts
–  As Universe cools down matter and antimatter then annihilate
–  All things being equal, no matter/antimatter remains, just light
–  This is not what happened – there is matter left in the Universe

–  Neutrinos: best bet to how this happened through “leptogenesis”   

Fundamental difference between matter and antimatter
CP symmetry violation (CPV)
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Observation of Neutrino Mass  
implies New Physics 

• Right Handed Neutrino + Lepton # Conservation 
(Dirac) 

• OR 

• New Interactions:  (LH)^2                                  
(Majorana) 

• WHAT IS THE MASS SCALE OF THE NEW PHYSICS?

13



Flavor Content of Mass Eigenstates:
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• Labeling massive neutrinos:

• To Be Majorana or Not To Be Majorana?

• We know (|Ue2|2, |Ue3|2, |Uµ3|2) with precision of (5,10,15)% but
have little information on the other 6 elements of the PMNS matrix without
assuming Unitarity.

• Stringent tests of the ⌫SM Paradigm, determining the Mass Hierarchy
& measuring CPV are the next steps. Unitarity Triangle? Tau’s?

• Are there lite Sterile neutrinos?
Can we exclude |Ue4|2 and |Uµ4|2 > 0.01, say, for �m2 ⇠ 1eV 2

• Solving the Neutrino Masses and Mixing pattern is di�cult challenge
for Theory!

– Typeset by FoilTEX – 3
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Neutrino Standard Model:

O. Mena & SP 
hep-ph/0312131
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Neutrino Mixing Matrix: PMNS

10

André de Gouvêa Northwestern

Phenomenological Understanding of Neutrino Masses & Mixing

(The Standard Massive Neutrino Paradigm)
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The Neutrino Masses:

5
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4% �e
in the 3 state!

States 1 and 2 are �e rich.

E = mc2
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Masses and Mixings

At 2⌅ we have the following limits:

sin2 ⇥13 < 0.04 ⇥
�

�m2
21

�m2
31

⇥1

| sin2 ⇥12 �
1
3

| < 0.04 ⇥
�

�m2
21

�m2
31

⇥1

| sin2 ⇥23 �
1
2

| < 0.12 ⇥
�

�m2
21

�m2
31

⇥0.6

Close to Tri-Bi-Maximal: Accident or Symmetry ?
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Matter effect

CP violation

Eµ = 20 GeV

Solar LMA

sin2 2θ13 = 0.04

|δm2
32| = 0.002 eV2 ν1

ν3

ν2

ν3

ν2ν1

δm2 < 0

δm2 > 0

Wrong-Sign Muon Measurements

Stat. error for

1020 decays

Neutrino Factory: 

 Only way to get to very small values of 

|⇤sin �⌅T 2K
true � ⇤sin �⌅NO�A

true | ⇥ 0

|⇤sin �⌅T 2K
fake � ⇤sin �⌅NO�A

fake | ⇥ 1.0

�
sin2 2⇥13

0.05

if the measurement uncertainty on sin �

� ±0.2

then the two fake solutions are well separated down to

sin2 2⇥13 � 0.01
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�m2
sol = +7.6� 10�5 eV 2

|�m2
atm| = 2.4� 10�3 eV 2

|�m2
sol|/|�m2

atm| ⇧ 0.03
⇥

�m2
atm = 0.05 eV <

�
m�i < 0.5 eV = 10�6 ⇥me

sin2 ⇥12 ⌅ 1/3

sin2 ⇥23 ⌅ 1/2

sin2 ⇥13 < 3%

0 ⇤ � < 2⇤
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atm| = 2.4� 10�3 eV 2

|�m2
atm| ⌅ 30 ⇥ |�m2

sol|
⇥

�m2
atm = 0.05 eV <

�
m�i < 0.5 eV = 10�6 ⇥me

�
m�i =

f1 ⇤ cos2 ⇥⇥ ⌅ 68%

f2 ⇤ sin2 ⇥⇥ ⌅ 32%
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�m2
sol

Fermion Mass
(Neutrino Mass)

Mass is a coupling between the
RIGHT and the LEFT

components of the Fermion Field.

P 2 = M2, S2 = �1, and P · S = 0

then (P ± MS)2 = 0

Dirac spinor:

U(P, S) = (1+�5)
2 U(P+MS

2 ) + ei� (1��5)
2 U(P �MS

2 )

Right massless spinor Left massless spinor

for massless particles chirality and helicity are the identical
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Fermion Mass
(Neutrino Mass)

Mass is a coupling between the
RIGHT and the LEFT

components of the Fermion Field.

P 2 = M2, S2 = �1, and P · S = 0

then (P ± MS)2 = 0

Dirac spinor:

U(P, S) = (1+�5)
2 U(P+MS

2 ) + ei� (1��5)
2 U(P �MS

2 )

Right massless spinor Left massless spinor

for massless particles chirality and helicity are the identical
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SK & OPERA Tau’s
|U⌧3|2

|Ue1|2

|Ue2|2 + |Uµ2|2 + |U⌧2|2
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KamLAND wiggles|U⌧3|2

|Ue1|2

|Ue2|2 + |Uµ2|2 + |U⌧2|2
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Flavor Content of Mass Eigenstates:
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• Labeling massive neutrinos:

• To Be Majorana or Not To Be Majorana?

• We know (|Ue2|2, |Ue3|2, |Uµ3|2) with precision of (5,10,15)% but
have little information on the other 6 elements of the PMNS matrix without
assuming Unitarity.

• Stringent tests of the ⌫SM Paradigm, determining the Mass Hierarchy
& measuring CPV are the next steps. Unitarity Triangle? Tau’s?

• Are there lite Sterile neutrinos?
Can we exclude |Ue4|2 and |Uµ4|2 > 0.01, say, for �m2 ⇠ 1eV 2

• Solving the Neutrino Masses and Mixing pattern is di�cult challenge
for Theory!

– Typeset by FoilTEX – 3
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sin2 �12 ⇠ 1
3

sin2 �23 ⇠ 1
2

sin2 �13 ⇠ 0.02
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Solar Sector: {12}
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Neutrino Standard Model:

Neutrinos: Theory and Phenomenology: 3

2. Neutrino Masses and Mixings

The three known neutrino flavor states, ⌫e, ⌫µ, ⌫⌧ , and the three neutrino mass

eigenstates, ⌫
1

, ⌫
2

, ⌫
3

, are related as follows:
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where the U matrix is unitary and referred to as the PMNS matrix. The mass eigenstates

are labelled such that |Ue1|2 > |Ue2|2 > |Ue3|2,which implies that, by definition, the

⌫e component of ⌫
1

> ⌫e component of ⌫
2

> ⌫e component of ⌫
3

.

2.1. Masses

With this choice of labeling of the neutrino mass eigenstates, the solar oscillations are

governed by �m2

21

as both ⌫
1

and ⌫
2

have a significant ⌫e component. Whereas the

atmospheric oscillations are governed by �m2

31

⇡ �m2

32

as ⌫
3

has a small ⌫e component

required by the small ⌫e involvement shown by the results of the SuperKamiokande

and Chooz experiments. The mass ordering of ⌫
1

and ⌫
2

was determined by matter

e↵ects in the interior of the sun by the SNO experiment [2]. Their measurement of the

charge current to neutral current ratio of less than one half, for the 8B high energy solar

neutrinos, implies that the higher mass state has the lower ⌫e component i.e. m2

2

> m2

1

or �m2

21

> 0.

The atmospheric neutrino mass ordering, m2

3

> or < m2

2

, m2

1

is still to be

determined, see Fig. 1. If m2

3

> m2

2

, the ordering is known as the normal hierarchy

(NH), whereas if m2

3

< m2

1

the ordering is known as the inverted hierarchy (IH). Fig. 2

shows the masses as a function of the lightest neutrino mass.

The sum of the masses of the neutrinos satisfies
q

�m2

atm = 0.05 eV <
X

m⌫i < 0.5 eV. (3)

So the
P

m⌫i ranges from 10�7 to 10�6 times me, however the mass of the lightest

Normal Hierarchy
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Figure 1. What is known about the square of the neutrino masses for the two
atmospheric mass hierarchies.
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Figure 1. What is known about the square of the neutrino masses for the two
atmospheric mass hierarchies.
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Neutrino Mixing Matrix: PMNS
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Phenomenological Understanding of Neutrino Masses & Mixing

(The Standard Massive Neutrino Paradigm)

�

⇧⇧⇤

⇥e

⇥µ

⇥⇥

⇥

⌃⌃⌅ =

�
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Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

U⇥1 U⇥2 U⇥3

⇥

⌃⌃⌅

�

⇧⇧⇤

⇥1

⇥2

⇥3

⇥

⌃⌃⌅

Definition of neutrino mass eigenstates (who are ⇥1, ⇥2, ⇥3?):

• m2
1 < m2

2 �m2
13 < 0 – Inverted Mass Hierarchy

• m2
2 �m2

1 ⇤ |m2
3 �m2

1,2| �m2
13 > 0 – Normal Mass Hierarchy

tan2 �12 ⇥ |Ue2|2
|Ue1|2 ; tan2 �23 ⇥ |Uµ3|2

|U⇥3|2 ; Ue3 ⇥ sin �13e�i�

June 12, 2012 � Theory

SNO CC
KamLAND

Masses
Label the Neutrino mass eigenstates such that:

⇤e component of ⇤1 > ⇤e component of ⇤2 > ⇤e component of ⇤3

i.e. |Ue1|2 > |Ue2|2 > |Ue3|2

|Ue2|2

|Ue3|2(1 � |Ue3|2)

|Uµ3|2(1 � |Uµ3|2)

Masses and Mixings

At 2⌅ we have the following limits:

sin2 ⇥13 < 0.04 ⇥
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�m2
21

�m2
31

⇥1

| sin2 ⇥12 �
1
3

| < 0.04 ⇥
�

�m2
21

�m2
31
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Reactor/LBL

Masses
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Atm Nus/LBL

Masses
Label the Neutrino mass eigenstates such that:

⇤e component of ⇤1 > ⇤e component of ⇤2 > ⇤e component of ⇤3

i.e. |Ue1|2 > |Ue2|2 > |Ue3|2
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smaller ⇥e

content

sin2 �12 � 1
3

sin2 �23 � 1
2

sin2 �13 � 0.02
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The Neutrino Masses:

5

1

2

3

1

2

3

Less than

4% �e
in the 3 state!

States 1 and 2 are �e rich.

E = mc2
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Masses
Label the Neutrino mass eigenstates such that:

⇤e component of ⇤1 > ⇤e component of ⇤2 > ⇤e component of ⇤3

i.e. |Ue1|2 > |Ue2|2 > |Ue3|2

Masses and Mixings

At 2⌅ we have the following limits:
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Close to Tri-Bi-Maximal: Accident or Symmetry ?
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Matter effect

CP violation

Eµ = 20 GeV

Solar LMA

sin2 2θ13 = 0.04

|δm2
32| = 0.002 eV2 ν1

ν3

ν2

ν3

ν2ν1

δm2 < 0

δm2 > 0

Wrong-Sign Muon Measurements

Stat. error for

1020 decays

Neutrino Factory: 

 Only way to get to very small values of 

|⇤sin �⌅T 2K
true � ⇤sin �⌅NO�A

true | ⇥ 0

|⇤sin �⌅T 2K
fake � ⇤sin �⌅NO�A

fake | ⇥ 1.0

�
sin2 2⇥13

0.05

if the measurement uncertainty on sin �

� ±0.2

then the two fake solutions are well separated down to

sin2 2⇥13 � 0.01
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Fermion Mass
(Neutrino Mass)

Mass is a coupling between the
RIGHT and the LEFT

components of the Fermion Field.

P 2 = M2, S2 = �1, and P · S = 0

then (P ± MS)2 = 0

Dirac spinor:

U(P, S) = (1+�5)
2 U(P+MS

2 ) + ei� (1��5)
2 U(P �MS

2 )

Right massless spinor Left massless spinor

for massless particles chirality and helicity are the identical
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• Labeling massive neutrinos:

• To Be Majorana or Not To Be Majorana?

• We know (|Ue2|2, |Ue3|2, |Uµ3|2) with precision of (5,10,15)% but
have little information on the other 6 elements of the PMNS matrix without
assuming Unitarity.

• Stringent tests of the ⌫SM Paradigm, determining the Mass Hierarchy
& measuring CPV are the next steps. Unitarity Triangle? Tau’s?

• Are there lite Sterile neutrinos?
Can we exclude |Ue4|2 and |Uµ4|2 > 0.01, say, for �m2 ⇠ 1eV 2

• Solving the Neutrino Masses and Mixing pattern is di�cult challenge
for Theory!
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2. Neutrino Masses and Mixings

The three known neutrino flavor states, ⌫e, ⌫µ, ⌫⌧ , and the three neutrino mass
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, are related as follows:
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where the U matrix is unitary and referred to as the PMNS matrix. The mass eigenstates

are labelled such that |Ue1|2 > |Ue2|2 > |Ue3|2,which implies that, by definition, the

⌫e component of ⌫
1

> ⌫e component of ⌫
2

> ⌫e component of ⌫
3

.

2.1. Masses

With this choice of labeling of the neutrino mass eigenstates, the solar oscillations are

governed by �m2

21

as both ⌫
1

and ⌫
2

have a significant ⌫e component. Whereas the

atmospheric oscillations are governed by �m2

31

⇡ �m2

32

as ⌫
3

has a small ⌫e component

required by the small ⌫e involvement shown by the results of the SuperKamiokande

and Chooz experiments. The mass ordering of ⌫
1

and ⌫
2

was determined by matter

e↵ects in the interior of the sun by the SNO experiment [2]. Their measurement of the

charge current to neutral current ratio of less than one half, for the 8B high energy solar

neutrinos, implies that the higher mass state has the lower ⌫e component i.e. m2

2

> m2

1

or �m2

21

> 0.

The atmospheric neutrino mass ordering, m2

3

> or < m2

2

, m2

1

is still to be

determined, see Fig. 1. If m2

3

> m2

2

, the ordering is known as the normal hierarchy

(NH), whereas if m2

3

< m2

1

the ordering is known as the inverted hierarchy (IH). Fig. 2

shows the masses as a function of the lightest neutrino mass.

The sum of the masses of the neutrinos satisfies
q

�m2

atm = 0.05 eV <
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m⌫i < 0.5 eV. (3)

So the
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Figure 1. What is known about the square of the neutrino masses for the two
atmospheric mass hierarchies.
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Figure 1. What is known about the square of the neutrino masses for the two
atmospheric mass hierarchies.
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Neutrino Mixing Matrix: PMNS
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Phenomenological Understanding of Neutrino Masses & Mixing

(The Standard Massive Neutrino Paradigm)
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The Neutrino Masses:
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States 1 and 2 are �e rich.

E = mc2
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• Labeling massive neutrinos:

• To Be Majorana or Not To Be Majorana?

• We know (|Ue2|2, |Ue3|2, |Uµ3|2) with precision of (5,10,15)% but
have little information on the other 6 elements of the PMNS matrix without
assuming Unitarity.

• Stringent tests of the ⌫SM Paradigm, determining the Mass Hierarchy
& measuring CPV are the next steps. Unitarity Triangle? Tau’s?

• Are there lite Sterile neutrinos?
Can we exclude |Ue4|2 and |Uµ4|2 > 0.01, say, for �m2 ⇠ 1eV 2

• Solving the Neutrino Masses and Mixing pattern is di�cult challenge
for Theory!
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2. Neutrino Masses and Mixings
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where the U matrix is unitary and referred to as the PMNS matrix. The mass eigenstates

are labelled such that |Ue1|2 > |Ue2|2 > |Ue3|2,which implies that, by definition, the
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, the ordering is known as the normal hierarchy
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Figure 1. What is known about the square of the neutrino masses for the two
atmospheric mass hierarchies.
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Figure 1. What is known about the square of the neutrino masses for the two
atmospheric mass hierarchies.
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Neutrinos: Theory and Phenomenology: 3

2. Neutrino Masses and Mixings

The three known neutrino flavor states, ⌫e, ⌫µ, ⌫⌧ , and the three neutrino mass

eigenstates, ⌫
1

, ⌫
2

, ⌫
3

, are related as follows:
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where the U matrix is unitary and referred to as the PMNS matrix. The mass eigenstates

are labelled such that |Ue1|2 > |Ue2|2 > |Ue3|2,which implies that, by definition, the

⌫e component of ⌫
1

> ⌫e component of ⌫
2

> ⌫e component of ⌫
3

.

2.1. Masses

With this choice of labeling of the neutrino mass eigenstates, the solar oscillations are

governed by �m2

21

as both ⌫
1

and ⌫
2

have a significant ⌫e component. Whereas the

atmospheric oscillations are governed by �m2

31

⇡ �m2

32

as ⌫
3

has a small ⌫e component

required by the small ⌫e involvement shown by the results of the SuperKamiokande

and Chooz experiments. The mass ordering of ⌫
1

and ⌫
2

was determined by matter

e↵ects in the interior of the sun by the SNO experiment [2]. Their measurement of the

charge current to neutral current ratio of less than one half, for the 8B high energy solar

neutrinos, implies that the higher mass state has the lower ⌫e component i.e. m2

2

> m2

1

or �m2

21

> 0.

The atmospheric neutrino mass ordering, m2

3

> or < m2

2

, m2

1

is still to be

determined, see Fig. 1. If m2

3

> m2

2

, the ordering is known as the normal hierarchy

(NH), whereas if m2

3

< m2

1

the ordering is known as the inverted hierarchy (IH). Fig. 2

shows the masses as a function of the lightest neutrino mass.

The sum of the masses of the neutrinos satisfies
q

�m2

atm = 0.05 eV <
X

m⌫i < 0.5 eV. (3)

So the
P

m⌫i ranges from 10�7 to 10�6 times me, however the mass of the lightest
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Figure 1. What is known about the square of the neutrino masses for the two
atmospheric mass hierarchies.
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The Three Important Questions:

• Is there CP Violation 

• Mass Ordering 

• Dominant Flavor Content of ν_3
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Neutrinos: Theory and Phenomenology: 3

2. Neutrino Masses and Mixings

The three known neutrino flavor states, ⌫e, ⌫µ, ⌫⌧ , and the three neutrino mass

eigenstates, ⌫
1

, ⌫
2

, ⌫
3

, are related as follows:
0

B

B

@

⌫e

⌫µ

⌫⌧

1

C

C

A

=

0

B

B

@

Ue1 Ue2 Ue3

Uµ1

Uµ2

Uµ3

U⌧1

U⌧2

U⌧3

1

C

C

A

0

B

B

@

⌫
1

⌫
2

⌫
3

1

C

C

A

(2)

where the U matrix is unitary and referred to as the PMNS matrix. The mass eigenstates

are labelled such that |Ue1|2 > |Ue2|2 > |Ue3|2,which implies that, by definition, the

⌫e component of ⌫
1

> ⌫e component of ⌫
2

> ⌫e component of ⌫
3

.

2.1. Masses

With this choice of labeling of the neutrino mass eigenstates, the solar oscillations are

governed by �m2

21

as both ⌫
1

and ⌫
2

have a significant ⌫e component. Whereas the

atmospheric oscillations are governed by �m2

31

⇡ �m2

32

as ⌫
3

has a small ⌫e component

required by the small ⌫e involvement shown by the results of the SuperKamiokande

and Chooz experiments. The mass ordering of ⌫
1

and ⌫
2

was determined by matter

e↵ects in the interior of the sun by the SNO experiment [2]. Their measurement of the

charge current to neutral current ratio of less than one half, for the 8B high energy solar

neutrinos, implies that the higher mass state has the lower ⌫e component i.e. m2

2

> m2

1

or �m2

21

> 0.

The atmospheric neutrino mass ordering, m2

3

> or < m2

2

, m2

1

is still to be

determined, see Fig. 1. If m2

3

> m2

2

, the ordering is known as the normal hierarchy

(NH), whereas if m2

3

< m2

1

the ordering is known as the inverted hierarchy (IH). Fig. 2

shows the masses as a function of the lightest neutrino mass.

The sum of the masses of the neutrinos satisfies
q

�m2

atm = 0.05 eV <
X

m⌫i < 0.5 eV. (3)

So the
P

m⌫i ranges from 10�7 to 10�6 times me, however the mass of the lightest

Normal Hierarchy

�m2
sol

�m2
21 = +7.6⇥ 10�5 eV2

– Typeset by FoilTEX – 1

�m2
sol

�m2
atm

�m2
21 = +7.6⇥ 10�5 eV2

– Typeset by FoilTEX – 1

1
2

3

Inverted Hierarchy

�m2
sol

�m2
21 = +7.6⇥ 10�5 eV2

– Typeset by FoilTEX – 1

�m2
sol

�m2
atm

�m2
21 = +7.6⇥ 10�5 eV2

– Typeset by FoilTEX – 1

1
2

3

�m2
sol

�m2
atm

�m2
sol = +7.6 � 10�5 eV2

|�m2
atm| = 2.4 � 10�3 eV2

�m2
sol

|�m2
atm| � 0.03

– Typeset by FoilTEX – 1

Figure 1. What is known about the square of the neutrino masses for the two
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NuFIT 2.0 (2014)

•  NuFit 2014 
•  http://www.nu-fit.org/ 
•  Includes results through NOW 2014 
•  θ13, θ12, Δm2

21, |Δm2
32| each known to a 

few percent 
•  θ23 known to ~6% (octant unknown) 
•  Some preference for δCP < 0 

•  Further constraints expected from 
existing and planned experiments: 
•  Hints from T2K and NOvA suggest δCP < 0  
•  External constraints on mixing angles 

improve early sensitivity 
•  Measurements or hints of MH or δCP value 

could influence run plans 
•  Ultimate DUNE goals include precise 

measurements of θ13, θ23, Δm2
32, and 

δCP for unitarity and sum rule tests 

ETW: DUNE Oscillation Physics, Neutrino -- Latin America Workshop 3 
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Appearance: ⌫µ ! ⌫e ⌫̄µ ! ⌫̄e

Disappearance: ⌫µ ! ⌫µ ⌫̄µ ! ⌫̄µ

Long Baseline @VOM Reactors

P (⌫µ ! ⌫e) + P (⌫̄µ ! ⌫̄e) ⇡ 2 sin2 ✓23 [1 � P (⌫̄e ! ⌫̄e)]

⌫µ ! ⌫µ gives:

|Uµ3|2 $ (1 � |Uµ3|2) degeneracy +!

Normal Ordering — Inverted Ordering

P (⌫µ ! ⌫e) 6= P (⌫̄µ ! ⌫̄e)

in vacuum

/ ⇢L sin2 ✓23
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Chapter 3: Long-Baseline Neutrino Oscillation Physics 3–11

resolved [14]; hence DUNE, with a baseline of ≥1300 km, will be able to unambiguously determine
the neutrino mass hierarchy and measure the value of ”CP [15].

The electron neutrino appearance probability, P (‹µ æ ‹e), is shown in Figure 3.1 at a baseline of
1300 km as a function of neutrino energy for several values of ”CP. As this figure illustrates, the
value of ”CP a�ects both the amplitude and frequency of the oscillation. The di�erence in proba-
bility amplitude for di�erent values of ”CP is larger at higher oscillation nodes, which correspond to
energies less than 1.5 GeV. Therefore, a broadband experiment, capable of measuring not only the
rate of ‹e appearance but of mapping out the spectrum of observed oscillations down to energies of
at least 500 MeV, is desirable [16]. Since there are terms proportional to sin ”CP in Equation 3.6,
changes to the value of ”CP induce opposite changes to ‹e and ‹̄e appearance probabilities, so a
beam that is capable of operating in neutrino mode (forward horn current) and antineutrino mode
(reverse horn current) is also a critical component of the experiment.
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Figure 3.1: The appearance probability at a baseline of 1300 km, as a function of neutrino energy, for
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The experimental sensitivities presented here are estimated using GLoBES[17, 18]. GLoBES takes
neutrino beam fluxes, cross sections, and detector-response parameterization as inputs. This doc-
ument presents a range of possible physics sensitivities depending on the design of the neutrino
beam, including the proton beam energy and power used. The beam power as a function of proton
beam energy from the PIP-II upgrades and the number of protons-on-target per year assumed in
the sensitivities are shown in Table 3.1. These numbers assume a combined uptime and e�ciency
of the FNAL accelerator complex and the LBNF beamline of 56%.

A conservative estimate of sensitivity is calculated using neutrino fluxes produced from a detailed
GEANT4 beamline simulation that is based on the reference design of the beamline as presented in
Volume 3: The Long-Baseline Neutrino Facility for DUNE. Neutrino fluxes from a simulation based
on an optimized beam design are used to show the goal sensitivity. There is a range of design options
that produce sensitivities in between the sensitivity of the reference beam design and the optimized

Volume 2: The Physics Program for DUNE at LBNF LBNF/DUNE Conceptual Design Report
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ETW: DUNE Oscillation Physics, Neutrino -- Latin America Workshop 4 
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Sensitivity Calculations 

ETW: DUNE Oscillation Physics, Neutrino -- Latin America Workshop 10 
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DUNE CDR: 

•  GLoBES-based fit to four 
FD samples 

•  Two neutrino beam line 
designs considered 

•  GENIE event generator 
•  Reconstructed spectra 

predicted using detector 
response parameterized 
at the single particle level 

•  Simple systematics 
treatment  

•  GLoBES configurations 
to be made public soon 
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𝜃13>0   ⇒  LBL 𝜈𝜇→𝜈e 
Makes feasible long-baseline 
measurements of… 
  

neutrino mass hierarchy 
via matter effects that modify P(𝜈𝜇→𝜈e) 

Implications for: 0𝜈𝛽𝛽 data and Majorana nature of 𝜈; approach to m𝛽; 
astrophysics; theoretical frameworks for mass generation, quark/lepton unification; 
Is the lightest charged lepton associated with the heaviest light neutrino?  

CP violation 
via dependence of P(𝜈𝜇→𝜈e) on CP phase 𝛿.  Amplified by 𝜈/𝜈 ̅  comparisons. 

baryon asymmetry through see-saw/leptogenesis; fundamental question 
in the Standard Model (is CP respected by leptons?) 

𝜈  flavor mixing 
via leading-order factor sin2(𝜃23)  

Is 𝜈3 more strongly coupled to 𝜇 or 𝜏 flavor?; 
frameworks for mass generation, unification 
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Figure 3.18: The significance with which DUNE can resolve the ◊23 octant as a function of the true
value of ◊23. The green shaded band around the curve represents the range in sensitivity due to potential
variations in the beam design and in the true value of ”CP. The yellow shaded regions indicate the
current 1‡ and 3‡ bounds on the value of ◊23 from a global fit. The same exposure that gives a 3‡
measurement of CP violation for 75% of the values of ”CP is assumed. See Figure 3.14 for the possible
range of exposure to achieve this significance.
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Figure 3.18: The significance with which DUNE can resolve the ◊23 octant as a function of the true
value of ◊23. The green shaded band around the curve represents the range in sensitivity due to potential
variations in the beam design and in the true value of ”CP. The yellow shaded regions indicate the
current 1‡ and 3‡ bounds on the value of ◊23 from a global fit. The same exposure that gives a 3‡
measurement of CP violation for 75% of the values of ”CP is assumed. See Figure 3.14 for the possible
range of exposure to achieve this significance.
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Analysis of present oscillation data and beyond Degeneracies
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2. Neutrino Masses and Mixings

The three known neutrino flavor states, ⌫e, ⌫µ, ⌫⌧ , and the three neutrino mass

eigenstates, ⌫
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, ⌫
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, ⌫
3

, are related as follows:
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where the U matrix is unitary and referred to as the PMNS matrix. The mass eigenstates

are labelled such that |Ue1|2 > |Ue2|2 > |Ue3|2,which implies that, by definition, the

⌫e component of ⌫
1

> ⌫e component of ⌫
2

> ⌫e component of ⌫
3

.

2.1. Masses

With this choice of labeling of the neutrino mass eigenstates, the solar oscillations are

governed by �m2

21

as both ⌫
1

and ⌫
2

have a significant ⌫e component. Whereas the

atmospheric oscillations are governed by �m2

31

⇡ �m2

32

as ⌫
3

has a small ⌫e component

required by the small ⌫e involvement shown by the results of the SuperKamiokande

and Chooz experiments. The mass ordering of ⌫
1

and ⌫
2

was determined by matter

e↵ects in the interior of the sun by the SNO experiment [2]. Their measurement of the

charge current to neutral current ratio of less than one half, for the 8B high energy solar

neutrinos, implies that the higher mass state has the lower ⌫e component i.e. m2

2

> m2

1

or �m2

21

> 0.

The atmospheric neutrino mass ordering, m2

3

> or < m2

2

, m2

1

is still to be

determined, see Fig. 1. If m2

3

> m2

2

, the ordering is known as the normal hierarchy

(NH), whereas if m2

3

< m2

1

the ordering is known as the inverted hierarchy (IH). Fig. 2

shows the masses as a function of the lightest neutrino mass.

The sum of the masses of the neutrinos satisfies
q

�m2

atm = 0.05 eV <
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m⌫i < 0.5 eV. (3)
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Figure 1. What is known about the square of the neutrino masses for the two
atmospheric mass hierarchies.
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Figure 3.13: The significance with which the CP violation can be determined as a function of the value
of ”CP for an exposure of 300 kt · MW · year assuming normal MH (left) or inverted MH (right). The
shaded region represents the range in sensitivity due to potential variations in the beam design.

Table 3.7: The minimum exposure required to determine CP violation with a significance of 3‡ for 75%
of ”CP values or 5‡ for 50% of ”CP values for the CDR reference beam design and the optimized beam
design.

Significance CDR Reference Design Optimized Design
3‡ for 75% of ”CP values 1320 kt · MW · year 850 kt · MW · year
5‡ for 50% of ”CP values 810 kt · MW · year 550 kt · MW · year
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Figure 3.13: The significance with which the CP violation can be determined as a function of the value
of ”CP for an exposure of 300 kt · MW · year assuming normal MH (left) or inverted MH (right). The
shaded region represents the range in sensitivity due to potential variations in the beam design.

Table 3.7: The minimum exposure required to determine CP violation with a significance of 3‡ for 75%
of ”CP values or 5‡ for 50% of ”CP values for the CDR reference beam design and the optimized beam
design.

Significance CDR Reference Design Optimized Design
3‡ for 75% of ”CP values 1320 kt · MW · year 850 kt · MW · year
5‡ for 50% of ”CP values 810 kt · MW · year 550 kt · MW · year
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Figure 4.4: Proton decay lifetime limit for p æ K+‹ as a function of time for underground LArTPCs
starting with an initial 10 kt and adding another 10 kt each year for four years, for a total of 40 kt. For
comparison, the current limit from SK and a projected limit from Hyper-K is also shown. The limits are
at 90% C.L., calculated for a Poisson process including background, assuming that the detected events
equal the expected background.

4.2 Atmospheric Neutrinos

Atmospheric neutrinos provide a unique tool to study neutrino oscillations: the oscillated flux con-
tains all flavors of neutrinos and antineutrinos, is very sensitive to matter e�ects and to both �m2

values, and covers a wide range of L/E. In principle, all oscillation parameters could be measured,
with high complementarity to measurements performed with a neutrino beam. Atmospheric neu-
trinos are of course available all the time, which is particularly important before the beam becomes
operational. They also provide a laboratory in which to search for exotic phenomena where the
dependence of the flavor-transition and survival probabilities on energy and path length can be
defined. The DUNE far detector, with its large mass and the overburden to protect it from back-
grounds, is an ideal tool for these studies. The following discussion will focus on the measurement
of the oscillation parameters in which the role of atmospheric neutrinos is most important.

The sensitivity to oscillation parameters has been evaluated with a dedicated simulation, recon-
struction and analysis chain. The fluxes of each neutrino species were computed at the far detector
location, after oscillation. Interactions in the LAr medium were simulated with the GENIE event
generator. Detection thresholds and energy resolutions based on full simulations were applied to
the outgoing particles, to take into account detector e�ects. Events were classified as Fully Con-
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Figure 6. Comparisons of the expected sensitivities to NSI parameters at DUNE and T2HK,
before and after combining their respective data sets. Darker (Lighter) bands show the results when
priors constraints on NSI parameters are (not) included in the fit. The vertical gray areas bounded
by the dashed lines indicate the allowed regions at 90% CL (taken from the SNO-DATA lines for
f=u in Ref. [54]).

5 Conclusions

Neutrino physics is entering the precision Era. After the discovery of the third mixing angle

in the leptonic mixing matrix, and in view of the precision measurements performed by the
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where �ij = �m2
ij/2E, U is the lepton flavor mixing matrix, A ⌘ 2

p
2GFne and "↵� ⌘

(1/ne)
P

f,P nf ✏
fP
↵� , with nf the f -type fermion number density and GF the Fermi coupling

constant. The three diagonal entries of the modified matter potential in Eq. 2.2 are real

parameters, while the o↵-diagonal parameters are generally complex.

Since a diagonal contribution can be subtracted to the whole Hamiltonian, neutrino

oscillations will only be sensitive to two of the diagonal parameters. We will consider the

combinations "̃ee ⌘ "ee � "⌧⌧ and "̃µµ ⌘ "µµ � "⌧⌧ , obtained after subtracting ✏⌧⌧ ⇥ I from

the Hamiltonian. The three complex NSI parameters "eµ, "e⌧ and "µ⌧ will be parametrized

as "↵� = |"↵� |e�i�↵� .

Due to the requirement of SM gauge invariance, in principle any operators responsible

of neutrino NSI would be generated simultaneously with analogous operators involving

charged leptons [2, 42–44]. Thus, the tight experimental constraints on charged lepton

flavor violating processes can be automatically applied to operators giving NSI, rendering

the e↵ects unobservable at neutrino experiments. However, there are ways in which the

charged lepton constraints can be avoided, e.g., if the NSI are generated through operators

involving the Higgs, or from interactions with a new light gauge boson, see e.g., Refs. [2,

42, 43, 45]. At this point, however, model dependence comes into play. In the present work,

we will explore how much the current bounds can be improved from a direct measurement

at neutrino oscillation experiments, without necessarily assuming the viability of a model

which can lead to large observable e↵ects.

Direct constraints on NSI can be derived either from4 scattering processes [43, 48–

50] or from neutrino oscillation data [51–54]. Currently, the strongest bounds for NSI

in propagation come from the global fit to neutrino oscillation data in Ref. [54]. At the

90% CL, most constraints on the e↵ective " parameters are around ⇠ O(0.05 � 0.1). An

exception to this is "̃ee, for which only O(1) can be derived from current data.

An important conclusion derived from the global fits performed in Refs. [51–54] is the

presence of strong degeneracies in the data. In presence of NSI in propagation, global

analyses of neutrino oscillation data are fully compatible with two solutions:

the LMA solution: the standard Large Mixing Angle (LMA) solution corresponds to

mixing angles fully compatible with the results obtained from a global fit to neutrino

oscillation data in absence of NSI. The results are fully compatible with the hypothesis

3 If production or detection NSI were present, though, the e↵ective production and detection flavour

eigenstates would not coincide with the standard flavour ones [41]. However, for simplicity we will consider

in this work that no significant NSI a↵ecting production or detection are present.
4Stronger limits can be derived from mono-jet and multi-lepton constraints at colliders [46, 47]. However,

these bounds are somewhat model-dependent and, in particular, fade away for models where the NSI come

from interactions via a new light mediator.

– 4 –

NSI
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Appearance: ⌫µ ! ⌫e ⌫̄µ ! ⌫̄e
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Long Baseline @VOM Reactors
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⌫µ ! ⌫µ gives:

|Uµ3|2 $ (1 � |Uµ3|2) degeneracy +!

Normal Ordering — Inverted Ordering
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Summary: 
DUNE is a large (70 kton) LAr underground (1.5km) detector 

exposed to an intense (1-2 MW) Neutrino beam 
 from Fermilab (1300km) 

• Perform Stringent tests of the 3 neutrino paradigm 

• Determine the size of CP Violation in Nu Sector 

• Determine Neutrino Mass Ordering 

• Determine which flavor Dominates nu_3 

• Broad Physics program including Nucleon Decay & SuperNova Neutrinos 

• Surprises: NSI, sterile neutrinos, Nu Decay, Decoherence, Lorentz 
Violation,…….
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