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Brookhaven is a special place for neutrinos

1957 Experiment at Brookhaven determines that neutrinos are left-handed

electron capture measures the helicity of the neutrino.
We have carried out such a measurement with Eul®?",
which decays by orbital electron capture. If we assume
the most plausible spin-parity assignment for this
isomer compatible with its decay scheme,! 0—, we find [
that the neutrino is “left-handed,” ie., o,-p,=—1

Helicity of Neutrinos™®
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and absorplmn lines. 1f the recoil and temperature
effects are neglected, a lower limit on the mean life can
be set as 1,710~ zec. An upper limit is certainly the
slowing-down time in the solid, approximately 23X 10~
sec,” since a stationary nucleus with a level of this
mean life will give a cross section less than 1,/100 that
observed, Conversely, therefore, the gamma ray is
emitted in general before the recoil slows down so that
the Doppler broadening due to the neutrino emission
must be taken into account, and the resonance scatter-
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A COMBINED analysis of circular polarization and
resonant scattering of ¥ rays following orbital
electron capture measures the helicity of the neutrino.
We have carried out such a measurement with Eu!#=,
which decays by orbital electron capture. I we assu.rm.
the most pl le spin-parity for this
isomer mmpauhll: with its decay scheme,! 0=, we ﬁml
that the neutrino is “left-handed,” ie., o, he=
(negative helicity).

Our method may be illustrated by the following
simple example: take a nucleus 4 (spin [=0) which
decays by allowed orbital electron caplure, to an
excited state of a nuclens B(I=1), from which a v ray
is emitted to the ground state of B{I=10), The condi-
tions necessary for resonant scattering are best fulfilled
for those « rays which are emitted opposite to the
neutrine, which have an energy comparable to that of
the neutring, and which are emitted before the recoil
cnergy is lost, Since the orbital electrons captured by a
nucleus are almost entirely s electrons (K, Ly, - - elec-
trons of spin 5= 1), the substatesof thedaughternucleus
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¥16, 1. Experimental arrangement for analyzing cireular polar-
Ezation of resomant scattercd v-rays, Weight of Smgly scatterer:
1850 grams,

B, Eﬁrmcd when a neutrino is emitted in the £ dlruunn
, 0if the neutrino has positi
0 if the neutrino has negative o

either case, the helicity of the y ray emitted in the
) direction is the same as that of the neutrine.
, & measurement of the circular polarization of
the « rays which are resonant-scattered by the nu-
cleus B, yields directly the helicity of the neutrino, if
one assumes only the well-established conservation
laws of momentum and angular momentum,

To carry out this measurement we have used a
nucleus which appears to have the ]malxrlms postulated
in the example given: Eu'={9.3 hr). Tt probably has
spin 0 and odd parity.* 1t decays to an excited state of
e5mi¥ (1<) with emission of neutrinos which have an
energy of 840 kev in the most prominent case of
K-electron capture. This is followed by an Kl y-ray
transition of %60 kev to the ground state (04). The
excited state has a mean life of (3=2=1)X107" sec, as
determined by Grodzins.! Thus, even in a solid source
most of the y-ray emission takes place before the
momentum of the recoil nucleus has changed appre-
ciably,

The txlwrlmenlal arrangement used is shown in
Fig. 1. Eu™* source is inserted inside an electro-
magnet which is alternately (every three minutes)
magnetized in the up or down direction. The ¥ rays
which pass through the magnet are resonant-scattered
from a SmaCh; scatterer (26.89; Sm'™), and detected in
a 2-in, > 34-in. cylindrica \al(] 1) scintillation counter.
The photomultiplier (RCA 6342) is magnetically
shielded by an iron cylinder and a mu-metal shield.

THE EDITOR

The effectiveness of this magnetic shield was demon-
strated by check experiments with a Cs' sOUrCE
in & manner similar to that described previously.? No
significant effect of magnetic field reversal on the photo-
multiplier output was noticed when two narrow ac-
ceplance channels were set on the steeply sloping low-
and high-energy wings of the 661-kev photopeak,
respectively.

The source was produced by bombarding ~ 10 mg of
Eus0; in the Brookhaven reactor. In l runs the
intensity varied from 50-100 mC. Nine runs varying
in length from 3 to 9 hours were carried out. The
scattered radiation is shown in Fig. 2. It contains both
 rays emitted from the 9%60-kev state (960 and 840
kev). Counts were accumulated simultaneously in 3
channels A, B, and C as shown in Fig. 2. A cycle of
field reversals was used such that the decay corrections
were negligible. No effects of field reversal or decay
were noticed in channel , Channel A4 exhibited a
pozsible small magnetic field effect which was less than
one-tenth of that observed in channel B. In channel B,
which bracketed the photopeaks, a total of ~3X10%

counts were accumulated, In 6 runs carried out in the
mnng\ ment shown in Fig, 1, an effect §=(N_=N;}/
LN_AN)=+40.017£0.003 was found in channel B

-\Elu the nonreso t background had been subtracted.
Here N is defined as the counting rate with the mag-
netic field pointing up, and N. as the counting rate
with the field pointing down.
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Brookhaven is a special place for neutrinos

1962 Experiment at Brookhaven’s AGS:
—> There are two types of neutrinos: v, and v,
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OBSERVATION OF HIGH-ENERGY NEUTRINO REACTIONS AND THE EXISTENCE
OF TWO KINDS OF NEUTRINOS*

G. Danby, J-M. Gaillard, K. Goulianos, L. M. Lederman, N. Mistry,
M. Schwartz,T and J. Steinbergert

Columbia University, New York, New York and Brookhaven National Laboratory, Upton, New York
(Received June 15, 1962)

In the course of an experiment at the Brook-
haven AGS, we have observed the interaction
of high-energy neutrinos with matter. These
neutrinos were produced primarily as the result
of the decay of the pion:

7 -y + (/7). 1)

It is the purpose of this Letter to report some of
the results of this experiment including (1) dem-
onstration that the neutrinos we have used pro-

36

duce ;. mesons but do not produce electrons, and
hence are very likely different from the neutrinos
involved in 8 decay and (2) approximate cross
sections.

Behavior of cross section as a function of en-
ergy. The Fermi theory of weak interactions
which works well at low energies implies a cross
section for weak interactions which increases as
phase space. Calculation indicates that weak in-
teracting cross sections should be in the neigh-




Brookhaven is a special place for neutrinos

Ray Davis’ Solar Neutrino Experiment:

" BROOKHAVEN NATIONAL LABORATORY
ASSOCIATED UNIVERSITIES, INC,
UPTON, NEW YORK 11973

PUBLIC RELATIONS OFFICE

FOR RELEASE:; Thursday, Sept. 14, 1967 CONTACT: Tel: (516) 924-6262 Ext.: 435
Norb Dernbach

67=26

SOLAR ENERGY GENERATION THEORY BEING

TESTED IN BROOKHAVEN NEUTRINO EXPERIMENT

Upton, L.I., New York, Sept. 14, 1967-+~A Brookhaven Laboratory team of

scientists, headed by Dr. R. Davis, Jr., has gone 4850 Feet into the earth to

learn more about what is going on deep inside the sun.

b

600 t of dry cleaning fluid 4850 feet under-
ground in the Homestake Gold Mine

« Big surprise ... only ~1/3 the expected rate detected
—Do we not understand how the sun shines? .
—Is there something “wrong” with neutrinos? Nobel Prize)

4 8 Oct 2015  Jim Strait | LBNF/DUNE
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VOLUME 58, NUMBER i4 PHYSICAL REVIEW LETTERS 6 APRIL 1987

Observation of a Neutrino Burst in Coincidence with Supernova 1987A in the Large Magellanic Cloud

A burst of eight neutrino events preceding the optical detection of the supernova in the Large Magel-
lanie Cloud has been observed in a large underground water Cherenkov detector. The events span an in-
terval of 6 5 and have visible energies in the range 20-40 MeV.

PACS numbers: 97.60.Bw, 14.60.Gh, 95.85.5z
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Pioneers of what is now LBNF/DUNE

¢ 2001 “é
\)

arXiv:hep-ph/0108181v1 22 Au

Extra Long Baseline Neutrino Oscillations and CP Violation

William J. Marciano
Brookhaven National Laboratory, Upton, NY 11973

Abstract

The potential for studying CP violation in neutrino oscillations
using conventional v, and 7, beams is examined. For Amj, <<
Amj3, and fixed neutrino energy, E,, the CP violating asymmetry
A= P[Uﬂ — ) — P(#, — f/c]/P(r/p — 1) + P(#, — ;) in vac-
uum is shown to be measurable with roughly equal maximal sta-
tistical precision at distances L, ~ (2n+1) (ﬁ;}l—) n=012...
(up to some n in the leading Am3, approximation). For extra
long baselines, n > 1, the falloff in detected oscillation events,
N = N, + N, by ~ 1/(2n + 1)? is compensated by a factor
~ (2n+1) increase in the asymmetry such that the statistical fig-
ure of merit F.OM. = (§4/A)~? = A’N/1— A? is approximately
independent of n. However, for the larger n > 1 asymmetries,
some backgrounds as well as systematic uncertainties from flux
normalization, detector acceptance etc. which scale with distance
as 1/(2n + 1)? are shown to be relatively suppressed in 6A/A
by ~ 1/(2n + 1). Also, low energy E, =~ O(1GeV) extra long
baseline experiments with L,, =~ 1200-2900 km (corresponding to
Amj, =~ 3 x 107* eV? and n = 1-3) are better matched to the
remote locations of some proposed very large proton decay detec-
tors which would be essential for neutrino CP violation studies.
Effects of matter and realistic neutrino beam energy spread on
extra long baseline CP violation experiments are briefly discussed.

6 8 Oct 2015  Jim Strait | LBNF/DUNE s
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Extra Long Baseline Neutrino Oscillations and CP Violation
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... and last and surely least...
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Brookhaven is a special place for neutrinos
... and last and surely least... 3 '

The home of my thesis experiment!

BNL E613: 1973 — 1978

First observations and measurements
ofvp—>vp and vp—>Vvp
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Why are Neutrinos Important?

Neutrinos play an important role in natural processes that are
crucial to why we exist.

e The reactions in the core of the sun.

 The explosions of supernova stars in which the heavy
elements are created and expelled into space to form
planets and provide the building blocks for life.

o Small differences between neutrinos and their anti-particle
counterparts could help explain why more matter than anti-
matter was produced in the Big Bang.

Because neutrinos hardly interact, they can tell us what
happens in places we cannot “see” otherwise:

* In the core of the sun

* Inthe center of a supernova at the moment it explodes

8 8 Oct 2015  Jim Strait | LBNF/DUNE (\



Neutrinos are Unusual Particles

e Only neutral fundamental matter particles (fermions)
=> perhaps they are their own anti-particle? (Majorana patrticles)

« Dramatically lighter than other fermions
=> |s there a different mechanism for generating their mass?

* Neutrino flavors seem to be strongly mixed
=> Why so different from the quarks?

Do neutrinos violate matter — antimatter symmetry (CP
violation)?
=> Could they be the key to understanding why the universe is
made of matter and no antimatter (baryon asymmetry of the
universe)?

9 8 Oct 2015  Jim Strait | LBNF/DUNE Ka A



Neutrino Flavor Mixing

* Neutrino production and detection determined by flavor eigenstates v,
v, v, of the weak interaction

Ve v|..L VT

e B

but propagation through space (and matter) is determined by mass
eigenstates v,, v,, v, of the Hamiltonian (with masses m;, m,, m; ), these

can be related by (Ve\ (Uel U, Ue3\(V1\

Vo= UHl UM2 UH3 Vv,

1)
\Vr/ kUrl UT2 UrS/kV3/
» Different masses will lead to interference between the propagating

waves that affects the flavor probability at detection as a function of
distance - “flavor mixing” or “neutrino oscillations”

10  80ct2015 Jim Strait | LBNF/DUNE U



Neutrino Mixing Matrix

u, u, u
Pontecorvo-Maki-Nakagawa-Sakata v |=| Uy, Uy Upg v,
u, U, u

3 x 3 unitary rotation matrix — 3 angles, 1 CP-phase (+2 Majorana phases)

N 7 N Ve N
1 0 O Cy3 0 s;3¢ Cnh S, O
\_ J J\ y,
8jj = Sin%ij atmospheric reactor and solar and
C.. = COSDO..
ij i and accelerator accelerator reactor

Phase 0 for neutrinos is unknown — related to CP-violation

1" 8 Oct 2015  Jim Strait | LBNF/DUNE



Neutrino vs. Quark Mixing

Viing ~

((C
C

G

Neutrinos

3 (
4 C

4 C

O
0
0

0.2
0.7
0.7

e Strikingly different!

e |s this telling us something fundamental?

\

/

Vern ~

Quarks

( ]_ 0.2 {].{]{]1\
0.2 1 0.01

\{].{]{]1 0.01 ]_/

¢ A different mechanism for mass generation?
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Neutrino Oscillations

In a simplified 2-neutrino model, the probability of a
neutrino produced as one flavor to be detected with a
different flavor is:
2
) . of Am*L
P, 5a-p= SIN7(20) sin (4_E)
@ Is the mixing angle
Am2=ms - m?
L = distance traveled
E = neutrino energy

13
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Neutrino Mass Ordering

U 2 Vel  Vu Vel
%)

= , cos d = - ) cosd =
:s‘:; sin” t3 1 s 5 sinfh 4 1
= 3 __1 - e | .
": sin” H']_]. ﬁ.l'ﬂ;nl‘ ]
& Amg,, Y
= _ sinfyy
= sin~ 6 Einf3
= 4 1 Am;
E | 2 —— m
D ﬁm’“"l 1 Si.'ﬂ2 B2z 1
< ¥ 31 ]

sinfy | sin®64 -1

NORMAL INVERTED
CPT = invariant 6 «— —9

Fractional Flavor Content varying cos ¢

Am3, =+7.6 x 10 eV? Is third neutrino heavier or lighter
han the other two? (MH ion
|AmZ,| = 2.4x 103 eV?2 than the other two? (MH question)

What is the overall mass scale?
Amz, [ |Am3,| = 0.03
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Ve

Appearance in a v, Beam

Approximation to 3-flavor vacuum mixing with |Am,,?| << |Am,,?|

4F

Py, — ve) = s34 sin® 2613 sin

L — distance from source to detection
E — neutrino energy

Effectively 2-flavor mixing since Am,,2 = 0.03 |Am,,?|

Wavelength in L/E ~ 1.2 km/GeV
=> maximum probability at 600 km for a 1 GeV neutrino

Amplitude proportional to sin%26,

15
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ve Appearance in a v, Beam

Approximation to 3-flavor vacuum mixing with |Am,,?| << |Am,,?|

Probability for v, oscillation at 1 GeV
18

Probability

0 200 400 600 800 1000 1200 1400 1600 800 2000

Baseline (km)

. 9 &m%lL
13 51N
AF

tance from source to detection
utrino energy

m,,? = 0.03 |Am,,?|

m for a 1 GeV neutrino

13

 Quantum interferometry on a continental scale
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ve Appearance in a v, Beam

Full equation for 3-flavor mixing
AE

A L A L Am2, L
—|—80%3513012512523023 sin T&l sin%cos( T&Z —|—i)

Am2. L  Am2, L Ama,L
21 sin 31 COS 32

4K 4K 4K

3 2 5’”‘121—5

+4c13512313323 (893813812 — 2¢12¢93 cos §) sin i

J. Boehm, thesis 2009

Now includes dependence on phase 6 manifest in interference terms
between the two oscillation scales

2 Am31L 2

2
-+ C Cha SIN 2912 sin
D 13%23

Py, —ve) = s sin® 2013 sin

— 92829554 sin’ 2613 sin

Changingv —» v, 8 > -0
=> matter/antimatter asymmetry if 5 = 0 or 180°

Could this difference help explain why the Big Bang produced more
matter than antimatter? ... So that we can exist to ask this question?
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Matter Effect

Additional v, interaction — mixing angles and mass differences
modified by terms proportional to electron density

Sign of effect depends on mass ordering => method to determine the

Mass Hierarchy
A complication in determining true matter-antimatter difference

s 2 s 2
5 sin“283 | o n o 8in® 283 |
Ppg = &gy Cfa sl 013.& _2“3123235—%!3 51]1013&

" [ﬁcosﬂnﬂ.{l — Acos2013) - Asm{?lg&mﬂﬂlg—ﬂ]

Ca C13 Cls

a8y 8in 262 gin 2323%?[%33 { cos 8 [Cygsin (1 4+ A)A
13

—(1 — Acos 2813) 811101_3ﬂ] — Cynsind [CCIS Ci3A —cos(1 + A}.&] }

. 2
sin= 28
+C%3—Gi_m sin? aClaA
12

B 35112?2;-2'12 sin 2653 I(h_:iﬂj E;;nfiﬁ:ﬂ?; { sin 8 [cos aCyp A — cos(A + a — 2)A]

cos20yg — & aAC)s sin® 20,5
i — 2)A —sinaCiA a _
+cosd |sin(A 4+ a — 2) sinaCig ( Cra MM —a) CG

—2ars13 sin 2849 sin 263 cos(A + 6) sin :a Elll{{;f_— 11}) A

(2.6(
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Is the Three-Neutrino Model Complete?

* Hints of deviations implying a fourth “sterile” neutrino
— Reactor anomaly => ~7% deficit at short distances

— Short-baseline anomaly, a.k.a. “LSND anomaly”
=> small v, — v, appearance rate at small L/E

 These effects can be tested by
— Direct searches for sterile neutrino signatures
— Over-constraining to PMNS matrix to test it unitarity

 Many neutrino experiments are under way or planned to
understand the nature of neutrinos.
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Current Long-Baseline, Accelerator-Based Experiments

The MINOS+ Concept M INOS)

v Long-baseling neutring ascillation experiment

¢ Measure NuMil Neutrino beam
L ! energy and flavor composition
i with two deteckors over 735 km

\\ # L/E ~ 500 km/GeV

» Mear Detector at Fermilab

» Far Detector at Soudan
Underground Lab, MN

+ Compare Near and Far
measurements to study newtring
mixing

Fermilab -

MINDSMINDS+, Nautring 1004 Al Souss, Univenity of Decinnati

20 80ct2015 Jim Strait | LBNF/DUNE



Current Long-Baseline, Accelerator-Based Experiments
The MINOS+ Concept M INO3)

v Long-bazeline neutrine ascillation experiment

¢ Measure Nuli Neutrino beam
energy and flavor composition
\ with two detectars aver 735 km

.\ ¢ L/E ~ 500 km/GeV

» Mear Detector at Fermilab

v Far Detector at Soudan ] 2 bt MR -
Underground Lab, MN Mo |/ *hm from seureg ' |

a5
+ Compare Near and Far -
measurements to study neutrino &
"
™ = P
“ 1]

| Far Detaotor -

. g e River
NOvA is a designed to answer | uj. % l
the next generation of v
guestions

Mass Hierarchy

vy dominant coupling
(@,, octant)

CPV in v sector

Tests of 3-flavor mixing

Supernovae v's
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Current Long-Baseline, Accelerator-Based Experiments

The MINOS+ Concept M INOs) Future plans in Japan

v Long-bazeline neutrine ascillation experiment

Super-K  KamLAND(-Zen)

¢ Measure Nuli Neutrino beam
energy and flavor composition
\ with two detectors aver 735 km

.] ¢ L/E ~ 500 km/GeV

Mear Detector at Fermilab

Far Detector at Soudan S | ND “I.A-t N
Underground Lab, MN Mo |/ 2k from sey e rg

=

ke
.
1

» Compare Mear and Far
measurements to study neutrino

Masashi Yokoyama

i ‘J‘"'p Noa Department of Physics, The University of Tokyo
ata jaj AF.\ o 1= \

NNN 4, APC Paris, Nov. 4-6 2014

NOvA is a designed to answer
the next generation of v
guestions

Mass Hierarchy

v; dominant coupling
(8,5 octant)

CPV in v sector

Tests of 3-flavor mixing

Supernovae v's



Current Long-Baseline, Accelerator-Based Experiments

» Mear Detector at Fermilab

» Far Detector at Soudan
Underground Lab, MN

» Compare Mear and Far
measurements to study neutrino

The MINOS+ Concept M INO3) Future plans in Japan

v Long-bazeline neutring ascillation experiment

Super-K  KamLAND(-Zen)

¢ Measure Nuli Neutrino beam
energy and flavor composition
\ with two detectors aver 735 km

¢ L/E ~ 500 km/GeV

CNGS
ICARUS &
OPERA

NOvA is a designed to answer

the next generation of v
questions

Mass Hierarchy

v; dominant coupling
(8,5 octant)

CPV in v sector

Tests of 3-flavor mixing

Supernovae v's

14

Emulsion Cloud Chamber ~150000 br'lcks (1 25 k'ron} +

micrometric resolution ;
(= 1 brick) electronic detectors
kg P

Lead Lead
p ) _____“d (ehdt &
i ::
2 ol
L
-

Emulsion




Short-Baseline, Accelerator-Based Experiments

Ten Years of Successful MiniBooNE
Running and Results!

k2. Neutrino mode: 6.5E20 POT
“*“Antineutrino mode: 11.3E20 POT
¢ 11 oscillation papers
* 14 cross section and flux papers
¢ 1 detector and 1 supernova search paper
* 18 PhD theses
* The.experiment is well understood!

01/22/2014 "~ MiniBooNE Run Request PAC 2014
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Short-Baseline, Accelerator-Based Experiments

Ten Years of Successful MiniBooNE
Running and Results!

@ ¢ Neutrino mode: 6.5E20 POT
“Antineutrino mode: 11.3E20 POT
¢ 11 oscillation papers
* 14 cross section and flux papers
¢ 1 detector and 1 supernova search paper
* 18 PhD theses
* The.experiment is well understood!

mm:'!ﬂuﬁqi o
| l | ’E J =
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Short-Baseline, Accelerator-Based Experiments

Ten Years of Successful MiniBooNE
Running and Results!

eutrino mode: 6.5E20 POT
ntineutrino mode: 11.3E20 POT
¢ 11 oscillation papers

= . ) - T
* 14 cross section and flux papers _— P e e e e
» 1 detector and 1 supernova search paper i S B N @ B N B T k] 'H't’ff'[“[f i,
» 18 PhD theses INOS/MINERY skl ey |

i . surface building | | J |
* The.experiment is well understood!

SBN FD (~500m) e

¥4 .| IcARUS T600

MicroBooNE (a7om) . -

¥ = 'l * Neutrino
,'--;‘—,_(rn;; (28 \V4 J 3 |
ji-"?'*-*'*::'f"'j_-.‘--4_ it
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Reactor-Based Experiments

3 reactor experiments for 6,
Short Baselme (~1 km) =

A Far Detector
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Reactor-Based Experiments

3 reactor experiments for 813

Short Baselme (~1 km) }

RENO-50 Site ™"

10 kton LS Detector
~47 km from YG reactors |- "+,

Mt. Guemseong (450 m) .
~900 m.w.e. overburden |~

1000 20" OD PMTs Water
A e——imEEAITIT

A
AN Far Detector

LS (18 kton)
15000 20" PMTs (67%)

w g
43
w Qg

30m

Rt 2m
.. Long Baseline (~50 km) 7 m

Mass Hierarchy
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Reactor-Based Experiments

3 reactor experiments for 813

Short Baselme (~1 km) :

RENO-50 Site ™"

10 kton LS Detector
~47 km from YG reactors |- "+,

Mt. Guemseong (450 m) .
=900 m.w.e. overburden |

1000 20" OD PMTs Water
A e——imEEAITIT

A Far Detector

LS (18 kton)
15000 20" PMTs (67%)

w g
43
w 0g

30m

32m

. Long Baseliné‘ (~50 km) 7 m

Very Short Baseline (~10 m) Mass Hierarchy

Reactor Source Anamolies
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Atmospheric and Ultra-High
Energy Neutrino Experiments

Super- Kamlokande Introduction

SK-1 (1996- 2001] SK-II t2003 2005)
SK-11l (2005-2008) SK-IV (2008-Present)

Hyper-Kamiokande

Next generation Mega-ton water Cherenkov detector

Total Mass : 0.99 Mton

# | Fiducial Mass : 0.56 Mton
’ (x 25 of Super-K)

23 80ct2015 Jim Strait | LBNF/DUNE



The IceCube Detector

Atmospheric and Ultra-High
Energy Neutrino Experiments

lceCube Lab

_,\_-_7:_-‘ - = lceTop

i = /8| Slallons each with
50m[— I et 2 IosTnp Cherenkov detector tanks

- = = ical sensors per tank
324 oplcal sensors

IceCube Array

86 strings including 8 DeepCore strings

60 optical sensors on each string

5160 optical sensors

December, 2010: Project completed, 86 strings
SN

DeepCore
ings-spacing oplimized for lower energies
450 opll:a\ sensars

Eiffel Tower
324m

Super- Kamlokande Introduction

Four Run Periods: .
SK-1 (1996-2001) SK-1I (2003-2005)
SK-1I1 (2005-2008) SK-IV (2008-Present)

Hyper-Kamiokande

Next generation Mega-ton water Cherenkov detector

otal Mass : 0.99 Mton

ucial Mass : 0.56 Mton
(x 25 of Super-K)
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The lceCube Detector
Atmospheric and Ultra-High
Energy Neutrino Experiments

lceCube Lab

50m

Super- Kamlokande Introduchon

The ANTARES neutrino telescope

a Seyne sur mer;
near Toulon (Frai

=0 .
-

:-—g-:—»—g-;—;——

Four Run Periods: : >
SK-1 (1996-2001) SK-II [2003 2005)
SK-I11 (2005-2008) SK-1V (2008-Present)

Hyper-Kamiokande

Next generation Mega-ton water Cherenkov detector

Total Mass : 0.99 Mton

Fiducial Mass : 0.56 Mton
(x 25 of Super-K)

/al Slallons each with
2 IceTop Cherenkov detector tanks
2 optical sensors per tank
324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string

5160 optical sensors

December, 2010: Project completed, 86 strings

ing optimized for lower energie:
|-:a sensors

Eiffel Tower
324m
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The IceCube Detector

Atmospheric and Ultra-High
Energy Neutrino Experiments

50m

The ANTARES neutrino telescope

: T ;
Mediterranean Sea near Taulon (France);

lceCube Lab

IceTop
/SI Stations, each with
2 IceTop Cherenkov detector tanks
2 optical sensors per tank
324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings

60 optical sensors on each string

5160 optical sensors

December, 2010: Project completed, 86 strings
HHIN

DeepCore
8 strings-spacing optimized for lower energies
480 optical sensors

|- Eiffel Tower
n 324m

SK-1 (1996-2001) SK-1I (2003-2005)
SK-11l (2005-2008) SK-IV (2008-Present)

Hyper-Kamiokande

Next generation Mega-ton water Cherenkov detector

Total Mass : 0.99 Mton

Fiducial Mass : 0.56 Mton
(x 25 of Super-K)

e
5 -

ﬁ.; 14
\ b 1
w1 1=
S BN
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India-based Neutrino Observatory
Dr. Prafulla Kumar Behera, IIT Madras
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Atmospheric and Ultra-High
Energy Neutrino Experiments

Super-Kam

The ANTARES neutrino telescope
Mediterranean Sea il

a Seyne sur mer;

The IceCube Detector

lceCube Lab

IceTop
— 7 /SI Stations, each with
50m[— i

2 IceTop Cherenkov detector tanks
2 optical sensors per tank
324 optical sensors

IceCube Array

e

— 40k

\
.‘-" 86 strings including 8 DeepCore strings
/ 60 optical sensors on each string
/ 5160 optical sensors
L ~ il
near Toulon (France):

December, 2010: Project completed, 86 strings

T
I H AN
) B
g Y = DeepCore _ .
e y / ] 8 strings-spacing optimized for lower energies
v : / il 480 optical sensors
: ! 5 B, W L - el Eiffel Tower
¢ 4= - m to v M " 4\ 324m
1 i 3 shore -
e The next-generation detector: KM3NeT
- El A 7 1 7
s R L in j
Al .

Total Mass : 0.99 Mton

| Fiducial Mass : 0.56 Mton
(x 25 of Super-K)

et
=T L
e —

) Afomas

8 Oct 2015
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India-based Neutrino Observatory

Dr. Prafulla Kumar Behera, IIT Madras

4™ November 2014 /



Solar Neutrino Experiments

® FElastic Scattering detection

® |arge-scale water Cherenkov
® |arge-scale liquid scintillator

® |norganic scintillator

® Charged Current detection
® Segmented detector

® |arge-scale water-based LS

24 8 0ct2015 Jim Strait | LBNF/DUNE



Solar Neutrino Experiments

® FElastic Scattering detection

® |arge-scale water Cherenkov
® |arge-scale liquid scintillator

® |norganic scintillator

® Charged Current detection
® Segmented detector

® |arge-scale water-based LS
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The Next-Generation
Long-Baseline Experiment:
LBNF / DUNE

Sanford
Underground
Research R
Facility -

Fermilab

- EEE
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The Next-Generation Long-Baseline
Experiment: LBNF / DUNE

Minnesota

SANFORD UNDERGROUND ) ;
RESEARCH FACILITY Wisconsin

-] I u
SlalWIVILIFE . ISs]lsS " Toal"]lillaf " 11 I EE

—— =
E— N — = | &

lilinois

Brriey B Erclesie

LBNF-20) Primary Buam
Service Bullding

« Comprehensive experimental program to determine CP violation, Mass
Hierarchy, and make precision measurements of oscillation parameters

» Astrophysical neutrinos and proton decay with a massive underground
Liquid Argon TPC Far Detector

* Precision neutrino scattering measurements with Near Detector
26 80ct2015 Jim Strait | LBNF/DUNE m:
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DUNE Primary Science Program

Focus on fundamental open questions in particle
physics and astroparticle physics:

1) Neutrino Oscillation Physics

— CPV in the leptonic sector
« “Our best bet for explaining why there is matter in the universe”

— Mass Hierarchy
— Precision Oscillation Physics & testing the 3-flavor paradigm

2) Nucleon Decay
— Predicted in beyond the Standard Model theories [but not yet seen]
- e.g. the SUSY-favored mode, p — K™v

3) Supernova burst physics & astrophysics

— Galactic core collapse supernova, sensitivity to v,
« Time information on neutron star or even black-hole formation

27 80ct2015 Jim Strait | LBNF/DUNE ME



DUNE Primary Science Progre

physics and astroparticle physics:

* 1) Neutrino Oscillation Physics
— CPV in the leptonic sector

« “Our best bet for explainips

— Mass Hierarchy

— Precision Oscillgp

tandard Model theories [but not yet seen]
_«avored mode, p — K'v

AN\V I ruava burst physics & astrophysics

2 ztic core collapse supernova, sensitivity to v,
Time information on neutron star or even black-hole formation
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DUNE Ancillary Science Program

Enabled by the intense LBNF beam and the DUNE near
and far detectors

« Other LBL oscillation physics with BSM sensitivity
— Neutrino non-standard interactions (NSIs)
— Sterile Neutrinos at the near and far sites
— Measurements of tau neutrino appearance

« Oscillation physics with atmospheric neutrinos

« Neutrino Physics in the near detector
— Neutrino cross section measurements
— Studies of nuclear effects, FSI etc.
— Measurements of the structure of nucleons
— Neutrino-based measurements of sinZ0,,

« Search for signatures of Dark Matter

29 80ct2015 Jim Strait | LBNF/DUNE m



Neutrino Oscillation Strategy

Measure neutrino spectra at 1300 km in a wide-band beam

« Determine MH and 0,, octant, probe CPV, test 3-flavor paradigm
and search for v NSl in a single experiment

— Long baseline:

« Matter effects are large ~ 40% E ~ few GeV
— Wide-band beam:

Measure v, appearance and v, disappearance over range of energies
« MH & CPV effects are separable

v, /v, dlsasgpearance

;:DUNE v, disappearance DUNE v, disappearance
i 1150 kt-MW-yr v mode 150 kt-MWW.yr v mode
i isin’(0,,)=0.45 —— Signal v, CC Sin{B,;)=0.45 — Signalv, CC

V. / V, aepearance

DUNE v, appearance E DUNE v, appearance
30)

150 kt-MWyr v mode 150 kt-MWyr v mode
Normal MH, §..=0 Normal MH, §..=0
sin’(8,,)=045 C sin‘{8,;)=0.45

—— Signal [T} CC r HEER —— Signal [T} CC

m
=4

= CDR Reference Design
«++sess Optimized Design

>
o
o
0
N
=)
4
7}
]
c
[
>
w

Events/0.25 GeV
3

g

>
@@
o
0
~
2
w
-
=
@
=
w

Events/0.25 GeV

=
] T T T

R S R S
Reconstructed Energy (GeV) Reconstructed Energy (GeV)
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Nucleon Decay & Supernova vs

Nucleon decay p - K+V ICARUS cosmic-ray event

cathode

« Image particles from nucleon decay

kaon decay

— target sensitivity to kaons (from dE/dx) 4

from SUSY-inspired GUT p-decay modes

muon decay

time

E ~0(200 MeV) e | _wireno., =~ 05m

Supernova burst neutrinos

« Astrophysics and neutrino

— To date only observed Vv, from single SN

'S
[
TT I T

[
o

— In argon, the largest sensitivity is to v,
« CC interaction: Ve + WAr — e + OK*

Events per 0.5 MeV
58

5.
TTT[TTT

E ~ O(10 MeV)

. . 25 30 3 i “40
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The DUNE Collaboration

Formed this year from the previous LBNE and LBNO collaborations plus many
new institutions

782 Collaborators

/144 institutions - from 26 Countries \

4 A  Armenia, Belgium, Brazil,
= U Bulgaria Canada, Colombia;*
taly Czech Republic, France;
 India Germany India. Iran. Italy,

.. Other

- Japan Mexico,
/. Netherlands, Peru, Poland,
. Romania, Russia, Spain,
\_Switzerland, Turkey, UK,

- Switzerland

j- USA, Ukraine
poland | : on 5 Contlnents
3 - .”}- s _i
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The DUNE Collaboration

Formed this year from the previous LBNE and LBNO collaborations plus many
new institutions

782 Collaborators | AR
' 144 institutions | from 26 Countries @
/ 1] Armenia, Belgium, Brazil,
o \ Bulgaria, Canada, Colombia;*
Other , Czech Republie, Franee; =

U . Germany, India. Iran Italy,

e B
' | /. Netherlands, Peru, Poland,

. Romania, Russia, Spain,

3 SWltzerJand Turkey, UK,
USA, Ukraine

on 5 Continents
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LBNF/DUNE Overview

FERMILAB
Batavia, lllinois

detector, 1480 m underground
e High-power, broad-band \/M/Vu beam
* Precision near detector
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Staged Approach to 40 kt

Four-Cavern Layout at the Sanford Underground Research Facility
(SURF) at the 4850 foot Level (4300 m.w.e.)

mm) four caverns hosting four independent 10-kt (fiducial
mass) Far Detector modules

— Allows for staged construction of the Far Detector
— Gives flexibility for evolution of LArTPC 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

%
_——-—'/\

rARRAA

Atk ek VL

_..._,,___-—-—'— AAARRNOAARYS

\
g‘nﬁu‘m\mﬁmzﬂu\'v
1 y _
\ e # :.,_ ). \C
—
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3 54"
$5304 tube

Reference Design: |
Single-Phase LAr TPC

Based on the successful design
pioneered by the ICARUS Collaboration

Anode wire planes:

3" x4
55304 tube

L

LR \‘;v‘v—,r

Liquid Argon TPC

[
]

m.i.p.ionization:

i 3" 54"
6000 e/mm

$5304 tube

55304 tube

2"

€23 m=> ' @
Anode Plane Assembly (APA)

Cathode
Plane

— APA CPA APA CPA APA
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Reference Design:

Single-Phase LAr TPC

Based on the successful design
pioneered by the ICARUS Collaboration

Cathode
Plane

-
Edri‘l ~ 500V/em

Liquid Argon TPC

m.i.p. ionization:
6000 e/mm

Anode wire planes:
u vy

time

b

|l
3
£

o

R
AR

i
Py

th

<23 m=>

m\

3 54"
$5304 tube

- Vwires

2"

55304 tube

3" x4”
$5304 tube

APA CPA APA




Alternative Design:
Dual-phase LAr TPC

DUNE collaboration recognizes the potential of the dual-
phase technology

— Strongly supports the WA105 development program at the CERN
neutrino platform

— If demonstrated, could form basis of second or subsequent 10-kt far
detector modules | __ Multilayer PCB anode

drift 0.5 kV/em

Extraction grid
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Far Detector Prototypes

e Topcap

3x1x1 m3 detector

O
O
tank outer structure (;(5
oo
O
X
6@
O 35 t single-phase

Prototype at Fermilab
1 x 1 x 3 m3 dual-phase

prototype at CERN
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Far Detector Prototypes

Micro TCA crates [17)
for charge vignal

WV power supply e e

{-300KV)/-S00M/-1MV)

Top imulation cap

S
oR
protoDUNE: single-phase prototype
WA105: 6 x 6 x 6 m3 dual-phase prototype (6 full-scale APAs) at CERN
at CERN
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DUNE Near Detector

« Top-level Requirements
— Abillity to constrain systematic uncertainties for the DUNE
oscillation analysis

— Drives the design and implies the capability to precisely measure
exclusive neutrino interactions

=) Naturally results in a self-contained non-oscillation neutrino physics
program

— Exploiting the intense LBNF neutrino beam

 International context

— The proposed contribution of Indian institutions to the design and
construction of the DUNE near detector is a central part of the
DUNE strategy for the construction of the experiment
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Near Detector Reference Design
The NOMAD-inspired Fine-Grained Tracker (FGT)

STT Module
o Backward ECAL

e |t consists of:

— Central straw-tube tracking system with
embedded nuclear targets

— Lead-scintillator sampling ECAL (4n)
— Large-bore warm dipole magnet
— RPC-based muon tracking systems

« |t provides:

— Constraints on cross sections and the
neutrino flux

— Arrich self-contained non-oscillation neutrino physics program

« DUNE has set up a ND task force

— End-to-end physics study of FGT measurements and LBL analysis
— Quantifying the benefits of augmenting the ref. design with a
LArTPC or high-pressure gaseous argon TPC
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| High-Power Horn-Focused Beam
... Still being optimized

Near Detector Absorber Hall Target Hall Complex
Kirk Service Building Service Building (LBNF-20)

I'I DAIE 3!\1

Primary Beam Enclosure

Apex of Embankment ~ 60°

MI-10 Point of Extraction
Primary Beam —\

Service Bmldmu

ROCK = i ROCK
= : et g “— Target (MCZero) I
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Neutrino Beam Configuration

Work cell

Water cooled\

Space reserved for more
optimized horn system

multi-ply geosynthetic barriers, separated by a drainage layer
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Optimizing the Neutrino Beam

Proton energy choice in the range 60-120 GeV (some programmatic
consequences).

Horns
— Shape/size

— current (power supply up to 300 kA, just completed new
conceptual design)

Target (currently two interaction lengths)
— Size/shape/position with respect to Horn 1
— Material(s) (higher longevity can increase up time - ongoing R&D)

Studied Decay Pipe length and diameter. Current length 194 m
(studied 170 m - 250 m). Current diameter 4 m (studied 2-6 m).
Recently fixed at 194 m long x 4 m diameter.
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Optimizing the focusing system for greater physics reach

Genetic algorithm, inspired by work done by LBNO Collaboration
to optimize for CP Violation sensitivity

W
L L

n
()]

Genetic algorithm and new shape of Horn 1
Horn 2 is NuMI shape in this case but
rescaled radially and longitudinally

Target length varied — longer target
preferred: 2 > 5,

N.g.

e
T

0 2000 4000 6000 8000100001 20001 40001 60001 8000
Configuration

—

Fitness = 75% CP Sensitivity
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Neutrino Flux of best configurations compared
with Reference Design

80 GeV protons

v, Flux, v Mode

Spiimizsd], 250D 1 Substantial flux increase,
Optimized, 204x4 m DP 1 especially at the 2" oscillation
Enhanced Reference, 250x4 m DP : . . .
Enhanced Reference, 204x6 m DP i maximum which is very
Reference, 204x4 m DP ] . . .

important for the CP violation
and mass ordering

measurements.

oo
o

x10°

a o
29 9

w

... Optimization is continuing.

- N
= =

Unoscillated v,s / GeV / m?/ Year
S
o

% 1 2 3 4 5 6
v, Energy (GeV)

2nd 15t osc max
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Evaluating DUNE Sensitivities

Many inputs to calculation (implemented in GLoBeS):
e Reference Beam Flux — Fast MC smears response at
— 80 GeV protons generated final-state particle level
_ 1.07 MW — “Reconstructed” neutrino energy

— NuMlI-style two horn system KNN-based MV technique used
for v, “event selection:

« Optimized Beam Flux parameterized efficiencies
— Horn system optimized for lower ;g v, appearance
energies 0.8
Y 0'7 'I Selection Efficiency
« Expected Detector § 0% —swco,
‘s 05] — Sig-CC-v,
Performance £ oaf  — BCCwn
— Based on previous experience 33 :g:g;gg::eﬁe
(ICARUS, ArgoNEUT, ...) o1l

econstructed trmo nergy [ e\ﬁ
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DUNE Sensitivity to CP Violation

Propagate to Oscillation Sensitivities
using assumptions for systematics (from the ND)

(o) 1 1 1+ivi . . ege e
50 % CP Violation Sensitivity 50 % CP Violation Sensitivity

9: DUNE Sensitivity % CDR Reference Design.] 9 1

[ Normal Hierarchy [ optimized pesign ] - DUNE Staging —— CDR Reference Design
85 s!n§2013 =0.085 . sF Normal Hierarchy  ------- Optimized Design

[ sin’6, = 045 F sin’20,, = 0.085
7_ «<5%PD1% 7f sine,, = 0.45 \)((e(\‘
oF = < 5%®D2% of e

C — C 2
B 1 5%®3% @ S O

C —— C \

C T :_ (‘D‘,a%
41 o 4F
3f B g
of a3

C 1:_
1 F

: c 1 1 | 1 | | 1 | 1 | | |
G-I L1 I L1l I L1 1 I L1 1 I L1 1 I L1l I L1 1 I 1 0 2 4 6 8 10 12 14
0 200 400 600 800 1000 1200 1400 Years

Exposure (kt-MW-years)

<3 % v, systematics important after ~200 kt. MW.yr
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MH, 8-, and sinZ0,; Sensitivities

Mass Hierarchy Determination
L

35

Optimized Design
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Proton Decay Sensitivity

p— K'Vv

« DUNE for various staging assumptions
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Physics Milestones

Rapidly reach scientifically interesting sensitivities:
— e.0. In best-case scenario for CPV (8p = +7/2) :
—— « with 60 — 70 kt. MW.year reach 3o CPV sensitivity
— e.g. In best-case scenario for MH :
« with 20— 30 kt.MW.year reach 5c MH sensitivity

Physics milestone Exposure kt - MW - year Exposure kt - MW - year
(reference beam) (optimized beam)

1° 043 resolution (fo3 = 42°) 70 45
— CPV at 30 (dcp = +7/2) 70 60

CPV at 30 (0cp = —7/2) 160 100

CPV at 50 (6(11‘! = +?T/2) 280 210

MH at 50 (worst point) 400 230

10° resolution (dcp = 0) 450 290

CPV at 50 (6@1‘! = —?T/Q) 525 320

CPV at 50 50% of dcp 810 550

Reactor 6,3 resolution 1200 850

(sin” 20,3 = 0.084 £ 0.003)

CPV at 30 75% of dcp 1320 850

* Genuine potential for early physics discovery
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Physics Milestones

Rapidly reach scientifically interesting sensitivities:

— e.0. In best-case scenario for CPV (cp = +7/2) :
—— + with 60 — 70 kt.MW.year reach 3c CPV sensitivity

— e.g. In best-case scenario for MH :
- with 20 — 30 kt.MW.year reach 56 MH sensitivity Global it

E.Lisi et al.
Moriond 2015

Physics milestone Exposure kt - MW - year Exposure kt - MW - year

(reference beam) (optimized beam) ArTT - i“é%—-é

1° 043 resolution (fo3 = 42°) 70 45 I
——>  CPV at 30 (dcp = +7/2) 70 60 Sy L S

CPV at 30 (dcp = —7/2) 160 100 LN\ Z

CPV at 50 (6(11‘! s +?T/2) 280 210 oy v

MH at 50 (worst point) 400 230 < 2/ """"""""" T r

10° resolution (dcp = 0) 450 290 A

CPV at 50 (dcp = —7/2) 525 320 |

CPV at 50 50% of dcp 810 550 . W\

Reactor #,4 resolution 1200 850 i

(sin? 26,5 — 0.084 + 0.003) Do

CPV at 30 75% of dcp 1320 850 R

&/

* Genuine potential for early physics discovery
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LBNF/DUNE Schedule Summary Overview

Calendar Year 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028

CD3b CD2/3c cD4 Eiarly
Completion

CF FARSITE DESIGN
CF SITE PREP

CFFS Design

Waste Rock Handling
1st 10 kt excavation and outfitting
1st 10 kt cryogenics and cryostat Cryostat #1 Complete
1st 10 kt detector installation Cryostat#1, Cryo Equip/Pipingy, Cryo Commissi'sJallsf4
1st 10 kt detector filling FAR DETECTOR
1st 10 kt detector commissioning

2nd 10 kt excavation and outfitting EXC. #2
2nd 10 kt cryogenics and cryostat Cryostat #2, Cryo Equipment and Piping
2nd 10 kt detector installation FAR DETECTOR

2nd 10 kt detector filling AR FILL
2nd 10 kt detector commissioning COMMISSIONING

EXCAVATION #1 SHAFT UTILITIES

1stData

M

COMMISSIONING

3rd 10 kt excavation and outfitting EXC. #3

3rd 10 kt cryogenics and cryostat Cryostat #3, Cryo Equipment and Piglf

3rd 10 kt detector installation FAR DETECTOR
3rd 10 kt detector filling ARFILL
3rd 10 kt detector commissioning COMMISSIONING

4th 10 kt excavation and outfitting EXC. #4
4th 10 kt cryogenics and cryostat Cryostat#4, Cryo Equipment and Piping
4th 10 kt detector installation T FAR DETECTOR
4th 10 kt detector filling

4th 10 kt detector commissioning

Utilities in the Shaft FAR SITE

NEAR SITE¢

AR FILL

0

QMMISSIONING

Beamline CF Advance Site Prep CF EMBANKMENT
Embankment Settlement Period SETTLEMENT
Beamline CF Construction PRIMARY BEAMLINE, HALLS AND DECAY REGION

Beamline Installation BEAMLINE

1stBeam

Near Detector Conventional Facilitiels NEAR DETECTOR HALL
Near Detector Installation and Comjn NEAR DETECTOR
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Summary
LBNF/DUNE has

an advanced design for a world-leading experiment
focused on fundamental open questions in particle
physics and astroparticle physics

a clear scientific strategy and a project plan to
implement it

the capability of making major discoveries in

— Long-baseline oscillation physics
— Nucleon decay
— Neutrino astrophysics

— Neutrino scattering physics
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