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Motivation

D ICRICECY
® \Where is all the antimatter?

® Neutrino oscillation offers a new
test of CP symmetry

M.O. Wascko NEPPSR 2009 2
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Outline

e Experimental methods to
determine neutrino properties

e Farly days
e Standard Model

e Neutrino Mass
e Discovery
® Open Questions

M.O. Wascko NEPPSR 2009
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Offener Brief an die Grunpe der Radiosktiven bei der
Gauvereins-Tagung zu Tubingen.

Abschrift

Physikaliasches Institut
der Eidg. Technischen Hochschula Zirich, L. Des. 1930
Zirich Cloriastrasse

Liebe Radioaktive Damen und Herren,

Wie dar Ueberbringer dieser Zeilen, den ich huldvollst
ansuhbren bitte, Ihnen des nfhersn auseinsndersetzen wird, bin ich
angesichts der "falachen" Statistik der Ne und Li-6 Kerne, sowie
des kontinuierlichen beta-Spektrums auf einen versweifelten Ausweg
verfallen um den "Wechselsats® (1) der Statistik und den Energiesats
su retten. MNimlich die Moglichkeit, es kinnten elektrisch neutrale
Teilohen, die ich Neutronen nemnen will, in den Kernen cxi.atienn,
welghe den Spin 1/2 haben und des Ausschliessungsprinsip befolgen und
‘sheh von lichtquanten musserdem noch dadurch unterscheiden, dass sie ’
mnit Lichtgeschwindigkeit laufen., Die Masse der Neutronen

von derselben Orossenordmung wie die Elektronenmasse sein g
s nicht grosser als 0,0) Protonenmasse.~ Das kontimd
Spekctrum wire dann verstindlich unter der Amahme,

boba~lorfall mit dem Llektron jeweils noch ein Neutrs
iz, derart, dass die Summe der Energien von Na
konstant 1ist,

Nun handelt es sich weiter da e
Neutronen wirken. Das wahrschet ron scheint
mir sus wellenmechanischen O Arbri.ngor
dieser Zeilen) dieses =

magnetiacher Dipol & et D!.o k‘peri-mh
verl.neen wohl & eines solchen Neutrons

nicht gross -Strahla und darf denn

M woh m),
4.117 aber nicht, etwas iber diese Ides
‘ e ¢ mich erst vertrauensvoll an Euch, liebe
‘ Frage, wie es um den experimentellen Nachweis
¢utron: tf.ande, wenn dieses ein ebensolches oder etwa
4--5 Durchdringungsvermogen besitsen wirde, wie ein

Iah g.bo zu, das= mein Aueweg vielleicht von vormherein
weig wahrscheinlich erscheinen wird, well man die Neutronen, wemn
she existisren, wohl schon l¥ngst gesehen hatte. Aber mur wer wagt,
amsfomt und der Ernst der Situation beim kontimuierliche botn-Sp.ktm
wird durch einen Aussprech maines verehrten Vorgs
Herrn Debye, beleuchtet, der mir Mirslich in

Steuern." Darum soll man Jodm Weg zur Rettung ernstlich dlsimtieren.~
Also, liebe Radicaktive, priifet, und richtets= Lelder kenn ich nicht
pmonnch in TObingen erscheinan, da sch infolge eines in der Nacht
von 6. mum 7 Des. in Zirich stattfindenden Balles hier unabkfmmlich
bin,- Mit vielen Oriissen an Euch, sowie an Herrm Baek, Buer
mmmigatar Di-ur

ges. V¥. Pl

Y g 12 It 20 a0
“l have done something very bad today

by proposing a particle that cannot be
F16. 5. Energy distribution curve of the beta-rays. detected; it is something no theorist

FA. Scott, Phys Rev. 48, 391 (1935) should ever do.”
— Wolfgang Pauli (1930)

V electron volts)

M.O. Wascko NEPPSR 2009
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vS In Standard Model

No charge
No color
Fixed helicity
No mass

Flavors don’t mix

ELEMENTARY
PARTICLES

Leptons | Quarks
Fo}ce Carriers

Fermllab

ciccron muon ta
I II III Visual Media Services

Three Generations of Matter

NEPPSR 2009
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Discovery

vN(n,p) =N'(n-1,p+1)+e"

¢ Reines & Cowan - reactors = EREE el W 3

'

1] _ =
|
v % . ﬂ x 8
b ! - T &l ; Wk
Y B , - !
'~ ik 0 g 4 x o 4
etane o / 'v‘-.‘ ’ "_',"( - g vl
. ) “am Ay
R i et 4 > i
2 A \ o N -

e First try at Hanford
® Cosmic backgrounds too high

e Second try at Savannah River
® Success!

Science 124, 103 (1956)
Phys. Rev. 117, 1569 (1960)

M.O. Wascko NEPPSR 2009 6
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Helicity

e (Goldhaber 1958

e 152Fy decays via atomic
electron capture

o 152Ey—>152Sm*y,

e Results in neutrino and e Place ">“Eu in a magnetic
recoil nucleus field, and oscillate field

e 1525m* decays rapidly to e Look for asymmetry
ground state via ~900 keV
photon

_ o e Result: neutrinos are left
® Measuring the polarisation handed!

of the photons yields

helicity of neutrinos!
Phys.Rev. 109, 1015 - 1017 (1958)

M.O. Wascko NEPPSR 2009
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Expanding the
Toolbox

Pion Decay
T—uv
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Pion Decay Chain

M.O. Wascko NEPPSR 2009
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First Neutrino Beam

W \\\\‘\\\\\\E “:\ i

LT
STEEL N ' l
. s il

FIG, 1. Plan view of AGS neutrino experiment,

Phys. Rev. Lett. 9, 36 - 44 (1962)

M.O. Wascko NEPPSR 2009
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Muon neutrinos!

vVA—u-X

FIG, 6. Vertex events. (A) Single muon of p#>500
MeV and electron-type track; (B) possible example of
two muons, both leave chamber; (C) four prong star with
one long track of p, >600 MeV/c,
M.O. Wascko NEPPSR 2009
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Neutrino horns

M.O. Wascko NEPPSR 2009
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Reminder

Va\ W/M_ V;\ /\/M

n /:\ o P /:\

Charged Current Neutral Current
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NC Signals & BGs

F J Hasert et al. 1973 Phys. Lett. 46B 12 1

(Also get ve—ve, of course)

NEPPSR 2009
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3 generations

® | ook at invisible width
ALERH around Z° resonance

¥ DELPHI
® L3

. OPAL e Favors 3 light neutrinos

® Not sensitive to neutrinos
heavier than Z°

See: J. Dress at the XX International

C. Caso et al., Euro.Phys.J C3, 1 (1998) Symposium on Lepton and Photon
and (URL: http://pdg.Ibl.gov/) Interactions at High Energy, Rome, Italy (July
2001).

2.984+0.008 — 2 o away from 3!

M.O. Wascko NEPPSR 2009
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vS In Standard Model

v No charge

v No color

vV Fixed helicity

v/ No mass

v Flavors don’t mix

ELEMENTARY
PARTICLES

Leptons | Quarks
Fd}ce Carriers

Fermllab

ciccron muon ta
I II III Visual Media Services

Three Generations of Matter

NEPPSR 2009 18
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" MiniBooNE Detector

¢300 tons of pure mineral oill

e6m radius steel sphere Signal Region

B Veto Reg
e~2m earth overburden dodores eto Region

1520 8" PMTs

¢ 1280 in main tank (sphere) N EEEEYYL

e 240 in veto region (shell) ..............:::

eDAQ records t,Q EEEEEEXXY

o“Hits” | ® o o 0000000

NEPPSR 2009
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Neutrinos In oll

A neutrino can do many things in mineral oil...
About 75% CC, 25 % NC

NC events lose energy when
neutrino escapes detector

other 13%

CC events deposit

all energy in detector
v vu

CCQE 39%
NCE 16%

Vu,e

- 20
| .
- p

u,e-

- we
n/\p

NCpi0 7% "M v

. 20

| 0
pn &
W o CC pi+ 25% T~ pn

M.O. Wascko NEPPSR 2009 22
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Particle Images

* Muons ’
e Sharp, clear rings / Su%a %;%
\ %:r%m%;?

e Long, straight tracks

* Electrons \

» Scattered rings ‘. engi;a
2 0]
WA U

» Multiple scattering ﬂ% P &
@ %e)u@@'e @

e Radiative processes

®
o N— =
‘——*'

]

AN

ARSI

e Double rings o " o ¥ e i BN
afs o fs By T ARt Wn/ LSRRI
O A A R e~
S
* Photons pair produce “%%!&@%g}l

y
\f'"f,-_,- =

e Neutral Pions

—

4

¥/
0

e Decays to two photons 2w g
o e peda

NEPPSR 2009 23
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Looking at Tank Data

%10’
[ —
topping v
-

— | | I | | I | | | I | | |
Through-going

4

1| Radioactive Decays,
- Noise Hits

Stopping Muons

Through-going
I Muons
() QL+hf4IAITIﬂIH171ErfﬂjﬁrifﬁrrﬁirlHTH=iu T T R N R T

0 20 40) 60 80 100

lllllllllllllllllllllll

I I

Veto Hits (PMTs)
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Looking at Tank Data

%10’
[ —
topping >
-

— | | I | | l | | | | | | | I | |
Through-going

1| Radioactive Decays,
Noise Hits

Muon Cut: Veto Hits<6

Stopping Muons

lllllllllllllllllllllll

I Through-going
I Muons

OMMHL

0 20 40) 60 80 100

I I

Veto Hits (PMTs)
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Looking at Tank Data

Putting it all
together...

o | | [ | [ | | [ | [ | [

Radioactive Decays,
Noise Hits

L — Muon Decay Electrons

lllllll

I
|

Through-going

I
|

N

Cosmic Muons

IIIIIII

lllllll

I | I | I | I | I | I I | —

200 400 600 800 1000 1200
Main Tank Hits (PMTs)
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Looking at Tank Data

Putting it all
together...

T | III|III | | I

Radioactive Decays,
Noise Hits

L — Muon Decay Electrons

llllllll

Decay Electron Cut: Tank Hits>200
Through-going

N

Cosmic Muons

IIIIIII

lllllll

lllYlllllll|lll|lll|lll|l—

200 400 600 800 1000 1200
Main Tank Hits (PMTs)

NEPPSR 2009
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- Triggering on Neutrinos

 MiniBooNE's neutrino trigger is unbiased

* The Booster dumps protons onto our target in 1.6us
intervals, several times per second

e “Beam spill”

*\We know exactly when neutrinos from the beam are
passing through the detector

*\When this happens, we record all detector activity in a
20us interval around the beam spill

Protons on target

20 us

M.O. Wascko NEPPSR 2009 26
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- Triggering on Neutrinos

MiniBooNE's neutrino trigger is unbiased

e The Booster dumps protons onto our target in 1.6us
intervals, several times per second

e “Beam spill”

*\We know exactly when neutrinos from the beam are
passing through the detector

*\When this happens, we record all detector activity in a
20us interval around the beam spill

Protons on target Neutrinos in detector Recorded event

Tlme (~us)

20 us

M.O. Wascko NEPPSR 2009 26
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® Times of hit-clusters

e Beam spill clearly evident

® simple cuts eliminate
cosmic backgrounds

e Neutrino Candidate Cuts
® <6 veto PMT hits
e >200 tank PMT hits

® Only neutrinos are left!

2000 4000

NEPPSR 2009

-

.........

Beam and
Cosmic BG

Tank hits > 10

6000 8000 10000 12000 14000 16000 18000 20000
Event Time (ns)

.
)

o\ e
“r
. )

Picking out Neutrinos '

27
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Picking out Neutrinos

Beam and
Decay e-

Tank hits > 10
Veto hits < B

® Times of hit-clusters

e Beam spill clearly evident

® simple cuts eliminate
cosmic backgrounds

e Neutrino Candidate Cuts
® <6 veto PMT hits
e >200 tank PMT hits

® Only neutrinos are left!

2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
Event Time (ns)

NEPPSR 2009
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Beam
Only
e Times of hit-clusters
.T‘rj nk h']'tif} _L O
e Beam spill clearly evident fete it =
® simple cuts eliminate
cosmic backgrounds
e Neutrino Candidate Cuts
® <6 veto PMT hits
e >200 tank PMT hits
® Only neutrinos are left!
2000 4000 6000 ngln:[;ﬂt:ﬂ;(z::? 14000 16000 18000 20000
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Why v mass is difficult

11

o
-
|

(nb)

T T 111

_ b 100 E ~
e Usual techniques - , S~
® Mass reconstruction olfor 1 o0
- ete” —— .t~ 1cosB1<0.6

® Spectrometry .

d gl i Lo oeid 0 ool

e Cannot directly measure v 10

(nb)
TYTIT
\j g -
i - ks

. b £y, 7 I
mass eigenstates! - Ty :
l ':1 N ’- [ | | T IR SO (TN |
_ 200 | eTe” —eTe”  IcosBI<0.6 7
® Must use less direct 100 b .
techniques < - - s
‘ -
b - ' —
20 | ST W T | | .
3.050 3.090 3.00 3.10 3.120 3.3C

Ec.m. (GeV)

Phys Rev. Lett. 33, 1406 (1974)

M.O. Wascko NEPPSR 2009
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Why v mass is difficult
e - |oooE:e *?{ms Ay

(nb)

T T 111

_ b 100 E R =

¢ Usual techniques : | e C

® Mass reconstruction olf 1 ]
- ete” ——utu”  lcos@1<0.6

® Spectrometry -

L adad

e Cannot directly measure v 10

{nb)
TTTII
T
= - *

. b E_‘ ) ? ! —*—g
mass eigenstates! - Ty -
l ':l N 3 I | | T IR SO (TN |
_ 200 | eTe” —e'e”  IcosB1<0.6 7
® Must use less direct 100 b .
techniques < - - s
‘ -
b - ' —
20 | SO W B | ] 1J
3.050 3.090 3.00 3.10 3.120 3.3C

Ec_m. (GeV)

Phys Rev. Lett. 33, 1406 (1974)
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Why v mass is difficult

RN

N

e Usual techniques
® Mass reconstruction
® Spectrometry

e Cannot directly measure v
mass eigenstates!

® Must use less direct
techniques

M.O. Wascko

(nb)

o

Halo}

o

{nb)

NEPPSR 2009
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SSM Prediction
(1 FWHM Results) 3
1.4}
L ] | 7
5 1.2} ¢ | b - ls
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o 08| [ IR - ﬁ
g . o { * L ‘:' 'm re ﬁ" &-4 2
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é 04l | t ’ } IR
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Cosmic ray T | g T T T T T
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S s HISTOGRAM ~
- OF DATA
° -
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/ Co T miions
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M.O. Wascko NEPPSR 2009

e Solar Neutrino Problem
PRL 20 1205 (1968)

e Atmospheric Muon
Neutrino Deficit
PRD 18 2239 (1978)
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Neutrino Oscillation

Pontecorvo, Maki, Nakagawa, Sakata

If neutrinos have mass...

a neutrino that is produced as a v,

g}b‘jvﬂo mﬂ‘m‘u{aﬁv&% ® (eg J-[;+ — M+ VIJ)
might some time later be observed as a v,

e (e.g.v.n—ep)

v detector
VvV source

M.O. Wascko NEPPSR 2009 31
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Neutrino Oscillation

(Vu) B ( cos 0. sin@) <V1>
Ve —sin cosO / \ v e Consider only two types of

v, v neutrinos

Vv, e |f weak states differ from
mass states

® i.e. (vuve)=(viVv2)

® [hen weak states are
mixtures of mass states

2 e Probability to find ve when
POSC(VM — Ve) — ‘ < Ve‘Vy(t) > ‘ you started with v,

M.O. Wascko NEPPSR 2009
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> ] I I I | I
P(v, —V,) = sinzzelzsmz(Lzmm%ZE) :
R }

e 2 fundamental parameters 08 -

e Am?12 (=m1%-m2?) <= period 0.45— —

e 0> <= magnitude 0_23_(Vu—>"e) -

e 2 experimental parameters R B e R

e | = distance travelled
e E = neutrino energy

e Tune L&E for Am? range,
uncertainties determine 6
sensitivity

® Neutrino disappearance and
appearance

M.O. Wascko NEPPSR 2009 33
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A I I | I l I | | I | | I I I | I I I | I I I | I | I

Probability

L
P(V,—V,) = sin*28), sin2(1.27Am%ZE)

¢ 2 fundamental parameters "o _
® Am?Z12 (=M42-m2?) <> period 0.4 .
e 0, <= magnitude ozi_(Vp—We) -
® 2 experimental parameters °o‘/o's—4\15/éz‘s\?:
e | = distance travelled Ex103
_ : "goooo -
® E = neutrino energy $
EBMU
H
e Tune L&E for Am? range, =
- - - 6000
uncertainties determine 6
sensitivity 4000
® Neutrino disappearance and -
appearance

O 0 025 05 075 1 125 15 175 2
E, (GeV)
M.O. Wascko NEPPSR 20uo 33
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P(V, — V,) = sin*20y;sin*(1.27Ams,

College

e 2 fundamental parameters

® Am?12 (=m1?-m2?) <> period

® 0, <= magnitude

e 2 experimental parameters
e | = distance travelled
e E = neutrino energy

e Tune L&E for Am? range,
uncertainties determine 6
sensitivity

® Neutrino disappearance and
appearance

M.O. Wascko
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—

L
P(V,—V,) = sin*28), sin2(1.27Am%ZE)

Probability
|

=
")

0.6

® Am?Z12 (=M42-m2?) <= period 0.4

e 0> <= magnitude 0

lII|III|III|III|lII

1.5 p. 2.5 3

°O
P_
154

1 lllllll 1 I lllllll -
I T
_*_

. —

e 2 experimental parameters

e | = distance travelled

ratio

® E = neutrino energy

e Tune L&E for Am? range,

uncertainties determine 6

sensitivity 10
® Neutrino disappearance and

appearance

0.5 1 1.5 2
M.O. Wascko NEPPSR 2009 Ev e (GeV) 33
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p—
<
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I
<
L

® 0, <= magnitude 0

e 2 experimental parameters

. : L B 1 :

P(V, — V) = sin 20y sin’(1.27Am;,— ) EJ :
E E°3;( E

e 2 fundamental parameters °-6;— _
2-m3y?) <> period 0l -

°O

e | = distance travelled

ratio

e E = neutrino energy

I lllllll

e Tune L&E for Am? range,
uncertainties determine 6 f
sensitivity 10 WL
® Neutrino disappearance and
appearance

1

1 lllllll

0.5 1 1.5 2
M.O. Wascko NEPPSR 2009 Ev e (GeV) 33
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L
— Ve) = SiIl2 201 SiH2<1-27Am%ZE>

e 2 fundamental parameters

® Am?12 (=m1?-m2?) <> period

® 0, <= magnitude

e 2 experimental parameters
e | = distance travelled
e E = neutrino energy

e Tune L&E for Am? range,
uncertainties determine 6
sensitivity

® Neutrino disappearance and
appearance

M.O. Wascko
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Expected Signal+BG

sin”20,,=0.10
sin®20,.=1.0
AM?=0.003eV?

Total BG

BG from 1...-H+:='|ntiw.rp

J-l-_l_--l'l'l

4 45 5

Reconstructed Ev(GeV) 45
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Presenting Oscillations

P(v, — V,) = sin®201,sin*(1.27Am

e Recall:
e | and E determine the Am? sensitivity region
® sin?20 gives amplitude of oscillations

® No signal: exclusion regions
® |Inside the region: excluded

e (Qutside the region: cannot be ruled out

e Signal: allowed regions

e Shown by shaded areas specifying Am? and
sin?26

e Size of allowed region determined by
experimental uncertainties

M.O. Wascko NEPPSR 2009
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Aty
_# _Super Kamiokande

Fermilab 110 Noudan
730 km _>| "
||"I""I""I""I'I'I'\

1501 J MINOS Far Detector | ® Need same L/E to probe same
. : . Far detector data j Am? region as atmospheric
Soof | ] T Nooselations - e Confirmed with accelerator
~ - — Best oscillation fit T neUtrinOS
..UC.? I ‘-{: 1 NC background
O o K2K and MINOS
1y 50 —

i K2K: PRL 98, 081802 (2005)
0 T T MINOS: PRL 101, 131802 (2008)

Reconstructed neutrino energy (GeV)
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Fermilab 110 Noudan
// A e —] I
N — ._‘:::\\\\\\\\
355 T e SN e ® Need same L/E to probe same
Bl "' Am? region as atmospheric
<90 e Confirmed with accelerator
° ,5f 7 neutrinos
g 20; o MINOSbestoscillation“f*i;‘lw"“'"""?"3""-'*‘."~w..:,; ----- _— ° K2K and MINOS
[ —— MINOS 90% - SuperK 90%\\ K
1.5:_ —=— MINOS 68% Super-K L/E 90% ]
o MINOS 2006 90% - KIK 50% 1 K2K: PRL 98, 081802 (2005)
P S A A B B MINOS: PRL 101, 131802 (2008)
0.6 0.7 0.8 0.9 1
sin%(20)
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3 Flavors

Atmospheric Cross-Mixing Solar
U, Up Ug 10 0 ci3 0 sp3e ™\ [ cip 512 0
U= U.ul U‘ug Upj = 0 Ca3 523 0 | 0 —&172 C12 0
Uz U Ug 0 —s23 €23 J\—s1367® 0 c)3 0 0 1

where cjj = cosbj, etc.

M.O. Wascko NEPPSR 2009
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3 Flavors

Atmospheric Cross-Mixing Solar
U Ue Ug 10 0 ci3 0 spe ™\ [ ca 512 0
U= [':P'l L“‘ug I‘:-ﬁf?’ —=| 0 Ca3 523 0 | 0 —&172 C12 0
Uz Up Ug 0 —s23 c3 J\—s13¢ 0 ¢ 0 0 1
where cjj = cosBj, etc.
Mass (eV) I
0.05
- V3 flavour key:
atmospheric Ve
0.009 | o solar V2
I

M.O. Wascko NEPPSR 2009
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Open Questions

flavour key:
Ve
e \What is the last mixing
angle?
Mass (eV) |
ass (eV) e Do vs violate CP symmetry?
0.05 (mm V3
e \What is the mass hierarchy?
atmospheric
e \What is the absolute mass
scale?
0.009 | solar V2 .
_I? V1 e Are vs the same as vs?

M.O. Wascko NEPPSR 2009
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® Physics Goals:

e search for 913

e Start with world’s largest detector:
Super-Kamiokande

e Build new neutrino beam

SI2K.

“Tokai-To-Kamioka™

12K

KAM| OKA

precise atmospheric oscillatic
measurements

e Near detectors at 280m to constrain il Downstream

beam flux

http://xxx.lanl.gov/abs/hep-ex/0106019

M.O. Wascko

ECAL

Barrel ECAL

NEPPSR 2009 40
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Ifgﬁﬁgar: College | I[ZK.
12K experimental stratec

B Gigantic detector
7T, 7T, 7T, T, K oscillation
V,V,V, V
protons e .....dB ... ... ...
—> " L mmwm
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SI2K.

12K experimental stratei ¥
Gigantic detector

protons

—>

M.O. Wascko

7T, 7T, W, 7T, K oscillation

NEPPSR 2009
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Ifgﬁﬁgar: College | I[ZK.
12K experimental stratec

I Gigantic detector
oscillation

protons

—_—>

SciBooNE

M.O. Wascko NEPPSR 2009 41



Hion” SLL2K.
Background Uncertaintiés

G.P. Zeller
~ 22 - |
'> +
()
N
c 11 TOTAL +
@
3 TP E!
=08 { Iy
— Y : :
> {- Rl @ Need precise cross section
S, b measurements
L) - —
:3. 0.4 *
‘ia 0.2 } ) Single Pion
©
I \j
0 — ‘ 2 \/ﬂ \/u

10 1 10 1EO (C V)
e n CCQE\p \
.TZK Energy
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London 19 ST, 2 K
Background Uncertaintiés

G.P. Zeller

0.45 |

® Need precise cross section
measurements

e v, andv,

0_1 | 5 . ‘ | — N \/[.‘» \/u

10 1 10 10°
E,(GGV) n P

CCQE\F’ CC%
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London L et, S m e a S u re GV [SciBooNEé]

3 _
O T2K ~
© |
>
21 |
o |
Q |
N |
e | L ocIBoolE { e SciBooNE well matched to T2K
€ | .
gl |
<1
w [ | ]

0 1 2 3

P
Ev (GeV) CC@D ccm

M.O. Wascko NEPPSR 2009 43



Imperial College

London

M.O. Wascko

SciBooNE collaboratio

Universitat Autonoma de Barcelona
University of Colorado

Columbia University

Fermi National Accelerator Laboratory

High Energy Accelerator Research
Organization (KEK)

Imperial College London*

Indiana University

Institute for Cosmic Ray Research
Kamioka Observatory

Kyoto University”

Los Alamos National Laboratory
Louisiana State University
Massachusetts Institute of Technology
Purdue University Calumet

Universita degli Studi di Roma and
INFN-Roma

Saint Mary’s University of Minnesota
Tokyo Institute of Technology
Universidad de Valencia

R > Gr o O

Spokespersons:
I.Nakaya, Kyoto University
M.O.Wascko, Imperial College

NEPPSR 2009 44
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= SciBooNE Detector ==

Muon Range
_ Detector (MRD)

i \ ~ Parts recycled from past

Scintillator Bar
(SciBar)

Used in K2K experiment

experiments

v bear

T S

e
—

R e e e e e e p ,—u -

)
= . Electron

R o
-
- .
ey -

Catcher (EC)
Used in CHORUS, HARP and K2K
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= SciBooNE Detector ==

Scintillator Bar Muon Range
(SciBar) ~ Detector (MRD)

Parts recycled from past

Used in K2K experiment N " ‘ ,j‘ ‘l

experiments

DOE-wide Pollution Prevention
Star (P2 Star) Award

."{._
s

=

Catcher (EC)
Used in CHORUS, HARP and K2K

NEPPSR 2009 45
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"~ “SciBooNE Performanc

&=

. . - = Delivered
SciBooNE installed 2 - e Foranalysis
and commissioned g 2
in spring 2007 = |
| -3 N R
e 1+ @
n' —
5 °f
o. s
o |
E ] | +|+i|||| !
> | } *
: "l *
z |
10—
:M—-—- V ""':'++ — r\z——ﬁ*
- ': 0 .;&.;-l Jul Ot Nov Des Jan IFehIIIarlﬁ.prI May o lJ;;;::g

Phys.Rev.D 78 112004 (2008), arXiv:0811.0369
http://nuint09.ifae.es

M.O. Wascko Columbia HEP Seminar 46


http://arxiv.org/abs/0811.0369
http://arxiv.org/abs/0811.0369
http://nuint09.ifae.es/Welcome.html
http://nuint09.ifae.es/Welcome.html
http://nuint09.ifae.es
http://nuint09.ifae.es

" “SciBooNE Performance

= | ,‘-l

¥ T S

Jul Aug
Date

"Phys.Rev.D 78 112004 (2008), arXiv:0811.0369
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Imperial College

Off-Axis Beam

London
Far Detector.
Near Detector
TargetHorns Decay Pipe

e Use kinematics of pion
decay to tune the neutrino g ..

0.2 L

energy = 12
® Flux peak at target energy

for desired value of L/E 04

e E, well matched to Super-K o

M.O. Wascko

SI2K.

DAB 2 degre
OARB 2.5 degree
DAB 3 degree

NEPPSR 2009 47



- KIL2K.
Off-Axis Beam

Far Detector.

Near Detector

Decay Pipe

OA2° OA0°

e Use kinematics of pion
decay to tune the neutrino
energy

® Flux peak at target energy
for desired value of L/E

e R S Ny ———

15 2 25 3 35 4
GeV

e E, well matched to Super-K 0

M.O. Wascko NEPPSR 2009 47
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entire
spectrum

2 6 10 14 18
electron energy E [keV]

e Sensitive to <mg> = V(3 |Uei|?mi?)

NEPPSR 2009

M.O. Wascko

rel. rate [a.u.]

02 f

region close to 18 end point

m(ve) =0 eV

’

only 2 x 10713 of all
decays in last 1 eV

E-E,[eV]

49
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Tritium Decay

Spectrometers

Nuclear Physics A 719

— 3
Source = °H (2003) C153

/ \

high activity ~high energy resolution = high efficiency
=integral spectrum: select E_, > E;, = low background

Detector

Source Pre-Spectrometer Spectrometer
< /0 m >

M.O. Wascko NEPPSR 2009 50
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LMA

M.O. Wascko

Physics Reach

s e__V/ ¢t Assuming normal hierarchy
- lMamz & Troitskl
10° &
: |KATRIN | \
\
- mx (~ 55 meV/c? .
‘ E 9 ( /e Quasidegenerate
- V masses
- m, (~ 8 meV/c?)
! 102
? \ Hierarchical
- V masses
'10—4 1 L1 1l 1 L1l 1 Ly ol 1 L1l 1 L1l
10—4 10—2 100 Yad Fiz 67, No. 11 (2004),
pp. 1977-1982
’711,f3‘/)kfz
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Imperial College

London D b I B t D
) 2 Bp b)  ovpp
v ) eX v v . e Can happen if single £
V v \/\/ decay is energetically
N .
/ F\ N/(A %\ forbidden
o (AZ)>(AZ+2)+ 2 + 2v
2.0 S e 20 e If v=v, then can have
o A LR I Ovpp decay
Q@ " %.90'1.5;)'1.110 o (AZ)—(AZ+2) + 2e
K
T 10 - e Best way to search for
% | . Majorana particles
assumed 2%
0.5 - resolution
/Ovv\ o 1/t =G(Q,Z) M2 <mps>2
0.0 | I | | ................. | — 12AA.2 .
00 02 04 06 08 10 e Mg = 2 |Ueil“mice;
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~ Experimental techniques

Technique Nuclel Experiments
CUORICINO
130
Bolometers Te —CUORE
. GERDA
76 ) y
Semiconductors Ge MAJORANA COBRA
Scintillators 48Ca,116Cd, MOON, CANDLES,
150Nd ELEGANT, KIEV, SNO+
Xenon 136X e EXO, XMASS, NEXT
Tracker/Cal Ca, Cd, 199Mo, NEMO3
rackenialo Nd, Se, Te, %Zr —SuperNEMO

M.O. Wascko NEPPSR 2009 55
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Observation?

e |n 2001, a subgroup of the

Heidelberg-Moscow experiment
released a discovery claim

e Somewhat controversial

2039 keV

e mgpg =440 meV (4.20)

’ 5 N ’ {

0
2000 2010 2020 2030 2040
Energy, keV

Klapdor-Kleingrothaus H V, Krivosheina | V, Dietz A and NeXt generation can
confirm or rule out

Chkvorets O, Phys. Lett. B 586 198 (2004).

M.O. Wascko NEPPSR 2009
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e mgpg =440 meV (4.20)

’ 5 N ’ {

0
2000 2010 2020 2030 2040
Energy, keV
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Open Questions

Is CP violated by neutrinos?
What is the mass hierarchy?
What is the absolute scale”

Are they Majorana or Dirac?
Why are they so small?

- V3

0.05 [atmospheric

0.009/™=s0lar Y2

M.O. Wascko NEPPSR 2009
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Open Questions

Is CP violated by neutrinos?
What is the mass hierarchy?
What is the absolute scale”

Are they Majorana or Dirac?
Why are they so small?

- V3

0.05 [atmospheric

0.009/™=s0lar Y2

1, VI

?

: v

Worldwide program to answer these - join us!
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