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Quick Overview

Part 1:
Introduction to Neutrinos
Neutrino Oscillation

Part 2:
Neutrino Anomalies
Neutrino Mass
Neutrinos as Messengers

Part 3:
The wider world of fundamental symmetries



What are we doing?

Exploring the fundamental laws of nature

The Standard Model of Particle Physics:

- Works remarkably well

- Some obvious issues
How do neutrinos fit?
Matter-antimatter asymmetry
Dark matter, Dark energy
Is there a deeper structure?
Unification with Gravity

What guidance can measurements of neutrinos
and tests of fundamental symmetries provide?
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ceeren How do we do it?

BERKELEY LAB

Experimental observations are the final arbiter

Experimental tests of physical laws
- History

- Existing results

- Future directions

Theme: The importance of careful experiments
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BERKELEY LAB

Part 1: Neutrinos and Oscillations

or

The Trouble of Working with Nearly Undetectable Particles
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o An Energy Crisis...

BERKELEY LAB

A problem with nuclear beta decay.

Expect all electrons emitted

with same energy.
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o An Energy Crisis...

BERKELEY LAB

A problem with nuclear beta decay.
Expect all electrons emitted

with same energy.
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gl Early History of Neutrinos

BERKELEY LAB

Lawrence Berkeley National Laboratory

1930:
Pauli proposes

.' ,.

Fermi develops
theory of beta-decay,
names the 'neutrino’.
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ey Undetectable?

BERKELEY LAB

532 NATURE APRIL 7, 1934

Bethe @ = Peierls
The “Neutrino” A

_ s
V+p—oe +n ik

(Inverse beta decay)

For an energy of 2-3 < 10°® volts, ¢ is 3 minutes and
therefore ¢ << 10-%¢ em.? (corresponding to a %ene-
trating power of 10 km. In solid matter). It is

of the neutrino in nuclear transformations—one can
conclude that there is no practically possible way
of observing the neutrino.

H. BETHE.
R. PEIERLS,
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BERKELEY LAB

Lawrence Berkeley National Laboratory

i

We are transparent
to neutrinos.
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eee) We’re going to need
e L a b i g g e r d e t e Ct O r .

Our distance from the center of the Milky Way = 24 x 10°® km
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Lawrence Berkeley National Laboratory

20 years pass...
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P~ Interlude

BERKELEY LAB

Concepts behind design of an experiment:

Example case:
- First detection of the neutrino

Detection process / observable:
- What process has the most potential to reveal the neutrino?

Source:
- Which neutrino source is best suited for this experiment?

Detector:
- What detector technique is appropriate for this detection?
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E, [MeV]
Example total cross-sections for neutrino interactions with water
Proc. Int. Sch. Phys. Fermi 182, 61 (2012)
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eree)f Inverse-beta decay

BERKELEY LAB

Antineutrino interaction on proton: another side of beta decay.

Beta Decay Inverse Beta Decay
p

n

<|

Time Time
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P Playing the odds...

BERKELEY LAB

Cross section for antineutrino interaction is still small (~10*' cm?)
w

~
~
\
det IBD [D
N ’1
\
! \/
But rate of detected neutrinos ...if total target protons a
can still be reasonable... and antineutrino flux

Is very large.
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cover What kind of detector?

BERKELEY LAB

Need a large number of protons (hydrogen)...
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BERKELEY LAB

A very large volume of
hydrogen gas?
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Sl What kind of detector?

BERKELEY LAB

Need a large number of protons (hydrogen)...

Maybe not H,
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o What kind of detector?

BERKELEY LAB

Need a large number of protons (hydrogen)...

Water? Organics?

- B g ki
- 1 |
1 ’ ik

| o
N £
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BERKELEY LAB

Ionization excitation of base plastic

base plastic
10-8m | | Forster energy transfer

— 1wt
emit UV, ~340 nm e WHW
10~4m Y
absorb UV photon  secondary fluor
. (~0.05% wt/wt )
emit blue, ~400 nm
Y
absorb blue photon photodetector

“Organic Scintillators”, Review of Particle Physics
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coeee Shameless Advertisement . /el

BERKELEY LAB

Read the PDG Reviews of Particle Detectors:
—> Particle detectors at accelerators
— Particle detectors for non-accelerator physics

]
n
.

http://pdg.lbl.gov

particle data group

About PDG | PDG Authors | PDG Citation | Contact Us

The Review of Particle Physics
K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 090001 (2014).

| pdglLive - Interactive Listings
| Summary Tables

Reviews, Tables, Plots

Particle Listings

Order Products: 2014 book, booklet & website now available.

Download or Print: Book, Booklet, Website, Figures & more
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il Delayed-Coincidence

BERKELEY LAB

Incident
antineutrino

/ Gamma rays

Gamma rays

Neutron capture

Inverse
beta

Positron decay

annihilation

Liquid scintillator
and cadmium

The Reines-Cowan Experiments, Los Alamos Science 25, 1997
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i More detailed...

BERKELEY LAB

wrence Berkeley National Laboratory

. N a /I‘ ~ 1
PMT \ ~ PMT
*. Antineutrino (2 ,/ S
N lonization / - >
X ) cascade A
g Inverse )
‘\ ._ beta deca ;
PMT Neutron N A~ PMT
Proton NNV~ ~
e Ean
e . Y
\ NS
PMT ¥ \ ~o PMT
/\f Rl fa bt .\ Vlsib(li)llght o= >
\ ) 7 \4 A
\\ Blue \ 7 N NN |
\\ light \\ - y
PMT \ X PMT
\\ d i \\ ————— >
Liquid scintillator - / ooas
\ - \ \‘\,x,,\,,\,,
I < = : Y
Pulse height ) )
analyzer -« \ =

. Current
@ Oscilloscope

The Reines-Cowan Experiments, Los Alamos Science 25, 1997
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s What kind of source?

BERKELEY LAB

What are the most intense emitters of antineutrinos?
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BERKELEY LAB

Supernovae? SN1987a
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Lawrence Berkeley National Laboratory
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P ‘Man-made’ Neutrinos

Reines
Nuclear
/" explosive
Fireball
)/
e Buried signal line
30 m for triggering release
ga‘-— 40 m
Back fill—~
pump
Suspended—— ]
detector Vacuum
line

Vacuum
tank

Feathers and
foam rubber
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i Nuclear Reactors

BERKELEY LAB

Nuclear fission releases: ~6 antineutrinos/fission
Standard electric power reactor: ~10%° fissions/second

4
(a) Reactor ¥, spectra [ 25
(b) Cross section o (Arbitrary units)
(c) V.o (Arbitrary units) ol ¥

llllIIlllllllllllIlIllllIllllIllllIlllI
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reeer First Detection

BERKELEY LAB

awrence Berkeley National Laboratory

1953-1959:
Reines and Cowan I m’n““ 1l
detect antineutrinos
from reactors.

Hanfor

-l T
L Cei

Using:

- Reactors as source

- Inverse-beta decay as signal 2|

- Detectors: Organic liquid scintillator (+water)
Photomultipliers for light detection
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gl  Conclusions from Hanford

BERKELEY LAB

“The lesson of the work was clear: It is easy to shield out the noise men

make, but impossible to shut out the cosmos. Neutrons and gamma rays
from the reactor, which we had feared most, were stopped in our thick
walls of paraffin, borax and lead, but the cosmic ray mesons penetrated
gleefully, generating backgrounds in our equipment as they passed or
stopped in it. We did record neutrino-like signals but the cosmic rays
with their neutron secondaries generated in our shields were 10 times
more abundant than were the neutrino signals. We felt we had the
neutrino by the coattails, but our evidence would not stand up in court.”

The Reines-Cowan Experiments, Los Alamos Science 25, 1997
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(a) Positron scope

—.————— —
1l

(b)  Positron scope Neutron scope
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Neutron scope

(e) Positron scope () Neutron scope



ceree) Another Neutrino

BERKELEY LAB

1962:
Lederman, Schwartz, Steinberger detect
muon neutrino at Brookhaven AGS.

STEEL

N
Phys. Rev. Lett. 9, 36 (1962) "

LEAD

FIG. 1. Plan view of AGS neutrino experiment.
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oree Trouble on the Horizon

BERKELEY LAB

Lawrence Berkeley National Laboratory
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i Solar Neutrinos

BERKELEY LAB

Lawrence Berkeley National Laboratory

N

0, 0, f
pt+pt—=2H+e" +V, ’—99’77/" —‘0’23 L pt+e +p"—=2H+ vV,

A \

, 10%
M‘ °H + p* » 3He + Y H3He+p+—>4l-le+e++\)
\ 15,08 % -
/ 3He + “He — "Be + Y \’—0’1%
99,9 %

Be + e~ = "Li + v, ’ ‘Be + pt =8B +Yy

| | "

’Li + p* = “He + “He 8B — %Be* + et + V,

v

3He + 3He - “He + 2p*

®Be* — “He + “He

https://en.wikipedia.org/wiki/File:Proton proton cycle.svg
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BERKELEY LAB

Lawrence Berkeley National Laboratory
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Tl Better Physics Through Chemistry

BERKELEY LAB

Potential for radiochemical solar neutrino detection:
ve+ 370l — 3%"Ar+e”.  (Threshold: 0.8 MeV)

Concept:

Step 1.

Fill a tank with 100,000 gallons
of cleaning fluid (Chlorine).

The Homestake Experiment:
Davis executed experiment.
Bachall developed theory.

Step 2: &/ "?

Put it ~¥1 mile underground.

Step 3:
Wait for solar neutrinos to
convert a few Cl atoms to Ar.

Step 4.
Take Argon atoms out of tank
and count them.

L
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Sl The Homestake Detector

BERKELEY LAB
Lawrence Berkeley National Laboratory
— —_—
TO ARGON
PURIFICATION He TRANSFER
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ceeerf The Homestake Result

BERKELEY LAB

(1 FWHM Results)

8
1.4
7
. L ]
2 1.2 s t "
S " :
S 1.0 th L4 . : .
& | P4t o
o 038 I ! |
8 o J * +
" ¢ b
g 06 | 9 (4 T
S Ll Tt | 1t (LA ] t
2 04 Tl 1 |
E- 0 * .ﬂ#‘ ot W "
— L 4 I " 1 )|
S 0-2 1 T B *ll* r 1 t L 4 ‘
0.0f ¢ ¢ ! 1 l?
1970 1975 1980 1985 1990
Year

Average rate: 1/3 of that expected from solar models.
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o SAGE and Gallex/GNO

BERKELEY LAB

Radiochemical solar neutrino detection at lower energies:
Ve + 'Ga — 7'Ge + e- (Threshold: 0.2 MeV) tn
2

N, No+ GeCly |
SAGE: l' —
- 50-57 tons liquid gallium metal ;Ej QUK
- Began operation 1989
- Baksan Observatory (Caucasus, Russia) [[ =
GaIIEX/GNO: Gacl, ﬂ
- 101 tons GaCl3+HCI (~30 tons Ga) - Hoi
- Operated 1991 — 1997, 1998 — 2003 S

- LNGS (Gran Sasso, Italy)

Results: \Aagsfs
- Observed 50% of the expected solar - N '
neutrino flux. x /
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@l \Water Cherenkov Detectors

BERKELEY LAB

Elastic scattering of electrons provide another detection method

Vy +e — Vy +e (Threshold: ~5 MeV, due to backgrounds)
_ . Details:
Neutrinoe \_ °4" - Only sensitive to the high energy tail
\‘ | O° of the solar v spectrum (8B, <0.1%)
Electron ©

\ - Sensitivity to all neutrino flavors
(although suppressed forv , v.)

- Provides ‘real-time’ measurement
Cherenkov light

http://www-sk.icrr.u-tokyo.ac.jp/ - Light provides neutrino direction

- Requires very large detectors (>kton)
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2 Kamiokande Detector

BERKELEY LAB

Details:
- 2.1 kton of ultrapure H,O (inner det.)

- 948 20” diameter photomultipliers
- Outer layer to reject backgrounds
- Operated 1983 — 1997

- Located in the Kamioka mine,
under ~1 km rock. (Gifu, Japan)

- Initially designed to search for

: proton decay
Prog. in Part. and Nucl. Phys. 40 (1998) 427-441
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ceree) Kamiokande Results

BERKELEY LAB
150L,vfﬁl, ,,,.v'vﬁ.rv_#
g_) L Ee =2 9.3 MeV 1
< : 1040 DAYS (Jan.1987-Apr.1990) *
S 100} -
Q I
o
J
<
o
~N
N
}-—
o
w
> | |
w O ) P 1 | ) 2 2 ] . " N . 1 N
-1.0 -05 0.0 05 1.0
COS(Bsun)

FIG. 3. Distribution in cosfsy, of the combined 1040-day

sample for E. = 9.3 MeV. The value of the ratio data/SSM
from this figure 1s 0.43 = 0.06.

Plus other physics to be discussed...
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BERKELEY LAB

Lawrence Berkeley National Laboratory
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I Super-Kamiokande

BERKELEY LAB

;" i | Details:
B ) . - 21 kton of ultrapur‘e H O (mner det. )
32 kton

- 948 20” diameter photomultipliers
11,146

- Outer layer to reject backgrounds

]

- Operated 1996 — now

- Located in the Kamioka mine,
under ~1 km rock. (Gifu, Japan)

SUPERKANMICIANDE  resniiun roo oo Rey RESTAR0H UNISRETY OF TOXYD

June 22, 2015 Neutrinos and Fundamental Symmetries 46



~

@l Super-Kamiokande: Results

BERKELEY LAD
- | 1
=
~
& ’
O Best fit model, including
io-z B solar neutrino disappearance I
3 \
3 I |
- ] i
2
LL]  Observed 2B flux (5.0-20 MeV):
0.1 | 2.32 +0.04 (stat.) £ 0.05 (sys.) x 106 cm™2 seC'lyg 7
i Phys. Rev. D 83, 052010 (2011)
O [ ! ! ! I ‘ ! ! ! | ! ! l ! ! ! |
-1 -0.5 0 0.5 1
COS@Sun
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il Sudbury Neutrino Observatory

BERKELEY LAB

Clever idea: Use heavy water to determine solar neutrino flavor

Interactions in heavy water:
l)x + e_ —> Ux + e_ Elastic scattering: v, + partial (~1/6) Vit

V, + d —> D + P 4+ @  Charged current: Only v,

DV, + d —> D + 7N + V,  Neutral current: Equal sensitivity v, .

By comparing flux measured in each channel,
can determine flavor composition.
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_— SNO Detector

BERKELEY LAB

Details:
- 1 kton of ultrapure D,O (inner det.)

- 9,456 8” diameter photomultipliers
- Operated 1999 — 2006

- Located in the Creighton mine,
under ~2 km rock. (Sudbury, Ontario)

Three Phases:
1) Pure D,O
2) D,0 + NaCl
-> Increase neutron capture efficiency
3) D,0 + 3He counters
-> Increase neutron detection purity
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B SNO: Results

BERKELEY LAB
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Conclusion: Solar neutrinos are changing flavor!
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BERKELEY LAB

Lawrence Berkeley National Laboratory

Neutrino Oscillation

June 22, 2015 Neutrinos and Fundamental Symmetries 51



~

ceeeend] Neutrino Oscillation

BERKELEY LAB

Neutrinos change flavor (e,u,t) with time

Principle:
Mass eigenstates # Interaction (flavor) eigenstates

Ive>:z U:i ‘Vz>

1 .
Physical Parameters:

0:
3 angles between mass/flavor We want to know
eigenstates set oscillation amplitude 0 and Am?
Am?:

Differences in 3 neutrino masses
determine oscillation frequency (distance)

2
,Ami,L
4FE

Survival Probability: P (v, —v )=1—sin’(28,,)sin
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cecerf Neutrino Oscillations

BERKELEY LAB

V. | 60%
V, 1100% >V, 20% > |V 100%
Vq ) 20%

-
Vo V3

How can we confirm this model of neutrino oscillation?

V _
3, Vs Vi
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e Reactor antineutrinos ./
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BERKELEY LAB

Do we see evidence of flavor change for reactor antineutrinos?

Experiment Needs: N— Nuclear Power Plants in Japan
Kashiwazakl Kariwa Electric Power Development Co,-Ohma
AEARAEA T
High flux: o i) e
Tonomsmpow l g Tohoku Electric Power Co-Onagawa
The Japan Atomic Power Co.-Tsuruga
Many reactors, small area &= } ’ T oot
The Kansai Blectric Power Co—Mihama e B
. . . ... Tokyo Electric Power Co -Fukushima Daini
Distance for oscillation: T ) DEEM
~100 km scale Bl Fwor i e /7 it

...- /o K The Japan Atomic Power Co.~Tokal Daini

The Chugok Bectic Power Co-Shimere

Underground laboratory: @8C __—~
g Yy ﬁ%

Kamioka e mnl
REEM

Chubu Electric Powsr Co—Hamaoka

Shikoku Electric Power Co.—lkata

. Output scale ——
Very large detector: a A A |8~ EEESEEE.

~kton-scale
- The KamLAND experiment
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2l  The KamLAND Detector

Chimney o= can ta S Calibration Device
- \ BT
“"’T’/\ LS Balloon

N : .
‘ diam. 13
(1 kton) (diam m)

BERKELEY LAB

1

Containment

_Photo-
Multipliers

?), — Buffer Oil

Outer Detector

AN

Outer Detector
PMT
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S 100
Ny 805_ =#= Selection efficiency
5 60F
2 40
Ra [ ll:lllllllIllllllllllllllllllllllllllllll

E nemmaeas . —o— KamlLAND data

n e e no oscillation

250:_ T ----- best-fit osci.

> - B accidental

n 13 16
< 200[- C(on) O
e B 2 best-fit Geo V,
.- - — best-fit osci. + BG
< 150F + best-fit Geo V.
2 100 =y o Bo
84 u

50 i 2.
O; Ll 1_1 [ T A T l:l ] 1'- i
0 ] 2 3 4 5 6 7 8
Phys. Rev. Lett. 100, 221803 (2008) E, (MeV)
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coeeerd)f KamLAND: Oscillation!

BERKELEY.LAB
Am’, L
P(v,—»v,)=1—sin’(28,,)sin’ =
( e e) ( 12) 4E
e Data-BG-GeoV,
- Expectation based on osci. parameters
Ir determined by KamLAND
;b
£ 080 1
S i ’ .
S i | !
S +
g 0.4
N .
0.2
OT.I....|....|....|....|....|....|....|....|...
20 30 40 50 60 70 80 90 100
LyE; (km/MeV) Reference Baseline:
Phys. Rev. Lett. 100, 221803 (2008) ) L, =180 km
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BERKELEY LAB

Lawrence Berkeley National Laboratory

e Y WSS SO ido
NP.< 15F 1% :
< IOZ— , s | Phys. Rev. Lett. 100, 221803 (2008)
SE L\ YOOV AU g2
- AN :,-' R et ., . ..° o
"""""""""" e ‘.?,";‘:.1"';"?'““'.""““““";""' '
: KamLAND Baid s & §
Bl 95% C.L. bLoF oL s
99% C.L. iAo :
X B 99.73% C.L. Y :
% IO 4»-— L3 best fit :~§ g "i ......
N I 5> e :
Né*—i I . ~,, ...... ___
| | §
I Solar 'r :
L - 95% C.L. ,, R
----- 99% C.L. : P i
— 99.73% C.L. |: o a8
*  best fit f :.:- ......... :
2 1 xll 1 2 L L lilillil'l;ll:‘.lillllxi'

s
tan’O|2

10 20 30 40
Ay’

= Determination of neutrino 2-1 mass difference
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ceeeey) In the meantime...

BERKELEY LAB

Measurements of atmospheric neutrinos also strange.

(a) e-like

2
o
> ,
5 200 | ey
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2
Super-Kamiokande: 0| ]
v /v, ratio lower ¢ (b) mu-like
(]
than expected R e —
© 200 b
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=
=
c
0
g 1+~ (©R |
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Q
3

Phys. Lett. B433,9(1998) °4 05 o 05 1
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&l Muon Neutrino Disappearance

BERKELEY LAB

Super-K: Showed disappearance of atmospheric v, versus distance.

1.8 [  J llll'll | | lllllll | | lllllll | | | lllllll
Phys. Rev. Lett. 93, 101801 (2004)
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cecee] Accelerator Neutrinos

I Ay L
MINOS/MINOS+: T2K:
- Beam: Muon decay-in-flight, FermiLAB - Beam: Muon decay-in-flight, JPARC
- Detector: 5.4 kton steel/scintillator layers - Detector: 32 kton water (Super-K)
- Distance: 735 km (Soudan Mine, MN) - Distance: 295 km (Kamioka, Japan)
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&l Muon Neutrino Disappearance

BERKELEY LAB

wrence Berkeley National Laboratory

MINOS T2K
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B MINOS Far Detector 1 © 60 2 T | Data
300+ Fully reconstructed events _| 2 N B
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o I g 1 ] o 10 0 2 4 >5
10 15 20 30 50 =
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Reconstructed neutrino energy (GeV)

Phys. Rev. D 91, 072010 (2015)
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BERKELEY LAB

Lawrence Berkeley National Laboratory

‘Solar’ Oscillation ‘Atmospheric’ Oscillation
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-> Remaining question: Is there mixing due to 0,;, Am3,?
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‘;’ | 1T T 171 | I T 1T T 11 | I T 1T T 11 l—
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1.04

0.8

Nobs/Nexp

0.6
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Short-Distance Reactor v

a0

— B> & X O X P

L

ILIL

Savannah River

Bugey
Rovno
Goesgen
Krasnoyarsk
Palo Verde
Chooz

Short-distance reactor neutrino experiments
showed no evidence of oscillation

Chooz and Palo Verde experiments
determined 6,; < 11° (90% CL)
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BERKELEY LAB

rreend| Relative Measurement

Absolute Reactor Flux: 2105
Largest uncertainty in previous measurements

Relative Measurement:

0.95
Multiple detectors removes absolute uncertainty

IllllllllllllllllllIIII|I|

0.9— Near detector(s) E

First proposfed by L. A. Mikaelyan and V.V. Siney, constrain flux Far detector(s) 1
Phys. Atomic Nucl. 63 1002 (2000) 0.85 e
measure oscillation ]

0.8 A -

107 1 10

Baseline [km]

. Distances from
Far/Near v, Ratio reactor Oscillation deficit

Ng Npe\ (Lu\? [ €\ [Pou(E, Lg)

Fﬂ Np,n L_f 6Il _PSLII‘(Et LH) -

Detector efficiency

Detector Target Mass
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q
> B
LU
Chooz Reactors
4.27GW, x 2 cores

Ve

June 22, 2015

Double Chooz

-~ * | Near Detector
* L=400m
10m3 target
120m.w.e.

= Far Detector

3

az

l“

.
.y

f L=1050m

10m? target
300m.w.e.

2013 ~ \&"-{ April 2011 ~
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Lawrence Berkeley National Laboratory

Far Detector
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@) The Daya Bay Experiment /48

.‘.

Adjacent mountains with horizontal access
provide 860 (250) m.w.e cosmic shielding.

=

Overburden: ~860 mwe r
Weighted baseline: ~1650 m

Daya Bay Ling Ao | + I

6 commercial reactor cores
with 17.4 GW,, total power.

o 13
Overburden: ~265 mwe
Weighted baseline: ~500 m N

reactors

L1ng Ao
." reactors

8 Antineutrino Detectors (ADs)
give 160 tons total target mass.

e Ove b rden; ~250 mwe
,« ~ - Weighte redglif JIE SRS
Daya Bay

;= _
" ] &Jeactors !

Neutrinos and Fundamental Symmetrles
June 22, 2015 69




~
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2=l nterior of Antineutrino Detector AN

BERKELEY LAB

Lawrence Berkeley National Laboratory
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Sl 0,5: Latest Daya Bay Results .“

BERKELEY LAB

awrence Berkeley National Laboratory

—+— Far site data
B Weighted near site data (best fit)
—— Weighted near site data (no oscillation)
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2l 6,.: Latest Daya Bay Results

BERKELEY LAB

arXiv:1505.03456
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ol ©,,: Accelerator Neutrinos

BERKELEY LAB

Electron Neutrino Appearance Probability

~J

P(v, — ve) ~ Atmospheric Oscillation
in2 @3 sin? 26 Sinz[(l—l‘)A]‘/ —
S Uaa S 03T T2 Solar Oscillation
sin®(zA) Cross-term
2 /
sin?(zA) sin® [(1 — z)A]
2 (1 —2x)2

CP-phase

+ a? cos? O3 sin? 2615

+ asin 2615 sin 26013 sin 2093 (cos A cosd — sin A sin 9)

Atmospheric Phase  Atmospheric/Solar Ratio Matter Effect

Am3, L _ AmZ, 2V2GpN.E
o = T

AF Amgl Am3;

A =

Encompasses all neutrino parameters
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ol ©,,: Accelerator Neutrinos

BERKELEY LAB

\anal hierarchy Jul. 2013: T2K update' finds

8% CcL. | 28 electron-like events.
sin:Q,; =04 |
— .\'inlﬂ_,; =0.5
csin”T
o In\ erted hierarchy
D
T2K Run /2 68% C.L.
6.39 xl()J“ [

.......

02 03 04 85
sin'2(913

sin"0,, =04

—

— sin’0,,= 0.5

- 5in0,,=0.6

PDG2012 (lo) 7

T2K Run 14+2+3+4
6.39 x10” p.o.t.

/2t
Slight tension with reactor 6,,.

) ) -1t L AT VRTINS ]
Fluctuation or hints of 8,;, 6.,? 0 01 02 03 04 05 06
sin“20
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Lawrence Berkeley National Laboratory

June 22, 2015

Neutrino Mixing Matrix

All mixing angles now measured.

¢;j = cosbt; and s;; = sinb;;

( | (0 () \ ( 13 0 .S'l;;("_‘(s \ ( 192 512 0 \
0 C23 593 X 0 | () X —S12 C12 ()
\ 0 —s23 e ) \ —s13¢ 0 e3 ) \ 0 0 1)
923 = 45° 913 = 9° 912 ~ 34°
Atmospheric v Short-Baseline Reactorv  Solarv
Accelerator v Accelerator v Long-Baseline Reactor v
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Sl Masses and Mixing?

BERKELEY LAB

< 10—
Big Question: 5 10" :
Is there an underlying theory for £ 10"% b E
the pattern of neutrino masses and mixing? 10 v B
Can it be related to quark mixing? 10 % beoos E
107F md ,
L - MeV
Neutrinos Quarks 109 j
0,,=34+1° 6,,= 13.04 + 0.05° 104 <
6,,= 8.7 £ 0.5° 6,,=0.201 +0.011° 10 SIS ke
0,,= 45 % 6° 0,,=2.38 + 0.06° 102,
5,5 =277 8,5 =1.20 + 0.08 rad 10 | 3
1 - === e s eV
0.80.5 02 Loz} ©F L
viuns~| 0.4 0.6 0.7 Ve~ |02 1 cor| 1 v :
04060.7 vor 001 1 12-45_ __________ i qmeY
e T
A. De Gouvea, WINP-2015 generation
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eeeey) Open Questions

BERKELEY LAB

Prominent questions remaining for neutrino oscillation:
‘The Octant’:
Is the ‘atmospheric’ mixing angle <45°, >45° or exactly 45°?

‘The Hierarchy’: (or more accurately ‘The Mass Ordering’)
What is the sign of Am3%, and Am3,?

‘CP-Violation’:
Do neutrinos and antineutrinos oscillate equivalently?
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BERKELEY LAB i

Do we know the proper mass ordering?

m2 m? m?
A -V, A A
(Era— |
= Vu
[— Vt [ .
mgz__ ——’"22
solar~5x10-2eV? ’
__ml
atmospheric
~3x103eV? _
atmospheric
my? | ~3x1079eV?
) solar~5x10-eV?2 2
?
0 ¥ 0 0
normal inverted quasi-degenerate
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BERKELEY LAB

NOvVA:

- Beam: Muon decay-in-flight, FermiLAB
- Detector: 14 kton plastic/scintillator
- Distance: 810 km (Ash River, MN)

Just collecting first neutrino interactions

v —— o — i —— — —— o ——— ——— —— o —p— — ——— —p—— ——— —— — —— — ——— ——— ——— —— — — — —

-S00 -

:riiuk
)
- |
600 |- i 5.5
L o- &
g
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R " T 20 00 300 0 wo  s00 600 ESE " 00
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o ' | Contours 3yrv and 3yrv NOvVA
o -~ lam,,2| =232 10 PeV?

008 | sin (29 ,) = 0.095
sin (2923) 0.95 >
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0.06 ' EJ 7\90
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coeer Mid-Term Future

BERKELEY LAB

wrence Berkeley National Laboratory

Possible signature of the mass ordering using atmospheric v
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" Mid-Term Future

BERKELEY LAB
Lawrence Berkeley National Laboratory

Possible signature of the mass ordering using atmospheric v

PINGU:

Antarctic ice

ORCA:

Mediterranean Sea
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Lawrence Berkeley National Laboratory

Mid-Term Future

Possible signature of the mass ordering using reactor v
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— T T T—TT
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X.Qian, D.Dwyer, et al. PRD 87, 033005 (2013)
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JUNO/RENO-50:

~20 kton scintillator detectors
~60km from reactors

_—l

"
»

« !
.Q

-

Liquid Scintillator
20 kt

Acrylic sphere: ¢34.5m

v o .
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e CP-Violation?

(1 0 n\ ( 13 n\

BERKELEY LAB

Possible complex phase in
mixing matrix

Leptogenesis
Can lepton CP-violation explain
the matter/anti-matter
asymmetry of the universe?



coeee Longer-Term Future

BERKELEY LAB

DUNE:

- Beam: Muon decay-in-flight, LBNF beam, FermiLAB
- Detector: 34 kton liquid argon TPC

- Distance: 1300 km (Homestake, SD)

1 Example LAr event: ArgoNeut
os‘a 1 . . .
N \{0‘5‘3‘ Time Projection

Chamber

~ ) @ 0 e 18 e b
WOson Mase Wae
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Longer-Term Future

BERKELEY LAB

Lawrence Berkeley National Laboratory

Hyper-Kamiokande:
- Detector: 1 Mton water Cherenkov detector viewed by 10° 20” PMTs

- Beam: Muon decay-in-flight (J-PARC), Atmospheric neutrinos, Supernovae
- Distance: 295 km (Kamioka, Japan)
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o ® % 0°008°s
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BERKELEY LAB
Ve Uei Ue2 Ues V1
Vr U‘r 1 UT 2 U'r 3 V3

What we have really measured (very roughly):
e Two mass-squared differences, at several percent level — many probes;
o |Ue2|? — solar data;
o |Uu2|® + |Ur2|? - solar data;
o |Ue2|?|Ue1|? — KamLAND;
o |U,3|*(1 — |U,3|?) — atmospheric data, K2K, MINOS;
o |Ues|?(1 — |Ues|?) — Double Chooz, Daya Bay, RENO;
o |Ues|?|U,3|? (upper bound — evidence) — MINOS, T2K.

We still have a ways to go!
A. De Gouvea, WINP-2015
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P Tau Neutrinos

BERKELEY LAB

Lawrence Berkeley National Laboratory

DONUT Detector 2000: First observation of v_

Identification of
muons coming from
tau decay

Calorimeter determines
energy of decay products

Drift chambers record
decay particle tracks

Mac%net spreads tracks
of charged particles

Emuision target
with planes of
scintillation fibers

Steel shield to
block particles
other than
neutrinos

DONUT Detector for
direct observation of
tau neutrinos (V)

Neutrino
beam

Phys. Lett. B 504, 218 (2001)
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P Tau Neutrinos

BERKELEY LAB

2010: First observation of v, appearance in a v, beam.

OPERA:
150,000 ‘bricks’: 8kg interleaved sheets of Pb and photo film

Plastic scintillator layers to trigger and identify which brick to ‘develop’
- "\\. " \ A \ “ 0\ i 4

\\\ ‘ ' 3 New V. Candidate Event
| \ \ | 3 ‘\‘ 7

\ ‘

Phys. Lett. B 691, 138 (2010)

Detected 5 tau neutrinos as of June 2015.
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Part 2: Neutrino Anomalies
and Neutrino Mass

or

Why we still don’t really understand neutrinos
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Lawrence Berkeley National Laboratory

Neutrinos Anomalies
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coeee Neutrino Anomalies

BERKELEY LAB

Lawrence Berkeley National Laboratory

Overview of Sterile Neutrino Phenomenology: sordi saivado, cipane-2015

A 2
Pyp—va (£) =1 — sin? 26 sin? ( m L)

Discussion of anomalies: 2 E AR
10 ;
. . E Solar Potential 1 0
- LSND: e- antineutrino excess 102 | :
. . . 3 x," 10°
- MiniBooNE: low-energy excess ok .- 5
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- Reactors: e- antineutrino deficit T o s 10" &
% 10" é- \"M " BNL-E776 CCFR/NuTeV 103 h
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ceeeef Sterile Neutrinos

BERKELEY LAB

ce Berkeley National Laboratory

Searches using Accelerator Neutrinos: sowjanya Gollapinni, ciPANP-2015

Fermilab Short baselme program LAr TPC: Potential e/gamma discrimination
- ; o _
- “ © ArgoNeuT Preliminary
——— % cc :Ir:(:feutD:ta Ev a0 éiElydx1eI'vsv7E)alva' ,
i o 5 can ey " 1 MIP —— electrons E
ICARUS (600m) | : ]
£ : RS 7o RV C —— Y5 1€c0 ]
— 5 T e .: —— elecs reco 3
Y J Distance from start ; F i
NC candidate event 2 MIPs j
— e . E + =
Distance from start - T ,‘:: +
4 6 8 10 12
Average dE/dx [MeV/cm]
. f‘ '
"
_ 102: T
:4 E Tf T600, 6.66420 POT (600m)
[l "3 MicroBooNE, 1.326+21 POT (470m) .
. £ ~o = swoesarorcom | POtential reach
« Booster o3 7 1ol > : i
" . 5 E s v !
« Neutrino Beam & : ~. Recsode, OC Enta or sterile
- r < Stat., X-Sec Ff:*c‘::nmm Dirt osci”aﬁon
: % e o oy Fit
~ e —90% CL
£ —3sCL
< -5 CL
10"t mmLsNDoo%cL
[ LSND 99% CL
% LSND Best Fit
T+ Giobal Best Fit (arXiv:1303.3011)
| 444 Giobal Fit 90% CL (anv:1303.3011) SN S
+ Gilobal Best Fit (arXiv:1308.5288)
- &% Global Fit 90% CL (arXiv:1308.5288)
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ce Berkeley National Laboratory

Sterile Neutrinos

Searches using Reactor Antineutrinos: sryce Littiejonn, cipanp-2015

Experiment Program
My (biased) overview of global efforts — Good : O : Not Good

Good Good L Range Exposure,
Effort X-Res E-Res (meters) AU MW*ton
NuLat
EU STEREO | Yes OK? o911 HEU 100
SoLid 68 HEU 155
Russia DANSS
. Neutrino4
Asia Hanaro

Searching for ‘smoking gun’: L/E oscillation signal

Simulated PROSPECT data, binned in L/E; Stat err. only

g 1.02¢
g . R
= 0.
3o A *
. v
0. 4+
0 “ Mass § : 1
. Osc. Am;
0. md'l Year Livetime
0. ) ) - Phasc 11, 3 Year pvcnmc
0 1 2 3 4 5 7 8
L/E (mIMeV)
3 1.02
CRR 11| SRR TR ROUmROm LT 1 1 1 1 1 oo ——
=
Q 0.98}
Z 0.96f
0,94}
0.92
0.90 Mass Splitting: 0.10 ¢V
: Osc. Amplitude: 0.09
0.88F = Phase I, 1 Year Livetime
0.86— g Phase II, 3 Year Livetime

0 1 2 3 rl 5 6 7 8 ¢
L/E (m/MeV)

Running at
intended
reactor?

PROSPECT-20: Prototype shows no
evidence for reactor background

000 P20 Prompt Spectrum, (y,n) Coincidences

— reactor_on
— reactor_off

0.005}

0.004

0.003}

Counts/MeV/s

0.002

0.001}

0.0005 1 2 3 a 5 6 7 8
Energy (MeV) |
2 F Potential reach
1 of PROSPECT
10"
1 Detector, 1 Year Livetime, 30 CL
1 Detector, 3 Year Livetime, 30 CL
10_2 | 2D s, 3 Year Livetime, 30 CL
H [ | Reactor Anomaly, 95% CL
I * Allv, Disapp e Exps, 95% CL
2 1
10 10 sin229c:



ceceef Sterile Neutrinos

BERKELEY LAB

Lawrence Berkeley National Laboratory

Searches using Radioactive Sources: selena Maricic, cipanp-2015

Neutrino Source Options

10 kCi 144Ce-144py Cyclotron-generated 8Li
10 MCi >1Cr
& 27.702 d T30 Ry
5 2 o
< 51, =
& 24Cr
S Li (99.99%)
‘;e' QEC=75273 : y sleeve
184 ps 52 3200852 _9.88% 5.9 B <2996 kev\\ | o et . ;
97.9% 3 e ]
696 § i . Y
kevV , = L Be target
stable 7/2- 0 9012% 54 : 5 mA l]_, a 60 MeV /T surrounded
> = ) ) by D;O
gév T2 (600 kW proton beam)
Search for L/E oscillation within ~kton scintillator detector SOX Sensitivity
o 10 T T T T | —
. 3 [ Combined — PRELIMINARY 7
Candidate Detectors: ¥ [ Me— g
= BO reXinO r5'Cr important for 7
Ka m |_ AN D ] _gonﬁrmation _
"Combined results -
- JUNO, SNO+? isthemost :
| sensitive _
CeSOX: Borexino + 44Ce we E
Source in production. 55'227:32&*;’;‘;;:2:‘:3 -
Planning for data in 2016. [arglsteiontoviey |
10 : ' '

1
10 10

sin?(28,,)
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weeenf Reactor vV, Spectrum

BERKELEY.LAB
S LELS NLLELELEY BLUBLELELEY NLELELELE NURL LLELELE NUNLEL R B ]
— = 0.2 -
Recent v, measurements S gqsf TENO: Neutrino2014 5
O A9 —
also disagree with > o +4 :
. . E A + .
Xisting models. 9 - :
existing models & oost .ty ;
i ——.— - - . SRPUTY, TSN U RS N ]
20000 - !!’-. — Data 0 : ++++ e " + 1’ :
B - f . - ]
- = i Huber+Mueller (full unc.) .0.055 + =
% soool - Huber+Mueller (reac. unc.) - + .
1 — - | R R IS IR I IS I
s I, : ILL+Vogel AL I T N N A A
o B ~. Prompt Energy [MeV]
& 10000 . - Measured spectrum - — - , . . .
2 i “.  isnormalized to Bls1.2} -+ za‘a -
ks ool = prediction for shape B2 — RZ:;ZL :l::zncenaimy
B ..only Companson' % 8_1 C1b |:| Total systematic uncertainty
5| Best fit: sin?26,, = 0.090 + + pa
, a)
L
- O 1. ; o
2
© "
3 ¥ 0.
% |
& sl Daya Bay: ICHEP2014 0.8} '‘Double CHOOZ: Neutrind201%|
10 1 2 3 4 5 6 7 8
Prompt Positron Energy (MeV) Visible Energy (MeV)
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BERKELEY LAB
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Method:

Expose fission parents to thermal neutrons
Measure total outgoing B- energy spectra

Predict corresponding Vv, spectra

Phys. Lett. B160, 325 (1985), Phys. Lett. B118, 162 (1982)

Phys. Lett. B218, 365 (1989), Phys. Rev. Lett. 112, 122501 (2014)
Phys. Rev. C83, 054615 (2011)

Phys. Rev. C84, 024617 (2011)

T 17 17171
4
A

-
o,
-

R llll(l]
&
L1 lllul[

—~a
o,
N
T
|

BETAS PER FISSION PER MEV

—_—
LA

LR ALLL |
L anwl

Results: _
More precise than nuclear data predictions 9
Standard approach for ~30 years
Predicts 6% higher flux than reactor msmts. U ll .
Spectrum disagrees with recent measurement R

Reactor Anomaly, Sterile Neutrinos? 4

10 I | 1 I l L 1

" 2 3 4 5 6 1 8 9 10
Phys. Rev. D83, 073006 (2011) KINETIC ENERGY OF BETAS IN MEV
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\ _ ®
il Guidance from Nuclear Data? A\

BERKELEY LAB

Does evaluated nuclear data suggest an explanation for anomalies?

To estimate antineutrino emission from a reactor:

Decay Rates (of betaemitters) + Antineutrino Spectra (from beta decay)

0- 0.0 53455
96
N 70— 0.08 39Ys7 \ nnac.on .gOV
a - C I ° ° I QE9-7096kev2s A 169 Logh 169 & Logft
5 ~ (i T a,2+)
o 65— u m u atlve Ie S —0.07 0.0035 6.38 ~H2puigi 61434 0.0082 5.85 6231.6
2 - ase27 | 2462314
= _ [ 0.0063 655 L2ni62 5838.3 0.027 584 -SHEL g 5914.7
= ' . 98 61416 - 4162.9
— 0.0040 7.04 — 383811 56756 S a0t A3342 5652.6
60— 0.0130 6.7 | i ,4044.2__ 5408 0.038 626 -poA0/1-2 S0 5442.9
- —0.06 | ol 3826.6..],... 5196.6 0.013 694 -L2%) 386 1~75—§-5.9:1}% 5228.5
- 3615.2 : 342.
- : a-20 [ |7
- 'R u 0.0110 7.43 -L29 i 47375 0.089 643 16258 [ 4837.9
551 0.0110 7.60 L:2¥ 4737.4_45125 Toiot [
- L} —10.05 3- 45124 o
= 0.013 7.70 2 4258.1 [2940:
oF | | é-i.;.i.‘?-"-- A} 4024.6 || 3086.9
S0 n 0.012 807 -tk fhe 37001 - H I o
- —0.04 0.081 7.37 8701 34503 0.0020 10.48 i 4839235004
- 2+ 1781205 35194 . ¢ o
45— u - o+ 12752
_ 0.041 7.92 e - 20257 20 PS
- E 0.043 972 @ Hﬁqgg.ﬁgﬁz 2669.1 0170 741 O* 2695.3 28 PS
- = —0.03 : - 3L A17s : : : 69.5 =
40— 044 897 2*—3};;1”77"1‘&5! 22258 < 10PS l‘
| 3- <8, 7} ]
- [ ; 3L[l7 . 1897.3 50PS
= 0.02 0+ RIEEIGT 191859 2% 1750.6
35— 126 6.97 x 1'5'5;‘;,‘;;25—6 1581.3 17504
- o0
30f from ENDF/B.VII 001 “l ‘
2%_ v v v b b v by e by b oy | 0 955 5501 Ot 0.0 "
0 40 50 60 70 80 90 100 110 %71
Isotope N

Estimated using: Estimated using:
- Fission parent rates - Evaluated nuclear data (levels, feeding)
- Cumulative fission yields per parent - Estimated beta decay spectrum
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ceeef Reactor v, Spectrum

BERKELEY LAB

Direct calculation unexpectedly agrees with preliminary msmts.

E 0 1] SO SU— i NUCl@@r Galeulation .} D Dwyer, T.Langford
2 (c) - ==== B Conversion, Huber | pp/ 114 012502 (2015)
= V74 N P B Conversion, Mueller

> - ,z,".?‘; L LRI Nuclear Calc., Fallot

= Y Note:

@ 0.1 S N — o Preliminary data

D 4 Ty compared using approx.
S | E =~E, +0.8 MeV

Data normalization
" Daya Bay adjusted to accurately

... ® RENO AU SOURUS S S—— compare shape.
¢ Dou_ble CHOOZ . : : :

—
—

|IIII
’
-

(0] (o]
w

|
[
!
|
i
i
1
i
i
1
1
|
!
|
1
1
|
!
i
|
!

' How do large calc.
______________________________________________________________ _ uncertainties not
cause more tension

% 5 — 6 7 ~“8with measurements?
Antineutrino Energy [MeV]
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oo Nuclear Measurements

E3AAN e
Fission Yields Total Absorp. Spec.
Fission Yields @ ILL (Lohengrin) @ LANSCE (NIFFTE) @ IGISOL (DTAS)

Experimental position 1
(straight unfocused beam)

\ s s

’ \ Main magnet RN Light water pool
e W

Condenser
2 x 380 kV ILL reactor
Thermal neutron flux
at target ~ 5 10" n/s/cm?

im

ey -

DSSD Plastic

otal Absor Spec.
@ ORNL (MTAS)

- Some examples of planned measurements of these decays:
N.D. Scielzo, private comm. [G.Li et al., PRL 110, 092502 (2013)]
A.-A. Zakari-Issoufou et al., EPJ Web of Conferences 66, 10019 (2014)
M. Heffner et al. (NIFFTE Collaboration), arXiv:1403.6771
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— Consequences...

BERKELEY LAB

You broke the Standard Model, now fix it!

Neutrino oscillation implies:
-> Must add mixing matrix into weak interaction.
...but is the mixing matrix complete?

-> Lepton flavor is no longer conserved!
...but at least total lepton number is possibly still conserved.

-> Neutrinos have mass!
...but how do we add it to the Standard Model?
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BERKELEY LAB

Lawrence Berkeley National Laboratory

Neutrinos Mass
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ceeee)f Neutrino Mass

BERKELEY LAB

Oscillation implies neutrinos have mass,
...but only provides mass differences.

2
ll13 - -

atmospheric

~2x10 e V2

“
Myt * o
— "
solar~7x10eV>
m,'—— e

?

What are the prospects for
measuring the absolute mass?

0 .
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i Kinematics

BERKELEY LAB

Neutrino mass impacts the e- energy spectrum from beta decay

25

Tritium B-decay spectrum near endpoint

15

dN/dt

Eo= 18,590 eV - Ef
dE

10

m, =0eV

-2.5 2 -15

(ev) m,, = ] éV

! ! !
5 -45 -4 -35

-0.5 0

E-Eo
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e Systematics

BERKELEY LAB

Significant systematics when measuring decays at the eV scale.

. . . 0.7
Intrinsic offsets and resolution '
due to molecular T, states. 0.6}

T+T E
- S 0.5:
E,(T) =459 eV { I
g o = 04f] ——>+10
AM(He,T) = 18589.8 + 1.2 eV "_?
- 0.3]
Q(T) . . 0
T+’He'+e O
oy

_Yy I
He+T' +e 02:
/ ‘\ // i

E,CHeT") = 1.90 eV E_(He)=24.6eV
CHeTy +e Y E,(T)= 1360 eV / 0.1
*He + T\ \ |

A l A A A l A A A l A A A

0 20 40 60 80  10C
excitation enerqgy [eV]

O
=-L"§ll
L~
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oo Increasing Precision

BERKELEY LAB

Incremental improvements using beta decay spectrometers.

25; 0 BEJING
O % % q W i #i—{ ¥ LIVERMORE
B . A LOS ALAMOS
—25 3 1 <>i
L [ | 1 B MAINZ 3
_ank 2 _ 22 2
N 50: O TOKYO m (Ve )= Zl Uei | m,
S —
E —75F T i=1
: ® TROITSK
‘TU . :
“‘E> —100F ||+ O TROITSK step fcn
—125 _ A ZUERICH
_1enfE |4 ]
150¢ Conclusion:
-175F | m,<2eV
19901 = 1995 = § 19000 2005
year

Rept. Prog. Phys. 71, 086201 (2008)
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o Electrostatic Filter

BERKELEY LAB

Electrostatic filter allows increased energy resolution.

HV electrodes
sc solenoid / \ s.c. solenoid
qE

T /
2- detector
source S ___— -
\ / \
—————————————
Bs Bm m|n BD

MW, o A 7

adiabatic transformation E, - E,
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Sl Too big to fail

BERKELEY LAB

wrence Berkeley National Laboratory

KATRIN: The world’s largest electrostatic filter

June 22, 2015 Neutrinos and Fundamental Symmetries 109
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BERKELEY LAB

wrence Berkeley National Laboratory

Absolute Mass?

Other experimental approaches

Microcalorimeters

MARE
EHCO

e Absorber

/ Copper
“é Gold

Sensor wit

5 stems

[ - Superconducting magnet coils

z (eV)

phase delay loops [

amplifiers

mixers

transverse antenna array

frh fpA piA ppA ppd i i g

T, gas
source

decay electron

=—GESOOOOITETY

radiation
2.0 fY‘;('Y'Y 00

' " l‘ H I'T“'ﬁ

dccay clcclmn

transverse antenna array

W%\*ﬁ\‘eﬂ\“ﬁ\*ﬁ‘eﬁ\\ﬁ

detectors

endcap
antenna

June 22, 2015

N Supcrconductmg magnet conls

Cosmology

10'00\E g v —rrrrrer T 2 T rrrrry v g T rryrry :

) _CMB_UPPer jimit |

1.00F E

[ Cosmology upper limit :
inverted hierarchy

0. 10— ™ o __. 3

= 2020 forecasted limit3

normal hierarchy assuming normal hier]

0.01 s s sanaal o 2 aaanl aa 2 as2asl NPT

0.0001 0.0010 0.0100 0.1000 1.000

Miignt (€V)

Project-8:
Cyclotron
Spectrometer
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BERKELEY LAB

Even if we measure the mass...
...What kind of mass we are measuring?

June 22, 2015 Neutrinos and Fundamental Symmetries 111
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ceeeeyf Dirac vs. Majorana

BERKELEY LAB

Even if we know the mass, what kind of mass is it?

Dirac mass: Majorana mass:
-my, - my, - M XX - MeXpXr
n p
- -
, C
W
|
OVBB Vm X
|
n p -
= — Violates
Observed: Unobserved: lepton number
t,, ~ 1017 to 10°! years t,, > 10** years
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Sl Majorana Physics N
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BERKELEY LAB

B-L conserved in Standard Model

OvBB is the most powerful and comprehensive probe of Lepton Number Violation,
sensitive to new physics over a vast range of scales, with far reaching implications

Observation of OvBB would be direct evidence for new physics

Demonstrate that neutrinos are
Majorana fermions

<|
<

Probe new mechanism of
neutrino mass generation, Nucleus Z > () = Nucleus 242

reaching up to GUT scale Huclear Process

Probe key ingredient needed to generate 1. Baryon number violation
cosmic baryon asymmetry via leptogenesis. 2. Out of thermal equilibrium
Sakharov conditions. 3. CP violation

Proposed experiments have discovery potential in a variety of mechanisms

K. Heeger, CIPANP-2015

June 22, 2015 Neutrinos and Fundamental Symmetries 113



ceeeey) Majorana Mass

BERKELEY LAB

1 - ' 1 LR L] L LA I L A |
i | r 1

Current Bound

Majorana mass:

Coherent sum of masses 10~
mpag = U2m, N Q
BB — ei' !t D, @
i _m10‘2 ?_,
£ S
O
0
r
1072 3
— 10 ]
— 20 ||
30
10_4 L 1 L1
107* 1072 1072 107" 1

Mmin [eV]
Mod. Phys. Lett. A 27, 1230015 (2012)
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ceere Isotopes

BERKELEY LAB

B3-decay G% Q nat. abund. experiments
10~y [keV] (7]

48Ca — 48T} 6.3 4273.7 0.187 CANDLES

6Ge — "6Se 0.63 2039.1 7.8 GERDA, Majorana

82Ge — 82Kr 2.7 2995.5 9.2 SuperNEMO, Lucifer
100Mo — 100Ru 4.4 3035.0 9.6 MOON, AMoRe
116Ccq — 1168n 4.6 2809 7.6 Cobra
130me — 130Xe 4.1 2530.3 34.5 CUORE
136 Xe — 136B4 4.3 2461.9 8.9 EXO, KamLAND-Zen, NEXT, XMASS
150Nd — 150Sm 19.2 3367.3 5.6 SNO+, DCBA/MTD

Mod. Phys. Lett. A 27, 1230015 (2012)

June 22, 2015 Neutrinos and Fundamental Symmetries 115



-~
A
reecoeoe] !

BERKELEY LAB

1

1’101/ _

Ov 2
T1/2 me
I J LI LI Ty r e UL I I R U R B
- ® ¢ QRPA
E ® EDF
6.0 ® PHFB
: R ¢ IBM-2
50: _ A LSSM
E ‘E. - ¢ -O’ i
40 ¢ -
> . | W 1 [ -
02 : I * " $m oo:
i A
Jofe (4 1A A A $ ¢
. :. A :
B il
i ¢ i
_A i
0.0_““11.1.1“l.l.ll.lll...l.11“.11..11.1“.

48Ca 76Ge SZSe 96Zr 100M0116Cdl24Sn 128Te 130Te 136Xe lSON.d

Mod. Phys. Lett. A 27, 1230015 (2012)
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— Expected Rates

BERKELEY LAB

I L 1 L L 1 L 1.1 l 1 1 1 L L L 11 l 1 1 1 L L L 1.1 l

104 - ~ =
] 10 meV ;

, I

10 —:\ Nd 3
] 100 meV I i
] Te i

10°

Z
f,
-
()
®

o_a
11 llllll L
LI | llllll T

gA4 X Specific Phase Space, Mg'1y'1ev'2

1 eV
0
10" =3 =
-1 _ —
10 I T 1 1 Ll L I 1 1 Illlll 1 T 1 T IIIII
2 3 4 5 6 7 2 3 4 5 6 789 2 3 4 6 789
0.1 100

T

89
1 10
Matrix element squared
Mod. Phys. Lett. A 28, 1350021 (2013)
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P~ Signal

BERKELEY LAB

1 | 1 1 { { =t

{
0.5
(Ti+ Tz)/Qm;
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e Measurement Sensitivity

BERKELEY LAB

Maximize:
Abundance, Efficiency, Mass T|me

Y

T1 sensitivity «

béE

Minimize: Background, Energy Resolution
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P Techniques

BERKELEY LAB

A rich field of techniques for Ov3[3 detection.

4 lonization )
Tracking & Calorimetry:  Crystals:
SuperNEMO GERDA
Majorana
(S Y,
TPC:
EXO
NEXT
Phonons+Light:
et s N\ CUPID
Scintillation Lucifer 4 )
liauid Lumineau Phonons
iquid: .
KamLAND Zen (B:ﬁlgfgtéter.
SNO+
o -/ _ y

K. Heeger, CIPANP-2015

June 22, 2015 Neutrinos and Fundamental Symmetries 120



S Example Experiments

BERKELEY LAB

CUOREO = ~11Kg 2013 (Running)
CUORE ~210 Kg 2015

EXO-200 136 ~200 Kg 2011

GERDA /11 e ~34 Kg 2011/15
KamLAND-Zen o ~300 Kg 2012 (Running)
MAJORANA R ~30 Kg 2015

NEXT 136 ~100Kg |2016

SNO+ 130 ~800 Kg 20167
SuperNEMO o ~7 Kg 2016

K. Heeger, CIPANP-2015
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= GERDA, Phase | ("°Ge)

BERKELEY LAB

- 87% enriched 76Ge detectors in LAr

- Qgg = 2039 keV

- 14.6 kg of 86% enriched Ge detectors from H-
M, IGEX (4.8 keV FWHM @ Qgp

- 3 kg of 87% enriched BEGe enriched
detectors (3.2 keV FWHM @ Qgpg)

- Single-site, multi-site pulse shape
discrimination

¢ 21.6 kg-year exposure

¢ Frequentist
Ti2>2.1x10%y(90% CL)
i |3 i
|z | ® Bayesian
g Ti,>19x102y (90% CL)

@
TTT

)
|

counts/(2 keV)

[~} L)
T

-~

GERDA Collaboration, PRL 111 (2013) 122503
Eur. Phys. J. C (2014) 74:2764

->@G. Benato

CIPANP-2015
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BERKELEY LAB

awrence Berkeley National Laboratory

.+ MJD Prototype module installed and taking
data in shield since July 2014. Simulations
and analysis of data are underway .

One detector spectrum within a string mounted in the prototype cryostat
and inside shield. FWHM 3.2 keV at 2.6 MeV

1()3 E
- -
208 :
> 10 3
X - s
5 f :
g - A
@ 10
[ =
= -
o -
o = .
TE
10'1 = 8
- M PRSP B PSR RS 2
0 500 1000 1500 2000 2500 3000

Energy (keV)

* Module 1 with more than half of all enriched
detectors will go in-shield in a few days and
start operation soon.

» Assembly of strings for Module 2 is underway.
Anticipate completion by end of 2015.

+ Expecting data from the completed
Demonstrator in 2016.

->Wengin Xu
CIPANP-2015
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oy EXO-200 (13¢Xe)

BERKELEY LAB

e Enriched Liquid Xe in TPC
- Qpp=2457.8 keV
- 200 kg of 80.6 % enriched'*¢Xe
- 75.6 kg fiducial mass,
- 100 kg years exposure

- Combine Scintillation-lonization signal for
improved resolution (88 keV FWHM @ Qgp)

- Single site - Multisite discrimination 35007
T12>1.1x10¥y (90% CL) 3000
a r v r : — - = . b 3 25(x)::
$ 3 §; ’000
2 of e e e ! i ] Hw% .
A A 1000 T o0
 of NS Y : f 5o
- , , ) , . 5000 1000 1500 2000 2500 3000 350
g E lonization energy (keV)
1 E
EXO-200 Collaboration, Nature 5§10 229 (2014) ->M. Tarka

CIPANP-2015
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e KamLAND-Zen

BERKELEY LAB
Lawrence Berkeley National Laboratory

e <""Xe in liquid scintillator, balloon of R=1.5m
o (Qpp=2457.8 keV

¢ Phase |
- 179 kg (2.44% by Xe wt.) 91.7% enriched'3¢Xe
- R=1.35 m fiducial cut
- 213.4 days, with 89.5 kg years exposure
- 400 keV FWHM @ Qgg
- evidence for '""MAg contamination
T1,2>1.9x10% y (0% CL)

¢ Phase 2
- 383 kg (2.96% by Xe wt.)
- R=1 m fiducial cut M}
- 114.8 days, with 27.6 kg years exposure
- '"0mAg contamination reduced by x10
T12>1.3x10%y (90% CL)

Combined (1&2) T1/2 > 2.6 x 102° y (90% CL) o balloon botiom

z|m)

(Gue 10 leakage N GAPIY I PUMP)
KamLAND ZEN Collaboration, Shimizu, Neutrino 2014 ->B. Berger

CIPANP-2015
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BERKELEY LAB

eeeeeee Berkeley National Laboratory

Heat bath ~ 10 mK

o Qpp=2527.5 keV

e Array of 52 5x5x5 cm?® TeO2 crystals
* 9.8 kg - years exposure

e FWHM of 5.1 keV

June 22, 2015

CUORE (130Te)

NTD-Ge
- m (copser) ( )
Aluminium Piate e
Bross Pate Absorber
Plexiglass
Borated PET
steel spring Thermal coupling
Roman lesd e (PTFE)
< 4 mBg/Kg
- =3
— N —— - |
2SN bt (%,‘ PRE 00 PO NR IR L 2 S0 TR FRER H‘{I{I}.,I it
= Rt S S T8 ek Rt ¥ SRR & Sl Rt B Wt &
e I | P . B——
3 & 3
Modern Lead 18;— —: 025 —
.‘ tood (1624) Ba/Kg 16 3 \:
) e ; 14;— _:0_2 g
onc % f E I
= 10 015 =
£ sf E
AETTTTITT R 7 0.05 &
25. M P |++.|. 1 :}:{Hl 1 I|+ +| e
$470 3380 3490 3300 2510 2520 2530 2340 3350 2360 3570

¢ 11kg '*°Te (34% nat.) bolometer (1I0m

Neutrinos and Fundamental Symmetries

Thermistor

Reconstructed Energy [keV]

T12>2.7x10#y (90% CL) CUORE-0
Ti2>4.0x 10>y (90% CL) CUORE-0 &

Cuoricino
arXiv: 1504.2454
->T. O’'Donnell
CIPANP-2015
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— Current Limits

BERKELEY LAB

ll' 1 L] T llllll

%% e 90% exclusion CUOREQ+Cuoricino |
GERDA+HDM+IGEX) (EXQ-200/) = —===========esmmoeeee

------------------- KamLAND-Zen)

CUORE 90% C.L. sensitivity

10}

102}

107}

10 107 10 10'!
Myighrest €V ]
K. Heeger, CIPANP-2015
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ceere Future Direction

BERKELEY LAB

Goals/Requirements

- Expect signals of 1 count/tonne-year for half-lives of 1027 years, or <mgg>~ 15 meV.

- For discovery aim for S:B of better than 1:1 in region of interest

- Region of interest can be single dimension (e.g. energy) or multi-dimensional (e.g.
energy-+fiducial)

Next Steps
International collaborations are building on current efforts using multiple isotopes:
- 76Ge: large Ge experiment, HPGE crystals, ton-scale
82Se: SuperNEMO, tracking and calorimeter, 100kg scale
136X a:
- nEXO, liquid TPC, 5 tonnes
- NEXT/BEXT, high pressure gas TPC, tonne-scale
- KamLAND-Zen, scintillator
130Te:
- CUPID, bolometers+scintillation/Cherenkov light
- SNO+ phase Il, scintillator
other efforts worldwide
staged approach possible, some experiments pursue isotopic enrichment

K. Heeger, CIPANP-2015
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Lawrence Berkeley National Laboratory

June 22, 2015

Neutrinos as Messengers
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P Geoneutrinos

BERKELEY LAB

Question: what fraction of KamLAND and Borexino have

’ [ ] [ ] [ ] [ ]
Earth’s heat is generated made initial measurements.
from radioactive decays? SNO+ expected to also measure.
KamLAND & Borexino Ca
4OK, 238U, 232Th RamLAND , @
Mar-02 to Nov-09 : 3.49+0.07 TNU-1 Dec-07 to Dec-09 : 0.152 TNU-"
&)
0.57 L:;?lot yield of pr.ompt posltrgn event [p.e.]
Total events- 841 Total events- 15
Background- 730+32 Background- 5.3+0.3
Geo-nu- 111143 Geo-nu- 9.7+£3.9
Gando et al., 2011 Bellini et al., 2010
Nature Geoscience 4, 647 Phys. Lett. B 687, 299
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BERKELEY LAB

Lawrence Berkeley National Laboratory

Rope tendons

2200 Thorn BMI 8" PMTs
(1800 with light collectors
400 without light collectors)

208 PMTsin water for Water

External Muon Detector

Steel platesin
concrete for extra
shielding-

10m x 10m x 10cm
4m x 4m x 4cm

\

Borexino Experiment

Borexino Experiment

o = —
// ! \\
g /\
>
// - — == -
Ve N
fer / \
/ \
' Saintillator
\ /
\ /
N\ )
/\ e =
\/4

W J

External water tank 18m ¢

Stainless steel sphere 13.7m ¢
(1320m 3 PC)

Nylon outer vessel 11.0m ¢
Nylon inner vessel 8.5m o
Fiducial volume 6.0m ¢

June 22, 2015
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—_—r Borexino Results

BERKELEY LAB

104 é— Nature 512, 383 (2014)
- Vv
o 100k PP
Q — 140G
X
s 102
Q. —
< 10k Synthetic “"Po CNOw ooty
= = pile-up :
- B . > 210Ri
b 10_15? AN — ~ 7 e
Q; ) ;_ - V.A
2 LA ——r——
g 108 7 ' W T
$E oo VTN,
104 pPep v W v V
10—5? L1 1 l 1 1 | 1 L1 l L1 11 L1 11 I | I I L1 11 l\ L1 1 XW
150 200 250 300 350 400 450 500 550

Energy (keV)
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P Solar Physics '@

» Best SSM (high-Z) and best solar atmosphere models (low-Z)
lead to contradicting results: solar abundance problem

Request for experi mental > Solar abundance problem: missing metals, missing opacity,
. missing (relevant) physics?
data from A. Serenelli:

BERKELEY LAB

» Current data on solar fluxes do not discriminate between
abundances.

» Missing metals or missing opacity? CNO neutrinos can

10% F — ~ 7 provide a “direct” measurement of C+N abundance and break
01 A . Bahes) the degeneracy
PP : .
1010 | veutrine® Central abundance of C+N will help constrain solar (stellar)
- 10 6% physical processes (gravitational settling, mixing)
10 * €z 1VU.«
‘ _ . >
- 10°% /’,l:iN‘—’:: :— Hzo) Dzo
o 101 b 20m-"T Cerenkov ; ]
! | Borexino and SNO+
e or Es-m" ; . .
N S - i will provide some data,
/ but CNO neutrinos
0+ difficult to reach.
102 - ‘ 1
101 : : Jd L] N P — —— 1 Il d
0.1 1 10

Neutrino Energy in Me\
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BERKELEY LAB

Lawrence Berkeley National Laboratory

LENS

Solar Physics

MOON

The Indium Low Energy Neutrino Tag
el ‘ 712+ 1857
/ s
B(GT) ~0.01, Q, =1362/ v
A .. ZBUsp 7436
In{p.nj.
e, 100 8 (e/r =57)
T=476 us
. v 720 612.8
B(GT)=0.17; Q,51 1_4.--""'(e/y)2111s 6 (e =038)
" T =16 ps 32+ 497.3
1151 ( 95.7%)
T=64x10"y Y5 | 497.3
Brax = 498&l
12+ 0

June 22, 2015
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BERKELEY LAB

B 99% of supernova energy (103 ergs) emitted in neutrinos.
Neutrinos precede light signal by ~hours.

e ‘Neutrinosphere’:
| Neutrino-neutrino interactions relevant.
Very sensitive probe of neutrino properties.

Prompt v _ burst Accretion Cooling

4of

I
o©
'S

w
=]
T
o
w
T

Luminosity [1052 erg/s]
o
N

Luminosity 11052 erg/s]
o©

Luminosity [10°? erg/s]
N
o

-
o
T

1 1 1 1 1 0.0 1 1 1 1
100 200 300 400 500 600 2 4 6 8 10

A supernova in our galaxy: Diffuse signal from all past SN:
~300 interactions / kton ~0.1 interaction / (kton yr)

— When?
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S Supernova Neutrinos

BERKELEY LAB

SN1987A in the Large Magellanic Cloud

50.0 l ; :
_C_—:—:'_
LI B ¢ Kamiokande IL
| | | r
400 |+ 4: 5 ! o IMB .
T '
L :? T
R
% 300 F -4 -L .
= V== T
o I -
< L L@
S 200 | ¢ I | .
SO
f— -
| —
.. - »
100 T I -
27y !
0.0 L ' '
0.0 5.0 10.0 150

Time (seconds)
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Supernova v Detectors

BERKELEY LAB

Lawrence Berkeley National Laboratory

Detector Type Location Mass Events Status
(kton) @ 10 kpe
Super-K Water Japan 32 8000 Running (SK IV)
LVD Scintillator Italy 1 300 Running
Kam[LAND Scintillator Japan 1 300 Running
Borexino Scintillator Italy 0.3 100 Running
IceCube Long string South Pole (600) (109) Running
Baksan Scintillator Russia 0.33 50 Running
Mini- Scintillator USA 0.7 200 (Running)
BooNE
HALO Lead Canada 0.079 20 Running
Icarus Liquid argon Italy 0.6 (60) (Running)
NOvA Scintillator USA 15 3000 Tumning on
SNO+ Scintillator Canada 1 300 Under construction
MicroBooNE Liquid argon USA 0.17 17 Under construction
LBNE LAr Liquid argon USA 34 3000 Proposed
Hyper-K Water Japan 540 110,000 Proposed
JUNO Scintillator China 20 6000 Proposed
RENO-50 Scintillator South Korea 18 5400
LENA Scintillator Europe 50 15,000 Proposed

June 22, 2015

Neutrinos and Fundamental Symmetries

K. Scholberg
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BERKELEY LAB

Lawrence Berkeley National Laboratory

IceCUBE Experiment: Detected 28 neutrinos above 30 TeV
Instrument 1 km? of Antarctic ice Example 250 TeV neutrino interaction

to detect Cherenkov light
using 5160 photomultipliers

SIS
=~ = =y

DR F F A

et
BTN

[
4
2
z
»
od
23
"
4
4
»
”
»
¢
~
-
IceCube Lab i
\;s&—,:w—:-:-: IceTop
P M / 81 Stations #
50m —— e Y = == 324 optical sensors }
- - - =
;
’
IceCube Array q
86 strings including 8 DeepCore strings b
5160 optical sensors »
2
%
| §
Amanda Il Array °
1450m | L ; (precursor to IceCube) . =
Wi HHAE
i DeepCore IS F .
i 8 strings-spacing optimized for lower energies . '» x N
i 480 optical sensors A M A B :
. v © 4
. [ - 4 e
. . . . -
Eiffel Tower b4 $ - : =8
324m o s = 9 ee
'. . : . -
2450 m : s =5 £ s
e . 4 - -
2820 m 4 ¢ ¢ =
4 . — ® -
s -
> v
- -
v -

Inconsistent with atmospheric neutrinos
Science 342, 1242856 (2013)



ceere Point Sources?

BERKELEY LAB

No statistically-significant point sources

Equatorial

0 TS=2log (L/L) 12.4
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BERKELEY LAB

Similar to CMB photons, except neutrinos show the universe at
~1 second after the Big Bang.

Dark Energy
Accelerated Expansion
Afterglow Light

Pattern Dark Ages Development of ESti m ates .

380,000 yrs. Galaxies, Planets, etc.

haasl e N Current density:
SRC Bl 300/
?’ a3 : Current temp:
~1.95K

May be as much

mass as all stars
1st Stars e
about 400 million yrs. com blﬂ@d

Big Bang Expansion

13.7 billion years
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BERKELEY LAB

Part 3: Fundamental Symmetries

or

Trying to seriously break the Standard Model

June 22, 2015 Neutrinos and Fundamental Symmetries 141



ceeeey) Charged Lepton Flavor

BERKELEY LAB

Neutral Leptons:
Neutrinos show significant change of flavor: (v, v v,)

Charged Leptons:
Do we find any similar change for charged leptons (e, u, T)?
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gl Prominent CLFV Processes

BERKELEY LAB

L—ey
Now allowed within the Standard Model due t20 neutrino mixing:
2
B Vz ~ —52
R(p — ey) 327r 2@: 10

+ + - ot
ut— etee
Relative rate strongly constrains extension of Standard Model.

e.g. If dipole terms dominate:

B(pt — ete e m2 11
W™= etemen) | @ ™ay 1L} 006
B(pt — ety) 3 m2 4

LWN—eN

Muon conversion in the field of a nucleus. ~1to ~2,
e.g. If dipole terms dominate: depending on nucleus
B(pt —=ety)  96ma 1 428

B(u—N —eN) G%m% 3-102B(A,Z) B(A,Z)
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il Current and Proposed Experiments %

BERKELEY LAB

Experiment Beam Momentum Rates BBeamline
[MeV/c] [s7']

MEG (u — ev) [25] put 29.8 3-107 wE5 at PSI

MuLan [24] put 29.8 8- 106 wE3 at PSI

TWIST |26] pt 29.8 <5-10°> TRIUMF

MEG upgrade* (u — ey) [27] pt 29.8 7-107 wE5 at PSI

Mu2e* (u= —e™) [9] pwo ~ 40 1010 FNAL

pt —eTe et (Phase 1)* [29] put 29.8 <1-10® ~7E5 at PSI

pt — ete~et (Phase 2)* [29] ™ 29.8 2 - 10° HIMB at PSI

June 22, 2015 Neutrinos and Fundamental Symmetries
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eeeef MuZ2e Experiment

BERKELEY LAB

Principle:
Determine or limit branching ratio for muon conversion.
['(u~ N(A,Z) - e N(A,Z)

e = T~ N(A,Z) = v, N(A,Z — 1))

Signal:
Emission of mono-energetic electron: 105 MeV.

Current Limit: R, <7 x 10712

Aim to surpass this limit by 4 orders of magnitude!
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Sl Mu2e Detector

BERKELEY LAB

Production Solenoid Proton Beam

Goal:
Stop 10'® muons in Al target.
Search for emission of a few electrons with energy of 105 MeV.
Keep background below 1 count during entire operation.
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gl Sensitivity to New Physics

; | LR L LR LR
()] s 4
Examples: £
. : < | I
New particles induce CLFV
8
-— ' -~
-~
~ /7 AN ~
K« x €
/ \
— L—
p B €
€ \
€
”~ - . =
~ / N~
KA x € ) N \ :
/ \ R N NN
\ EX %'QO%CL) NN
» | | N \ N N\
4 _ " RN .-\\5(\\\\%&1 RN NN
H B € 107 10" 1 10 10°

K
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ceere Flavor Conservation

BERKELEY LAB

Flavor conserving processes:
Can also inform us of physics beyond the Standard Model

— Dipole Moments!

(B (E)
=g om ] 57 — "\ 2me

InCIUding radiative corrections: Phys. Rev. D 73, 072003 (2006)
g—2  au(Expt) = 116592089(54)(33) x 10~
a =
2 a,(SM) = 116 591 802(42)(26)(02) x 10~

(At zero’th order, g = 2.) Disagrees at ~3.60 sigma

June 22, 2015 Neutrinos and Fundamental Symmetries 148



_— Loops within loops

X X X
% 5 ~k\ @ ,&k
l,l.
X X

Figure 32. Two-loop QED Feynman diagrams with the same lepton flavor.
X X X
X X X

Figure 33. A few Feynman diagrams of the three-loop type. In this class the flavor
of the internal fermion loops is the same as the external fermion.

Rept. Prog. Phys. 70, 795 (2007)
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_— Loops within loops

BERKELEY LAB

Lawrence Berkeley National Laboratory

Figure 32. Two-loop QED Feynman diagrams with the same lepton flavor.

X X X X
X X X
e e
X X X
X X
e i ? i i /Qe
L e S i
Figure 33. A few Feynman diagrams of the three-loop type. In this class the flavor
of the internal fermion loops is the same as the external fermion. D' X
e
e

Rept. Prog. Phys. 70, 795 (2007)
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BERKELEY LAB

PN ANA
A LT A e

@A 4& Rept. Prog. Phys. 70, 795 (2007)
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wrence Berkeley National Laboratory

Muons are
tiny magnets
spinning on
axis like tops.

Measuring g-2

Muons are fed
into a uniform,
doughnut-shaped
magnetic ficld

and travel in a circle, After each circle,

muon's spin axis

changes by 127,
yet it keeps on traveling

Protons Pions, weighing Plons decay
from AGS. 116 proton, to muons.
are created.

One of 24 detectors

see an electron, giving After circling the ring

the muon spin direction; many times, muons

g-2 is this angle, divided spontanaously decay to

by the magnetic field the electron, (plus neutrinos,)

muon is traveling through in the direction of the muon spin.
in the ring.
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e g-2: On the road

BERKELEY LAB

g-2 moving from Brookhaven to Fermilab

N\ o
N A N

Aim to iMrove current precision by a factr of 4.

Experiment also at J-PARC...
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BERKELEY LAB

Violate:
Time-reversal symmetry

Parity-reversal symmetry
(and CP via CPT theorem)

Standard Model predicts
exceedingly small EDMs:
d,=1038% e xcm

d =1032excm

dy, = 10°% e xcm

Any observation:
— New physics.

Prog. in Part. and Nucl. Phys. 71, 21 (2013)
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il EDM Experiments

BERKELEY LAB

Leptonic EDMs

Cs (trapped) Penn St.
Cs (trapped) U. Texas
Cs (fountain) LBNL

210Fr (trapped) Cyric

YbF (beam) Imperial College
HfF+ (trapped) JILA

ThO (beam) Harvard-Yale
PbF (trapped) U. Oklahoma
WC (beam) U. Michigan
GGG (solid) Indiana

muon (ring) J-PARC

Hadronic EDMs

n (UCN) SNS

n (UCN) ILL-PNPI

n (UCN) PSI

n (UCN) KEK-Triumph
n (UCN) Munich

p (ring) BNL

d (ring) COSY

129%e (liquid) Princeton
123%e (cell) GUMainz
129%e (cell) TUMunich
129X e (cell) Tokyo Inst. Tech.
1399Hg (cell) Seattle

223Rn (trapped)  TRIUMF
225Ra (trapped)  Argonne
225Ra (trapped)  KVI

Partial List from B. Heckel, CIPANP-2015

June 22, 2015 Neutrinos and Fundamental Symmetries
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BERKELEY LAB

_ZH'E—zg'E B.E_l
Wz = h (uB-Eu")

B. Heckel, CIPANP-2015
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BERKELEY LAB

wrence Berkeley National Laboratory

Example: °°Hg

| - Wor
E l | (DMT I 1 v . IL[ 8 63B 3 4dE
1 o, =Ao, ——Aw, a)c——(———3Az )+—
e Oy —t " 3% ho 3oz h
®op
3-layer mu-
metal shielding
ND
filter rotating disk
i, I I chopper
pol. ||
(7l L=
@lz l i:l » 253.7 nm laser
@|Z| S system
PD W4
I
pneumatic
actuators
cosine winding cell-holding

June 22, 2015
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2zl  EDM: Current Best Limits

BERKELEY LAB

System Limit E.« co-magnetometer Freq. res.
Tho®) |d.|<8.7x10%°e-cm  84GV/cm  Omega doublet states 1 mHz
Neutron®? |d |<2.9x10%%e-cm  15kV/cm 199Hg vapor 2 UHz
199Hg(3) |dygl<3.1x102°e-cm 10 V/cm Adjacent vapor cells 0.1 nHz

1. J.Baron et al., (ACME Collaboration), Science 343, 269 (2014)

2. C.Baker et al., Phys. Rev. Lett. 97, 131801 (2006)

3. W. C. Griffith et al., Phys. Rev. Lett. 102, 101601 (2009)

B. Heckel, CIPANP-2015
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e Berkeley National Labor:

1R

\‘ - |
| w Jl!
!ll'

.

WU

HONESTLY? v Pecsqarran \HEn We
DION' T THRLK ABOUT aHE £LZPHANT
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HONESTLY ? v Peceqrrap \wHEn WE

What is the lifetime of the proton?
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BERKELEY LAB

Sensitive probe of new physics up to GUT scale (101® GeV)

Decay to charged lepton: Decay to neutral lepton:
p— e’ p— VK
p— W'
p ¢ S ~ - g
W A
| |
} > d > : > : - S
U
[ . ()
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wrence Berkeley National Laboratory

vatory

.

p—>e+T[° p_)lJ-+T[O p—>\7K+
T>8.2 x 10* years T> 6.6 x 1033 years T>5.9 x 1033 years
Phys. Rev. Lett. 102, 141801 (2009) Phys. Rev. D 90, 072005 (2014)
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ceeeey) Proton Decay

S e
Soudan Frejus IMB Super-K (2012)
p — e+ a0 ¢ : GQumm | _—J*
minimal SU(5) minimal SUSY SU(5) > Hyper-K
p — e+ (10 yr)
predictions - \
flipped SU(5), SO(10), 5D SUSY SU(5) b,
p —> e+ K 0 - ‘” E
D — u+KO DR ———
n—vKO ¢ ] o= g LBNE 34 kton (10 yr)
p->vK* & 0 \ LENA(}10 yr)
(" classic minimal SUSY SU(5) high scale minimal SUSY SU(5) >
p—VK* ) SUGRA SU(5)
PRGNS SUSY SU(5) with additional U(1) flavor symmetry
various SUSY SO(10) >
SUSY SO(10) with G(224)
1 1 lllllll 1 1 lllllll 1 1 lllllll 1 1 L i1 1111
31 32 33 34 35
10 10 10 10 10
Lifetime (years)
Ed Kearns
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oy Proton Decay

Sl ey Hes
Hyper-K
35
- 1077 F
O E ® LAr-34kt
N 5 S S S
) I D —2€ T
>,
S 10 34 =
@ i
)
qé 33 b
s 107 F
] 3
-3
1032 e b b b b b b b
1995 2000 2005 2010 2015 2020 2025 2030 2035 2040
Ed Kearns
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— Conclusions

BERKELEY LAB

Clear limits to our understanding of physical laws:
What are the characteristics of the known particles?
What about the unknown particles (dark matter, energy?)
Is there a deeper underlying structure?

How do we explain the matter-antimatter asymmetry?
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wrence Berkeley National Laboratory

Charge Lepton Flavor Violation
- port Solenoid sl
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