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w Things my group

searches for:

Neutrinoless
Axions Double-Beta
Decay




w Remaining Standard Model

Issues:

Majorana vs. Dirac

Strong CP Problem Neutrinos




w What unites these two topics?

Peccei-Quinn Mechanism See-Saw Mechanism
V
N
e~ Mo fr 109 oV (1016 GeV> L — 1 m? T _ I
J fa 2mp 2"

/ \ Our T T
nano-eV mass Standard GUT scale v

GUT scale axion ,
Light v



Let’s start with Axions




Heavy Dark Matter Axion Dark Matter
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Heavy Dark Matter Axion Dark Matter




Heavy Dark Matter Axion Dark Matter

These are billiard balls. This is a field.




Some Details:
*The Strong CP Problem h
* Axion Cosmology

* How do we detect them?

 ABRACADABRA



A quick side-trip to Neutron EDM

What is it?
Why is there a problem?



A quick side-trip to Neutron EDM

Classical Electric Dipole Neutron Electric Dipole
e ®1t t +2/3e u-quark
0 0
et @ v @O 2x(-1/3e) d-quark

d=el If 2-0.1r,
dn~4%10-14 e-cm
Experiment
dn<3%x102¢ e-cm

Inspired by B. Filippone’s nEDM Lecture



What is more important is symmetry.

magnetic moment (5

electric dipole
N :

The electric dipole moment (EDM) violates Parity (P) and ¢
Time (T) symmetries, and therefore violates CP. W

https://en.wikipedia.org/wiki/Neutron_electric_dipole_moment



Charge Parity (CP) Violation is a key ingredient in generating
the matter-antimatter asymmetry in the universe.



CP Flow Chart
'or 'he Describes a reflection

Standard Model ke symmetry

Charge Parity = CP

The Standard Model
has terms that violate
CP

Observed in the Weak Not Observed in
Interaction! Strong Interaction

Want to see it now in Should be large,
neutrinos! What happened?



This is the CP violating
term of the QCD

Lagrangian.

This term gives rise fo an
electric dipole moment.

The current limit:

This implies....

Lo = —0O (ag/8T) GHVAGY,

T

Gluon field strength tensor

dn, ~ 3.6 X 10_160QCD e cm

dn| < 2.9 x107%° ecm (90% C.L.)

aYeld 5 10—10



Well thats not very natural.



The Solution: Peccei-Quinn Symmetry

SU(3): Strong Force
SU(3)xSU(2)xU(1) SU(2): Weak Force

U(1): Electromagnetic

Add

U(1)rq U(1)prq: Peccei Quinn



The Breaking of PQ Symmetry restores CP Symmetry!

Axion Field

. ®A ~ | Us y-
L’ — T4 (_) 2 G[.U/a Ga
(f,l ) 87T 225 \
N\ mass of the axion
Axion Decay Constant

107 GeV
m g = 5.70(7) ( 7 - )meV
A

Dynamically sends O to zero!



Originally, we thought...
fa ~ Vweak
where
Vweak = (V2GR)~1/2 = 247 GeV
but that has been ruled out by experiment.
fa > Uweak

these invisible axions are mostly unconstrained.



Kim-Shifman-Vainshtein-Zakharav (KSVZ) Axion
Introduces heavy quarks as well as the PQ scalar.

Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) Axion
Introduces additional Higgs field as well as the PQ scalar.
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Some Detuails:
* The Strong CP Problem

-

* How do we detect them?

 ABRACADABRA

* Axion Cosmology



Slightly Different Cosmology

PQ Phase Transition PQ Phase Transition
Before Inflation After Inflation




Misalignment Mechanism
The most straight forward mechanism to generate cold axion dark matter.



a+3Ha + mga =0

o | H>>my i In this period the field is damped.
E i The initial value of the field is determined by the
E | scenario for when symmetry breaking occurred
Z | relate to inflation.
|
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From: David Marsch, arXiv1510.07633



a+3Ha + mga =0

|
o | H>>my . : :
o | Misalignment refers to the scenario where there is
q} [ ] e 0 [ ] [ ]
- | an initial coherent displacement and it relaxes fo
& I the potential minimum.
<
|
|
T RN
2 |
3 |
U2 [
2 ol '
- |
8 i
“C-é |
=
= ) “

10° 10! 102
Scale Factor a/a;

From: David Marsch, arXiv1510.07633



i+ 3Ha+m2a=0

The field is now underdamped and
oscillations begin!

Axion Field A

Locally,

[a—y
I

a(t) = apsin(mgt)

1
2 2

Equation of State w
o

. |

] M R A
10° 10! 102
Scale Factor a/a;

From: David Marsch, arXiv1510.07633



And the key equation for axions as dark matter:

) fA 1.165 )
Oh2 ~ 0.12 5:
AT (9 % 1011 c;e\/) 1O

6 eV 1.165
/ zO.lQ( e ) Fe?,

axion dark matter mass
density




Why are the experimental limits focused at micro-eV?
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And the key equation for axions as dark matter:

5 fA 1.165 )
O%h2 ~ 0.12 F o
AT (9 % 1011 GcV) i

6 LoV 1165
zO.lQ( L ) Fe?,

\

Because that is natural.




And the key equation for axions as dark matter:

5 fA 1.165 )
O%h2 ~ 0.12 F o
AT (9 % 1011 GcV) i

6 LoV 1165
zO.lQ( L ) Fe?,

\

Because that is natural.




Theoretical Preferences in Pink
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Some Detuails:
* The Strong CP Problem

* Axion Cosmology

* How do we detect them? h

 ABRACADABRA



From: Yoni Kahn

Axion-SM interactions

1 ~ 1 — —
LD ——ggak,, FI' — §gdaNUW*y5NF“’” + gan N (Opa) NV s N + guee (O a)eyHyse

4

AXion-
photon

_conversion,

Note: for QCD axion, mq ~ 6 x 107" eV (

/
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EDM
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[Graham and Rajendran, Phys. Rev. D88 (2013)]
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For “axion-like particles” (ALPs), couplings independent of my



The Summary of the Axion Parameter Space
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Axions modify Maxwell’s Equations!

V-E = —guB-Va

V-B =10
0B
OF da
VXB = W_g(l.’y'y<EXVCL—aB)

Modified Source-free Maxwell’s Equations



Axions modify Maxwell’s Equations!

V- FE = —gaWB%

V-B =10

0B

OF da
VXB = W_gafhz(EX (L—EB>

These terms are assumed to be small.



From: Yoni Kahn

AXIon-photon searches

OE, 0
V x B, = o | gaWBOa—ZJ Cavity regime: )\comp ~ Rexp
N— ADMX
V xB, = %];f | gaWBO% Quasistatic regime: Acomp > Fexp
—— ABRACADBRA
Jeff

OE,
V//B,r — py | gCW’YBOE Radiation regime: Acomp <K Rexp
MADMAX



A Calculation of the Axion Induced Fields

Solid lines
indicate the
axion induced
fields, see also

arXiv1812.0548
for a full QFT

derivation.
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The Lumped Element Parameter Space ..., > R..,
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The ABRA Parameter Spuce
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Some Details:
* The Strong CP Problem
* Axion Cosmology

* How do we detect them?

- ABRACADABRA h



ABRACANABRA

A Broadband / Resonant Approach to

Cosmic Axion Detection with an
Amplifying B-field Ring Apparatus



What is a B-field Ring Apparatus?




The cartoon experiment

Based on Kahn, Safdi and Thaler, Phys.Rev.Lett. 117 (2016) no.14, 141801



The cartoon experiment

axion current



The cartoon experiment

Real Magnetic Field!



The cartoon experiment

A real magnetic field induced in a zero field region.



Power [®2%/Hz]

An Example Signal

Axion Mass [eV]
10712 1011 10710 10~°
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f=mg/2m
Af =1/Av2 ~107° ¢

Noise Floor

\

L] [ ]
T l.l--.....l

104 10° 10° 107
Frequency [Hz]



\\\\\

calibration loop

/ ) ] magnet and calibration T

toroidal magnet power leads pickup loop or
cylinder

ABRACADABRA-10cm Conceptual Design



LABRACANABRA

The Collahoration
Zachary Bogorad, Janet Conrad, Joe Formaggio,

MIT LNS Jonathan Ouellet, Chiara Salemi, Jesse Thaler, Daniel
Winklehner,
Lindley Winslow (NSF PI)

MIT PSFC Joe Minervini, Alexey Radovinsky
Chicago/ Yonatan Kahn

UIUC

U of .

.« 4. Joshua Foster, Ben Safdi
Michigan

UNC Reyco Henning

LBNL Nick Rodd

I - - ar
i

at CHAPEL HILL



Magnet construction at Superconducting Systems Inc.
It was wrapped in 3 sections and then installed in a superconducting shield.



ABRACADABRA-10¢m installed Fall 2017.



Some improvements to the geometry were completed in January 2018.



ABRACANABRA

Suspension System

» Vibration isolation suspension system

» 150 cm pendulum, with a resonance
frequency of ~2 Hz

» In the Z direction, a spring with a resonance
frequency of ~8 Hz

» Supported by a thin Kevlar thread with very
poor thermal conductivity

» Can be upgraded with minus-K isolation



SQUIDs
700 mK




ABRACANABRA.

SQUID Current Sensors

» Off the shelf SQUIDs from Magnicon

» Two stage current sensor + series array
amplifier

» Optimal temperature: ~700 mK
» Input inductance: 150 nH
» Noise floor: ~1.2 pdo/Hz1/2

» 1/f corner: ~50 Hz }4\
» Bandwidth Limit; ~6 MHz

» Additional filters limit bandwidth to Lp E
2kHz-2MHz 7

l
Broadband Configuration




ABRACANABRA,

Magnetic Shielding

» Two layers of mu-metal shielding
» Possibility of third layer later

» (Still need to measure the attenuation)




ABRACANABRA.

Wiring and Shielding




ABRACANABRA

First Results October 2018!
arXiv:1810.12257

Long Technical Paper
arXiv:1901.10652



ABRACANABRA

Mechanically cooled fridge so vibration
dominate at low frequency.

Example signal

A . | | N |
0 AL VA | Y [
(b) .
609980 Hz 610020 Hz
E 10| (a) © T : '
e 10 ) | 60998 Hz Frequency [Hz] 61002 Hz
=10 T >
2 10"
g 7
é 10(\
D e A et
g 1071 A
— 4 |
2 107
< 1077
A "4 5 ' - C 6
10 10 Frequency [Hz] 10
EM Shielding not as effective at high
frequency or large sources.
SQUID Noise Floor!

Data taken from July 16, 2018 to August 14, 2018, continuous
digitization and data transter was a major accomplishment in itself!




ABRACANABRA

One of the key experimental details is how you calibrate the system? /

Calibration Loop

1'I ABRACADABRA-10 cm

| Preliminary
We performed detailed scans to determine that =+
our efficiency was flat over a broadband of
frequencies. Unfortunately, the gain was low =~ |
by a factor of 6.5 low, most likely due to | oAb oo
neglecting parasitic inductances. Work is -
underway now to regain this factor. : |

il

£ \ I
m: ABRACADAER™INVERIN | (it f«‘ I

10" 10°
Frequency (Hz)



ABRACANABRA

First search for axion dark matier below 1peV,
and we are just beginning!

D =mg/2I0
Hz kHz MHz GHz
1 | | 1 1 1 1 1 1 |
QCD Axion
1 0—8 | CAST
ADMX G2 (Projected)
] Bl ADMX
ABRACADABRA-10 cm 95% Limit

1 (This Work)
10-10 1 /

CAST
Solar Axion Experiment o T 1015 e
10-18 4 Jo GV

T T
1010 10-8 10-6
Mg (eV)

10[—14 10|—12




What nexi?




ABRA Readout

Option #1 - Broadband Readout

® pickup loop directly coupled to the SQUID
® simultaneous scan of all frequencies

® simple and fast

Option #2 - Resonant Readout

® pickup loop coupled to the SQUID through
a resonant circuit

® scan across all frequencies

® signal enhancement by Qyalye ~10¢ on
resonance but significant enhancement of
sidebands as well

® better ultimate sensitivity

For a review of this issue see Chaudhuri, Irwin et al. arXiv:1803.01627



A Bigger Magnet with Higher Field

Higher Cost
39S

% — (Rout= 0.225m R, =0.7*R_ ,, h=0.364m )
o [ ! 5T
() |
g 10
go] =
9 1
e [
5 [
i 1.5T
107 .
(Rout= 0.680m Rin=0.7*R;ut, h=1.360m)
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0 0.2 04 0.6 0.8 1 1.2 1.4
Volume [m’]

Bigger Field = More Sensitive

» More Volume = More Sensitive



A Bigger Magnet with Higher Field

A 40cm-Scale experiment is
good for engineering Especially if you run two of them.

' (R_ =0.225m R _=0.7*R
! out in

out’

h=0.364m )
| 5T

10

Stored Energy [MJ]

1.5T

—
YT

107

(R__=0.680m R _=0.7*R} , h=1.360m )
- E 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 |i 1 1 1 | 1 1 1 | 1
107, 0.2 0.4 0.6 : 1 1.2 14
Volume [m’]

A Tm-scale experiment is the goal from
the science perspective.



LABRACANABRA.

Frequency [Hz]

107 10° 104 107 106 107 108
10—10
Current ABRA-10c,:0.
10—12 _____________________________________
---------------------- ABRA-10cm
SRR N\
C(B __________________________
e (e e S
T s
s R -
S e —
S =
10—16 ABRA-40em — g
ABRA-Im ___ s
10—18 s
& ABRA-QCD
10—20 . . . . . . .
1071 1071 10710 1077 1078 1077 107°
myg [eV]
---- Broadband 50 Detection Threshold QCD Axion I Broadband 1o Expected Constraint
—— Broadband Expected Constraint 0 CAST Broadband 20 Expected Constraint
---- Resonant 50 Detection Threshold Hl ADMX Il Resonant 1o Expected Constraint
Resonant Expected Constraint I ADMX Projection B Resonant 20 Expected Constraint

Note: ABRA-40cm is two magnets, 1 year integration assumed for all except ABRA-10cm which is 1 month.



And now for neutrinoless double-beta decay!




w Things my group

searches for:

Neutrinoless
Axions Double-Beta
Decay




w Big Questions:

What is Dark
Matter?

Why is there
only matter in
the universe?

Why are
the
nevtrinos
so light?



w What unites these two topics?

Peccei-Quinn Mechanism See-Saw Mechanism
V
N
e~ Mo fr 109 oV (1016 GeV> L — 1 m? T _ I
J fa 2mp 2"

/ \ Our T T
nano-eV mass Standard GUT scale v

GUT scale axion ,
Light v



This is the Standard Model

The Neutrino:

* Fermions (spin 1/2)
* Three Flavors

* No Electric Charge
* No Strong Charge
* Weakly Interacting

e | eft-Handed
e Small masses




Dirac Neutrinos

neutrino and antineutrino
different particles

Majorana Neutrinos

neutrino and antineutrino different
helicity state of the same particle



This is the last missing piece of the Standard
Model.




Majorana neutrinos are really nice.




Masses of the
Standard Model
Particles

Leptons Quarks

TeV :
O

GeV
MeV ® .
keV
eV

O o® Neutrinos are very light!

meV



See-Saw Mechanism

V

A big Majorana mass splits the Dirac
neutrino into two neutrinos: the light

neutrino V and a heavy neutrino N.

78



See-Saw Mechanism

V
N

The mp is normal | |
Dirac mass and should L _ l Ty — lm NN The mr is the Majorana
be about the same o, 9 R mass and can be much
order as the quarks or - = heavier.
charged leptons.

Qur |

Standard lts much heavier

Light v big sister

79



And now for some hand waving..... ts these that we

can make and
detect.

80



And now for some hand waving..... ts these that we

can make and

detect.
[ts these guys that N

will be made In the
Big Bang and it's CP
Violation and
Lepton number
violation in their
decays that can be
turned into the
matter antimatter
asymmetry.

8l



And now for some hand waving..... ts these that we

can make and

detect.
[ts these guys that V

will be made In the
Big Bang and it's CP
Violation and
Lepton number
violation in their
decays that can be
turned into the
matter antimatter
asymmetry.

So if we detect CP violation and Lepton
number violation in the v then it would

be difficult to construct a theory of the
N that do not have the same

properties.

82



How do we find out if
neutrinos are Majorana?




Nucleus Z > l l > Nucleus Z+2

Nuclear Process

Neutrinoless Double Beta Decay



Lepton

< . . > Number
. A Violation!

Nucleus Z > l l > Nucleus Z+2

Nuclear Process

Neutrinoless Double Beta Decay

Light Majorana Neutrino Exchange



The Process of Double Beta Decay

Due to energy conservation some nuclel can't decay to their daughter
nucleus, but can skip to their granddaughter nucleus.

A L+

Nuclear
Energy

\ Level
A /+2

A L

Just a few Isotopes!



The Standard Model Process

This 2v process is completely allowed and the rate was first
calculated by Maria Goeppert-Mayer in 1935.

Nucleus Z > u > Nucleus Z+2

Nuclear Process
Phys. Rev. 48,512-516 (1935)




Double Beta Decay (2v)

The sum of the electron energies gives a spectrum
similar to the standard beta decay spectrum.

\\\\MI,,,”
Rev.Mod.Phys., 481-516 (2008
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This has been observed in isotopes such as 139Te and !!eCd.



Neutrinoless Double Beta Decay

Nucleus Z > l | > Nucleus Z+2

Nuclear Process

Light Majorana Neutrino Exchange



Neutrinoless Double Beta Decay

The sum of the electron energies gives a spike at the endpoint of
the "neutrino-full’” double beta decay.

REVIEWS OF MODERN PHYSICS, VOLUME 80, APRIL-JUNE 2008
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Neutrinoless Double Beta Decay

The sum of the electron energies gives a spike at the endpoint of
the "neutrino-full’” double beta decay.

REVIEWS OF MODERN PHYSICS, VOLUME 80, APRIL-JUNE 2008
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How do we measure this?




What is measured is a half-life...

The half-life of the neutrinoless decay:

( 1/1/2)_1 — GOV(QIBﬁaz)‘MOV|2<mIBIB>2

/

Phase space factor
Notice higher endpoint means faster rate.



What is measured is a half-life:

(7{1)/1}2)_1 = G,(Qps,7Z) ‘¥0V|2<mﬁﬁ>2

Nuclear Matrix Element

This is a difficult calculation with large errors and
substantial variation between isotopes..motivates
searches with multiple i1sotopes.



What is measured is a half-life:

( 1/1/2)_1 — GOV(QlBlBaZ)|MOV|2<mlBIB>2
t

Effective Majorana Mass of
the neutrino



Effective Majorana Mass:

2 2 2 2 Qia ;2 . 2
mgg = g Vim; = cos” f13(mqe B cos? B19 + mae*®sin f12) + mgsin” O13
i

Iwo more phases!

Electron Neutrino Mass:

2 21,2 .2 2 2 2 a2 2 27
m,, = E |V |m; = cos® 013(m7 cos” 12 + mj sin® O12) + mj sin” 613
i



Double Beta Decay Visualizing the Equations:

mgg = E V2m; = cos® 013(m1e?P cos? 012 + moe?®sin®612) + ma sin® O3
i

—  1E
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S0l
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Double Beta Decay Visualizing the Equations:

mgg = E V2m; = cos® 013(m1e?P cos? 012 + moe?®sin®612) + ma sin® O3
i

~ E sin’ 6y
£ 10l e |
10° an 22 '

- ) | I
o Normal
10 ”

10 10° 10 0



Double Beta Decay Visualizing the Equations:

mgg = E K?imi = cos’ 913(771,16216 cos® f1o + 772,262m.9'i712912) + mg sin® A3
i

Illlig_;htest [eV]

The dark part of the
width of these bands is
real and if nature is
cruel there could be
some very hasty
interference.



Comparing Experiments’ Sensitivity:

T1h(n,) =

4.16 X 10°° yr(%) M

n, %% bA(E)



lsotopic abundance

/

4.16 X 10%° yr( ea Mt
T))h(n,) = (—) \/
n, W bA(E)




Isotope Endpoint Abundance

48Ca 4271 MeV 0.187%
I50Nd 3.367 MeV 5.6%
%/ 3.350 MeV 2.8%
100Mo 3.034 MeV 9.6%
82Se 2.995 MeV 9.2%
116Cd 2.802 MeV 7.5%
30Te 2527 MeV 34.5%
136Xe 2457 MeV 8.9%
76Ge 2.039 MeV 7.8%




Total Mass

7{1)/1}2(”0') -

4.16 X 10°° yr(%) M

n, %4 bA(E)



7{1)/1}2(”0') -

4.16 X 10°° yr(ﬂ) M
W/ N bA(E)

/

Background rate

1



4.16 X 10°° yr(%) M
W/ N bA(E)

Energy resolution /

(Most important for separating
neutrinoless from two neutrino
double beta decay).

Ti5(ng) =

1



Big

Good
Energy
Resolution



What has been happening
Iately...




7

The last few years
have focused on
experiments sensitive
to addressing this
claim.



Actually, we are about
here now, ~1026 years.

1 L1l 11l ll 1 L
10 107 102 107! 1
Inlightest [CV]



Rough Time Scales
14C - 104 years
40K - 10? years
232Th - 10!%9years
The Universe - 101%years
Two Neutrino Double Beta ~ 1020 years
Neutrinoless Double Beta >102¢6 years

Proton Decay >1030 years



We have been trying to
figure out what is
needed for a definitive
search over the
parameter space
corresponding to the
inverted hierarchy.




A lot of detector ideas:

Scintillation

TRACKING PLANE (SiPMs)

00000000
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A lot of detector ideas:

0
Avalgffg

Ground -75kV Photodiodes

TRACKING PLANE (SiPMs)

000000000

CATHODE ANODE




A lot of detector ideas:

ENERGY PLANE (PMTs)




What did I choose?




Good
Energy
Resolution

Bolometers

More
Difficult to
make big.

Good
at Size

- Scintillator

Bad Energy
Resolution



CUORE:
Cryogenic Underground Observatory for Rare Events

Super Cool



How Bolometers work:

Copper frame:

V/ |0 mK heat sink
7 7%

< PTFE holders:
9 weak thermal coupling
NTD Ge thermistor:

resistive thermometer ’?I -~

4 - —TeO, crystal:

\ energy absorber

Si joule heater: h %
reference pulses Vet

Radiation:

energy deposit



B & & * 19 Towers, 988 TeOs crystals
| } 7 operated as bolometers.
Plates: T - ] s 5
ok ® We are the “Coldest cubic
0K ‘ meter 1n the known universe”,
n arXiv:1410.1560
600 mK '
50 mK
10 mK
Top Lead
Shield
Side Lead
Shield

Detector
Towers ﬁ

Bottom Lead
Shield




CUORE:

Cryogenic Underground Observatory for Rare Events
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CUORE:
Cryogenic Underground Observatory for Rare Events




& Physics Data Taking 2017

May

June

July

August

September

Blue
Red

2017

Physics
Calibration

Pink = Setup/Configuration

Green = Test

Dataset 1: May - June
Detector Optimization Campaign
Dataset 2: August - September

All physics runs bracketed
by a calibration run.



%l Physics Data Taking 2017

2017

May

Dataset 1: May - June

Detector Optimization Campaign

June

July

Dataset 2: August - September

August

September

Acquired statistics used for this OvDBD decay search:
(Dataset 1 + Dataset 2):

- natTeQq exposure: 86.3 kg yr (37.6 kg yr + 48.7 kg yr)
- 130Te exposure: 24.0 kg yr



CU&)RE Cryogenic Underground Observatory for Rare Events

First Results from CUORE:
A Search for Lepton Number Violation via 0v33 Decay of *’Te

C. Alduino,! K. Alfonso,? E. Andreotti,®*:# C. Arnaboldi,® F. T. Avignone IIL,! O. Azzolini,® I. Bandac,’

T. I. Banks,”# G. Bari,® M. Barucci,!%!1:? JW. Beeman,'? F. Bellini,'3: 4 G. Benato,” A. Bersani,'® D. Biare®
M. Biassoni,* A. Branca,'® C. Brofferio,>* A. Bryant,®7:¢ A. Buccheri,'* C. Bucci,!” C. Bulfon,'* A. Camacho,®
A. Caminata,'® L. Canonica,'® 7 X. G. Cao,'? S. Capelli,>* M. Capodiferro,'* L. Cappelli,”* 17 L. Cardani,'*
P. Carniti,>* M. Carrettoni,>* N. Casali,'* L. Cassina,>* G. Ceruti,® A. Chiarini,® D. Chiesa,>* N. Chott,!
M. Clemenza,>4 S. Copello,2:15 C. Cosmelli,’? 4 O. Cremonesi,*9 C. Crescentini,? R. J. Creswick,!

J. S. Cushman,?! A. D’Addabbo,'” D. D’Aguanno,'?-22 I. Dafinei,!* C. J. Davis,?! F. Del Corso,? S. Dell’Oro,23: 17,24
M. M. Deninno,? S. Di Domizio,?% !> M. L. Di Vacri,'™?® L. Di Paolo,®'© A. Drobizhev,”® L. Ejzak, %!

R. Faccini,"®'* D. Q. Fang,'® M. Faverzani,>* E. Ferri,* F. Ferroni,'*!* E. Fiorini,®® M. A. Franceschi,?”

S. J. Freedman,®7- £ B. K. Fujikawa,® A. Giachero,>* L. Gironi, >4 A. Giuliani,?® L. Gladstone,'® J. Goett,!7-b
P. Gorla,'” C. Gotti,>* C. Guandalini,” M. Guerzoni,? T. D. Gutierrez,?° E. E. Haller,'%3% K. Han,*!

E. V. Hansen,'®:2:1 K. M. Heeger,?! R. Hennings-Yeomans,”:® K. P. Hickerson,? H. Z. Huang,? M. Iannone,'*

R. Kadel,*? G. Keppel,® L. Kogler,> 7 Yu. G. Kolomensky,”® A. Leder,'® C. Ligi,>” K. E. Lim,?! Y. G. Ma,'?
C. Maiano,>*+J L. Marini,?% !> M. Martinez,'* %3 C. Martinez Amaya,' R. H. Maruyama,?' Y. Mei,® N. Moggi,***
S. Morganti,'* P. J. Mosteiro,!* S. S. Nagorny,!”>2* T. Napolitano,2” M. Nastasi,>* C. Nones,?® E. B. Norman,3¢: 37
V. Novati,2® A. Nucciotti,>* I. Nutini,'"2¢ T. O’Donnell,?® E. Olivieri,!% -k F. Orio,'* J. L. Ouellet,'8
C. E. Pagliarone,'™?? M. Pallavicini,?®'® V. Palmieri,® L. Pattavina,!” M. Pavan,>* M. Pedretti,*® A. Pelosi,'*
G. Pessina,? V. Pettinacci,'* G. Piperno,'® %! C. Pira,® S. Pirro,!” S. Pozzi,>* E. Previtali,* F. Reindl,'*

F. Rimondi 3" & L. Risegari,'®':™ C. Rosenfeld," C. Rusconi,"*}” M. Sakai.2 E. Sala,5 %" C. Salvioni %

S. Sangiorgio,*® D. Santone,!™-2% D. Schaeffer,® 4:© B. Schmidt,® J. Schmidt,? N. D. Scielzo,?® V. Singh,” M. Sisti,> 4
A. R. Smith.® F. Stivanello,® L. Taffarello,'® M. Tenconi,?® F. Terranova,>4 C. Tomei,'* G. Ventura,!®:11.P
M. Vignati,'* S. L. Wagaarachchi,”® B. S. Wang,*®*” H. W. Wang,'® B. Welliver,® J. Wilson,! K. Wilson,!

L. A. Winslow,'® T. Wise,?!:2¢ L. Zanotti,>* G. Q. Zhang,'® B. X. Zhu,> 9 S. Zimmermann,*® and S. Zucchelli**:?

(CUORE Collaboration)
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The Result

© 3 T
= 2 } { {
: olmﬂ—thM—;ﬂlmluﬂﬁﬂTLﬂTumm
z
¢ 21—
16 CUORE Preliminary |
— Exposure: 86.3 kg'yr
P =
5 12E T g
10
< — 60C0
> S T
S 6 g4
S
4 : | i
2: 0\
o — 1. A N Y S P
2480 2500 2520 2540 2560

Reconstructed Energy (keV)

ROI background index: (1.49_0.17%018) X 102 ¢/(keV-kg-yr)
(1.35_0.1870-20) x 102 c¢/(keV-kg-yr)
Best fit for 60Co mean: (2506.4 + 1.2) keV



The Result

o 3 T
= 2 } { {
: olmﬂ—thM—;ﬂlmluﬂﬁﬂTLﬂTumm
2
¢ 21—
16 CUORE Preliminary |
— Exposure: 86.3 kg'yr
P =
5 12F T e
10
< — 60C0
s 8 1
i) L
S 6 g4
S | |
4 a¥ - ! ' 4
hls == i = m - - - C NN - um - ] 1 - -
2: 0\
oL — . . . R S S P
2480 2500 2520 2540 2560

Reconstructed Energy (keV)

Best fit decay rate: (-1.0_0.3¥04 (stat.) £ 0.1 (syst.))x1025 / yr



No evidence of signal

The Result Limit calculation
Profile likelihood integrated on the

physical region (I'0v> 0)

20

- | ---- CUORE (stat.)
I8 | CUORE (stat. + syst.)
16 - CUORE Preliminary
14 Exposure: 86.3 kg-yr
12F
=T
z F
)
oF
4
2
0 _\I‘L Ll Ll | 1 Ll 1 | 1 Ll 1 | Ll Ll | 1 1 Ll | 1 Ll 1 | 1 Ll 1

| 1
-0.1 -005 O 005 01 015 02 025 03
Decay rate (102* yr!)

Decay rate limit (90% CL, including systematics): 0.51 x 1025/ yr
Half-life limit (90% CL, including systematics): 1.3 X 1025 yr
Median expected sensitivity: 7.0 X 1024 yr



We combined the CUORE
result with the existing 130Te

19.75 kg ‘yr of Cuoricino

Combination with Previous Results

The combined 90% C.L. limit 1s
Tov > 1.5 X 1025 yr

9.8 kg 'yr of CUORE-0

20
18
16
14

12
10

NLL

S NV B~ O

CUORE
— — - CUORE-0
......... Cuoricino

CUORE + CUORE-0 + Cuoricino

CUORE Preliminary
Exposure: 86.3 kg-yr

-0.1 005 O 0.05
Decay rate (102* yr!)
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CUORE:

Cryogenic Underground Observatory for Rare Events

CUORE Goal:
1x102 counts/keV/kg/year

TeO2: natural radioactivity (]

CuNOSYV: natural radioactivity

CuNOSYV: cosmogenic activation

TeO2: cosmogenic activation

CuOFE: natural radioactivity

RomanPb: natural radioactivity

ModernPb: natural radioactivity

SI: natural radioactivity Lo ‘- 90%CL limit

Value

Rods and 300KFlan: natural radioactivity F—e—
Environmental p e

Environmental n

Environmental y _

1E-06 1E-05 1E-04 1E-03 1E-02 1E-01
counts/keV/kgly




CUORE:

CUPID Goal:

1x104 counts/keV/kg/year

Cryogenic Underground Observatory for Rare Events

TeOz2: natural radioactivity
CuNOSYV: natural radioactivity

CuNOSYV: cosmogenic activation

TeO2: cosmogenic activation

CuOFE: natural radioactivity

RomanPb: natural radioactivity

ModernPb: natural radioactivity
SI: natural radioactivity | He-

Rods and 300KFlan: natural radioactivity
Environmental p
Environmental n F——w— T

Environmental y _

.

90%CL limit
Value

1E-06 1E-05 1E-04

1E-03

1E-02 1E-01
counts/keV/kgly



CUPID:
CUORE with Particle ID

e Scintillating bolometers provide
active alpha rejection by
comparing heat and light signals.

e Moving to LiaMoQO4 (LMO)
enriched in 199Mo moves above all
gamma backgrounds.

e Re-uses CUORE infrastructure
so 1s an easily staged upgrade.

* Active crystal R&D effort at MIT
with RMD Inc.

RMD Inc.
Na2Mo207 Crystal

VﬂII]IIH[IH

0.003 ¢

100+~

. |
2%1Am line ——>

—
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g |

= 2

% r 4 [ | ul ."U

~
5 MM l | |
m
§ 1 0
= 0v2p 3000 4000 5000 6000
® : T s Energy [keV]
-d [2 e -,,.1& AT AL IO L) T 2t i “ e BTy

g

i beta band (99.9%)

oA {

= " Alphaband (99.9 %)
2 0 2000 4000 6000 8000 10000
Energy [keV]

LUMINEU:
Physics Letters B, Volume 710, Issue 2, 2012, Pages 318-323



CUPID-Mo Demonstrator

CUPID-Mo

EDELWEISS

* We are working closely with the
Orsay group both on crystal
testing and the realization of a
demonstrator experiment.

* The 20 Li12MoO4 crystal phase-1
demonstrator 1s now taking data.

MIT Graduate Student Joe Johnston
assembling the CUPID-Mo bholometric test
tower, funding through MISTI-France.



Zero Neutrino

Kam LA N D - Ze 1] double beta decay search

e ——

o
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\ " Xe loaded LS in / //
i\\ . a mini-balloon 7 Ve

o \
N

\¢

~320kg 90% enriched '36Xe installed so far




Basic Principle of
Liquid Scintillator Detector

Physics —> Light ——> PMTs

A charged particle vibrates molecules
making light that is detected by
bhotomultiplier detectors (PMT).



KamLAND-Zen started in 201 |:

5
107 E
= (a) DS-1 + DS-2 —« Data 28U Series
- —Total *>Th Series
13654 WP T ;()Bi
""" Total 2051'.
- Bl
> (0\’[3[3 U.L-) 88
136 Y
é) --------- Xe Ovpp 110m 5 o
8 90% C.L.UL.) External BG
2 —  Spallation
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é g
D) N t i
o p AT T
: B i
; :'_:?' ﬁ " ..‘. hl
- .- L" .

o]

1 2 3
Visible Energy (MeV)

Ti2(2v) = 2.32+/-0.12% 102! yr

Currently the slowest process directly measured.

214Bj | balloon
10C LS
2v2p |[Ls

137



KamLAND-Zen started in 201 |:

Events/0.05MeV

107!

? (a) DS-1 + DS-2 —— Data 2% Series
= — Total ------ 2Th Series
- — Xevpp Bi
) Total - 2o£<r.
- (OvBB U.L.) 88;31
E_ | x HXe Ovpp 110m Ag
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= TN Y PEE _1omag |1
- \ . A 4
__ ' e \ \ m.h 214R;
S i . | T =TT Bi |balloon
g_ I ';JE ‘-—-." ~— . — L~ |“.~ 1OC LS
_| I |.".|- 1 :|E| 1 1 I_L | & F .'rl =~E-; | 1 1 1 1 | 1 1 1 2\,2[3 LS
1 2 3 4
Visible Energy (MeV)

An Unexpected BG was found!

138



Purification

Campaign

June 2012~
November 2013

add purified
PC for density
adjustment

cold oil
trap

¢

7@ el |

vacuum extraction

of 136Xe

confirm 110mAg
remains in LS

new 136Xe [} LI e
=\l g . Ot
chgrcoal smtergd getter
filter metal filter N>
3r1m particle i distillation i pa.rticle
filter (PTFE) XMASS proto. filter
new purified LS

repla
new purified LS

two times of distillation
confirm whole 110mAg drained aim: 1/100 reductiol

relaé with new
purified Xe-LS

~380kg Xe installed



Full phase-2 data-set

® After Purification
® December 2013 - October 2015

® |ivetime 534.5 days, exposure 504 kg-yr
® For Reference:T2(!19mAg) = 250 days.

[E-
e}
~

R<Im

Events/0.05MeV
s 3

p—
e}

We might have

scrubbed and

dropped “dust”
during extraction of
the LS supply tube.

1 0—1 L
Visible Energy (MeV)




Events/0.05MeV

Analysis:
40 equal-volum.e bips
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Energy and radial distributions are well-reproduced by known BGs. .



Phase 2 - Resultson Ov 228

period- 1 period-2
livetime 270.7 days 203.8 days
136Xe 0V 23
decay rate < 55 /ktOn/day < 35 /ktOﬂ/day

combined < 2.4 /kton/day (90%C.L.)

N
136Xe 0V 2B
half-life > 9.2x1025 yr (90%C.L.)

sensitivity > 4.9x 1025 yr (11% probability)



Combined datasets gives
T1/2>1.07%x1026 yr




Mini-Balloon Construction:

Summer 2015:
MIT IROP Students
Emmett Krupczak and Gailin Pease



Outer Detector
Refurbishment:

January 2016



New Mini-
Balloon Leak
Checking and
Installation

MIT

Undergraduates
Hannah Taylor anc
Andrea Herman

Summer 2016




A New New
Mini-Balloon
Construction

for Summer
2017

MIT graduate student
Suzannah Fraker

KamLAND-Zen 800 is now running!!!
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@ Deep Learning to Reduce Backgrounds!

The topology and time structure of events can be used to separate backgrounds from NDBD.
A generic (NN-based algorithm can already reduce the background by more than half!

0.0-15ns

0 20
0 20
0

See arXiv:1812.02906v1, submitted to NIMA
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How do you get down here?
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Basic Principle of
Liquid Scintillator Detector

Physics —> Light ——> PMTs

A charged particle vibrates molecules
making light that is detected by
bhotomultiplier detectors (PMT).



Problem:
Scintillation light
IS isotropic.



Cherenkov light retains
cjirectional information!

An 8 MeV'SoIar Neutrino - -;
event.in Super-K.




Neutrinoless Double Beta Decay

(Cherenkov Only)



How does it work?

Number of Cherenkov Photons for a, 1MeV e-
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Retains directional information!



Important in Big Detector.

/

Longer wavelengths travel faster in
scintillator

and

Scintillation processes have inherent

time constants. \

Always Important
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So if you have good enough timing....

PEs per event/0.1 ns

Rc/s = 0063

.... YOU should be able to separate the
scarce Cherenkov from the abundant
scintillation light.



This corresponds to 0.1 ns.

PEs per event/0.1 ns

JINST 9 (2014) P06012
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This sort of timing is available in very

NOW.



The LAPPD:

INCOM

g4 THE UNIVERSITY OF
Bright Ideas in Fiberoptics @

« CHICAGO




Events / 0.05 Events /0.05

Events /0.05

400

350

250F -

250

200

E E,,, = 5.0 MeV

g0 5. 0MeV

01 08 06-04-02 0 02 0.4 06 08 1

p._/pl

XY,z

[ Eyo=2.1MeV

g 2.1 MeV

1-08-06-04-02 0 02 04 06 08 1
p, _/pl

XY.Z

Eyn= 1.4 MeV

Tyeeo |.4MeV

by
i
P

]

1 08060402 0 02040608 1
p, _/Ipl

X,Y,Z

JINST 9 (2014) P06012

With a basic algorithm, we
can reconstruct the
direction of single electrons!



NuDot:
A Prototype Directional Liquid Scintillator Detector

* NuDot mechanical design completed by MIT-
Bates Engineering Center.

e All components are ordered and many have
arrived.

e Construction beginning imminently and first
results expected by the summer!




First Demonstration of Cherenkov
Separation in MeV B’s

Vo

Time Profile
FlatDot - . .
%, o [\ Cherenkov Center PAT Cherenkov Ring
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00000
00000
00000

L~ I -

More Scintillation

Time (ns)

See arXiv:1811.11144, accepted

More Scintillation

by JINST.



NuDot:
A Prototype Directional Liquid Scintillator Detector

Pappalardo Fellow Julieta
Gruszko finalist for Neutrino2018
poster session with this result
(more than 500 posters).
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The Directional Calibration
Source

90Sr Pin Source

l

3D-Printed
Collimator

Quartz

Cuvette

Liquid
Sample

Source Geometry MC Simulation

Two realizations came together: 3D printing of nylon to
interface with the quartz cuvette and that a collimated 90Sr
beta-source had sufficient rate for calibration.



Stay tuned for more results!
ABRACADABRA
KamLAND-Zen 800
CUPID-Mo and CUORE
NuDot




Did you say something about quantum dots?



What if I could narrow the emission spectrum?
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Narrowed emission spectrum with
traditional PMTs and 0.1ns timing.
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What are Quantum Dots?

Quantum Dots are semiconducting nanocrystals.



Candidate Isotopes Are Quantum Dot Materials!

Isotope Endpoint Abundance
48Ca 4.271 MeV 0.187%
150Nd 3.367 MeV 5.6%
967y 3.350 MeV 2.8%
100Mo 3.034 MeV 9.6%
825e 2.995 MeV 9.2%
116Cd 2.802 MeV 7.5%
130Te 2.533 MeV 34.5%
136X e 2.479 MeV 8.9%
76Ge 2.039 MeV 7.8%
128Te 0.868 MeV 31.7%




Optical properties of auantum dots are

Fluorescence
intensity

500 570 650
Wavelength (nm)



Optical properties of quantum dots are
size-dependent

1/

electrons
confined to
an effective
box

Fluorescence
intensity

500 570 650
Wavelength (nm)



Optical properties of quantum dots are
size—dependent

Causes

blue-

shift in

fluoresce electrons
nce confined to

an effective
box

Fluorescence
intensity

500 570 650
Wavelength (nm)



We can tune fluorescence by tuning the
reaction!




Can we make UV-emitting

quantum dots?
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Perovskites are a

possibility!
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Perovskite crystal
structure
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Wavelength (nm)

We can make quantum dots out
of these!
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500 570 650
Wavelength (nm)

Recall: we can tune the size and fluorescence



500 570 650
Wavelength (nm)

Recall: we can tune the size and fluorescence
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500 570 650
Wavelength (nm)

Recall: we can tune the size and fluorescence
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Ligands

Ligands : PbX2 : CsX

PbX?2 —— —
- 10:2:1 Toluene 5 mL
CsX |

189



Ligand;;Q
— : 5 puL
Ligands : PbX2 : CsX
Pbx2© > — Immediate —
crystal

— — formation
- 10:2:1 Toluene 5 mL

CsX | |

Synthesis is as easy as mixing solvent!



Perovskite quantum dots



Cs+— MA+

Perovskite quantum dots
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Fluorescence red shifts with growing halide



More results coming
soon!




First Crystals: LilnSe2

5], 4-fold forbidden non-unique B decay

(05 = 496 kel, Ty = 446101 y)

PHYSICAL REVIEW C 93, 034308 (2016)

Forbidden nonunique g decays and effective values of weak coupling constants

M. Haaranen,' P. C. Srivastava,? and J. Suhonen!
YWUniversity of Jyviskyld, Department of Physics, P.O. Box 35 (YFL), FI-40014, University of Jyviiskyld, Finland
2Department of Physics, Indian Institute of Technology, Roorkee 247667, India
(Received 28 October 2015; revised manuscript received 22 January 2016; published 8 March 2016)
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impact the sensitivity of experiments.
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First Crystals: LilnSe2

PHYSICAL REVIEW C 93, 034308 (2016)

Forbidden nonunique g decays and effective values of weak coupling constants
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YWUniversity of Jyviskyld, Department of Physics, P.O. Box 35 (YFL), FI-40014, University of Jyviiskyld, Finland
2Department of Physics, Indian Institute of Technology, Roorkee 247667, India
(Received 28 October 2015; revised manuscript received 22 January 2016; published 8 March 2016)
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The field is ready to
build experiments
capable of reaching
~1027 years.
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How do we build an
experiment for the
normal hierarchy,
~1028 years?



Thinking Big....

see Brunner and Winslow, Nucl.Phys.News 27 (2017) no.3, 14-19




The next-next
generation?




w

Neutrinoless
Axions Double-Beta
Decay




w

What is Dark
Matter?

Why is there
only matter in
the universe?

Why are
the
nevtrinos
so light?



w

Majorana vs. Dirac

Strong CP Problem Neutrinos




w What unites these two topics?

Peccei-Quinn Mechanism See-Saw Mechanism
V
N
e~ Mo fr 109 oV (1016 GeV> L — 1 m? T _ I
J fa 2mp 2"

/ \ Our T T
nano-eV mass Standard GUT scale v

GUT scale axion ,
Light v
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Lindley Winslow
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Julieta Gruszko(Pappalardo Fellow)
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Joe Johnston (Grad Student)
Suzannah Fraker (Grad Student)
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Zhenghao Fu (Grad Student) i
Brian Naranjo (UCLA Staff Researcher) B
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Can we do something
better with Liquid
Scintillator detectors?




Basic Principle of
Liquid Scintillator Detector

Physics —> Light ——> PMTs

A charged particle vibrates molecules
making light that is detected by
bhotomultiplier detectors (PMT).



Problem:
Scintillation light
IS isotropic.



Cherenkov light retains
cjirectional information!

An 8 MeV'SoIar Neutrino - -;
event.in Super-K.




Neutrinoless Double Beta Decay

(Cherenkov Only)
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How does it work?

Number of Cherenkov Photons for a, 1MeV e-
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Retains directional information!



Important in Big Detector.

/

Longer wavelengths travel faster in
scintillator

and

Scintillation processes have inherent

time constants. \

Always Important



JINST 9 (2014) P06012

So if you have good enough timing....

PEs per event/0.1 ns

Rc/s = 0063

.... YOU should be able to separate the
scarce Cherenkov from the abundant
scintillation light.



This corresponds to 0.1 ns.

PEs per event/0.1 ns

JINST 9 (2014) P06012
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This sort of timing is available in very

NOW.
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With a basic algorithm, we
can reconstruct the
direction of single electrons!



NuDot:

Vo

2.17 m

A Prototype Directional Liquid Scintillator Detector

® NuDot has 140 2” PMTs (300 ps
timing, shown in orange).

® Construction delayed last summer by
Hamamatsuy, so...

® Working on smaller 25 PMT setup.



FlatDot:
Prototype of the Prototype

Source

Quartz Vial
/

Excellent system for testing new data

acquisition system and testing different
scintillator cocktails (including quantum dots)!




FlatDot:
Progress!

90Sr Pin Source

l
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Did you say something about quantum dots?



What if I could narrow the emission spectrum?
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Narrowed emission spectrum with
traditional PMTs and 0.1ns timing.
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What are Quantum Dots?

Quantum Dots are semiconducting nanocrystals.



Candidate Isotopes Are Quantum Dot Materials!

Isotope Endpoint Abundance
48Ca 4.271 MeV 0.187%
150Nd 3.367 MeV 5.6%
967y 3.350 MeV 2.8%
100Mo 3.034 MeV 9.6%
825e 2.995 MeV 9.2%
116Cd 2.802 MeV 7.5%
130Te 2.533 MeV 34.5%
136X e 2.479 MeV 8.9%
76Ge 2.039 MeV 7.8%
128Te 0.868 MeV 31.7%




Optical properties of auantum dots are

Fluorescence
intensity

500 570 650
Wavelength (nm)



Optical properties of quantum dots are
size-dependent

1/

electrons
confined to
an effective
box

Fluorescence
intensity

500 570 650
Wavelength (nm)



Optical properties of quantum dots are
size—dependent

Causes

blue-

shift in

fluoresce electrons
nce confined to

an effective
box

Fluorescence
intensity

500 570 650
Wavelength (nm)



We can tune fluorescence by tuning the
reaction!




Can we make UV-emitting

quantum dots?
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Perovskites are a

possibility!
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55 56 57-70 72 73 74 mn 78 K 80 81 82
Cs|Ba| ¥ [Lu|Hf [ Ta| W |Re|Os| Ir | Pt |Au|Hg| Tl | Pb
87 88 89-102 103 104 105 106 107 108 109 110 " 112 114
Fr|Ra|* x| Lr | Rf | Db | Sg | Bh | Hs | Mt |Uun{Uuu|Uub Uuq|
P2 pen | pon | oo | ey | o | pea | eon | b | pm | pm
*Lanthanide series 57 58 59 60 61 62 63 64 65 66 67 68 69 70
La|Ce| Pr|Nd|Pm|{Sm|Eu|Gd|Tb|Dy|Ho| Er |Tm|Yb
**Actinide series 89 90 91 92 93 94 95 97 98 99 100 101 102
Ac|Th|Pa| U |[Np|Pu|(Am|Cm|Bk | Cf | Es |[Fm|Md| No
[227) 232,04 231.04 23803 1237] [249) [243 [247] 1247 1251 [252) 1257] 1258) 1259
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cation (Methyl
© ammonium or Cs+)

Halide anion (Cl-,
Br-, I-)

Perovskite crystal

structure
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We can make quantum dots out
of these!
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Recall: we can tune the size and fluorescence
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Recall: we can tune the size and fluorescence
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Ligands

Ligands : PbX2 : CsX

PbX?2 —— —
- 10:2:1 Toluene 5 mL
CsX |
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Ligand;;Q
— : 5 puL
Ligands : PbX2 : CsX
Pbx2© > — Immediate —
crystal

— — formation
- 10:2:1 Toluene 5 mL

CsX | |

Synthesis is as easy as mixing solvent!



Perovskite quantum dots
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Perovskite quantum dots
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Fluorescence red shifts with growing halide



More results coming
soon!




The End




