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Things my group 
searches for:



Strong CP Problem Majorana vs. Dirac 
Neutrinos

Remaining Standard Model 
Issues:



What unites these two topics?
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Let’s start with Axions



Heavy Dark Matter Axion Dark Matter



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 

•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

e+

e-

Inspired by B. Filippone’s nEDM Lecture
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Classical Electric Dipole Neutron Electric Dipole

u-quark

d-quark

+2/3e

2×(-1/3e)

ℓ

If ℓ~0.1rn 
dn~4×10-14 e-cm 

Experiment 
dn<3×10-26 e-cm



electric dipole magnetic moment

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

What is more important is symmetry.

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



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



Charge Parity = CP

Describes a reflection 
like symmetry

Observed in the Weak 
Interaction!

The Standard Model 
has terms that violate 

CP

Not Observed in 
Strong Interaction

Want to see it now in 
neutrinos!

Should be large, 
What happened?

CP Flow Chart  
for the  
Standard Model



Some Details:

This is the CP violating 
term of the QCD 

Lagrangian.
Gluon field strength tensor

This term gives rise to an 
electric dipole moment.

The current limit:

This implies….



Well thats not very natural.



The Solution: Peccei-Quinn Symmetry

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

U(1): Electromagnetic

U(1)PQ

Add

U(1)PQ: Peccei Quinn



Axion Field

Axion Decay Constant

The Breaking of PQ Symmetry restores CP Symmetry! 

mass of the axion

Dynamically sends Θ to zero!



Originally, we thought… 

where

but that has been ruled out by experiment. 

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.



An Equivalent plot for Axions

…so thats what the yellow bands are on this plot.



Some Details: 

•The Strong CP Problem 

•Axion Cosmology 

•How do we detect them? 

•ABRACADABRA



PQ Phase Transition 
Before Inflation

PQ Phase Transition 
After Inflation

Slightly Different Cosmology



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



From: David Marsch, arXiv1510.07633

H>>mA In this period the field is damped. 
The initial value of the field is determined by the 
scenario for when symmetry breaking occurred 

relate to inflation.

a



From: David Marsch, arXiv1510.07633

H>>mA Misalignment refers to the scenario where there is 
an initial coherent displacement and it relaxes to 

the potential minimum.

a



From: David Marsch, arXiv1510.07633

H<mA

The field is now underdamped and 
oscillations begin!

a

Locally,



And the key equation for axions as dark matter:

axion dark matter mass 
density



Why are the experimental limits focused at micro-eV?

PDG - Axion Review 2018



And the key equation for axions as dark matter:

Because that is natural.



And the key equation for axions as dark matter:

Because that is natural.



PDG - Axion Review 2018

Theoretical Preferences in Pink

There are some preferences but a lot of wiggle room!



Some Details: 

•The Strong CP Problem 

•Axion Cosmology 

•How do we detect them? 

•ABRACADABRA



Axion-SM interactions
[Graham and Rajendran, Phys. Rev. D88 (2013)]
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The Summary of the Axion Parameter Space

PDG - Axion Review 2018



Axions modify Maxwell’s Equations!

Modified Source-free Maxwell’s Equations



Axions modify Maxwell’s Equations!

These terms are assumed to be small.



Axion-photon searches
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Ouellet and Bogorad, arXiv:1809.10709v1

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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Some Details: 

•The Strong CP Problem 

•Axion Cosmology 

•How do we detect them? 

•ABRACADABRA



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



 axion current 

The cartoon experiment



Jeff

Real Magnetic Field!

The cartoon experiment



Jeff

A real magnetic field induced in a zero field region.

The cartoon experiment



f = ma/2⇡

�f ⇡ 1/�v2a ⇠ 10�6

Noise Floor

An Example Signal



Full Assembly Vertical Cut

toroidal magnet

signal leads

calibration loop

pickup loop or 
cylinder

magnet and calibration 
power leads

12 cm

ABRACADABRA-10cm Conceptual Design 



MIT LNS
Zachary Bogorad, Janet Conrad, Joe Formaggio, 

Jonathan Ouellet, Chiara Salemi, Jesse Thaler, Daniel 
Winklehner, 

Lindley Winslow (NSF PI)
MIT PSFC Joe Minervini, Alexey Radovinsky
Chicago/

UIUC
Yonatan Kahn

U of 
Michigan Joshua Foster, Ben Safdi

UNC Reyco Henning

LBNL Nick Rodd

The Collaboration



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



ABRACADABRA-10cm installed Fall 2017.



Some improvements to the geometry were completed in January 2018.



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

40 K

2.5 K

800 mK

300 mK

100 mK

300 K

ABRA-10 CM



700 mK

150 mK

SQUIDs 
700 mK Thermalizations



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 μΦ0/Hz1/2 

▸ 1/f corner: ~50 Hz 

▸ Bandwidth Limit: ~6MHz 

▸ Additional filters limit bandwidth to 
2kHz-2MHz
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Figure 3. Schematics of our readout circuits. Left: broad-
band (untuned magnetometer). The pickup loop Lp is placed
in the toroid hole as in Fig. 1 and connected in series with
an input coil Li, which has mutual inductance M with the
SQUID of self-inductance L. Right: resonant (tuned mag-
netometer). Lp is now in series with both Li and a tun-
able capacitor C. A “black box” feedback circuit modulates
the bandwidth �! and has mutual inductance M with the
SQUID.

loop of radius r  R can be written as

�
pickup

(t) = ga�� Bmax

p
2⇢

DM

cos(mat)VB . (7)

The e↵ective volume containing the external B-field is

VB =

Z r
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dr0
Z R+a

R
ds

Z
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0

d✓
Rhr0(s� r0 cos ✓)

r̃2
p
h2 + 4r̃2

, (8)

with r̃2 ⌘ s2 + r02 � 2sr0 cos ✓. We work in the magneto-
quasistatic limit, 2⇡/ma � r,R, h, a; at higher frequen-
cies, displacement currents can potentially screen our sig-
nal. As an illustration, we consider a meter-sized exper-
iment, where VB = 1 m3 for r = R = a = h/3 = 0.85
m, with sensitivity to ma

<⇠ 10�6 eV. For an example of
the magnitude of the generated fields, the average B-field
sourced by a GUT-scale KSVZ axion (fa = 1016 GeV)
with VB = 100 m3 and B

max

= 5 T is 2.5⇥ 10�23 T. To
detect such a small B-field at this frequency, we need a
flux noise sensitivity of 1.2⇥ 10�19 Wb/

p
Hz for a mea-

surement time of 1 year in a broadband strategy (see
below). The anticipated reach for various VB and B

max

is summarized in Fig. 2.
Broadband approach—In an untuned magnetometer, a

change in flux through the superconducting pickup loop
induces a supercurrent in the loop. As shown in Fig. 3
(left), the pickup loop (inductance Lp) is connected in
series with an input coil Li, which is inductively coupled
to the SQUID (inductance L) with mutual inductanceM .
The flux through the SQUID is proportional to the flux
through the pickup loop and is maximized when Li ⇡
Lp [41]:

�
SQUID

⇡ ↵

2

s
L

Lp
�

pickup

. (9)

Here ↵ is an O(1) number, with ↵2 ⇡ 0.5 in typical
SQUID geometries [42].

Clearly, the flux through the SQUID will be maximized
for L as large as possible and Lp as small as possible. A

typical SQUID has inductance L = 1 nH. A supercon-
ducting pickup loop of wire radius � = 1 mm and loop
radius r = 0.85 m has geometric inductance of [43]

Lp = r(ln(8r/�)� 2) ⇡ 7 µH, (10)

but this may be reduced with smaller loops in parallel as
in a fractional-turn magnetometer [44, 45].2 The mini-
mum inductance is limited by the magnetic field energy
1

2

R
B2 dV stored in the axion-sourced response field, and

is approximately

L
min

⇡ ⇡R2/h. (11)

With a “tall” toroid where h = 3R, one can achieve
L
min

⇡ 1 µH and �
SQUID

⇡ 0.01�
pickup

for R = 0.85
m. Since the pickup loop area is much larger than the
magnetometer area, the B-field felt by the SQUID is sig-
nificantly enhanced compared to the axion-induced field
in the pickup loop. The B-field enhancement takes ad-
vantage of the fact that we are working in the near-field
limit, so that the induced B-field adds coherently over
the pickup loop.
To assess the sensitivity of the untuned magnetome-

ter to the axion-sourced oscillating flux in (7), we must
characterize the noise of the circuit. In a pure supercon-
ducting circuit at low frequencies, there is zero noise in
the pickup loop and input coil, and the only source of
noise is in the SQUID, with contributions from thermal
fluctuations of both voltage and current. Despite their
thermal origin, we will refer to these as “magnetome-
ter noise” to distinguish them from noise in the pickup
loop circuit (which dominates in the resonant case be-
low). At cryogenic temperatures (T <⇠ 60 mK), thermal
current and voltage noise are subdominant to the cur-
rent shot noise SJ,0 in the SQUID tunnel junctions [42],
which sets an absolute (temperature-independent) floor
for the magnetometer noise. See the appendix for a more
detailed discussion of noise in a real implementation of
this design.
A typical, temperature-independent flux noise for com-

mercial SQUIDs at frequencies greater than ⇠10 Hz is

S1/2
�,0 ⇠ 10�6�

0

/
p
Hz, (12)

where �
0

= h/(2e) = 2.1⇥10�15 Wb is the flux quantum.
We use this noise level and a fiducial temperature of 0.1
K as our benchmark. DC SQUIDS are also known to
exhibit 1/f noise which dominates below about 50 Hz
at 0.1 K [46]. We estimate the reach of our broadband
strategy down to 1 Hz assuming 1/f noise is the sole
irreducible source of noise at these low frequencies, but in

2
We thank Chris Tully and Mike Romalis for suggesting this strat-

egy to us.

Broadband Configuration



Magnetic Shielding

▸ Two layers of mu-metal shielding 

▸ Possibility of third layer later 

▸ (Still need to measure the attenuation)



Superconductin
g crimps

Solder 
wire 
shielding

Wiring and Shielding



First Results October 2018! 
arXiv:1810.12257 

Long Technical Paper 
 arXiv:1901.10652 



SQUID Noise Floor!

Example signal
Mechanically cooled fridge so vibration 

dominate at low frequency.

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

EM Shielding not as effective at high 
frequency or large sources.



ABRACADABRA-10 cm 
Preliminary

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 
neglecting parasitic inductances. Work is 
underway now to regain this factor.

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

Calibration Loop



First search for axion dark matter below 1μeV, 
and we are just beginning!

CAST  
Solar Axion Experiment

ADMX



What next?
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Figure 3. Schematics of our readout circuits. Left: broad-
band (untuned magnetometer). The pickup loop Lp is placed
in the toroid hole as in Fig. 1 and connected in series with
an input coil Li, which has mutual inductance M with the
SQUID of self-inductance L. Right: resonant (tuned mag-
netometer). Lp is now in series with both Li and a tun-
able capacitor C. A “black box” feedback circuit modulates
the bandwidth �! and has mutual inductance M with the
SQUID.

loop of radius r  R can be written as
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with r̃2 ⌘ s2 + r02 � 2sr0 cos ✓. We work in the magneto-
quasistatic limit, 2⇡/ma � r,R, h, a; at higher frequen-
cies, displacement currents can potentially screen our sig-
nal. As an illustration, we consider a meter-sized exper-
iment, where VB = 1 m3 for r = R = a = h/3 = 0.85
m, with sensitivity to ma

<⇠ 10�6 eV. For an example of
the magnitude of the generated fields, the average B-field
sourced by a GUT-scale KSVZ axion (fa = 1016 GeV)
with VB = 100 m3 and B

max

= 5 T is 2.5⇥ 10�23 T. To
detect such a small B-field at this frequency, we need a
flux noise sensitivity of 1.2⇥ 10�19 Wb/

p
Hz for a mea-

surement time of 1 year in a broadband strategy (see
below). The anticipated reach for various VB and B

max

is summarized in Fig. 2.
Broadband approach—In an untuned magnetometer, a

change in flux through the superconducting pickup loop
induces a supercurrent in the loop. As shown in Fig. 3
(left), the pickup loop (inductance Lp) is connected in
series with an input coil Li, which is inductively coupled
to the SQUID (inductance L) with mutual inductanceM .
The flux through the SQUID is proportional to the flux
through the pickup loop and is maximized when Li ⇡
Lp [41]:
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. (9)

Here ↵ is an O(1) number, with ↵2 ⇡ 0.5 in typical
SQUID geometries [42].

Clearly, the flux through the SQUID will be maximized
for L as large as possible and Lp as small as possible. A

typical SQUID has inductance L = 1 nH. A supercon-
ducting pickup loop of wire radius � = 1 mm and loop
radius r = 0.85 m has geometric inductance of [43]

Lp = r(ln(8r/�)� 2) ⇡ 7 µH, (10)

but this may be reduced with smaller loops in parallel as
in a fractional-turn magnetometer [44, 45].2 The mini-
mum inductance is limited by the magnetic field energy
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B2 dV stored in the axion-sourced response field, and

is approximately
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for R = 0.85
m. Since the pickup loop area is much larger than the
magnetometer area, the B-field felt by the SQUID is sig-
nificantly enhanced compared to the axion-induced field
in the pickup loop. The B-field enhancement takes ad-
vantage of the fact that we are working in the near-field
limit, so that the induced B-field adds coherently over
the pickup loop.
To assess the sensitivity of the untuned magnetome-

ter to the axion-sourced oscillating flux in (7), we must
characterize the noise of the circuit. In a pure supercon-
ducting circuit at low frequencies, there is zero noise in
the pickup loop and input coil, and the only source of
noise is in the SQUID, with contributions from thermal
fluctuations of both voltage and current. Despite their
thermal origin, we will refer to these as “magnetome-
ter noise” to distinguish them from noise in the pickup
loop circuit (which dominates in the resonant case be-
low). At cryogenic temperatures (T <⇠ 60 mK), thermal
current and voltage noise are subdominant to the cur-
rent shot noise SJ,0 in the SQUID tunnel junctions [42],
which sets an absolute (temperature-independent) floor
for the magnetometer noise. See the appendix for a more
detailed discussion of noise in a real implementation of
this design.
A typical, temperature-independent flux noise for com-

mercial SQUIDs at frequencies greater than ⇠10 Hz is

S1/2
�,0 ⇠ 10�6�

0

/
p
Hz, (12)

where �
0

= h/(2e) = 2.1⇥10�15 Wb is the flux quantum.
We use this noise level and a fiducial temperature of 0.1
K as our benchmark. DC SQUIDS are also known to
exhibit 1/f noise which dominates below about 50 Hz
at 0.1 K [46]. We estimate the reach of our broadband
strategy down to 1 Hz assuming 1/f noise is the sole
irreducible source of noise at these low frequencies, but in

2
We thank Chris Tully and Mike Romalis for suggesting this strat-

egy to us.

Pickup Loop SQUID
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Figure 3. Schematics of our readout circuits. Left: broad-
band (untuned magnetometer). The pickup loop Lp is placed
in the toroid hole as in Fig. 1 and connected in series with
an input coil Li, which has mutual inductance M with the
SQUID of self-inductance L. Right: resonant (tuned mag-
netometer). Lp is now in series with both Li and a tun-
able capacitor C. A “black box” feedback circuit modulates
the bandwidth �! and has mutual inductance M with the
SQUID.
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with r̃2 ⌘ s2 + r02 � 2sr0 cos ✓. We work in the magneto-
quasistatic limit, 2⇡/ma � r,R, h, a; at higher frequen-
cies, displacement currents can potentially screen our sig-
nal. As an illustration, we consider a meter-sized exper-
iment, where VB = 1 m3 for r = R = a = h/3 = 0.85
m, with sensitivity to ma

<⇠ 10�6 eV. For an example of
the magnitude of the generated fields, the average B-field
sourced by a GUT-scale KSVZ axion (fa = 1016 GeV)
with VB = 100 m3 and B

max

= 5 T is 2.5⇥ 10�23 T. To
detect such a small B-field at this frequency, we need a
flux noise sensitivity of 1.2⇥ 10�19 Wb/

p
Hz for a mea-

surement time of 1 year in a broadband strategy (see
below). The anticipated reach for various VB and B

max

is summarized in Fig. 2.
Broadband approach—In an untuned magnetometer, a

change in flux through the superconducting pickup loop
induces a supercurrent in the loop. As shown in Fig. 3
(left), the pickup loop (inductance Lp) is connected in
series with an input coil Li, which is inductively coupled
to the SQUID (inductance L) with mutual inductanceM .
The flux through the SQUID is proportional to the flux
through the pickup loop and is maximized when Li ⇡
Lp [41]:
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Here ↵ is an O(1) number, with ↵2 ⇡ 0.5 in typical
SQUID geometries [42].

Clearly, the flux through the SQUID will be maximized
for L as large as possible and Lp as small as possible. A

typical SQUID has inductance L = 1 nH. A supercon-
ducting pickup loop of wire radius � = 1 mm and loop
radius r = 0.85 m has geometric inductance of [43]

Lp = r(ln(8r/�)� 2) ⇡ 7 µH, (10)

but this may be reduced with smaller loops in parallel as
in a fractional-turn magnetometer [44, 45].2 The mini-
mum inductance is limited by the magnetic field energy
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B2 dV stored in the axion-sourced response field, and

is approximately
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min
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With a “tall” toroid where h = 3R, one can achieve
L
min

⇡ 1 µH and �
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⇡ 0.01�
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for R = 0.85
m. Since the pickup loop area is much larger than the
magnetometer area, the B-field felt by the SQUID is sig-
nificantly enhanced compared to the axion-induced field
in the pickup loop. The B-field enhancement takes ad-
vantage of the fact that we are working in the near-field
limit, so that the induced B-field adds coherently over
the pickup loop.
To assess the sensitivity of the untuned magnetome-

ter to the axion-sourced oscillating flux in (7), we must
characterize the noise of the circuit. In a pure supercon-
ducting circuit at low frequencies, there is zero noise in
the pickup loop and input coil, and the only source of
noise is in the SQUID, with contributions from thermal
fluctuations of both voltage and current. Despite their
thermal origin, we will refer to these as “magnetome-
ter noise” to distinguish them from noise in the pickup
loop circuit (which dominates in the resonant case be-
low). At cryogenic temperatures (T <⇠ 60 mK), thermal
current and voltage noise are subdominant to the cur-
rent shot noise SJ,0 in the SQUID tunnel junctions [42],
which sets an absolute (temperature-independent) floor
for the magnetometer noise. See the appendix for a more
detailed discussion of noise in a real implementation of
this design.
A typical, temperature-independent flux noise for com-

mercial SQUIDs at frequencies greater than ⇠10 Hz is

S1/2
�,0 ⇠ 10�6�

0

/
p
Hz, (12)

where �
0

= h/(2e) = 2.1⇥10�15 Wb is the flux quantum.
We use this noise level and a fiducial temperature of 0.1
K as our benchmark. DC SQUIDS are also known to
exhibit 1/f noise which dominates below about 50 Hz
at 0.1 K [46]. We estimate the reach of our broadband
strategy down to 1 Hz assuming 1/f noise is the sole
irreducible source of noise at these low frequencies, but in

2
We thank Chris Tully and Mike Romalis for suggesting this strat-

egy to us.

Pickup Loop SQUID

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

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 Qvalue ~106 on 

resonance but significant enhancement of 
sidebands as well 

•better ultimate sensitivity



]3Volume [m
0 0.2 0.4 0.6 0.8 1 1.2 1.4

St
or

ed
 E

ne
rg

y 
[M

J]

2−10

1−10

1

10
5T

1.5T

, h= 1.360m )out=0.7*Rin= 0.680m R
out

(R

, h= 0.364m )out=0.7*Rin= 0.225m R
out

(R

A Bigger Magnet with Higher Field

Bigger Field = More Sensitive

More Volume = More Sensitive

Higher Cost 
$$$
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A Bigger Magnet with Higher Field

A 40cm-Scale experiment is 
good for engineering 

A 1m-scale experiment is the goal from 
the science perspective. 

Especially if you run two of them.



10�12 10�11 10�10 10�9 10�8 10�7 10�6

ma [eV]

10�20

10�18
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10�10

g a
�
�

[1
/G

eV
]

Current ABRA-10cm

ABRA-10cmABRA-10cm

ABRA-40cmABRA-40cm

ABRA-1mABRA-1m

ABRA-QCDABRA-QCD

Broadband 5� Detection Threshold

Broadband Expected Constraint

Resonant 5� Detection Threshold

Resonant Expected Constraint

QCD Axion

CAST

ADMX

ADMX Projection

Broadband 1� Expected Constraint

Broadband 2� Expected Constraint

Resonant 1� Expected Constraint

Resonant 2� Expected Constraint

102 103 104 105 106 107 108
Frequency [Hz]

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!



Axions
Neutrinoless 
Double-Beta 
Decay

Things my group 
searches for:



What is Dark 
Matter?

Why is there 
only matter in 
the universe?

Why are 
the 
neutrinos 
so light?

Big Questions:



What unites these two topics?

See-Saw Mechanism 

N

ν

Our 
Standard 
Light ν

GUT scale ν

Peccei-Quinn Mechanism

af
a

Θ

GUT scale axionnano-eV mass



This is the Standard Model

The Neutrino:
• Fermions (spin 1/2)
• Three Flavors
• No Electric Charge
• No Strong Charge
• Weakly Interacting 
• Left-Handed
• 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.



TeV

GeV

MeV

keV

eV

meV

?

Leptons Quarks

Masses of the 
Standard Model 
Particles

Neutrinos are very light!
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See-Saw Mechanism 

N

ν

A big Majorana mass splits the Dirac 
neutrino into two neutrinos: the light 
neutrino ν and a heavy neutrino N.  
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See-Saw Mechanism 

N

ν

Our 
Standard 
Light ν

Its much heavier 
big sister

The mD is normal 
Dirac mass and should 
be about the same 
order as the quarks or 
charged leptons.

The mR is the Majorana 
mass and can be much 
heavier.
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N

ν

And now for some hand waving..... Its these that we 
can make and 
detect.
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N

ν

And now for some hand waving..... Its these that we 
can make and 
detect.

Its these guys that 
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.
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N

ν

And now for some hand waving..... Its these that we 
can make and 
detect.

Its these guys that 
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 ν then it would 
be difficult to construct a theory of the 
N that do not have the same 
properties.



How do we find out if 
neutrinos are Majorana?



➢ Nucleus Z+2Nucleus Z ➢

e-

νi

e-

Nuclear Process

νi

Neutrinoless Double Beta Decay



➢ Nucleus Z+2Nucleus Z ➢

e-

νi

e-

Nuclear Process

νi

Neutrinoless Double Beta Decay

Lepton 
Number
Violation!

Light Majorana Neutrino Exchange



The Process of Double Beta Decay

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

A, Z

A, Z+1

A, Z+2

Just a few isotopes!

Nuclear 
Energy 
Level



The Standard Model Process

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

➢ Nucleus Z+2Nucleus Z ➢

e- νe e- νe

Nuclear Process

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



Double Beta Decay (2ν)

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

Rev.Mod.Phys., 481-516 (2008)

This has been observed in isotopes such as 130Te and 116Cd.



➢ Nucleus Z+2Nucleus Z ➢

e-

νi

e-

Nuclear Process

νi

Light Majorana Neutrino Exchange

Neutrinoless Double Beta Decay



Neutrinoless Double Beta Decay

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



Neutrinoless Double Beta Decay

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

This is
 exaggerated for demonstra

tion 

purposes.  



How do we measure this?



What is measured is a half-life...

Phase space factor
Notice higher endpoint means faster rate.

The half-life of the neutrinoless decay:



Nuclear Matrix Element

What is measured is a half-life:

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



Effective Majorana Mass of 
the neutrino

What is measured is a half-life:



Effective Majorana Mass:

Electron Neutrino Mass:

Two more phases!



Double Beta Decay Visualizing the Equations:

Inverted



Double Beta Decay Visualizing the Equations:

Normal 



Double Beta Decay Visualizing the Equations:

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



Comparing Experiments’ Sensitivity:



Isotopic abundance



Isotope Endpoint Abundance
48Ca 4.271 MeV 0.187%

150Nd 3.367 MeV 5.6%

96Zr 3.350 MeV 2.8%

100Mo 3.034 MeV 9.6%

82Se 2.995 MeV 9.2%

116Cd 2.802 MeV 7.5%

130Te 2.527 MeV 34.5%

136Xe 2.457 MeV 8.9%

76Ge 2.039 MeV 7.8%



Total Mass



Background rate



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



Big
Good
Energy 
Resolution



What has been happening 
lately…



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



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



Rough Time Scales 

14C - 104 years

40K - 109 years

232Th - 1010 years

The Universe - 1010 years

Two Neutrino Double Beta ~ 1020 years

Neutrinoless Double Beta >1026 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:



A lot of detector ideas:

Colder Bigger



A lot of detector ideas:
SNO+ 

Commissio
ning

SuperNEMO 
Under construction

KamLAND-Zen 

Data Taking

EXO-200

Data Taking

CANDLES

Complete

EXO

Data Taking

CUOREData Taking

GERDAData Taking

Majorana

Data Taking

NEXTUnder construction



What did I choose?



Good
at Size

Bad Energy 
Resolution

Good
Energy 
Resolution

More 
Difficult to 
make big.

Bolometers Scintillator



Super Cool

CUORE: 
Cryogenic Underground Observatory for Rare Events



Copper frame: !
10 mK heat sink!

PTFE holders: "
weak thermal coupling!

TeO2 crystal: "
energy absorber!

Radia%on:))
energy!deposit!

NTD Ge thermistor: "
resistive thermometer!

Si joule heater: "
reference pulses!

How Bolometers work:



CUORE: 
Cryogenic Underground Observatory for Rare Events

•19 Towers, 988 TeO2 crystals 
operated as bolometers. 

•We are the “Coldest cubic 
meter in the known universe”,  
arXiv:1410.1560



CUORE: 
Cryogenic Underground Observatory for Rare Events

Running period

1990 1995 2000 2005 2010 2015 2020 2025

t0
⌫

1/
2

[y
r]

(9
0%

C
.L

.)

1019

1020

1021

1022

1023

1024

1025

1026

6 g
21 g

34 g

73 g

334 g
4 crystal array

MiDBD

Cuoricino CUORE-0

CUORE



CUORE: 
Cryogenic Underground Observatory for Rare Events



CUORE: 
Cryogenic Underground Observatory for Rare Events



May

June

July

August

September

2017

Physics Data Taking 2017

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

Blue   =  Physics 
Red    =  Calibration 
Pink   =  Setup/Configuration 
Green =  Test

All physics runs bracketed 
by a calibration run.



May

June

July

August

September

2017

Physics Data Taking 2017

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

Acquired statistics used for this 0νDBD decay search: 
(Dataset 1 + Dataset 2): 

• natTeO2 exposure: 86.3 kg yr (37.6 kg yr + 48.7 kg yr)     
• 130Te exposure: 24.0 kg yr



CUORE: 
Cryogenic Underground Observatory for Rare Events
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The Result

ROI background index:    (1.49–0.17+0.18) × 10-2 c/(keV⋅kg⋅yr) 
       (1.35–0.18+0.20) × 10-2 c/(keV⋅kg⋅yr) 

Best fit for 60Co mean: (2506.4 ± 1.2) keV
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CUORE Preliminary
yr⋅Exposure: 86.3 kg

Best fit decay rate: (-1.0–0.3+0.4 (stat.) ± 0.1 (syst.))×10-25 / yr

The Result



0.1− 0.05− 0 0.05 0.1 0.15 0.2 0.25 0.3
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12
14
16
18
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N
LL

CUORE (stat.)
CUORE (stat. + syst.)

CUORE Preliminary
yr⋅Exposure: 86.3 kg

The Result

Decay rate limit (90% CL, including systematics): 0.51 × 10-25 / yr 
Half-life limit (90% CL, including systematics): 1.3 × 1025 yr 

Median expected sensitivity: 7.0 × 1024 yr

No evidence of signal 
Limit calculation 

Profile likelihood integrated on the 
physical region (Γ0v > 0)



Combination with Previous Results

We combined the CUORE 
result with the existing 130Te 

19.75 kg·yr of Cuoricino  
9.8 kg·yr of CUORE-0

0.1− 0.05− 0 0.05 0.1 0.15 0.2 0.25 0.3
)-1 yr-24Decay rate (10

0
2
4
6
8

10
12
14
16
18
20

N
LL

CUORE
CUORE-0
Cuoricino
CUORE + CUORE-0 + Cuoricino

CUORE Preliminary
yr⋅Exposure: 86.3 kg

The combined 90% C.L. limit is  
T0ν > 1.5 × 1025 yr



CUORE: 
Cryogenic Underground Observatory for Rare Events

CUORE Goal:  
1x10-2 counts/keV/kg/year



CUORE: 
Cryogenic Underground Observatory for Rare Events

CUPID Goal:  
1x10-4 counts/keV/kg/year



CUPID: 
CUORE with Particle ID

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

•Moving to Li2MoO4 (LMO) 
enriched in 100Mo moves above all 
gamma backgrounds.  

•Re-uses CUORE infrastructure 
so is an easily staged upgrade. 

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

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

RMD Inc.  
Na2Mo2O7 Crystal



MIT Graduate Student Joe Johnston 
assembling the CUPID-Mo bolometric test 

tower, funding through MISTI-France.

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

• The 20 Li2MoO4 crystal phase-I 
demonstrator is now taking data.

CUPID-Mo

EDELWEISS

CUPID-Mo Demonstrator



KamLAND-Zen



Basic Principle of 
Liquid Scintillator Detector

e-

Physics Light PMTs

A charged particle vibrates molecules 
making light that is detected by 
photomultiplier detectors (PMT).
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Visible Energy (MeV)
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balloon

LS

LS

KamLAND-Zen started in 2011:

T1/2(2ν) = 2.32+/-0.12×1021 yr
Currently the slowest process directly measured.
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Visible Energy (MeV)
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An Unexpected BG was found!

KamLAND-Zen started in 2011:



new	LS

replace	with	
new	purified	LS

two	=mes	of	dis=lla=on	
confirm	whole	110mAg	drained
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MC3000

ガスクリーン V
超高純度ガス用インラインフィルター
コンパクトで大流量（1200 NL/min）対応

PFSH065a

（注）ガスクリーンはポール社の登録商標です。（商標登録第2720960号）

特長
●低い圧力損失
●コンパクトな設計構造
●非常に小さい内容積
●Ｏ-リングのないシール構造
●出荷前のプレコンディショニング（VCRタイプ）

利点
●大流量処理が可能
●最小限の設置スペース
●優れたガス置換特性
●幅広い流体適合性、高温での使用が可能
●速やかなドライダウン、ガス純度の維持

■材質
構成部品 材　　質

フィルターメディア
メディアサポート
コア、エンドキャップ
フィルターハウジング

PTFE
フッ素樹脂
PFA
316Ｌステンレススチール（VAR）

■仕様
定格ろ過精度（nm）＊1

最高使用圧力（140℃）
耐差圧（20℃）
耐逆差圧（20℃）

ヘリウムリーク率 （atm・cc/sec）＊3

最高使用温度
内面仕上げ
初期清浄度（プレコンディショニングオプション対応仕様）

3 nm ＊2

1 MPaＧ＊3

0.7 MPa
0.3 MPa
＜1ｘ10－9 （出荷前試験）
＜1ｘ10－11（設計値）
１40℃
≦0.18μm/7μin Ra
≦10 ppb （H20、THC、O2）

＊1 NaClエアロゾル試験による定格付け
＊2 CNCカウンター（TSI Model 3025）で計測した場合の検出限界値
＊3 本製品の設計圧力および製品上の表示は　750 PSIG 、5.26 MPaGであり、全品耐圧試験後 出荷しています。ただし、日本国内で使用する場合本製品は高圧ガス取締法

適合品ではありませんので、ガス用途に使用される場合、最高使用圧力は 1 MPaGとなります。高圧ガス取締法適合品に関しては、当社各営業所までお問い合わせくだ
さい。

“ガスクリーンＶ”は、半導体プロセス用高純度ガス用の最新
インラインフィルターです。フィルターメディアとサポート
材はすべてフッ素樹脂製で、ハウジング材質には高品位のス
テンレスを使用しています。
O-リングを使用していないシール構造は、ポール独自の特許
技術です。
最小限の設置面積で装着可能です。コンパクトなデザインで
大流量を処理できますので、ドライプロセスの大幅なコスト
ダウンを実現します。
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Purification 
Campaign
June	2012〜
November	2013

Xe-LS	+	110mAg

now

LS	+	110mAg

vacuum	extrac=on	
of	136Xe

add	purified	
PC	for	density	
adjustment

confirm	110mAg	
remains	in	LS



• After Purification
• December 2013 - October 2015
• Livetime 534.5 days, exposure 504 kg-yr
• For Reference: T1/2(110mAg) = 250 days.

110mAg still exists?
We might have 
scrubbed and 
dropped “dust” 

during extraction of 
the LS supply tube.
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Analysis: 
40 equal-volume bins



Phase 2 - Results on 0ν2β
period-1 period-2

livetime 270.7 days 263.8 days
136Xe 0ν2β 
decay rate < 5.5 /kton/day < 3.5 /kton/day

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

> 9.2×1025 yr (90%C.L.)
136Xe 0ν2β 

half-life

sensitivity > 4.9×1025 yr (11% probability)



Combined datasets gives 
T1/2>1.07×1026 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

Summer 2016

MIT 
Undergraduates
Hannah Taylor and 
Andrea Herman



A New New 
Mini-Balloon 
Construction 
for Summer 
2017

MIT graduate student 
Suzannah Fraker 

KamLAND-Zen 800 is now running!!!





More Exposure



Lower Backgrounds



More Sensitive experiments!





Deep Learning to Reduce Backgrounds!

See arXiv:1812.02906v1, submitted to NIMA

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



How do you get down here?



NuDot:
A Prototype Directional 
Liquid Scintillator  



Basic Principle of 
Liquid Scintillator Detector

e-

Physics Light PMTs

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



Problem:
Scintillation light 
is isotropic.



Cherenkov light retains 
directional information!

An 8 MeV Solar Neutrino 
event in Super-K.



Neutrinoless Double Beta Decay

(Cherenkov Only)



How does it work?

Number of Cherenkov Photons for a 1MeV e-
ab

so
rb

ed
 b

y 
sc

in
ti

lla
to

r

Retains directional information!



Longer wavelengths travel faster in 
scintillator 

and 

Scintillation processes have inherent 
time constants.

Important in Big Detector.

Always Important



So if you have good enough timing....

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

Rc/s = 0.63

JINST 9 (2014) P06012



This corresponds to 0.1 ns.

JINST 9 (2014) P06012

This sort of timing is available in very 
tiny MCP-based PMT’s/SiPMs…for 
now.



The LAPPD:



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

5.0MeV

2.1MeV

1.4MeV

JINST 9 (2014) P06012



NuDot: 
A Prototype Directional Liquid Scintillator Detector

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

•All components are ordered and many have 
arrived.  

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



First Demonstration of Cherenkov 
Separation in MeV β’s

See arXiv:1811.11144, accepted by JINST. 

FlatDot
Time Profile

Cherenkov “Ring”Cherenkov

Scintillation

More Scintillation

More Scintillation



NuDot: 
A Prototype Directional Liquid Scintillator Detector

Pappalardo Fellow Julieta 
Gruszko finalist for Neutrino2018 

poster session with this result 
(more than 500 posters).



Source Geometry MC Simulation

The Directional Calibration 
Source

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?
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(DC Target)
 KamLAND (emission.dat)
normalized at peak to KamLAND emission.dat
normalized and shifted by 80nm

 KamLAND emission spectrum
 QD Cytodiagnostics spectrum (peak at 461nm)
 same as red, shifted by -77nm

What if I could narrow the emission spectrum?



Narrowed emission spectrum with 
traditional PMTs and 0.1ns timing.

Rc/s = 0.86



What are Quantum Dots?

Quantum Dots are semiconducting nanocrystals.



Isotope Endpoint Abundance
48Ca 4.271 MeV 0.187%
150Nd 3.367 MeV 5.6%
96Zr 3.350 MeV 2.8%
100Mo 3.034 MeV 9.6%
82Se 2.995 MeV 9.2%
116Cd 2.802 MeV 7.5%
130Te 2.533 MeV 34.5%
136Xe 2.479 MeV 8.9%
76Ge 2.039 MeV 7.8%
128Te 0.868 MeV 31.7%

Candidate Isotopes Are Quantum Dot Materials!



Optical properties of quantum dots are 
size-dependent



6 
nm electrons 

confined to 
an effective 
box

Optical properties of quantum dots are 
size-dependent



Causes 
blue-
shift in 
fluoresce
nce

2 
nm electrons 

confined to 
an effective 
box

Optical properties of quantum dots are 
size-dependent

6 
nm



We can tune fluorescence by tuning the 
reaction!



Perovskites are a 
possibility!

Can we make UV-emitting 
quantum dots?



Organic or metal 
cation (Methyl 
ammonium or Cs+)

Perovskite crystal 
structure



Organic or metal 
cation (Methyl 
ammonium or Cs+)

Perovskite crystal 
structure

Divalent cation 
(Pb(II) or Sn(II) )



Organic or metal 
cation (Methyl 
ammonium or Cs+)

Perovskite crystal 
structure

Divalent cation 
(Pb(II) or Sn(II) )

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



Organic or metal 
cation (Methyl 
ammonium or Cs+)

Perovskite crystal 
structure

Divalent cation 
(Pb(II) or Sn(II) )

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

Mix and match atoms!
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We can make quantum dots out 

of these!



Recall: we can tune the size and fluorescence

Change 
halide

Cl - 
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Recall: we can tune the size and fluorescence

Change 
halide

Cl - Br- 
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Recall: we can tune the size and fluorescence

Change 
halide

Cl - Br- I- 



 189

Toluene 5 mL

5 μL

Ligands 

PbX2

CsX

Ligands : PbX2 : CsX 

10 : 2 : 1 



Immediate 
crystal 

formation

Synthesis is as easy as mixing solvent!

Ligands 

PbX2

CsX

Ligands : PbX2 : CsX 

10 : 2 : 1 Toluene 5 mL

5 μL



Perovskite quantum dots



Br- I- 

Cs+ MA+ 

Perovskite quantum dots



Fluorescence red shifts with growing halide

Br- I- 

Br- I-



More results coming 
soon!
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115In, 4-fold forbidden non-unique β decay  
(Qβ = 496 keV, T1/2 = 4.4×1014 y) 

End-point of  
 115In beta spectrum

First Crystals: LiInSe2

The crystal doesn’t work for double-beta experiments 
because of the In, but can help with theoretical uncertainties 
in the nuclear physics (quenching of gA) that could severely 
impact the sensitivity of experiments.
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115In, 4-fold forbidden non-unique β decay  
(Qβ = 496 keV, T1/2 = 4.4×1014 y) 

End-point of  
 115In beta spectrum

First Crystals: LiInSe2

The crystal doesn’t work for double-beta experiments 
because of the In , but can help with theoretical uncertainties 
in the nuclear physics (quenching of gA) that could severely 
impact the sensitivity of experiments.
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The field is ready to 
build experiments 
capable of reaching 
~1027 years.



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?



Axions
Neutrinoless 
Double-Beta 
Decay



What is Dark 
Matter?

Why is there 
only matter in 
the universe?

Why are 
the 
neutrinos 
so light?



Strong CP Problem Majorana vs. Dirac 
Neutrinos



What unites these two topics?

See-Saw Mechanism 

N

ν

Our 
Standard 
Light ν

GUT scale ν

Peccei-Quinn Mechanism

af
a

Θ

GUT scale axionnano-eV mass



Thank you to my wonderful group!

The Winslow Group 
Lindley Winslow 
Jon Ouellet (Postdoc) 
Lucia Canonica (Postdoc - Italy) 
Julieta Gruszko(Pappalardo Fellow) 
Alex Leder (Grad Student) 
Joe Johnston (Grad Student) 
Suzannah Fraker (Grad Student) 
Chiara Salemi (Grad Student) 
Zhenghao Fu (Grad Student) 
Brian Naranjo (UCLA Staff Researcher) 
Diana Gooding (BU Grad Student) 
Many Wonderful UROPs



Can we do something 
better with Liquid 
Scintillator detectors?



Basic Principle of 
Liquid Scintillator Detector

e-

Physics Light PMTs

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



Problem:
Scintillation light 
is isotropic.



Cherenkov light retains 
directional information!

An 8 MeV Solar Neutrino 
event in Super-K.



Neutrinoless Double Beta Decay

(Cherenkov Only)



NuDot:
A Prototype Directional 
Liquid Scintillator  



How does it work?

Number of Cherenkov Photons for a 1MeV e-
ab

so
rb

ed
 b

y 
sc

in
ti
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to

r

Retains directional information!



Longer wavelengths travel faster in 
scintillator 

and 

Scintillation processes have inherent 
time constants.

Important in Big Detector.

Always Important



So if you have good enough timing....

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

Rc/s = 0.63

JINST 9 (2014) P06012



This corresponds to 0.1 ns.

JINST 9 (2014) P06012

This sort of timing is available in very 
tiny MCP-based PMT’s/SiPMs…for 
now.



The LAPPD:



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

5.0MeV

2.1MeV

1.4MeV

JINST 9 (2014) P06012



NuDot:
A Prototype Directional Liquid Scintillator Detector

2.17 m

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

• Construction delayed last summer by 
Hamamatsu, so…

• Working on smaller 25 PMT setup.



PMTs

15cm

Quartz Vial
Source 

FlatDot:
Prototype of the Prototype

Excellent system for testing new data 
acquisition system and testing different 
scintillator cocktails (including quantum dots)!



Source Geometry MC Simulation

FlatDot:
Progress!
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Did you say something about quantum dots?
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What if I could narrow the emission spectrum?



Narrowed emission spectrum with 
traditional PMTs and 0.1ns timing.

Rc/s = 0.86



What are Quantum Dots?

Quantum Dots are semiconducting nanocrystals.



Isotope Endpoint Abundance
48Ca 4.271 MeV 0.187%
150Nd 3.367 MeV 5.6%
96Zr 3.350 MeV 2.8%
100Mo 3.034 MeV 9.6%
82Se 2.995 MeV 9.2%
116Cd 2.802 MeV 7.5%
130Te 2.533 MeV 34.5%
136Xe 2.479 MeV 8.9%
76Ge 2.039 MeV 7.8%
128Te 0.868 MeV 31.7%

Candidate Isotopes Are Quantum Dot Materials!



Optical properties of quantum dots are 
size-dependent



6 
nm electrons 

confined to 
an effective 
box

Optical properties of quantum dots are 
size-dependent



Causes 
blue-
shift in 
fluoresce
nce

2 
nm electrons 

confined to 
an effective 
box

Optical properties of quantum dots are 
size-dependent

6 
nm



We can tune fluorescence by tuning the 
reaction!



Perovskites are a 
possibility!

Can we make UV-emitting 
quantum dots?



Organic or metal 
cation (Methyl 
ammonium or Cs+)

Perovskite crystal 
structure



Organic or metal 
cation (Methyl 
ammonium or Cs+)

Perovskite crystal 
structure

Divalent cation 
(Pb(II) or Sn(II) )



Organic or metal 
cation (Methyl 
ammonium or Cs+)

Perovskite crystal 
structure

Divalent cation 
(Pb(II) or Sn(II) )

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



Organic or metal 
cation (Methyl 
ammonium or Cs+)

Perovskite crystal 
structure

Divalent cation 
(Pb(II) or Sn(II) )

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

Mix and match atoms!
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We can make quantum dots out 

of these!



Recall: we can tune the size and fluorescence

Change 
halide

Cl - 
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Recall: we can tune the size and fluorescence

Change 
halide

Cl - Br- 
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Recall: we can tune the size and fluorescence

Change 
halide

Cl - Br- I- 
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Toluene 5 mL

5 μL

Ligands 

PbX2

CsX

Ligands : PbX2 : CsX 

10 : 2 : 1 



Immediate 
crystal 

formation

Synthesis is as easy as mixing solvent!

Ligands 

PbX2

CsX

Ligands : PbX2 : CsX 

10 : 2 : 1 Toluene 5 mL

5 μL



Perovskite quantum dots



Br- I- 

Cs+ MA+ 

Perovskite quantum dots



Fluorescence red shifts with growing halide

Br- I- 

Br- I-



More results coming 
soon!



The End


