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The Standard Model

How did we learn about it?

Fermilab
Tevatron

We have been building state of
the art instrumentation




We don't know 95% of the story

26.8% Dark
Matter

68.3% Dark 5 di
Energy d.9% u;ﬂgﬁg

We have to develop new instrumentation to
find out what are those 95%

Also we are not done with the ordinary matter ye‘r4!



A question that interests me

Is the neutrino its own antiparticle?
It is possible because the neutrino has no electric charge
No other fermion can be its own antiparticle
It is not only possible, but may be necessary

- origin of matter-antimatter asymmetry in the universe
- why the neutrino mass is so tiny?

Neutrino A Any other
| fermion

5

Search for neutrino-less double beta decay (OvBp-decay) is the most feasible way
to answer this question



Double Beta D_ecay
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‘B-Strahlen”

(AZ) — (AL+1) +e + v

?5".: gj; | D e |
et E, Fermi, Z. Phys, 88 (| 34)%1
Loveak = GF(Yp1u¢n) (Yey"90) oy
. Versuch einer Theorie der f-Strahlen, I')
n P Von B, Permi in Rom,
Mit 3 Abbildungen. - (Eingegangen am 16. Januar 1934,
Eine quantitative Theorie des f-Zerfalls wird vorgeschlagen, in welcher man
dio Bxistens des Neutrinos annimme, und die Emission der Elektronen und
Neutrinos aus einem Ker beim f-Jerfall mit einer ihnlichen Mothods behandelt,
wie die Emission emnes Lichtquants aus einem angeregten Atom in der Strah-
4 c lungstheorie. Formeln fir die Lebensdauer und fiir die Form des emittirten
kontinuierlichen f-Strahlenspektrums werden abgeleitet und mit der Erfahrung
4 particle interaction theory predicted verglichen.

the electron energy spectrum remark&Bly\well



Double-Beta Disintegration
Maria Goeppert-Mayer
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(A,Z) — (A,Z+2) + 2¢" + 2v_

SEPTEMBER 15, 1935 PHYSICAL REVIEW VOLUME 48

Double Beta-Disintegration

M. GoErPERT-MAYER, The Johns Hopkins Universily
(Received May 20, 1935) » 80 years ago

From the Fermi theory of §-disintegration the probability of simultaneous emission of two
electrons (and two neutrinos) has been calculated, The result is that this process occurs suffi-
ciently rarely to allow a half-life of over 10'7 years for a nucleus, even if its 1sobar of atomic
number different by 2 were more stable by 20 times the electron mass.



Eugene Wigner's Role

The author wishes to express her gratitude to
Professor E. Wigner for suggesting this problem,
and for the interest taken in it.




Ettore Majorana

TEORIA SIMMETRICA DELL' ELETTRONE
E DEL POSITRONE

Nota di ETTORE MAJORANA

Sunto. - Si dimostra la possibilitd di pervenire a una piena simmetrizea-
zione formale della teoria quantistica dell'elettrone e del positrone fa-
cendo uso di un Nucvo processo di quantizzazione, Il significato delle
equazioni di DIRAC ne risulta alquanto modificato e non vi é pit luogo
a parlare di stati di emergia megativa; mé @ presumere per ogmi aliro
tipo di particelle, particolarmente neutre, Uesistenza di « antiparticelle »
corrispondenti ai « vuoli» di energio negativa.

Noticed that symmetry of Dirac's theory allows to avoid
solutions with negative energies (antiparticles) for neutral
spin 7 particles

Fermi's theory of beta decay is unchanged if v = v 10



Giulio Racah

SULLA SIMMETRIA TRA PARTICELLE
E ANTIPARTICELLE

Nota di1 Giurio Racau

Sunte. - Si mostra che la simmetria tra particelle e antiparticelle porta
alcune modificazioni formali nella teoria di Ferm1 sulle radioattivita (3,
e che Videntitd fisica tra neutrini ed antineutrini porta direttamente alla
teoria di K. MAJORANA,

Proposed a chain reaction
(AZ) - (AZ+])+e +v
v+(A'Z) - (A'Z'+D) + e
to distinguish between Dirac and Majorana neutrinos 11



Wendell Furry

JULY 1, 1938

PHYSICAL REVIEW

VOLUME 54

Note on the Theory of the Neutral Particle

W. H. Furry
Fhysics Research Laboratory, Harvard University, Cambridge, Massachusetts
{Received March 28, 1938)

Majorana has recently shown by using a special set of
Dirac matrices that the symmetry properties of the Dirac
equations make possible the elimination of the negative
energy states in the case of a free particle. We present here
a further investigation of this possibility, in a treatment
based on an arbitrary Hermitian representation of the
Dirac matrices instead of Majorana's special representa-
tion. The new procedure is compared with Schroedinger’s
early attempt to eliminate the negative energy states, The
question of Lorentz invariance is discussed, and also the
possibility of subjecting the particle to forces; it is found
that the only sort of force having a classical analogue which
is consistent with Majorana's way of eliminating the nega-
tive energy states is the nonelectric force of a scalar po-
tential. The theory is worked through for this case, and it
is pointed out that, in spite of the fact that the exclusion of
negative energy states is accomplished without the intro-

duction of antiparticles, the formalism still shows the
stigmata associated with subtraction theories of the posi-
tron: the presence of otiose infinite terms which should be
removed by subtraction, and the creation and destruction
of pairs of particles, The application of Majorana's formal-
ism to the theory of g-radicactivity is discussed at the end
of the paper. Here the physical interpretation is quite
different from that of the ordinary theory, since only
neutrinos appear instead of the neutrinos and antineutrinos
of the usual picture, The results predicted for all observed
processes are nevertheless identical with those of the
ordinary theory. An experimental decision between the
formulation using neutrinos and antineutrinos and that
using only neutrinos will apparently be even more difficult
than the direct demonstration of the existence of the
neutrino,

L

Pessimistic conclusion about experimental prospects
to observe Racah's "chain” reaction:
- cross section is ~10-40-20

- no intense source for neutrinos (no reactors yet)

12



Wendell Furry

DECEMBER 15, 1939 PHYSICAL REVIEW VOLUME 356

On Transition Probabilities in Double Beta-Disintegration

W. H. Furry
Physics Research Laboratory, Harvard University, Cambridge, Massachusetts

(Received October 16, 1939)

The phenomenon of double 8-disintegration is one for which there is a marked difference
between the results of Majorana's symmetrical theory of the neutrino and those of the original
Dirac-Fermi theory. In the older theory double g-disintegration involves the emission of four
particles, two electrons (or positrons) and two antineutrinos (or neutrinos), and the prob-
ability of disintegration is extremely small. In the Majorana theory only two particles—the
electrons or positrons—have to be emitted, and the transition probability iz much larger.
Approximate values of this probability are calculated on the Majorana theory for the various
Fermi and Konopinski-Uhlenbeck expressions for the interaction energy. The selection rules
are derived, and are found in all cases to allow transitions with Aé= 41,0, The results obtained
with the Majorana theory indicate that it is not at all certain that double g-disintegration can
never be observed. Indeed, if in this theory the interaction expression were of Konopinski-

Thlenbeck type this process would be quite likely to have a bearing on the abundances of
isotopes and on the occurrence of observed long-lived radicactivities. If it is of Fermi type
this could be so only if the mass difference were fairly large (520, AMR0.01 unit).

Proposed (A,Z) — (A,Z+2) + 2e via virtual neutrino
exchange

Quite optimistic experimentally:

- OvBp-decay is a factor of 10 more favorable than
2vpp-decay due to the phase factor advantage 13
(V-A structure of week interactions is not known yet)

._H
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Double-Beta Decay Timeline

1935-1939 - double beta disintegration proposed,
Onbb is a tool to distinguish between Dirac and Majorana neutrino
First estimates: T,,, ~ 10% years for 2vBp and 10™ years for Ovpp

1950 - Experimental limits on Ovpp exceeded predictions
(a hint that neutrino is a Dirac particle???)

1955 - R. Davis sets strong limits on v + 37Cl — ¥Ar + e-
(interpreted as a proof that neutrino is a Dirac particle)

1957 - V-A nature of weak interactions — dramatic decrease in
probability of OvBp-decay rate, also Davis's experiment doesn't solve
Dirac/Majorana questions for neutrinos

From reactor:n — p + e + v,

At the target: only v + n — p +e" is allowed H

v, + n — p + e is forbidden by V-A couplings



Double-Beta Decay Timeline

Because a helicity flip is required, Ovpp can't happen
even for Majorana neutrino if it has no mass

The fact that OvBp-decay requires massive neutrino and lepton
number violation discouraged experimental searches.

Nevertheless experiments continued:

1950 - first observation of 2vpp of 3¥Te (T
by Inghram and Reynolds

= 1.4x10% yr)

1/2

1960 - probability of OvBp for massive neutrino is calculated
Realization that OvBp—decay is a good test for lepton number
violation

1980s-1990s - 2vfBp observed in 10 isotopes 3
Today - T, ,, ~ 10 yrs sensitivity to Ovfpp



Current Status

Oscillation experiments established that neutrino is massive
and increased interest to Ovpp decay searches
Today we have many experiments
(running or planned)
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Why do we c&ﬁe\so much?



Neutrinoless Decay is Unique

It is only possible if the neutrino is its own antiparticle
and have non-zero mass

+ ter-

vtn—p+re’

Nucleus Z > > Nucleus Z+2

Nuclear Process

Even if neutrino it's own antiparticle v, # v,

Neutrino has to have mass to flip helicity (~m/E)
Ovpp-decay may provide access to the neutrino mass mechanism

17



See-saw Mechanism

If we assume Majorana neutrino, the notation 'v' should be
avoided for anti-neutrinos

Neutrino participating in scattering is v,
VN AL ke A
Neutrino produced in beta-decay is CP conjugate of v,

AR (2 T

Simplest way to introduce a neutrino mass term into the Lagrangian

would be l’n,_,_vl_vl_C H

This is exactly what's > SR A
needed for Ovpp-decay )k

However the Higgs is a doublet and this Majorana mass term can't
directly appear in the SM Lagrangian I8

See-saw mechanism introduces this term “effectively”



See-saw Mechanism

By introducing a right-handed neutrino N, we can write
a usual Dirac mass term
mpV N,

H
|

R k L

This is similar to charged leptons mass term
l’neeLeR

19



See-saw Mechanism

N, doesn't participate in weak interactions
so Majorana mass can appear in the SM Lagrangian

MRRNRNRC

Note that MEReRC would violate charge conservation, so

the zero charge is the key for a Majorana particle

20



See-saw Mechanism

Neutrino mass term in the Lagrangian

) UL s d1 A
T
mp M e |\ N g
The masses of the mass eigenstates are then the eigenvalues of
this matrix

v, N,

In the limit M, > m_ the eigenvalues are
m.2/M, (light neutrino) and M, (heavy neutrino)

According to the see-saw "Effectively” in the limit
extension of the SM Lagrangian M, > m,
'H H 'H
| | |
VLC k NR k VL VLC k VL21

This is exactly what's
needed for Ovpp-decay



Experimental Sensitivity
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SNO+ (8 ton 39Te)

M - tmeas
bkg - AE
Assuming that light neutrino

exchange is the dominant
Ovpp-decay mechanism

107* 103 1072 10"
rT"min [eV]

1 WMo 0 Oovl]2 2
T, = 6% x M X Mg,

None of the currently running or planned experimen‘ré3
is sensitive to "mBB~lO'3 eV



How to Find OvBp-decay?

1) Choose isotope

where OvBp-decay is allowed | g, p2|2.995] 9.2

2) Wait for emission of
two electrons with the
right tfotal energy

Q-value Natural
Isotopes  (Total energy ,,,,hdance,
of 2 electrons), %

MeV

Mo 100]3.03¢v | 9.6 .
Sn 12¢|2.287 | 567
Yo 102820 305
Nol 15013363 | 5.6

W




Challenge 1: Decay Probability

Life-time for OvBp-decay is more than ~ 102 years

This is much longer than the age of the universe

Solution: look at many atoms at the same time
- Avogadro number is large N, = 6x1023

- one ton of material can have >10?” atoms
- even with one ton we are talking about ~10 events per year

25



Challenge 2: Background from 2vff3

T
s’ﬁ M"@@
2.0+ j Y
4
/ 2vpp \
F154 \
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- i f-,%
g 1.0 ; ’1%
° |/ \ ovpp
] Vv
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:?j %%”“w
0.04 ! j | i"_A_
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E/QHH

Solution: good energy resolution

26



Challenge 3: Natural Radioactivity

There are 3g U-238 and 9g of Th-232 per ton of rock

Radioactive Decay in Thorium and Uranium Series U-;lii-f!'l-»--
19 yr Th-228
4 X Th-232 1.4 10"y
= F
. RaZlM  Ac-iis
3.6 day 61hr S Ra-228
THORIUM SERIES  Rnaao 5.8 yr
o BEC
03usec Po-212 Po-216
s R A51Mn g5 sec 455 10%yr
Bi-212 250000y U234 o o L U238
Pb-208 7\ pb.212 ’ : r
(Stable) * 106 hr Pz
TI-208 , Th-230 N Th-234
3 min 80,000 yr 24 day
* Ra-226
#1602 yr
URANIUM SERIES
Fadon daughtars 4 o242
, o i, 3.6 day »
133 day Po-210 150 psec Po-214 ©, . Po-218
—~ 5 19.7 min 295
Bi-210 N Bi-214 %, Deta Decay

Pb-208 9% % ppato " Pb-214
[Stable) 22yr 27 min

These decays are a factor of ~10! more likely than Ovpp-decay
Solution: good event selection using-proper instruments



Ideal Experiment

J[ : t”;’.f_?({,,‘ﬁ‘
\| bkg - AFE

1) Large mass (more nuclei at the same time)

2) Good energy resolution (discriminate from 2vpp-decay)

3) Good event selection (natural radioactivity)

28



How to Make a Better Experiment?

Learn what other people have done already

KamLAND experiment:

i e scintiilatop Scintillation light
("easy"” to build big)
- scintillation light is used

for energy measurement

* Produced by a charged particle
in a scintillation media
* Delayed

* I'sotropic
29




How to Make a Better Experiment?

Bring new ideas

Kinetic energy of one electron Cherenkov threshold for n=1.47

1.2e—14F

le—14

Cherenkov light

8e—15F}

6e—15F
4e—15

dGO\)(O)/dsl

Spectrum calculated in|
PRC 85, 034316 (2012) |

2e—15F

<\

O_||||I||||I
0 0.5 1 1.5 2 2.5

€1 - mec® [MeV] * Produced by a charged
Simulation’efeCd 0yfp,svent particle in a media whenever
particle's speed exceeds the speed
of light in that media
* Prompt
* Directional (e.g. ~42° for cosmic
muons in water)




entries per bin

Can We Detect Cherenkov Light?

Scintillation light is more intense
Cherenkov is usually lost in liquid
scintillator detectors

=N
T

1400f— Wi i
ok ~Scintillation plus | _ € [ TR
- Cerenkov o g e s 1078
120— -
i Cerenkov only< S 1000
100 N
. \ sonf—
80| B
s i saof- Cerenkov
i \ C
E - only
a0f— \ ““F
mf— \(0“:
- [ |[ Lo ) SR PSSR U ST S U SR N U S A
(3 200 300 400 500 600 700 800 Yoo 200 300 400 500 600 700 800
wavelength [nm] wavelength [nm]
* Longer wavelengths travel faster 31

* Cherenkov light arrives earlier

._H
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PEs per event/0.1 ns

Directionality of the Early Photons

- Time-of-arrival
50 | i N S
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e O
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20 8
: ' K
10 :— 0
0: s F &g od o B s g Lo las L Lo Lons Tupa Lo gy Dopa Lo
40 45 50 -1 -08 -06 -04 -02 0 02 04 06 08 1
Cherenkov Time [nsl cos(¥)
photons from Cosine of angle between the photoelectron hit
center of 6.5m- and the original electron direction after the 34
radius sphere: ns cut. Both Cherenkov and scintillation light
TTS=100 psec are included. Note the peak at the Cherenkov

angle.
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Directionality and Vertex Reconstruction

Vertex
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Events / 0.05

400

350 F
300F
250F
200F
150F -
100F -
50

250F

180

160
140
120

100F -
s0F
60F -
a0F "
20F

Directionality

E_E,,. = 5.0 MeV

200 F
150F
100F

sof

ot
1080604020020406081

Py Pl

D L L
1080604020020406081

Py Pl

-_E,l =1.4 MeV

Py = cos(B)

E [Pl

M RPN e

0_.—. _..J
-1 080604020 02040608 1

X.V.Z |6|

5 MeV

Events / cm

20F

2.1

=
(0]
<

100

Events /cm

B0F-
60 F
40 F

140 [-Buin = 5.0 MeV

120 E
100 F

Simulation:
single electrons along X-axis

at the center of 6.5m sphere
KamLAND scintirllator
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Reconstruction:
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WCSim adapted for low energy

C.Aberle, A.E. H.Frisch,
M.Wetstein, L.Winslow

1.4 MeVoF, _

Events / cm

2014 JINST 9 P0O6012
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Timing and Vtx Reconstruction
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Plots from Evan Angelico, UC Davis undergraduate




Directionality or Topology?

Two electrons 180° Single electron

e

Two electrons 90°

o il
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2 T
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Normalized power

Early Light Spherical Harmonics

Two ele

ctrons 90°

g,

Two electrons 180°

e

Single electron

S: are calculated for a combined hit

Multiple moment |

100 events

o
0 -?\}'*‘u ,
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i hHL_all pXmX_100 1020
0.7 :— Entries 1
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: - hL_all_pXmY 10014
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0.4 — S \ RMS 0.8607
e 1 These
= % distribution of
0.1 =| ——— Typical event by event spread 36
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Normalized SO

o o0 o o O
O O N ™ ©

Early Light Spherical Harmonics

—

Single electrons (from solar neutrinos)
Onbb or 2nbb (similar kinematics at the end point)
&7+

o o
w

o ©
- N

-%.5 -04 -03 -02 01 0 01 02 03 04 05
Normalized (S2-S1)/1.4

Credits:

Good energy resolution

100 _w is essential Yo separate

Ovpp and 2vpp decays

Topology helps against
other backgrounds

Stay tuned for a complete
analysis to quantify
sensitivity improvements
due to fast timing

37

* the idea to try spherical harmonics to test event topology by Henry Frisch
* many productive discussions on the implementation with Eric Spieglan



Planned Demonstrations

Table by Gabriel Orebi Gann

E;g S‘be'f'a Scale Target Measurements Timescale
esis
UChicago bench top| H20 fast photodetectors Exists
EGADS 200 ton Exists
ANNIE ton | H20+Gd | 'SOtope loading fast T, ¢
photodetectors
L. Winslow | WATCHMAN | kton 2018
NuDot Project ,
p UCLA/MIT | ton LS fast photodetectors 2015
Penn 30L (WhILS light yield, timing, Exists
SNO+ 780 ton loading 2016
LBNL bench top light yield, timing, Early 2015
BNL [ton | WLs | cocktll optmization, [ 2015
loading, attenuation,
WATCHMAN-II | | kton reconstruction 2019

~ v

Do we have fast photo-detectors?
(large coverage, géodx’riming, cheap)



Photo-Detectors

Photo-Multiplier Tube (PMT) is a classical example of a photo-detector
- use photo-electric effect to convert a photon to an electron
- use secondary electron emission (SEE) to amplify the signal

photornliplier

g
".

photocathode ‘Iynodes * “annde

Uncertainty on the electron path causes uncertainty on the signal timing
The shorter the electron path the better the time resolutions



Large-Area Picosecond Photo-Detectors

Transformational change

S
4




Glass Package (20x20 cm?)

1
'.‘incoming photon

top window -

hotocathode (pc) -1
P (pc) Segar ]

b L

inter-mcp gap

oz I

anode gap

anode readout:-.

Design Drawing - September 2010 Actual Glass Parts - April 2012

The Frugal Tile

* Widely available float glass
* Anode is made by silk-screening

v Top Window
I Photocathode

AA I AAA
vr"vlvv

'FIC("' panel % % | A TR L LT W

! NANANNNNNANNANT
* No pins, single HV cable 54 o o e+ e e
* Modular design L —
* High bandwidth 50 () object % S

- designed for fast timing = =

Ceramic body packaging is a parallel (and co!!aborative) effort at Berkeley SSL

iy



LAPPD Components

MicroChannel Plates Electronics/Integration

Analog Card Digital Cards

\,\ AT 12: Desingith Oy
\

PMTL9: Dosing with 0
and ThickerSo laer

Multidisciplinary Effort



Lots of Hands On Experience

We need lots of stuff and we often build what we need

B\L - 1 This is funl
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It's Hard but Rewarding

Invited article
Rev. Sci. Instrum. 84, 061301 (2013)

= =2 C |[} rsiaip.org

Jump to Content

plore the M
Collectio

AI P Review of
Scientific Instruments

I R CT R T

Current Issue mu‘,

A II

Read the article

Research Highlights

Invited Article: Coherent imaging using seeded
electron laser pulses with variable polarization:
results and research opportunities

F- JjFICItL_Irldl E. Peders CIII M. Mahne, R. H. Menk -

I DO~ mAl T Duatins T Qandrin B FTAanaran A




Micro-channel Plates
~1kV

ELECTRICAL
POTENTIAL
|-

r
SEMICONDUCTING ]
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8.4

ELECTRODE _  77-% s
~/ % {T“. OO

‘l { 7’ y /-' .Y f_.l:'.:-:
\ El XN Vi Y

P

PRIMARY

. _ OUTPUT
RADIATION SECONDARY GLASS ELECTRONS

ELECTRONS CHANNEL

Micro-Capillary Arrays by Incom Inc.

» Material: ordinary glass
» Area: 20x20cm? — 8x8”
e Thickness: 1.2mm

* Pore size: 20 um
 Open area: 60-80%
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Atomic Layer De Posi’rion

ALD Process for MCP Coating
by A.Mane, J.Elam
and independently by Arradiance Inc.

L T'WA B
el S |
] b - i HiSad
: - A4 4

pore

B)

J

Porous glass
esistive coating ~100nm (ALD)

missive coating ~ 20nm (ALD)
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Conductive coating

(thermal evaporation or sputtering)



Detector Pro’ro’rype

Demountable 1.0 Demountable 3.0
(May 2012) (Sep-Dec 2012)
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B.Adams, A.E., E.Oberla, R.Obaid,
A.Vostrikov, M.Wetstein



Results

Single PE time resulution
o =44.16 psec

b=

250 — .
\ 2896 events
44 ps
2001
l:}[] e

Plot credit:

Events / (10 psec)
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Testing Results

Multi PE Time resolution
90-cm long anode!

., , — 150—PSEC-4readoL|t-'-.“' oan Py
" 1 | S, e
< - o i ro .
M\ o L I?Ac;r;sr,]tant ; 6919',2
N ,\\\W\\\@ 100 3| | sigma 0.07089
— = N\ I L ]
= § o :
‘ N & — ¢ R . = 1~80ps -
’. P - . = a : = "‘ -
L . \\ i i i
\\\\\\\\\\\\\ N\ 5 ‘ T | P 1‘-Ll-y—~ —
A \\\\\ " 9% 28 3 32 34
‘\ \M" 5 Time, ns
- ‘ﬁ\\@\i‘\\ N Oscilloscope readot | gmee—aarg
T : e . SIRTARE T - RMS 0.03588
g " Ba s TS o 800 ;F(,";c/)gdf 5625 12
o 8_ L Constant 957.7
N 600 Mean 7.722
— - Sigma 0.035?8
% 400~ .
> C i
200~ ~35ps
P2 76 78 8 82
NIMA 732, (2013) 392 Time, ns



Spatial Resolution (longitudinal)

Position in the direction parallel to the
striplines is determined by differential
transit time to the opposite ends of the anode

1.4 .
o data, S standard error
12 |=== fit,v=055¢ 4 |
’f
&
#

1.0 }
—
)]
=
;’ 0.8}
[ 4]
=
Q
g 06 #
= "
< R
g 04}
i 5
H

0.2 ’

>
>
00 &

0 2 1 6 8 10
Laser scan posftion (cm)

1000

Amplitude (ADC counts)

| 4 tiles (90-cm anode): AT=~18ps > AX=<x].8mm
k — | 1 tile (20-cm anode): AT=~5ps — AX=~0.5mm

\JJ — right

0 5 10 15 20 b

Time (ns) Plots credit: Eric Oberla



Spatial Resolution (transverse)

Pulses on 10 striplines
Left Side

¢ on a cluster of striplines

by centroid of integrated signal

Laser beam spot

Spatial resolution across the
striplines ~0.7mm

Plots credit: Eric Oberla
by,

Transverse position is determined

0.4

0.m
(.00
0.02

1]
.06

1l 15 l

Right Side
Pulses on 10 striplines




How to Cook a Tile

In parallel to commercialization through Incom Inc.

UChicago ultra-lightweight

SSL vacuum transfer assembly “in-situ” assembly

<7y
3l

r mﬂﬂmm;_{’[{T["Iﬁﬂffffmff!"ffl'




Ultra-Lightweight Facility
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Glove Box at Argonne




8x8" Sealing Tests
Seal #1 - Augu 201_ Seal #2 — February 2014

: (
s 1 / >
Wit I
- . )
[ o : w
L b
.
4
|

i

= a2
The sealing recipe'is reproducible



More Credits

Yes, I did get help with the 1°" seal

) L2

~——

56



Tile Assembly: 1°" Attempt

What's inside?

- Two 8x8" MCPs (no ALD)
- Set of grid spacers

- Getter glass beads

- Sb on the window

Held vacum for ~20r§1ins
Cracked 3
Found ~0.015” bow on the window




Tile Assembly: 4™ Attempt

Re-sealed: the same tile with the same stack, but a flat window

e
©T™No leaks, no cracks

Hard work by Eric Spieglan, Richard Northrop, Bob Metz, Henry Frisch @ UChicago
and Joe Gregar@ Argonne
Many thanks to H. Clausing (Clausing Inc.)
C. Liu (Argonne) 58
Q. Guo (Uchicago)
Big thanks to our summer students: E. Angelico, B. Murphy, E. Schockley, Y. Ji



Getting ready for the photo-cathode activation



Ultra-Lightweight "in-situ” Assembly




Ultra-Lightweight "in-situ” Assembly

Breaking news (last Friday)
One more recipe for hermetic packaging
- simpler (in-situ, no glove box)
- we think we understand the me’rallur'gy behmd this recipe better



My (Personal) Conclusions

As a graduate student I was searching for the Higgs
at the Tevatron

Instead of taking a standard career path and joining the LHC,
I took a postdoc to work on instrumentation with the goal to
build my own, completely different, detector

I believe that building a Very Large Liquid Scintillator Detector to
answer Majorana question is the way to go forward

I would never guess that I would need to learn some
chemistry and metallurgy along the way
Is it just the beginning?



Thank You
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Back Up



PHYSICAL REVIEW D VOLUME 25, NUMBER 11 1 JUNE 1982

Neutrinoless double-8 decay in SU(2) U(1) theories

J. Schechter and J. W, F. Valle
Department of Physics, Syracuse University, Syracuse, New York 13210
(Received 14 December 1981)

It is shown that gauge theories give contributions to neutrinoless double-£ decay
[(BB),.] which are not covered by the standard parametrizations. While probably small,
their existence raises the question of whether the observation of (58], implies the ex-
istence of a Majorana mass term for the neutrino. For a “natural” gauge theory we ar-
gue that this is indeed th

Fc W 1=
- : ______ -.* —— -i
e I
. |

d

BLACK BOX
o
| @
2 i
e I
_______ I
wt
2,
FIG. 2. Diagram showing how any neutrinoless 65

double-B decay process induces a ¥,-to-v, transition,
that is, an effective Majorana mass term.



LAPPD capabilities
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Neutrino Observation

« 1956: v_ by Reines and Cowan

» 1962: v Dby Lederman, Schwartz, and
Steinberger

« 2000: v. by DONUT experiment
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Only Three Flavors’

FAY)

' ALEPH
. DELPHI
A 13
OPAL
20

4 average measurements, J
error bars increased
by factor 10
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E_[GeV]
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N_ = 2.9840+- 0.0082
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Y

86 88 90 92 94
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Neutrino Mixing
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!'f"’r/ \DTI Ura Urs K“B
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VB 69
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Neutrino Mass Hierarchy
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'9C background timing

An example of what TTS<<1ns can make us think about

98.6% '°C — °B(718) + e*— "B(0) +y 1.4% "°C—'°B(1740) + e+ — °B(718) + v
T(1/2) ~1ns T(1/2) — very fast (~ps)

Scintillation light: photon hits timing

events generated at the center of 6.5 m sphere

hTm_sig_sci
L Entries 1369780
0.06— Mean 41.31
- RMS 7.161
B hTm_bkg_sci
0.05— Entries 2054640
- Mean 42.25
- RMS 7.317
0.04|—
- two prompt electrons, 100 evts
0.0~ Edep = Q(Se82)= 2.99 MeV)
0.02{—
- 1°C decay, 160 evts
0.01— 2.7 MeV < Edep < 3.3 MeV
B 71
L L | | | | | | | | | | . L A | L L L |
0

| | | | | | 1 T
40 50 60 70 a0 90
T, ns

Arrival time, ns



Se82 0vbb events vs single 3 eV electron and C10

Early light (t<0.5ns )

Normalized SO
Normalized SO

00 005 0.1 015 02 025 03 035 04 045 05 00 0.05 0.1 0.15 02 025 03 035> 04 045 05
Nomalized S1 Normalized S1

Early light (t<1.5ns )

L

Normalized SO
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What About Lower Energies?

Light yield: Cherenkov vs scintillation

200 1

Noe {ch.erenkov) 0.9
N..(scint.)

0.8

0.7

0.6 %

05 ©
1

04

0.3

0.2

0.1

PEs per event
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% Q (M"°Cd) =1.4 MeV 2 Q (*Ca) =2.1 MeV



What About Lower Energies?

cos(0)

1
0.95
0.9
0.85
0.8
0.75
0.7
0.65
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NuDot

Lindley Winslow, UCLA (->MIT)

@ 428" PMTs » (TTS =1.2ns)
@ 802" PMTs —» (TTS = 250ps)
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