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Neutrinos Everywhere!
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Neutrinos Everywhere!
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Wolfgang Pauli

Dear Radioactive Ladies and Gentlemen,

I have hit upon a desperate remedy ... there could exist 
electrically-neutral particles [emitted in beta decay] ...

Enrico Fermi

1930: A bold proposal...

...and a theory to match
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Wolfgang Pauli

Dear Radioactive Ladies and Gentlemen,

I have hit upon a desperate remedy ... there could exist 
electrically-neutral particles [emitted in beta decay] ...

Enrico Fermi

1930: A bold proposal...

...and a theory to match
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target area that a proton presents to a
neutrino. The larger the area, the more
likely it is that the process will occur.)

The measured rate, or the number of
events per second, depends on (1) the
rate at which neutrinos are entering 
the target area (the neutrino flux was 
approximately 1,013 neutrinos per
square centimeter per second), (2) the
number of target protons in the water
tank (approximately 1,028 target 
protons), (3) the cross section for the 
reaction, and (4) the efficiency of 
the detectors in picking up positron and
neutron signals from the reaction.

According to Fermi’s theory, the
cross section for inverse beta decay
varies with energy. Given the energy
spectrum of the reactor-produced 
antineutrinos (the average energy was 
3 MeV), the theoretically predicted
cross section for inverse beta decay on
protons is 6.3 × 10–44, with an uncer-
tainty of about 25 percent arising from
the uncertainty of the energy spectrum
for the reactor neutrinos. The violation
of parity conservation (namely, the
symmetry between left-handedness and
right-handedness) by the weak force
had not yet been discovered, and so this
theoretical value was based on the 
parity-conserving formulation of
Fermi’s theory of beta decay in which
the neutrino, like the electron, has four
independent degrees of freedom.

In July 1956, a brief article in 
Science by Reines, Cowan, Harrison,
McGuire, and Kruse announced that the
Savannah River experiment had 
confirmed the tentative findings of the
Hanford experiment. The authors also
stated that their results were in 
agreement within 5 percent of the 
theoretically predicted value for the 
inverse-beta-decay cross section. Such
results were fortuitous given the 
uncertainties in the neutrino flux and 
in the detector efficiency. 

A more detailed paper on this experi-
ment published in Physical Review in
1960 reported a cross section twice as
large as that reported in 1956. Accord-
ing to Reines (1979), the increase in the
value occurred because “our initial

analysis grossly overestimated the 
detection efficiency with the result that
the measured cross section was at first
thought to be in good agreement with
[the pre–parity violation] prediction.”

The theoretical cross section had
also doubled between 1956 and 1960
because of the discovery in 1957 of 
parity nonconservation in the weak 
interactions and the formulation of 
the two-component theory of the 
neutrino (see the box “Parity Noncon-
servation and the Massless Two-
Component Neutrino” on page 32). 
So, the measured cross section reported
in the literature remained in agreement
with the theoretical prediction. 

In addition, after the 1956 experi-
ment, Reines and Cowan did another
measurement with a new setup and, in a
1959 Physical Review paper, reported
results for the cross section that were 
in agreement with the two-component
neutrino, parity-nonconserving theory. 

Over the years, there has been some
skepticism about the differing published
values. These feelings may have been
responsible for the forty years that had
passed before the discovery of the neu-
trino was recognized with the Nobel
Prize. Nevertheless, the award is a 
clear recognition that the Savannah
River experiment was an extraordinary
accomplishment. Reines wished that
Cowan had been alive to share the 
prestigious award with him. The elusive
product of the weak force that can 
penetrate the earth and travel to the
ends of the universe was finally 
observed stopping in its tracks. The
neutrino became a tangible reality, 
and the experiment itself set a 
precedent for using the neutrino as 
an experimental tool.

Indeed, since the Reines-Cowan 
experiments, neutrino detection has pro-
duced some dramatic results. One was
the 1963 experiment of Lederman,
Schwartz, and Steinberger proving that a
second (muon) neutrino was paired with
the muon in the way the known (elec-
tron) neutrino was paired with the 
electron. That result not only earned the
discoverers the Nobel Prize, but also 

established the first hint of the second
family of elementary particles (all three
families are introduced in the primer, 
“The Oscillating Neutrino,” on page 28). 

Another was the detection of a 
burst of neutrinos from supernova
1987A (SN1987A)—twenty hits within
12 seconds in two enormous detectors
located on opposite sides of the planet,
both buried deep underground where
one expects to see only one neutrino
event per day. It was the unmistakable 
signature of an exploding star, and it 
provided extraordinary confirmation 
of the exotic notion that neutrinos, 
the most standoffish members of the 
pantheon of elementary particles, could
drive the largest explosion ever 
witnessed by human beings. 

And at present, neutrino data are 
accumulating from even more-modern
neutrino detectors, some buried deep
underground, some poised at accelera-
tors, some awaiting completion, all 
dedicated to seeing whether the neutri-
nos, long purported to be massless 
particles, not only carry mass but also
oscillate from one identity to another 
as they fly freely through space.

The world of physics owes much 
to Fred Reines for these developments.
His single-minded dedication to the
neutrino set an example, not only in 
the 1950s but throughout his career.
And his courage to “think big” 
continued well after his tenure at 
Los Alamos. Reines was one of the 
critical cospokespersons for the 
construction of the huge IMB detector,
a water-filled, 8,000-ton Cerenkov 
detector located in the Morton salt 
mine near Cleveland, Ohio. It was 
there that half of the events from
SN1987A were detected and many 
of the data on the oscillation of 
atmospheric neutrinos were gathered.

Through this volume, Los Alamos
National Laboratory takes pride in the 
accomplishments of Fred Reines, 
Clyde Cowan, Jr., and the teams of
Laboratory workers who performed to
the best of their ability in demonstrating
the existence of the neutrino. 
And Fred Reines, in his gracious way,

Announcement of Results

On June 14, 1956, after all the 
ests had been completed, Reines and

Cowan sent a telegram to Pauli at
ürich University:

“We are happy to inform you that
we have definitely detected neutrinos
rom fission fragments by observing 
nverse beta decay of protons. 

Observed cross section agrees well 

with expected six times ten to minus
forty-four square centimeters.”

In his 1979 article in Science about
the early days of experimental neutrino
physics, Reines describes Pauli’s reac-
tion to the news:

“The message was forwarded to him
[Pauli] at CERN, where he interrupted
the meeting he was attending to read
the telegram to the conferees and then
made some impromptu remarks regard-

ing the discovery. We learned later that
Pauli and some friends consumed a
case of champagne in celebration.”

Although the intent of the Savannah
River experiment was to get a positive
signal of neutrino detection, the experi-
ment also yielded a measurement of the
rate, or more exactly the cross section,
for inverse beta decay. (The cross sec-
tion for the neutrino to be captured by a
proton can be thought of as the effective

Figure 5. Oscilloscope Traces from
the Savannah River Experiments
In these oscilloscope pictures, traces
from detectors I, II, and III are labeled I, II,
and III, respectively. The label under each
frame indicates whether the signals were
recorded by the scope for positron anni-
hilation or the scope for neutron capture.
Acceptable delayed-coincidence signals
are shown in (a) and (b), while rejected
signals are pictured in (c) through (f). 

(a) The delayed-coincidence signal in
these two frames has occurred in the top
triad of the detector because the pulses
appeared in detectors I and II. Positron
scope: The pulse energies in detectors I
and II were 0.30 MeV and 0.35 MeV, 
respectively. The pulses reached the
positron circuit in prompt coincidence
(less than 0.2 microsecond apart) and
were accepted as a signal of positron 
annihilation. Neutron scope: The pulse
energies in detectors I and II were 
5.8 MeV and 3.3 MeV, respectively. These
pulses arrived in prompt coincidence 
and were accepted as a signal of neutron
capture. The delay between the positron
and neutron signals was 2.5 microsec-
onds. (b) The delayed-coincidence signal
in these two frames has occurred in the
bottom triad because the pulses appeared
in detectors II and III. Positron scope: 
The pulse energies in detectors II and III
were 0.25 MeV and 0.30 MeV, respectively.

eutron scope: The pulse energies in detectors II and III were 2.0 MeV and 1.7 MeV, respectively. The delay between the positron and
eutron signals was 13.5 microseconds. (c) The pulses from the neutron circuit were the result of electrical noise. (d) These three
ulses from the neutron circuit were caused by a cosmic-ray event. (e) These three pulses from the positron circuit were caused by 
 cosmic-ray event. (f) These pulses may have been caused by a cosmic-ray event. They were rejected as a signal of neutron capture
ecause of the extra pulse from detector II. Frames like this one occurred more often than would be expected from chance 
oincidences. They were, however, not often enough to affect the results considerably. These data appeared in Reines, Cowan, Harrison, et al. 1960. 

Neutron scope

(c)       Neutron scope (d)        Neutron scope

(e)       Positron scope (f)        Neutron scope

(a)      Positron scope  

(b)      Positron scope  Neutron scope

I

II

III

I

II

III

I

II

III

I

II

III

Cowan & 
Reines

In 1956, neutrinos 
are first observed: 

antineutrinos from a 
nuclear reactor at 
Savannah River
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<latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit><latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit><latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit>

!7

electron
e�

<latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit>

electron 
neutrino

⌫e
<latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBA C9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBA C9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBA C9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit>

muon

µ�
<latexit sha1_base64="BHManNHckk5eTrxXDrZsEbexAiI=">AAAB/nicbVDLSsNAFJ34rPVVdelmsAhuLIkI6q7oxmUFYwttLJPpTTt0ZhJmJkIIXfgFbvULXIlbf8UP8D+ctlnY1gMXDufcy733hAln2rjut7O0vLK6tl7aKG9ube/sVvb2H3ScKgo+jXmsWiHRwJkE3zDDoZUoICLk0AyHN2O/+QRKs1jemyyBQJC+ZBGjxFjJ74j08bRbqbo1dwK8SLyCVFGBRrfy0+nFNBUgDeVE67bnJibIiTKMchiVO6mGhNAh6UPbUkkE6CCfHDvCx1bp4ShWtqTBE/XvRE6E1pkIbacgZqDnvbH4n9dOTXQZ5EwmqQFJp4uilGMT4/HnuMcUUMMzSwhVzN6K6YAoQo3NZ2ZLBJkUycjm4s2nsEj8s9pVzb07r9avi4BK6BAdoRPkoQtUR7eogXxEEUMv6BW9Oc/Ou/PhfE5bl5xi5gDNwPn6BZHKlrY=</latexit><latexit sha1_base64="BHManNHckk5eTrxXDrZsEbexAiI=">AAAB/nicbVDLSsNAFJ34rPVVdelmsAhuLIkI6q7oxmUFYwttLJPpTTt0ZhJmJkIIXfgFbvULXIlbf8UP8D+ctlnY1gMXDufcy733hAln2rjut7O0vLK6tl7aKG9ube/sVvb2H3ScKgo+jXmsWiHRwJkE3zDDoZUoICLk0AyHN2O/+QRKs1jemyyBQJC+ZBGjxFjJ74j08bRbqbo1dwK8SLyCVFGBRrfy0+nFNBUgDeVE67bnJibIiTKMchiVO6mGhNAh6UPbUkkE6CCfHDvCx1bp4ShWtqTBE/XvRE6E1pkIbacgZqDnvbH4n9dOTXQZ5EwmqQFJp4uilGMT4/HnuMcUUMMzSwhVzN6K6YAoQo3NZ2ZLBJkUycjm4s2nsEj8s9pVzb07r9avi4BK6BAdoRPkoQtUR7eogXxEEUMv6BW9Oc/Ou/PhfE5bl5xi5gDNwPn6BZHKlrY=</latexit><latexit sha1_base64="BHManNHckk5eTrxXDrZsEbexAiI=">AAAB/nicbVDLSsNAFJ34rPVVdelmsAhuLIkI6q7oxmUFYwttLJPpTTt0ZhJmJkIIXfgFbvULXIlbf8UP8D+ctlnY1gMXDufcy733hAln2rjut7O0vLK6tl7aKG9ube/sVvb2H3ScKgo+jXmsWiHRwJkE3zDDoZUoICLk0AyHN2O/+QRKs1jemyyBQJC+ZBGjxFjJ74j08bRbqbo1dwK8SLyCVFGBRrfy0+nFNBUgDeVE67bnJibIiTKMchiVO6mGhNAh6UPbUkkE6CCfHDvCx1bp4ShWtqTBE/XvRE6E1pkIbacgZqDnvbH4n9dOTXQZ5EwmqQFJp4uilGMT4/HnuMcUUMMzSwhVzN6K6YAoQo3NZ2ZLBJkUycjm4s2nsEj8s9pVzb07r9avi4BK6BAdoRPkoQtUR7eogXxEEUMv6BW9Oc/Ou/PhfE5bl5xi5gDNwPn6BZHKlrY=</latexit>

muon 
neutrino

⌫µ
<latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit><latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit><latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit>

LEPTONS



tau

⌧�
<latexit sha1_base64="k88HGW4Q+nytuKG8tGxTGL+tPhE=">AAAB/3icbVDLSgNBEJz1GeMr6tHLYBC8GHZFUG9BLx4juEkgWcPspDcZMzO7zMwKYcnFL/CqX+BJvPopfoD/4STZg0ksaCiquunuChPOtHHdb2dpeWV1bb2wUdzc2t7ZLe3t13WcKgo+jXmsmiHRwJkE3zDDoZkoICLk0AgHN2O/8QRKs1jem2ECgSA9ySJGibFSvW1I+nDaKZXdijsBXiReTsooR61T+ml3Y5oKkIZyonXLcxMTZEQZRjmMiu1UQ0LogPSgZakkAnSQTa4d4WOrdHEUK1vS4In6dyIjQuuhCG2nIKav572x+J/XSk10GWRMJqkBSaeLopRjE+Px67jLFFDDh5YQqpi9FdM+UYQaG9DMlgiGUiQjm4s3n8Ii8c8qVxX37rxcvc4DKqBDdIROkIcuUBXdohryEUWP6AW9ojfn2Xl3PpzPaeuSk88coBk4X79dz5co</latexit><latexit sha1_base64="k88HGW4Q+nytuKG8tGxTGL+tPhE=">AAAB/3icbVDLSgNBEJz1GeMr6tHLYBC8GHZFUG9BLx4juEkgWcPspDcZMzO7zMwKYcnFL/CqX+BJvPopfoD/4STZg0ksaCiquunuChPOtHHdb2dpeWV1bb2wUdzc2t7ZLe3t13WcKgo+jXmsmiHRwJkE3zDDoZkoICLk0AgHN2O/8QRKs1jem2ECgSA9ySJGibFSvW1I+nDaKZXdijsBXiReTsooR61T+ml3Y5oKkIZyonXLcxMTZEQZRjmMiu1UQ0LogPSgZakkAnSQTa4d4WOrdHEUK1vS4In6dyIjQuuhCG2nIKav572x+J/XSk10GWRMJqkBSaeLopRjE+Px67jLFFDDh5YQqpi9FdM+UYQaG9DMlgiGUiQjm4s3n8Ii8c8qVxX37rxcvc4DKqBDdIROkIcuUBXdohryEUWP6AW9ojfn2Xl3PpzPaeuSk88coBk4X79dz5co</latexit><latexit sha1_base64="k88HGW4Q+nytuKG8tGxTGL+tPhE=">AAAB/3icbVDLSgNBEJz1GeMr6tHLYBC8GHZFUG9BLx4juEkgWcPspDcZMzO7zMwKYcnFL/CqX+BJvPopfoD/4STZg0ksaCiquunuChPOtHHdb2dpeWV1bb2wUdzc2t7ZLe3t13WcKgo+jXmsmiHRwJkE3zDDoZkoICLk0AgHN2O/8QRKs1jem2ECgSA9ySJGibFSvW1I+nDaKZXdijsBXiReTsooR61T+ml3Y5oKkIZyonXLcxMTZEQZRjmMiu1UQ0LogPSgZakkAnSQTa4d4WOrdHEUK1vS4In6dyIjQuuhCG2nIKav572x+J/XSk10GWRMJqkBSaeLopRjE+Px67jLFFDDh5YQqpi9FdM+UYQaG9DMlgiGUiQjm4s3n8Ii8c8qVxX37rxcvc4DKqBDdIROkIcuUBXdohryEUWP6AW9ojfn2Xl3PpzPaeuSk88coBk4X79dz5co</latexit>

tau 
neutrino

⌫⌧
<latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit><latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit><latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit>

!7

electron
e�

<latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit>

electron 
neutrino

⌫e
<latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBA C9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBA C9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBA C9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit>

muon

µ�
<latexit sha1_base64="BHManNHckk5eTrxXDrZsEbexAiI=">AAAB/nicbVDLSsNAFJ34rPVVdelmsAhuLIkI6q7oxmUFYwttLJPpTTt0ZhJmJkIIXfgFbvULXIlbf8UP8D+ctlnY1gMXDufcy733hAln2rjut7O0vLK6tl7aKG9ube/sVvb2H3ScKgo+jXmsWiHRwJkE3zDDoZUoICLk0AyHN2O/+QRKs1jemyyBQJC+ZBGjxFjJ74j08bRbqbo1dwK8SLyCVFGBRrfy0+nFNBUgDeVE67bnJibIiTKMchiVO6mGhNAh6UPbUkkE6CCfHDvCx1bp4ShWtqTBE/XvRE6E1pkIbacgZqDnvbH4n9dOTXQZ5EwmqQFJp4uilGMT4/HnuMcUUMMzSwhVzN6K6YAoQo3NZ2ZLBJkUycjm4s2nsEj8s9pVzb07r9avi4BK6BAdoRPkoQtUR7eogXxEEUMv6BW9Oc/Ou/PhfE5bl5xi5gDNwPn6BZHKlrY=</latexit><latexit sha1_base64="BHManNHckk5eTrxXDrZsEbexAiI=">AAAB/nicbVDLSsNAFJ34rPVVdelmsAhuLIkI6q7oxmUFYwttLJPpTTt0ZhJmJkIIXfgFbvULXIlbf8UP8D+ctlnY1gMXDufcy733hAln2rjut7O0vLK6tl7aKG9ube/sVvb2H3ScKgo+jXmsWiHRwJkE3zDDoZUoICLk0AyHN2O/+QRKs1jemyyBQJC+ZBGjxFjJ74j08bRbqbo1dwK8SLyCVFGBRrfy0+nFNBUgDeVE67bnJibIiTKMchiVO6mGhNAh6UPbUkkE6CCfHDvCx1bp4ShWtqTBE/XvRE6E1pkIbacgZqDnvbH4n9dOTXQZ5EwmqQFJp4uilGMT4/HnuMcUUMMzSwhVzN6K6YAoQo3NZ2ZLBJkUycjm4s2nsEj8s9pVzb07r9avi4BK6BAdoRPkoQtUR7eogXxEEUMv6BW9Oc/Ou/PhfE5bl5xi5gDNwPn6BZHKlrY=</latexit><latexit sha1_base64="BHManNHckk5eTrxXDrZsEbexAiI=">AAAB/nicbVDLSsNAFJ34rPVVdelmsAhuLIkI6q7oxmUFYwttLJPpTTt0ZhJmJkIIXfgFbvULXIlbf8UP8D+ctlnY1gMXDufcy733hAln2rjut7O0vLK6tl7aKG9ube/sVvb2H3ScKgo+jXmsWiHRwJkE3zDDoZUoICLk0AyHN2O/+QRKs1jemyyBQJC+ZBGjxFjJ74j08bRbqbo1dwK8SLyCVFGBRrfy0+nFNBUgDeVE67bnJibIiTKMchiVO6mGhNAh6UPbUkkE6CCfHDvCx1bp4ShWtqTBE/XvRE6E1pkIbacgZqDnvbH4n9dOTXQZ5EwmqQFJp4uilGMT4/HnuMcUUMMzSwhVzN6K6YAoQo3NZ2ZLBJkUycjm4s2nsEj8s9pVzb07r9avi4BK6BAdoRPkoQtUR7eogXxEEUMv6BW9Oc/Ou/PhfE5bl5xi5gDNwPn6BZHKlrY=</latexit>

muon 
neutrino

⌫µ
<latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit><latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit><latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit>

LEPTONS

⌫e
<latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit>

e�
<latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit>

⌫µ
<latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit><latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit><latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit>

µ�
<latexit sha1_base64="9zDVLCEV+CvlxwXni7s4XeSriDI=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4cUhrddpd0Y3LCo4ttGPJpJk2NMkMSUYopQu/wK1+gStx66/4Af6H6UOwogcuHM65l3vvCRPOtEHow8ksLa+srmXXcxubW9s7+d29Wx2nilCfxDxWzRBrypmkvmGG02aiKBYhp41wcDnxG/dUaRbLGzNMaCBwT7KIEWys5LdFenfSyReQW0ElVPYgcr2qd1o9n5FS5QwWXTRFAcxR7+Q/292YpIJKQzjWulVEiQlGWBlGOB3n2qmmCSYD3KMtSyUWVAej6bFjeGSVLoxiZUsaOFV/Toyw0HooQtspsOnr395E/MtrpSaqBCMmk9RQSWaLopRDE8PJ57DLFCWGDy3BRDF7KyR9rDAxNp+FLREdSpGMbS7fz8P/iV9yqy66LhdqF/OAsuAAHIJjUAQeqIErUAc+IICBR/AEnp0H58V5dd5mrRlnPrMPFuC8fwEpDZca</latexit><latexit sha1_base64="9zDVLCEV+CvlxwXni7s4XeSriDI=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4cUhrddpd0Y3LCo4ttGPJpJk2NMkMSUYopQu/wK1+gStx66/4Af6H6UOwogcuHM65l3vvCRPOtEHow8ksLa+srmXXcxubW9s7+d29Wx2nilCfxDxWzRBrypmkvmGG02aiKBYhp41wcDnxG/dUaRbLGzNMaCBwT7KIEWys5LdFenfSyReQW0ElVPYgcr2qd1o9n5FS5QwWXTRFAcxR7+Q/292YpIJKQzjWulVEiQlGWBlGOB3n2qmmCSYD3KMtSyUWVAej6bFjeGSVLoxiZUsaOFV/Toyw0HooQtspsOnr395E/MtrpSaqBCMmk9RQSWaLopRDE8PJ57DLFCWGDy3BRDF7KyR9rDAxNp+FLREdSpGMbS7fz8P/iV9yqy66LhdqF/OAsuAAHIJjUAQeqIErUAc+IICBR/AEnp0H58V5dd5mrRlnPrMPFuC8fwEpDZca</latexit><latexit sha1_base64="9zDVLCEV+CvlxwXni7s4XeSriDI=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4cUhrddpd0Y3LCo4ttGPJpJk2NMkMSUYopQu/wK1+gStx66/4Af6H6UOwogcuHM65l3vvCRPOtEHow8ksLa+srmXXcxubW9s7+d29Wx2nilCfxDxWzRBrypmkvmGG02aiKBYhp41wcDnxG/dUaRbLGzNMaCBwT7KIEWys5LdFenfSyReQW0ElVPYgcr2qd1o9n5FS5QwWXTRFAcxR7+Q/292YpIJKQzjWulVEiQlGWBlGOB3n2qmmCSYD3KMtSyUWVAej6bFjeGSVLoxiZUsaOFV/Toyw0HooQtspsOnr395E/MtrpSaqBCMmk9RQSWaLopRDE8PJ57DLFCWGDy3BRDF7KyR9rDAxNp+FLREdSpGMbS7fz8P/iV9yqy66LhdqF/OAsuAAHIJjUAQeqIErUAc+IICBR/AEnp0H58V5dd5mrRlnPrMPFuC8fwEpDZca</latexit>

⌫⌧
<latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit><latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit><latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit>

⌧�
<latexit sha1_base64="LkU82DZSzv0FohNkmBe6LcniZ7E=">AAAB/3icdVDLTgIxFO3gC/GFunTTSEzcOCmIDuyIblxi4gAJjKRTOlDpdCZtx2RC2PgFbvULXBm3foof4H9YHiZi9CQ3OTnn3tx7jx9zpjRCH1ZmaXlldS27ntvY3Nreye/uNVSUSEJdEvFItnysKGeCupppTluxpDj0OW36w8uJ37ynUrFI3Og0pl6I+4IFjGBtpEZH4+T2pJsvILuCSqjsQGQ7Vee0ej4jpcoZLNpoigKYo97Nf3Z6EUlCKjThWKl2EcXaG2GpGeF0nOskisaYDHGftg0VOKTKG02vHcMjo/RgEElTQsOp+nNihEOl0tA3nSHWA/Xbm4h/ee1EBxVvxEScaCrIbFGQcKgjOHkd9pikRPPUEEwkM7dCMsASE20CWtgS0FSE8djk8v08/J+4Jbtqo+tyoXYxDygLDsAhOAZF4IAauAJ14AIC7sAjeALP1oP1Yr1ab7PWjDWf2QcLsN6/APUDl4w=</latexit><latexit sha1_base64="LkU82DZSzv0FohNkmBe6LcniZ7E=">AAAB/3icdVDLTgIxFO3gC/GFunTTSEzcOCmIDuyIblxi4gAJjKRTOlDpdCZtx2RC2PgFbvULXBm3foof4H9YHiZi9CQ3OTnn3tx7jx9zpjRCH1ZmaXlldS27ntvY3Nreye/uNVSUSEJdEvFItnysKGeCupppTluxpDj0OW36w8uJ37ynUrFI3Og0pl6I+4IFjGBtpEZH4+T2pJsvILuCSqjsQGQ7Vee0ej4jpcoZLNpoigKYo97Nf3Z6EUlCKjThWKl2EcXaG2GpGeF0nOskisaYDHGftg0VOKTKG02vHcMjo/RgEElTQsOp+nNihEOl0tA3nSHWA/Xbm4h/ee1EBxVvxEScaCrIbFGQcKgjOHkd9pikRPPUEEwkM7dCMsASE20CWtgS0FSE8djk8v08/J+4Jbtqo+tyoXYxDygLDsAhOAZF4IAauAJ14AIC7sAjeALP1oP1Yr1ab7PWjDWf2QcLsN6/APUDl4w=</latexit><latexit sha1_base64="LkU82DZSzv0FohNkmBe6LcniZ7E=">AAAB/3icdVDLTgIxFO3gC/GFunTTSEzcOCmIDuyIblxi4gAJjKRTOlDpdCZtx2RC2PgFbvULXBm3foof4H9YHiZi9CQ3OTnn3tx7jx9zpjRCH1ZmaXlldS27ntvY3Nreye/uNVSUSEJdEvFItnysKGeCupppTluxpDj0OW36w8uJ37ynUrFI3Og0pl6I+4IFjGBtpEZH4+T2pJsvILuCSqjsQGQ7Vee0ej4jpcoZLNpoigKYo97Nf3Z6EUlCKjThWKl2EcXaG2GpGeF0nOskisaYDHGftg0VOKTKG02vHcMjo/RgEElTQsOp+nNihEOl0tA3nSHWA/Xbm4h/ee1EBxVvxEScaCrIbFGQcKgjOHkd9pikRPPUEEwkM7dCMsASE20CWtgS0FSE8djk8v08/J+4Jbtqo+tyoXYxDygLDsAhOAZF4IAauAJ14AIC7sAjeALP1oP1Yr1ab7PWjDWf2QcLsN6/APUDl4w=</latexit>



!8

ANTI 
LEPTONS



anti-tau

⌧+
<latexit sha1_base64="A7Qb3/6qpXDLj+sXVRGoyDd+Dww=">AAAB/3icdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFZy20I4lk2ba2ExmSDLCULrxC9zqF7gSt36KH+B/mD4EK3rgwuGce7n3Hj/mTGmEPqzM0vLK6lp2PbexubW9k9/da6gokYS6JOKRbPlYUc4EdTXTnLZiSXHoc9r0h5cTv3lPpWKRuNFpTL0Q9wULGMHaSI2OxsntSTdfQHYFlVDZgch2qs5p9XxGSpUzWLTRFAUwR72b/+z0IpKEVGjCsVLtIoq1N8JSM8LpONdJFI0xGeI+bRsqcEiVN5peO4ZHRunBIJKmhIZT9efECIdKpaFvOkOsB+q3NxH/8tqJDireiIk40VSQ2aIg4VBHcPI67DFJieapIZhIZm6FZIAlJtoEtLAloKkI47HJ5ft5+D9xS3bVRtflQu1iHlAWHIBDcAyKwAE1cAXqwAUE3IFH8ASerQfrxXq13matGWs+sw8WYL1/AfHXl4o=</latexit><latexit sha1_base64="A7Qb3/6qpXDLj+sXVRGoyDd+Dww=">AAAB/3icdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFZy20I4lk2ba2ExmSDLCULrxC9zqF7gSt36KH+B/mD4EK3rgwuGce7n3Hj/mTGmEPqzM0vLK6lp2PbexubW9k9/da6gokYS6JOKRbPlYUc4EdTXTnLZiSXHoc9r0h5cTv3lPpWKRuNFpTL0Q9wULGMHaSI2OxsntSTdfQHYFlVDZgch2qs5p9XxGSpUzWLTRFAUwR72b/+z0IpKEVGjCsVLtIoq1N8JSM8LpONdJFI0xGeI+bRsqcEiVN5peO4ZHRunBIJKmhIZT9efECIdKpaFvOkOsB+q3NxH/8tqJDireiIk40VSQ2aIg4VBHcPI67DFJieapIZhIZm6FZIAlJtoEtLAloKkI47HJ5ft5+D9xS3bVRtflQu1iHlAWHIBDcAyKwAE1cAXqwAUE3IFH8ASerQfrxXq13matGWs+sw8WYL1/AfHXl4o=</latexit><latexit sha1_base64="A7Qb3/6qpXDLj+sXVRGoyDd+Dww=">AAAB/3icdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFZy20I4lk2ba2ExmSDLCULrxC9zqF7gSt36KH+B/mD4EK3rgwuGce7n3Hj/mTGmEPqzM0vLK6lp2PbexubW9k9/da6gokYS6JOKRbPlYUc4EdTXTnLZiSXHoc9r0h5cTv3lPpWKRuNFpTL0Q9wULGMHaSI2OxsntSTdfQHYFlVDZgch2qs5p9XxGSpUzWLTRFAUwR72b/+z0IpKEVGjCsVLtIoq1N8JSM8LpONdJFI0xGeI+bRsqcEiVN5peO4ZHRunBIJKmhIZT9efECIdKpaFvOkOsB+q3NxH/8tqJDireiIk40VSQ2aIg4VBHcPI67DFJieapIZhIZm6FZIAlJtoEtLAloKkI47HJ5ft5+D9xS3bVRtflQu1iHlAWHIBDcAyKwAE1cAXqwAUE3IFH8ASerQfrxXq13matGWs+sw8WYL1/AfHXl4o=</latexit>

!8

positron
e+

<latexit sha1_base64="QISgurQ1/FIHf2+wozUPZW9zjwo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoMgCMskRje5Bb14jGiMkMQwO+lNhszOLjOzQgjBL/CqX+BJvPovfoD/4eQhGNGChqKqm+4uPxZcG0I+nNTC4tLySno1s7a+sbmV3d650VGiGNRYJCJ161MNgkuoGW4E3MYKaOgLqPv987FfvweleSSvzSCGVki7kgecUWOlK7g7amdzxC2RAil6mLhe2Tsun05JoXSC8y6ZIIdmqLazn81OxJIQpGGCat3Ik9i0hlQZzgSMMs1EQ0xZn3ahYamkIejWcHLqCB9YpYODSNmSBk/UnxNDGmo9CH3bGVLT07+9sfiX10hMUGoNuYwTA5JNFwWJwCbC479xhytgRgwsoUxxeytmPaooMzaduS0BDGQYj2wu38/j/0mt4JZdclnMVc5mAaXRHtpHhyiPPFRBF6iKaoihLnpET+jZeXBenFfnbdqacmYzu2gOzvsXgNCWKw==</latexit><latexit sha1_base64="QISgurQ1/FIHf2+wozUPZW9zjwo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoMgCMskRje5Bb14jGiMkMQwO+lNhszOLjOzQgjBL/CqX+BJvPovfoD/4eQhGNGChqKqm+4uPxZcG0I+nNTC4tLySno1s7a+sbmV3d650VGiGNRYJCJ161MNgkuoGW4E3MYKaOgLqPv987FfvweleSSvzSCGVki7kgecUWOlK7g7amdzxC2RAil6mLhe2Tsun05JoXSC8y6ZIIdmqLazn81OxJIQpGGCat3Ik9i0hlQZzgSMMs1EQ0xZn3ahYamkIejWcHLqCB9YpYODSNmSBk/UnxNDGmo9CH3bGVLT07+9sfiX10hMUGoNuYwTA5JNFwWJwCbC479xhytgRgwsoUxxeytmPaooMzaduS0BDGQYj2wu38/j/0mt4JZdclnMVc5mAaXRHtpHhyiPPFRBF6iKaoihLnpET+jZeXBenFfnbdqacmYzu2gOzvsXgNCWKw==</latexit><latexit sha1_base64="QISgurQ1/FIHf2+wozUPZW9zjwo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoMgCMskRje5Bb14jGiMkMQwO+lNhszOLjOzQgjBL/CqX+BJvPovfoD/4eQhGNGChqKqm+4uPxZcG0I+nNTC4tLySno1s7a+sbmV3d650VGiGNRYJCJ161MNgkuoGW4E3MYKaOgLqPv987FfvweleSSvzSCGVki7kgecUWOlK7g7amdzxC2RAil6mLhe2Tsun05JoXSC8y6ZIIdmqLazn81OxJIQpGGCat3Ik9i0hlQZzgSMMs1EQ0xZn3ahYamkIejWcHLqCB9YpYODSNmSBk/UnxNDGmo9CH3bGVLT07+9sfiX10hMUGoNuYwTA5JNFwWJwCbC479xhytgRgwsoUxxeytmPaooMzaduS0BDGQYj2wu38/j/0mt4JZdclnMVc5mAaXRHtpHhyiPPFRBF6iKaoihLnpET+jZeXBenFfnbdqacmYzu2gOzvsXgNCWKw==</latexit>

anti-muon

µ+
<latexit sha1_base64="RTuoblTVfvO+Bl6urcueA4fJxw4=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFRxbaMeSSTNtaJIZkoxQShd+gVv9Alfi1l/xA/wP04dgRQ9cOJxzL/feEyacaYPQh5NZWl5ZXcuu5zY2t7Z38rt7tzpOFaE+iXmsmiHWlDNJfcMMp81EUSxCThvh4HLiN+6p0iyWN2aY0EDgnmQRI9hYyW+L9O6kky8gt4JKqOxB5HpV77R6PiOlyhksumiKApij3sl/trsxSQWVhnCsdauIEhOMsDKMcDrOtVNNE0wGuEdblkosqA5G02PH8MgqXRjFypY0cKr+nBhhofVQhLZTYNPXv72J+JfXSk1UCUZMJqmhkswWRSmHJoaTz2GXKUoMH1qCiWL2Vkj6WGFibD4LWyI6lCIZ21y+n4f/E7/kVl10XS7ULuYBZcEBOATHoAg8UANXoA58QAADj+AJPDsPzovz6rzNWjPOfGYfLMB5/wIl4ZcY</latexit><latexit sha1_base64="RTuoblTVfvO+Bl6urcueA4fJxw4=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFRxbaMeSSTNtaJIZkoxQShd+gVv9Alfi1l/xA/wP04dgRQ9cOJxzL/feEyacaYPQh5NZWl5ZXcuu5zY2t7Z38rt7tzpOFaE+iXmsmiHWlDNJfcMMp81EUSxCThvh4HLiN+6p0iyWN2aY0EDgnmQRI9hYyW+L9O6kky8gt4JKqOxB5HpV77R6PiOlyhksumiKApij3sl/trsxSQWVhnCsdauIEhOMsDKMcDrOtVNNE0wGuEdblkosqA5G02PH8MgqXRjFypY0cKr+nBhhofVQhLZTYNPXv72J+JfXSk1UCUZMJqmhkswWRSmHJoaTz2GXKUoMH1qCiWL2Vkj6WGFibD4LWyI6lCIZ21y+n4f/E7/kVl10XS7ULuYBZcEBOATHoAg8UANXoA58QAADj+AJPDsPzovz6rzNWjPOfGYfLMB5/wIl4ZcY</latexit><latexit sha1_base64="RTuoblTVfvO+Bl6urcueA4fJxw4=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFRxbaMeSSTNtaJIZkoxQShd+gVv9Alfi1l/xA/wP04dgRQ9cOJxzL/feEyacaYPQh5NZWl5ZXcuu5zY2t7Z38rt7tzpOFaE+iXmsmiHWlDNJfcMMp81EUSxCThvh4HLiN+6p0iyWN2aY0EDgnmQRI9hYyW+L9O6kky8gt4JKqOxB5HpV77R6PiOlyhksumiKApij3sl/trsxSQWVhnCsdauIEhOMsDKMcDrOtVNNE0wGuEdblkosqA5G02PH8MgqXRjFypY0cKr+nBhhofVQhLZTYNPXv72J+JfXSk1UCUZMJqmhkswWRSmHJoaTz2GXKUoMH1qCiWL2Vkj6WGFibD4LWyI6lCIZ21y+n4f/E7/kVl10XS7ULuYBZcEBOATHoAg8UANXoA58QAADj+AJPDsPzovz6rzNWjPOfGYfLMB5/wIl4ZcY</latexit>

ANTI 
LEPTONS



anti-tau

⌧+
<latexit sha1_base64="A7Qb3/6qpXDLj+sXVRGoyDd+Dww=">AAAB/3icdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFZy20I4lk2ba2ExmSDLCULrxC9zqF7gSt36KH+B/mD4EK3rgwuGce7n3Hj/mTGmEPqzM0vLK6lp2PbexubW9k9/da6gokYS6JOKRbPlYUc4EdTXTnLZiSXHoc9r0h5cTv3lPpWKRuNFpTL0Q9wULGMHaSI2OxsntSTdfQHYFlVDZgch2qs5p9XxGSpUzWLTRFAUwR72b/+z0IpKEVGjCsVLtIoq1N8JSM8LpONdJFI0xGeI+bRsqcEiVN5peO4ZHRunBIJKmhIZT9efECIdKpaFvOkOsB+q3NxH/8tqJDireiIk40VSQ2aIg4VBHcPI67DFJieapIZhIZm6FZIAlJtoEtLAloKkI47HJ5ft5+D9xS3bVRtflQu1iHlAWHIBDcAyKwAE1cAXqwAUE3IFH8ASerQfrxXq13matGWs+sw8WYL1/AfHXl4o=</latexit><latexit sha1_base64="A7Qb3/6qpXDLj+sXVRGoyDd+Dww=">AAAB/3icdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFZy20I4lk2ba2ExmSDLCULrxC9zqF7gSt36KH+B/mD4EK3rgwuGce7n3Hj/mTGmEPqzM0vLK6lp2PbexubW9k9/da6gokYS6JOKRbPlYUc4EdTXTnLZiSXHoc9r0h5cTv3lPpWKRuNFpTL0Q9wULGMHaSI2OxsntSTdfQHYFlVDZgch2qs5p9XxGSpUzWLTRFAUwR72b/+z0IpKEVGjCsVLtIoq1N8JSM8LpONdJFI0xGeI+bRsqcEiVN5peO4ZHRunBIJKmhIZT9efECIdKpaFvOkOsB+q3NxH/8tqJDireiIk40VSQ2aIg4VBHcPI67DFJieapIZhIZm6FZIAlJtoEtLAloKkI47HJ5ft5+D9xS3bVRtflQu1iHlAWHIBDcAyKwAE1cAXqwAUE3IFH8ASerQfrxXq13matGWs+sw8WYL1/AfHXl4o=</latexit><latexit sha1_base64="A7Qb3/6qpXDLj+sXVRGoyDd+Dww=">AAAB/3icdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFZy20I4lk2ba2ExmSDLCULrxC9zqF7gSt36KH+B/mD4EK3rgwuGce7n3Hj/mTGmEPqzM0vLK6lp2PbexubW9k9/da6gokYS6JOKRbPlYUc4EdTXTnLZiSXHoc9r0h5cTv3lPpWKRuNFpTL0Q9wULGMHaSI2OxsntSTdfQHYFlVDZgch2qs5p9XxGSpUzWLTRFAUwR72b/+z0IpKEVGjCsVLtIoq1N8JSM8LpONdJFI0xGeI+bRsqcEiVN5peO4ZHRunBIJKmhIZT9efECIdKpaFvOkOsB+q3NxH/8tqJDireiIk40VSQ2aIg4VBHcPI67DFJieapIZhIZm6FZIAlJtoEtLAloKkI47HJ5ft5+D9xS3bVRtflQu1iHlAWHIBDcAyKwAE1cAXqwAUE3IFH8ASerQfrxXq13matGWs+sw8WYL1/AfHXl4o=</latexit>

tau 
antineutrino

⌫̄⌧
<latexit sha1_base64="MH+OICCqEWrWyuX+Z+7sPC+6J1U=">AAACBXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoXu/wK1+gStx63f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2kucFWHoi7Xsap/1yBdkNVEN1ByLbaTpnzYs5qTXOYdVGM1TAAu1++dMbxCSNqNCEY6V6VZRoP8dSM8LppOSliiaYjPGQ9gwVOKLKz2c3T+CJUQYwjKUpoeFM/TmR40ipLApMZ4T1SP32puJfXi/VYcPPmUhSTQWZLwpTDnUMpwHAAZOUaJ4Zgolk5lZIRlhiok1MS1tCmokomZhcvp+H/xO3ZjdtdFOvtC4XARXBETgGp6AKHNAC16ANXEBAAh7BE3i2HqwX69V6m7cWrMXMIViC9f4FF4eabA==</latexit><latexit sha1_base64="MH+OICCqEWrWyuX+Z+7sPC+6J1U=">AAACBXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoXu/wK1+gStx63f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2kucFWHoi7Xsap/1yBdkNVEN1ByLbaTpnzYs5qTXOYdVGM1TAAu1++dMbxCSNqNCEY6V6VZRoP8dSM8LppOSliiaYjPGQ9gwVOKLKz2c3T+CJUQYwjKUpoeFM/TmR40ipLApMZ4T1SP32puJfXi/VYcPPmUhSTQWZLwpTDnUMpwHAAZOUaJ4Zgolk5lZIRlhiok1MS1tCmokomZhcvp+H/xO3ZjdtdFOvtC4XARXBETgGp6AKHNAC16ANXEBAAh7BE3i2HqwX69V6m7cWrMXMIViC9f4FF4eabA==</latexit><latexit sha1_base64="MH+OICCqEWrWyuX+Z+7sPC+6J1U=">AAACBXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoXu/wK1+gStx63f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2kucFWHoi7Xsap/1yBdkNVEN1ByLbaTpnzYs5qTXOYdVGM1TAAu1++dMbxCSNqNCEY6V6VZRoP8dSM8LppOSliiaYjPGQ9gwVOKLKz2c3T+CJUQYwjKUpoeFM/TmR40ipLApMZ4T1SP32puJfXi/VYcPPmUhSTQWZLwpTDnUMpwHAAZOUaJ4Zgolk5lZIRlhiok1MS1tCmokomZhcvp+H/xO3ZjdtdFOvtC4XARXBETgGp6AKHNAC16ANXEBAAh7BE3i2HqwX69V6m7cWrMXMIViC9f4FF4eabA==</latexit>

!8

positron
e+

<latexit sha1_base64="QISgurQ1/FIHf2+wozUPZW9zjwo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoMgCMskRje5Bb14jGiMkMQwO+lNhszOLjOzQgjBL/CqX+BJvPovfoD/4eQhGNGChqKqm+4uPxZcG0I+nNTC4tLySno1s7a+sbmV3d650VGiGNRYJCJ161MNgkuoGW4E3MYKaOgLqPv987FfvweleSSvzSCGVki7kgecUWOlK7g7amdzxC2RAil6mLhe2Tsun05JoXSC8y6ZIIdmqLazn81OxJIQpGGCat3Ik9i0hlQZzgSMMs1EQ0xZn3ahYamkIejWcHLqCB9YpYODSNmSBk/UnxNDGmo9CH3bGVLT07+9sfiX10hMUGoNuYwTA5JNFwWJwCbC479xhytgRgwsoUxxeytmPaooMzaduS0BDGQYj2wu38/j/0mt4JZdclnMVc5mAaXRHtpHhyiPPFRBF6iKaoihLnpET+jZeXBenFfnbdqacmYzu2gOzvsXgNCWKw==</latexit><latexit sha1_base64="QISgurQ1/FIHf2+wozUPZW9zjwo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoMgCMskRje5Bb14jGiMkMQwO+lNhszOLjOzQgjBL/CqX+BJvPovfoD/4eQhGNGChqKqm+4uPxZcG0I+nNTC4tLySno1s7a+sbmV3d650VGiGNRYJCJ161MNgkuoGW4E3MYKaOgLqPv987FfvweleSSvzSCGVki7kgecUWOlK7g7amdzxC2RAil6mLhe2Tsun05JoXSC8y6ZIIdmqLazn81OxJIQpGGCat3Ik9i0hlQZzgSMMs1EQ0xZn3ahYamkIejWcHLqCB9YpYODSNmSBk/UnxNDGmo9CH3bGVLT07+9sfiX10hMUGoNuYwTA5JNFwWJwCbC479xhytgRgwsoUxxeytmPaooMzaduS0BDGQYj2wu38/j/0mt4JZdclnMVc5mAaXRHtpHhyiPPFRBF6iKaoihLnpET+jZeXBenFfnbdqacmYzu2gOzvsXgNCWKw==</latexit><latexit sha1_base64="QISgurQ1/FIHf2+wozUPZW9zjwo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoMgCMskRje5Bb14jGiMkMQwO+lNhszOLjOzQgjBL/CqX+BJvPovfoD/4eQhGNGChqKqm+4uPxZcG0I+nNTC4tLySno1s7a+sbmV3d650VGiGNRYJCJ161MNgkuoGW4E3MYKaOgLqPv987FfvweleSSvzSCGVki7kgecUWOlK7g7amdzxC2RAil6mLhe2Tsun05JoXSC8y6ZIIdmqLazn81OxJIQpGGCat3Ik9i0hlQZzgSMMs1EQ0xZn3ahYamkIejWcHLqCB9YpYODSNmSBk/UnxNDGmo9CH3bGVLT07+9sfiX10hMUGoNuYwTA5JNFwWJwCbC479xhytgRgwsoUxxeytmPaooMzaduS0BDGQYj2wu38/j/0mt4JZdclnMVc5mAaXRHtpHhyiPPFRBF6iKaoihLnpET+jZeXBenFfnbdqacmYzu2gOzvsXgNCWKw==</latexit>

electron 
antineutrino

⌫̄e
<latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHN VO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit><latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHN VO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit><latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHN VO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit>

anti-muon

µ+
<latexit sha1_base64="RTuoblTVfvO+Bl6urcueA4fJxw4=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFRxbaMeSSTNtaJIZkoxQShd+gVv9Alfi1l/xA/wP04dgRQ9cOJxzL/feEyacaYPQh5NZWl5ZXcuu5zY2t7Z38rt7tzpOFaE+iXmsmiHWlDNJfcMMp81EUSxCThvh4HLiN+6p0iyWN2aY0EDgnmQRI9hYyW+L9O6kky8gt4JKqOxB5HpV77R6PiOlyhksumiKApij3sl/trsxSQWVhnCsdauIEhOMsDKMcDrOtVNNE0wGuEdblkosqA5G02PH8MgqXRjFypY0cKr+nBhhofVQhLZTYNPXv72J+JfXSk1UCUZMJqmhkswWRSmHJoaTz2GXKUoMH1qCiWL2Vkj6WGFibD4LWyI6lCIZ21y+n4f/E7/kVl10XS7ULuYBZcEBOATHoAg8UANXoA58QAADj+AJPDsPzovz6rzNWjPOfGYfLMB5/wIl4ZcY</latexit><latexit sha1_base64="RTuoblTVfvO+Bl6urcueA4fJxw4=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFRxbaMeSSTNtaJIZkoxQShd+gVv9Alfi1l/xA/wP04dgRQ9cOJxzL/feEyacaYPQh5NZWl5ZXcuu5zY2t7Z38rt7tzpOFaE+iXmsmiHWlDNJfcMMp81EUSxCThvh4HLiN+6p0iyWN2aY0EDgnmQRI9hYyW+L9O6kky8gt4JKqOxB5HpV77R6PiOlyhksumiKApij3sl/trsxSQWVhnCsdauIEhOMsDKMcDrOtVNNE0wGuEdblkosqA5G02PH8MgqXRjFypY0cKr+nBhhofVQhLZTYNPXv72J+JfXSk1UCUZMJqmhkswWRSmHJoaTz2GXKUoMH1qCiWL2Vkj6WGFibD4LWyI6lCIZ21y+n4f/E7/kVl10XS7ULuYBZcEBOATHoAg8UANXoA58QAADj+AJPDsPzovz6rzNWjPOfGYfLMB5/wIl4ZcY</latexit><latexit sha1_base64="RTuoblTVfvO+Bl6urcueA4fJxw4=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFRxbaMeSSTNtaJIZkoxQShd+gVv9Alfi1l/xA/wP04dgRQ9cOJxzL/feEyacaYPQh5NZWl5ZXcuu5zY2t7Z38rt7tzpOFaE+iXmsmiHWlDNJfcMMp81EUSxCThvh4HLiN+6p0iyWN2aY0EDgnmQRI9hYyW+L9O6kky8gt4JKqOxB5HpV77R6PiOlyhksumiKApij3sl/trsxSQWVhnCsdauIEhOMsDKMcDrOtVNNE0wGuEdblkosqA5G02PH8MgqXRjFypY0cKr+nBhhofVQhLZTYNPXv72J+JfXSk1UCUZMJqmhkswWRSmHJoaTz2GXKUoMH1qCiWL2Vkj6WGFibD4LWyI6lCIZ21y+n4f/E7/kVl10XS7ULuYBZcEBOATHoAg8UANXoA58QAADj+AJPDsPzovz6rzNWjPOfGYfLMB5/wIl4ZcY</latexit>

muon 
antineutrino

⌫̄µ
<latexit sha1_base64="SKBHjc3zutF7OQovpA1tx/Jsd68=">AAACBHicdVDLSgMxFM3UV62vqks3wSK4GtJanXZXdOOygmMLM6Vk0kwbmmSGJCOU0rVf4Fa/wJW49T/8AP/D9CFY0QMXDufcy733RCln2iD04eRWVtfWN/Kbha3tnd294v7BnU4yRahPEp6odoQ15UxS3zDDaTtVFIuI01Y0vJr6rXuqNEvkrRmltCNwX7KYEWysFIQRVqHMuqHIusUScmuogqoeRK5X987qF3NSqZ3DsotmKIEFmt3iZ9hLSCaoNIRjrYMySk1njJVhhNNJIcw0TTEZ4j4NLJVYUN0Zz06ewBOr9GCcKFvSwJn6c2KMhdYjEdlOgc1A//am4l9ekJm41hkzmWaGSjJfFGccmgRO/4c9pigxfGQJJorZWyEZYIWJsSktbYnpSIp0YnP5fh7+T/yKW3fRTbXUuFwElAdH4BicgjLwQANcgybwAQEJeARP4Nl5cF6cV+dt3ppzFjOHYAnO+xdJF5n6</latexit><latexit sha1_base64="SKBHjc3zutF7OQovpA1tx/Jsd68=">AAACBHicdVDLSgMxFM3UV62vqks3wSK4GtJanXZXdOOygmMLM6Vk0kwbmmSGJCOU0rVf4Fa/wJW49T/8AP/D9CFY0QMXDufcy733RCln2iD04eRWVtfWN/Kbha3tnd294v7BnU4yRahPEp6odoQ15UxS3zDDaTtVFIuI01Y0vJr6rXuqNEvkrRmltCNwX7KYEWysFIQRVqHMuqHIusUScmuogqoeRK5X987qF3NSqZ3DsotmKIEFmt3iZ9hLSCaoNIRjrYMySk1njJVhhNNJIcw0TTEZ4j4NLJVYUN0Zz06ewBOr9GCcKFvSwJn6c2KMhdYjEdlOgc1A//am4l9ekJm41hkzmWaGSjJfFGccmgRO/4c9pigxfGQJJorZWyEZYIWJsSktbYnpSIp0YnP5fh7+T/yKW3fRTbXUuFwElAdH4BicgjLwQANcgybwAQEJeARP4Nl5cF6cV+dt3ppzFjOHYAnO+xdJF5n6</latexit><latexit sha1_base64="SKBHjc3zutF7OQovpA1tx/Jsd68=">AAACBHicdVDLSgMxFM3UV62vqks3wSK4GtJanXZXdOOygmMLM6Vk0kwbmmSGJCOU0rVf4Fa/wJW49T/8AP/D9CFY0QMXDufcy733RCln2iD04eRWVtfWN/Kbha3tnd294v7BnU4yRahPEp6odoQ15UxS3zDDaTtVFIuI01Y0vJr6rXuqNEvkrRmltCNwX7KYEWysFIQRVqHMuqHIusUScmuogqoeRK5X987qF3NSqZ3DsotmKIEFmt3iZ9hLSCaoNIRjrYMySk1njJVhhNNJIcw0TTEZ4j4NLJVYUN0Zz06ewBOr9GCcKFvSwJn6c2KMhdYjEdlOgc1A//am4l9ekJm41hkzmWaGSjJfFGccmgRO/4c9pigxfGQJJorZWyEZYIWJsSktbYnpSIp0YnP5fh7+T/yKW3fRTbXUuFwElAdH4BicgjLwQANcgybwAQEJeARP4Nl5cF6cV+dt3ppzFjOHYAnO+xdJF5n6</latexit>

ANTI 
LEPTONS



anti-tau

⌧+
<latexit sha1_base64="A7Qb3/6qpXDLj+sXVRGoyDd+Dww=">AAAB/3icdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFZy20I4lk2ba2ExmSDLCULrxC9zqF7gSt36KH+B/mD4EK3rgwuGce7n3Hj/mTGmEPqzM0vLK6lp2PbexubW9k9/da6gokYS6JOKRbPlYUc4EdTXTnLZiSXHoc9r0h5cTv3lPpWKRuNFpTL0Q9wULGMHaSI2OxsntSTdfQHYFlVDZgch2qs5p9XxGSpUzWLTRFAUwR72b/+z0IpKEVGjCsVLtIoq1N8JSM8LpONdJFI0xGeI+bRsqcEiVN5peO4ZHRunBIJKmhIZT9efECIdKpaFvOkOsB+q3NxH/8tqJDireiIk40VSQ2aIg4VBHcPI67DFJieapIZhIZm6FZIAlJtoEtLAloKkI47HJ5ft5+D9xS3bVRtflQu1iHlAWHIBDcAyKwAE1cAXqwAUE3IFH8ASerQfrxXq13matGWs+sw8WYL1/AfHXl4o=</latexit><latexit sha1_base64="A7Qb3/6qpXDLj+sXVRGoyDd+Dww=">AAAB/3icdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFZy20I4lk2ba2ExmSDLCULrxC9zqF7gSt36KH+B/mD4EK3rgwuGce7n3Hj/mTGmEPqzM0vLK6lp2PbexubW9k9/da6gokYS6JOKRbPlYUc4EdTXTnLZiSXHoc9r0h5cTv3lPpWKRuNFpTL0Q9wULGMHaSI2OxsntSTdfQHYFlVDZgch2qs5p9XxGSpUzWLTRFAUwR72b/+z0IpKEVGjCsVLtIoq1N8JSM8LpONdJFI0xGeI+bRsqcEiVN5peO4ZHRunBIJKmhIZT9efECIdKpaFvOkOsB+q3NxH/8tqJDireiIk40VSQ2aIg4VBHcPI67DFJieapIZhIZm6FZIAlJtoEtLAloKkI47HJ5ft5+D9xS3bVRtflQu1iHlAWHIBDcAyKwAE1cAXqwAUE3IFH8ASerQfrxXq13matGWs+sw8WYL1/AfHXl4o=</latexit><latexit sha1_base64="A7Qb3/6qpXDLj+sXVRGoyDd+Dww=">AAAB/3icdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFZy20I4lk2ba2ExmSDLCULrxC9zqF7gSt36KH+B/mD4EK3rgwuGce7n3Hj/mTGmEPqzM0vLK6lp2PbexubW9k9/da6gokYS6JOKRbPlYUc4EdTXTnLZiSXHoc9r0h5cTv3lPpWKRuNFpTL0Q9wULGMHaSI2OxsntSTdfQHYFlVDZgch2qs5p9XxGSpUzWLTRFAUwR72b/+z0IpKEVGjCsVLtIoq1N8JSM8LpONdJFI0xGeI+bRsqcEiVN5peO4ZHRunBIJKmhIZT9efECIdKpaFvOkOsB+q3NxH/8tqJDireiIk40VSQ2aIg4VBHcPI67DFJieapIZhIZm6FZIAlJtoEtLAloKkI47HJ5ft5+D9xS3bVRtflQu1iHlAWHIBDcAyKwAE1cAXqwAUE3IFH8ASerQfrxXq13matGWs+sw8WYL1/AfHXl4o=</latexit>

tau 
antineutrino

⌫̄⌧
<latexit sha1_base64="MH+OICCqEWrWyuX+Z+7sPC+6J1U=">AAACBXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoXu/wK1+gStx63f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2kucFWHoi7Xsap/1yBdkNVEN1ByLbaTpnzYs5qTXOYdVGM1TAAu1++dMbxCSNqNCEY6V6VZRoP8dSM8LppOSliiaYjPGQ9gwVOKLKz2c3T+CJUQYwjKUpoeFM/TmR40ipLApMZ4T1SP32puJfXi/VYcPPmUhSTQWZLwpTDnUMpwHAAZOUaJ4Zgolk5lZIRlhiok1MS1tCmokomZhcvp+H/xO3ZjdtdFOvtC4XARXBETgGp6AKHNAC16ANXEBAAh7BE3i2HqwX69V6m7cWrMXMIViC9f4FF4eabA==</latexit><latexit sha1_base64="MH+OICCqEWrWyuX+Z+7sPC+6J1U=">AAACBXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoXu/wK1+gStx63f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2kucFWHoi7Xsap/1yBdkNVEN1ByLbaTpnzYs5qTXOYdVGM1TAAu1++dMbxCSNqNCEY6V6VZRoP8dSM8LppOSliiaYjPGQ9gwVOKLKz2c3T+CJUQYwjKUpoeFM/TmR40ipLApMZ4T1SP32puJfXi/VYcPPmUhSTQWZLwpTDnUMpwHAAZOUaJ4Zgolk5lZIRlhiok1MS1tCmokomZhcvp+H/xO3ZjdtdFOvtC4XARXBETgGp6AKHNAC16ANXEBAAh7BE3i2HqwX69V6m7cWrMXMIViC9f4FF4eabA==</latexit><latexit sha1_base64="MH+OICCqEWrWyuX+Z+7sPC+6J1U=">AAACBXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoXu/wK1+gStx63f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2kucFWHoi7Xsap/1yBdkNVEN1ByLbaTpnzYs5qTXOYdVGM1TAAu1++dMbxCSNqNCEY6V6VZRoP8dSM8LppOSliiaYjPGQ9gwVOKLKz2c3T+CJUQYwjKUpoeFM/TmR40ipLApMZ4T1SP32puJfXi/VYcPPmUhSTQWZLwpTDnUMpwHAAZOUaJ4Zgolk5lZIRlhiok1MS1tCmokomZhcvp+H/xO3ZjdtdFOvtC4XARXBETgGp6AKHNAC16ANXEBAAh7BE3i2HqwX69V6m7cWrMXMIViC9f4FF4eabA==</latexit>

!8

positron
e+

<latexit sha1_base64="QISgurQ1/FIHf2+wozUPZW9zjwo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoMgCMskRje5Bb14jGiMkMQwO+lNhszOLjOzQgjBL/CqX+BJvPovfoD/4eQhGNGChqKqm+4uPxZcG0I+nNTC4tLySno1s7a+sbmV3d650VGiGNRYJCJ161MNgkuoGW4E3MYKaOgLqPv987FfvweleSSvzSCGVki7kgecUWOlK7g7amdzxC2RAil6mLhe2Tsun05JoXSC8y6ZIIdmqLazn81OxJIQpGGCat3Ik9i0hlQZzgSMMs1EQ0xZn3ahYamkIejWcHLqCB9YpYODSNmSBk/UnxNDGmo9CH3bGVLT07+9sfiX10hMUGoNuYwTA5JNFwWJwCbC479xhytgRgwsoUxxeytmPaooMzaduS0BDGQYj2wu38/j/0mt4JZdclnMVc5mAaXRHtpHhyiPPFRBF6iKaoihLnpET+jZeXBenFfnbdqacmYzu2gOzvsXgNCWKw==</latexit><latexit sha1_base64="QISgurQ1/FIHf2+wozUPZW9zjwo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoMgCMskRje5Bb14jGiMkMQwO+lNhszOLjOzQgjBL/CqX+BJvPovfoD/4eQhGNGChqKqm+4uPxZcG0I+nNTC4tLySno1s7a+sbmV3d650VGiGNRYJCJ161MNgkuoGW4E3MYKaOgLqPv987FfvweleSSvzSCGVki7kgecUWOlK7g7amdzxC2RAil6mLhe2Tsun05JoXSC8y6ZIIdmqLazn81OxJIQpGGCat3Ik9i0hlQZzgSMMs1EQ0xZn3ahYamkIejWcHLqCB9YpYODSNmSBk/UnxNDGmo9CH3bGVLT07+9sfiX10hMUGoNuYwTA5JNFwWJwCbC479xhytgRgwsoUxxeytmPaooMzaduS0BDGQYj2wu38/j/0mt4JZdclnMVc5mAaXRHtpHhyiPPFRBF6iKaoihLnpET+jZeXBenFfnbdqacmYzu2gOzvsXgNCWKw==</latexit><latexit sha1_base64="QISgurQ1/FIHf2+wozUPZW9zjwo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoMgCMskRje5Bb14jGiMkMQwO+lNhszOLjOzQgjBL/CqX+BJvPovfoD/4eQhGNGChqKqm+4uPxZcG0I+nNTC4tLySno1s7a+sbmV3d650VGiGNRYJCJ161MNgkuoGW4E3MYKaOgLqPv987FfvweleSSvzSCGVki7kgecUWOlK7g7amdzxC2RAil6mLhe2Tsun05JoXSC8y6ZIIdmqLazn81OxJIQpGGCat3Ik9i0hlQZzgSMMs1EQ0xZn3ahYamkIejWcHLqCB9YpYODSNmSBk/UnxNDGmo9CH3bGVLT07+9sfiX10hMUGoNuYwTA5JNFwWJwCbC479xhytgRgwsoUxxeytmPaooMzaduS0BDGQYj2wu38/j/0mt4JZdclnMVc5mAaXRHtpHhyiPPFRBF6iKaoihLnpET+jZeXBenFfnbdqacmYzu2gOzvsXgNCWKw==</latexit>

electron 
antineutrino

⌫̄e
<latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHN VO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit><latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHN VO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit><latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHN VO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit>

anti-muon

µ+
<latexit sha1_base64="RTuoblTVfvO+Bl6urcueA4fJxw4=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFRxbaMeSSTNtaJIZkoxQShd+gVv9Alfi1l/xA/wP04dgRQ9cOJxzL/feEyacaYPQh5NZWl5ZXcuu5zY2t7Z38rt7tzpOFaE+iXmsmiHWlDNJfcMMp81EUSxCThvh4HLiN+6p0iyWN2aY0EDgnmQRI9hYyW+L9O6kky8gt4JKqOxB5HpV77R6PiOlyhksumiKApij3sl/trsxSQWVhnCsdauIEhOMsDKMcDrOtVNNE0wGuEdblkosqA5G02PH8MgqXRjFypY0cKr+nBhhofVQhLZTYNPXv72J+JfXSk1UCUZMJqmhkswWRSmHJoaTz2GXKUoMH1qCiWL2Vkj6WGFibD4LWyI6lCIZ21y+n4f/E7/kVl10XS7ULuYBZcEBOATHoAg8UANXoA58QAADj+AJPDsPzovz6rzNWjPOfGYfLMB5/wIl4ZcY</latexit><latexit sha1_base64="RTuoblTVfvO+Bl6urcueA4fJxw4=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFRxbaMeSSTNtaJIZkoxQShd+gVv9Alfi1l/xA/wP04dgRQ9cOJxzL/feEyacaYPQh5NZWl5ZXcuu5zY2t7Z38rt7tzpOFaE+iXmsmiHWlDNJfcMMp81EUSxCThvh4HLiN+6p0iyWN2aY0EDgnmQRI9hYyW+L9O6kky8gt4JKqOxB5HpV77R6PiOlyhksumiKApij3sl/trsxSQWVhnCsdauIEhOMsDKMcDrOtVNNE0wGuEdblkosqA5G02PH8MgqXRjFypY0cKr+nBhhofVQhLZTYNPXv72J+JfXSk1UCUZMJqmhkswWRSmHJoaTz2GXKUoMH1qCiWL2Vkj6WGFibD4LWyI6lCIZ21y+n4f/E7/kVl10XS7ULuYBZcEBOATHoAg8UANXoA58QAADj+AJPDsPzovz6rzNWjPOfGYfLMB5/wIl4ZcY</latexit><latexit sha1_base64="RTuoblTVfvO+Bl6urcueA4fJxw4=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFRxbaMeSSTNtaJIZkoxQShd+gVv9Alfi1l/xA/wP04dgRQ9cOJxzL/feEyacaYPQh5NZWl5ZXcuu5zY2t7Z38rt7tzpOFaE+iXmsmiHWlDNJfcMMp81EUSxCThvh4HLiN+6p0iyWN2aY0EDgnmQRI9hYyW+L9O6kky8gt4JKqOxB5HpV77R6PiOlyhksumiKApij3sl/trsxSQWVhnCsdauIEhOMsDKMcDrOtVNNE0wGuEdblkosqA5G02PH8MgqXRjFypY0cKr+nBhhofVQhLZTYNPXv72J+JfXSk1UCUZMJqmhkswWRSmHJoaTz2GXKUoMH1qCiWL2Vkj6WGFibD4LWyI6lCIZ21y+n4f/E7/kVl10XS7ULuYBZcEBOATHoAg8UANXoA58QAADj+AJPDsPzovz6rzNWjPOfGYfLMB5/wIl4ZcY</latexit>

muon 
antineutrino

⌫̄µ
<latexit sha1_base64="SKBHjc3zutF7OQovpA1tx/Jsd68=">AAACBHicdVDLSgMxFM3UV62vqks3wSK4GtJanXZXdOOygmMLM6Vk0kwbmmSGJCOU0rVf4Fa/wJW49T/8AP/D9CFY0QMXDufcy733RCln2iD04eRWVtfWN/Kbha3tnd294v7BnU4yRahPEp6odoQ15UxS3zDDaTtVFIuI01Y0vJr6rXuqNEvkrRmltCNwX7KYEWysFIQRVqHMuqHIusUScmuogqoeRK5X987qF3NSqZ3DsotmKIEFmt3iZ9hLSCaoNIRjrYMySk1njJVhhNNJIcw0TTEZ4j4NLJVYUN0Zz06ewBOr9GCcKFvSwJn6c2KMhdYjEdlOgc1A//am4l9ekJm41hkzmWaGSjJfFGccmgRO/4c9pigxfGQJJorZWyEZYIWJsSktbYnpSIp0YnP5fh7+T/yKW3fRTbXUuFwElAdH4BicgjLwQANcgybwAQEJeARP4Nl5cF6cV+dt3ppzFjOHYAnO+xdJF5n6</latexit><latexit sha1_base64="SKBHjc3zutF7OQovpA1tx/Jsd68=">AAACBHicdVDLSgMxFM3UV62vqks3wSK4GtJanXZXdOOygmMLM6Vk0kwbmmSGJCOU0rVf4Fa/wJW49T/8AP/D9CFY0QMXDufcy733RCln2iD04eRWVtfWN/Kbha3tnd294v7BnU4yRahPEp6odoQ15UxS3zDDaTtVFIuI01Y0vJr6rXuqNEvkrRmltCNwX7KYEWysFIQRVqHMuqHIusUScmuogqoeRK5X987qF3NSqZ3DsotmKIEFmt3iZ9hLSCaoNIRjrYMySk1njJVhhNNJIcw0TTEZ4j4NLJVYUN0Zz06ewBOr9GCcKFvSwJn6c2KMhdYjEdlOgc1A//am4l9ekJm41hkzmWaGSjJfFGccmgRO/4c9pigxfGQJJorZWyEZYIWJsSktbYnpSIp0YnP5fh7+T/yKW3fRTbXUuFwElAdH4BicgjLwQANcgybwAQEJeARP4Nl5cF6cV+dt3ppzFjOHYAnO+xdJF5n6</latexit><latexit sha1_base64="SKBHjc3zutF7OQovpA1tx/Jsd68=">AAACBHicdVDLSgMxFM3UV62vqks3wSK4GtJanXZXdOOygmMLM6Vk0kwbmmSGJCOU0rVf4Fa/wJW49T/8AP/D9CFY0QMXDufcy733RCln2iD04eRWVtfWN/Kbha3tnd294v7BnU4yRahPEp6odoQ15UxS3zDDaTtVFIuI01Y0vJr6rXuqNEvkrRmltCNwX7KYEWysFIQRVqHMuqHIusUScmuogqoeRK5X987qF3NSqZ3DsotmKIEFmt3iZ9hLSCaoNIRjrYMySk1njJVhhNNJIcw0TTEZ4j4NLJVYUN0Zz06ewBOr9GCcKFvSwJn6c2KMhdYjEdlOgc1A//am4l9ekJm41hkzmWaGSjJfFGccmgRO/4c9pigxfGQJJorZWyEZYIWJsSktbYnpSIp0YnP5fh7+T/yKW3fRTbXUuFwElAdH4BicgjLwQANcgybwAQEJeARP4Nl5cF6cV+dt3ppzFjOHYAnO+xdJF5n6</latexit>

ANTI 
LEPTONS

⌫̄e
<latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit><latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit><latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit>

e+
<latexit sha1_base64="QISgurQ1/FIHf2+wozUPZW9zjwo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoMgCMskRje5Bb14jGiMkMQwO+lNhszOLjOzQgjBL/CqX+BJvPovfoD/4eQhGNGChqKqm+4uPxZcG0I+nNTC4tLySno1s7a+sbmV3d650VGiGNRYJCJ161MNgkuoGW4E3MYKaOgLqPv987FfvweleSSvzSCGVki7kgecUWOlK7g7amdzxC2RAil6mLhe2Tsun05JoXSC8y6ZIIdmqLazn81OxJIQpGGCat3Ik9i0hlQZzgSMMs1EQ0xZn3ahYamkIejWcHLqCB9YpYODSNmSBk/UnxNDGmo9CH3bGVLT07+9sfiX10hMUGoNuYwTA5JNFwWJwCbC479xhytgRgwsoUxxeytmPaooMzaduS0BDGQYj2wu38/j/0mt4JZdclnMVc5mAaXRHtpHhyiPPFRBF6iKaoihLnpET+jZeXBenFfnbdqacmYzu2gOzvsXgNCWKw==</latexit><latexit sha1_base64="QISgurQ1/FIHf2+wozUPZW9zjwo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoMgCMskRje5Bb14jGiMkMQwO+lNhszOLjOzQgjBL/CqX+BJvPovfoD/4eQhGNGChqKqm+4uPxZcG0I+nNTC4tLySno1s7a+sbmV3d650VGiGNRYJCJ161MNgkuoGW4E3MYKaOgLqPv987FfvweleSSvzSCGVki7kgecUWOlK7g7amdzxC2RAil6mLhe2Tsun05JoXSC8y6ZIIdmqLazn81OxJIQpGGCat3Ik9i0hlQZzgSMMs1EQ0xZn3ahYamkIejWcHLqCB9YpYODSNmSBk/UnxNDGmo9CH3bGVLT07+9sfiX10hMUGoNuYwTA5JNFwWJwCbC479xhytgRgwsoUxxeytmPaooMzaduS0BDGQYj2wu38/j/0mt4JZdclnMVc5mAaXRHtpHhyiPPFRBF6iKaoihLnpET+jZeXBenFfnbdqacmYzu2gOzvsXgNCWKw==</latexit><latexit sha1_base64="QISgurQ1/FIHf2+wozUPZW9zjwo=">AAAB/HicdVDLSgNBEJyNrxhfUY9eBoMgCMskRje5Bb14jGiMkMQwO+lNhszOLjOzQgjBL/CqX+BJvPovfoD/4eQhGNGChqKqm+4uPxZcG0I+nNTC4tLySno1s7a+sbmV3d650VGiGNRYJCJ161MNgkuoGW4E3MYKaOgLqPv987FfvweleSSvzSCGVki7kgecUWOlK7g7amdzxC2RAil6mLhe2Tsun05JoXSC8y6ZIIdmqLazn81OxJIQpGGCat3Ik9i0hlQZzgSMMs1EQ0xZn3ahYamkIejWcHLqCB9YpYODSNmSBk/UnxNDGmo9CH3bGVLT07+9sfiX10hMUGoNuYwTA5JNFwWJwCbC479xhytgRgwsoUxxeytmPaooMzaduS0BDGQYj2wu38/j/0mt4JZdclnMVc5mAaXRHtpHhyiPPFRBF6iKaoihLnpET+jZeXBenFfnbdqacmYzu2gOzvsXgNCWKw==</latexit>

⌫̄µ
<latexit sha1_base64="SKBHjc3zutF7OQovpA1tx/Jsd68=">AAACBHicdVDLSgMxFM3UV62vqks3wSK4GtJanXZXdOOygmMLM6Vk0kwbmmSGJCOU0rVf4Fa/wJW49T/8AP/D9CFY0QMXDufcy733RCln2iD04eRWVtfWN/Kbha3tnd294v7BnU4yRahPEp6odoQ15UxS3zDDaTtVFIuI01Y0vJr6rXuqNEvkrRmltCNwX7KYEWysFIQRVqHMuqHIusUScmuogqoeRK5X987qF3NSqZ3DsotmKIEFmt3iZ9hLSCaoNIRjrYMySk1njJVhhNNJIcw0TTEZ4j4NLJVYUN0Zz06ewBOr9GCcKFvSwJn6c2KMhdYjEdlOgc1A//am4l9ekJm41hkzmWaGSjJfFGccmgRO/4c9pigxfGQJJorZWyEZYIWJsSktbYnpSIp0YnP5fh7+T/yKW3fRTbXUuFwElAdH4BicgjLwQANcgybwAQEJeARP4Nl5cF6cV+dt3ppzFjOHYAnO+xdJF5n6</latexit><latexit sha1_base64="SKBHjc3zutF7OQovpA1tx/Jsd68=">AAACBHicdVDLSgMxFM3UV62vqks3wSK4GtJanXZXdOOygmMLM6Vk0kwbmmSGJCOU0rVf4Fa/wJW49T/8AP/D9CFY0QMXDufcy733RCln2iD04eRWVtfWN/Kbha3tnd294v7BnU4yRahPEp6odoQ15UxS3zDDaTtVFIuI01Y0vJr6rXuqNEvkrRmltCNwX7KYEWysFIQRVqHMuqHIusUScmuogqoeRK5X987qF3NSqZ3DsotmKIEFmt3iZ9hLSCaoNIRjrYMySk1njJVhhNNJIcw0TTEZ4j4NLJVYUN0Zz06ewBOr9GCcKFvSwJn6c2KMhdYjEdlOgc1A//am4l9ekJm41hkzmWaGSjJfFGccmgRO/4c9pigxfGQJJorZWyEZYIWJsSktbYnpSIp0YnP5fh7+T/yKW3fRTbXUuFwElAdH4BicgjLwQANcgybwAQEJeARP4Nl5cF6cV+dt3ppzFjOHYAnO+xdJF5n6</latexit><latexit sha1_base64="SKBHjc3zutF7OQovpA1tx/Jsd68=">AAACBHicdVDLSgMxFM3UV62vqks3wSK4GtJanXZXdOOygmMLM6Vk0kwbmmSGJCOU0rVf4Fa/wJW49T/8AP/D9CFY0QMXDufcy733RCln2iD04eRWVtfWN/Kbha3tnd294v7BnU4yRahPEp6odoQ15UxS3zDDaTtVFIuI01Y0vJr6rXuqNEvkrRmltCNwX7KYEWysFIQRVqHMuqHIusUScmuogqoeRK5X987qF3NSqZ3DsotmKIEFmt3iZ9hLSCaoNIRjrYMySk1njJVhhNNJIcw0TTEZ4j4NLJVYUN0Zz06ewBOr9GCcKFvSwJn6c2KMhdYjEdlOgc1A//am4l9ekJm41hkzmWaGSjJfFGccmgRO/4c9pigxfGQJJorZWyEZYIWJsSktbYnpSIp0YnP5fh7+T/yKW3fRTbXUuFwElAdH4BicgjLwQANcgybwAQEJeARP4Nl5cF6cV+dt3ppzFjOHYAnO+xdJF5n6</latexit>

µ+
<latexit sha1_base64="RTuoblTVfvO+Bl6urcueA4fJxw4=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFRxbaMeSSTNtaJIZkoxQShd+gVv9Alfi1l/xA/wP04dgRQ9cOJxzL/feEyacaYPQh5NZWl5ZXcuu5zY2t7Z38rt7tzpOFaE+iXmsmiHWlDNJfcMMp81EUSxCThvh4HLiN+6p0iyWN2aY0EDgnmQRI9hYyW+L9O6kky8gt4JKqOxB5HpV77R6PiOlyhksumiKApij3sl/trsxSQWVhnCsdauIEhOMsDKMcDrOtVNNE0wGuEdblkosqA5G02PH8MgqXRjFypY0cKr+nBhhofVQhLZTYNPXv72J+JfXSk1UCUZMJqmhkswWRSmHJoaTz2GXKUoMH1qCiWL2Vkj6WGFibD4LWyI6lCIZ21y+n4f/E7/kVl10XS7ULuYBZcEBOATHoAg8UANXoA58QAADj+AJPDsPzovz6rzNWjPOfGYfLMB5/wIl4ZcY</latexit><latexit sha1_base64="RTuoblTVfvO+Bl6urcueA4fJxw4=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFRxbaMeSSTNtaJIZkoxQShd+gVv9Alfi1l/xA/wP04dgRQ9cOJxzL/feEyacaYPQh5NZWl5ZXcuu5zY2t7Z38rt7tzpOFaE+iXmsmiHWlDNJfcMMp81EUSxCThvh4HLiN+6p0iyWN2aY0EDgnmQRI9hYyW+L9O6kky8gt4JKqOxB5HpV77R6PiOlyhksumiKApij3sl/trsxSQWVhnCsdauIEhOMsDKMcDrOtVNNE0wGuEdblkosqA5G02PH8MgqXRjFypY0cKr+nBhhofVQhLZTYNPXv72J+JfXSk1UCUZMJqmhkswWRSmHJoaTz2GXKUoMH1qCiWL2Vkj6WGFibD4LWyI6lCIZ21y+n4f/E7/kVl10XS7ULuYBZcEBOATHoAg8UANXoA58QAADj+AJPDsPzovz6rzNWjPOfGYfLMB5/wIl4ZcY</latexit><latexit sha1_base64="RTuoblTVfvO+Bl6urcueA4fJxw4=">AAAB/nicdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFRxbaMeSSTNtaJIZkoxQShd+gVv9Alfi1l/xA/wP04dgRQ9cOJxzL/feEyacaYPQh5NZWl5ZXcuu5zY2t7Z38rt7tzpOFaE+iXmsmiHWlDNJfcMMp81EUSxCThvh4HLiN+6p0iyWN2aY0EDgnmQRI9hYyW+L9O6kky8gt4JKqOxB5HpV77R6PiOlyhksumiKApij3sl/trsxSQWVhnCsdauIEhOMsDKMcDrOtVNNE0wGuEdblkosqA5G02PH8MgqXRjFypY0cKr+nBhhofVQhLZTYNPXv72J+JfXSk1UCUZMJqmhkswWRSmHJoaTz2GXKUoMH1qCiWL2Vkj6WGFibD4LWyI6lCIZ21y+n4f/E7/kVl10XS7ULuYBZcEBOATHoAg8UANXoA58QAADj+AJPDsPzovz6rzNWjPOfGYfLMB5/wIl4ZcY</latexit>

⌫̄⌧
<latexit sha1_base64="MH+OICCqEWrWyuX+Z+7sPC+6J1U=">AAACBXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoXu/wK1+gStx63f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2kucFWHoi7Xsap/1yBdkNVEN1ByLbaTpnzYs5qTXOYdVGM1TAAu1++dMbxCSNqNCEY6V6VZRoP8dSM8LppOSliiaYjPGQ9gwVOKLKz2c3T+CJUQYwjKUpoeFM/TmR40ipLApMZ4T1SP32puJfXi/VYcPPmUhSTQWZLwpTDnUMpwHAAZOUaJ4Zgolk5lZIRlhiok1MS1tCmokomZhcvp+H/xO3ZjdtdFOvtC4XARXBETgGp6AKHNAC16ANXEBAAh7BE3i2HqwX69V6m7cWrMXMIViC9f4FF4eabA==</latexit><latexit sha1_base64="MH+OICCqEWrWyuX+Z+7sPC+6J1U=">AAACBXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoXu/wK1+gStx63f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2kucFWHoi7Xsap/1yBdkNVEN1ByLbaTpnzYs5qTXOYdVGM1TAAu1++dMbxCSNqNCEY6V6VZRoP8dSM8LppOSliiaYjPGQ9gwVOKLKz2c3T+CJUQYwjKUpoeFM/TmR40ipLApMZ4T1SP32puJfXi/VYcPPmUhSTQWZLwpTDnUMpwHAAZOUaJ4Zgolk5lZIRlhiok1MS1tCmokomZhcvp+H/xO3ZjdtdFOvtC4XARXBETgGp6AKHNAC16ANXEBAAh7BE3i2HqwX69V6m7cWrMXMIViC9f4FF4eabA==</latexit><latexit sha1_base64="MH+OICCqEWrWyuX+Z+7sPC+6J1U=">AAACBXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoXu/wK1+gStx63f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2kucFWHoi7Xsap/1yBdkNVEN1ByLbaTpnzYs5qTXOYdVGM1TAAu1++dMbxCSNqNCEY6V6VZRoP8dSM8LppOSliiaYjPGQ9gwVOKLKz2c3T+CJUQYwjKUpoeFM/TmR40ipLApMZ4T1SP32puJfXi/VYcPPmUhSTQWZLwpTDnUMpwHAAZOUaJ4Zgolk5lZIRlhiok1MS1tCmokomZhcvp+H/xO3ZjdtdFOvtC4XARXBETgGp6AKHNAC16ANXEBAAh7BE3i2HqwX69V6m7cWrMXMIViC9f4FF4eabA==</latexit>

⌧+
<latexit sha1_base64="A7Qb3/6qpXDLj+sXVRGoyDd+Dww=">AAAB/3icdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFZy20I4lk2ba2ExmSDLCULrxC9zqF7gSt36KH+B/mD4EK3rgwuGce7n3Hj/mTGmEPqzM0vLK6lp2PbexubW9k9/da6gokYS6JOKRbPlYUc4EdTXTnLZiSXHoc9r0h5cTv3lPpWKRuNFpTL0Q9wULGMHaSI2OxsntSTdfQHYFlVDZgch2qs5p9XxGSpUzWLTRFAUwR72b/+z0IpKEVGjCsVLtIoq1N8JSM8LpONdJFI0xGeI+bRsqcEiVN5peO4ZHRunBIJKmhIZT9efECIdKpaFvOkOsB+q3NxH/8tqJDireiIk40VSQ2aIg4VBHcPI67DFJieapIZhIZm6FZIAlJtoEtLAloKkI47HJ5ft5+D9xS3bVRtflQu1iHlAWHIBDcAyKwAE1cAXqwAUE3IFH8ASerQfrxXq13matGWs+sw8WYL1/AfHXl4o=</latexit><latexit sha1_base64="A7Qb3/6qpXDLj+sXVRGoyDd+Dww=">AAAB/3icdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFZy20I4lk2ba2ExmSDLCULrxC9zqF7gSt36KH+B/mD4EK3rgwuGce7n3Hj/mTGmEPqzM0vLK6lp2PbexubW9k9/da6gokYS6JOKRbPlYUc4EdTXTnLZiSXHoc9r0h5cTv3lPpWKRuNFpTL0Q9wULGMHaSI2OxsntSTdfQHYFlVDZgch2qs5p9XxGSpUzWLTRFAUwR72b/+z0IpKEVGjCsVLtIoq1N8JSM8LpONdJFI0xGeI+bRsqcEiVN5peO4ZHRunBIJKmhIZT9efECIdKpaFvOkOsB+q3NxH/8tqJDireiIk40VSQ2aIg4VBHcPI67DFJieapIZhIZm6FZIAlJtoEtLAloKkI47HJ5ft5+D9xS3bVRtflQu1iHlAWHIBDcAyKwAE1cAXqwAUE3IFH8ASerQfrxXq13matGWs+sw8WYL1/AfHXl4o=</latexit><latexit sha1_base64="A7Qb3/6qpXDLj+sXVRGoyDd+Dww=">AAAB/3icdVDLSgMxFM3UV62vqks3wSIIwpDW6rS7ohuXFZy20I4lk2ba2ExmSDLCULrxC9zqF7gSt36KH+B/mD4EK3rgwuGce7n3Hj/mTGmEPqzM0vLK6lp2PbexubW9k9/da6gokYS6JOKRbPlYUc4EdTXTnLZiSXHoc9r0h5cTv3lPpWKRuNFpTL0Q9wULGMHaSI2OxsntSTdfQHYFlVDZgch2qs5p9XxGSpUzWLTRFAUwR72b/+z0IpKEVGjCsVLtIoq1N8JSM8LpONdJFI0xGeI+bRsqcEiVN5peO4ZHRunBIJKmhIZT9efECIdKpaFvOkOsB+q3NxH/8tqJDireiIk40VSQ2aIg4VBHcPI67DFJieapIZhIZm6FZIAlJtoEtLAloKkI47HJ5ft5+D9xS3bVRtflQu1iHlAWHIBDcAyKwAE1cAXqwAUE3IFH8ASerQfrxXq13matGWs+sw8WYL1/AfHXl4o=</latexit>



!9

Standard Model of Particle Physics
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⌫e
<latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit>

511 keV/c2

-1

electron
e�

<latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit>

<10-4 GeV/c2
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muon 
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⌫µ
<latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit><latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit><latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit>

0.106 GeV/c2

-1

muon
µ�

<latexit sha1_base64="9zDVLCEV+CvlxwXni7s4XeSriDI=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4cUhrddpd0Y3LCo4ttGPJpJk2NMkMSUYopQu/wK1+gStx66/4Af6H6UOwogcuHM65l3vvCRPOtEHow8ksLa+srmXXcxubW9s7+d29Wx2nilCfxDxWzRBrypmkvmGG02aiKBYhp41wcDnxG/dUaRbLGzNMaCBwT7KIEWys5LdFenfSyReQW0ElVPYgcr2qd1o9n5FS5QwWXTRFAcxR7+Q/292YpIJKQzjWulVEiQlGWBlGOB3n2qmmCSYD3KMtSyUWVAej6bFjeGSVLoxiZUsaOFV/Toyw0HooQtspsOnr395E/MtrpSaqBCMmk9RQSWaLopRDE8PJ57DLFCWGDy3BRDF7KyR9rDAxNp+FLREdSpGMbS7fz8P/iV9yqy66LhdqF/OAsuAAHIJjUAQeqIErUAc+IICBR/AEnp0H58V5dd5mrRlnPrMPFuC8fwEpDZca</latexit><latexit sha1_base64="9zDVLCEV+CvlxwXni7s4XeSriDI=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4cUhrddpd0Y3LCo4ttGPJpJk2NMkMSUYopQu/wK1+gStx66/4Af6H6UOwogcuHM65l3vvCRPOtEHow8ksLa+srmXXcxubW9s7+d29Wx2nilCfxDxWzRBrypmkvmGG02aiKBYhp41wcDnxG/dUaRbLGzNMaCBwT7KIEWys5LdFenfSyReQW0ElVPYgcr2qd1o9n5FS5QwWXTRFAcxR7+Q/292YpIJKQzjWulVEiQlGWBlGOB3n2qmmCSYD3KMtSyUWVAej6bFjeGSVLoxiZUsaOFV/Toyw0HooQtspsOnr395E/MtrpSaqBCMmk9RQSWaLopRDE8PJ57DLFCWGDy3BRDF7KyR9rDAxNp+FLREdSpGMbS7fz8P/iV9yqy66LhdqF/OAsuAAHIJjUAQeqIErUAc+IICBR/AEnp0H58V5dd5mrRlnPrMPFuC8fwEpDZca</latexit><latexit sha1_base64="9zDVLCEV+CvlxwXni7s4XeSriDI=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4cUhrddpd0Y3LCo4ttGPJpJk2NMkMSUYopQu/wK1+gStx66/4Af6H6UOwogcuHM65l3vvCRPOtEHow8ksLa+srmXXcxubW9s7+d29Wx2nilCfxDxWzRBrypmkvmGG02aiKBYhp41wcDnxG/dUaRbLGzNMaCBwT7KIEWys5LdFenfSyReQW0ElVPYgcr2qd1o9n5FS5QwWXTRFAcxR7+Q/292YpIJKQzjWulVEiQlGWBlGOB3n2qmmCSYD3KMtSyUWVAej6bFjeGSVLoxiZUsaOFV/Toyw0HooQtspsOnr395E/MtrpSaqBCMmk9RQSWaLopRDE8PJ57DLFCWGDy3BRDF7KyR9rDAxNp+FLREdSpGMbS7fz8P/iV9yqy66LhdqF/OAsuAAHIJjUAQeqIErUAc+IICBR/AEnp0H58V5dd5mrRlnPrMPFuC8fwEpDZca</latexit>

<0.02 GeV/c2

0

tau 
neutrino

⌫⌧
<latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit><latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit><latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit>

1.78 GeV/c2

-1

tau
⌧�

<latexit sha1_base64="LkU82DZSzv0FohNkmBe6LcniZ7E=">AAAB/3icdVDLTgIxFO3gC/GFunTTSEzcOCmIDuyIblxi4gAJjKRTOlDpdCZtx2RC2PgFbvULXBm3foof4H9YHiZi9CQ3OTnn3tx7jx9zpjRCH1ZmaXlldS27ntvY3Nreye/uNVSUSEJdEvFItnysKGeCupppTluxpDj0OW36w8uJ37ynUrFI3Og0pl6I+4IFjGBtpEZH4+T2pJsvILuCSqjsQGQ7Vee0ej4jpcoZLNpoigKYo97Nf3Z6EUlCKjThWKl2EcXaG2GpGeF0nOskisaYDHGftg0VOKTKG02vHcMjo/RgEElTQsOp+nNihEOl0tA3nSHWA/Xbm4h/ee1EBxVvxEScaCrIbFGQcKgjOHkd9pikRPPUEEwkM7dCMsASE20CWtgS0FSE8djk8v08/J+4Jbtqo+tyoXYxDygLDsAhOAZF4IAauAJ14AIC7sAjeALP1oP1Yr1ab7PWjDWf2QcLsN6/APUDl4w=</latexit><latexit sha1_base64="LkU82DZSzv0FohNkmBe6LcniZ7E=">AAAB/3icdVDLTgIxFO3gC/GFunTTSEzcOCmIDuyIblxi4gAJjKRTOlDpdCZtx2RC2PgFbvULXBm3foof4H9YHiZi9CQ3OTnn3tx7jx9zpjRCH1ZmaXlldS27ntvY3Nreye/uNVSUSEJdEvFItnysKGeCupppTluxpDj0OW36w8uJ37ynUrFI3Og0pl6I+4IFjGBtpEZH4+T2pJsvILuCSqjsQGQ7Vee0ej4jpcoZLNpoigKYo97Nf3Z6EUlCKjThWKl2EcXaG2GpGeF0nOskisaYDHGftg0VOKTKG02vHcMjo/RgEElTQsOp+nNihEOl0tA3nSHWA/Xbm4h/ee1EBxVvxEScaCrIbFGQcKgjOHkd9pikRPPUEEwkM7dCMsASE20CWtgS0FSE8djk8v08/J+4Jbtqo+tyoXYxDygLDsAhOAZF4IAauAJ14AIC7sAjeALP1oP1Yr1ab7PWjDWf2QcLsN6/APUDl4w=</latexit><latexit sha1_base64="LkU82DZSzv0FohNkmBe6LcniZ7E=">AAAB/3icdVDLTgIxFO3gC/GFunTTSEzcOCmIDuyIblxi4gAJjKRTOlDpdCZtx2RC2PgFbvULXBm3foof4H9YHiZi9CQ3OTnn3tx7jx9zpjRCH1ZmaXlldS27ntvY3Nreye/uNVSUSEJdEvFItnysKGeCupppTluxpDj0OW36w8uJ37ynUrFI3Og0pl6I+4IFjGBtpEZH4+T2pJsvILuCSqjsQGQ7Vee0ej4jpcoZLNpoigKYo97Nf3Z6EUlCKjThWKl2EcXaG2GpGeF0nOskisaYDHGftg0VOKTKG02vHcMjo/RgEElTQsOp+nNihEOl0tA3nSHWA/Xbm4h/ee1EBxVvxEScaCrIbFGQcKgjOHkd9pikRPPUEEwkM7dCMsASE20CWtgS0FSE8djk8v08/J+4Jbtqo+tyoXYxDygLDsAhOAZF4IAauAJ14AIC7sAjeALP1oP1Yr1ab7PWjDWf2QcLsN6/APUDl4w=</latexit>

I II III γ 
photon

0

0

g 
gluon

0

0

W± 
W boson
80.4 GeV/c2

±1

Z0 
Z boson
91.2 GeV/c2

0

H 
Higgs boson

125 GeV/c2

0
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Standard Model of Particle Physics
Q

U
A
RK

S u 
up

0.003 GeV/c2

+2/3

d 
down

0.006 GeV/c2

-1/3

c 
charm
1.3 GeV/c2

+2/3

s 
strange
0.1 GeV/c2

-1/3

t 
top

175 GeV/c2

+2/3

b 
bottom
4.3 GeV/c2

-1/3

LE
PT

O
N

S

<10-8 GeV/c2

0

electron 
neutrino

⌫e
<latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit>

511 keV/c2

-1

electron
e�

<latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit>

<10-4 GeV/c2

0

muon 
neutrino

⌫µ
<latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit><latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit><latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit>

0.106 GeV/c2

-1

muon
µ�

<latexit sha1_base64="9zDVLCEV+CvlxwXni7s4XeSriDI=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4cUhrddpd0Y3LCo4ttGPJpJk2NMkMSUYopQu/wK1+gStx66/4Af6H6UOwogcuHM65l3vvCRPOtEHow8ksLa+srmXXcxubW9s7+d29Wx2nilCfxDxWzRBrypmkvmGG02aiKBYhp41wcDnxG/dUaRbLGzNMaCBwT7KIEWys5LdFenfSyReQW0ElVPYgcr2qd1o9n5FS5QwWXTRFAcxR7+Q/292YpIJKQzjWulVEiQlGWBlGOB3n2qmmCSYD3KMtSyUWVAej6bFjeGSVLoxiZUsaOFV/Toyw0HooQtspsOnr395E/MtrpSaqBCMmk9RQSWaLopRDE8PJ57DLFCWGDy3BRDF7KyR9rDAxNp+FLREdSpGMbS7fz8P/iV9yqy66LhdqF/OAsuAAHIJjUAQeqIErUAc+IICBR/AEnp0H58V5dd5mrRlnPrMPFuC8fwEpDZca</latexit><latexit sha1_base64="9zDVLCEV+CvlxwXni7s4XeSriDI=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4cUhrddpd0Y3LCo4ttGPJpJk2NMkMSUYopQu/wK1+gStx66/4Af6H6UOwogcuHM65l3vvCRPOtEHow8ksLa+srmXXcxubW9s7+d29Wx2nilCfxDxWzRBrypmkvmGG02aiKBYhp41wcDnxG/dUaRbLGzNMaCBwT7KIEWys5LdFenfSyReQW0ElVPYgcr2qd1o9n5FS5QwWXTRFAcxR7+Q/292YpIJKQzjWulVEiQlGWBlGOB3n2qmmCSYD3KMtSyUWVAej6bFjeGSVLoxiZUsaOFV/Toyw0HooQtspsOnr395E/MtrpSaqBCMmk9RQSWaLopRDE8PJ57DLFCWGDy3BRDF7KyR9rDAxNp+FLREdSpGMbS7fz8P/iV9yqy66LhdqF/OAsuAAHIJjUAQeqIErUAc+IICBR/AEnp0H58V5dd5mrRlnPrMPFuC8fwEpDZca</latexit><latexit sha1_base64="9zDVLCEV+CvlxwXni7s4XeSriDI=">AAAB/nicdVDLSgMxFM3UV62vqks3wSK4cUhrddpd0Y3LCo4ttGPJpJk2NMkMSUYopQu/wK1+gStx66/4Af6H6UOwogcuHM65l3vvCRPOtEHow8ksLa+srmXXcxubW9s7+d29Wx2nilCfxDxWzRBrypmkvmGG02aiKBYhp41wcDnxG/dUaRbLGzNMaCBwT7KIEWys5LdFenfSyReQW0ElVPYgcr2qd1o9n5FS5QwWXTRFAcxR7+Q/292YpIJKQzjWulVEiQlGWBlGOB3n2qmmCSYD3KMtSyUWVAej6bFjeGSVLoxiZUsaOFV/Toyw0HooQtspsOnr395E/MtrpSaqBCMmk9RQSWaLopRDE8PJ57DLFCWGDy3BRDF7KyR9rDAxNp+FLREdSpGMbS7fz8P/iV9yqy66LhdqF/OAsuAAHIJjUAQeqIErUAc+IICBR/AEnp0H58V5dd5mrRlnPrMPFuC8fwEpDZca</latexit>

<0.02 GeV/c2

0

tau 
neutrino

⌫⌧
<latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit><latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit><latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit>

1.78 GeV/c2

-1

tau
⌧�

<latexit sha1_base64="LkU82DZSzv0FohNkmBe6LcniZ7E=">AAAB/3icdVDLTgIxFO3gC/GFunTTSEzcOCmIDuyIblxi4gAJjKRTOlDpdCZtx2RC2PgFbvULXBm3foof4H9YHiZi9CQ3OTnn3tx7jx9zpjRCH1ZmaXlldS27ntvY3Nreye/uNVSUSEJdEvFItnysKGeCupppTluxpDj0OW36w8uJ37ynUrFI3Og0pl6I+4IFjGBtpEZH4+T2pJsvILuCSqjsQGQ7Vee0ej4jpcoZLNpoigKYo97Nf3Z6EUlCKjThWKl2EcXaG2GpGeF0nOskisaYDHGftg0VOKTKG02vHcMjo/RgEElTQsOp+nNihEOl0tA3nSHWA/Xbm4h/ee1EBxVvxEScaCrIbFGQcKgjOHkd9pikRPPUEEwkM7dCMsASE20CWtgS0FSE8djk8v08/J+4Jbtqo+tyoXYxDygLDsAhOAZF4IAauAJ14AIC7sAjeALP1oP1Yr1ab7PWjDWf2QcLsN6/APUDl4w=</latexit><latexit sha1_base64="LkU82DZSzv0FohNkmBe6LcniZ7E=">AAAB/3icdVDLTgIxFO3gC/GFunTTSEzcOCmIDuyIblxi4gAJjKRTOlDpdCZtx2RC2PgFbvULXBm3foof4H9YHiZi9CQ3OTnn3tx7jx9zpjRCH1ZmaXlldS27ntvY3Nreye/uNVSUSEJdEvFItnysKGeCupppTluxpDj0OW36w8uJ37ynUrFI3Og0pl6I+4IFjGBtpEZH4+T2pJsvILuCSqjsQGQ7Vee0ej4jpcoZLNpoigKYo97Nf3Z6EUlCKjThWKl2EcXaG2GpGeF0nOskisaYDHGftg0VOKTKG02vHcMjo/RgEElTQsOp+nNihEOl0tA3nSHWA/Xbm4h/ee1EBxVvxEScaCrIbFGQcKgjOHkd9pikRPPUEEwkM7dCMsASE20CWtgS0FSE8djk8v08/J+4Jbtqo+tyoXYxDygLDsAhOAZF4IAauAJ14AIC7sAjeALP1oP1Yr1ab7PWjDWf2QcLsN6/APUDl4w=</latexit><latexit sha1_base64="LkU82DZSzv0FohNkmBe6LcniZ7E=">AAAB/3icdVDLTgIxFO3gC/GFunTTSEzcOCmIDuyIblxi4gAJjKRTOlDpdCZtx2RC2PgFbvULXBm3foof4H9YHiZi9CQ3OTnn3tx7jx9zpjRCH1ZmaXlldS27ntvY3Nreye/uNVSUSEJdEvFItnysKGeCupppTluxpDj0OW36w8uJ37ynUrFI3Og0pl6I+4IFjGBtpEZH4+T2pJsvILuCSqjsQGQ7Vee0ej4jpcoZLNpoigKYo97Nf3Z6EUlCKjThWKl2EcXaG2GpGeF0nOskisaYDHGftg0VOKTKG02vHcMjo/RgEElTQsOp+nNihEOl0tA3nSHWA/Xbm4h/ee1EBxVvxEScaCrIbFGQcKgjOHkd9pikRPPUEEwkM7dCMsASE20CWtgS0FSE8djk8v08/J+4Jbtqo+tyoXYxDygLDsAhOAZF4IAauAJ14AIC7sAjeALP1oP1Yr1ab7PWjDWf2QcLsN6/APUDl4w=</latexit>

I II III γ 
photon

0

0

g 
gluon

0

0

W± 
W boson
80.4 GeV/c2

±1

Z0 
Z boson
91.2 GeV/c2

0

H 
Higgs boson

125 GeV/c2

0

Weak 
nuclear 
force

Strong nuclear force

}

Electromagnetic force

Particle masses

EM, strong, weak, Higgs 

EM, weak, Higgs 
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Standard Model of Particle Physics
Q

U
A
RK

S u 
up

0.003 GeV/c2

+2/3

d 
down

0.006 GeV/c2

-1/3

c 
charm
1.3 GeV/c2

+2/3

s 
strange
0.1 GeV/c2

-1/3

t 
top

175 GeV/c2

+2/3

b 
bottom
4.3 GeV/c2

-1/3

LE
PT

O
N

S

<10-8 GeV/c2

0

electron 
neutrino

⌫e
<latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit>

511 keV/c2

-1

electron
e�

<latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit>

<10-4 GeV/c2

0

muon 
neutrino

⌫µ
<latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit><latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit><latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit>

0.106 GeV/c2

-1

muon
µ�
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Atmospheric 
Neutrino Anomaly

Neutrinos seem 
to be missing!
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Neutrinos can change type in flight if they have a small but nonzero mass!
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FIG. 1: Schematic diagram of the KamLAND detector.

The specific gravity of the buffer oil is adjusted to be
0.04% lower than that of the LS. An array of 1,879 pho-
tomultiplier tubes (PMTs), mounted on the inner sur-
face of the containment vessel, completes the inner de-
tector (ID) system. This array includes 1,325 specially
developed fast PMTs with 17-inch-diameter photocath-
odes and 554 older Kamiokande 20-inch PMTs [5]. While
the total photo-cathode coverage is 34%, only the 17-
inch PMTs corresponding to 22% coverage are used for
the analysis in this letter. A 3-mm-thick acrylic bar-
rier at 16.6-m diameter helps prevent radon emanating
from PMT glass from entering the LS. The containment
vessel is surrounded by a 3.2 kton water-Cherenkov de-
tector with 225 20-inch PMTs. This outer detector (OD)
absorbs γ-rays and neutrons from the surrounding rock
and provides a tag for cosmic-ray muons. The primary
ID trigger threshold is set at 200 PMT hits, correspond-
ing to about 0.7 MeV. This threshold is lowered to 120
hits for 1 msec after the primary trigger to observe lower
energy delayed activity. The OD trigger threshold is set
to provide > 99% tagging efficiency.

The inner detector is calibrated with γ-ray sources of
68Ge, 65Zn, 60Co, and Am-Be, deployed at various posi-
tions along the vertical axis. These sources provide cal-
ibration energies in the 0.5 to 7.6 MeV region. Energy
measurements are based on the number of detected pho-
toelectrons (p.e.) with corrections for PMT gain vari-
ation, solid angle, the density of PMTs, shadowing by
suspension ropes, and light transparencies of the LS and
buffer oil. At the center, about 300 p.e. per MeV are
observed. Fig. 2 (a) shows the fractional deviation of
the reconstructed energies from the source energies. The
68Ge and 60Co sources emit two coincident γ-rays and are
plotted at an average energy in Fig. 2 (a). The observed
energy resolution is ∼7.5%/

√

E(MeV).

The energy calibration is augmented with studies of
40K and 208Tl (which are contaminants in the detec-
tor), Bi-Po sequential decays, the spallation products 12B
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FIG. 2: (a) The fractional difference of the reconstructed av-
erage γ energies and average source energies. The dashed line
shows the systematic error. (b) The R3 vertex distribution of
2.2 MeV neutron capture γ’s.

and 12N, and γ’s from thermal neutron captures on pro-
tons and 12C. The reconstructed energy varies by less
than 0.5% within the 10-m-diameter fiducial volume; lo-
cal variations near the chimney region are about 1.6%.
The energy scale exhibits less than 0.6% variation in time
during the entire data run. Corrections for quenching
and Cherenkov light production are included, and con-
tribute to the systematic error in Fig. 2 (a). The esti-
mated systematic error for the energy scale is 1.9% at the
2.6 MeV energy threshold which corresponds to a 2.1%
uncertainty in the detected neutrino rate. Correlated de-
cays from Bi-Po and 8He/9Li yield energies between 0.6
MeV and ∼15 MeV and are used to extend the range of
the energy calibration.

The source positions are reconstructed from the rela-
tive times of PMT hits. Energy-dependent radial adjust-
ments are used to reproduce the known source positions
to ∼5 cm; the typical position reconstruction resolution
is 25 cm. Vertex reconstruction performance through-
out the LS volume is verified by reproducing the uniform
distribution of 2.2 MeV capture γ’s from spallation neu-
trons, as shown in Fig. 2 (b).

The data presented in this letter were obtained during
a period from March 4 through October 6, 2002. In to-
tal we collected 370 million events in 145.1 days of live
time, corresponding to an average trigger rate of ≃30
Hz. Events with fewer than 10,000 p.e. (∼30 MeV) and
no prompt OD veto signal are classified as ‘reactor ν̄e

candidates’; more energetic events are treated as ‘muon
candidates.’

The criteria for selection of ν̄e events are (1) a fidu-
cial volume cut (R < 5 m), (2) a time correlation cut
(0.5 µsec < ∆T < 660 µsec), (3) a vertex correlation

KamLAND
Credit: Qiang Xiao

Image: IAEA Image Bank, 
CC-BY-SA 2.0, Wikimedia Commons

RENO
Photo: Thierry Lasserre, CEA/irfu

& more!
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FIG. 1: Schematic diagram of the KamLAND detector.

The specific gravity of the buffer oil is adjusted to be
0.04% lower than that of the LS. An array of 1,879 pho-
tomultiplier tubes (PMTs), mounted on the inner sur-
face of the containment vessel, completes the inner de-
tector (ID) system. This array includes 1,325 specially
developed fast PMTs with 17-inch-diameter photocath-
odes and 554 older Kamiokande 20-inch PMTs [5]. While
the total photo-cathode coverage is 34%, only the 17-
inch PMTs corresponding to 22% coverage are used for
the analysis in this letter. A 3-mm-thick acrylic bar-
rier at 16.6-m diameter helps prevent radon emanating
from PMT glass from entering the LS. The containment
vessel is surrounded by a 3.2 kton water-Cherenkov de-
tector with 225 20-inch PMTs. This outer detector (OD)
absorbs γ-rays and neutrons from the surrounding rock
and provides a tag for cosmic-ray muons. The primary
ID trigger threshold is set at 200 PMT hits, correspond-
ing to about 0.7 MeV. This threshold is lowered to 120
hits for 1 msec after the primary trigger to observe lower
energy delayed activity. The OD trigger threshold is set
to provide > 99% tagging efficiency.

The inner detector is calibrated with γ-ray sources of
68Ge, 65Zn, 60Co, and Am-Be, deployed at various posi-
tions along the vertical axis. These sources provide cal-
ibration energies in the 0.5 to 7.6 MeV region. Energy
measurements are based on the number of detected pho-
toelectrons (p.e.) with corrections for PMT gain vari-
ation, solid angle, the density of PMTs, shadowing by
suspension ropes, and light transparencies of the LS and
buffer oil. At the center, about 300 p.e. per MeV are
observed. Fig. 2 (a) shows the fractional deviation of
the reconstructed energies from the source energies. The
68Ge and 60Co sources emit two coincident γ-rays and are
plotted at an average energy in Fig. 2 (a). The observed
energy resolution is ∼7.5%/
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The energy calibration is augmented with studies of
40K and 208Tl (which are contaminants in the detec-
tor), Bi-Po sequential decays, the spallation products 12B
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FIG. 2: (a) The fractional difference of the reconstructed av-
erage γ energies and average source energies. The dashed line
shows the systematic error. (b) The R3 vertex distribution of
2.2 MeV neutron capture γ’s.

and 12N, and γ’s from thermal neutron captures on pro-
tons and 12C. The reconstructed energy varies by less
than 0.5% within the 10-m-diameter fiducial volume; lo-
cal variations near the chimney region are about 1.6%.
The energy scale exhibits less than 0.6% variation in time
during the entire data run. Corrections for quenching
and Cherenkov light production are included, and con-
tribute to the systematic error in Fig. 2 (a). The esti-
mated systematic error for the energy scale is 1.9% at the
2.6 MeV energy threshold which corresponds to a 2.1%
uncertainty in the detected neutrino rate. Correlated de-
cays from Bi-Po and 8He/9Li yield energies between 0.6
MeV and ∼15 MeV and are used to extend the range of
the energy calibration.

The source positions are reconstructed from the rela-
tive times of PMT hits. Energy-dependent radial adjust-
ments are used to reproduce the known source positions
to ∼5 cm; the typical position reconstruction resolution
is 25 cm. Vertex reconstruction performance through-
out the LS volume is verified by reproducing the uniform
distribution of 2.2 MeV capture γ’s from spallation neu-
trons, as shown in Fig. 2 (b).

The data presented in this letter were obtained during
a period from March 4 through October 6, 2002. In to-
tal we collected 370 million events in 145.1 days of live
time, corresponding to an average trigger rate of ≃30
Hz. Events with fewer than 10,000 p.e. (∼30 MeV) and
no prompt OD veto signal are classified as ‘reactor ν̄e

candidates’; more energetic events are treated as ‘muon
candidates.’

The criteria for selection of ν̄e events are (1) a fidu-
cial volume cut (R < 5 m), (2) a time correlation cut
(0.5 µsec < ∆T < 660 µsec), (3) a vertex correlation
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FIG. 1: Schematic diagram of the KamLAND detector.

The specific gravity of the buffer oil is adjusted to be
0.04% lower than that of the LS. An array of 1,879 pho-
tomultiplier tubes (PMTs), mounted on the inner sur-
face of the containment vessel, completes the inner de-
tector (ID) system. This array includes 1,325 specially
developed fast PMTs with 17-inch-diameter photocath-
odes and 554 older Kamiokande 20-inch PMTs [5]. While
the total photo-cathode coverage is 34%, only the 17-
inch PMTs corresponding to 22% coverage are used for
the analysis in this letter. A 3-mm-thick acrylic bar-
rier at 16.6-m diameter helps prevent radon emanating
from PMT glass from entering the LS. The containment
vessel is surrounded by a 3.2 kton water-Cherenkov de-
tector with 225 20-inch PMTs. This outer detector (OD)
absorbs γ-rays and neutrons from the surrounding rock
and provides a tag for cosmic-ray muons. The primary
ID trigger threshold is set at 200 PMT hits, correspond-
ing to about 0.7 MeV. This threshold is lowered to 120
hits for 1 msec after the primary trigger to observe lower
energy delayed activity. The OD trigger threshold is set
to provide > 99% tagging efficiency.

The inner detector is calibrated with γ-ray sources of
68Ge, 65Zn, 60Co, and Am-Be, deployed at various posi-
tions along the vertical axis. These sources provide cal-
ibration energies in the 0.5 to 7.6 MeV region. Energy
measurements are based on the number of detected pho-
toelectrons (p.e.) with corrections for PMT gain vari-
ation, solid angle, the density of PMTs, shadowing by
suspension ropes, and light transparencies of the LS and
buffer oil. At the center, about 300 p.e. per MeV are
observed. Fig. 2 (a) shows the fractional deviation of
the reconstructed energies from the source energies. The
68Ge and 60Co sources emit two coincident γ-rays and are
plotted at an average energy in Fig. 2 (a). The observed
energy resolution is ∼7.5%/

√

E(MeV).

The energy calibration is augmented with studies of
40K and 208Tl (which are contaminants in the detec-
tor), Bi-Po sequential decays, the spallation products 12B
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FIG. 2: (a) The fractional difference of the reconstructed av-
erage γ energies and average source energies. The dashed line
shows the systematic error. (b) The R3 vertex distribution of
2.2 MeV neutron capture γ’s.

and 12N, and γ’s from thermal neutron captures on pro-
tons and 12C. The reconstructed energy varies by less
than 0.5% within the 10-m-diameter fiducial volume; lo-
cal variations near the chimney region are about 1.6%.
The energy scale exhibits less than 0.6% variation in time
during the entire data run. Corrections for quenching
and Cherenkov light production are included, and con-
tribute to the systematic error in Fig. 2 (a). The esti-
mated systematic error for the energy scale is 1.9% at the
2.6 MeV energy threshold which corresponds to a 2.1%
uncertainty in the detected neutrino rate. Correlated de-
cays from Bi-Po and 8He/9Li yield energies between 0.6
MeV and ∼15 MeV and are used to extend the range of
the energy calibration.

The source positions are reconstructed from the rela-
tive times of PMT hits. Energy-dependent radial adjust-
ments are used to reproduce the known source positions
to ∼5 cm; the typical position reconstruction resolution
is 25 cm. Vertex reconstruction performance through-
out the LS volume is verified by reproducing the uniform
distribution of 2.2 MeV capture γ’s from spallation neu-
trons, as shown in Fig. 2 (b).

The data presented in this letter were obtained during
a period from March 4 through October 6, 2002. In to-
tal we collected 370 million events in 145.1 days of live
time, corresponding to an average trigger rate of ≃30
Hz. Events with fewer than 10,000 p.e. (∼30 MeV) and
no prompt OD veto signal are classified as ‘reactor ν̄e

candidates’; more energetic events are treated as ‘muon
candidates.’

The criteria for selection of ν̄e events are (1) a fidu-
cial volume cut (R < 5 m), (2) a time correlation cut
(0.5 µsec < ∆T < 660 µsec), (3) a vertex correlation
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Neutrino Oscillations
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...

Probability that a neutrino of one type ends up as another:

Depends on neutrino energy, time it's been propagating, 
and a few constants of nature:
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Overall probability ✓12, ✓13, ✓23
<latexit sha1_base64="coMPrvwrF0kKEY6tWeXngynUXXc="></latexit><latexit sha1_base64="coMPrvwrF0kKEY6tWeXngynUXXc="></latexit><latexit sha1_base64="coMPrvwrF0kKEY6tWeXngynUXXc="></latexit>

�m2
12,�m2

23
<latexit sha1_base64="vO17oECqyy0x+79MLsIfZArGOwo="></latexit><latexit sha1_base64="vO17oECqyy0x+79MLsIfZArGOwo="></latexit><latexit sha1_base64="vO17oECqyy0x+79MLsIfZArGOwo="></latexit>

Mass differences

�CP
<latexit sha1_base64="DytxJbNLP0gPr4pmZP2WEqqA7E4=">AAACDXicdVDLSgMxFM3U97vq0k2wCK6GtPZhd6IblxWsFtpSMumdNjTJDElGLEP/wS9wq1/gStz6DX6A/2GmVlDRA4HDOfdyT04QC24sIW9ebm5+YXFpeWV1bX1jcyu/vXNlokQzaLJIRLoVUAOCK2habgW0Yg1UBgKug9FZ5l/fgDY8Upd2HENX0oHiIWfUOqmX3+n0QVja60hqh1qmZ41JL18gfq1cLFWOMPFJpVKtZ6RMalWnFH0yRQHN0Ojl3zv9iCUSlGWCGtMukth2U6otZwImq53EQEzZiA6g7aiiEkw3nWaf4AOn9HEYafeUxVP1+0ZKpTFjGbjJLKL57WXiX147seFxN+UqTiwo9nkoTAS2Ec6KwH2ugVkxdoQyzV1WzIZUU2ZdXT+uhDBWMs56+fo8/p80S37dJxflwsnprKBltIf20SEqoho6QeeogZqIoVt0jx7Qo3fnPXnP3svnaM6b7eyiH/BePwAyL50g</latexit><latexit sha1_base64="DytxJbNLP0gPr4pmZP2WEqqA7E4=">AAACDXicdVDLSgMxFM3U97vq0k2wCK6GtPZhd6IblxWsFtpSMumdNjTJDElGLEP/wS9wq1/gStz6DX6A/2GmVlDRA4HDOfdyT04QC24sIW9ebm5+YXFpeWV1bX1jcyu/vXNlokQzaLJIRLoVUAOCK2habgW0Yg1UBgKug9FZ5l/fgDY8Upd2HENX0oHiIWfUOqmX3+n0QVja60hqh1qmZ41JL18gfq1cLFWOMPFJpVKtZ6RMalWnFH0yRQHN0Ojl3zv9iCUSlGWCGtMukth2U6otZwImq53EQEzZiA6g7aiiEkw3nWaf4AOn9HEYafeUxVP1+0ZKpTFjGbjJLKL57WXiX147seFxN+UqTiwo9nkoTAS2Ec6KwH2ugVkxdoQyzV1WzIZUU2ZdXT+uhDBWMs56+fo8/p80S37dJxflwsnprKBltIf20SEqoho6QeeogZqIoVt0jx7Qo3fnPXnP3svnaM6b7eyiH/BePwAyL50g</latexit><latexit sha1_base64="DytxJbNLP0gPr4pmZP2WEqqA7E4=">AAACDXicdVDLSgMxFM3U97vq0k2wCK6GtPZhd6IblxWsFtpSMumdNjTJDElGLEP/wS9wq1/gStz6DX6A/2GmVlDRA4HDOfdyT04QC24sIW9ebm5+YXFpeWV1bX1jcyu/vXNlokQzaLJIRLoVUAOCK2habgW0Yg1UBgKug9FZ5l/fgDY8Upd2HENX0oHiIWfUOqmX3+n0QVja60hqh1qmZ41JL18gfq1cLFWOMPFJpVKtZ6RMalWnFH0yRQHN0Ojl3zv9iCUSlGWCGtMukth2U6otZwImq53EQEzZiA6g7aiiEkw3nWaf4AOn9HEYafeUxVP1+0ZKpTFjGbjJLKL57WXiX147seFxN+UqTiwo9nkoTAS2Ec6KwH2ugVkxdoQyzV1WzIZUU2ZdXT+uhDBWMs56+fo8/p80S37dJxflwsnprKBltIf20SEqoho6QeeogZqIoVt0jx7Qo3fnPXnP3svnaM6b7eyiH/BePwAyL50g</latexit>

CP Violation
(neutrinos & antineutrinos 

oscillate differently)



!13

Neutrino Oscillations

P (⌫e ! ⌫e)
<latexit sha1_base64="EPFFDGRupSwruNbMT+YbeobppfQ=">AAACC3icdVDLTgIxFO34RHyNunTTSExwMymIAjuiG5eYiJAAIZ1yBxo6nUnbISGEX/AL3OoXuDJu/Qg/wP+wPEzE6Emanpxzb+69x48F14aQD2dldW19YzO1ld7e2d3bdw8O73WUKAY1FolINXyqQXAJNcONgEasgIa+gLo/uJ769SEozSN5Z0YxtEPakzzgjBordVy3mm3JpAMtE83+s46bIV6J5EmhiIlXLBfPy5dzki9d4JxHZsigBaod97PVjVgSgjRMUK2bORKb9pgqw5mASbqVaIgpG9AeNC2VNATdHs82n+BTq3RxECn7pMEz9WfHmIZaj0LfVobU9PVvbyr+5TUTE5TaYy7jxIBk80FBIrCJ8DQG3OUKmBEjSyhT3O6KWZ8qyowNa2lKACMZxhOby/fx+H9Sy3tlj9wWMpWrRUApdIxOUBblUBFV0A2qohpiaIge0RN6dh6cF+fVeZuXrjiLniO0BOf9C+iIm9Y=</latexit><latexit sha1_base64="EPFFDGRupSwruNbMT+YbeobppfQ=">AAACC3icdVDLTgIxFO34RHyNunTTSExwMymIAjuiG5eYiJAAIZ1yBxo6nUnbISGEX/AL3OoXuDJu/Qg/wP+wPEzE6Emanpxzb+69x48F14aQD2dldW19YzO1ld7e2d3bdw8O73WUKAY1FolINXyqQXAJNcONgEasgIa+gLo/uJ769SEozSN5Z0YxtEPakzzgjBordVy3mm3JpAMtE83+s46bIV6J5EmhiIlXLBfPy5dzki9d4JxHZsigBaod97PVjVgSgjRMUK2bORKb9pgqw5mASbqVaIgpG9AeNC2VNATdHs82n+BTq3RxECn7pMEz9WfHmIZaj0LfVobU9PVvbyr+5TUTE5TaYy7jxIBk80FBIrCJ8DQG3OUKmBEjSyhT3O6KWZ8qyowNa2lKACMZxhOby/fx+H9Sy3tlj9wWMpWrRUApdIxOUBblUBFV0A2qohpiaIge0RN6dh6cF+fVeZuXrjiLniO0BOf9C+iIm9Y=</latexit><latexit sha1_base64="EPFFDGRupSwruNbMT+YbeobppfQ=">AAACC3icdVDLTgIxFO34RHyNunTTSExwMymIAjuiG5eYiJAAIZ1yBxo6nUnbISGEX/AL3OoXuDJu/Qg/wP+wPEzE6Emanpxzb+69x48F14aQD2dldW19YzO1ld7e2d3bdw8O73WUKAY1FolINXyqQXAJNcONgEasgIa+gLo/uJ769SEozSN5Z0YxtEPakzzgjBordVy3mm3JpAMtE83+s46bIV6J5EmhiIlXLBfPy5dzki9d4JxHZsigBaod97PVjVgSgjRMUK2bORKb9pgqw5mASbqVaIgpG9AeNC2VNATdHs82n+BTq3RxECn7pMEz9WfHmIZaj0LfVobU9PVvbyr+5TUTE5TaYy7jxIBk80FBIrCJ8DQG3OUKmBEjSyhT3O6KWZ8qyowNa2lKACMZxhOby/fx+H9Sy3tlj9wWMpWrRUApdIxOUBblUBFV0A2qohpiaIge0RN6dh6cF+fVeZuXrjiLniO0BOf9C+iIm9Y=</latexit>

P (⌫µ ! ⌫e)
<latexit sha1_base64="EU5xPU++ExQb/Ehy7wjFGHDxbnI=">AAACDXicdVBLSgNBEO3xG+Mv6tJNYxB0M3RiNMlOdOMyglEhE0JPpyZp0t0zdPeIIeQOnsCtnsCVuPUMHsB72PkIRvRBweO9KqrqhYngxhLy4c3NLywuLWdWsqtr6xubua3taxOnmkGdxSLWtyE1ILiCuuVWwG2igcpQwE3YOx/5N3egDY/Vle0n0JS0o3jEGbVOauW2aweBSluBTAMbjxgctnJ54ldIkZTKmPjlavmoejIhxcoxLvhkjDyaotbKfQbtmKUSlGWCGtMokMQ2B1RbzgQMs0FqIKGsRzvQcFRRCaY5GN8+xPtOaeMo1q6UxWP158SASmP6MnSdktqu+e2NxL+8Rmq jSnPAVZJaUGyyKEoFtjEeBYHbXAOzou8IZZq7WzHrUk2ZdXHNbImgr2QydLl8P4//J/WiX/XJZSl/ejYNKIN20R46QAVURqfoAtVQHTF0jx7RE3r2HrwX79V7m7TOedOZHTQD7/0LmCacww==</latexit><latexit sha1_base64="EU5xPU++ExQb/Ehy7wjFGHDxbnI=">AAACDXicdVBLSgNBEO3xG+Mv6tJNYxB0M3RiNMlOdOMyglEhE0JPpyZp0t0zdPeIIeQOnsCtnsCVuPUMHsB72PkIRvRBweO9KqrqhYngxhLy4c3NLywuLWdWsqtr6xubua3taxOnmkGdxSLWtyE1ILiCuuVWwG2igcpQwE3YOx/5N3egDY/Vle0n0JS0o3jEGbVOauW2aweBSluBTAMbjxgctnJ54ldIkZTKmPjlavmoejIhxcoxLvhkjDyaotbKfQbtmKUSlGWCGtMokMQ2B1RbzgQMs0FqIKGsRzvQcFRRCaY5GN8+xPtOaeMo1q6UxWP158SASmP6MnSdktqu+e2NxL+8Rmq jSnPAVZJaUGyyKEoFtjEeBYHbXAOzou8IZZq7WzHrUk2ZdXHNbImgr2QydLl8P4//J/WiX/XJZSl/ejYNKIN20R46QAVURqfoAtVQHTF0jx7RE3r2HrwX79V7m7TOedOZHTQD7/0LmCacww==</latexit><latexit sha1_base64="EU5xPU++ExQb/Ehy7wjFGHDxbnI=">AAACDXicdVBLSgNBEO3xG+Mv6tJNYxB0M3RiNMlOdOMyglEhE0JPpyZp0t0zdPeIIeQOnsCtnsCVuPUMHsB72PkIRvRBweO9KqrqhYngxhLy4c3NLywuLWdWsqtr6xubua3taxOnmkGdxSLWtyE1ILiCuuVWwG2igcpQwE3YOx/5N3egDY/Vle0n0JS0o3jEGbVOauW2aweBSluBTAMbjxgctnJ54ldIkZTKmPjlavmoejIhxcoxLvhkjDyaotbKfQbtmKUSlGWCGtMokMQ2B1RbzgQMs0FqIKGsRzvQcFRRCaY5GN8+xPtOaeMo1q6UxWP158SASmP6MnSdktqu+e2NxL+8Rmq jSnPAVZJaUGyyKEoFtjEeBYHbXAOzou8IZZq7WzHrUk2ZdXHNbImgr2QydLl8P4//J/WiX/XJZSl/ejYNKIN20R46QAVURqfoAtVQHTF0jx7RE3r2HrwX79V7m7TOedOZHTQD7/0LmCacww==</latexit>

P (⌫µ ! ⌫⌧ )
<latexit sha1_base64="v8Y/QpiPheqy6cPCVj9jBIcOmL4=">AAACEHicdVDLSgMxFM34flsVV26CRdDNkNZH253oxmUFq0KnlEya0dAkMyQ3Qhn6FX6BW/0CV+LWP/AD/A/Th6CiBy4czrmXe++JMyksEPIeTExOTc/Mzs0vLC4tr6wW1tYvbeoM4w2WytRcx9RyKTRvgADJrzPDqYolv4q7pwP/6o4bK1J9Ab2MtxS90SIRjIKX2oXN+m6kXTtSLoJ0yIC6vXahSMIqKZODCiZhpVbZrx2NSLl6iEshGaKIxqi3Cx9RJ2VOcQ1MUmubJZJBK6cGBJO8vxA5yzPKuvSGNz3VVHHbyofn9/GOVzo4SY0vDXiofp/IqbK2p2LfqSjc2t/eQPzLazpIqq1c6MwB12y0KHESQ4oHWeCOMJyB7HlCmRH+VsxuqaEMfGI/tiS8p1XW97l8PY//J41yWAvJ+UHx+GQc0BzaQttoF5VQBR2jM1RHDcRQjh7QI3oK7oPn4CV4HbVOBOOZDfQDwdsnG0WeIg==</latexit><latexit sha1_base64="v8Y/QpiPheqy6cPCVj9jBIcOmL4=">AAACEHicdVDLSgMxFM34flsVV26CRdDNkNZH253oxmUFq0KnlEya0dAkMyQ3Qhn6FX6BW/0CV+LWP/AD/A/Th6CiBy4czrmXe++JMyksEPIeTExOTc/Mzs0vLC4tr6wW1tYvbeoM4w2WytRcx9RyKTRvgADJrzPDqYolv4q7pwP/6o4bK1J9Ab2MtxS90SIRjIKX2oXN+m6kXTtSLoJ0yIC6vXahSMIqKZODCiZhpVbZrx2NSLl6iEshGaKIxqi3Cx9RJ2VOcQ1MUmubJZJBK6cGBJO8vxA5yzPKuvSGNz3VVHHbyofn9/GOVzo4SY0vDXiofp/IqbK2p2LfqSjc2t/eQPzLazpIqq1c6MwB12y0KHESQ4oHWeCOMJyB7HlCmRH+VsxuqaEMfGI/tiS8p1XW97l8PY//J41yWAvJ+UHx+GQc0BzaQttoF5VQBR2jM1RHDcRQjh7QI3oK7oPn4CV4HbVOBOOZDfQDwdsnG0WeIg==</latexit><latexit sha1_base64="v8Y/QpiPheqy6cPCVj9jBIcOmL4=">AAACEHicdVDLSgMxFM34flsVV26CRdDNkNZH253oxmUFq0KnlEya0dAkMyQ3Qhn6FX6BW/0CV+LWP/AD/A/Th6CiBy4czrmXe++JMyksEPIeTExOTc/Mzs0vLC4tr6wW1tYvbeoM4w2WytRcx9RyKTRvgADJrzPDqYolv4q7pwP/6o4bK1J9Ab2MtxS90SIRjIKX2oXN+m6kXTtSLoJ0yIC6vXahSMIqKZODCiZhpVbZrx2NSLl6iEshGaKIxqi3Cx9RJ2VOcQ1MUmubJZJBK6cGBJO8vxA5yzPKuvSGNz3VVHHbyofn9/GOVzo4SY0vDXiofp/IqbK2p2LfqSjc2t/eQPzLazpIqq1c6MwB12y0KHESQ4oHWeCOMJyB7HlCmRH+VsxuqaEMfGI/tiS8p1XW97l8PY//J41yWAvJ+UHx+GQc0BzaQttoF5VQBR2jM1RHDcRQjh7QI3oK7oPn4CV4HbVOBOOZDfQDwdsnG0WeIg==</latexit>

P (⌫̄µ ! ⌫̄e)
<latexit sha1_base64="l2c4bAXLhQkf2ajgRIbuwI64N1k=">AAACFXicdVDLSgMxFM34tr6q7nQTLELdDGl9tN2JblxWsFbolJJJ77TBJDMkGaGUgp/hF7jVL3Albl37Af6H6QtU9EDg3HPu5eaeMBHcWEI+vJnZufmFxaXlzMrq2vpGdnPr2sSpZlBjsYj1TUgNCK6gZrkVcJNooDIUUA9vz4d+/Q604bG6sr0EmpJ2FI84o9ZJrexONR+EVAcqbQUyDWw8reCglc0Rv0yK5KiEiV+qlA4rJ2NSLB/jgk9GyKEJqq3sZ9COWSpBWSaoMY0CSWyzT7XlTMAgE6QGEspuaQcajioqwTT7oxsGeN8pbRzF2j1l8Uj9PtGn0pieDF2npLZrfntD8S+vkdqo3OxzlaQWFBsvilKBbYyHgeA218Cs6DlCmebur5h1qabMuth+bImgp2QycLlMj8f/k1rRr/jk8ih3ejYJaAntoj2URwVUQqfoAlVRDTF0jx7RE3r2HrwX79V7G7fOeJOZbfQD3vsX+7SgNQ==</latexit><latexit sha1_base64="l2c4bAXLhQkf2ajgRIbuwI64N1k=">AAACFXicdVDLSgMxFM34tr6q7nQTLELdDGl9tN2JblxWsFbolJJJ77TBJDMkGaGUgp/hF7jVL3Albl37Af6H6QtU9EDg3HPu5eaeMBHcWEI+vJnZufmFxaXlzMrq2vpGdnPr2sSpZlBjsYj1TUgNCK6gZrkVcJNooDIUUA9vz4d+/Q604bG6sr0EmpJ2FI84o9ZJrexONR+EVAcqbQUyDWw8reCglc0Rv0yK5KiEiV+qlA4rJ2NSLB/jgk9GyKEJqq3sZ9COWSpBWSaoMY0CSWyzT7XlTMAgE6QGEspuaQcajioqwTT7oxsGeN8pbRzF2j1l8Uj9PtGn0pieDF2npLZrfntD8S+vkdqo3OxzlaQWFBsvilKBbYyHgeA218Cs6DlCmebur5h1qabMuth+bImgp2QycLlMj8f/k1rRr/jk8ih3ejYJaAntoj2URwVUQqfoAlVRDTF0jx7RE3r2HrwX79V7G7fOeJOZbfQD3vsX+7SgNQ==</latexit><latexit sha1_base64="l2c4bAXLhQkf2ajgRIbuwI64N1k=">AAACFXicdVDLSgMxFM34tr6q7nQTLELdDGl9tN2JblxWsFbolJJJ77TBJDMkGaGUgp/hF7jVL3Albl37Af6H6QtU9EDg3HPu5eaeMBHcWEI+vJnZufmFxaXlzMrq2vpGdnPr2sSpZlBjsYj1TUgNCK6gZrkVcJNooDIUUA9vz4d+/Q604bG6sr0EmpJ2FI84o9ZJrexONR+EVAcqbQUyDWw8reCglc0Rv0yK5KiEiV+qlA4rJ2NSLB/jgk9GyKEJqq3sZ9COWSpBWSaoMY0CSWyzT7XlTMAgE6QGEspuaQcajioqwTT7oxsGeN8pbRzF2j1l8Uj9PtGn0pieDF2npLZrfntD8S+vkdqo3OxzlaQWFBsvilKBbYyHgeA218Cs6DlCmebur5h1qabMuth+bImgp2QycLlMj8f/k1rRr/jk8ih3ejYJaAntoj2URwVUQqfoAlVRDTF0jx7RE3r2HrwX79V7G7fOeJOZbfQD3vsX+7SgNQ==</latexit>

P (⌫̄e ! ⌫̄e)
<latexit sha1_base64="buxX+jSQPpkYRYiyreo8veNyBiI=">AAACE3icdVBLSgNBEO3x/zfqRnDTGIS4GTrxM8lOdOMygtFAZgg9nRpt0tMzdPcIYYjH8ARu9QSuxK0H8ADew85HUdEHBY/3qqiqF6aCa0PImzMxOTU9Mzs3v7C4tLyyWlhbv9BJphg0WCIS1QypBsElNAw3ApqpAhqHAi7D7snAv7wBpXkiz00vhSCmV5JHnFFjpXZhs17yQ6p8mbXBN8kX320XisStkgrZ9zBxvZq3VzsckUr1AJddMkQRjVFvF979TsKyGKRhgmrdKpPUBDlVhjMB/QU/05BS1qVX0LJU0hh0kA8/6OMdq3RwlChb0uCh+n0ip7HWvTi0nTE11/q3NxD/8lqZiapBzmWaGZBstCjKBDYJHsSBO1wBM6JnCWWK21sxu6aKMmND+7Elgp6M077N5fN5/D9pVNyaS872i0fH44Dm0BbaRiVURh46QqeojhqIoVt0jx7Qo3PnPDnPzsuodcIZz2ygH3BePwBFf59I</latexit><latexit sha1_base64="buxX+jSQPpkYRYiyreo8veNyBiI=">AAACE3icdVBLSgNBEO3x/zfqRnDTGIS4GTrxM8lOdOMygtFAZgg9nRpt0tMzdPcIYYjH8ARu9QSuxK0H8ADew85HUdEHBY/3qqiqF6aCa0PImzMxOTU9Mzs3v7C4tLyyWlhbv9BJphg0WCIS1QypBsElNAw3ApqpAhqHAi7D7snAv7wBpXkiz00vhSCmV5JHnFFjpXZhs17yQ6p8mbXBN8kX320XisStkgrZ9zBxvZq3VzsckUr1AJddMkQRjVFvF979TsKyGKRhgmrdKpPUBDlVhjMB/QU/05BS1qVX0LJU0hh0kA8/6OMdq3RwlChb0uCh+n0ip7HWvTi0nTE11/q3NxD/8lqZiapBzmWaGZBstCjKBDYJHsSBO1wBM6JnCWWK21sxu6aKMmND+7Elgp6M077N5fN5/D9pVNyaS872i0fH44Dm0BbaRiVURh46QqeojhqIoVt0jx7Qo3PnPDnPzsuodcIZz2ygH3BePwBFf59I</latexit><latexit sha1_base64="buxX+jSQPpkYRYiyreo8veNyBiI=">AAACE3icdVBLSgNBEO3x/zfqRnDTGIS4GTrxM8lOdOMygtFAZgg9nRpt0tMzdPcIYYjH8ARu9QSuxK0H8ADew85HUdEHBY/3qqiqF6aCa0PImzMxOTU9Mzs3v7C4tLyyWlhbv9BJphg0WCIS1QypBsElNAw3ApqpAhqHAi7D7snAv7wBpXkiz00vhSCmV5JHnFFjpXZhs17yQ6p8mbXBN8kX320XisStkgrZ9zBxvZq3VzsckUr1AJddMkQRjVFvF979TsKyGKRhgmrdKpPUBDlVhjMB/QU/05BS1qVX0LJU0hh0kA8/6OMdq3RwlChb0uCh+n0ip7HWvTi0nTE11/q3NxD/8lqZiapBzmWaGZBstCjKBDYJHsSBO1wBM6JnCWWK21sxu6aKMmND+7Elgp6M077N5fN5/D9pVNyaS872i0fH44Dm0BbaRiVURh46QqeojhqIoVt0jx7Qo3PnPDnPzsuodcIZz2ygH3BePwBFf59I</latexit>

...

Probability that a neutrino of one type ends up as another:

Depends on neutrino energy, time it's been propagating, 
and a few constants of nature:
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Overall probability ✓12, ✓13, ✓23
<latexit sha1_base64="coMPrvwrF0kKEY6tWeXngynUXXc="></latexit><latexit sha1_base64="coMPrvwrF0kKEY6tWeXngynUXXc="></latexit><latexit sha1_base64="coMPrvwrF0kKEY6tWeXngynUXXc="></latexit>

�m2
12,�m2

23
<latexit sha1_base64="vO17oECqyy0x+79MLsIfZArGOwo="></latexit><latexit sha1_base64="vO17oECqyy0x+79MLsIfZArGOwo="></latexit><latexit sha1_base64="vO17oECqyy0x+79MLsIfZArGOwo="></latexit>

Mass differences

�CP
<latexit sha1_base64="DytxJbNLP0gPr4pmZP2WEqqA7E4=">AAACDXicdVDLSgMxFM3U97vq0k2wCK6GtPZhd6IblxWsFtpSMumdNjTJDElGLEP/wS9wq1/gStz6DX6A/2GmVlDRA4HDOfdyT04QC24sIW9ebm5+YXFpeWV1bX1jcyu/vXNlokQzaLJIRLoVUAOCK2habgW0Yg1UBgKug9FZ5l/fgDY8Upd2HENX0oHiIWfUOqmX3+n0QVja60hqh1qmZ41JL18gfq1cLFWOMPFJpVKtZ6RMalWnFH0yRQHN0Ojl3zv9iCUSlGWCGtMukth2U6otZwImq53EQEzZiA6g7aiiEkw3nWaf4AOn9HEYafeUxVP1+0ZKpTFjGbjJLKL57WXiX147seFxN+UqTiwo9nkoTAS2Ec6KwH2ugVkxdoQyzV1WzIZUU2ZdXT+uhDBWMs56+fo8/p80S37dJxflwsnprKBltIf20SEqoho6QeeogZqIoVt0jx7Qo3fnPXnP3svnaM6b7eyiH/BePwAyL50g</latexit><latexit sha1_base64="DytxJbNLP0gPr4pmZP2WEqqA7E4=">AAACDXicdVDLSgMxFM3U97vq0k2wCK6GtPZhd6IblxWsFtpSMumdNjTJDElGLEP/wS9wq1/gStz6DX6A/2GmVlDRA4HDOfdyT04QC24sIW9ebm5+YXFpeWV1bX1jcyu/vXNlokQzaLJIRLoVUAOCK2habgW0Yg1UBgKug9FZ5l/fgDY8Upd2HENX0oHiIWfUOqmX3+n0QVja60hqh1qmZ41JL18gfq1cLFWOMPFJpVKtZ6RMalWnFH0yRQHN0Ojl3zv9iCUSlGWCGtMukth2U6otZwImq53EQEzZiA6g7aiiEkw3nWaf4AOn9HEYafeUxVP1+0ZKpTFjGbjJLKL57WXiX147seFxN+UqTiwo9nkoTAS2Ec6KwH2ugVkxdoQyzV1WzIZUU2ZdXT+uhDBWMs56+fo8/p80S37dJxflwsnprKBltIf20SEqoho6QeeogZqIoVt0jx7Qo3fnPXnP3svnaM6b7eyiH/BePwAyL50g</latexit><latexit sha1_base64="DytxJbNLP0gPr4pmZP2WEqqA7E4=">AAACDXicdVDLSgMxFM3U97vq0k2wCK6GtPZhd6IblxWsFtpSMumdNjTJDElGLEP/wS9wq1/gStz6DX6A/2GmVlDRA4HDOfdyT04QC24sIW9ebm5+YXFpeWV1bX1jcyu/vXNlokQzaLJIRLoVUAOCK2habgW0Yg1UBgKug9FZ5l/fgDY8Upd2HENX0oHiIWfUOqmX3+n0QVja60hqh1qmZ41JL18gfq1cLFWOMPFJpVKtZ6RMalWnFH0yRQHN0Ojl3zv9iCUSlGWCGtMukth2U6otZwImq53EQEzZiA6g7aiiEkw3nWaf4AOn9HEYafeUxVP1+0ZKpTFjGbjJLKL57WXiX147seFxN+UqTiwo9nkoTAS2Ec6KwH2ugVkxdoQyzV1WzIZUU2ZdXT+uhDBWMs56+fo8/p80S37dJxflwsnprKBltIf20SEqoho6QeeogZqIoVt0jx7Qo3fnPXnP3svnaM6b7eyiH/BePwAyL50g</latexit>

CP Violation
(neutrinos & antineutrinos 

oscillate differently)
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Neutrino Puzzles
⌫

<latexit sha1_base64="aDveTqLg6Q7c2WukWYy6DNf4ATc=">AAAB/HicdVDLSsNAFL3xWeur6tLNYBFchbS0VHdFNy4rGltoQ5lMJ+3QySTMTIQQil/gVr/Albj1X/wA/8Npm4IVPXDhcM693HuPH3OmtON8Wiura+sbm4Wt4vbO7t5+6eDwXkWJJNQlEY9kx8eKciaoq5nmtBNLikOf07Y/vpr67QcqFYvEnU5j6oV4KFjACNZGuu2JpF8qO7bTaNSrdZST6oLUUMV2ZihDjla/9NUbRCQJqdCEY6W6FSfWXoalZoTTSbGXKBpjMsZD2jVU4JAqL5udOkGnRhmgIJKmhEYz9edEhkOl0tA3nSHWI/Xbm4p/ed1EB+dexkScaCrIfFGQcKQjNP0bDZikRPPUEEwkM7ciMsISE23SWdoS0FSE8cTksnge/U/cqn1hOze1cvMyD6gAx3ACZ1CBBjThGlrgAoEhPMEzvFiP1qv1Zr3PW1esfOYIlmB9fAPaZJZi</latexit><latexit sha1_base64="aDveTqLg6Q7c2WukWYy6DNf4ATc=">AAAB/HicdVDLSsNAFL3xWeur6tLNYBFchbS0VHdFNy4rGltoQ5lMJ+3QySTMTIQQil/gVr/Albj1X/wA/8Npm4IVPXDhcM693HuPH3OmtON8Wiura+sbm4Wt4vbO7t5+6eDwXkWJJNQlEY9kx8eKciaoq5nmtBNLikOf07Y/vpr67QcqFYvEnU5j6oV4KFjACNZGuu2JpF8qO7bTaNSrdZST6oLUUMV2ZihDjla/9NUbRCQJqdCEY6W6FSfWXoalZoTTSbGXKBpjMsZD2jVU4JAqL5udOkGnRhmgIJKmhEYz9edEhkOl0tA3nSHWI/Xbm4p/ed1EB+dexkScaCrIfFGQcKQjNP0bDZikRPPUEEwkM7ciMsISE23SWdoS0FSE8cTksnge/U/cqn1hOze1cvMyD6gAx3ACZ1CBBjThGlrgAoEhPMEzvFiP1qv1Zr3PW1esfOYIlmB9fAPaZJZi</latexit><latexit sha1_base64="aDveTqLg6Q7c2WukWYy6DNf4ATc=">AAAB/HicdVDLSsNAFL3xWeur6tLNYBFchbS0VHdFNy4rGltoQ5lMJ+3QySTMTIQQil/gVr/Albj1X/wA/8Npm4IVPXDhcM693HuPH3OmtON8Wiura+sbm4Wt4vbO7t5+6eDwXkWJJNQlEY9kx8eKciaoq5nmtBNLikOf07Y/vpr67QcqFYvEnU5j6oV4KFjACNZGuu2JpF8qO7bTaNSrdZST6oLUUMV2ZihDjla/9NUbRCQJqdCEY6W6FSfWXoalZoTTSbGXKBpjMsZD2jVU4JAqL5udOkGnRhmgIJKmhEYz9edEhkOl0tA3nSHWI/Xbm4p/ed1EB+dexkScaCrIfFGQcKQjNP0bDZikRPPUEEwkM7ciMsISE23SWdoS0FSE8cTksnge/U/cqn1hOze1cvMyD6gAx3ACZ1CBBjThGlrgAoEhPMEzvFiP1qv1Zr3PW1esfOYIlmB9fAPaZJZi</latexit>
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Neutrino Mass
Neutrino oscillations require that neutrinos have mass. 
But what are the masses, and why are they so small?
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<latexit sha1_base64="ZcTmkJOdZxM4sxN6EXeBxy8Rbfc=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFNpTJdNIOnZmEmYkQQsEvcKtf4Erc+i1+gP9h0lawogcuHM65l3vv8SPOtEHowyqsrK6tbxQ3S1vbO7t75f2DOx3GilCXhDxUXR9rypmkrmGG026kKBY+px1/cpX7nXuqNAvlrUki6gk8kixgBJtc6ou4NChXkN1ANVR3ILKdpnPWvJiTWuMcVm00QwUs0B6UP/vDkMSCSkM41rpXRZHxUqwMI5xOS/1Y0wiTCR7RXkYlFlR76ezWKTzJlCEMQpWVNHCm/pxIsdA6EX7WKbAZ699eLv7l9WITNLyUySg2VJL5oiDm0IQwfxwOmaLE8CQjmCiW3QrJGCtMTBbP0paAJlJE0yyX7+fh/8St2U0b3dQrrctFQEVwBI7BKagCB7TANWgDFxAwBo/gCTxbD9aL9Wq9zVsL1mLmECzBev8CNdCWjw==</latexit><latexit sha1_base64="ZcTmkJOdZxM4sxN6EXeBxy8Rbfc=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFNpTJdNIOnZmEmYkQQsEvcKtf4Erc+i1+gP9h0lawogcuHM65l3vv8SPOtEHowyqsrK6tbxQ3S1vbO7t75f2DOx3GilCXhDxUXR9rypmkrmGG026kKBY+px1/cpX7nXuqNAvlrUki6gk8kixgBJtc6ou4NChXkN1ANVR3ILKdpnPWvJiTWuMcVm00QwUs0B6UP/vDkMSCSkM41rpXRZHxUqwMI5xOS/1Y0wiTCR7RXkYlFlR76ezWKTzJlCEMQpWVNHCm/pxIsdA6EX7WKbAZ699eLv7l9WITNLyUySg2VJL5oiDm0IQwfxwOmaLE8CQjmCiW3QrJGCtMTBbP0paAJlJE0yyX7+fh/8St2U0b3dQrrctFQEVwBI7BKagCB7TANWgDFxAwBo/gCTxbD9aL9Wq9zVsL1mLmECzBev8CNdCWjw==</latexit><latexit sha1_base64="ZcTmkJOdZxM4sxN6EXeBxy8Rbfc=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFNpTJdNIOnZmEmYkQQsEvcKtf4Erc+i1+gP9h0lawogcuHM65l3vv8SPOtEHowyqsrK6tbxQ3S1vbO7t75f2DOx3GilCXhDxUXR9rypmkrmGG026kKBY+px1/cpX7nXuqNAvlrUki6gk8kixgBJtc6ou4NChXkN1ANVR3ILKdpnPWvJiTWuMcVm00QwUs0B6UP/vDkMSCSkM41rpXRZHxUqwMI5xOS/1Y0wiTCR7RXkYlFlR76ezWKTzJlCEMQpWVNHCm/pxIsdA6EX7WKbAZ699eLv7l9WITNLyUySg2VJL5oiDm0IQwfxwOmaLE8CQjmCiW3QrJGCtMTBbP0paAJlJE0yyX7+fh/8St2U0b3dQrrctFQEVwBI7BKagCB7TANWgDFxAwBo/gCTxbD9aL9Wq9zVsL1mLmECzBev8CNdCWjw==</latexit>

e
<latexit sha1_base64="1z2tsA0a/dUjKnzKLikooSqbG6g=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkpNGOQLxK2SEilXMHErtcpF7WpBStVLXHTJHAW0RGOQ/+wNQxYHIA0TVOtukUSmn1JlOBMwzfViDRFlEzqCrqWSBqD76fzQKT6zyhD7obIlDZ6rPydSGmidBJ7tDKgZ69/eTPzL68bGr/ZTLqPYgGSLRX4ssAnx7Gs85AqYEYkllClub8VsTBVlxmazssWHRAbR1Oby/Tz+n7RKbs0lzXKhfr0MKItO0Ck6R0VUQXV0ixqohRgC9Iie0LMzdV6cV+dt0ZpxljPHaAXO+xdcZZWO</latexit><latexit sha1_base64="1z2tsA0a/dUjKnzKLikooSqbG6g=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkpNGOQLxK2SEilXMHErtcpF7WpBStVLXHTJHAW0RGOQ/+wNQxYHIA0TVOtukUSmn1JlOBMwzfViDRFlEzqCrqWSBqD76fzQKT6zyhD7obIlDZ6rPydSGmidBJ7tDKgZ69/eTPzL68bGr/ZTLqPYgGSLRX4ssAnx7Gs85AqYEYkllClub8VsTBVlxmazssWHRAbR1Oby/Tz+n7RKbs0lzXKhfr0MKItO0Ck6R0VUQXV0ixqohRgC9Iie0LMzdV6cV+dt0ZpxljPHaAXO+xdcZZWO</latexit><latexit sha1_base64="1z2tsA0a/dUjKnzKLikooSqbG6g=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkpNGOQLxK2SEilXMHErtcpF7WpBStVLXHTJHAW0RGOQ/+wNQxYHIA0TVOtukUSmn1JlOBMwzfViDRFlEzqCrqWSBqD76fzQKT6zyhD7obIlDZ6rPydSGmidBJ7tDKgZ69/eTPzL68bGr/ZTLqPYgGSLRX4ssAnx7Gs85AqYEYkllClub8VsTBVlxmazssWHRAbR1Oby/Tz+n7RKbs0lzXKhfr0MKItO0Ck6R0VUQXV0ixqohRgC9Iie0LMzdV6cV+dt0ZpxljPHaAXO+xdcZZWO</latexit>

⌧
<latexit sha1_base64="I0Y2Lmnvn2f/idlFlMvKhD6+8t4=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFNpTJdNIOnZmEmYkQQsEvcKtf4Erc+i1+gP9h0lawogcuHM65l3vv8SPOtEHowyqsrK6tbxQ3S1vbO7t75f2DOx3GilCXhDxUXR9rypmkrmGG026kKBY+px1/cpX7nXuqNAvlrUki6gk8kixgBJtc6hscD8oVZDdQDdUdiGyn6Zw1L+ak1jiHVRvNUAELtAflz/4wJLGg0hCOte5VUWS8FCvDCKfTUj/WNMJkgke0l1GJBdVeOrt1Ck8yZQiDUGUlDZypPydSLLROhJ91CmzG+reXi395vdgEDS9lMooNlWS+KIg5NCHMH4dDpigxPMkIJoplt0IyxgoTk8WztCWgiRTRNMvl+3n4P3FrdtNGN/VK63IRUBEcgWNwCqrAAS1wDdrABQSMwSN4As/Wg/VivVpv89aCtZg5BEuw3r8Ayt6W7Q==</latexit><latexit sha1_base64="I0Y2Lmnvn2f/idlFlMvKhD6+8t4=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFNpTJdNIOnZmEmYkQQsEvcKtf4Erc+i1+gP9h0lawogcuHM65l3vv8SPOtEHowyqsrK6tbxQ3S1vbO7t75f2DOx3GilCXhDxUXR9rypmkrmGG026kKBY+px1/cpX7nXuqNAvlrUki6gk8kixgBJtc6hscD8oVZDdQDdUdiGyn6Zw1L+ak1jiHVRvNUAELtAflz/4wJLGg0hCOte5VUWS8FCvDCKfTUj/WNMJkgke0l1GJBdVeOrt1Ck8yZQiDUGUlDZypPydSLLROhJ91CmzG+reXi395vdgEDS9lMooNlWS+KIg5NCHMH4dDpigxPMkIJoplt0IyxgoTk8WztCWgiRTRNMvl+3n4P3FrdtNGN/VK63IRUBEcgWNwCqrAAS1wDdrABQSMwSN4As/Wg/VivVpv89aCtZg5BEuw3r8Ayt6W7Q==</latexit><latexit sha1_base64="I0Y2Lmnvn2f/idlFlMvKhD6+8t4=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFNpTJdNIOnZmEmYkQQsEvcKtf4Erc+i1+gP9h0lawogcuHM65l3vv8SPOtEHowyqsrK6tbxQ3S1vbO7t75f2DOx3GilCXhDxUXR9rypmkrmGG026kKBY+px1/cpX7nXuqNAvlrUki6gk8kixgBJtc6hscD8oVZDdQDdUdiGyn6Zw1L+ak1jiHVRvNUAELtAflz/4wJLGg0hCOte5VUWS8FCvDCKfTUj/WNMJkgke0l1GJBdVeOrt1Ck8yZQiDUGUlDZypPydSLLROhJ91CmzG+reXi395vdgEDS9lMooNlWS+KIg5NCHMH4dDpigxPMkIJoplt0IyxgoTk8WztCWgiRTRNMvl+3n4P3FrdtNGN/VK63IRUBEcgWNwCqrAAS1wDdrABQSMwSN4As/Wg/VivVpv89aCtZg5BEuw3r8Ayt6W7Q==</latexit>

top
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Logarithmic
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⌫e
<latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c 92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c 92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c 92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit>

⌫µ
<latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit><latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit><latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit>⌫⌧

<latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit><latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit><latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit>

?

?
?

⌫
<latexit sha1_base64="aDveTqLg6Q7c2WukWYy6DNf4ATc=">AAAB/HicdVDLSsNAFL3xWeur6tLNYBFchbS0VHdFNy4rGltoQ5lMJ+3QySTMTIQQil/gVr/Albj1X/wA/8Npm4IVPXDhcM693HuPH3OmtON8Wiura+sbm4Wt4vbO7t5+6eDwXkWJJNQlEY9kx8eKciaoq5nmtBNLikOf07Y/vpr67QcqFYvEnU5j6oV4KFjACNZGuu2JpF8qO7bTaNSrdZST6oLUUMV2ZihDjla/9NUbRCQJqdCEY6W6FSfWXoalZoTTSbGXKBpjMsZD2jVU4JAqL5udOkGnRhmgIJKmhEYz9edEhkOl0tA3nSHWI/Xbm4p/ed1EB+dexkScaCrIfFGQcKQjNP0bDZikRPPUEEwkM7ciMsISE23SWdoS0FSE8cTksnge/U/cqn1hOze1cvMyD6gAx3ACZ1CBBjThGlrgAoEhPMEzvFiP1qv1Zr3PW1esfOYIlmB9fAPaZJZi</latexit><latexit sha1_base64="aDveTqLg6Q7c2WukWYy6DNf4ATc=">AAAB/HicdVDLSsNAFL3xWeur6tLNYBFchbS0VHdFNy4rGltoQ5lMJ+3QySTMTIQQil/gVr/Albj1X/wA/8Npm4IVPXDhcM693HuPH3OmtON8Wiura+sbm4Wt4vbO7t5+6eDwXkWJJNQlEY9kx8eKciaoq5nmtBNLikOf07Y/vpr67QcqFYvEnU5j6oV4KFjACNZGuu2JpF8qO7bTaNSrdZST6oLUUMV2ZihDjla/9NUbRCQJqdCEY6W6FSfWXoalZoTTSbGXKBpjMsZD2jVU4JAqL5udOkGnRhmgIJKmhEYz9edEhkOl0tA3nSHWI/Xbm4p/ed1EB+dexkScaCrIfFGQcKQjNP0bDZikRPPUEEwkM7ciMsISE23SWdoS0FSE8cTksnge/U/cqn1hOze1cvMyD6gAx3ACZ1CBBjThGlrgAoEhPMEzvFiP1qv1Zr3PW1esfOYIlmB9fAPaZJZi</latexit><latexit sha1_base64="aDveTqLg6Q7c2WukWYy6DNf4ATc=">AAAB/HicdVDLSsNAFL3xWeur6tLNYBFchbS0VHdFNy4rGltoQ5lMJ+3QySTMTIQQil/gVr/Albj1X/wA/8Npm4IVPXDhcM693HuPH3OmtON8Wiura+sbm4Wt4vbO7t5+6eDwXkWJJNQlEY9kx8eKciaoq5nmtBNLikOf07Y/vpr67QcqFYvEnU5j6oV4KFjACNZGuu2JpF8qO7bTaNSrdZST6oLUUMV2ZihDjla/9NUbRCQJqdCEY6W6FSfWXoalZoTTSbGXKBpjMsZD2jVU4JAqL5udOkGnRhmgIJKmhEYz9edEhkOl0tA3nSHWI/Xbm4p/ed1EB+dexkScaCrIfFGQcKQjNP0bDZikRPPUEEwkM7ciMsISE23SWdoS0FSE8cTksnge/U/cqn1hOze1cvMyD6gAx3ACZ1CBBjThGlrgAoEhPMEzvFiP1qv1Zr3PW1esfOYIlmB9fAPaZJZi</latexit>
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Neutrino Mass
Neutrino oscillations require that neutrinos have mass. 
But what are the masses, and why are they so small?
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<latexit sha1_base64="ZcTmkJOdZxM4sxN6EXeBxy8Rbfc=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFNpTJdNIOnZmEmYkQQsEvcKtf4Erc+i1+gP9h0lawogcuHM65l3vv8SPOtEHowyqsrK6tbxQ3S1vbO7t75f2DOx3GilCXhDxUXR9rypmkrmGG026kKBY+px1/cpX7nXuqNAvlrUki6gk8kixgBJtc6ou4NChXkN1ANVR3ILKdpnPWvJiTWuMcVm00QwUs0B6UP/vDkMSCSkM41rpXRZHxUqwMI5xOS/1Y0wiTCR7RXkYlFlR76ezWKTzJlCEMQpWVNHCm/pxIsdA6EX7WKbAZ699eLv7l9WITNLyUySg2VJL5oiDm0IQwfxwOmaLE8CQjmCiW3QrJGCtMTBbP0paAJlJE0yyX7+fh/8St2U0b3dQrrctFQEVwBI7BKagCB7TANWgDFxAwBo/gCTxbD9aL9Wq9zVsL1mLmECzBev8CNdCWjw==</latexit><latexit sha1_base64="ZcTmkJOdZxM4sxN6EXeBxy8Rbfc=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFNpTJdNIOnZmEmYkQQsEvcKtf4Erc+i1+gP9h0lawogcuHM65l3vv8SPOtEHowyqsrK6tbxQ3S1vbO7t75f2DOx3GilCXhDxUXR9rypmkrmGG026kKBY+px1/cpX7nXuqNAvlrUki6gk8kixgBJtc6ou4NChXkN1ANVR3ILKdpnPWvJiTWuMcVm00QwUs0B6UP/vDkMSCSkM41rpXRZHxUqwMI5xOS/1Y0wiTCR7RXkYlFlR76ezWKTzJlCEMQpWVNHCm/pxIsdA6EX7WKbAZ699eLv7l9WITNLyUySg2VJL5oiDm0IQwfxwOmaLE8CQjmCiW3QrJGCtMTBbP0paAJlJE0yyX7+fh/8St2U0b3dQrrctFQEVwBI7BKagCB7TANWgDFxAwBo/gCTxbD9aL9Wq9zVsL1mLmECzBev8CNdCWjw==</latexit><latexit sha1_base64="ZcTmkJOdZxM4sxN6EXeBxy8Rbfc=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFNpTJdNIOnZmEmYkQQsEvcKtf4Erc+i1+gP9h0lawogcuHM65l3vv8SPOtEHowyqsrK6tbxQ3S1vbO7t75f2DOx3GilCXhDxUXR9rypmkrmGG026kKBY+px1/cpX7nXuqNAvlrUki6gk8kixgBJtc6ou4NChXkN1ANVR3ILKdpnPWvJiTWuMcVm00QwUs0B6UP/vDkMSCSkM41rpXRZHxUqwMI5xOS/1Y0wiTCR7RXkYlFlR76ezWKTzJlCEMQpWVNHCm/pxIsdA6EX7WKbAZ699eLv7l9WITNLyUySg2VJL5oiDm0IQwfxwOmaLE8CQjmCiW3QrJGCtMTBbP0paAJlJE0yyX7+fh/8St2U0b3dQrrctFQEVwBI7BKagCB7TANWgDFxAwBo/gCTxbD9aL9Wq9zVsL1mLmECzBev8CNdCWjw==</latexit>

e
<latexit sha1_base64="1z2tsA0a/dUjKnzKLikooSqbG6g=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkpNGOQLxK2SEilXMHErtcpF7WpBStVLXHTJHAW0RGOQ/+wNQxYHIA0TVOtukUSmn1JlOBMwzfViDRFlEzqCrqWSBqD76fzQKT6zyhD7obIlDZ6rPydSGmidBJ7tDKgZ69/eTPzL68bGr/ZTLqPYgGSLRX4ssAnx7Gs85AqYEYkllClub8VsTBVlxmazssWHRAbR1Oby/Tz+n7RKbs0lzXKhfr0MKItO0Ck6R0VUQXV0ixqohRgC9Iie0LMzdV6cV+dt0ZpxljPHaAXO+xdcZZWO</latexit><latexit sha1_base64="1z2tsA0a/dUjKnzKLikooSqbG6g=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkpNGOQLxK2SEilXMHErtcpF7WpBStVLXHTJHAW0RGOQ/+wNQxYHIA0TVOtukUSmn1JlOBMwzfViDRFlEzqCrqWSBqD76fzQKT6zyhD7obIlDZ6rPydSGmidBJ7tDKgZ69/eTPzL68bGr/ZTLqPYgGSLRX4ssAnx7Gs85AqYEYkllClub8VsTBVlxmazssWHRAbR1Oby/Tz+n7RKbs0lzXKhfr0MKItO0Ck6R0VUQXV0ixqohRgC9Iie0LMzdV6cV+dt0ZpxljPHaAXO+xdcZZWO</latexit><latexit sha1_base64="1z2tsA0a/dUjKnzKLikooSqbG6g=">AAAB+nicdVDLTgJBEJzFF+IL9ehlIjHxtBkQBW5ELx4hESEBQmaHXpgwO7uZmTXZbPgCr/oFnoxXf8YP8D8cHiZitJJOKlXd6e7yIsG1IeTDyaytb2xuZbdzO7t7+wf5w6N7HcaKQYuFIlQdj2oQXELLcCOgEymggSeg7U1uZn77AZTmobwzSQT9gI4k9zmjxkpNGOQLxK2SEilXMHErtcpF7WpBStVLXHTJHAW0RGOQ/+wNQxYHIA0TVOtukUSmn1JlOBMwzfViDRFlEzqCrqWSBqD76fzQKT6zyhD7obIlDZ6rPydSGmidBJ7tDKgZ69/eTPzL68bGr/ZTLqPYgGSLRX4ssAnx7Gs85AqYEYkllClub8VsTBVlxmazssWHRAbR1Oby/Tz+n7RKbs0lzXKhfr0MKItO0Ck6R0VUQXV0ixqohRgC9Iie0LMzdV6cV+dt0ZpxljPHaAXO+xdcZZWO</latexit>

⌧
<latexit sha1_base64="I0Y2Lmnvn2f/idlFlMvKhD6+8t4=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFNpTJdNIOnZmEmYkQQsEvcKtf4Erc+i1+gP9h0lawogcuHM65l3vv8SPOtEHowyqsrK6tbxQ3S1vbO7t75f2DOx3GilCXhDxUXR9rypmkrmGG026kKBY+px1/cpX7nXuqNAvlrUki6gk8kixgBJtc6hscD8oVZDdQDdUdiGyn6Zw1L+ak1jiHVRvNUAELtAflz/4wJLGg0hCOte5VUWS8FCvDCKfTUj/WNMJkgke0l1GJBdVeOrt1Ck8yZQiDUGUlDZypPydSLLROhJ91CmzG+reXi395vdgEDS9lMooNlWS+KIg5NCHMH4dDpigxPMkIJoplt0IyxgoTk8WztCWgiRTRNMvl+3n4P3FrdtNGN/VK63IRUBEcgWNwCqrAAS1wDdrABQSMwSN4As/Wg/VivVpv89aCtZg5BEuw3r8Ayt6W7Q==</latexit><latexit sha1_base64="I0Y2Lmnvn2f/idlFlMvKhD6+8t4=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFNpTJdNIOnZmEmYkQQsEvcKtf4Erc+i1+gP9h0lawogcuHM65l3vv8SPOtEHowyqsrK6tbxQ3S1vbO7t75f2DOx3GilCXhDxUXR9rypmkrmGG026kKBY+px1/cpX7nXuqNAvlrUki6gk8kixgBJtc6hscD8oVZDdQDdUdiGyn6Zw1L+ak1jiHVRvNUAELtAflz/4wJLGg0hCOte5VUWS8FCvDCKfTUj/WNMJkgke0l1GJBdVeOrt1Ck8yZQiDUGUlDZypPydSLLROhJ91CmzG+reXi395vdgEDS9lMooNlWS+KIg5NCHMH4dDpigxPMkIJoplt0IyxgoTk8WztCWgiRTRNMvl+3n4P3FrdtNGN/VK63IRUBEcgWNwCqrAAS1wDdrABQSMwSN4As/Wg/VivVpv89aCtZg5BEuw3r8Ayt6W7Q==</latexit><latexit sha1_base64="I0Y2Lmnvn2f/idlFlMvKhD6+8t4=">AAAB/XicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFNpTJdNIOnZmEmYkQQsEvcKtf4Erc+i1+gP9h0lawogcuHM65l3vv8SPOtEHowyqsrK6tbxQ3S1vbO7t75f2DOx3GilCXhDxUXR9rypmkrmGG026kKBY+px1/cpX7nXuqNAvlrUki6gk8kixgBJtc6hscD8oVZDdQDdUdiGyn6Zw1L+ak1jiHVRvNUAELtAflz/4wJLGg0hCOte5VUWS8FCvDCKfTUj/WNMJkgke0l1GJBdVeOrt1Ck8yZQiDUGUlDZypPydSLLROhJ91CmzG+reXi395vdgEDS9lMooNlWS+KIg5NCHMH4dDpigxPMkIJoplt0IyxgoTk8WztCWgiRTRNMvl+3n4P3FrdtNGN/VK63IRUBEcgWNwCqrAAS1wDdrABQSMwSN4As/Wg/VivVpv89aCtZg5BEuw3r8Ayt6W7Q==</latexit>
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<latexit sha1_base64="qiSnBxer+gKlSjEgglxiYYrQbIc=">AAACAXicdVDLTgIxFO34RHyhLt00EhPcTGYQEHZENy4xESEBQjrlDjS0nUnbMSGEnV/gVr/AlXHrl/gB/oflYSJGT9Pk5Jx7c+89QcyZNp734aysrq1vbKa20ts7u3v7mYPDOx0likKdRjxSzYBo4ExC3TDDoRkrICLg0AiGV1O/cQ9Ks0jemlEMHUH6koWMEmOlpsi1ZdKFs24m67mVcrHolbDn5islv1ScksK5fdh3vRmyaIFaN/PZ7kU0ESAN5UTrlu/FpjMmyjDKYZJuJxpiQoekDy1LJRGgO+PZvhN8apUeDiNlvzR4pv7sGBOh9UgEtlIQM9C/van4l9dKTFjujJmMEwOSzgeFCccmwtPjcY8poIaPLCFUMbsrpgOiCDU2oqUpIYykiCc2l+/j8f+knncrrndTyFYvFwGl0DE6QTnkowtURdeohuqIIo4e0RN6dh6cF+fVeZuXrjiLniO0BOf9Cw0umB4=</latexit><latexit sha1_base64="qiSnBxer+gKlSjEgglxiYYrQbIc=">AAACAXicdVDLTgIxFO34RHyhLt00EhPcTGYQEHZENy4xESEBQjrlDjS0nUnbMSGEnV/gVr/AlXHrl/gB/oflYSJGT9Pk5Jx7c+89QcyZNp734aysrq1vbKa20ts7u3v7mYPDOx0likKdRjxSzYBo4ExC3TDDoRkrICLg0AiGV1O/cQ9Ks0jemlEMHUH6koWMEmOlpsi1ZdKFs24m67mVcrHolbDn5islv1ScksK5fdh3vRmyaIFaN/PZ7kU0ESAN5UTrlu/FpjMmyjDKYZJuJxpiQoekDy1LJRGgO+PZvhN8apUeDiNlvzR4pv7sGBOh9UgEtlIQM9C/van4l9dKTFjujJmMEwOSzgeFCccmwtPjcY8poIaPLCFUMbsrpgOiCDU2oqUpIYykiCc2l+/j8f+knncrrndTyFYvFwGl0DE6QTnkowtURdeohuqIIo4e0RN6dh6cF+fVeZuXrjiLniO0BOf9Cw0umB4=</latexit><latexit sha1_base64="qiSnBxer+gKlSjEgglxiYYrQbIc=">AAACAXicdVDLTgIxFO34RHyhLt00EhPcTGYQEHZENy4xESEBQjrlDjS0nUnbMSGEnV/gVr/AlXHrl/gB/oflYSJGT9Pk5Jx7c+89QcyZNp734aysrq1vbKa20ts7u3v7mYPDOx0likKdRjxSzYBo4ExC3TDDoRkrICLg0AiGV1O/cQ9Ks0jemlEMHUH6koWMEmOlpsi1ZdKFs24m67mVcrHolbDn5islv1ScksK5fdh3vRmyaIFaN/PZ7kU0ESAN5UTrlu/FpjMmyjDKYZJuJxpiQoekDy1LJRGgO+PZvhN8apUeDiNlvzR4pv7sGBOh9UgEtlIQM9C/van4l9dKTFjujJmMEwOSzgeFCccmwtPjcY8poIaPLCFUMbsrpgOiCDU2oqUpIYykiCc2l+/j8f+knncrrndTyFYvFwGl0DE6QTnkowtURdeohuqIIo4e0RN6dh6cF+fVeZuXrjiLniO0BOf9Cw0umB4=</latexit>

Cosmology
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<latexit sha1_base64="Owa6xDQfNhfxI0xq/xntqKWg9Ow=">AAACAXicdVDLSgMxFM3UV62vqks3wSK4GjId6WNXdOOygmML7VAyaaYNTTJDkhFK6c4vcKtf4Erc+iV+gP9h+hCs6IELh3Pu5d57opQzbRD6cHJr6xubW/ntws7u3v5B8fDoTieZIjQgCU9UO8KaciZpYJjhtJ0qikXEaSsaXc381j1VmiXy1oxTGgo8kCxmBBsrtbs6E1D0WK9YQm69UvZ8BJFbqaGy71uC/ItK1Yeei+YogSWaveJnt5+QTFBpCMdadzyUmnCClWGE02mhm2maYjLCA9qxVGJBdTiZ3zuFZ1bpwzhRtqSBc/XnxAQLrccisp0Cm6H+7c3Ev7xOZuJaOGEyzQyVZLEozjg0CZw9D/tMUWL42BJMFLO3QjLEChNjI1rZEtOxFOnU5vL9PPyfBGW37qIbr9S4XAaUByfgFJwDD1RBA1yDJggAARw8gifw7Dw4L86r87ZozTnLmWOwAuf9C2HEmFA=</latexit><latexit sha1_base64="Owa6xDQfNhfxI0xq/xntqKWg9Ow=">AAACAXicdVDLSgMxFM3UV62vqks3wSK4GjId6WNXdOOygmML7VAyaaYNTTJDkhFK6c4vcKtf4Erc+iV+gP9h+hCs6IELh3Pu5d57opQzbRD6cHJr6xubW/ntws7u3v5B8fDoTieZIjQgCU9UO8KaciZpYJjhtJ0qikXEaSsaXc381j1VmiXy1oxTGgo8kCxmBBsrtbs6E1D0WK9YQm69UvZ8BJFbqaGy71uC/ItK1Yeei+YogSWaveJnt5+QTFBpCMdadzyUmnCClWGE02mhm2maYjLCA9qxVGJBdTiZ3zuFZ1bpwzhRtqSBc/XnxAQLrccisp0Cm6H+7c3Ev7xOZuJaOGEyzQyVZLEozjg0CZw9D/tMUWL42BJMFLO3QjLEChNjI1rZEtOxFOnU5vL9PPyfBGW37qIbr9S4XAaUByfgFJwDD1RBA1yDJggAARw8gifw7Dw4L86r87ZozTnLmWOwAuf9C2HEmFA=</latexit><latexit sha1_base64="Owa6xDQfNhfxI0xq/xntqKWg9Ow=">AAACAXicdVDLSgMxFM3UV62vqks3wSK4GjId6WNXdOOygmML7VAyaaYNTTJDkhFK6c4vcKtf4Erc+iV+gP9h+hCs6IELh3Pu5d57opQzbRD6cHJr6xubW/ntws7u3v5B8fDoTieZIjQgCU9UO8KaciZpYJjhtJ0qikXEaSsaXc381j1VmiXy1oxTGgo8kCxmBBsrtbs6E1D0WK9YQm69UvZ8BJFbqaGy71uC/ItK1Yeei+YogSWaveJnt5+QTFBpCMdadzyUmnCClWGE02mhm2maYjLCA9qxVGJBdTiZ3zuFZ1bpwzhRtqSBc/XnxAQLrccisp0Cm6H+7c3Ev7xOZuJaOGEyzQyVZLEozjg0CZw9D/tMUWL42BJMFLO3QjLEChNjI1rZEtOxFOnU5vL9PPyfBGW37qIbr9S4XAaUByfgFJwDD1RBA1yDJggAARw8gifw7Dw4L86r87ZozTnLmWOwAuf9C2HEmFA=</latexit>

Neutrinoless 
Double Beta Decay*

P
U2
eimi

<latexit sha1_base64="68YWVdvSD77UeNJQQunN2TH3PLs=">AAACDHicdVBLSgNBEO3x/zfRpZvGILgaOjEf3QXduFRwVEji0NOpSRq7e4buHiUMOYMncKsncCVuvYMH8B52YgQVfVDweK+KqnpRKrixhLx5U9Mzs3PzC4tLyyura+uF4sa5STLNIGCJSPRlRA0IriCw3Aq4TDVQGQm4iK6PRv7FDWjDE3VmByl0JO0pHnNGrZPCQrFtMomDMAc+vKpgGfKwUCI+aTTqexVM/Dqp1mrEkVp1r1Gp47JPxiihCU7Cwnu7m7BMgrJMUGNaZZLaTk615UzAcKmdGUgpu6Y9aDmqqATTycenD/GOU7o4TrQrZfFY/T6RU2nMQEauU1LbN7+9kfiX18psvN/JuUozC4p9LoozgW2CRzngLtfArBg4Qpnm7lbM+lRTZl1aP7bEMFAyHbpcvp7H/5Og4h/45LRcah5OAlpAW2gb7aIyaqAmOkYnKEAM3aJ79IAevTvvyXv2Xj5bp7zJzCb6Ae/1A19ZnAs=</latexit><latexit sha1_base64="68YWVdvSD77UeNJQQunN2TH3PLs=">AAACDHicdVBLSgNBEO3x/zfRpZvGILgaOjEf3QXduFRwVEji0NOpSRq7e4buHiUMOYMncKsncCVuvYMH8B52YgQVfVDweK+KqnpRKrixhLx5U9Mzs3PzC4tLyyura+uF4sa5STLNIGCJSPRlRA0IriCw3Aq4TDVQGQm4iK6PRv7FDWjDE3VmByl0JO0pHnNGrZPCQrFtMomDMAc+vKpgGfKwUCI+aTTqexVM/Dqp1mrEkVp1r1Gp47JPxiihCU7Cwnu7m7BMgrJMUGNaZZLaTk615UzAcKmdGUgpu6Y9aDmqqATTycenD/GOU7o4TrQrZfFY/T6RU2nMQEauU1LbN7+9kfiX18psvN/JuUozC4p9LoozgW2CRzngLtfArBg4Qpnm7lbM+lRTZl1aP7bEMFAyHbpcvp7H/5Og4h/45LRcah5OAlpAW2gb7aIyaqAmOkYnKEAM3aJ79IAevTvvyXv2Xj5bp7zJzCb6Ae/1A19ZnAs=</latexit><latexit sha1_base64="68YWVdvSD77UeNJQQunN2TH3PLs=">AAACDHicdVBLSgNBEO3x/zfRpZvGILgaOjEf3QXduFRwVEji0NOpSRq7e4buHiUMOYMncKsncCVuvYMH8B52YgQVfVDweK+KqnpRKrixhLx5U9Mzs3PzC4tLyyura+uF4sa5STLNIGCJSPRlRA0IriCw3Aq4TDVQGQm4iK6PRv7FDWjDE3VmByl0JO0pHnNGrZPCQrFtMomDMAc+vKpgGfKwUCI+aTTqexVM/Dqp1mrEkVp1r1Gp47JPxiihCU7Cwnu7m7BMgrJMUGNaZZLaTk615UzAcKmdGUgpu6Y9aDmqqATTycenD/GOU7o4TrQrZfFY/T6RU2nMQEauU1LbN7+9kfiX18psvN/JuUozC4p9LoozgW2CRzngLtfArBg4Qpnm7lbM+lRTZl1aP7bEMFAyHbpcvp7H/5Og4h/45LRcah5OAlpAW2gb7aIyaqAmOkYnKEAM3aJ79IAevTvvyXv2Xj5bp7zJzCb6Ae/1A19ZnAs=</latexit>

⌫e
<latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c 92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c 92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit><latexit sha1_base64="74Tg5lyD92VCKex9GPwGh5aPrZs=">AAAB/nicdVDLSgNBEJyNrxhfUY9eBoPgaZnE6Ca3oBePEVwTSEKYnfQmQ2Znl5lZIYQc/AKv+gWexKu/4gf4H04eghEtaCiquunuChLBtSHkw8msrK6tb2Q3c1vbO7t7+f2DOx2nioHPYhGrZkA1CC7BN9wIaCYKaBQIaATDq6nfuAeleSxvzSiBTkT7koecUWMlvy3TLnTzBeJWSImUPUxcr+qdVS/mpFQ5x0WXzFBAC9S7+c 92L2ZpBNIwQbVuFUliOmOqDGcCJrl2qiGhbEj70LJU0gh0Zzw7doJPrNLDYaxsSYNn6s+JMY20HkWB7YyoGejf3lT8y2ulJqx0xlwmqQHJ5ovCVGAT4+nnuMcVMCNGllCmuL0VswFVlBmbz9KWEEYySiY2l+/n8f/EL7lVl9yUC7XLRUBZdISO0SkqIg/V0DWqIx8xxNEjekLPzoPz4rw6b/PWjLOYOURLcN6/AIUNl1Q=</latexit>

⌫µ
<latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit><latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit><latexit sha1_base64="vX6/ZGYAIwkZUpuHWfy9j6E543U=">AAACAHicdVDLSgMxFM3UV62vqks3wSK4GtJabbsrunFZwdpCO5RMmmlDk8yQh1CGrvwCt/oFrsStf+IH+B+mD8GKHrhwOOde7r0nTDjTBqEPL7Oyura+kd3MbW3v7O7l9w/udGwVoU0S81i1Q6wpZ5I2DTOcthNFsQg5bYWjq6nfuqdKs1jemnFCA4EHkkWMYOOkVlfaXlfYXr6A/CoqoXIFIr9Sq5zVLuakVD2HRR/NUAALNHr5z24/JlZQaQjHWneKKDFBipVhhNNJrms1TTAZ4QHtOCqxoDpIZ+dO4IlT+jCKlStp4Ez9OZFiofVYhK5TYDPUv72p+JfXsSaqBimTiTVUkvmiyHJoYjj9HfaZosTwsSOYKOZuhWSIFSbGJbS0JaJjKZKJy+X7efg/aZb8mo9uyoX65SKgLDgCx+AUFEEF1ME1aIAmIGAEHsETePYevBfv1Xubt2a8xcwhWIL3/gUrsJhB</latexit>⌫⌧

<latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit><latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit><latexit sha1_base64="xFvTrr1f37Skin306xyDzylQN6U=">AAACAXicdVDLSsNAFJ3UV62vqks3g0VwFaa1mnZXdOOygrGFJpTJdNIOnUzCzEQIoTu/wK1+gStx65f4Af6H04dgRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHdypOJaEuiXksuwFWlDNBXc00p91EUhwFnHaC8dXU79xTqVgsbnWWUD/CQ8FCRrA2UtcTad/TOO2XK8huoBqqOxDZTtM5a17MSa1xDqs2mqECFmj3y5/eICZpRIUmHCvVq6JE+zmWmhFOJyUvVTTBZIyHtGeowBFVfj67dwJPjDKAYSxNCQ1n6s+JHEdKZVFgOiOsR+q3NxX/8nqpDht+zkSSairIfFGYcqhjOH0eDpikRPPMEEwkM7dCMsISE20iWtoS0kxEycTk8v08/J+4Nbtpo5t6pXW5CKgIjsAxOAVV4IAWuAZt4AICOHgET+DZerBerFfrbd5asBYzh2AJ1vsX+HiYsw==</latexit>

?

?
?

⌫
<latexit sha1_base64="aDveTqLg6Q7c2WukWYy6DNf4ATc=">AAAB/HicdVDLSsNAFL3xWeur6tLNYBFchbS0VHdFNy4rGltoQ5lMJ+3QySTMTIQQil/gVr/Albj1X/wA/8Npm4IVPXDhcM693HuPH3OmtON8Wiura+sbm4Wt4vbO7t5+6eDwXkWJJNQlEY9kx8eKciaoq5nmtBNLikOf07Y/vpr67QcqFYvEnU5j6oV4KFjACNZGuu2JpF8qO7bTaNSrdZST6oLUUMV2ZihDjla/9NUbRCQJqdCEY6W6FSfWXoalZoTTSbGXKBpjMsZD2jVU4JAqL5udOkGnRhmgIJKmhEYz9edEhkOl0tA3nSHWI/Xbm4p/ed1EB+dexkScaCrIfFGQcKQjNP0bDZikRPPUEEwkM7ciMsISE23SWdoS0FSE8cTksnge/U/cqn1hOze1cvMyD6gAx3ACZ1CBBjThGlrgAoEhPMEzvFiP1qv1Zr3PW1esfOYIlmB9fAPaZJZi</latexit><latexit sha1_base64="aDveTqLg6Q7c2WukWYy6DNf4ATc=">AAAB/HicdVDLSsNAFL3xWeur6tLNYBFchbS0VHdFNy4rGltoQ5lMJ+3QySTMTIQQil/gVr/Albj1X/wA/8Npm4IVPXDhcM693HuPH3OmtON8Wiura+sbm4Wt4vbO7t5+6eDwXkWJJNQlEY9kx8eKciaoq5nmtBNLikOf07Y/vpr67QcqFYvEnU5j6oV4KFjACNZGuu2JpF8qO7bTaNSrdZST6oLUUMV2ZihDjla/9NUbRCQJqdCEY6W6FSfWXoalZoTTSbGXKBpjMsZD2jVU4JAqL5udOkGnRhmgIJKmhEYz9edEhkOl0tA3nSHWI/Xbm4p/ed1EB+dexkScaCrIfFGQcKQjNP0bDZikRPPUEEwkM7ciMsISE23SWdoS0FSE8cTksnge/U/cqn1hOze1cvMyD6gAx3ACZ1CBBjThGlrgAoEhPMEzvFiP1qv1Zr3PW1esfOYIlmB9fAPaZJZi</latexit><latexit sha1_base64="aDveTqLg6Q7c2WukWYy6DNf4ATc=">AAAB/HicdVDLSsNAFL3xWeur6tLNYBFchbS0VHdFNy4rGltoQ5lMJ+3QySTMTIQQil/gVr/Albj1X/wA/8Npm4IVPXDhcM693HuPH3OmtON8Wiura+sbm4Wt4vbO7t5+6eDwXkWJJNQlEY9kx8eKciaoq5nmtBNLikOf07Y/vpr67QcqFYvEnU5j6oV4KFjACNZGuu2JpF8qO7bTaNSrdZST6oLUUMV2ZihDjla/9NUbRCQJqdCEY6W6FSfWXoalZoTTSbGXKBpjMsZD2jVU4JAqL5udOkGnRhmgIJKmhEYz9edEhkOl0tA3nSHWI/Xbm4p/ed1EB+dexkScaCrIfFGQcKQjNP0bDZikRPPUEEwkM7ciMsISE23SWdoS0FSE8cTksnge/U/cqn1hOze1cvMyD6gAx3ACZ1CBBjThGlrgAoEhPMEzvFiP1qv1Zr3PW1esfOYIlmB9fAPaZJZi</latexit>



!16
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<latexit sha1_base64="aDveTqLg6Q7c2WukWYy6DNf4ATc=">AAAB/HicdVDLSsNAFL3xWeur6tLNYBFchbS0VHdFNy4rGltoQ5lMJ+3QySTMTIQQil/gVr/Albj1X/wA/8Npm4IVPXDhcM693HuPH3OmtON8Wiura+sbm4Wt4vbO7t5+6eDwXkWJJNQlEY9kx8eKciaoq5nmtBNLikOf07Y/vpr67QcqFYvEnU5j6oV4KFjACNZGuu2JpF8qO7bTaNSrdZST6oLUUMV2ZihDjla/9NUbRCQJqdCEY6W6FSfWXoalZoTTSbGXKBpjMsZD2jVU4JAqL5udOkGnRhmgIJKmhEYz9edEhkOl0tA3nSHWI/Xbm4p/ed1EB+dexkScaCrIfFGQcKQjNP0bDZikRPPUEEwkM7ciMsISE23SWdoS0FSE8cTksnge/U/cqn1hOze1cvMyD6gAx3ACZ1CBBjThGlrgAoEhPMEzvFiP1qv1Zr3PW1esfOYIlmB9fAPaZJZi</latexit><latexit sha1_base64="aDveTqLg6Q7c2WukWYy6DNf4ATc=">AAAB/HicdVDLSsNAFL3xWeur6tLNYBFchbS0VHdFNy4rGltoQ5lMJ+3QySTMTIQQil/gVr/Albj1X/wA/8Npm4IVPXDhcM693HuPH3OmtON8Wiura+sbm4Wt4vbO7t5+6eDwXkWJJNQlEY9kx8eKciaoq5nmtBNLikOf07Y/vpr67QcqFYvEnU5j6oV4KFjACNZGuu2JpF8qO7bTaNSrdZST6oLUUMV2ZihDjla/9NUbRCQJqdCEY6W6FSfWXoalZoTTSbGXKBpjMsZD2jVU4JAqL5udOkGnRhmgIJKmhEYz9edEhkOl0tA3nSHWI/Xbm4p/ed1EB+dexkScaCrIfFGQcKQjNP0bDZikRPPUEEwkM7ciMsISE23SWdoS0FSE8cTksnge/U/cqn1hOze1cvMyD6gAx3ACZ1CBBjThGlrgAoEhPMEzvFiP1qv1Zr3PW1esfOYIlmB9fAPaZJZi</latexit><latexit sha1_base64="aDveTqLg6Q7c2WukWYy6DNf4ATc=">AAAB/HicdVDLSsNAFL3xWeur6tLNYBFchbS0VHdFNy4rGltoQ5lMJ+3QySTMTIQQil/gVr/Albj1X/wA/8Npm4IVPXDhcM693HuPH3OmtON8Wiura+sbm4Wt4vbO7t5+6eDwXkWJJNQlEY9kx8eKciaoq5nmtBNLikOf07Y/vpr67QcqFYvEnU5j6oV4KFjACNZGuu2JpF8qO7bTaNSrdZST6oLUUMV2ZihDjla/9NUbRCQJqdCEY6W6FSfWXoalZoTTSbGXKBpjMsZD2jVU4JAqL5udOkGnRhmgIJKmhEYz9edEhkOl0tA3nSHWI/Xbm4p/ed1EB+dexkScaCrIfFGQcKQjNP0bDZikRPPUEEwkM7ciMsISE23SWdoS0FSE8cTksnge/U/cqn1hOze1cvMyD6gAx3ACZ1CBBjThGlrgAoEhPMEzvFiP1qv1Zr3PW1esfOYIlmB9fAPaZJZi</latexit>
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<latexit sha1_base64="aDveTqLg6Q7c2WukWYy6DNf4ATc=">AAAB/HicdVDLSsNAFL3xWeur6tLNYBFchbS0VHdFNy4rGltoQ5lMJ+3QySTMTIQQil/gVr/Albj1X/wA/8Npm4IVPXDhcM693HuPH3OmtON8Wiura+sbm4Wt4vbO7t5+6eDwXkWJJNQlEY9kx8eKciaoq5nmtBNLikOf07Y/vpr67QcqFYvEnU5j6oV4KFjACNZGuu2JpF8qO7bTaNSrdZST6oLUUMV2ZihDjla/9NUbRCQJqdCEY6W6FSfWXoalZoTTSbGXKBpjMsZD2jVU4JAqL5udOkGnRhmgIJKmhEYz9edEhkOl0tA3nSHWI/Xbm4p/ed1EB+dexkScaCrIfFGQcKQjNP0bDZikRPPUEEwkM7ciMsISE23SWdoS0FSE8cTksnge/U/cqn1hOze1cvMyD6gAx3ACZ1CBBjThGlrgAoEhPMEzvFiP1qv1Zr3PW1esfOYIlmB9fAPaZJZi</latexit><latexit sha1_base64="aDveTqLg6Q7c2WukWYy6DNf4ATc=">AAAB/HicdVDLSsNAFL3xWeur6tLNYBFchbS0VHdFNy4rGltoQ5lMJ+3QySTMTIQQil/gVr/Albj1X/wA/8Npm4IVPXDhcM693HuPH3OmtON8Wiura+sbm4Wt4vbO7t5+6eDwXkWJJNQlEY9kx8eKciaoq5nmtBNLikOf07Y/vpr67QcqFYvEnU5j6oV4KFjACNZGuu2JpF8qO7bTaNSrdZST6oLUUMV2ZihDjla/9NUbRCQJqdCEY6W6FSfWXoalZoTTSbGXKBpjMsZD2jVU4JAqL5udOkGnRhmgIJKmhEYz9edEhkOl0tA3nSHWI/Xbm4p/ed1EB+dexkScaCrIfFGQcKQjNP0bDZikRPPUEEwkM7ciMsISE23SWdoS0FSE8cTksnge/U/cqn1hOze1cvMyD6gAx3ACZ1CBBjThGlrgAoEhPMEzvFiP1qv1Zr3PW1esfOYIlmB9fAPaZJZi</latexit><latexit sha1_base64="aDveTqLg6Q7c2WukWYy6DNf4ATc=">AAAB/HicdVDLSsNAFL3xWeur6tLNYBFchbS0VHdFNy4rGltoQ5lMJ+3QySTMTIQQil/gVr/Albj1X/wA/8Npm4IVPXDhcM693HuPH3OmtON8Wiura+sbm4Wt4vbO7t5+6eDwXkWJJNQlEY9kx8eKciaoq5nmtBNLikOf07Y/vpr67QcqFYvEnU5j6oV4KFjACNZGuu2JpF8qO7bTaNSrdZST6oLUUMV2ZihDjla/9NUbRCQJqdCEY6W6FSfWXoalZoTTSbGXKBpjMsZD2jVU4JAqL5udOkGnRhmgIJKmhEYz9edEhkOl0tA3nSHWI/Xbm4p/ed1EB+dexkScaCrIfFGQcKQjNP0bDZikRPPUEEwkM7ciMsISE23SWdoS0FSE8cTksnge/U/cqn1hOze1cvMyD6gAx3ACZ1CBBjThGlrgAoEhPMEzvFiP1qv1Zr3PW1esfOYIlmB9fAPaZJZi</latexit>



Image: Hubble Deep Field, NASA !18

CP Violation
We don't know whether neutrinos and 

antineutrinos interact differently (CP Violation)

�CP
<latexit sha1_base64="DytxJbNLP0gPr4pmZP2WEqqA7E4=">AAACDXicdVDLSgMxFM3U97vq0k2wCK6GtPZhd6IblxWsFtpSMumdNjTJDElGLEP/wS9wq1/gStz6DX6A/2GmVlDRA4HDOfdyT04QC24sIW9ebm5+YXFpeWV1bX1jcyu/vXNlokQzaLJIRLoVUAOCK2habgW0Yg1UBgKug9FZ5l/fgDY8Upd2HENX0oHiIWfUOqmX3+n0QVja60hqh1qmZ41JL18gfq1cLFWOMPFJpVKtZ6RMalWnFH0yRQHN0Ojl3zv9iCUSlGWCGtMukth2U6otZwImq53EQEzZiA6g7aiiEkw3nWaf4AOn9HEYafeUxVP1+0ZKpTFjGbjJLKL57WXiX147seFxN+UqTiwo9nkoTAS2Ec6KwH2ugVkxdoQyzV1WzIZUU2ZdXT+uhDBWMs56+fo8/p80S37dJxflwsnprKBltIf20SEqoho6QeeogZqIoVt0jx7Qo3fnPXnP3svnaM6b7eyiH/BePwAyL50g</latexit><latexit sha1_base64="DytxJbNLP0gPr4pmZP2WEqqA7E4=">AAACDXicdVDLSgMxFM3U97vq0k2wCK6GtPZhd6IblxWsFtpSMumdNjTJDElGLEP/wS9wq1/gStz6DX6A/2GmVlDRA4HDOfdyT04QC24sIW9ebm5+YXFpeWV1bX1jcyu/vXNlokQzaLJIRLoVUAOCK2habgW0Yg1UBgKug9FZ5l/fgDY8Upd2HENX0oHiIWfUOqmX3+n0QVja60hqh1qmZ41JL18gfq1cLFWOMPFJpVKtZ6RMalWnFH0yRQHN0Ojl3zv9iCUSlGWCGtMukth2U6otZwImq53EQEzZiA6g7aiiEkw3nWaf4AOn9HEYafeUxVP1+0ZKpTFjGbjJLKL57WXiX147seFxN+UqTiwo9nkoTAS2Ec6KwH2ugVkxdoQyzV1WzIZUU2ZdXT+uhDBWMs56+fo8/p80S37dJxflwsnprKBltIf20SEqoho6QeeogZqIoVt0jx7Qo3fnPXnP3svnaM6b7eyiH/BePwAyL50g</latexit><latexit sha1_base64="DytxJbNLP0gPr4pmZP2WEqqA7E4=">AAACDXicdVDLSgMxFM3U97vq0k2wCK6GtPZhd6IblxWsFtpSMumdNjTJDElGLEP/wS9wq1/gStz6DX6A/2GmVlDRA4HDOfdyT04QC24sIW9ebm5+YXFpeWV1bX1jcyu/vXNlokQzaLJIRLoVUAOCK2habgW0Yg1UBgKug9FZ5l/fgDY8Upd2HENX0oHiIWfUOqmX3+n0QVja60hqh1qmZ41JL18gfq1cLFWOMPFJpVKtZ6RMalWnFH0yRQHN0Ojl3zv9iCUSlGWCGtMukth2U6otZwImq53EQEzZiA6g7aiiEkw3nWaf4AOn9HEYafeUxVP1+0ZKpTFjGbjJLKL57WXiX147seFxN+UqTiwo9nkoTAS2Ec6KwH2ugVkxdoQyzV1WzIZUU2ZdXT+uhDBWMs56+fo8/p80S37dJxflwsnprKBltIf20SEqoho6QeeogZqIoVt0jx7Qo3fnPXnP3svnaM6b7eyiH/BePwAyL50g</latexit>

�
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<latexit sha1_base64="rR+jkG6mCzr8iJOI/Wj4YXx/Ks4="></latexit><latexit sha1_base64="rR+jkG6mCzr8iJOI/Wj4YXx/Ks4="></latexit><latexit sha1_base64="rR+jkG6mCzr8iJOI/Wj4YXx/Ks4="></latexit>

If so, decays of a new, heavy neutrino type 
in the early universe could help explain the 
matter/antimatter asymmetry we see 

today
NR

<latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit><latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit><latexit sha1_base64="QrJmVmkTJViffmnx7DCo4V+z2PU=">AAAB/HicdVDLTgIxFO3gC/GFunTTSExcTQoIwo7oxpXBB0IChHRKBxrazqTtmEwmxC9wq1/gyrj1X/wA/8PyMBGjJ7nJyTn35t57vJAzbRD6cFJLyyura+n1zMbm1vZOdnfvTgeRIrRBAh6oloc15UzShmGG01aoKBYep01vdD7xm/dUaRbIWxOHtCvwQDKfEWysdHPZu+5lc8itlqpFVIDILVdQuYQsQcUqqlRg3kVT5MAc9V72s9MPSCSoNIRjrdt5FJpugpVhhNNxphNpGmIywgPatlRiQXU3mZ46hkdW6UM/ULakgVP150SChdax8GynwGaof3sT8S+vHRm/0k2YDCNDJZkt8iMOTQAnf8M+U5QYHluCiWL2VkiGWGFibDoLW3waSxGObS7fz8P/SaPgVl10dZKrnc0DSoMDcAiOQR6cghq4AHXQAAQMwCN4As/Og/PivDpvs9aUM5/ZBwtw3r8Af2eWKQ==</latexit>

NL
<latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit><latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit><latexit sha1_base64="WKf9ypdZcHFpS9735Awtrr8u9N0=">AAAB/HicdVDLSgMxFM3UV62vqks3wSK4GtLW1nZXdONCpKK1hXYomTTThiaZIckIQyl+gVv9Alfi1n/xA/wP04dgRQ9cOJxzL/fe40ecaYPQh5NaWl5ZXUuvZzY2t7Z3srt7dzqMFaENEvJQtXysKWeSNgwznLYiRbHwOW36w/OJ37ynSrNQ3pokop7AfckCRrCx0s1V97KbzSG3WqoWUQEit1xB5RKyBBWrqFKBeRdNkQNz1LvZz04vJLGg0hCOtW7nUWS8EVaGEU7HmU6saYTJEPdp21KJBdXeaHrqGB5ZpQeDUNmSBk7VnxMjLLROhG87BTYD/dubiH957dgEFW/EZBQbKslsURBzaEI4+Rv2mKLE8MQSTBSzt0IywAoTY9NZ2BLQRIpobHP5fh7+TxoFt+qi65Nc7WweUBocgENwDPLgFNTABaiDBiCgDx7BE3h2HpwX59V5m7WmnPnMPliA8/4FdeOWIw==</latexit>

A major international effort to 
measure this effect, using 
neutrino beam from Fermilab 
to South Dakota (SURF)

Fermilab/DUNE

⌫
<latexit sha1_base64="aDveTqLg6Q7c2WukWYy6DNf4ATc=">AAAB/HicdVDLSsNAFL3xWeur6tLNYBFchbS0VHdFNy4rGltoQ5lMJ+3QySTMTIQQil/gVr/Albj1X/wA/8Npm4IVPXDhcM693HuPH3OmtON8Wiura+sbm4Wt4vbO7t5+6eDwXkWJJNQlEY9kx8eKciaoq5nmtBNLikOf07Y/vpr67QcqFYvEnU5j6oV4KFjACNZGuu2JpF8qO7bTaNSrdZST6oLUUMV2ZihDjla/9NUbRCQJqdCEY6W6FSfWXoalZoTTSbGXKBpjMsZD2jVU4JAqL5udOkGnRhmgIJKmhEYz9edEhkOl0tA3nSHWI/Xbm4p/ed1EB+dexkScaCrIfFGQcKQjNP0bDZikRPPUEEwkM7ciMsISE23SWdoS0FSE8cTksnge/U/cqn1hOze1cvMyD6gAx3ACZ1CBBjThGlrgAoEhPMEzvFiP1qv1Zr3PW1esfOYIlmB9fAPaZJZi</latexit><latexit sha1_base64="aDveTqLg6Q7c2WukWYy6DNf4ATc=">AAAB/HicdVDLSsNAFL3xWeur6tLNYBFchbS0VHdFNy4rGltoQ5lMJ+3QySTMTIQQil/gVr/Albj1X/wA/8Npm4IVPXDhcM693HuPH3OmtON8Wiura+sbm4Wt4vbO7t5+6eDwXkWJJNQlEY9kx8eKciaoq5nmtBNLikOf07Y/vpr67QcqFYvEnU5j6oV4KFjACNZGuu2JpF8qO7bTaNSrdZST6oLUUMV2ZihDjla/9NUbRCQJqdCEY6W6FSfWXoalZoTTSbGXKBpjMsZD2jVU4JAqL5udOkGnRhmgIJKmhEYz9edEhkOl0tA3nSHWI/Xbm4p/ed1EB+dexkScaCrIfFGQcKQjNP0bDZikRPPUEEwkM7ciMsISE23SWdoS0FSE8cTksnge/U/cqn1hOze1cvMyD6gAx3ACZ1CBBjThGlrgAoEhPMEzvFiP1qv1Zr3PW1esfOYIlmB9fAPaZJZi</latexit><latexit sha1_base64="aDveTqLg6Q7c2WukWYy6DNf4ATc=">AAAB/HicdVDLSsNAFL3xWeur6tLNYBFchbS0VHdFNy4rGltoQ5lMJ+3QySTMTIQQil/gVr/Albj1X/wA/8Npm4IVPXDhcM693HuPH3OmtON8Wiura+sbm4Wt4vbO7t5+6eDwXkWJJNQlEY9kx8eKciaoq5nmtBNLikOf07Y/vpr67QcqFYvEnU5j6oV4KFjACNZGuu2JpF8qO7bTaNSrdZST6oLUUMV2ZihDjla/9NUbRCQJqdCEY6W6FSfWXoalZoTTSbGXKBpjMsZD2jVU4JAqL5udOkGnRhmgIJKmhEYz9edEhkOl0tA3nSHWI/Xbm4p/ed1EB+dexkScaCrIfFGQcKQjNP0bDZikRPPUEEwkM7ciMsISE23SWdoS0FSE8cTksnge/U/cqn1hOze1cvMyD6gAx3ACZ1CBBjThGlrgAoEhPMEzvFiP1qv1Zr3PW1esfOYIlmB9fAPaZJZi</latexit>
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Neutrino Interactions

We can only measure the neutrino energy 
indirectly, based on what comes out

tim
e

wire

⌫µ
<latexit sha1_base64="0YKr9DgndayM/aIFVhCIix0TCSE=">AAACAHicjVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQXcLsZDYZMjO7zENYlpz8Aq/6BZ7Eq3/iB/gfTh4HIwoWNBRV3XR3xRln2vj+h1daWl5ZXSuvVzY2t7Z3qrt7dzq1itCApDxVnRhrypmkgWGG006mKBYxp+14dDXx2/dUaZbKW5NnNBJ4IFnCCDZOaofS9kJhe9Vao+5Pgf4mNZij1at+hv2UWEGlIRxr3W34mYkKrAwjnI4rodU0w2SEB7TrqMSC6qiYnjtGR07poyRVrqRBU/X7RIGF1rmIXafAZqh/ehPxN69rTXIeFUxm1lBJZosSy5FJ0eR31GeKEsNzRzBRzN2KyBArTIxLaGFLQnMpsvH/cglO6hd1/+a01rycB1SGAziEY2jAGTThGloQAIERPMITPHsP3ov36r3NWkvefGYfFuC9fwGZCJfg</latexit><latexit sha1_base64="0YKr9DgndayM/aIFVhCIix0TCSE=">AAACAHicjVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQXcLsZDYZMjO7zENYlpz8Aq/6BZ7Eq3/iB/gfTh4HIwoWNBRV3XR3xRln2vj+h1daWl5ZXSuvVzY2t7Z3qrt7dzq1itCApDxVnRhrypmkgWGG006mKBYxp+14dDXx2/dUaZbKW5NnNBJ4IFnCCDZOaofS9kJhe9Vao+5Pgf4mNZij1at+hv2UWEGlIRxr3W34mYkKrAwjnI4rodU0w2SEB7TrqMSC6qiYnjtGR07poyRVrqRBU/X7RIGF1rmIXafAZqh/ehPxN69rTXIeFUxm1lBJZosSy5FJ0eR31GeKEsNzRzBRzN2KyBArTIxLaGFLQnMpsvH/cglO6hd1/+a01rycB1SGAziEY2jAGTThGloQAIERPMITPHsP3ov36r3NWkvefGYfFuC9fwGZCJfg</latexit><latexit sha1_base64="0YKr9DgndayM/aIFVhCIix0TCSE=">AAACAHicjVDLSgNBEOyNrxhfUY9eBoPgKWxEUG9BLx4juCaQXcLsZDYZMjO7zENYlpz8Aq/6BZ7Eq3/iB/gfTh4HIwoWNBRV3XR3xRln2vj+h1daWl5ZXSuvVzY2t7Z3qrt7dzq1itCApDxVnRhrypmkgWGG006mKBYxp+14dDXx2/dUaZbKW5NnNBJ4IFnCCDZOaofS9kJhe9Vao+5Pgf4mNZij1at+hv2UWEGlIRxr3W34mYkKrAwjnI4rodU0w2SEB7TrqMSC6qiYnjtGR07poyRVrqRBU/X7RIGF1rmIXafAZqh/ehPxN69rTXIeFUxm1lBJZosSy5FJ0eR31GeKEsNzRzBRzN2KyBArTIxLaGFLQnMpsvH/cglO6hd1/+a01rycB1SGAziEY2jAGTThGloQAIERPMITPHsP3ov36r3NWkvefGYfFuC9fwGZCJfg</latexit>

Complicated 
nuclear physics 

makes this really 
hard!

To measure oscillations, you need 
to know the neutrino energyP (⌫↵ ! ⌫�) ⇠ sin2 2✓ sin2
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<latexit sha1_base64="B5T6Jp3ieeZjlMY8u+VTz0fjCjw="></latexit><latexit sha1_base64="B5T6Jp3ieeZjlMY8u+VTz0fjCjw="></latexit><latexit sha1_base64="B5T6Jp3ieeZjlMY8u+VTz0fjCjw="></latexit>

⌫
<latexit sha1_base64="aDveTqLg6Q7c2WukWYy6DNf4ATc=">AAAB/HicdVDLSsNAFL3xWeur6tLNYBFchbS0VHdFNy4rGltoQ5lMJ+3QySTMTIQQil/gVr/Albj1X/wA/8Npm4IVPXDhcM693HuPH3OmtON8Wiura+sbm4Wt4vbO7t5+6eDwXkWJJNQlEY9kx8eKciaoq5nmtBNLikOf07Y/vpr67QcqFYvEnU5j6oV4KFjACNZGuu2JpF8qO7bTaNSrdZST6oLUUMV2ZihDjla/9NUbRCQJqdCEY6W6FSfWXoalZoTTSbGXKBpjMsZD2jVU4JAqL5udOkGnRhmgIJKmhEYz9edEhkOl0tA3nSHWI/Xbm4p/ed1EB+dexkScaCrIfFGQcKQjNP0bDZikRPPUEEwkM7ciMsISE23SWdoS0FSE8cTksnge/U/cqn1hOze1cvMyD6gAx3ACZ1CBBjThGlrgAoEhPMEzvFiP1qv1Zr3PW1esfOYIlmB9fAPaZJZi</latexit><latexit sha1_base64="aDveTqLg6Q7c2WukWYy6DNf4ATc=">AAAB/HicdVDLSsNAFL3xWeur6tLNYBFchbS0VHdFNy4rGltoQ5lMJ+3QySTMTIQQil/gVr/Albj1X/wA/8Npm4IVPXDhcM693HuPH3OmtON8Wiura+sbm4Wt4vbO7t5+6eDwXkWJJNQlEY9kx8eKciaoq5nmtBNLikOf07Y/vpr67QcqFYvEnU5j6oV4KFjACNZGuu2JpF8qO7bTaNSrdZST6oLUUMV2ZihDjla/9NUbRCQJqdCEY6W6FSfWXoalZoTTSbGXKBpjMsZD2jVU4JAqL5udOkGnRhmgIJKmhEYz9edEhkOl0tA3nSHWI/Xbm4p/ed1EB+dexkScaCrIfFGQcKQjNP0bDZikRPPUEEwkM7ciMsISE23SWdoS0FSE8cTksnge/U/cqn1hOze1cvMyD6gAx3ACZ1CBBjThGlrgAoEhPMEzvFiP1qv1Zr3PW1esfOYIlmB9fAPaZJZi</latexit><latexit sha1_base64="aDveTqLg6Q7c2WukWYy6DNf4ATc=">AAAB/HicdVDLSsNAFL3xWeur6tLNYBFchbS0VHdFNy4rGltoQ5lMJ+3QySTMTIQQil/gVr/Albj1X/wA/8Npm4IVPXDhcM693HuPH3OmtON8Wiura+sbm4Wt4vbO7t5+6eDwXkWJJNQlEY9kx8eKciaoq5nmtBNLikOf07Y/vpr67QcqFYvEnU5j6oV4KFjACNZGuu2JpF8qO7bTaNSrdZST6oLUUMV2ZihDjla/9NUbRCQJqdCEY6W6FSfWXoalZoTTSbGXKBpjMsZD2jVU4JAqL5udOkGnRhmgIJKmhEYz9edEhkOl0tA3nSHWI/Xbm4p/ed1EB+dexkScaCrIfFGQcKQjNP0bDZikRPPUEEwkM7ciMsISE23SWdoS0FSE8cTksnge/U/cqn1hOze1cvMyD6gAx3ACZ1CBBjThGlrgAoEhPMEzvFiP1qv1Zr3PW1esfOYIlmB9fAPaZJZi</latexit>
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Figure 3.29: Neutrino mode muon neutrino fluxes for several beam designs, including the reference, the
enhanced reference, and the optimized beam described in section 3.7.2 (top). The total CC interaction
rate per year at 1300 km from the optimized focusing design with a 195≠m decay pipe, and the ratio
to the reference beam design (bottom). All beams use 80≠GeV protons.
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We typically can only produce 
neutrinos with a broad range of energies

We need a better understanding of neutrino interactions: theory & experiment
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Neutrino Interactions

MINERvA 
Fermilab, USA

T2K 
Japan

Image: T2K Collaboration

MicroBooNE 
Fermilab, USA

Image: MicroBooNE Collaboration

SBND 
Fermilab, USA

Image: SBND Collaboration

COHERENT 
Oak Ridge, USA

Image: Jean Lachat, UChicago

A worldwide effort 
aimed at better 

understanding neutrino 
interactions, required for 

higher-precision 
experiments!
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Big Open Questions
What is the mass of the neutrino, and why is it so small?

What is the ordering of the neutrino masses?

Is the neutrino its own antiparticle?

Could CP violation in neutrino interactions explain the 
matter/antimatter asymmetry?

Are there additional neutrinos beyond the known three types?

Additional interactions we could discover via neutrinos?
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Big Open Questions
What is the mass of the neutrino, and why is it so small?

What is the ordering of the neutrino masses?

Is the neutrino its own antiparticle?

Could CP violation in neutrino interactions explain the 
matter/antimatter asymmetry?

Are there additional neutrinos beyond the known three types?

Additional interactions we could discover via neutrinos?

⟶ Neutrinoless Double-Beta Decay, Tritium Beta Decay, Cosmology
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Big Open Questions
What is the mass of the neutrino, and why is it so small?

What is the ordering of the neutrino masses?

Is the neutrino its own antiparticle?

Could CP violation in neutrino interactions explain the 
matter/antimatter asymmetry?

Are there additional neutrinos beyond the known three types?

Additional interactions we could discover via neutrinos?

⟶ Neutrinoless Double-Beta Decay, Tritium Beta Decay, Cosmology

⟶ Accelerator-based oscillation experiments, DUNE
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Big Open Questions
What is the mass of the neutrino, and why is it so small?

What is the ordering of the neutrino masses?

Is the neutrino its own antiparticle?

Could CP violation in neutrino interactions explain the 
matter/antimatter asymmetry?

Are there additional neutrinos beyond the known three types?

Additional interactions we could discover via neutrinos?

⟶ Neutrinoless Double-Beta Decay, Tritium Beta Decay, Cosmology

⟶ Accelerator-based oscillation experiments, DUNE

⟶ Neutrinoless Double-Beta Decay
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Big Open Questions
What is the mass of the neutrino, and why is it so small?

What is the ordering of the neutrino masses?

Is the neutrino its own antiparticle?

Could CP violation in neutrino interactions explain the 
matter/antimatter asymmetry?

Are there additional neutrinos beyond the known three types?

Additional interactions we could discover via neutrinos?

⟶ Neutrinoless Double-Beta Decay, Tritium Beta Decay, Cosmology

⟶ Accelerator-based oscillation experiments, DUNE

⟶ Neutrinoless Double-Beta Decay

⟶ CP violation searches, DUNE and Hyper-Kamiokande
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Big Open Questions
What is the mass of the neutrino, and why is it so small?

What is the ordering of the neutrino masses?

Is the neutrino its own antiparticle?

Could CP violation in neutrino interactions explain the 
matter/antimatter asymmetry?

Are there additional neutrinos beyond the known three types?

Additional interactions we could discover via neutrinos?

⟶ Neutrinoless Double-Beta Decay, Tritium Beta Decay, Cosmology

⟶ Accelerator-based oscillation experiments, DUNE

⟶ Neutrinoless Double-Beta Decay

⟶ CP violation searches, DUNE and Hyper-Kamiokande

⟶ Sterile neutrino searches, including Fermilab Short-Baseline Program
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Big Open Questions
What is the mass of the neutrino, and why is it so small?

What is the ordering of the neutrino masses?

Is the neutrino its own antiparticle?

Could CP violation in neutrino interactions explain the 
matter/antimatter asymmetry?

Are there additional neutrinos beyond the known three types?

Additional interactions we could discover via neutrinos?

⟶ Neutrinoless Double-Beta Decay, Tritium Beta Decay, Cosmology

⟶ Accelerator-based oscillation experiments, DUNE

⟶ Neutrinoless Double-Beta Decay

⟶ CP violation searches, DUNE and Hyper-Kamiokande

⟶ Sterile neutrino searches, including Fermilab Short-Baseline Program

⟶ Solar neutrinos, long-baseline oscillations (e.g. DUNE)

�CP
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⌫
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Neutrinos as Tools
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<latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit><latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit><latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit>
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<latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit>

⌫̄e
<latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit><latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit><latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit>
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Upper figure based on http://svoboda.ucdavis.edu/experiments/watchman/
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<latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit>

⌫̄e
<latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit><latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit><latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit>
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<latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit>

⌫̄e
<latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit><latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit><latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit>

chemistry!

effectively 
stable

!23
Upper figure based on http://svoboda.ucdavis.edu/experiments/watchman/
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Plutonium-239 Production

238Un 239Pu

fissile

239U

beta 
decay

e�
<latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit>

⌫̄e
<latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit><latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit><latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit>

239Np

beta 
decay

e�
<latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit><latexit sha1_base64="NNI1PTXk5c75QoPu+JoU67utrhE=">AAAB/HicdVDLTgJBEJzFF+IL9ehlIjHx4mZAdOFG9OIRo4gJIJkdemHC7OxmZtaEEOIXeNUv8GS8+i9+gP/h8DARo5V0UqnqTneXHwuuDSEfTmphcWl5Jb2aWVvf2NzKbu/c6ChRDGosEpG69akGwSXUDDcCbmMFNPQF1P3++div34PSPJLXZhBDK6RdyQPOqLHSFdwdtbM54pZIgRQ9TFyv7B2XT6ekUDrBeZdMkEMzVNvZz2YnYkkI0jBBtW7kSWxaQ6oMZwJGmWaiIaasT7vQsFTSEHRrODl1hA+s0sFBpGxJgyfqz4khDbUehL7tDKnp6d/eWPzLayQmKLWGXMaJAcmmi4JEYBPh8d+4wxUwIwaWUKa4vRWzHlWUGZvO3JYABjKMRzaX7+fx/6RWcMsuuSzmKmezgNJoD+2jQ5RHHqqgC1RFNcRQFz2iJ/TsPDgvzqvzNm1NObOZXTQH5/0Lg/yWLQ==</latexit>

⌫̄e
<latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit><latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit><latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit>

chemistry!

effectively 
stable

!23You can't shield neutrinos!

⌫̄e
<latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit><latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit>

⌫̄e
<latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit><latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit>

⌫̄e
<latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit><latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit>

⌫̄e
<latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit><latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit>
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⌫̄e
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⌫̄e
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⌫̄e
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<latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit><latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit>

⌫̄e
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<latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit><latexit sha1_base64="V5Hw15x0ILjhy339Z427/5oLUwo=">AAACAnicdVDLTgIxFO34RHyhLt00EhNXk4IosCO6cYmJCAYI6ZQ70NB2Jm3HhBCWfoFb/QJXxq0/4gf4H5aHiRg9yU1Ozrk3994TxIIbS8iHt7S8srq2ntpIb25t7+xm9vZvTZRoBjUWiUg3AmpAcAU1y62ARqyBykBAPRhcTvz6PWjDI3VjhzG0Je0pHnJGrZPuWgHVLZV0oJPJEr9E8qRQxMQvloun5fMZyZfOcM4nU2TRHNVO5rPVjVgiQVkmqDHNHIlte0S15UzAON1KDMSUDWgPmo4qKsG0R9ODx/jYKV0cRtqVsniq/pwYUWnMUAauU1LbN7+9ifiX10xsWGqPuIoTC4rNFoWJwDbCk+9xl2tgVgwdoUxzdytmfaopsy6jhS0hDJWMxy6X7+fx/6SW98s+uS5kKxfzgFLoEB2hE5RDRVRBV6iKaoghiR7RE3r2HrwX79V7m7UuefOZA7QA7/0Ln0KZDQ==</latexit>

⌫̄e
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Upper figure based on http://svoboda.ucdavis.edu/experiments/watchman/
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!25Credit: ALMA (ESO/NAOJ/NRAO)/A. Angelich. Visible light image: the NASA/ESA Hubble Space Telescope. X-Ray image: The NASA Chandra X-Ray Observatory
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SN1987A
Large Magellanic Cloud 

(170,000 light years away)

February 23, 1987

Type II Supernova



!26

Relic Neutrinos
Can we detect neutrinos left 

over from the Big Bang?

Image: Elle Starkman, PPPL Office of Communications

PTOLEMY Prototype 
Princeton Plasma Physics Laboratory, USA

Beta Decay

Neutrino Capture

! + +

3H ! 3He + e� + ⌫̄e
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! ++
⌫e +

3H ! 3He + e�
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PTOLEMY aims to detect these low-
energy neutrinos when they interact and 

produce an electron



!27

Ultra-High Energy Sources

Image: IceCube/NSF/University of Wisconsin-Madison https://icecube.wisc.edu/science/icecube/detector
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Ultra-High Energy Sources

background including the baseline prompt atmospheric
neutrino flux [13] has a p value of 2:9! 10"3 (2:8!).
This value includes the uncertainties on the expected num-
ber of background events by marginalizing over a flat error
distribution. While the prompt component has large theo-
retical uncertainties, obtaining two or more events with a
probability of 10% would require a prompt flux that is
about 15 times higher than the central value of our
perturbative-QCD model. This contradicts our preliminary
upper limit on the prompt flux [15]. Using an extreme
prompt flux at the level of this upper limit, which covers
a potential unknown contribution from intrinsic charm
[17], yields a significance of 2:3!.

The two events are shown in Fig. 4. They are from the
IC86 sample, but would have also passed the selection
criteria of the IC79 sample. Their spherical photon distri-
butions are consistent with the pattern of Cherenkov
photons from particle cascades induced by neutrino inter-
actions within the IceCube detector. There are no indica-
tions for photons from incoming or outgoing muon or tau
tracks. Hence, these events are most likely induced by
either CC interactions of "e or NC interactions of "e, "#,
or "$. CC interactions of "$ induce tau leptons with mean
decay lengths of about 50 m at these energies [18]. The
primary neutrino interaction and the secondary tau decay
initiate separate cascades which, in a fraction of such
events, lead to an observable double-peak structure in the
recorded waveforms. The two events do not show a sig-
nificant indication of such a signature. Figure 5 shows the
final-selection NPE distributions for the experimental data,
signal models, and background simulations. The two
events are near the NPE threshold of the analysis and are
consistent with a previous upper limit by IceCube [9] on an
unbroken E"2 flux, while a flux corresponding to this upper
limit predicts about 10 events above the NPE cut. The
cosmogenic neutrino model [11] predicts an event rate of
about 2 events in the corresponding live time but at sig-
nificantly higher energies.

Maximum-likelihood methods are used to reconstruct
the two events. The likelihood is the product of the Poisson
probabilities to observe the recorded number of

photoelectrons in a given time interval and DOM for a
cascade hypothesis which depends on the interaction ver-
tex, deposited energy and direction. Here, the time of
the first hit mainly determines the vertex position and the
recorded NPE plays a dominant role in estimating the
deposited energy. The hit information used in the recon-
struction is extracted from an unfolding procedure of the
waveforms. The open circles in Fig. 1 indicate the strings
closest to the reconstructed vertex positions. The recon-
structed deposited energies of the two cascades are 1.04
and 1.14 PeV, respectively, with combined statistical and
systematic uncertainties of #15% each. The errors on the
deposited energies are obtained by simulating cascade
events in the vicinity of the reconstructed energies and
vertices. The study is specifically performed on each event
and the larger of the two event uncertainties is cited for
both events. Thus, the error associated with the two events
differs from that of other cascade events observed in
IceCube [19]. Since there is no absolute energy standard
with adequate precision at these energies, the energy scale
is derived from simulations based on measured ice
properties and photomultiplier tube efficiencies which
are assured by measurements of atmospheric muons.
The main sources of systematic uncertainty on the

FIG. 4 (color online). The two observed events from
(a) August 2011 and (b) January 2012. Each sphere represents
a DOM. Colors represent the arrival times of the photons where
red indicates early and blue late times. The size of the spheres is
a measure for the recorded number of photoelectrons.  NPE
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FIG. 5 (color online). NPE distributions for 615.9 days of live
time at final selection level. The black points are the experimen-
tal data. The error bars on the data show the Feldman-Cousins
68% confidence interval [25]. The solid blue line marks the sum
of the atmospheric muon (dashed blue), conventional atmos-
pheric neutrino (dotted light green) and the baseline prompt
atmospheric neutrino (dotted-dashed green) background. The
error bars on the line and the shaded blue region are the
statistical and systematic uncertainties, respectively. The red
line represents the cosmogenic neutrino model [11]. The shaded
region is the allowed level of the cosmogenic " flux by Ahlers
et al. [26]. The orange line represents an E"2 power-law flux up
to an energy of 109 GeV with an all-flavor normalization of
E2%"eþ"#þ"$

¼ 3:6! 10"8 GeV sr"1 s"1 cm"2, which is the in-

tegral upper limit obtained in a previous search in a similar
energy range [9]. The signal fluxes are summed over all neutrino
flavors, assuming a flavor ratio of "e:"#:"$ ¼ 1:1:1.
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Energy: 1.04 PeV
100,000,000× more energy than solar neutrinos 
100× more energy than the LHC
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PeV: 

Today, IceCube has detected over 
80 Ultra-High Energy neutrinos

https://icecube.wisc.edu/science/highlights/neutrino_astronomy

The source of these high-energy neutrinos is currently unknown! 
IceCube works to correlate these events with other astrophysical observations 

e.g., gamma ray sources or gravity waves
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Neutrinos are an essential building block of matter 
we've come to understand over the past several decades
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Neutrinos are an essential building block of matter 
we've come to understand over the past several decades

These particles still remain mysterious in many ways, 
and a rich field of experiments are probing their 
properties with ever-increasing precision
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Neutrinos are an essential building block of matter 
we've come to understand over the past several decades

These particles still remain mysterious in many ways, 
and a rich field of experiments are probing their 
properties with ever-increasing precision

A number of unexplained results and fundamental open 
questions make neutrino physics an exciting area, ripe 
for important discoveries!???
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Neutrinos are an essential building block of matter 
we've come to understand over the past several decades

These particles still remain mysterious in many ways, 
and a rich field of experiments are probing their 
properties with ever-increasing precision

Meanwhile, neutrinos are a powerful tool for discovery, 
giving us a window into otherwise inaccessible systems 
like the interiors of stars or supernovae

A number of unexplained results and fundamental open 
questions make neutrino physics an exciting area, ripe 
for important discoveries!???
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https://www.fnal.gov/pub/visiting

Pay a Visit to Fermilab!

Colloquium Lecture Series 
4 PM, Wednesdays

Ask A Scientist 
1-4 PM, first Sundays

"Get to Know" Tours 
Wednesdays, summer Sundays

Tevatron and D0 Tours 
First Tuesday

Your Neighborhood Physics Lab

Schedule and registration online:

Sign up for the Fermilab 
Frontiers email newsletter

https://www.fnal.gov/pub/visiting
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Web & Social Media!
Many neutrino experiments 

are active on Twitter
Lots have pages to follow 

on Facebook
Websites with lots more 
details and information



Great Science Journalism!
Science News 
sciencenews.org

Symmetry Magazine 
symmetrymagazine.org

Scientific American 
scientificamerican.com
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http://sciencenews.org
http://symmetrymagazine.org
http://scientificamerican.com
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Great Science Journalism

symmetrymagazine.org/article/game-changing-neutrino-experiments

Great article this week 
anticipating new results at an 

important international 
conference next month

!

http://symmetrymagazine.org/article/game-changing-neutrino-experiments
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New! neutrinos.fnal.gov

http://neutrinos.fnal.gov


Image: Hubble Deep Field, NASA

Thank You!
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