Material-Aging Process

Accordingto'the researchers; aging originates at the atomic/and molecular/lej213.

The most surprising result from beta -decay:is that/nature is not’ambidextrous, but is-"left
handed."/[20]

This week;:a group /of scientists working tre MiniBooNE-experiment atithe Department of
Energy's/Fermilab reported a breakthrough:/ They were/able toidentify exaktipwn-
energymuon neutrinos hitting the atoms at/the hed of their particle detector./[19]

In a study;published iPhysical'Review Letters, collaborators of the: MAJORANA
DEMONSTRATOR; an experiment/led by the:Department.of Energy's Oak Ridge:National
Laboratory, have: shown they can shield a sensitive, scalablkilbgram germanium detector
array from background radioactivity [18]

The study has put' the:most:stringent:limits: on.the probability.of a rare eweat
neutrinoless double beta decay of telluritvh30 nuclei. ' This event.can only occur:if a
neutrino can'be its;own antiparticle. [17]

While these experiments:seem miniature in.comparison to-others, they could:reveal
answers:abouneutrinosthat have lbeen:hiding from physicists for decades. [16]

In a paper;publishedtoday inthEuropean/Physical Journal C,the ATLAS Collaboration
reports the first highprecision-measurement at the Large Hadron Collider (LHC) of the
mass: of the W boson! [15]

A team of researchers:dhe University. of'Michigan has conducted athought.experiment
regarding the nature of a:universe that could supportlife without.the: weak force:./[14]

The international T2K Collaboration announces a first indication that the dominance of
matter over antimatter may originate from the fact that neutrinos and antineutrinos
behave differently during those oscillations. [13]

Neutrinos are a challenge to study because their interactions with matter are so rare.
Particularly elusive has been what's known as coherent elastic neutmogleus
scattering, which occurs when a neutrino bumps off the nucleus of an atom. [12]

Lately,neutrinosz the tiny, nearly massless particles that many scientists study to better
understand the fundamental workings of the univergéave been posing a problem for
physicists. [11]
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Physicists have hypothesized the existence of fundamental partcaéied sterile

neutrinos for decades and a couple of experiments have even caught possible hints of
them. However, according to new results from two major international consortia, the
chances that these indications were right and that these particles afljuaxist are now
much slimmer. [10]

The MIT team studied the distribution of neutrino flavors generated in lllinois, versus
those detected in Minnesota, and found that these distributions can be explained most
readily by quantum phenomena: As neutringsexl between the reactor and detector,
they were statistically most likely to be in a state of superposition, with no definite flavor
or identity. [9]

A new study reveals that neutrinos produced in the core of a supernova are highly
localised compared to eutrinos from all other known sources. This result stems from a
fresh estimate for an entity characterising these neutrinos, known as wave packets,
which provide information on both their position and their momentum. [8]

It could all have been so differenWhen matter first formed in the universe, our current

theories suggest that it should have been accompanied by an equal amount of antimatter
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the latest results from gair of experiments designed to study the behaviour of neutrinos

Z particles that barely interact with the rest of the universeAT O1 A | AAT xA3O0A OOA
to understand why. [7]

In 2012, a tiny flash of light was detected deep beneath the AntarcticAdaeurst of
neutrinos was responsible, and the flash of light was their calling card. It might not
sound momentous, but the flash could give us tantalising insights into one of the most
energetic objects in the distant universe.

The light was triggered byhe universe's most elusive particles when they made contact
with a remarkable detector, appropriately called IceCube, which was built for the very
purpose of capturing rare events such as this. [6]

Neutrinos and their weird subatomic ways could help wsderstand highenergy
particles, exploding stars and the origins of matter itself. [5]
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Collider near Geneva, Switzerland, hint at a new particle that could end 50 years of
thinking that nature discriminates between left and righthanded particles. [4]

The Weak Interaction transforms an electric charge in the diffraction pattern from one
side to the other side, causing an electric dipole momentum change, which violates the CP
and Time reversal symmetry.

The Neutrino Oscillation of the Weak Interaction shows that it is a General electric dipole
change and it is possible to any other temperature dependent entropy and information
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Novel simulation technique models material -aging process

The nation's aging infrastructure requires massive investment. The American Society of Civil Engineers
estimates the U.S. needs to spend some $4.5 trillion by 2025 to fix the country's roads, bridges, dams and
other infrastructure.

Imagine if engineers cddibuild structures with materials that do not degrade over time. Researchers at the
University of California, Irvine have proposed a new simulation technique that could help engineers do just
that.

Mohammad Javad Abdolhosseini Qomi, assistant professtvibbind environmental engineering, and
engineeringgraduate student Ali Morshedifard have developed a numerical method to simulate the
molecular aging process amorphous materials, such as concrete and glass. This technique could help
researchers not only better understand how materials weaken with age, but also develop materials that
maintain their strength indefinitely. Their work appsahis week ilNature Communications

According to the researchers, aging originates at the atomic and molecular levels. Because of this miniscule
scale, it's nearly impossible to track microscopic changes over long periods. "In computer simulation of
materials, you would have to simulate a quadrillion time steps to capture only one second of behavior. That
would not even get us close to the time scales relevant for aging phenomena, which are in the order of
years and decades," explained Qomi.

In their incemental stressnarching technique, Qomi and his graduate student subject the material's
molecular structure to cyclic stress fluctuations, and then follow the material's response to such
perturbations. "Hydrated cement is composed of dikk globules athe nanoscale. We serendipitously
found that these globules gradually deform under sustained load, but the deformation comes to a stop
after a certain period. We also found that the collective behavior of globules gives rise teasyraptotic
deformation which we believe to be at the origins of creep in cementitious materials. It was fascinating to
see atomic origins of viscoelastic and logarithmic deformation under constant stress," said Morshedifard,
the paper's lead author.
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Qomi and his research teapfan to apply this new technique to explore the relationship between the
composition and texture of structural materials and their ththependent behavior.

"The Federal Highway Administration spends more than $80 billion a year to fix bridges that degeade
result of aging phenomena," Qomi continued. "Understanding kvwctural materials age is the very first
step toward designing reduceajingmaterials that can potentially save taxpayers monej21]

Is nature exclusively left handed? Researchers study chilled atoms to

find out

The study of how atoms radioactively decay has playedtical role in developing the standard model, our
modern understanding of our universe's evolution since the Big Bang. Experiments investigating one form
of decay, where a radioactive nucleus emits a beta particle to become more stable, have led to
revolutionary ideas that are part of the standard model. The most surprising result from beta decay is that
nature is not ambidextrous, but is "leftanded." Handedness refers to a beta particle's spin; if you curl the
fingers of your left hand to follow thgpin and your thumb points along the direction of motion, the beta
particle is lefthanded. No righhanded beta particles have ever been observed.

Scientists produced a pure sampleatdms, which decayed, anthen more precisely measured the beta
particle spin than was done in the past. They found no #igirtded particles, strengthening the claim that
nature is lefthanded and providing researchers with a technique for improved searches fohaghied
partides as well as tests of other aspects of siendard model.

Using lasers and magnetic fields, researchers are now able to suspend clouds of atoms in a small volume in
space and polarize them with velnygh efficiency. These techniques provide an ideal source of-fhed

atoms, allowing the beta spin to be measured with great precision. By comparing the observed values to
their standard model prediction, such measurements are sensitive to a widgywafithew physics"

predicted by potential successors to the standard model.

The study of how atoms radioactively decay has played a critical role in developing the standard model, our
modern understanding of the fundamental forces and particles govemmimginiverse. One of the ways a
nucleus decays, known asta decay, is caused by the weak nuclear force. In one flavor of this process, a
proton in the nucleus becomes a neutron resulting in a beta parfitbw known to be an anglectron)

and a neutrino being emitted. Experiments investigating beta decay have led to a number of revolutionary
ideas that have become cornerstones of the standard model. Perhaps the most surprising and illuminating
of these ame from a 1957 experiment that looked at the asymmetry of betas emitted with respect to the
initial nuclear spin of polarized cob#&0: it demonstrated the startling fact that nature is not ambidextrous,
but rather appears to be "lefhanded." Handednes®fers to the orientation of the spin of a particle; if you

curl the fingers of your left hand to follow the spin and your thumb points along the direction of motion,

the particle is lefhanded. No righthanded particles (in the limit of zero mass) haver been observed,

but there is no compelling reason why they should not exist. In fact, many proposed extensions to the
standard model propose rightanded particles do exist and are just difficult to detect. The improved
precision of asymmetry measuremis using modern techniques can improve searches for-+ight
handedparticles as well as test other fundamental aspects of the standard model.
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Using the TRIUMF Neutral Atom Trap (TRINAT) facility, a collaociratm Texas A&M University, TRIUMF
(Canada's national particle accelerator center), Tel Aviv University, and the University of Manitoba
combined magneteptical trapping and optical pumping techniques to produce an ideal source of short
lived potassiun37 atoms. The magnetoptical trap is extremely selective, only confining the isotope of
interest. It provides a very confined and cold cloud of highly polarized atoms that decay from a very shallow
trap within an exceptionally open geometry. This allotes tesearchers to measure the momenta of both
the recoil and emitted beta daughters in a nearly backgrefred environment with minimal beta

scattering effects. Two beta telescopes, placed along the polarization axis, observe the number of betas
emitted parallel and antparallel to the nuclear polarization. The direction of the polarization is easily
reversed by simply changing the sign of the circularly polarized optiraping light. This is an ideal

situation for determining the correlation of the beetvith the initial nuclear spin, that is, the beta

asymmetry parameter.

The asymmetry observed in the beta detectors determines the beta asymmetry parameter for potassium
37 to within 0.3 percent of its value. This is the best relative accuracy of amabatametry measurement

in a nucleus or the neutron, and is in agreement with the standaodel prediction. This experiment has
increased sensitivity to new physics compared to other nuclear searches. It ilmpgtevdetermination of

the quark flavor changing strength parameter for this nucleus by a factor of 4. The researchers have
identified ways to improve the precision to better than a pper-thousand, at which point the result will

be complementary to seahes fomew physics at largescale facilities such as the Large Hadron Collider. In
addition to improving the beta asymmetry parameter measurement, researchers will use TRINAT to
measure20]

Neutrino experiment at Fermilab delivers an unprecedented

measurement

Tiny particles known as neutrinos are an excellent tool to study the inner workings of atomic nuclei. Unlike
electrons or protons, neutrinos have no electric charge, and they interact withcen'sstore only via the

weak nuclear force. This makes them a unique tool for probing the building blocks of matter. But the
challenge is that neutrinos are hard to produce and detect, and it is very difficult to determine the energy
that a neutrino has whe it hits an atom.

This week, a group of scientists working on the MiniBooNE experiment at the Department of Energy's
Fermilab reported a breakthrough: They were able to identify exdctbwn

energy muon neutrinos hitting the atoms at the heart of their particle detector. The result eliminates a
major source of uncertainty when testing theoretical models of neutrino interactionsyantino
oscillations.

"The issue of neutrino energy is so important,” said Joshua Spitz, Norman M. Leff assistant professor at the
University of Michigan and deader of the team that made the discovery, along with JosBpange at

Argonne National Laboratory. "It is extraordinarily rare to know the energy of a neutrino and how much
energy it transfers to the target atom. For neutribased studies of nuclei, this is the first time it has been
achieved."
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To learn more abat nuclei, physicists shoot particles at atoms and measure how they collide and scatter. If
the energy of a patrticle is sufficiently large, a nucleus hit by the particle can break apart and reveal
information about the subatomic forces that bind the nuddogether.

But to get the most accurate measurements, scientists need to know the exact energy of the particle
breaking up the atom. That, however, is almost never possible when doing experiments with neutrinos.

Like other muon neutrino experimentsliniBooNE uses a beam that comprises muon neutrinos with a
range of energies. Since neutrinos have no electric charge, scientists have no "filter" that allows them to
select neutrinos with a specific energy.

MiniBooNE scientists, however, came up witheet way to identify the energy of a subset of the muon
neutrinos hitting their detector. They realized that their experiment receives some muon neutrinos that
have the exact energy of 236 million electronvolts (MeV). These neutrinos stem from the déecansfat
rest about 86 meters from the MiniBooNE detector emerging from the aluminum core of the particle
absorber of the NuMI beamline, which was built for other experiments at Fermilab.

Energetic kaons decay into muon neutrinos with a range of enerfestrick is to identify muon neutrinos
that emerge from the decay of kaons at rest. Conservation of energy and momentum then require that all
muon neutrinos emerging from the kaaat-rest decay have to have exactly the energy of 236 MeV.

"It is not oftenin neutrino physics that you know the energy of the incoming neutrino,” said MiniBooNE co
spokesperson Richard Van De Water of Los Alamos National Laboratory. "With the first observation by
MiniBooNE of monoenergetimuon neutrinos from kaon decay, we can study the charged current
interactions with a known probe that enable theorists to improve their cross section models. This is
important work for the future shortand longbaseline neutrino programs at Fermilab

This analysis was conducted with data collected from 2009 to 2011.

"The result is notable," said Rex Tayloespokesperson of the MiniBooNE collaboration and professor of
physics at Indiana University Bloomington. "We were able to extract this festéiuse of the well

understood MiniBooNE detector and our previous careful studies of neutrino interactions over 15 years of
data collection."

Spitz and his colleagues already are working on the next monoenergetic neutrino result. A second neutrino
detectar located near MiniBooNE, called MicroBooNE, also receives neutrinos from the NuMl

absorber, 102 meters away. Since MicroBooNE uses-aggih technology to record neutrino

interactions, Spitz igptimistic that the MicroBooNE data will provide even more information.

"MicroBooNE will provide more precise measurements of this knemargy neutrino," he said. "The
results will be extremely valuable for future neutrino oscillation experiments.”

The MniBooNE result was published in the April 6, 2018, issthpsical Review Lettefd9]
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Underground neutrino experiment sets the stage for deep discovery

about matter

If equal amounts of matter and antimatter had formed in the Big Bang more tharllib® lyiears ago, one

would have annihilated the other upon meeting, and today's universe would be full of energy but no matter
to form stars, planets and life. Yet matter exists now. That fact suggests something is wrong with Standard
Model equations desdsing symmetry between subatomic particles and their antiparticles. In a study
published inPhysical Review Letterollaborators of the MAJORANA DEMONSTRATOR, an experiment led
by the Department of Energy's Oak Ridge National Laboratory, have showcathehield a sensitive,

scalable 44kilogram germanium detector array from background radioactivity.

This accomplishment is critical to developing and proposing a much larger future expearimitmt
approximately a ton of detectorsto study the nature of netrinos. These electrically neutral particles
interact only weakly with matter, making their detection exceedingly difficult.

"The excess of matter over antimatter is one of the most compelling mysteries in science," said John
Wilkerson of ORNL and the Weisity of North Carolina, Chapel Hill. Wilkerson leads the MAJORANA
DEMONSTRATOR, which involves 129 researchers from 27 institutions and 6 nations. "Our experiment
seeks to observe a phenomenon called 'neutrinokissble-beta decay' in atomic nuclei. The observation
would demonstrate that neutrinos are their own antiparticles and have profound implications for our
understanding of the universe. In addition, these measurements could provide a betlerstanding of
neutrino mass."

In a 2015 report of the U.S. Nuclear Science Advisory Committee to the Department of Energy and the
National Science Foundation, a LIesl ton-scale experiment to detect neutrinoless doultleta decay was
deemed a top pority of the nuclear physics community. Nearly a dozen experiments have sought
neutrinoless doublébeta decay, and as many future experiments have been proposed. One of their keys to
success depends on avoiding background that could mimic the signaltofhoéss doublebeta decay.

That was the key accomplishment of the MAJORANA DEMONSTRATOR. Its implementation was completed
in South Dakota in September 2016, nearly a mile underground at the Sanford Underground Research
Facility. Siting the experiment uadnearly a mile of rock was the first of many steps collaborators took to
reduce interference from background. Other steps included a cryostat made of the world's purest copper
and a complex sibayer shield to eliminate interference from cosmic raysomdlust, fingerprints and

naturally occurring radioactive isotopes.

"If you're going to search for neutrinoless doultleta decay, it's critical to know that radioactive
background is not going to overwhelm the signal you seek," said ORNL's David Reldfidscientist in
the experiment.

There are many ways for an atomic nucleus to fall apart. A common decay mode happens when a neutron
inside the nucleus emits an electron (called a "beta") and an antineutrino to become a proton-In two

neutrino doublebeta decay, two neutrons decay simultaneously to produce two protons, two electrons

and two antineutrinos. This process has been observed. The MAJORANA Collaboration seeks evidence for a
similar decay process that has never been observed, in which no mesitire emitted.
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Conservation of the number of leptonsubatomic particles such as electrons, muons or neutrinos that do
not take part in strong interactiomswas written into the Standard Model of Physics. "There is no really

good reason for this, just thebservation that it appears that's the case," said Radford. "But if lepton

number is not conserved, when added to processes that we think happened during the very early universe,
that could help explain why there is more matter than antimatter.”

Credit:Sanford Underground Research Facility; photographer Matthew Kapust

Many theorists believe that the lepton humber is not conserved, that the neutrino and the antineutrino
which were assumed to have opposite lepton numbesase really the same particle spimg in different
ways. Italian physicist Ettore Majorana introduced that concept in 1937, predicting the existence of
particles that are their own antiparticles.

The MAJORANA DEMONSTRATOR uses germanium crystals as both the sourcelbaftdaldnay anthe
means to detect it. GermaniwT6 (Ge76) decays to become selenitnd, which has a smaller mass. When
germanium decays, mass gets converted to energy that is carried away by the electrons and the
antineutrinos. "If all that energy goes to the electrotisen none is left for neutrinos,” Radford said. "That's
a clear identifier that we found the event we're looking for."

The scientists distinguish twaeutrino versus neutrinoless decay modes by their energy signatures. "It's a
common misconception thatuw experiments detect neutrinos,” said Jason Detwiler of the University of
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Washington, who is a espokesperson for the MAJORANA Collaboration. "It's almost comical to say it, but
we are searching for the absence of neutrinos. In the neutrinoless deaayelgased energy is always a
particular value. In the twaeutrino version, the released energy varies but is always smaller than for
neutrinoless doublébeta decay."

The MAJORANA DEMONSTRATOR has shown that the neutrinolesdbdtzubcay halfife of Ge-76 is at

least 1025 yearns 15 orders of magnitude longer than the age of the universe. So it's impossible to wait for
a single germanium nucleus to decay. "We get around the impossibility of watching one nucleus for a long
time by instead watching on éhorder of 1026 nuclei for a shorter amount of time," explained co
spokesperson Vincente Guiseppe of the University of South Carolina.

Chances of spotting a neutrinoless doubleta decay in G&6 are rareé no more than 1 for every 100,000
two-neutrino doube-beta decays, Guiseppe said. Using detectors containing large amounts of germanium
atoms increases the probability of spotting the rare decays. Between June 2015 and March 2017, the
scientists observed no events with the energy profile of neutrinolessylehe process that has not yet

been observed (this was expected given the small number of germanium nuclei in the detector). However,
they were encouraged to see many events with the energy profile ofrtewdgrino decays, verifying the
detector could spt the decay process that has been observed.

The MAJORANA Collaboration's results coincide with new results from a competing experiment in Italy

called GERDA (for GERmanium Detector Array), which takes a complementary approach to studying the
samephenomenon. "The MAJORANA DEMONSTRATOR and GERDA together have the lowest background of
any neutrinoless doubtbeta decay experiment,” said Radford.

The DEMONSTRATOR was designed to lay the groundwork fes@aterexperiment by demonstrating

that backgounds can be low enough to justify building a larger detector. Just as bigger telescopes collect
more light and enable viewing of fainter objects, increasing the mass of germanium allows for a greater
probability of observing the rare decay. With 30 tirmesre germanium than the current experiment, the
planned oneton experiment would be able to spot threeutrinoless double-beta decay of just one
germanium nucleus per year.

The MAJORANBDEMONSTRATOR is planned to continue to take data for two or three years. Meanwhile, a
merger with GERDA is in the works to develop a possibléamdetector called LEGEND, planned to be
built in stages at an aget-to-be-determined site.

LEGEND 200, thé&=GEND demonstrator and step towards a possible futursdale experiment, will be a
combination of GERDA, MAJORANA and new detectors. Scientists hope to start on the first stage of LEGEND
200 by 2021. A toscale experiment, LEGEND 1000, would be th stage, if approved. "This merger

leverages public investments in the MAJORANA DEMONSTRATOR and GERDA by combining the best
technologies of each," said LEGEND Collaboratieapokesperson (and loAigne MAJORANA

spokesperson up until last year) StevioElof Los Alamos National Laboratory.

The title of the Physical Review Letters paper is "Search for Neutrinoless Double Beta Decay in 76Ge with
the MAJORANA DEMONSTRATRB]."


https://phys.org/tags/neutrinoless+double-beta+decay/

CUORE experiment constrains neutrino properties

The neutrino is one dhe least understood particles. One of the biggest open questions is whether it is its
own antiparticle. If it is, it would help explain why there is more matter in the universe than antimatter.
Scientists working a joint Italidd.S. experiment releaseaw results on a search for an extremely rare
event that can only occur if neutrinos are their own antiparticles. After two months of very detailed
research, they didn't observe the event.

The study has put the most stringent limits on the probability tdra event a neutrinoless double beta
decay of telluriural30 nuclei. This event can only occur if a neutrino can be its own antiparticle. The
excellent quality of the data and the very rapid tearound of its analysis shows that the experiment is
workingwell. The measured backgrounds were in line with expectations, showing that all of the work to
minimize residual backgrounds has paid off. The collaboration is on track to collect additional data and
reach their expected energy resolution to set limitstthee even more stringent on the probability of this
type of decay. In addition, it will provide a more accurate estimate of the mass of the neutrino.

Many questions about the fundamental natureradutrinos remain open, including whether or not a

neutrino is its own antiparticle. If so, scientists would have new insights into why there is more matter than
antimatter in the universe and why the mass of the neutrino is so small. The Cryogenic Underground
Obsewatory for Rare Events (CUORE), a joint Italian and U.S. experiment housed in a deep underground
laboratory beneath a mountain in Italy, has released new results on a search for a neutrinoless double beta
decay, which can only occur if neutrinos are tlaim antiparticles. Scientist at CUORE searched for these
kinds of decays by cooling nearly a ton of tellurium dioxide crystals down to below 273 degrees Celsius and
watching for a minute change in temperature corresponding to the decay. After two months of

observation, the team did not detect any neutrinoless double beta decays. Using only two months of data,
the experiment has already put the most stringent limits to date on the probability of a tellttBOmuclei
undergoing a neutrinolesgouble beta decay. If discovered, this decay would help us understand how we
came to be made of matter instead of antimatt§t7]

Neutrino experiments look to reveal big answers about how these

fundamental par ticles interact with matter

Except in horror movies, most scientific experiments don't start with scientists snooping around narrow,
deserted hallways. But a tuckexvay location in the recesses of the Department of Energy's (DOE) Oak
Ridge National Labatory (ORNL) provided exactly what Yuri Efremenko was looking for.

Efremenko, an ORNL researcher and University of Tennessee at Knoxville professor, is the spokesperson for
the COHERENT experiment, which is studying neutrinos. The team uses five petaitiersito identify a

specific interaction between neutrinos and atomic nuclei. The most aburgatities in the universe,

neutrinos are extremely light and have no electric charge. They interact warylith other particles. In

fact, trillions pass through the Earth every second, leaving no impression. Needless to say, they're
notoriously difficult to detect.
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At first, the team surveyed a bustling area near the Spallation Neutron Source (SNS), #ideQf Srience
user facility at ORNL in Tennessee. The neutrons the SNS produces drive 18 different instruments that
surround the SNS like spokes on a wheel. The SNS also produces neutrinos, which fly off in all directions
from the particle acceleratorarget. But putting the neutrino detectors on the same floor as the SNS
would expose the devices to background particles that would increase uncertainties.

"We were really fortunate to go into the basement one day," said David Dean, ORNL's Physics Divisio
Director. After moving some water barrels to the side and conducting background tests, they were in
business. The basement location would protect the machines from exposure to background particles.
Oncescientists installed the experiment's detectors, they nicknamed the hallway "Neutrino Alley."

The experiment, called COHERENT, poses a stark contrast to mostaih@éro experiments. To catch a
glimpse of these miniscule particles, most experiments use incredibly large machines, often in remote
locations. One is located at the South Pole, while another shoots neutrino beams hundreds of miles to a far
detector. Besides its mundane location, COHMEREMmMain detector is barely bigger than a milk jug. In fact,

it's the smallest working neutrino detector in the world.

But COHERENT and a sister experiment at ORNL, PROSPECT, are showing that neutrino experiments don't
have to be enormous to make big diseries. These two modest experiments supported by DOE's Office of
Science are poised to fill some major gaps in our understanding of this strange particle.

The Mysteries of the Neutrino
While neutrinos are some of the smallest particles in the univensestigating them may reveal massive
insights.

"Neutrinos tell us a tremendous amount about how the universe is created and held together," said
Nathaniel Bowden, a scientist at DOE's Lawrence Livermore National Laboratorysgpakesperson for
PROSPECThere's no other way to answer a lot of the questions that we find ourselves having."
Understanding how neutrinos interact may even help us understand why ruadted everything made out
of itt exists at all.

But neutrinos haven't made answering these dimss easy. There are three different types of neutrinos,

each of which behaves differently. In addition, they change type as they travel. Some scientists have
proposed a noyyet-seen particle called thsterile neutrino. Physicists theorize that if sterile neutrinos

exist, they would interact with other particles even less than regular ones do. That would make them nearly
impossible to detect.

But that's a big "if." A sterile neutrino would be tfiest particle not predicted by the Standard Model,
physicists' summary of how the universe functions.

"Neutrinos may hold the clue to discovering particle physics beyond the Standard Model," said Karsten
Heeger, a Yale University professor aogspokesperson for PROSPECT.

Searching for a Coherent Answer with COHERENT

A team of scientists from ORNL, other DOE national laboratories, and universities designed the COHERENT
experiment to identify a specific interaction between neutrinos and nuéiile physicists had predicted

this interaction more than 40 years ago, they had never detected it.
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Most neutrinos only interact with individual protons and neutrons. But if a neutrino's energy is low enough,
it should interact with an entire nucleus raththan its individual parts. Theorists proposed that when a
low-energy neutrino approaches a nucleus, the two particles exchange an elementary particle called a Z
boson. As the neutrino releases the Z boson, the neutrino bounces away. As the nucleesréneeR/

boson, the nucleus recoils slightly. That interaction is called coherent elastic nentriteus scattering.

Because most nuclei are much bigger than individual protons or neutrons, scientists should see this type of
interaction more frequentlyhan interactions driven by higher energy neutrinos. By "seeing" the tiny recoil
energy, COHERENT's gallitred detectors make it possible for scientists to study neutrino properties.

Bjorn Scholz (left) from the University of Chicago and Grayson Rioh Ghiversity of North Carolina at
Chapel Hill and the Triangle Universities Nuclear Laboratory show off the world's smallest neutrino
detector, which is part of th&more

"It's kind of cool that you could actually see an interaction of neutrinos with something you can hold in your
hand," said Kate Scholberg, a Duke University professor and collaborator ®RENH.

But none of this would be possible without ORNL's SNS. The neutrinos the SNS produces pass through
concrete and gravel to reach ORNL's basement. They have just the right energy to induce this particular
interaction. The SNS's pulsed beam also alkwientists to filter out background "noise" from other
particles.
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"There's quite a flux of neutrinos that was being wasted, at the SNS, so to speak. It is the perfect source for
coherent scattering the cat's pajamas,” said Juan Collar, a University aGbiprofessor and collaborator
on COHERENT.

After running for 15 months, COHERENT caught neutrinos in the act of handing off Z bosons 134 times.

Looking over his graduate student's shoulder as he crunched the data, Collar was thrilled to see that the
resuts came out exactly as expected. "When we finally looked at the processed, full dataset, we went
‘wheeeeeee!™ he said.

Measuring this phenomenog neutrino-nucleus elastic scatteringgives physicists a new and versatile tool
to understand neutrinos.

"It's opened our window to look for the physics beyond the Standard Model," said Efremenko.

Using this interaction, scientists may be better able to understand how supernovae explode and produce
neutrinos.

While these detectors are mainly used for fundamémésearch, their tiny size could also be useful for
other applications. Nuclear reactors produce different types and amounts of neutrinos, depending on
whether they produce energy or weapcegsade material. A detector as small as COHERENT's could make
the effort to monitor nuclear facilities much easier.

Finding Precision with PROSPECT

While COHERENT looked for a specific phenomenon, the PROSPECT experiment will focus on making
incredibly precise measurements of neutrinos from a nuclear reactor as thegehgpe. Past nuclear
reactor experiments have resulted in measurements that depart from theory. The PROSPECT team has
designed an experiment that can explore any discrepancies, eliminate possible sources of error, or even
discover the sterile neutrino.

Compared to previous neutrino reactor experiments, PROSPECT will be able to more accurately measure
the number and type of neutrinos, the distance they travel from the reactor, and their energy. PROSPECT
differs from other experiments in that its detectoat multiple sections instead of one single chamber. This
allows scientists to measure and compare various neutrino oscillation leqgiias is, how far from the

reactor neutrinos are changing type.

If sterile neutrinos exist, this detector design mayatsable scientists to observe regular neutrinos
transitioning into sterile neutrinos. In theory, this new form of neutrinos should appear at a specific
distance from the detector core.

The High Flux Isotope Reactor (HFIR), a DOE Office of Scienceilityeatf@RNL, will provide PROSPECT

with its neutrinos. Commercial nuclear reactors use a variety of uranium and plutonium fuels with different
combinations of isotopes. This results in a broad spectrum of neutrino energies. That makes it difficult to
pinpoint which isotopes are producing which neutrinos. As a research reactor, HFIR only uses one isotope of
uranium: uraniura235. By measuring the antineutrinos from that single isotope, the PROSPECT team can
better understand how all nuclear reactors produtautrinos.

Scientists in the PROSPECT collaboration recently finished building a detector at Yale University's Wright
Laboratory. While the active detector region is much bigger than COHERENUg milecetector, it's
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still only four feet wide and weighs about five tons. Compared to detectors that weigh thousands of tons,
this experiment too runs on the small side. Once PROSPECT is completed and in place, it will take data for
three years.

While these &periments seem miniature in comparison to others, they could reveal answers
aboutneutrinos that have been hiding from physicists for decades. It may just be a matter of scientists
knowing where and how twok, even if that's down a seemingly ordinary storage hall\).

First high -precision measurement of the mass of the W boson at the LHC

In a paper published today in thleuropean Physical Journalt@ ATLAS Collaboration reports the first
high-precision measurement at the Large Hadron Collider (LHC) of the mass of the W boson. This is one of
two elementary particles that mediate the weak interactigone of the forces that govern the behaviour

of matter in our universe. The reported resgives a value of 80370+19 MeV for the W mass, which is
consistent with the expectation from the Standard Model of Particle Physics, the theory that describes
known particles and their interactions.

The measurement is based on around 14 million W bosarmrded in a single year (2011), when the LHC

was running at the energy of 7 TeV. It matches previous measurements obtained at LEP, the ancestor of the
LHC at CERN, and at the Tevatron, a former accelerator at Fermilab in the United States, whose data made
it possible to continuously refine this measurement over the last 20 years.

The W boson is one of the heaviest known particles in the universe. Its discovery in 1983 crowned the
success of CERN's Super presmtiproton Synchrotron, leading to the NobelZ®rin physics in 1984.
Although the properties of the W boson have been studied for more than 30 years, measuring its mass to
high precision remains a major challenge.

"Achieving such a precise measurement despite the demanding conditions present iroa ballider such

as the LHC is a great challenge," said the physics coordinator of the ATLAS Collaboration, Tancredi Carli.
"Reaching similar precision, as previously obtained at other colliders, with only one year of Run 1 data is
remarkable. It is an ésemely promising indication of our ability to improve our knowledge of the Standard
Model and look for signs of new physics through highly accurate measurements."

The Standard Model is very powerful in predicting the behaviour and certain charactesfstics

the elementary particles and makes it possible to deduce certain parameters from otherkvedivn
guantities. The masses of the W boson, the top quark and the Higgs boson for example, drbylinke
guantum physics relations. It is therefore very important to improve the precision of the W boson mass
measurements to better understand the Higgs boson, refine the Standard Model and test its overall
consistency.

Remarkably, the mass of the W bos@nde predicted today with a precision exceeding that of direct
measurements. This is why it is a key ingredient in the search fophgsics, as any deviation of the
measured mass from the prediction coukl’eal new phenomena conflicting with the Standard Model.
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The measurement relies on a thorough calibration of the detector and of the theoretical modelling of the W
boson production. These were achieved through the studylmison events and several other ancillary
measurements. The complexity of the analysis meant it took almost five years for the ATLAS team to
achieve this new result. Further analysis with the huge sample ofavaifable LHC data, will allowen

greater accuracy in the near future. [15]

Imagining the possibility of life in a universe without the weak force

Ateam of researchers at the University of Michigan has conducted a thought experiment regarding the
nature of a universe that coullipport life without the weak force. In their paper uploaded to

the ArXivpreprint server, the researchers suggest life could be possible in such an alternative universe, but
it would definitely be different from what we observe in ours.

Physicists have tated the possibility of the existence of alternate universes for some time, though there is
no evidence they exist. In this ngtnought experiment, the team at UM wondered if one or more of the

laws of physics that we have discovered in tiisverse might not exist in others if they do exist. Because

it would be hard to imagine a universe that could exist without gravity and the stronglanttomagnetic
forces, the team instead focused on the weak forctihe one behind such things as neutrons decaying into
protons.

The team wondered what a universe without the weak force would look likgisTialize it, they created a
simulation of such a universe starting from the Big Bang. In the simulation, matter was still created and
condensed into stars, but from there on, things would be different, because in our universe, the weak force
is responsile for the creation of théneavier elements. In a universe without theveak force, the

existence of anything other than stars would require more fie&ons and fewer neutrons (because they
could not decay). In such a universe, neutrons and protons could link up to make deuterium.

Stars fueled by deuterium instead of hydrogen, the researchers note, would still shine, they would just look
differentt likely redder and larger. But such stars could also serve as the source of all of the elements in the
periodic table prior to iron, and the stellar winds could carry them out into space. If planets happened to
form, they further note, they could hold water madrom deuterium rather than hydrogenand it is not
impossible to imagine, they suggest, life forms made with deuterium water. [14]

Possible explanation for the dominance of matter over antimatter in the

Universe

An electronneutrino interaction obsered by the T2K experiment. The neutrino interacts with a
water molecule in the detector volume producing an electron which in turn emits Cherenkov light
while travelling across the detector. This light is collected by special feoteors and converted

into a measurable electric signal.
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Neutrinos and antineutrinos, sometimes called ghost particles because difficult to detect, can
transform from one type to@other. The international T2K Collaboration announces a first
indication that the dominance of matter over antimatter may originate from the fact that
neutrinos and antineutrinos behave differently during those oscillations. This is an important
milestonetowards the understanding of our Universe. A team of particle physicists from the
University of Bern provided important contributions to the experiment.

The Universe is primarily made of matter and the apparent lack of antimatter is one of the most
intriguing questions of today's science. The T2K collaboration, with participation of the group of
the University of Bern, announced today in a colloquium held at the High Energy Accelerator
Research Organization (KEK) in Tsukuba, Japan, that it found indibatittee symmetry between
matter and antimatter (so called "€®/mmetry") is violated for neutrinos with 95% probability.

Different Transformation of Neutrinos and Antineutrinos

Neutrinos are elementary particles which travel through matter almost withioteraction. They
appear in three different types: electremuon and tauneutrinos and their respective antiparticle
(antineutrinos). In 2013 T2K discovered a new type of transformation among neutrinos, showing
that muonneutrinos transform (oscillajento electrorneutrinos while travelling in space and

time. The outcome of the latest T2K study rejects with 95% probability the hypothesis that the
analogous transformation from mueaintineutrinos to electrorantineutrinos takes place with
identical chace. This is a first indication that the symmetry between matter and antimatter is
violated in neutrino oscillations and therefore neutrinos also play a role in the creation of the
matterantimatter asymmetry in the universe.

"This result is among the mashportant findings in neutrino physics over the last years," said Prof.
Antonio Ereditato, director of the Laboratory of High Energy Physics of the University of Bern and
leader of the Bern T2K group, "and it is opening the way to even more excitingeiaiets,

pointing to the existence of a tiny but measurable effect." Ereditato added: "Nature seems to
indicate that neutrinos can be responsible for the observed supremacy of matter over antimatter
in the Universe. What we measured justifies our currdifiirgs in preparing the next scientific
enterprise, DUNE, the ultimate neutrino detector in USA, which should allow reaching a definitive
discovery."

In the T2K experiment a muereutrino beam is produced at the Proton Accelerator Research
Complex @PARCIN Tokai on the east coast of Japan and is detected 295 kilometres away by the
gigantic SupeKamiokande underground detector ("T2K" stands for "Tokai to Kamiokande™). The
neutrino beam needs to be fully characterized immediately after production, ttestms before
neutrinos start to oscillate. For this purpose, the ND280 detector was built and installed close to
the neutrino departing point.

Researchers from the University of Bern, together with colleagues from Geneva and ETH Zurich,
and other international institutions, contributed to the design, realization and operation of ND280.
The group of Bern, in particular, took care of the large neagnrrounding the detector and built

and operated the s@alled muon monitor, a device needed to measure the intensity and the



energy spectrum of the muon particles produced together with neutrinos. The Bern group is
currently very active in determinindpé probability of interaction of neutrinos with the ND280
apparatus: an important ingredient to reach highecision measurements such as the one
reported here. [13]

World's smallest neutrino detector observes elusive interactions of

particles

In 1974, d&ermilab physicist predicted a new way for ghostly particles called neutrinos to interact
with matter. More than four decades later, a UChicdeg team of physicists built the world's
smallest neutrino detector to observe the elusive interaction for fing time.

Neutrinos are a challenge to study because their interactions with matter are so rare. Particularly
elusive has been what's known as coherent elastic neunimcdeus scattering, which occurs when
a neutrino bumps off the nucleus of an atom.

The international COHERENT Collaboration, which includes physicists at UChicago, detected the
scattering process by using a detector that's small and lightweight enough for a reseacher to carry.
Their findings, which confirm the theory of Fermilab's DaRieedman, were reported Aug. 3 in

the journal Science.

"Why did it take 43 years to observe this interaction?" askeduthor Juan Collar, UChicago

professor in physics. "What takes place is very subtle." Freedman did not see much of a chance for
experimental confirmation, writing at the time: "Our suggestion may be an act of hubris, because
the inevitable constraints of interaction rate, resolution and background pose grave experimental
difficulties."

When a neutrino bumps into the nucleus of an atangreates a tiny, barely measurable recoil.
Making a detector out of heavy elements such as iodine, cesium or xenon dramatically increases
the probability for this new mode of neutrino interaction, compared to other processes. But
there's a tradeoff, sirce the tiny nuclear recoils that result become more difficult to detect as the
nucleus grows heavier.

"Imagine your neutrinos are piAgpng balls striking a bowling ball. They are going to impart only a
tiny extra momentum to this bowling ball,” Collaica

To detect that bit of tiny recoil, Collar and colleagues figured out that a cesium iodide crystal doped
with sodium was the perfect material. The discovery led the scientists to jettison the heavy,
gigantic detectors common in neutrino research foeaimilar in size to a toaster.

No gigantic lab

The 4inch-by-13-inch detector used to produce the Science results weighs only 32 pounds (14.5
kilograms). In comparison, the world's most famous neutrino observatories are equipped with
thousands of tons fodetector material.

"You don't have to build a gigantic laboratory around it," said UChicago doctoral student Bjorn
Scholz, whose thesis will contain the result reported in the Science paper. "We can now think



about building other small detectors thatrahen be used, for example to monitor the neutrino
flux in nuclear power plants. You just put a nice little detector on the outside, and you can measure
it in situ.”

Neutrino physicists, meanwhile, are interested in using the technology to better uradershe
properties of the mysterious particle.

"Neutrinos are one of the most mysterious particles," Collar said. "We ignore many things about
them. We know they have mass, but we don't know exactly how much."

Through measuring coherent elastic neutrinocleus scattering, physicists hope to answer such
guestions. The COHERENT Collaboration's Science paper, for example, imposes limits on new types
of neutrino-quark interactions that have been proposed.

The results also have implications in the search¥eakly Interacting Massive Particles. WIMPs
are candidate particles for dark matter, which is invisible material of unknown composition that
accounts for 85 percent of the mass of the universe.

"What we have observed with neutrinos is the same procepgeed to be at play in all the WIMP
detectors we have been building," Collar said.

Neutrino alley

The COHERENT Collaboration, which involves 90 scientists at 18 institutions, has been conducting
its search for coherent neutrino scattering at the SpalatNeutron Source at Oak Ridge National
Laboratory in Tennessee. The researchers installed their detectors in a basement corridor that
became known as "neutrino alley." This corridor is heavily shielded by iron and concrete from the
highly radioactive netnon beam target area, only 20 meters (less than 25 yards) away.

This neutrino alley solved a major problem for neutrino detection: It screens out almost all
neutrons generated by the Spallation Neutron Source, but neutrinos can still reach the detectors.
This allows researchers to more clearly see neutrino interactions in their data. Elsewhere they
would be easily drowned out by the more prominent neutron detections.

The Spallation Neutron Source generates the most intense pulsed neutron beams in ttiéowor
scientific research and industrial development. In the process of generating neutrons, the SNS also
produces neutrinos, though in smaller quantities.

"You could use a more sophisticated type of neutrino detector, but not the right kind of neutrino
source, and you wouldn't see this process," Collar said. "It was the marriage of ideal source and
ideal detector that made the experiment work."

Two of Collar's former graduate students areatghors of the Science paper: Phillip Barbeau,
AB'01, SB'01,HB'09, now an assistant professor of physics at Duke University; and Nicole Fields,
PhD'15, now a health physicist with the U.S. Nuclear Regulatory Commission in Chicago.

The development of a compact neutrino detector brings to fruition an idea that d@h@lumnus
Leo Stodolsky, SM'58, PhD'64, proposed in 1984. Stodolsky and Andrzej Drukier, both of the Max
Planck Institute for Physics and Astrophysics in Germany, noted that a coherent detector would be



relatively small and compact, unlike the more commmeutrino detectors containing thousands of
gallons of water or liquid scintillator. In their work, they predicted the arrival of future neutrino
technologies made possible by the miniaturization of the detectors.

Scholz, the UChicago graduate student, saluted the scientists who have worked for decades to
create the technology that culminated in the detection of coherent neutrino scattering.

"l cannot fathom how they must feel now that it's finally been detected they've achieved one
of their life goals," Scholz said. "I've come in at the end of the race. We definitely have to give
credit to all the tremendous work that people have done before us." [12]

In search of 'sterile’' neutrinos
Lately, neutrinog the tiny, nearly massless particles that many scientists study to better
understand the fundamental workings of the universkave been posing a problem for physicists.

They know that these particles are produced in immense numbers by nuclear reactioressuch
those taking place within our sun. They also know that neutrinos don't interact very often with
matter; billions of them passed through your hand in the time it took you to read this sentence.

But in a host of experiments around the world, researclaesfinding a deficit in the number of
neutrinos they see versus what they expect to see, based on theory. And this has nothing to do
with the shifting back and forth between the three flavors of neutrino that physicists also already
know about.

One posdile explanation is that there is a fourth kind of neutrino that hasn't been detected. It's
referred to as a sterile neutrino. And NIST scientists will begin looking for it next year as part of the
Precision Oscillation and Spectrum Experiment (PROSPEGI@baration involving 68 scientists

and engineers from 10 universities and four national laboratories.

"This is potentially a discovery experiment,” says NIST's Pieter Mumm, who-isumder and
cospokesperson for the project, along with Karsten g¢geat Yale University and Nathaniel

Bowden at Lawrence Livermore National Laboratory. Discovering a new particle would be "super
exciting," he continues, because a new type of neutrino is not part of the Standard Model of
physics, the wellvetted explanati for the universe as we know it.

To find the new particle or definitively disprove its existence, the PROSPECT collaboration is
preparing to build a firsof-its-kind detector for shodrange neutrino experiments, using a nuclear
reactor as the neutringource.

The work could not only shed light on new physics, but it could also give researchers a new tool to
monitor and safeguard nuclear reactors.

PROSPECTIng for Neutrinos

Unlike other neutrino experiments, which typically look at the oscillatiorte/ben the three

known flavors over distances of kilometers or hundreds of kilometers, PROSPECT will look at
neutrino oscillations over just a few meters, the space of a small room. The distance is too short to



see oscillations between the known flavorst BRus exactly the right scale for the hypothesized
sterile neutrino oscillations.

This setup "gives you a signature that's absolutely-glad," Mumm says. "If you see that
variation, that characteristic oscillation, there is only one explanatiortftirhias to be sterile
neutrinos."

The detector itself will be about 4.5 meters cubed and will be composed of-ag-14 array of

long skinny "cells" stacked on each other [see diagram], with an expected spatial resolution of
about 10 cubic centimeterg\s its source for neutrinos, PROSPECT will use the High Flux Isotope
Reactor at Oak Ridge Laboratory in Tennessee. The experiment will be placed as close as possible
to the reactor core itsel§ only 7 meters (about 20 feet) away.

PROSPECT will not she sterile neutrinos directly. Rather, it will detect a particular kind of
neutrino that is regularly produced in nuclear reactors: the electyge antineutrino.

To identify an electron antineutrino, the researchers will look for a particular sigtightnEach
cell in the detector is filled with a scintillating material. That means that energy is converted to
light, which is amplified and picked up by a pair of photomultiplier tubes on each cell.

When a neutrino hits a proton in the liquid filliniget cells, it creates new particles that deposit
energy within the detector. These daughter particles form a signature that tells researchers that a
neutrino was once there (see diagram above).

"What we're actually sensing is the light emitted by the ligsgintillator,” Mumm says. The signal
that they are looking for is "something that looks like a positron, followed at the appropriate time
[tens of microseconds, or millionths of a second] by something that looks like a neutron capture.”

Next Steps

So #r, the collaboration has created a series of prototypes, including a pair of cells built to scale,
and is running simulations to validate the models they are using to separate the signal from the
high backgrounds they expect. Thanks to grants from theegartment of Energy and the
HeisingSimons Foundation this summer, they have begun to physically build the detector.

PROSPECT should answer the question of whether there are sterile neutrinos or not within three
years, Mumm says. Meanwhile, the collahthon’'s work has some potentially garshanging

spinoffs for reactor physics. For example, scientists could potentially use this technology to
engineer a device to monitor reactor operations remotely.

"You can imagine, at least it seems to me, that tbisld be a pretty powerful tool in the right
circumstances,” Mumm says. "You can't shield neutrinos. There's no way to spoof it." [11]

As hunt for sterile neutrino continues, mystery deepens

Physicists have hypothesized the existence of fundameiatiicles called sterile neutrinos for

decades and a couple of experiments have even caught possible hints of them. However, according
to new results from two major international consortia, the chances that these indications were

right and that these parties actually exist are now much slimmer.



In the 1990s, particle physicists at Los Alamos National Laboratory noticed something puzzling in
one of their experiments. Their results disagreed with other experiments that discovered neutrino
oscillationg the surprising ability of neutrinos to morph from one flavor to anothemd

ultimately led to last year's Nobel Prize for physics. An experiment at Fermi National Accelerator

Laboratory (Fermilab) that was designed to confirm or refute the results from Losélkanly

added to the mystery by producing mixed results.

To resolve the disagreement, theorists proposed the existence of-gataswdiscovered
fundamental particle a sterile neutrino. Physicists speculated that the hypothesized particles
might hold a ky to better understanding of the evolution of the universe and why it is mostly
made of matter and not antimatter.

Based on the Los Alamos and Fermilab results, scientists predicted a range of possible physical
properties, such as mass, that sterile neutrinos could have.

Several large research projects have been hunting for the elusive particles within that range.

Now in this latest study, by combining results from a different experiment at Fermilab, called the
Main Injector Neutrino Oscillation Search (MINOS), and another in China, called the Daya Bay
Reactor Neutrino Experiment, scientists have ruled out a lacggom of the range of possible
properties the hypothesized particles were predicted to be hiding in.

"So the plot thickens," says Karol Lang, a professor of physics at The University of Texas at Austin
and caspokesperson for the MINOS experiment. "Bigtstill possible that new experiments being
developed at Fermilab might reveal some exciting new physics to explain these very different
results."

The results are being published this week as three separate letters in the journal Physical Review
Letters(see links below).

A team of researchers from UT Austin played many roles in producing the MINOS results, including
graduate students Dung Phan, Simon De Rijck and Tom Carroll, and postdoctoral fellows Adam
Schreckenberger, Will Flanagan and Paul Sail.

"It is very exciting to work on one of the pioneering experiments and have such a big impact on the
field," says De Rijck.

Neither the MINOS nor Daya Bay results alone could be directly compared to the Los Alamos
measurements, but combined, they could.

"It's not common for two major neutrino experiments to work together this closely," says Adam
Aurisano of the University of Cincinnati, one of the MINOS scientists.

A resolution to the mystery of sterile neutrinos might come soon. Researchers in Fermilab's
ShortBaseline Neutrino Program have already begun collecting data specifically targeting particles
in the narrow mass range where sterile neutrinos might yet be hiding. Meanwhile, Lang and his
colleagues in MINOS and Daya Bay have more data that theyopdasalyze in the coming year,

which might narrow the possible range of physical properties even further.



"A sterile neutrino, if found, would be a game changer for particle physics," says Phan. [10]

Weird quantum effects stretch across hundreds of mile s

In the world of quantum, infinitesimally small particles, weird and often tdgfying behaviors
abound. Perhaps the strangest of these is the idea of superposition, in which objects can exist
simultaneously in two or more seemingly counterintuitivates. For example, according to the
laws of quantum mechanics, electrons may spin both clockwise and ceclntéwise, or be both
at rest and excited, at the same time.

The physicist Erwin Schrodinger highlighted some strange consequences of the idea of
superposition more than 80 years ago, with a thought experiment that posed that a cat trapped in

a box with a radioactive source could be in a superposition state, considered both alive and dead,
according to the laws of quantum mechanics. Since thenntsie have proven that particles can
indeed be in superposition, at quantum, subatomic scales. But whether such weird phenomena can
be observed in our larger, everyday world is an open, actively pursued question.

Now, MIT physicists have found that sutaic particles called neutrinos can be in superposition,
without individual identities, when traveling hundreds of miles. Their results, to be published later
this month in Physical Review Letters, represent the longest distance over which quantum
mechanis has been tested to date.

A subatomic journey across state lines

The team analyzed data on the oscillations of neutrinegbatomic particles that interact

extremely weakly with matter, passing through our bodies by the billions per second without any
effect.

Neutrinos can oscillate, or change between several distinct "flavors," as they travel through the
universe at close to the speed of light.

The researchers obtained data from Fermilab's Main Injector Neutrino Oscillation Search, or
MINQOS, an experiment in which neutrinos are produced from the scattering of other accelerated,
highenergy particles in a facility near Chicago and beamed to atdeiacSoudan, Minnesota, 735
kilometers (456 miles) away. Although the neutrinos leave lllinois as one flavor, they may oscillate
along their journey, arriving in Minnesota as a completely different flavor.

The MIT team studied the distribution of neurto flavors generated in lllinois, versus those

detected in Minnesota, and found that these distributions can be explained most readily by
guantum phenomena: As neutrinos sped between the reactor and detector, they were statistically
most likely to be in atate of superposition, with no definite flavor or identity.

What's more, the researchers found that the data was "in high tension" with more classical
descriptions of how matter should behave. In particular, it was statistically unlikely that the data
could be explained by any model of the sort that Einstein sought, in which objects would always
embody definite properties rather than exist in superpositions.



"What's fascinating is, many of us tend to think of quantum mechanics applying on small scales,"
says David Kaiser, the Germeshausen Professor of the History of Science and professor of physics
at MIT. "But it turns out that we can't escape quantum mechanics, even when we describe
processes that happen over large distances. We can't stop our quangohanical description

even when these things leave one state and enter another, traveling hundreds of miles. I think
that's breathtaking."

Kaiser is a cauthor on the paper, which includes MIT physics professor Joseph Formaggio, junior
Talia Weiss, andfmer graduate student Mykola Murskyj.

A flipped inequality

The team analyzed the MINOS data by applying a slightly altered version of the i@agett
inequality, a mathematical expression named after physicists Anthony Leggett and Anupam Garg,
who derved the expression to test whether a system with two or more distinct states acts in a
guantum or classical fashion.

Leggett and Garg realized that the measurements of such a system, and the statistical correlations
between those measurements, should bietrent if the system behaves according to classical
versus quantum mechanical laws.

"They realized you get different predictions for correlations of measurements of a single system
over time, if you assume superposition versus realism," Kaiser expldiase "realism" refers to
models of the Einstein type, in which particles should always exist in some definite state.

Formaggio had the idea to flip the expression slightly, to apply not to repeated measurements over
time but to measurements at a rangé weutrino energies. In the MINOS experiment, huge

numbers of neutrinos are created at various energies, where Kaiser says they then "careen through
the Earth, through solid rock, and a tiny drizzle of them will be detected" 735 kilometers away.

Accordingo Formaggio's reworking of the Legg&trg inequality, the distribution of neutrino
flavorg the type of neutrino that finally arrives at the detectoshould depend on the energies at
which the neutrinos were created. Furthermore, those flavor distrifmgishould look very

different if the neutrinos assumed a definite identity throughout their journey, versus if they were
in superposition, with no distinct flavor.

"The big world we live in"

Applying their modified version of the Legg&trg expressioto neutrino oscillations, the group
predicted the distribution of neutrino flavors arriving at the detector, both if the neutrinos were
behaving classically, according to an Einsli&mtheory, and if they were acting in a quantum
state, in superpositin. When they compared both predicted distributions, they found there was
virtually no overlap.

More importantly, when they compared these predictions with the actual distribution of neutrino
flavors observed from the MINOS experiment, they found thatdht fit squarely within the
predicted distribution for a quantum system, meaning that the neutrinos very likely did not have
individual identities while traveling over hundreds of miles between detectors.



But what if these patrticles truly embodied disttrflavors at each moment in time, rather than
being some ghostly, neithdrere-nor-there phantoms of quantum physics? What if these
neutrinos behaved according to Einstein's realisased view of the world? After all, there could
be statistical flukes dut defects in instrumentation, that might still generate a distribution of
neutrinos that the researchers observed. Kaiser says if that were the case and "the world truly
obeyed Einstein's intuitions,"” the chances of such a model accounting for the etistata would
be "something like one in a billion."

"What gives people pause is, quantum mechanics is quantitatively precise and yet it comes with all
this conceptual baggage,” Kaiser says. "That's why | like tests like this: Let's let these things travel
further than most people will drive on a family road trip, and watch them zoom through the big
world we live in, not just the strange world of quantum mechanics, for hundreds of miles. And

even then, we can't stop using qguantum mechanics. We really seetgu effects persist across
macroscopic distances." [9]

Surprising neutrino decoherence inside supernovae

Neutrinos are elementary particles known for displaying weak interactions. As a result, neutrinos
passing each other in the same place hardly motine another. Yet, neutrinos inside a supernova
collectively behave differently because of their extremely high density. A new study reveals that
neutrinos produced in the core of a supernova are highly localised compared to neutrinos from all
other knownsources. This result stems from a fresh estimate for an entity characterising these
neutrinos, known as wave packets, which provide information on both their position and their
momentum.

These findings have just been published in EPJ C by J6rn KesstehdrUniversity of Bergen,
Norway, and his colleague Alexei Yu. Smirnov from the Max Planck Institute for Nuclear Physics in
Heidelberg, Germany. The study suggests that the wave packet size is irrelevant in simpler cases.

This means that the standatbeory for explaining neutrino behaviour, which does not rely on
wavepackets, now enjoys a more sound theoretical foundation.

One of the laws governing particles at the quantum seabdled the uncertainty principletells us

that we cannot simultaneously know a particle's position and momentum (which is the product of
their mass times their velocity) with arbitrary precisi®articles like neutrinos are therefore
described by a mathematical entity, called wave packets, the size of which determines the
uncertainty in the neutrino's position and momentum.

The authors find that neutrino wave packets in supernovae are unusraliyl in size. This implies

that each individual neutrino displays decoherence. Kersten and Smirnov, however, show that this
decoherence effect does not have any impact on the experimental measurement of the oscillation
probability for each neutrino flavauthey only demonstrate this result in cases that are similar to,
albeit simpler, than what happens in a supernova, where collective effects occur.

In this study, the authors thus provide a theoretical motivation to the use of the standard
description ofsupernova neutrinos, which does not rely on wave packets.



Indeed, their findings suggest that collective effects are also unaffected by the neutrino wave
packet size, a premise that has yet to be proven. [8]
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It could all have been so different. When matter first formed in the universe, our current theories

suggest that it should have been accompanied by an equal amount of antimatteonclusion we
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pair of experiments designed to study the behaviour of neutrigparticles that barely interact
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Neutrinos and theiantimatter counterparts, antineutrinos, each come in three types, or flavours:
electron, muon and tau. Several experiments have found that neutrinos can spontaneously switch
between these flavours, a phenomenon called oscillating.

The T2K experiment in@an watches for these oscillations as neutrinos travel between-f&RC
accelerator in Tokai and the Sugeamiokande neutrino detector in Kamioka, 295 kilometres
away. It began operating in February 2010, but had to shut down for several years aéemiap
rocked by a magnitud® earthquake in 2011.

Puff of radiation

In 2013, the team announced that 28 of the muon neutrinos that took off fréfPARC had become
electron neutrinos by the time they reached Sup&amiokande, the first true confirmatiothat
the metamorphosis was happening.

They then ran the experiment with muon antineutrinos, to see if there was a difference between
how the ordinary particles and their antimatter counterparts oscillate.

An idea called chargearity (CP) symmetry hadd that these rates should be the same.

CP symmetry is the notion that physics would remain basically unchanged if you replaced all

particles with their respective antiparticles. It appears to hold true for nearly all particle

interactions, and implies #t the universe should have produced the same amount of matter and

antimatter in the big bang.Matter and antimatter destroy one another, so if CP symmetry holds,
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know why. Any deviation from CP symmetry we observe could help explain this discrepancy.
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Flavour changers

We already know of one: the interactions of different kinds of quarks, the constituents of protons
and neutrons in atoms. But their difference is not great enough to explain why matter dominated
so completely in the modern universNeutrino oscillations are another promising place to look for
deviations.

This morning at the Neutrino conference in London, UK, we got our first signs of such deviations.
Hirohisa Tanaka of the University of Toronto, Canada, reported the latests@sartt T2K. They

have now seen 32 muon neutrinos morphing into the electron flavour, compared to just 4 muon
antineutrinos becoming the anglectron variety.

This is more matter and less antimatter than they expected to see, assuming CP symmetry holds.
Although the number of detections in each experiment is small, the difference is enough to rule
out CP symmetry holding at the 2 sigma layiel other words, there is only around a 5 per cent
chance that T2K would see such differences if CP symmetrgsisrped in this process.

Particle physicists normally wait until things reach the 3 sigma level before getting excited, and
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But at the same conference, Malpresented the latest results from NoVA that revealed the two

experiments were in broad agreement about the possibility.

The extent of CP violation rests on a key parameter called-fletta> ¢ KA OK NJ y3IS& FNRBY n
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NoVA plans to muits own antineutrino experiments next year, which will help firm up the results,
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mysteries of why we are here could be on the road to getting solved. [7]

What the universe's most elusive particles can tell us about the
universe's most energetic objects

In 2012, a tiny flash of light was detected deep beneath the Antarctic ice. A burst of neutrinos was
responsible, and the flash of light was their calliagd.

It might not sound momentous, but the flash could give us tantalising insights into one of the most
energetic objects in the distant universe.

The light was triggered by the universe's most elusive particles when they made contact with a
remarkabk detector, appropriately called IceCube, which was built for the very purpose of
capturing rare events such as this.

The team of international researchers now suspects the event may have originated from a quasar,
which is the active nucleus of a galax§idns of lightyears away.

The flash also potentially opens up a new era of neutrino astrophysics and may help unravel the
mystery of neutrino production in the universe.



The antisocial particle that came in from the cold

Neutrinos are elementary pades and one of the smallest building blocks of the universe. Despite
being one of the most abundant and energetic particles, neutrinos have a reputation of being
notoriously hard to detect.

This is because they very rarely interact with normal mattefatt, billions of them pass through
your body every minute without even causing a tickle.

What the universe's most elusive particles can tell us about the universe's most energetic objects
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So how do you find such an antisocial particle?

It might not look it from the frosty surface of Antarctica, but Ice Cube is one of the world's largest
telescopes, and the largest for detecting neutrinos.

IceCube occups a cubic kilometre of clear ice, which provides the best medium for thousands of
sensors to capture that elusive burst of light created when a high energy neutrino collides with an
ice particle.

Although the probability of a collision is minuscule,rthare so many neutrinos that pass through
the detector that eventually some will interact with the ice.

The trick then is to determine where the neutrinos originated. Neutrinos are produced by the
nuclear reactions going on at the centre of stars anatlrer highly energetic cosmic processes.

So when trying to find origin of the 2012 neutrino burst, Professor Sergei Gulyaev, the director of
Auckland University of Technology's Institute for Radio Astronomy and Space Research told The
Conversation that tere was no shortage of candidates. The sky was literally the limit.

"Out of millions of astronomical objects, which one was responsible?"

Nucleus of a galaxy
A network of New Zealand, Australian and African radio telescopes searched the skies for what
might have triggered the 2012 flash.

But one candidate stood out. Radio astronomers were able to create an image of a distant object
that appeared to change draatically after the neutrino burst was registered in South Pole.

What the universe's most elusive particles can tell us about the universe's most energetic objects

The IceCube detector contains 5,160 individual sensors that go down to a depth of n&arly 2
kilometres beneath the ice. Credit: IceCube Collaboration

From this, they decided that the most likely source of the neutrinos was a quasar, called PKS
1424418, located 9.1 billion light years awayearly at the edge of the visible universe.

A quasais the active nucleus of a primordial galaxy with a supermassive black hole at its core.



"We knew before that huge fluxes of very energetic particles came from space. We call them ‘cosmic
rays'. Neutrinos are part of them. But we had no idea which astronomical objects are responsible for
this."

Gulyaev emphasised that they had to be cautibafore drawing any conclusions about the source
of the neutrinos.

"We were very careful, but combining radio astronomical and gafragabbservations made by
NASA's Fermi gamnrmay space telescope, we now know where or what it is. Given the huge
increasem energy, shape change and activity, we are 95% sure that a quasar was responsible for
the event registered by IceCube."

Gulyaev added that this particular quasar was active while the universe was very young.

"Quasars are like dinosaurs. They becamenekt long time ago," said Gulyaev. "But because
astronomy is like a time machine, we were able to study this quasar.”

The study may also open a new window into the distant universe. Whereas most astronomy is
conducted by studying electromagnetic radiatjsuch as light or radio waves, these can be
obscured or distorted as they travel through space.

But because neutrinos pass through most matter, and aren't influenced by magnetic fields, they
can pass through vast stretches of the cosmos uninterrupfege lcan detect them reliably, we
might be able to observe things we can't normally see.

An exciting problem
Professor Ron Ekers, an astrophysicist from CSIRO, said the study presents tantalising possibilities
of an extragalatic origin of the high enenggutrino burst.

However, the true test of time will be if the model can eventually predict future detections
alongside more precise measurements of neutrino positions that would be possible in the future.

Ekers said that although the model presents agible origin, a crucial step would be to increase
the level of accuracy in neutrino detection instruments to more precisely pinpoint and narrow
down possible sources.

"Current position errors for these neutrinos are quite large and there are many posdifgcts
which could be the source."

Ekers added that both IceCube and the Mediterranean Neutrino Array (KM3NeT) have future plans
to greatly improve positional accuracy to fulfil that need.

"Finding out where the high energy neutrinos come from is oflne most exciting problems in
astrophysics today. Now we have a possible identification we desperately need to improve the
directional accuracy of the neutrino detections. " [6]



Neutrinos: Ghosts of the Universe

Why, after millions of years of steadily lighting the cold darkness, does a supergiant star suddenly
explode in a blinding blaze of glory brighter than 100 billion stars?

What exotic objects in deep space are firing out particles at by far the highesgies in the

universe? And perhaps most mibeénding, why does the universe contain any matter at all? These
mysteries have vexed astrophysicists and particle physicists for decades. The key to solving all
three deep conundrums is itself one of the gresttenigmas of physics: the neutrino.

The universe is awash in these peculiar, nearly massless, subatomic particles. Created in tremendous
numbers right after the Big Bang, and constantly churned out in stars and other places by radioactive
decay and othereactions, trillions of these ghostly particles sail right through stars and planets,
including our own.

Carrying no electrical charge, neutrinos are attracted neither to protons nor electrons, so they
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tiny scales, known simply as the strong force, which binds protons and neutrons together in an
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Neutrinos are more aloof than supermodels, rarely interacting meaningfully with one another or
with anything else in the universe. Paradoxically, it is their disengaged quality that earns them a
crucial role both in the workings of the universe and in revealing some of its greatest secrets.

Neutrino physics is entering a golden age. As part of aperment, neutrinos have recently
opened a new window on highnergy sources in deep space, such as black holes spewing out
particles in beams trillions of miles long.

Another astronomy experiment deep underground in a Japanese mine will use neutrileasro

the average temperature and energy of ancient supernovae to better understand their typical
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triggering the kind of supernovae that distribute essahélements like oxygen and nitrogen.

Beyond expanding the role of neutrinos in astronomy and uncovering their role in astrophysics,
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would influence theories that explain the masses of other particles.

By determining yet another elusive fundamental property of neutrinos, researchers also hope to
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for every particle of matter, such as an electron, there was andatitron; for every quark (a

fundamental constituent of matter), there was an antiquark, explains physicist Chang Kee Jung of

Stony Brook University. When these opposites meet, they should annihilate each other, creating

pure energy.

So why is any matter leffPhe most plausible solution, leading physicists like Jung say, hinges on
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These neutrino cousins, 100 trillion times more massive than a proton, formed in thendems



heat that existed right after the Big Bang. They had the special androgynous ability to decay into
either matter or antimatter counterparts. One such overweight particle might have decayed into a
neutrino plus some other particle like an electronfor instancet while another superheavy
neutrino might have decayed into an antineutrino and another particle.

For this theory to explain why matter exists, those early superheavy neutrinos would have had to

decay more frequently into particles than grairticles. Physicists at neutrino detectors such as

NOVA in Minnesota, in addition to trying to determine the masses of the neutrino, are studying
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could also explain the inclinations of superheavy neutrinos at the dawn of time. If the superheavy
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every particle in the cosmos descended.

Neutrinorelated discoveries have already earned three Nobel prizes, and thebpadtking

experiments underway could well earn more tickets to Stockholm. The seemingly superfluous
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profound importance.

The Ice Telescope Cometh

Computers at the IceCube Laboratory at the AmuneSeott South Pole Station collect raw data
and analyze resudtfrom the underground neutrino detector.

Scientists who want to detect neutrinos must build their detectors deep underground or
underwater to filter out the cosmic rays that constantly bombard Earth.

(Neutrinos travel through matter, regardless of hdense.) Francis Halzen, a physicist at the
University of WisconstiMladison, realized decades ago that Antarctica was an ideal spot because
the ice was thick enough to bury thousands of light sensors more than a mile deep.

When a neutrino chances to slanmto an atomic nucleus in the ice, an electron or muon (a heavier
cousin of the electron) is created, releasing a trace of light. That trace of light can be picked up by
IceCube, an underground telescope and patrticle detector at the South Pole. Halzerofsnemrly

250 people involved with the project.

In May 2012, IceCube physicists discovered the light footprints of two neutrinos with an incredible

1,000 times more energy than any neutrino ever detected before on Earth. Christened Bert and

Ernie after the Sesame Street characters, they spurred IceCube scientistsxam@e the data at

that energy level. Sure enough, they found 26 more fgighrgyneutrinos. When the scientists

looked at more recent data through May 2013, they found nine more-bigdrgy neutrinos, one
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Some neutrinos almost certairnhail from beyond our galaxy, and they could help solve a
centuryold mystery on the source of incredibly higiergy cosmic rays.



That source also is thought to produce higiinergy neutrinos. Some possible scenarios: incredibly
massive black holes erupg in jets of matter, galaxies colliding or spapducing factories known
as starburst galaxies.
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Neutrino Mysteries

ShapeShifting

Neutrinos are notorious shapshifters. Each one is born as one of three types, or flavors

electron, muon and tam but they can change flavor in a few thousandths of a second as they
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sometimes behave like waves. But as the neutrino travels, the flavor waves combine in different

ways. Sometimes the combination forms what is mostly an electron neutrino and sometimes

mostly a muon neutrino.

Because neutrinos are quantum particles, and by definition weird, they are not one single flavor at

a time, but rather always a mixture of flars. On the very, very rare occasion that a neutrino

interacts with another particle, if the reaction appears to produce an electron, then the neutrino

was an electron flavor in its final moments; if it produces a muon, the neutrino was-ffaxmred.
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particle.

Heavyweight Competition
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Scientists know the mass of every other fundamental particle, such as the electron, but the

neutrinoT at least a million times as light as the electmonis far more elusive because of its

transformative ways.

The discovery of neutrino masses woulduehce the fundamental theory of how particles and

forces interact, the sealled standard model of particle physics.

Physicists already know the theory is incomplete because it incorrectly predicts neutrinos have no
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The difficulty in pinning down neutrino masses lies integsenberg uncertainty principle, a

cornerstone of quantum physics. It states that certain properties of subatomic particles are linked

such that the more precisely you know one, the less precisely you can know the other. For
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flavor and mass are linked in a similar way, says Indiana University physicist Mark Messier. Yo
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As far as scientists can tell, each neutrino isacombigay’ 2 F GKNBS YI aasSas odzi GK
that combination without taking a measurement. Two of those masses are likely to identify as

electron neutrinos a significant portion of the time, and one mass only infrequently comes up as

electron neutrino, sayblessier. Physicists are not sure if the greatest, or heaviest, of the three

masses is most likely to be an electron neutrino or least likely to be an electron neutrino.

When Lefties Turn Right

All matter has a mirror image, called antimatter. Foredgctron, which has a negative charge, the
antimatter twint the positront is identical except that it has a positive charge. If matter meets
antimatter, they destroy each other in a burst of energy.

For each of the three flavors of neutrino, there iscaa corresponding antineutrino called, sensibly
enough, electron antineutrino, muon antineutrino and tau antineutrino.

Because neutrinos are neutral, their antiparticles cannot have opposite charges. Instead, their
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Sicilian theorist Ettore Marjorana suggested that since neutrinos are neutral, they may be their

own antiparticlet meaning that under certain circumstances, a neutrino could act like an

antineutrino. If that were true, it would satisfy one necesseondition for the supreme ancestor

neutrino theory that explains why we and all matter in the universe exist.

Cracked Mirror?

If you apply the laws of physics to antimatter, everything works out the same, just reversed. A

magnetic field would pushroan electron and a positron with exactly the same force: For example,

if the electron were pushed right, the positron would be pushed left. Physicists hope that neutrinos
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to a new understanding of nature.



In experiments in the U.S. and Japan, researchers are trying to determine if the metamorphosis of

neutrinos into different flavors happens at a different rate than the antineutrino transformations.

So ratler than, say, a 10 percent chance of an electron neutrino turning into a muon neutrino, for

example, physicists wonder if the odds are lower that an electron antineutrino turns into a muon
FYGAYSdziNAy2d ¢KS@Q@S aSSy LINGBIOSESar partidled,NJ & dzOK & I
and certain theories predict that behavior in neutrinos.
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that this matter/antimatter difference in neutrinos was presenttheir superheavy ancestors at
the dawn of time, too.

Seeing Stars

Astrophysicist Han¥homas Janka and his team use a bank of supercomputers to cr&ate 3
models of the heat that builds in a neutriftlsiven explosion of a star.

Leonhard Scheck and-FHhomas Janka (Max Planck Institute for Astrophysics)

Somewhere in the universe, at least once a second, a massive star goes supernova, blowing to
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investigation, no one knows exactly why supernovae occur. But to astrophysicisThiamss
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Working from the Max Planck Institute for Astrophysics in Munich, Janka has enligtexsdof the
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mechanism of a supernova. Advances in computing power and physics have helped him build

sophisticated models, spun from hundreds of thousands of iie®mputer code, that capture
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In 1982, James Wilson of Lawrence Livermore National Laboratory first showed how neutrinos

might trigger the explosion. Wilson knew that when a massive star burns up the last of its fuel after
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implosion begins to turn into an explosion, and a shock wave forms. But within a few thousandths

of a second, it stops cold. Then something causes the shock wavbl#d A @S¢ |y R GNAX IIASNI
explosion, leaving behind a dense neutron star.

Through rudimentary computer modeling, Wilson discovered that that something was neutrinos,
generated in copious amounts on the order of 1 followed by 58 zeroeswhen the electros

and protons in the core turn into neutrons. Because those neutrons are packed so tigatly
teaspoon would weigh 100 million toms the neutrinos would get trapped there, bouncing off and
interacting with the other particles (mostly neutrons, but somretpns and electrons) trillions of
times.

The neutrinos would be delayed in the core only for a second, but Wilson suspected that enough
heat would be generated to trigger the supernova explosion.
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simplificationst such as the star being a perfect sphereand incorrect assumptions about the
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outer parts where the heating of thehock wave occurs. The model did not work. Janka learned

Fo2dzi 2AfazyQa Y2RSt F2dz2NJ @8SFNER fFGSNE & F 3INI Rd
thought the theory sounded plausible and developed a new way to describe neutrino physics in

supernova, working on newly available $25 million supercomputers at the Max Planck Institute,

one of the few places in Europe where the computers were available for unclassified research.

Janka seemed to work nonstop, his ferocious drive coexisting with a petdisés: Because he

was one of only a handful working in what was then a limited field of study, Janka worried that by
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But the heavens intervened. In 1987, the first supa visible to the naked eye since 1604

appeared in the Large Magellanic Cloud, our closest neighboring galaxy. Of the trillions of neutrinos

the blast emitted, detectors on Earth captured 24, suddenly inaugurating a new field of particle
FAaGNRLK@éagoOaodl i AYyAGALFE o022ad OGKFG FFFSOGSR ff Y
that a big neutrino astrophysics research program was started in Munich and that | got a
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That 1987 supernova confirmed the basic pictafe collapsed core of a massive star spewing an

enormous blast of neutrinos. Janka eagerly started building computer models, but like Wilson, he

had to assume the star was spherical, an oversimplification dictated by the high costs of computing

power. When Janka ran the models, the star did not explode. Over the next decade, he

collaborated with Ewald Mueller of the Max Planck Institute for Astrophysics to create more

complex models. They fleshed out how neutrinos interact and how they leak out of thefcare
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years.

By 2005, Janka had developed more sophistitatode for a model that more accurately
represented the shape of the star, though it was still an approximation. In this model, called a
twodimensional type, Janka refined the physics of how neutrinos moved in connection with the
flow of the other matterin the star. But he lacked computer power to test the model.

Then in 2006, fortune struck again. The managing director of the Max Planck Institute asked Janka

if he could do anything with 700,000 euros, at the time equal to $875,000. Janka bought 96
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continuously for the next three years to get one second of evolutidinom supernova core
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work led to the first sophisticated-R model of a giant star in extremis and this time, the model

star exploded.
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detailed and sophisticated simulation.
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huge supercomputers, one in Paris and one in Munich, with the power of 32,000 workstations:

Togethe, they can calculate more than 100 trillion operations per second. But Janka finds himself

once again at the outer limit of computing power. These godels, he says, are in their infancy
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Woosley of the University of California, Santa Cruz. Groups at Princeton University and Oak Ridge
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the carbonin plants, the silicon in the sard all the matter that makes up you and the Earth is

YIRS YR RA&AUNROMziSR o0& &dzLISNYy 20 Sz¢ WHyll aleéeao
created hundreds to thousands of lighears away in a titanic explosiarhere a reticent ghost

particle finally, violently, made its presence felt.

Double Trouble

Several major experiments around the world are designed to catch the elusive neutrino in the act
of not showing up. In a radioactive metamorphosis catliegle beta decay, a neutron (a neutral
particle) in the nucleus of an unstable atom spontaneously turns into a proton (a positive particle)
and emits an electron and an antineutrimothe antimatter twin of a neutrino.

In double beta decay, the interaoti is doubled: Two neutrons simultaneously decay into two
protons. However, instead of producing two electrons and two antineutrinos, as one might expect,
physicists such as Giorgio Gratta of Stanford University suspect that in some instances, no
antineutrinos are emitted. That can happen only if neutrinos are their own antiparticle, in which
case an antineutrino would be emitted by a neutron and thepresto!t absorbed as a neutrino

by a neutron.
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contradict the standard model of particle physics, the current mainstream understanding of the
way particles and fundamental forces behave, necessitating a paratigting extension. If the
decay of an unstable ain produces two electrons but no antineutrinos, physicists will have found
decisive evidence for this elusive, eccentric behavior.



Experiments in the United States, such as the Enriched Xenon Observatory 2EDEXONew
Mexico, as well as ones in Japan and Europe, are trying to catch a glimpse of this fantastically rare
interaction.
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EXO.

The SupekK's detector houses 13,000 photomultipliers that help detect the smallest trace of light
from neutrino interactions.

Built in a zinc mine near Hida, Japan, the Sufmeniokande$uperK) experiment has been
searching for telltale flashes of light in a 50,800 tank of the purest water on Earth since 1996.

When a lowenergy neutrino or antineutrino from a supernova collides with a water molecule in
the tank, the resulting lighéignal is recorded by about 100 of 13,000 photomultipliers,
ultrasensitive lightdetecting devices that turn a tiny flash of light into a larger recordable burst of
electricity. But sometimes, false positives occur: Radioactive decays in the detectorezlsn

light, as do neutrinos produced in the atmosphere when they collide with the water.

Now, SupeiK scientists plan to silence the false positives using a method suggested by physicists

John Beacom and Mark Vagins that focuses on the antineutrinds tha dzLJS Ny 2 @1 S LINRB RdzO0S ¢
add 50 tons of the rare earth metal gadolinium to the water in Stfeallowing them to tell the

difference between encounters with antineutrinos and other lightitting pretenders.

When an antineutrino knocks into a praton the SupeK water, that proton turns into a neutron

and instantly emits a positively charged particle that gives off blue light as it rapidly moves through
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taking it into its own nucleus and leading to the immediate burst of gamma rays. The

photomultipliers capture the whole sequence. No other particle interaction would lead to that
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of the antineutrino; the second confirms that the particle was an antineutrino.

G/ dzNNB y iKandickande dzn)8eekt neutrinos from supernova explosions anywhere in our
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SuperK to begin collecting antineutrinos from supernova explosions anywhere within half the
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the total

energy and temperature of an average supernova, two key inputs in all kinds of cosalcdogic
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Called GADZOOKS!for Gadolinium Antineutrino Detector Zealously Outperforming Old

Kamiokande, Supet! the enriched detector, expected to go online in 2017, will also have a better
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escape from black holes, and the supersensitive SHps&ill be able to detect a telltale stream of
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Flying High

The balloorborne experiment ANITA (Antarctic Impulsive Transient Antenna) heads to the
heavens at theend of this year. It will try to detect the sources of the highesérgy neutrinos in
the universe. These neutrinos are thought to result from ultrakéglergy cosmic rays crashing into
the lowenergy invisible photons left over from the Big Bang thditstifuse all of space.

What sort of phenomenon creates and launches the cosmic ray sources of these neutrinos?
Perhaps a hypernova I & & dzLJS NJ/ 2 @1 or A sapidiy SphiNd) bl&ck kole or, more
likely yet, a supermassive black hole, says pistdPeter Gorham of the University of Hawaii, the
LINE2S0Oi0Qa tSIR Ay@SaidAal 2 NWD

The NASAunded balloon will be 35,000 meters over the Antarctic ice cap. Circling the South Pole,
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waves emitted when an ultrahighy SNB& y SdziNAy 2 KAlda | ydzOf Sdza Ay A (
voyage.

Last year, physicists began shooting 150 trillion neutrinos per second from the Fermi National
Accelerator Laboratory, wesf Chicago, to a detector in Minnesataa 503mile underground
trip that will take them just 2.7 milliseconds.

Called the NuMI Offixis Electron Neutrino Appearance experiment, or NOVA, the project relies on

a 15,406ton detector containing 3 million ¢lans of a liquid solution with a material known as a

scintillator. Scintillators absorb the energy of incoming particles and emit that energy in the form

of light. Of the torrent of particles Fermilab sends, only about 10 neutrinos interact with the
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energy.
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experiment over the past 12 years. Physicist MadsMer of Indiana University, one of the
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is heaviest and which is lightest their so-called mass ordering. Mass is a fundamental but

mysterious property of neutrinos that affects many physics theories because the origin of neutrino

masses is still unknown.

The NOVA neutrinos wiltaat off as muon flavor, but then do their typical transforming act into
electron neutrinos. Electrefiavor neutrinos are special because they can interact with the Earth:
They alone can meaningfully interact with electrons in atoms. The key for NOhgk iké greater
the mass of the electron neutrino flavor, the more likely the beam of neutrinos will interact with
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lightest mix of masses, the added heaviness from its earthly interacttonkl make it change to
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as Messier puts it, referring to the wavelike behavior of these particles. On the other hand, if the

electron neutrinos contain the heast masses, then the additional Eaitfduced mass would

make them mix less with those of the other two neutrino flavors.

NOVA is also doing the experiment with antineutrinos, which offer a valuable comparison, Messier
says. And it might give a hint whether neutrinos and antineutrinos morph at different rates, yet
another unusual neutrino property that would not be totally unexpected.

Neutrino Gold

1988: Leon Lederman, Melvin Schwartz and Jack Steinberger win the Nobel Prize in Physics for
developing a way to generate beams of neutrinos in a particle collider and for discovering the
muon neutrino.

1995: Frederick Reines wins a Nobel for detecting neutrinos for the first time in a 1953 experiment
dubbed Project Poltergeist. Clyde Cowan,doifaborator, had died 21 years earlier.

2002: Ray Davis earns the prize for detecting neutrinos from the sun using 600 tonslefaiyng
fluid in a giant underground tank in South Dakota. Davis shared the Nobel with Masatoshi Koshiba,
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neutrinos from a supernova that exploded in a neighboring galaxy. [5]



Possible new particle hints that universe may not be left -handed
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Mirroring the universe (Image: Claudia Marcelloni/CERN)

Like your hands, some fundamental particles are different from their mirror images, and so have an
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In particular, W bosons, which carry the weak nuclear force, are supposed to come only in
lefthanded varieties. The debris from smashing protons at the LHC has revealed evidence of
unexpected righthanded bosons.

After finding the Higgs boson in 2012, the collider shut down for upgrades, allowing collisions to
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appear to contain four novel sigls. Together, they could hintatabdsonf A 1 S LJ NI A Of S (KS
with a mass of about 2 teraelectronvolts. If confirmed, it would be the first boson discovered since

the Higgs.

The find could reveal how to extend the successful but frustratingly intmptandard model of
particle physics, in ways that could explain the nature of dark matter and why there is so little
antimatter in the universe.

The strongest signal is an excess of particles seen by the ATLAS experiment

(arxiv.org/abs/1506.00962)t a statistical significance of 3.4 sigma. This falls short of the 5 sigma
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because three other unexpected signals at the independent CMS experiment couldopthie

same thing.
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Dobrescu at Fermilab in Chicago. In a paper posted online last month, Dobrescu and Zhen Liu, also

at Fermilab, showed how the signals could &turally into modified versions of lefight

symmetric models (arxiv.org/abs/1507.01923). They restorerighfit symmetry by introducing a
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Another way to fit the righK | Y R S R a2bi@gerkthéary2was proposed last week by Bhupal Dev
at the University of Manchester, UK, and Rabindra Mohapatra at the University of Maryland. They
invoke just a few novel particles, then restore {géht symmetry by giving just one of them special
properties (arxiv.org/abs/1508.02277).

Some theorists have proposed that these exotic particles instead hint that the Higgs boson is not
fundamental particle. Instead, it could be a composite, and some of its constituents would account
for the observedsignals.
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The next step is for the existence of theright Y RSR 2 Q o62az2y (G2 0SS O2yFANXSR
Dobrescu says that should be possible by October this year. But testing tidebrtheories could
take a couple of years.

Other LHC anomalies have disappeared once more data became available. That could happen
again, but Raymond Volkas at the University of Melbourne, Australia, says this one is more
interesting.

G ¢ KS ¥ I @ata hinkat alveryiskriSible and waibtivated standard model extension that
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Asymmetry in the interference occurrences of oscillators

The asymmetricalanfigurations are stable objects of the real physical world, because they cannot
annihilate. One of the most obvious asymmetry is the prai@iectron mass rate = 1840 M

while they have equal charge. We explain this fact by the strong interactidreqdfrbton, but how
remember it his strong interaction ability for example in the Btom where are only

electromagnetic interactions among proton and electron.

This gives us the idea to origin the mass of proton from the electromagnetic interactidhs by
way interference occurrences of oscillators. The uncertainty relation of Heisenberg makes sure that
the particles are oscillating.

The resultant intensity due to n equally spaced oscillators, all of equal amplitude but different from
one another in pase, either because they are driven differently in phase or because we are
looking at them an angle such that there is a difference in time delay:



(1) I=bsin /2/sir /2
If isinfinitesimal so thatsin = than
(2) e o
This gives us the idea of

(3)  Mp=rMe

3 =A/n = dsind

n

)

Fig. 30-3. A linear array of n equal
oscillators, driven with phases a; = sa.

Figure 1.) A linear array of n equal oscillators

There is an important feature about formula (1) which is that if the angkincreased by the
multiple of 2 it makes no difference to the formula.

So

4 dsin =m and we get nrorder beam if less than d. [6]

If d less than we get only zererder one centered at = 0. Of course, there is also a beam in the
opposite direction. The right chooses of d ange can ensure the conservation of charge.

For exanple
(5) 2(m+1l)=n

Where 2(m+1) = Number of protons and n =umber of electrons.



In this way we can see the molecules so that 2n electrons of n radiate to 4(m+1) protons,
because d> cfor electrons, while the two protons of one;kholecule radghte to two electrons of
them, because of gk cfor this two protons.

To support this idea we can turn to the Planck distribution law, that is equal with theq@Bose
Einstein statistics.

Spontaneously broken symmetry in the Planck distribution law

The Planck distribution law is temperature dependent and it should be true locally and globally. |
think that Einstein's energgnatter equivalence means some kind of existence of electromagnetic
oscillations enabled by the temperature, creating the diffarmatter formulas, atoms molecules,
crystals, dark matter and energy.

Max Planck found for the black body radiation

As a function of wavelengthey, Planck's law is written as:
: 2hc? 1
BA(T) = Ab he .
e*sT — |




Figure 2. The distribution law for different T temperatures

We see there are two differentiand »for each T and intensity, so we can find between them a d
sothat 1<d< 2.

We have many possibilities for such asymmetrical reflections, so we have many stable oscillator
configurations for any T temperature thiequal exchange of intensity by radiation. All of these
configurations can exist together. At theaxis the annihilation point where the configurations are
symmetrical. Themaxis changing by the Wien's displacement law in many textbooks.

(7)

where amax is the peak wavelengtfi,is the absolute temperature of the black body,land
is a constant of proportionality call®dien's displacement constaetjual to
2.8977685(51)x1T0°m-K (2002 CODATA recommended value).



























