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Useful information

Neutrons – long known particles making 50% of
atomic mass in our bodies ...

They are stable in nuclei but decay in free state
as n ! pe⌫̄e and in unstable nuclei (�-decay)
Fermi Theory of V-A form conserving baryon number – Standard Model

GF |Vud |p
2

p(1 � gA�5)�µn ⌫e(1 � �5)�µe

Yet, we do not know well enough its decay
features and lifetime
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I N  B R I E F

The best experiments  in the world cannot agree on how 
long neutrons live before decaying into other particles. 
Two main types  of experiments are under way: bottle 
traps count the number of neutrons that survive after var-

ious intervals, and beam experiments look for the parti-
cles into which neutrons decay. 
Resolving the discrepancy  is vital to answering a number 
of fundamental questions about the universe. 

Two precision experiments disagree on how long  
neutrons live before decaying. Does the discrepancy reflect 

measure ment errors or point to some deeper mystery?

By Geoffrey L. Greene and Peter Geltenbort

PA RT I C L E  P H YS I CS
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LUCKILY FOR LIFE ON EARTH, MOST MATTER IS NOT RADIOACTIVE. WE TAKE THIS FACT FOR 
granted, but it is actually somewhat surprising because the neutron, one of the 
two components of atomic nuclei (along with the proton), is prone to radioac-
tive decay. Inside an atomic nucleus, a typical neutron can survive for a very 
long time and may never decay, but on its own, it will transform into other par-
ticles within 15 minutes, more or less. The words “more or less” cover a disturb-
ing gap in physicists’ understanding of this particle. Try as we might, we have 

not been able to accurately measure the neutron lifetime. 

This “neutron lifetime puzzle” is not just embarrassing for us 
experimentalists; resolving it is vital for understanding the na-
ture of the universe. The neutron decay process is one of the sim-
plest examples of the nuclear “weak” interaction—one of nature’s 
four fundamental forces. To truly understand the weak force, we 
must know how long neutrons live. Furthermore, the survival 
time of the neutron determined how the lightest chemical ele-
ments fi rst formed after the big bang. Cosmologists would like to 
calculate the expected abundances of the elements and compare 
them with astrophysical measurements: agreement would con-
fi rm our theoretical picture, and discrepancy could indicate that 
undiscovered phenomena aff ected the process. To make such a 
comparison, however, we need to know the neutron lifetime. 

More than 10 years ago two experimental groups, one a Rus-
sian-led team in France and the other a team in the U.S., attempt-
ed separately to precisely measure the lifetime. One of us (Gelten-
bort) was a member of the fi rst team, and the other (Greene) was 
a member of the second. Along with our colleagues, we were sur-
prised and somewhat disturbed to fi nd that our results disagreed 
considerably. Some theoreticians suggested that the diff erence 
arose from exotic physics—that some neutrons in the experi-
ments might have transformed into particles never before detect-
ed, which would have aff ected the diff erent experiments in diver-
gent ways. We, however, suspected a more mundane reason—per-
haps one of our groups, or even both, had simply made a mistake 
or, more likely, had overestimated the accuracy of its experiment. 
The U.S. team recently completed a long, painstaking project to 
study the most dominant source of uncertainty in its experiment 
in hopes of resolving the discrepancy. Rather than clearing up the 
situation, that eff ort confi rmed our earlier result. Similarly, other 
re  searchers later confi rmed the fi ndings of Geltenbort’s team. 
This discrepancy has left us even more perplexed. But we are not 
giving up—both groups and others continue to seek answers.

TIMING NEUTRONS
IN THEORY,  measuring the neutron lifetime should be straightfor-
ward. The physics of nuclear decay are well understood, and we 

have sophisticated techniques for studying the process. We know, 
for instance, that if a particle has the possibility of transforming 
into a lower-mass particle or particles while conserving such char-
acteristics as charge and spin angular momentum, it will. Free 
neutrons display this instability. In a process called beta decay, a 
neutron breaks up into a proton, an electron and an antineutrino 
(the antimatter counterpart of the neutrino), which collectively 
sum to a slightly lower mass but the same total charge, spin angu-
lar momentum and other conserved properties. These conserved 
properties include “mass-energy,” meaning that the daughter 
particles carry the diff erence in mass in the form of kinetic ener-
gy, the energy of motion.

We cannot predict exactly when a particular neutron will de -
cay because the process is a fundamentally random quantum phe-
nomenon—we can say only how long neutrons live on average. 
Thus, we must measure the average neutron lifetime by studying 
the decay of many neutrons. 

Investigators have employed two experimental methods—one 
called the “bottle” technique and the other the “beam” ap  proach. 
Bottle experiments confi ne neutrons in a container and count 
how many are left after a given time. The beam method, in con-
trast, looks not for the disappearance of neutrons but rather for 
the appearance of the particles into which they decay.

The bottle approach is particularly challenging because neu-
trons can pass easily through matter and thus through the walls 
of most containers. Following a suggestion fi rst explicitly made by 
Russian physicist Yuri Zel’dovich, experimentalists who use the 
bottle approach—as Geltenbort and his colleagues in France do—
get around the problem by trapping extremely cold neutrons 
(that is, those with a very low kinetic energy) within a container of 
very smooth walls [see box on page 40]. If the neutrons are slow 
enough and the bottle smooth enough, they refl ect from the walls 
and hence remain in the bottle. To achieve this eff ect, the neu-
trons must move at speeds on the order of just a few meters per 
second, as opposed to the roughly 10 million meters per second 
neutrons travel when emitted during nuclear fi ssion, for instance. 
These “ultracold” neutrons are so slow that you could “outrun” 
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Two methods to measure the neutron lifetime

diff erence of this size by chance alone is less than one part in 
10,000. We must therefore seriously consider the possibility that 
the discrepancy results from an unknown unknown—we have 
missed something important.

EXOTIC PHYSICS
AN EXCITING  explanation for the diff erence could be that it actually 
re  fl ects some exotic physical phenomenon not yet discovered. A 
reason to think such a phenomenon might exist is that although 
the bottle and beam methods disagree, other beam studies show 
good agreement among them selves, as do other bottle studies. 

Imagine, for example, that in addition to the regular beta de -
cay, neutrons decayed via some previously unknown process that 
does not create the protons sought in beam experiments. The bot-
tle experiments, which count the total number of “lost” neutrons, 
would count both the neutrons that disappeared via beta decay 
as well as those that underwent this second process. We would 
therefore conclude that the neutron lifetime was shorter than 
that from “normal” beta decay alone. Meanwhile the beam exper-
iments would dutifully record only beta decays that produce pro-
tons and would thus result in a larger value for the lifetime. So 
far, as we have seen, the beam experiments do measure a slightly 
longer lifetime than the bottles. 

A few theorists have taken this notion seriously. Zurab Berezhi-
ani of the University of L’Aquila in Italy and his colleagues have 

suggested such a secondary process: a free neutron, they propose, 
might sometimes transform into a hypothesized “mirror neutron” 
that no longer interacts with normal matter and would thus seem 
to disappear. Such mirror matter could contribute to the total 
amount of dark matter in the universe. Although this idea is quite 
stimulating, it remains highly speculative. More defi nitive con-
fi rmation of the divergence between the bottle and beam meth-
ods of measuring the neutron lifetime is necessary before most 
physicists would accept a concept as radical as mirror matter. 

Much more likely, we think, is that one (or perhaps even both) 
of the experiments has underestimated or overlooked a systemat-
ic eff ect. Such a possibility is always present when working with 
delicate and sensitive experimental setups.

WHY THE NEUTRON LIFETIME MATTERS
FIGURING OUT WHAT WE MISSED  will of course give us experimental-
ists peace of mind. But even more important, if we can get to the 
bottom of this puzzle and precisely measure the neutron lifetime, 
we may be able to tackle a number of long-standing, fundamen-
tal questions about our universe.

First of all, an accurate assessment of the timescale of neutron 
decay will teach us about how the weak force works on other parti-
cles. The weak force is responsible for nearly all radioactive de  cays 
and is the reason, for instance, that nuclear fusion occurs within 
the sun. Neutron beta decay is one of the simplest and most pure 

Fill with 
neutrons

Count #1

#1

#2
#3

Time

Time

Number 
of neutrons 

observed

Number of 
neutrons going 

through trap

Measured slope

Neutron beam 
(known intensity)
passes through

Count the number of decays within the time interval
Trap

+ – +

ProtonElectrodes

Count #2
Count #3

Diff erent Techniques, 
Diff erent Results

Scientists have tried  two main techniques to measure the average 
neutron lifetime: the “bottle” and the “beam” methods. The various 
bottle measurements over the years tend to agree with one an -
other within their calculated error bars, as do the beam measure-
x³îäÍ�5�x�ßxäø§îä��ß¸�î�x�îÿ¸�îx`�³�Ôøxäj��¸ÿxþxßj�̀ ¸³���`îÍ�
The discrepancy, about eight seconds between the bottle and 
UxD�DþxßD�xäj�Dā�³¸î�äxx�§�¦x�ø`�j�Uøî��î��ä�ä��³���`D³î§ā�
larger than the measurements’ uncertainty, which means the 
divergence repre sents a real problem. Either the researchers have 
underestimated the uncertainty of their results, or, more exciting, 
î�x�l���xßx³`x�Dß�äxä��ß¸�ä¸x�ø³¦³¸ÿ³�Ç�āä�`D§�Ç�x³¸x³¸³Í�

E X P E R I M E N T S

The Bottle Method
'´y�ĀDĂ�ï¹�®yDåùày��¹Ā�¨¹´��́ yùïà¹´å�¨�ÿy��å�ï¹���¨¨�D�̀ ¹´ïD�´yà�Ā�ï��
´yùïà¹´å�D´m�y®ÈïĂ��ï�D�ïyà�ÿDà�¹ùå�ï�®y��´ïyàÿD¨å�ù´myà�ï�y�åD®y�̀ ¹´�
m�ï�¹´å�ï¹�åyy��¹Ā�®D´Ă�ày®D�´Î�5�yåy�ïyåïå���¨¨��´�È¹�´ïå�D¨¹´��D�̀ ùàÿy�ï�Dï�
àyÈàyåy´ïå�´yùïà¹´�my`DĂ�¹ÿyà�ï�®yÎ��à¹®�ï��å�`ùàÿyj�å`�y´ï�åïå�ùåy�D�å�®È¨y�
�¹à®ù¨D�ï¹�`D¨`ù¨Dïy�ï�y�DÿyàD�y�́ yùïà¹´�̈ ��yï�®yÎ�
y`Dùåy�́ yùïà¹´å�¹``D�
å�¹´D¨¨Ă�yå`DÈy�ï�à¹ù���ï�y�ĀD¨¨å�¹��ï�y�U¹ïï¨yj�å`�y´ï�åïå�ÿDàĂ�ï�y�å�Ćy�¹��
ï�y�U¹ïï¨y�Då�Āy¨¨�Då�ï�y�y´yà�Ă�¹��ï�y�́ yùïà¹´å�U¹ï��¹��Ā��`��D��y`ï��¹Ā�
®D´Ă�ÈDàï�`¨yå�Ā�¨¨�yå`DÈy��à¹®�ï�y�U¹ïï¨y�ï¹�yāïàDÈ¹¨Dïy�ï¹�D��ĂÈ¹ï�yï�`D¨�
U¹ïï¨y�ï�Dï�̀ ¹´ïD�´å�́ yùïà¹´å�Èyà�y`ï¨Ă�Ā�ï��́ ¹�̈ ¹ååyåÎ
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examples of a weak force interaction. To calculate the details of 
other, more complex nuclear processes involving the weak force, 
we must fi rst fully understand how it operates in neutron decay.

Discerning the exact rate of neutron decay would also help 
test the big bang theory for the early evolution of the cosmos. 
According to the theory, when the universe was about one second 
old, it consisted of a hot, dense mixture of particles: protons, neu-
trons, electrons, and others. At this time, the temperature of the 
universe was roughly 10 billion degrees—so hot that these parti-
cles were too energetic to bind together into nuclei or atoms. 
After about three minutes, the universe expanded and cooled to a 
temperature where protons and neutrons could stick together to 
make the simplest atomic nucleus, deuterium (the heavy isotope 
of hydrogen). From here other simple nuclei were able to form—
deuterium could capture a proton to make an isotope of helium, 
two deuterium nuclei could join together to create heavier heli-
um, and small numbers of larger nuclei formed, up to the ele-
ment lithium (all the heavier elements are thought to have been 
produced in stars many millions of years later). 

This process is known as big bang nucleosynthesis. If, while 
the universe was losing heat, neutrons had decayed at a rate that 
was much faster than the universe cooled, there would have been 
no neutrons left when the universe reached the right tempera-
ture to form nuclei—only the protons would have remained, and 
we would have a cosmos made almost entirely of hydrogen. On 

the other hand, if the neutron lifetime were much longer than the 
time required to cool suffi  ciently for big bang nucleosynthesis, 
the universe would have an overabundance of helium, which in 
turn would have aff ected the formation of the heavier elements 
involved in the evolution of stars and ultimately life. Thus, the 
balance between the universal cooling rate and the neutron life-
time was quite critical for the creation of the elements that make 
up our planet and everything on it. 

From astronomical data we can measure the cosmic ratio of 
helium to hydrogen, as well as the amounts of deuterium and other 
light elements that exist throughout the universe. We would like to 
see if these measurements agree with the numbers predicted by big 
bang theory. The theoretical prediction, however, depends on the 
precise value of the neutron lifetime. Without a reliable value for it, 
our ability to make this comparison is limited. Once the neutron 
lifetime is known more precisely, we can compare the observed 
ratio from astrophysical experiments with the predicted value 
from theory. If they agree, we gain further confi dence in our stan-
dard big bang scenario for how the universe evolved. Of course, if 
they disagree, this model might have to be altered. For instance, 
certain discrepancies might indicate the existence of new exotic 
particles in the universe such as an extra type of neutrino, which 
could have interfered in the process of nucleosynthesis. 

One way to resolve the diff erence between the beam and bot-
tle results is to conduct more experiments using methods of com-
parable accuracy that are not prone to the same, potentially con-
founding systematic errors. In addition to continuing the beam 
and bottle projects, scientists in several other groups worldwide 
are working on alternative methods of measuring the neutron 
lifetime. A group at the Japan Proton Accelerator Research Com-
plex (J-PARC) in Tokai is developing a new beam experiment that 
will detect the electrons rather than protons produced when neu-
trons decay. In another very exciting development, groups at ILL, 
the Petersburg Nuclear Physics Institute in Russia, Los Alamos 
National Laboratory, the Technical University of Munich and the 
Johannes Gutenberg University  Mainz in Germany plan to use 
neutron bottles that confi ne ultracold neutrons with magnetic 
fi elds rather than material walls. This is possible because the neu-
tron, though electrically neutral, behaves as though it is a small 
magnet. The number of neutrons accidentally lost through the 
sides of such bottles should be quite diff erent from that of previ-
ous measurements and thus should produce quite diff erent sys-
tematic uncertainties. We fervently hope that, together, continu-
ing bottle and beam experiments and this next generation of 
measurements will fi nally solve the neutron lifetime puzzle. 
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The Beam Method
In contrast to the bottle method, the beam technique looks not for neutrons 

but for one of their decay products, protons. Scientists direct a stream 

¹��´yùïà¹´å�ï�à¹ù���D´�y¨y`ïà¹®D�´yï�`�ÚïàDÈÛ�®Dmy�¹��D�®D�´yï�`���y¨m�
and ring-shaped high-voltage electrodes. The neutral neutrons pass right 

through, but if one decays inside the trap, the resulting positively charged 

protons will get stuck. The researchers know how many neutrons were in 

the beam, and they know how long they spent passing through the trap, 

so by counting the protons in the trap they can measure the number of 

neutrons that decayed in that span of time. This measurement is the decay 

rate, which is the slope of the decay curve at a given point in time and 

which allows the scientists to calculate the average neutron lifetime.
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Problems to meet ...

diff erence of this size by chance alone is less than one part in 
10,000. We must therefore seriously consider the possibility that 
the discrepancy results from an unknown unknown—we have 
missed something important.

EXOTIC PHYSICS
AN EXCITING  explanation for the diff erence could be that it actually 
re  fl ects some exotic physical phenomenon not yet discovered. A 
reason to think such a phenomenon might exist is that although 
the bottle and beam methods disagree, other beam studies show 
good agreement among them selves, as do other bottle studies. 

Imagine, for example, that in addition to the regular beta de -
cay, neutrons decayed via some previously unknown process that 
does not create the protons sought in beam experiments. The bot-
tle experiments, which count the total number of “lost” neutrons, 
would count both the neutrons that disappeared via beta decay 
as well as those that underwent this second process. We would 
therefore conclude that the neutron lifetime was shorter than 
that from “normal” beta decay alone. Meanwhile the beam exper-
iments would dutifully record only beta decays that produce pro-
tons and would thus result in a larger value for the lifetime. So 
far, as we have seen, the beam experiments do measure a slightly 
longer lifetime than the bottles. 

A few theorists have taken this notion seriously. Zurab Berezhi-
ani of the University of L’Aquila in Italy and his colleagues have 

suggested such a secondary process: a free neutron, they propose, 
might sometimes transform into a hypothesized “mirror neutron” 
that no longer interacts with normal matter and would thus seem 
to disappear. Such mirror matter could contribute to the total 
amount of dark matter in the universe. Although this idea is quite 
stimulating, it remains highly speculative. More defi nitive con-
fi rmation of the divergence between the bottle and beam meth-
ods of measuring the neutron lifetime is necessary before most 
physicists would accept a concept as radical as mirror matter. 

Much more likely, we think, is that one (or perhaps even both) 
of the experiments has underestimated or overlooked a systemat-
ic eff ect. Such a possibility is always present when working with 
delicate and sensitive experimental setups.

WHY THE NEUTRON LIFETIME MATTERS
FIGURING OUT WHAT WE MISSED  will of course give us experimental-
ists peace of mind. But even more important, if we can get to the 
bottom of this puzzle and precisely measure the neutron lifetime, 
we may be able to tackle a number of long-standing, fundamen-
tal questions about our universe.

First of all, an accurate assessment of the timescale of neutron 
decay will teach us about how the weak force works on other parti-
cles. The weak force is responsible for nearly all radioactive de  cays 
and is the reason, for instance, that nuclear fusion occurs within 
the sun. Neutron beta decay is one of the simplest and most pure 
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Diff erent Techniques, 
Diff erent Results

Scientists have tried  two main techniques to measure the average 
neutron lifetime: the “bottle” and the “beam” methods. The various 
bottle measurements over the years tend to agree with one an -
other within their calculated error bars, as do the beam measure-
x³îäÍ�5�x�ßxäø§îä��ß¸�î�x�îÿ¸�îx`�³�Ôøxäj��¸ÿxþxßj�̀ ¸³���`îÍ�
The discrepancy, about eight seconds between the bottle and 
UxD�DþxßD�xäj�Dā�³¸î�äxx�§�¦x�ø`�j�Uøî��î��ä�ä��³���`D³î§ā�
larger than the measurements’ uncertainty, which means the 
divergence repre sents a real problem. Either the researchers have 
underestimated the uncertainty of their results, or, more exciting, 
î�x�l���xßx³`x�Dß�äxä��ß¸�ä¸x�ø³¦³¸ÿ³�Ç�āä�`D§�Ç�x³¸x³¸³Í�

E X P E R I M E N T S

The Bottle Method
'´y�ĀDĂ�ï¹�®yDåùày��¹Ā�¨¹´��́ yùïà¹´å�¨�ÿy��å�ï¹���¨¨�D�̀ ¹´ïD�´yà�Ā�ï��
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diff erence of this size by chance alone is less than one part in 
10,000. We must therefore seriously consider the possibility that 
the discrepancy results from an unknown unknown—we have 
missed something important.

EXOTIC PHYSICS
AN EXCITING  explanation for the diff erence could be that it actually 
re  fl ects some exotic physical phenomenon not yet discovered. A 
reason to think such a phenomenon might exist is that although 
the bottle and beam methods disagree, other beam studies show 
good agreement among them selves, as do other bottle studies. 

Imagine, for example, that in addition to the regular beta de -
cay, neutrons decayed via some previously unknown process that 
does not create the protons sought in beam experiments. The bot-
tle experiments, which count the total number of “lost” neutrons, 
would count both the neutrons that disappeared via beta decay 
as well as those that underwent this second process. We would 
therefore conclude that the neutron lifetime was shorter than 
that from “normal” beta decay alone. Meanwhile the beam exper-
iments would dutifully record only beta decays that produce pro-
tons and would thus result in a larger value for the lifetime. So 
far, as we have seen, the beam experiments do measure a slightly 
longer lifetime than the bottles. 

A few theorists have taken this notion seriously. Zurab Berezhi-
ani of the University of L’Aquila in Italy and his colleagues have 

suggested such a secondary process: a free neutron, they propose, 
might sometimes transform into a hypothesized “mirror neutron” 
that no longer interacts with normal matter and would thus seem 
to disappear. Such mirror matter could contribute to the total 
amount of dark matter in the universe. Although this idea is quite 
stimulating, it remains highly speculative. More defi nitive con-
fi rmation of the divergence between the bottle and beam meth-
ods of measuring the neutron lifetime is necessary before most 
physicists would accept a concept as radical as mirror matter. 

Much more likely, we think, is that one (or perhaps even both) 
of the experiments has underestimated or overlooked a systemat-
ic eff ect. Such a possibility is always present when working with 
delicate and sensitive experimental setups.

WHY THE NEUTRON LIFETIME MATTERS
FIGURING OUT WHAT WE MISSED  will of course give us experimental-
ists peace of mind. But even more important, if we can get to the 
bottom of this puzzle and precisely measure the neutron lifetime, 
we may be able to tackle a number of long-standing, fundamen-
tal questions about our universe.

First of all, an accurate assessment of the timescale of neutron 
decay will teach us about how the weak force works on other parti-
cles. The weak force is responsible for nearly all radioactive de  cays 
and is the reason, for instance, that nuclear fusion occurs within 
the sun. Neutron beta decay is one of the simplest and most pure 
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Scientists have tried  two main techniques to measure the average 
neutron lifetime: the “bottle” and the “beam” methods. The various 
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diff erence of this size by chance alone is less than one part in 
10,000. We must therefore seriously consider the possibility that 
the discrepancy results from an unknown unknown—we have 
missed something important.

EXOTIC PHYSICS
AN EXCITING  explanation for the diff erence could be that it actually 
re  fl ects some exotic physical phenomenon not yet discovered. A 
reason to think such a phenomenon might exist is that although 
the bottle and beam methods disagree, other beam studies show 
good agreement among them selves, as do other bottle studies. 

Imagine, for example, that in addition to the regular beta de -
cay, neutrons decayed via some previously unknown process that 
does not create the protons sought in beam experiments. The bot-
tle experiments, which count the total number of “lost” neutrons, 
would count both the neutrons that disappeared via beta decay 
as well as those that underwent this second process. We would 
therefore conclude that the neutron lifetime was shorter than 
that from “normal” beta decay alone. Meanwhile the beam exper-
iments would dutifully record only beta decays that produce pro-
tons and would thus result in a larger value for the lifetime. So 
far, as we have seen, the beam experiments do measure a slightly 
longer lifetime than the bottles. 

A few theorists have taken this notion seriously. Zurab Berezhi-
ani of the University of L’Aquila in Italy and his colleagues have 

suggested such a secondary process: a free neutron, they propose, 
might sometimes transform into a hypothesized “mirror neutron” 
that no longer interacts with normal matter and would thus seem 
to disappear. Such mirror matter could contribute to the total 
amount of dark matter in the universe. Although this idea is quite 
stimulating, it remains highly speculative. More defi nitive con-
fi rmation of the divergence between the bottle and beam meth-
ods of measuring the neutron lifetime is necessary before most 
physicists would accept a concept as radical as mirror matter. 

Much more likely, we think, is that one (or perhaps even both) 
of the experiments has underestimated or overlooked a systemat-
ic eff ect. Such a possibility is always present when working with 
delicate and sensitive experimental setups.

WHY THE NEUTRON LIFETIME MATTERS
FIGURING OUT WHAT WE MISSED  will of course give us experimental-
ists peace of mind. But even more important, if we can get to the 
bottom of this puzzle and precisely measure the neutron lifetime, 
we may be able to tackle a number of long-standing, fundamen-
tal questions about our universe.

First of all, an accurate assessment of the timescale of neutron 
decay will teach us about how the weak force works on other parti-
cles. The weak force is responsible for nearly all radioactive de  cays 
and is the reason, for instance, that nuclear fusion occurs within 
the sun. Neutron beta decay is one of the simplest and most pure 
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Why the neutron lifetime measured in UCN traps is smaller than that
measured in beam method ? n ! n0 conversion can be plausible
explanation: �-decay in invisible channel n ! n0 ! p0e0⌫̄0
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Two methods to measure the neutron lifetime

Beam method measures neutron �-decay (n ! pe⌫̄e) width �� = ⌧�1

�

Trap method measures neutron total decay width �n = ⌧�1

n

Standard Model (and common wisdom of baryon conservation) tell
that both should be the same, �n = �� But ...

year
1985 1990 1995 2000 2005 2010 2015

865

870

875

880

885

890

895

900   0.4±= 879.4 trapτ
/dof= 17.1/10 =  1.72χ

  2.0± = 888.1 beamτ
/dof=  0.2/2 =  0.12χ

⌧
trap

= 879.4 ± 0.5 s ⌧
beam

= 888.0 ± 2.0 s

�⌧ = ⌧
beam

� ⌧
trap

= (8.6 ± 2.1) s more than 4� discrepancy
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The Neutron Dark Decay

If this discrepancy is real (not due to some yet unknown systematics)

then New Physics should be invoked which could consistently explain
the relations between the neutron decay width �n, �-decay rate �� ,
and the measured values ⌧

trap

and ⌧
beam

Some time ago I proposed a way out assuming that the neutron has a
new decay channel n ! n0X into a ‘dark neutron’ n0 and light bosons
X among which a photon, due to a mass gap mn � mn0 ' 1 MeV.
Then �� = ⌧�1

beam

and �n = �� + �
new

= ⌧�1

trap

,

⌧
trap

/⌧
beam

discrepancy could be explained by a branching ratio
Br(n ! n0X ) = �

new

/�n ' 0.01.



Puzzling

Neutron: A

Window to Dark

Matter?

A Detective
Story in three

parts

Zurab Berezhiani

Summary

Preliminaries

Chapter I: Into
the Darkness

Chapter II: In
and out of
Darkness

Chapter III:

Shining from the
Darkness

Appendices

Status of the Neutron Dark Decay

937.5 938.0 938.5 939.0 939.5 940.0
10-11

10-10

10-9

10-8

10-7

m'n [MeV]

9Be

Tang 2018

m'n > mn

Cosmic

n' unstableHydrogen unstable

Br(n ! ��) = 0.01 Br(n ! n0�) = Br(n ! n0�0) = 0.004
Br(n ! n0�) = 0.001, Br(n ! n0�0) = 0.009

mn0 > mp +me , DM decays n0 ! pe⌫̄e (⌧ = 1014, 1015, 1016, 1017 yr)

mn0 < mp +me , Hydrogen atom decays pe ! n0⌫e (⌧ = 1020, 1021, 1022 yr)
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Hydrogen Lifetime ?

There is more stupidity than hydrogen in the universe, and it has a
longer lifetime. – Frank Zappa

Two things are infinite: the universe and human stupidity;
but I’m not sure about the universe. – Albert Einstein
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⌧n vs. superallowed 0+�0+ and �-asymmetry
6

event types (0, 1, 2, and 3 with 2 and 3 separated us-
ing the aforementioned MWPC energy deposition) sub-
ject to a fiducial cut selecting events within 50 mm of
the center of the decay trap. The fiducial cut removes
events that could have potentially interacted with the
decay trap wall, as the maximum radius of the electron’s
spiral around the magnetic field is 7.76 mm and the wall
of the decay trap is 62.2 mm from the center. Inclusion
of any combination of the aforementioned event types
yields separate asymmetries, as can be seen in Fig. 5.
The agreement between the asymmetries extracted using
non-backscattering events (Type 0) and backscattering
events only (Types 1, 2, or 3) highlights the credence of
the Monte Carlo corrections for backscattering.

The systematic errors for the two data sets are listed
in Table II. The asymmetries from 2011-2012 and 2012-
2013 are combined to produce a single result utilizing a
weighting method [23] that considers the statistics of each
result and treats the systematics as completely corre-
lated, producing weights for the 2011-2012 and 2012-2013
asymmetries of 0.67 and 0.33 respectively. Fitting over
an analysis window of 190-740 keV, which minimizes the
total uncertainty, yields A

0

= �0.12054(44)
stat

(68)
syst

corresponding to a value for the ratio of the axial-vector
to vector coupling constants of � � gA

gV
= �1.2783(22),

where the statistical and systematic uncertainties have
been added in quadrature.

We also report a combined result using our previ-
ous measurement [16] and a similar weighting method
as above, where all systematic uncertainties were set
to the smallest reported value between the two mea-
surements and treated as completely correlated so as to
avoid artificially small combined systematic uncertain-
ties. We obtain the values A

0

= �0.12015(34)
stat

(63)
syst

and � � gA

gV
= �1.2772(20), with weights of 0.39 for

the previous result [16] and 0.61 for the result from this
analysis.

As shown in Fig. 6, one can constrain Vud using
� [16, 38–44] and neutron lifetime measurements [29–
36] and compare to direct measurements of Vud from
0+ ! 0+ superallowed decays [37]. When considering
the discrepancy between neutron lifetime measurements
using neutron beams [29, 30] versus UCN storage experi-
ments (performed with material bottles [32–36] and mag-
netic bottles [31]) and the shift in � measurements after
2002, one observes a striking landscape. The older pre-
2002 results contribute significantly to the �2 of the en-
tire data set, leading the Particle Data Group (PDG) to
apply a

�
�2/(N � 1) = 2.2 scale factor to the current �

error [37]. A common theme between the majority of the
pre- and post-2002 results for � concerns the size of the
systematic corrections, where the pre-2002 measurements
([38–40]) have individual systematic corrections > 10%
compared to those from post-2002 ([16, 41, 42] and this
work) with all systematic corrections < 2%. For the fu-
ture, we note that if the precision level of measurements
of the beta asymmetry achieve the roughly 0.1% level
required for direct comparison with Vud extracted from
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FIG. 6. Status of Vud, the neutron lifetime, and � measure-
ments. The � result bands (vertical) are divided into pre-2002
[38–40] and post-2002 [16, 42–44] results, where the distinc-
tion is made using the date of the most recent result from each
experiment. The right axis shows publication year for the in-
dividual lambda measurements included in the calculation of
the � bands (closed markers for post-2002, open markers for
pre-2002). Note that the result of this work (Brown et al.) is
the combined UCNA result from [16] and the current analysis,
and the Mund et al. result is the combined PERKEOII result
from [41, 42]. The diagonal bands are derived from neutron
lifetime measurements and are separated into neutron beam
[29, 30] and UCN bottle experiments, which consist of mate-
rial bottle storage [32–36] and magnetic bottle storage [31].
The Vud band (horizontal) comes from superallowed 0+ ! 0+

nuclear �-decay measurements [37]. The error bands include
scale factors as prescribed by the Particle Data Group [37].

0+ ! 0+ superallowed decays [45], the pre-2002 measure-
ments will not contribute to the Particle Data Group’s
scatter calculations for the beta asymmetry, setting the
precision level for evaluating scatter and the global aver-
ages at the scale of the recent measurements and those
to come 1.
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08ER41557, DE-SC0014622, DE-FG02-97ER41042) and
the National Science Foundation (NSF-0700491, NSF-
1002814, NSF-1005233, NSF-1102511, NSF-1205977,
NSF-1306997, NSF-1307426, NSF-1506459, and NSF-
1615153). We gratefully acknowledge the support of the
LDRD program (20110043DR), and the LANSCE and
AOT divisions of the Los Alamos National Laboratory.

1

The PDG only includes in the calculation of the scale factor those

measurements that satisfy �xi < 3

�
N�x̄, where xi refers to one

measurement of quantity x out of N measurements and �x̄ is the

non-scaled error on the weighted average x̄ [37]. Inclusion of a

0.1% result for A
0

(yielding a 0.025% result for �), removes the

pre-2002 results for � from those that enter the calculation of the

scale factor.

|�| = gA

⌧
beam

= ⌧� seems incompatible with Standard Model

May indicate towards BSM physics? E.g. new contribution to �
decay n ! pe⌫̄e ? E.g. scalar form factor – mediated by exchange of
charged Higgs (from extra Higgs doublet) – Does not help!
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⌧n vs. �-asymmetry

1.260 1.265 1.270 1.275 1.280

875

880

885

890

895

gA

τ

beam

trap

τ(gA)
PDG 2018

Mund

Brown

⌧�(1 + 3g 2

A) = (5172.0 ± 1.1) s

gA = 1.2755 ± 0.0011 �! ⌧SM

� = 879.5 ± 1.3 s

⌧
beam

= 888.0 ± 2.0 s ⌧
trap

= 879.4 ± 0.5 s

So experimentally we have ⌧
trap

= ⌧n = ⌧� < ⌧
beam

while dark decay predicts ⌧
trap

= ⌧n < ⌧� = ⌧
beam

Not Good!
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SU(3) ⇥ SU(2) ⇥ U(1) + SU(3)0 ⇥ SU(2)0 ⇥ U(1)0

G ⇥ G 0

  

Regular world Mirror world 

• Two identical gauge factors, e.g. SU(5) ⇥ SU(5)0, with identical field
contents and Lagrangians: L

tot

= L + L0 + L
mix

• Exact parity G ! G 0: no new parameters in dark Lagrangian L0

• MM is dark (for us) and has the same gravity

• MM is identical to standard matter, (asymmetric/dissipative/atomic)
but realized in somewhat di↵erent cosmological conditions: T 0/T ⌧ 1.

• New interactions between O & M particles Lmix
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SU(3) ⇥ SU(2) ⇥ U(1) vs. SU(3)0 ⇥ SU(2)0 ⇥ U(1)0

Two parities

Fermions and anti-fermions :

qL =

✓
uL
dL

◆
, lL =

✓
⌫L

eL

◆
; uR , dR , eR

B=1/3 L=1 B=1/3 L=1

q̄R =

✓
ūR
d̄R

◆
, l̄R =

✓
⌫̄R

ēR

◆
; ūL, d̄L, ēL

B=-1/3 L=-1 B=-1/3 L=-1

Twin Fermions and anti-fermions :

q0
L =

✓
u0
L

d 0
L

◆
, l 0L =

✓
⌫0
L

e0
L

◆
; u0

R , d 0
R , e0

R

B0=1/3 L0=1 B0=1/3 L0=1

q̄0
R =

✓
ū0
R

d̄ 0
R

◆
, l̄ 0R =

✓
⌫̄0
R

ē0
R

◆
; ū0

L, d̄ 0
L, ē0

L

B0=-1/3 L0=-1 B0=-1/3 L0=-1

(ūLYuqL�̄ + d̄LYdqL� + ēLYe lL�) + (uRY
⇤
u q̄R� + dRY

⇤
d q̄R �̄ + eRY

⇤
e l̄R �̄)

(ū0
LY

0
uq

0
L�̄

0 + d̄ 0
LY

0
dq

0
L�

0 + ē0
LY

0
e l

0
L�

0)+(u0
RY

0⇤
u q̄0

R�0 +d 0
RY

0⇤
d q̄0

R �̄0 +e0
RY

0⇤
e l̄ 0R �̄0)

Doubling symmetry (L,R ! L,R parity): Y 0 = Y B �B 0 ! �(B �B 0)
Mirror symmetry (L,R ! R, L parity): Y 0 = Y ⇤ B � B 0 ! B � B 0
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B violating operators between O and M particles in L
mix

Ordinary quarks u, d ( antiquarks ū, d̄)
Mirror quarks u0, d 0 ( antiquarks ū0, d̄ 0)

• Neutron -mirror neutron mixing – (Active - sterile neutrons)

1

M5

(udd)(udd) and 1

M5

(udd)(u0d 0d 0) (+ h.c.)

%B=2
u

d

d d

d
u

G'B=2

%B=1,�%Ba=�1

d a
u a

d a

u

d

d

G'B=1

Oscillations n(udd) $ n̄(ūd̄ d̄) (�B = 2)
n(udd) ! n̄0(ū0d̄ 0d̄ 0), n0(udd) ! n̄(ūd̄ d̄) (�B = 1, �B 0 = �1)

Can co-generate Baryon asymmetries in both worlds
of the same sign, B ,B 0 > 0, with ⌦0

B ' 5⌦B
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Neutron– antineutron oscillation

Majorana mass of neutron ✏(nTCn + n̄TCn̄) violating B by two units
comes from six-fermions e↵ective operator 1

M5

(udd)(udd)

%B=2
u

d

d d

d
u

G'B=2

It causes transition n(udd) ! n̄(ūd̄ d̄), with oscillation time ⌧ = ✏�1

" = hn|(udd)(udd)|n̄i ⇠ ⇤

6

QCD

M5

⇠
�
100 TeV

M

�
5 ⇥ 10�25 eV

Key moment: n � n̄ oscillation destabilizes nuclei:
(A,Z ) ! (A � 1, n̄,Z ) ! (A � 2,Z/Z � 1) + ⇡’s

Present bounds on ✏ from nuclear stability
" < 1.2 ⇥ 10�24 eV ! ⌧ > 1.3 ⇥ 108 s Fe, Soudan 2002
" < 2.5 ⇥ 10�24 eV ! ⌧ > 2.7 ⇥ 108 s O, SK 2015
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Free neutron– antineutron oscillation

Two states, n and n̄

H =

✓
mn + µnB� "

" mn � µnB�

◆

Oscillation probability Pnn̄(t) =
"2

!2

B
sin2 (!B t), !B = µnB

If !Bt � 1, then Pnn̄(t) =
1

2

("/!B)2 =
("t)2

(!Bt)2

If !Bt < 1, then Pnn̄(t) = (t/⌧)2 = ("t)2

”Quasi-free” regime: for a given free flight time t, magnetic field
should be properly suppressed to achieve !Bt < 1.
More suppression makes no sense !

Exp. Baldo-Ceolin et al, 1994 (ILL, Grenoble) : t ' 0.1 s, B < 100 nT
⌧ > 2.7 ⇥ 108 ! " < 7.7 ⇥ 10�24 eV
At ESS 2 orders of magnitude better sensitivity can be achieved,
down to " ⇠ 10�25 eV
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Neutron – mirror neutron mixing

E↵ective operator 1

M5

(udd)(u0d 0d 0) ! mass mixing ✏nCn0 + h.c.
violating B and B 0 – but conserving B � B 0

%B=1,�%Ba=�1

d a
u a

d a

u

d

d

G'B=1

✏ = hn|(udd)(u0d 0d 0)|n̄0i ⇠ ⇤

6

QCD

M5

⇠
�
1 TeV

M

�
5 ⇥ 10�10 eV

Key observation: n � n̄0 oscillation cannot destabilise nuclei:
(A,Z ) ! (A � 1,Z ) + n0(p0e0⌫̄0) forbidden by energy conservation
(In principle, it can destabilise Neutron Stars)

Even if mn = mn0 , n � n̄0 oscillation can be as fast as ✏�1 = ⌧nn̄0 ⇠ 1
s, without contradicting experimental and astrophysical limits.
(c.f. ⌧nn̄0 > 2.5 ⇥ 108 s for neutron – antineutron oscillation)

Neutron disappearance n ! n̄0 and regeneration n ! n̄0 ! n
can be searched at small scale ‘Table Top’ experiments
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n � n0 mixing and transitional moments

n � n0 mass mixing ✏nn0 + h.c.
Let us assume ✏ ⇠ 10�10 eV and mn � mn0 = �m ⇠ 10�7 eV

transitional magn. moment/EDM µnn0(Fµ⌫ + F 0
µ⌫)n�

µ⌫n0 + h.c.

Hamiltonian of n and n0 system becomes

H =

✓
mn + µnB� ✏ + µnn0(B + B

0)�
✏ + µnn0(B + B

0)� mn0 + µnB
0�

◆
, x =

µnn0

µn

If B ,B 0 ⌧ �m, oscillation probability is Pnn0 ' (✏/�m)2 ⇠ 10�6

... Allowed by evaluation of UCN losses in traps

Interplay of ✏, µnn0 and dnn0 can take place .... the latter is also
interesting since in beam experiments also large electric fields are used
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⌧n vs. �-asymmetry: ⌧�(1 + 3g 2

A) = (5172.0 ± 1.1) s

1.260 1.265 1.270 1.275 1.280

875

880

885

890

895

gA

�

beam

material traps
magnetic traps

�(gA)
PDG 2018

Mund
Brown

gA = 1.2755 ± 0.0011 �! ⌧SM

� = 879.5 ± 1.3 s

⌧
beam

= 888.0 ± 2.0 s ⌧
trap

= 879.4 ± 0.5 s

⌧
mat

= 880.2 ± 0.5 s, ⌧
magn

= 877.8 ± 0.7 s (2.6� discrepancy)

So experimentally we have ⌧
magn

< ⌧
mat

= ⌧n = ⌧� < ⌧
beam

what s exactly predicted by my scenario So far so Good!
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Beam Experiments

n � n0 conversion probability depends on magn. field in proton trap
Nn = Ptr

nnL
R
A
da

R
dv I (v)/v and Nn0 = Ptr

nn0L
R
A
da

R
dv I (v)/v

-100 -50 0 50 100
10-6

10-5

10-4

0.001

0.010

0.100

1

z [cm]

P
n
n
'

n beam
n det

p trap

Ṅp = ep��Ptr

nnL
R
A
da

R
dv I (v)

v , Ṅ↵ = e↵v̄Pdet

nn

R
A
da

R
dv I (v)

v

⌧
beam

=
⇣

epL
e↵v̄

⌘ ⇣
˙N↵
˙Np

⌘
= Pdet

nn

Ptr
nn

⌧�
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Adiabatic or non-adiabatic (Landau-Zener)
conversion ?

-100 -50 0 50 100
0.001

0.100

10

1000

z [cm]

B
z
[T
]
,
R
[c
m
]

Ptr

nn0 ⇡ ⇡
4

⇠ ' 10�2

⇣
2 km/s

v

⌘ ⇣
P0

nn0
10

�6

⌘ �
Bres
1 T

� �
Rres

10 cm

�

R(z) =
�
d lnB/dz)�1 – characterises the magnetic field gradient at

the resonance
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Adiabatic or non-adiabatic (Landau-Zener)
conversion ?

If my hypothesis is correct, a simple solenoid with magnetic fields ⇠
Tesla can be very e↵ective machines that transform neutrons into
dark matter.

Some groups in LANL, ORNL and NIST already think how to prepare
simple experiments that could test this

Adiabatic conditions can be improved and 50 % transformation can
be achieved

Ptr

nn0 ⇡ ⇡
4

⇠ ' 10�2

⇣
2 km/s

v

⌘ ⇣
P0

nn0
10

�6

⌘ �
Bres
1 T

� �
Rres

10 cm

�

R(z) =
�
d lnB/dz)�1 – characterises the magnetic field gradient at

the resonance
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Neutron Stars

By n ! n0 conversion ordinary neutron star slowly transforms into
mixed (50% - 50%) ordinary-mirror neutron star ....

O and M ”neutrons” have same equation of state p(n) = F [⇢(n)])
p
2 rule: Rmix(M) = 1p

2

Rord(M), Mmix

max

= 1p
2

Mord

max

,

0 5 10 15 20
0.0

0.5

1.0

1.5

2.0

R ! km "

M
#M !

... solving ”mixed” OV equations
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Chapter III

Shining from the Darkness
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Bright & Dark Sides of our Universe

Todays Universe: flat ⌦
tot

⇡ 1 (inflation) ... and multi-component:

⌦B ' 0.05 observable matter: electron, proton, neutron !

⌦D ' 0.25 dark matter: WIMP? axion? sterile ⌫? ...

⌦
⇤

' 0.70 dark energy: ⇤-term? Quintessence? ....

⌦R < 10�3 relativistic fraction: relic photons and neutrinos

Matter – dark energy coincidence: ⌦M/⌦
⇤

' 0.45, (⌦M = ⌦D + ⌦B)
⇢
⇤

⇠ Const., ⇢M ⇠ a�3; why ⇢M/⇢
⇤

⇠ 1 – just Today?

Antrophic explanation: if not Today, then Yesterday or Tomorrow.

Baryon and dark matter Fine Tuning: ⌦B/⌦D ' 0.2
⇢B ⇠ a�3, ⇢D ⇠ a�3: why ⇢B/⇢D ⇠ 1 - Yesterday Today & Tomorrow?

Baryogenesis requires BSM Physics: (GUT-B, Lepto-B, AD-B, EW-B ...)

Dark matter requires BSM Physics: (Wimp, Wimpzilla, sterile ⌫, axion, ...)

Di↵erent physics for B-genesis and DM?
Not very appealing: looks as Fine Tuning
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B-genesis and DM require new physics: but which ?
Why ⌦D/⌦B ⇠ 1 ?

Visible matter from Baryogenesis ( Sakharov)
B (B � L) & CP violation, Out-of-Equilibrium
⇢B = mBnB , mB ' 1 GeV, ⌘ = nB/n� ⇠ 10�9

⌘ is model dependent on several factors:
coupling constants and CP-phases, particle degrees of freedom,
mass scales and out-of-equilibrium conditions, etc.

Dark matter: ⇢D = mXnX , but mX = ? , nX = ?
and why mXnX = 5mBnB ?

nX is model dependent: DM particle mass and interaction strength
(production and annihilation cross sections), freezing conditions, etc.

Axion

Neutrinos

Sterile ⌫0

WIMP

WimpZilla

ma ⇠ meV na ⇠ 104n� – CDM

m⌫ ⇠ eV n⌫ ⇠ n� – HDM (⇥)
m⌫0 ⇠ keV n⌫0 ⇠ 10�3n⌫ – WDM

mX ⇠ TeV nX ⇠ 10�3nB – CDM

mX ⇠ ZeV nX ⇠ 10�12nB – CDM
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How these Fine Tunings look ...

B-genesis + WIMP B-genesis + axion B-cogenesis
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mXnX ⇠ mBnB mana ⇠ mBnB mB0nB0 ⇠ mBnB
mX ⇠ 103mB ma ⇠ 10�13mB mB0 ⇠ mB

nX ⇠ 10�3nB na ⇠ 1013nB nB0 ⇠ nB
Fine Tuning? Fine Tuning? Natural ?

Two di↵erent New Physics for B-genesis and DM ?
Or co-genesis by the same Physics explaining why ⌦DM ⇠ ⌦B ?
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Dark sector ... similar to our luminous sector?
“Imagination is more important than knowledge.” Albert

For observable particles .... very complex physics !!
G = SU(3) ⇥ SU(2) ⇥ U(1) ( + SUSY ? GUT ? Seesaw ?)
photon, electron, nucleons (quarks), neutrinos, gluons, W± � Z , Higgs ...
long range EM forces, confinement scale ⇤

QCD

, weak scale MW

... matter vs. antimatter (B-L violation, CP ... )

... existence of nuclei, atoms, molecules .... life.... Homo Sapiens !

If dark matter comes from extra gauge sector ... it is as complex:
G 0 = SU(3)0 ⇥ SU(2)0 ⇥ U(1)0 ? ( + SUSY ? GUT 0? Seesaw ?)
photon0, electron0, nucleons0 (quarks0), W 0 � Z 0, gluons0 ?
... long range EM forces, confinement at ⇤0

QCD

, weak scale M 0
W ?

... asymmetric dark matter (B0-L0 violation, CP ... ) ?

... existence of dark nuclei, atoms, molecules ... life ... Homo Aliens ?

Let us call it Yin-Yang Theory

in chinise, Yin-Yang means dark-bright duality

describes a philosophy how opposite forces are ac-
tually complementary, interconnected and interde-
pendent in the natural world, and how they give rise
to each other as they interrelate to one another.

E
8

⇥E 0
8
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Everything has the End ... But the Wurstle has two ends :

Left and Right – or Right and Left ?

G ⇥ G 0

  

Regular world Mirror world 

• Two identical gauge factors, e.g. SM ⇥ SM0 or SU(5) ⇥ SU(5)0,
with identical field contents and Lagrangians: L

tot

= L + L0 + L
mix

• M sector is dark (for us) and the gravity is a common force (between)

• Exact Z
2

parity G ! G 0: no new parameter in dark Lagrangian L0

• MM looks as non-standard DM but truly it as standard as our matter
(self-interacting/dissipative/asymmetric/atomic)

• New interactions between O & M particles (Lmix – new parameters)

• Natural in string/brane theory: O & M matters localized on two parallel
branes and gravity propagating in bulk: e.g. E

8

⇥ E 0
8
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– All you need is ... M world colder than ours !

For a long time M matter was not considered as a real candidate for DM:
naively assuming that exactly identical microphysics of O & M worlds
implies also their cosmologies are exactly identical :

• T 0 = T , g 0
⇤ = g⇤ ! �Ne↵

⌫ = 6.15 vs. �Ne↵

⌫ < 0.5 (BBN)

• n0
B/n0

� = nB/n� (⌘0 = ⌘) ! ⌦0
B = ⌦B vs. ⌦0

B/⌦B ' 5 (DM)

But M World is OK if : Z.B., Comelli, Villante, 2001

(A) after inflation M world was born colder than O world

(B) all particle interactions between M and O sectors are so feeble that
cannot bring them into equilibrium in later epochs

(C) two systems evolve adiabatically when the universe expands (no
entropy production) and their temperature ratio T 0/T remains nearly
constant.

If x = T 0/T ⌧ 1, BBN is OK
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M world in Winter

Z.B., Comelli, Villante, 2000

T 0/T < 0.5 is enough to concord with the BBN limits and do not a↵ect
standard primordial mass fractions: 75% H + 25% 4He.
(Cosmological limits are more severe, requiring T 0/T < 0.2 os so.)
In turn, for M world this implies helium domination: 25% H0 + 75% 4He0.

Because of T 0 < T , in mirror photons decouple much earlier than ordinary
photons, and after that M matter behaves for the structure formation and
CMB anisotropies essentially as CDM. This concords M matter with
WMAP/Planck, BAO, Ly-↵ etc. if T 0/T < 0.25 or so.

Halo problem – if ⌦0
B ' ⌦B , M matter makes ⇠ 20 % of DM, forming dark

disk, while ⇠ 80 % may come from other type of CDM (WIMP?)
But perhaps 100 % ? if ⌦0

B ' 5⌦B : – M world is helium dominated, and
the star formation and evolution can be much faster. Halos could be
viewed as mirror elliptical galaxies, with our matter inside forming disks.

Because of T 0 < T , the situation ⌦0
B > ⌦B becomes plausible in

baryogenesis. So, M matter can be dark matter (as we show below)
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Experimental and observational manifestations of
mirror matter

A. Cosmological implications. T 0/T < 0.2 or so, ⌦0
B/⌦B = 1 ÷ 5.

Mass fraction: H’ – 25%, He’ – 75%, and few % of heavier C’, N’, O’ etc.
• Mirror baryons as asymmetric/collisional/dissipative/atomic dark matter:
M hydrogen recombination and M baryon acoustic oscillations?
• Easier formation and faster evolution of stars: Dark matter disk? Galaxy
halo as mirror elliptical galaxy? Microlensing ? Neutron stars? Black
Holes? Binary Black Holes? Central Black Holes?

B. Direct detection. M matter can interact with ordinary matter e.g. via
kinetic mixing ✏Fµ⌫F 0

µ⌫ , etc. Mirror helium as most abundant mirror
matter particles (the region of DM masses below 5 GeV is practically
unexplored). Possible signals from heavier nuclei C,N,O etc.

C. Oscillation phenomena between ordinary and mirror particles.
The most interesting interaction terms in L

mix

are the ones which violate
B and L of both sectors. Neutral particles, elementary (as e.g. neutrino) or
composite (as the neutron or hydrogen atom) can mix with their mass
degenerate (sterile) twins: matter disappearance (or appearance)
phenomena can be observable in laboratories.
In the Early Universe, these B and/or L violating interactions can give
primordial baryogenesis and dark matter genesis, with ⌦0

B/⌦B = 1 ÷ 5.
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CMB and LSS power spectra
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Can Mirror stars be progenitors of gravitational
Wave bursts GW150914 etc. ?

Picture of Galactic halos as mirror ellipticals (Einasto density profile),
O matter disk inside (M stars = Machos).
Microlensing limits: f ⇠ 20 � 40 % for M = 1 � 10 M�,
f ⇠ 100 % is allowed for M = 20 � 200 M� but see Brandt ’05

5

Fig. 4.— Constraints on MACHO dark matter from microlens-

ing (blue and purple, Alcock et al. 2001; Tisserand et al. 2007) and

wide Galactic binaries (green, Quinn et al. 2009), shown together

with the constraints from the survival of compact ultra-faint dwarf

galaxies and the star cluster in Eridanus II. I conservatively adopt a

dark matter density of 0.02 M� pc

�3

in Eri II and 0.3 M� pc

�3

in

the ultra-faint dwarfs, assume a three-dimensional velocity disper-

sion � = 8 kms

�1

, and use two definitions of the heating timescale.

A low-density halo and initially compact cluster weaken the con-

straints from Eri II. Even in this case, assuming dark matter halos

to have the properties that are currently inferred, MACHO dark

matter is excluded for all MACHO masses �10

�7 M�.

portional to the cluster mass (Binney & Tremaine 2008),
and the cluster in Eri II is 1.5–2 orders of magnitude less
massive than Fornax 4 (Mackey & Gilmore 2003), the
Fornax globular cluster nearest the center of that dwarf
(at 240 pc in projected separation). This scenario there-
fore requires very di�erent dark matter halos in the two
galaxies or severe mass loss during Eri II’s inspiral, and
also luck to catch the cluster on the point of disruption.
This problem of coincidence is generic to any scenario in
which Eri II’s cluster was initially compact. The proba-
bility of observing the system in such a transient state is
significantly higher if the cluster’s age is ⇠3 Gyr rather
than ⇠12 Gyr.

Other possibilities to evade the constraints include
an intermediate-mass black hole (�104 M�) to provide

binding energy, or a chance alignment such that the clus-
ter only appears to reside in the center of Eri II. Both
would be surprising. Such a black hole would have a mass
comparable to the total stellar mass of its host galaxy. A
massive black hole would also be expected to host a re-
laxed MACHO cluster of comparable mass, in which case
it may not avoid the problem of dynamical heating at all.
A chance alignment of a cluster physically located at the
galaxy’s half-light radius is possible; the most näıve esti-
mate, the fraction of solid angle lying within a few rh in
projection, gives a chance alignment probability of ⇠1%
at a physical distance of ⇠300 pc from the galaxy core.

While many scenarios could, in principle, account for
the survival of the star cluster in Eri II, it is harder to
appeal to coincidence for the entire sample of compact
ultra-faint dwarfs. Assuming the measured velocity dis-
persions to reflect the properties of their dark matter
halos, these dwarfs should have much larger half-light
radii if their dark matter is all in the form of MACHOs
�10 M�. The strongest constraints, however, may come
from the cluster in Eri II, and could be improved with
better data. Precise photometry with the Hubble Space
Telescope could resolve the question of whether the clus-
ter is intermediate-age or old, while spectroscopy of clus-
ter members and nonmembers would give another probe
of Eri II’s dark matter content. While future observa-
tions will determine the strength of the constraints from
Eri II, existing data from Eri II and from the sample of
compact ultra-faint dwarfs appear su�cient to rule out
dark matter composed exclusively of MACHOs for all
masses above ⇠10�7 M�.

I thank Ben Bar-Or, Juna Kollmeier, Kris Sigurdson,
and especially Scott Tremaine for helpful conversations
and suggestions, and an anonymous referee for helpful
comments. This work was performed under contract with
the Jet Propulsion Laboratory (JPL) funded by NASA
through the Sagan Fellowship Program executed by the
NASA Exoplanet Science Institute.
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Scholz, R.-D. 2005, A&A, 438, 1163

King, I. R. 1966, AJ, 71, 64

Klypin, A., Kravtsov, A. V., Valenzuela, O., & Prada, F. 1999,

ApJ, 522, 82

Koposov, S. E., Belokurov, V., Torrealba, G., & Evans, N. W.

2015a, ApJ, 805, 130

Koposov, S. E., Casey, A. R., Belokurov, V., et al. 2015b, ApJ,

811, 62

Lacey, C. G., & Ostriker, J. P. 1985, ApJ, 299, 633

Laevens, B. P. M., Martin, N. F., Bernard, E. J., et al. 2015, ApJ,

813, 44

Lovell, M. R., Eke, V., Frenk, C. S., et al. 2012, MNRAS, 420,

2318

Mackey, A. D., & Gilmore, G. F. 2003, MNRAS, 340, 175

Maraston, C. 2005, MNRAS, 362, 799

GW events without any
optical counterpart

point towards massive
BH compact binaries,
M ⇠ 10 � 30 M� and
radius R ⇠ 10R�

How such objects
can be formed ?

M matter: 25 % Hydrogen vs 75 % Helium: M stars more compact,
less opaque, less mass loses by stellar wind and evolving much faster.
Appropriate for forming such BH binaries ?
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Discussing L
mix

: possible portal between O and M particles

• Photon-mirror photon kinetic mixing ✏Fµ⌫F 0
µ⌫

Experimental limit ✏ < 4 ⇥ 10�7

Cosmological limit ✏ < 5 ⇥ 10�9

Makes mirror matter nanocharged (q ⇠ ✏)
A promising portal for DM direct detection Foot, 2003

Mirror atoms: He’ – 75 %,
C’,N’,O’ etc. few %
Rutherford-like scattering
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Figure 25.1: WIMP cross sections (normalized to a single nucleon) for spin-
independent coupling versus mass. The DAMA/LIBRA [61], CREST II, CDMS-Si,
and CoGeNT enclosed areas are regions of interest from possible signal events; the
dot is the central value for CDMS-Si ROI. References to the experimental results
are given in the text. For context, some supersymmetry implications are given:
Green shaded 68% and 95% regions are pre-LHC cMSSM predictions by Ref. 62.
Constraints set by XENON100 and the LHC experiments in the framework of the
cMSSM [63] give regions in [300-1000 GeV; 1 ⇥ 10�9 � 1 ⇥ 10�12 pb] (but are not
shown here). For the blue shaded region, pMSSM, an expansion of cMSSM with 19
parameters instead of 5 [64], also integrates constraints set by LHC experiments.

dependent couplings, respectively, as functions of WIMP mass. Only the two or three
currently best limits are presented. Also shown are constraints from indirect observations
(see the next section) and typical regions of SUSY models, before and after LHC results.
These figures have been made with the dmtools web page, thanks to a nice new feature
which allows to include new limits uploaded by the user into the plot [59].

Sensitivities down to ��p of 10�13 pb, as needed to probe nearly all of the MSSM
parameter space [27] at WIMP masses above 10 GeV and to saturate the limit of
the irreducible neutrino-induced background [60], will be reached with detectors of
multi ton masses, assuming nearly perfect background discrimination capabilities. Such
experiments are envisaged by the US project LZ (6 tons), the European consortium
DARWIN, and the MAX project (a liquid Xe and Ar multiton project). For WIMP
masses below 10 GeV, this cross section limit is set by the solar neutrinos, inducing an

August 21, 2014 13:17
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OM-MM interactions in the Early Universe after
recombination

After recombination fractions ⇠ 10�4 of OM and ⇠ 10�3 of MM
remains ionized. � � �0 kinetic mixing ! Rutherford scatterings
ep0 ! ep0, ee0 ! ee0 etc

Relative motion (rotation) of O and M matter drags electrons but
not protons/ions which are much heavier. So circular electric currents
emerge which can generate magnetic field. MHD equations with the
source (drag) term induces magnetic seeds B ,B 0 ⇠ 10�15 G in
galaxies/clusters then amplified by dynamo. So magnetic fields ⇠ µG
can be formed in very young galaxies Z.B., Dolgov, Tkachev, 2013

MM capture by Earth can induce mirror magnetic field in the Earth,
even bigger than ordinary 0.5 G.

New EDGES measurements of 21 cm emission (T-S hydrogen)
indicates that at redshift z ⇠ 17 baryons were factor 2 cooler than
predicted: if true, it can be beautiful implication of OM matter
cooling (momentum transfer) via their Rutherford collisions with
(cooler) MM
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SU(3) ⇥ SU(2) ⇥ U(1) vs. SU(3)0 ⇥ SU(2)0 ⇥ U(1)0

Two parities
Fermions and anti-fermions :

qL =

✓
uL
dL

◆
, lL =

✓
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◆
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◆
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◆
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ū0
R

d̄ 0
R

◆
, l̄ 0R =

✓
⌫̄0
R

ē0
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R �̄0 +e0
RY

0⇤
e l̄ 0R �̄0)

Z
2

symmetry (L,R ! L,R): Y 0 = Y B � B 0 ! �(B � B 0)
PZ

2

symmetry (L,R ! R, L): Y 0 = Y ⇤ B � B 0 ! B � B 0
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B-L violation in O and M sectors: Active-sterile neutrino

mixing

• 1

M (l �̄)(l �̄) (�L = 2) – neutrino (seesaw) masses m⌫ ⇠ v2/M
M is the (seesaw) scale of new physics beyond EW scale.

%L=2

l l

K K
G%L=2

K

N N

K
MM

l l

• Neutrino -mirror neutrino mixing – (active - sterile mixing)
L and L0 violation: 1

M (l �̄)(l �̄), 1

M (l 0�̄0)(l 0�̄0) and 1

M (l �̄)(l 0�̄0)

%L=1,�%La=1

l l a

K Ka
G%L=1

Mirror neutrinos are natural candidates for sterile neutrinos
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Co-baryogenesis: B-L violating interactions between O and M worlds

L and L0 violating operators 1

M (l �̄)(l �̄) and 1

M (l �̄)(l 0�̄0) lead to
processes l� ! l̄ �̄ (�L = 2) and l� ! l̄ 0�̄0 (�L = 1, �L0 = 1)

%L=2

l l

K K
G%L=2

%L=1,�%La=1

l l a

K Ka
G%L=1

After inflation, our world is heated and mirror world is empty:
but ordinary particle scatterings transform them into mirror particles,
heating also mirror world.

• These processes should be out-of-equilibrium
• Violate baryon numbers in both worlds, B � L and B 0 � L0

• Violate also CP, given complex couplings

Green light to celebrated conditions of Sakharov
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Co-leptogenesis: Z.B. and Bento, PRL 87, 231304 (2001)

Operators 1

M (l �̄)(l �̄) and 1

M (l �̄)(l 0�̄0) via seesaw mechanism –
heavy RH neutrinos Nj with
Majorana masses 1

2

MgjkNjNk + h.c.

Complex Yukawa couplings Yij liNj �̄ + Y 0
ij l

0
iNj �̄0 + h.c.

Xerox symmetry ! Y 0 = Y , Mirror symmetry ! Y 0 = Y ⇤
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Co-leptogenesis: Mirror Matter as hidden
Anti-Matter Z.B., arXiv:1602.08599

Hot O World �! Cold M World

dnBL
dt + (3H + �)n

BL

= �� n2
eq

dn0BL
dt + (3H + �0)n0

BL

= ���0 n2
eq

�(l� ! l̄ �̄) � �(l̄ �̄ ! l�) = ��

�(l� ! l̄ 0�̄0) � �(l̄ �̄ ! l 0�0) = �(�� +��0)/2 ! 0 (�� = 0)
�(l� ! l 0�0) � �(l̄ �̄ ! l̄ 0�̄0) = �(�� � ��0)/2 ! �� (0)

�� = Im Tr[g�1(Y †Y )⇤g�1(Y 0†Y 0)g�2(Y †Y )] ⇥ T 2/M4

��0 = ��(Y ! Y 0)

Mirror (LR): Y 0 = Y ⇤ ! ��0 = ��� ! B ,B 0 > 0
Xerox (LL): Y 0 = Y ! ��0 = �� = 0 ! B ,B 0 = 0

If k =
�
�

H

�
T=TR

⌧ 1, neglecting � in eqs ! nBL = n0
BL

⌦0
B = ⌦B ' 103 JMPlT

3

R
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�
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Cogenesis: ⌦0
B ' 5⌦B Z.B. 2003

If k =
�
�

2

H

�
T=TR

⇠ 1, Boltzmann Eqs.

dnBL
dt + (3H + �)n

BL

= �� n2
eq

dn0BL
dt + (3H + �0)n0

BL

= �� n2
eq

should be solved with �:

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0

0.2

0.4

0.6

0.8

1.0
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D(k) = ⌦B/⌦0
B , x(k) = T 0/T for di↵erent g⇤(TR) and �

1

/�
2

.

So we obtain ⌦0
B = 5⌦B when m0

B = mB but n0
B = 5nB

– the reason: mirror world is colder
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Free Energy from DM for the future generations ?

n0 ! n̄ produces our antimatter from mirror DM

Encounter of matter and antimatter
leads to immediate (uncontrollable)
annihilation which can be destructive

Annihilation can take place also bet-
ween our matter and dark matter,
but controllable by tuning of vacuum
and magnetic conditions. Dark neu-
trons can be transformed into our
antineutrons ....

Two civilisations can agree to built scientific reactors and exchange
neutrons ... and turn the energy produced by each reactor in 1000 times
more energy for parallel world .. and all live happy and healthy ...
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Isaak Asimov

First Part: Against Stupidity ...

Second Part: ...The Gods Themselves ...

Third Part: ... Contend in Vain?

”Mit der Dummheit kämpfen Götter
selbst vergebens!” – Friedrich Schiller

Two things are infinite: the universe and human stupidity;
but I’m not sure about the universe. – Albert Einstein

There is more stupidity than hydrogen in the universe, and it has a
longer lifetime. – Frank Zappa
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Neutron – mirror neutron mixing

The Mass Mixing ✏(nCn0 + h.c.) comes from six-fermions e↵ective
operator 1

M5

(udd)(u0d 0d 0), M is the scale of new physics
violating B and B 0 – but conserving B � B 0

%B=1,�%Ba=�1

d a
u a

d a

u

d

d

G'B=1

%B=2
u

d

d d

d
u

G'B=2

✏ = hn|(udd)(u0d 0d 0)|n0i ⇠ ⇤

6

QCD

M5

⇠
�
10 TeV

M

�
5 ⇥ 10�15 eV

Key observation: n � n0 oscillation cannot destabilise nuclei:
(A,Z ) ! (A � 1,Z ) + n0(p0e0⌫̄0) forbidden by energy conservation

Surprisingly, n � n̄0 oscillation can be as fast as ✏�1 = ⌧nn0 ⇠ 1 s,
without contradicting any experimental and astrophysical limits.
(c.f. ⌧nn̄ > 2.5 ⇥ 108 s for neutron – antineutron oscillation)
Disappearance n ! n̄0 (regeneration n ! n̄0 ! n) can be searched at

small scale ‘Table Top’ experiments
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Neutron – mirror neutron oscillation probability

H =

✓
mn + µnB� ✏

✏ mn + µnB
0�

◆

The probability of n-n’ transition depends on the relative orientation
of magnetic and mirror-magnetic fields. The latter can exist if mirror
matter is captured by the Earth

(Z. Berezhiani, 2009)
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Neutron disappearance in the presence of
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Experimental limits on n � n0 oscillation time
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