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Neutrons: since 1932 they make 50% of mass in our bodies ...

Neutrons are closely mass degenerate with the proton
(in the SM n = udd , p = uud) since B is conserved in the SM, n and
p both are Dirac particles with B = 1)

Neutrons are stable in basic nuclei but decay in free state: n→ peν̄e
... and decay also in (β− unstable) nuclei
... and can be even born in (β+ unstable) nuclei: p → ne+νe

Fermi V-A Theory → Standard Model

GV√
2
u(1− γ5)γµd νe(1− γ5)γµe + h.c.

GV = GF |Vud |, GF = Gµ + CKM mixing

GV√
2
p(gV −gAγ

5)γµn νe(1−γ5)γµe + h.c.

gV = 1 (CVC) & gA ' 1.2 (PCAC)

Yet, we do not know all its secrets in depth ...
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Standard Model SU(3)× SU(2)× U(1) and CKM mixing

Lcc =
g√
2

(
u c t

)
L
γµW+

µ VCKM

 d
s
b


L

VCKM =

 Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 3× 3 unitary

First row |Vud |2 + |Vus |2 + |Vub|2 = 1 ... |Vub|2 ' 10−5

Cabibbo universality: |Vud |2 + |Vus |2 = 1 cos2θC + sin2θC = 1

... is testable at the present experimental accuracy

Semileptonic K`3 decays (K→p`ν) : f+(0)|Vus | = 0.21654(41)

Leptonic Kµ2 decays (K/π ratio):
∣∣∣ Vus

Vud

∣∣∣ fK±fπ±
= 0.27599(38)

f+(0) and fK/fπ from Lattice QCD

|Vud | – from neutron decay and n↔ p transitions (β±) in nuclei
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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” 

Peter Geltenbort  �Ò�D�ÒÜD|��ÒZ�r§Ü�ÒÜ�DÜ�Ü�r��§ÒÜ�ÜæÜ�
"Dær�"D§�rè�§��§��Ír§«O�rd��ÍD§Zrd�é�rÍr��r�æÒrÒ�
«§r�«{�Ü�r�¡«ÒÜ��§Ür§Òr�§ræÜÍ«§�Ò«æÍZrÒ��§�Ü�r�é«Í�f�
Ü«�ÍrÒrDÍZ��Ü�r�{æ§fD¡r§ÜD��§DÜæÍr�«{�Ü��Ò�µDÍÜ�Z�r»
«§r�«{�Ü�r�¡«ÒÜ��§Ür§Òr�§ræÜÍ«§�Ò«æÍZrÒ��§�Ü�r�é«Í�f�
Ü«�ÍrÒrDÍZ��Ü�r�{æ§fD¡r§ÜD��§DÜæÍr�«{�Ü��Ò�µDÍÜ�Z�r»

�y¹��àyĂ�"Î��àyy´y���Ò�D�µÍ«{rÒÒ«Í�«{�µ�ëÒ�ZÒ�DÜ�Ü�r�7§�èrÍÒ�Üë�
«{�5r§§rÒÒrrd�é�Ü��D��«�§Ü�Dµµ«�§Ü¡r§Ü�DÜ�Ü�r�'D��2�f�r�%DÜ�«§D��
"DO«ÍDÜ«ÍëÊÒ�3µD��DÜ�«§�%ræÜÍ«§�3«æÍZr»��r��DÒ�Orr§�ÒÜæfë�§��
Ü�r�µÍ«µrÍÜ�rÒ�«{�Ü�r�§ræÜÍ«§�{«Í�¡«Ír�Ü�D§��ð�ërDÍÒ»
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How the neutron lifetime can be measured?

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��
´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

  See a video about neutron beta decay at  3`�y´ï���`�®yà�`D´Î`¹®ëDÈà÷ĈÀêë́ yùïà¹´�¨��yï�®ySCIENTIFIC AMERICAN ONLINE  
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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.

MORE TO EXPLORE

Measurement of the Neutron Lifetime Using a Gravitational Trap and a Low-

Temperature Fomblin Coating.  A. Serebrov et al. in  Physics Letters B,  Vol. 605, 
Nos. 1–2, pages 72–78; January 6, 2005.

The Neutron Lifetime.  �àym��Î�=�yï�y¨mï�D´m��y¹��àyĂ�"Î��àyy´y��´��Reviews of Modern 
Physics,  Vol. 83, No. 4, Article No. 1173; October–December 2011.

Improved Determination of the Neutron Lifetime.  A. T. Yue et al. in  Physical Review 
Letters,  Vol. 111, No. 22, Article No. 222501; November 27, 2013.

FROM OUR ARCHIVES

Ultracold Neutrons.  R. Golub, W. Mampe, J. M. Pendlebury and P. Ageron; June 1979. 
The Proton Radius Problem.  Jan C. Bernauer and Randolf Pohl; February 2014. 
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τtrap = Γ−1
tot neutron total decay width (neutron disappearance)

τbeam = Γ−1
n→peν̄ neutron β-decay width (counting produced protons)

Γβ = Γtot × Br(n→ peν̄) −→ τtrap < τbeam
In SM Br(n→ p) = 1 two methods must give same results!

Invisible decay channel ? τtrap = τbeam × Br(n→ peν̄)
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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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Quest for New Physics?

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 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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Present situation ... four players in the game

Beam experiments (×2) τbeam = 888.0± 2.0 s
Byrne et al. Europhys. L. 33 (1996); Yue et al. PRL 111 (2013)

Material traps (×6) τmat = 880.1± 0.7 s
Mampe et al. JETP L. 57 (1993); Serebrov et al., PLB 605, 72 (2005);

Pichlmaier et al. PLB 693 (2010); Steyerl et al. PRL 63 (2012);

Arzumanov et al., JETP L. 95 (2012); Serebrov et al. PRC 97 (2018)

Magnetic traps (×3) τmagn = 878.8± 0.3 s
Ezhov et al., JETP L. 107 (2018); Pattie et al. (UCNτ), Science 360

(2018); Gonzalez et al. (UCNτ), PRL 127 (2021)

3.3σ tension between τmat/τmagn ∆τ = 2.3± 0.7 s

Trap (mat+magn) average τtrap = 878.5± 0.5 s

4.5σ tension between τbeam/τtrap ∆τ = 9.5± 2.1 s

• SM itself predicts

τn ≡ τn→peν̄ = 878.7± 1.5 s agrees with τtrap = 878.5± 0.5 s

Why the neutron lifetime measured in UCN traps is smaller than that
measured in beam method ? Missing decay channel seems impossible
(neutron would be unstable also in nuclei).
But n→ n′ conversion can be plausible explanation

+ beta-decay of n′ in invisible channel

Something new should be added – transitional magnetic moments
between n and n′ (In preparation with Kamyshkov et al.)
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Superallowed 0+ − 0+ nuclear transitions
(pure Fermi – gA independent)

Corrected ft: Ft = ft(1 + δ′R + δNS − δC ) – transition independent

10 20 30 40 50 60 70 80

3060

3065

3070

3075

3080

3085

Atomic mass number (A)

ℱ
t[
s]

10C

14O

22Mg

26Al

34Cl

34Ar

38K

38Ca

42Sc

46V

50Mn

54Co

62Ga

74Rb

Hardy & Towner, 2015

Ft = 3072.07(72) s

2020: → 3072.24(1.85) s

G 2
V =

K

2Ft (1 + ∆R)

in SM GV = GF |Vud |

K = 2π3 ln 2
m5

e
= 8120.2776(9) 10−10 s

GeV4 GF = Gµ = 1.1663787(6) 10−5

GeV2

Short-distance (transition independent) electroweak corrections

Marciano Sirlin 2006: ∆R = 2.361(38) %
|Vud | = 0.97420(10)Ft(18)∆R = 0.97420(21) = cos θC

Seng et al. 2018: ∆R = 2.467(22) %
|Vud | = 0.97370(10)Ft(10)∆R = 0.97370(14)
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Cabibbo Angle Anomaly:
Belfatto, Beradze and Z.B, EPJ C 80, 149 (2020) arXiv:1906.02714
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V 2
ud + V 2

us = 1 ...|Vub|2' 10−5

cos2 θC + sin2 θC = 1

PDG 2018:
A & B: FLAG 17
C: ∆R Marciano-Sirlin’06

Post 2018:
A & B: FLAG’19 + MILC’19
C: ∆R Seng et al ’18

A (K → `3): K → π`ν −→ |Vus | = sin θC
B (K → µ2): K/π ratio −→ |Vus/Vud | = tan θC
C (0+−0+ transitions) : −→ |Vud | = cos θC
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Cabibbo Anomaly updated – O. Fischer et al., arXiv: 2109.06065
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Figure 1: The updated plot of Ref. [2] for the data (2) in Vus�Vud plane, and 1�, 2� and 3�
contours (green circles) of their fit without restricting by the unitarity condition (1) which
is traced by the black solid curve. The projections on |Vus| axis show the values |Vus|B and
|Vus|C obtained from the unitarity.

to other existing anomalies. [MK: New joining sentence:] Modifications can be broadly grouped
into three categories: modifications of four-fermion contact operators, modifications to the
leptonic W vertex, or modifications of the hadronic W vertex.

[MK: Merging Zurab + Claudio 4 lepton operator]

Four fermion operators There are several four fermion operators in the SMEFT which
can a↵ect the determination of the Fermi constant or directly alter semi-leptonic decay rates,
which have been summarised in [15].

Starting with four lepton operators, the severe constraints from the Michel parameter,
muonium–anti-muonium oscillations and the upper bounds on LFV processes lead to the
conclusion that the only viable solution to the CAA proceeds via a modification of the SM
operator Q2112

`` with a Wilson coe�cient C2112
`` ⇡ �(8 TeV)�2. Simple models generating

this contribution via a singly charged scalar have been recently proposed in the literature [16,
17, 18]. This possibility was also raised in [2], discussing a generic flavour changing boson,
which can be induced by gauge bosons of chiral inter-family symmetry (a concept which
can be also related to the origin of the fermion mass hierarchy and minimal flavor violation
[19, 20, 21, 22] – namely, the chiral family symmetry SU(3)2 separately acting on left and
right leptons can be broken at the scale of few TeV without violating the LFV limits and the
SM precision tests [2, 23].) All these possibilities act to interfere constructively with the SM
in muon decay such that the true Fermi constant GF is slightly smaller than the parameter
Gµ measured from the muon lifetime. We note that while this type of solution resolves the
tension between A/B determinations with C, but it can only slightly alleviate the tension
between A and B themselves. [MK: Do we want to note this generally? We have to modify L vs R

quark coupling to fix Kl3 and Kmu2 right?]

Thinking instead about 2-quark–2-lepton operators, only Q
(3)1111
`q is able to give a sizable

BSM e↵ect in � decays via interference with the SM and the CAA requires C
(3)1111
`q ⇡

2

If CKM unitarity is assumed – strong discrepancy between
A: |Vus | = sin θC B: |Vus/Vud | = tan θC C: |Vud | = cos θC

Quest for New Physics at the scale of few TeV?
vector-like quarks, lepton flavor-changing gauge bosons, etc.
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Neutron lifetime in SM: τn – gA relation

GV from free neutron decay

G 2
V =

K/ ln 2

Fnτn(1 + 3g2
A)(1 + ∆R)

from 0+−0+

G 2
V =

K

2Ft (1 + ∆R)

τn =
2Ft

Fn(1 + 3g2
A)

=
5172.1(1.1→ 2.8)

1 + 3g2
A

s Czarnecki et al. 2018

GV and ∆R cancel out (even in BSM GV 6= GF |Vud |, gA = −GA/GV )

gA = 1.27625(50) −→ τ theorn = 878.7± (0.6→ 1.5) s ≈ τtrap

gA – average from Percheo I/II and UCNA experiments
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Status of the four players in the game:
Updated Fig.7 of Belfatto, Beradze and Z.B, arXiv:1906.02714
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τ theorn = 878.7± 1.5 s τtrap = 878.5± 0.5 s (compatible)
τbeam = 888.0± 2.0 s (4.5σ)

τmat = 880.1± 0.7 s τmagn = 877.8± 0.3 s (3.3σ discrepancy)

So for 4 players we have τmagn < τ theorn < τmat � τbeam

Not only one neutron state n
– there should be also a nearly mass degenerate “sterile neutron” n′

From where ”dark” n′ can come?
It can be ad hoc elementary particle casually degenerate with n ... or
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SU(3)× SU(2)× U(1) + SU(3)′ × SU(2)′ × U(1)′

G × G ′

  

Regular world Mirror world 

• Two identical gauge factors, e.g. SU(5)× SU(5)′, with identical field
contents and Lagrangians: Ltot = L+ L′ + Lmix

• Exact parity G ↔ G ′: no new parameters in dark Lagrangian L′

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

• MM is identical to standard matter, (asymmetric/dissipative/atomic)
but realized in somewhat different cosmological conditions: T ′/T � 1.

• New interactions between O & M particles Lmix

• G ↔ G ′ can be softly broken: small splittings between O and M masses
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Neutron – mirror neutron mixing
Z.B. and Bento, PRL 96, 081801 (2006), hep-ph/0507031

Effective operator 1
M5 (udd)(u′d ′d ′) → mass mixing εnCn′ + h.c.

violating B and B ′ – but conserving B − B ′

%B=1,�%Ba=�1

d a
u a

d a

u

d

d

G'B=1

ε = 〈n|(udd)(u′d ′d ′)|n̄′〉 ∼ Λ6
QCD

M5 ∼
(

10 TeV
M

)5 × 10−15 eV

Key observation: n − n̄′ oscillation cannot destabilize nuclei:
(A,Z )→ (A− 1,Z ) + n′(p′e′ν̄′) forbidden by energy conservation
(In principle, it can occur Neutron Stars)

If mn = mn′ , n − n̄′ oscillation can be as fast as ε−1 = τnn̄′ ∼ 1 s,
without contradicting experimental and astrophysical limits.
(c.f. τnn̄′ > 2.5× 108 s for neutron – antineutron oscillation)

Search via disappearance n→ n̄′ and regeneration n→ n̄′ → n
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n − n′ mixing

Mass mixing two states, n and n′

H =

(
mn ε
ε m′n

)
−→ Hdiag =

(
m1 0
0 m2

)
n1 = cn − sn′, n2 = sn + cn′ c = cos θ, s = sin θ tan 2θ = 2ε

2δ
2δ = mn′ −mn −→ ∆m = m2 −m1 = 2

√
δm2 + ε2

More generally: with transitional dipole moments and matter

H =

(
mn + ~µn

~B +V ε+ ~κ(~B + ~B ′) + ~ρ(~E + ~E ′)

ε+ ~κ(~B + ~B ′) + ~ρ(~E + ~E ′) mn′ + ~µn′ ~B
′ +V ′

)

One could consider the case n′ = n̄ (antineutron) - then
mn̄ = mn, µn̄ = −µn (CPT) and κ, ρ = 0 (Lorentz inv.) → ∆m = 2ε
– but exp. limits ε−1 > 108 s (direct & nuclear stability) makes it unfit

For n′ 6= n̄ (mirror neutron) mn′ = mn, µn′ = µn can be guaranteed by
exact G ↔ G ′ parity – which allows transitional moments κ, ρ 6= 0

Generically G ↔ G ′ parity can be softly broken → n − n′ mass splitting.
Three situations for ∆m:

small (< few neV) – intermediate (few µeV) – large (∼ MeV)

Free oscillation probability Pnn̄(t) = ε2

ω2
B

sin2 (ωB t), ε� ωB = µB

ωBt < 1 → Pnn̄(t) = (εt)2 = (t/τnn̄)2

ωBt � 1 → Pnn̄(t) = 1
2
(ε/ωB)2 < (εt)2

(ωB t)2

for a given free flight time t, magn. field should be properly suppressed to
achieve ”quasi-free” regime: ωBt < 1

Baldo-Ceolin et al, 1994 (ILL, Grenoble) : t ' 0.1 s, B < 1 mG

Pnn̄(t) = (t/τnn̄)2 < 10−18 −→ ε < 7.7× 10−24 eV

In nuclei: ∆V = Vn̄ − Vn ∼ 100 MeV θ ' ε/∆V < 10−23

Pnn̄ ' θ2 ' (ε/∆V )2 < 10−46 – is unobservable? Not really ...
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Free Neutrons: Where to find Them ?

Neutrons are making 1/7 fraction of baryon mass in the Universe.
But most of neutrons bound in nuclei .... where n − n′ is ineffective

n→ n′ can take place for free neutrons but it might be suppressed by
some environmental factors (matter, magnetic field) or simply by some
mass splitting between n − n′

Free neutrons are present only in

• Reactors and Spallation Facilities (experiments are looking for)

• Cosmic Rays (n − n′ in TA /Auger) – ∆m ' 0 and ε−1 < 100 s

• BBN epoch (injection n′ → n̄ can help Lithium problem)

− Transition n→ n′ can take place in Neutron Stars – conversion of NS
into mixed NS – limits ε−1 > 1 s or ε−1 < 10−5 s (independent of ∆m)

– Underlying BSM physics of n− n′ can be at the origin of co-baryogenesis
in both O and M sectors, with ΩB′/ΩB ' 5
Sakharov conditions: ∆B,∆B ′ = 1, CP + automatic out of equilibrium

For some parameters n − n′ can be relevant for neutron lifetime puzzle !
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UCN experiments n − n̄ oscillation: very small ∆m

Several experiments searched for n→ n′ with the UCN traps.
Some show anomalies: non-zero asymmetries ±B

Ban... PRL 99, 161603 (2007); Serebrov... PLB 663, (2008); Altarev...
PRD 80 (2009); Bodek... NIM A611 (2009); Serebrov... NIM A611
(2009); Z.B. & Nesti EPJ C72 (2012); Berezhiani... EPJ C78 (2018);
Abel... PLB 812 (2021) – collected in N. Ayres et al. arXiv:2111.02794

Latter exp. can exclude ε−1 < 100 s for ∆m/B ′ up to 200 µT
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Experiments with material traps B ' 0.5 G

Trap experiments store UCN for a time t and compare amount of survived
UCN with initial one: Nsurv(t)/Nin = exp(−Γstt)

For determining τn one has to subtract the UCN loss rates:
τ−1
n = Γst − Γloss; Γloss = 〈Plossfwall〉.

For ∆m < 60 neV, n − n′ oscillation with Pnn′ ∼ 10−6 between wall
collisions can contribute as ∼ second in storage time

H =

(
mn + µnB ε

ε m′n = mn + 2δ

)
−→

(
m1 ' mn 0

0 m2 = m1 + ∆m

)
θ0 ' ε/δ < 10−3 for B ' 0.5 G (|µnB| � δ) Pnn′ ' θ2

0

Γst is measured for different fwall linearly extrapolating to fwall → 0

n→ n′ UCN losses are subtracted (together with any regular losses)
Pnn′ < Ploss < 2× 10−6 from Serebrov ’05 reporting τn = 778.5± 0.8 s
Other exps. estimate about twice as bigger Ploss and about 2 s bigger τn’s

Pnn′ = θ2
0 < 10−6 .... for ∆m ≤ 60 neV or so

Average of material trap experiments: τmat = 880.1± 0.7 s,
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Experiments with magnetic traps: B ' 1 T

Large surface magnetic field (∼ 1 T with exponential gradient) reflects the
UCN of one polarization (10 G holding field prevents UCN depolarization)

Also store UCN for a time t and compare amount of survived UCN with
initial one: Nsurv(t)/Nin = exp(−Γstt)

For determining τn, UCN loss rates to be subtracted: τ−1
n = Γst − Γloss;

The UCN losses are estimated to be irrelevant: 0.2 s correction

H =

(
mn + µnB ε

ε m′n = mn + 2δ

)
−→

(
mB

1 ' mn 0
0 m2 = m1 + ∆m

)
θB ' ε/

2δ−|µnB| > θ0 – resonant enhancement in magnetic field B ∼ 1 T

with Pnn′ ∼ 10−6 could give 1÷ 2 s contribution to τn

Magnetic trap τn, in view of n − n′ possibility, can be underestimated.

Average of magnetic trap experiments: τmagn = 877.8± 0.3 s

τ thn = τmat > τmagn can be potentially explained by n→ n′ losses
But τbeam � τmat cannot be explained !
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Very large ∆m ∼ MeV and neutron dark decay

mn > mn′ with mn −m′n = ∆m ' 1 MeV

Z.B. talk at the INT Workshop, Seattle, Oct. 2017 – n′ = mirror neutron
Fornal and Grinstein, arXiv:1801.01124 – n′ is ad hoc elementary fermion

(
mn + µnB ε+ κ(B + B ′)

ε+ κ(B + B ′) m′n + µn′B
′

)
→
(

m1 + µnB θµn(B + B ′)
θµn(B + B ′) m2 + µn′B

′

)
θ ' ε

δ
– induces non-diagonal transitional moment between mass

eigenstates n1 and n2: µnn′ ∼ θµn (even if κ = 0)

Hence ‘invisible’ decay(s) n→ n′ + γ(γ′) (in reality n1 → n2 decays)

Γ(n→ n′γ′, γ) = 1
8π
µ2
nn′m

3
n

(
1− m′2n

m2
n

)2

= 4α2x2mn(∆m/mn)3

Branching Br(n′γ) ' 10−2 can be obtained then for x = µnn′/µn ∼ 10−9

Trap method – the neutron total width: τ−1
dec = Γtot = Γvis + Γinv

beam method – β-decay width Γvis(n→ peν̄) = τ−1
beam

τ thn (n→ peν̄) = τbeam – contradicts to τn − gA relation

Same for the other possibility: n→ n′ in traps with n′ annihilating with
mirror anti-gas captured in the Earth Z.B. arXiv:1602.08599
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Dark decay cannot solve trap-beam lifetime puzzle:
τn vs. β-asymmetry

τ−1
trap = Γtot = Γn→p + Γn→n′ and τ−1

beam = Γn→p = Br(n→p)× τ−1
trap

τtrap = Br(n→p)× τbeam i.e. Br(n→p) ' 99%, Br(n→n′) ' 1%

▲
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gA = 1.27625(50)

τbeam = 888.0± 2.0 s

τtrap = 878.5± 0.5 s

G 2
V (free) = K/ ln 2

Fnτn(1+3g2
A)(1+∆R )

≡ G 2
V (0+−0+) = K

2Ft (1+∆R )

τ theorn→p = Γ−1
n→p =

2Ft
Fn(1 + 3g2

A)
=

5172.1(2.8)

1 + 3g2
A

s

g exp
A −→ τ theorn = 878.7± 1.5 s ≈ τtrap −→ Br(n→n′) < 0.2%

Minor possibility: Fierz term – tensor operators contributing β decays
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Status of the Neutron Dark Decay
Z.B., LHEP 2, 118 (2019), arXiv:1812.11089

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]

θ

9Be

Tang 2018

m'n > mn

Cosmic γ

n' unstableHydrogen unstable

Br(n→ n′γ) = 0.01 Br(n→ n′γ) = Br(n→ n′γ′) = 0.004

If mn′ > mp + me , DM decays n′ → peν̄e (τ = 1014, 1015, 1016, 1017 yr)

DM decay τ < 1010 yr good for H0 tension ZB, Dolgov, Tkachev 2015

If mn′ < mp + me , Hydrogen atom decays (τ = 1020, 1021, 1022 yr)

electron capture e +p → n′+γ – unstable hydrogen?? can be interesting
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Oscillations in non-degenerate n − n′ system
Z.B., EPJ C 79, 484 (2019) arXiv:1807.07906

Consider n − n′ system with ∆m = m′n −mn ∼ 102 ÷ 103 neV
and ε ∼ (1TeV/M)5 × 10−10 eV

Hamiltonian of (n+, n−, n′+, n
′
−) system (± for 2 spin states)

decay width Γn is the same for all states

2

quarks [18]. Then, modulo O(1) coe�cients depending
on the Lorentz structures of these operators, one has

" ⇠
⇤6

QCD

M5
⇠
✓

1 TeV

M

◆5

⇥ 10�10 eV . (6)

The above sit-quark operators can be induced e.g. by
seesaw-like mechanism suggested in Ref. [18] which in-
volves extra color triplet scalars with mass MS and heavy
Dirac Fermions N with mass MN , so that the cuto↵ scale
is given as M ⇠ (M4

SMN )1/5, modulo Yukawa coupling
constants. The scale M of order TeV makes interest-
ing this scenario for testing at the LHC. Respective ex-
perimental limits on extra fields and their couplings are
discussed in Ref. [19].

In the following we assume that n and n0 have a tiny
mass splitting �m = mn0 �mn ⇠ 10�7 eV which can be
positive or negative (Cf. the neutron mass itself is mea-
sured with the precision of few eV.) With mass gap being
so small, n�n0 transition is not e↵ective for destabilizing
the nuclei [18], but it will a↵ect n�n0 oscillation pattern
for free neutrons. In particular, the limits of Refs. [22]
from experimental search of n � n0 oscillation obtained
by assuming �m = 0 are no more strictly applicable.

Such a splitting can occur if Z2 is spontaneously broken
e.g. by a scalar field ⌘ which is odd under Z2 symmetry,
⌘ ! �⌘, coupled to O and M Higgses as �⌘(�†���0†�0),
which possibility can be also related to asymmetric post-
inflationary reheating between two sectors [23]. The di-
mensional coupling constant � can be tiny, without con-
tradicting to any fundamental principles. Thus, if �h⌘i
small enough, a tiny di↵erence would be induced between
the O and M Higgs VEVs. Since the Yukawa couplings
in two sectors are equal, then also O and M fermions will
have slightly di↵erent masses.

Alternatively, there is also a possibility that Z2 is exact
and mn0 = mn, but e↵ective splitting ⇠ 10�7 eV between
the energy levels of n and n0 is due to environmental
reasons induced e.g. by some long range 5th forces with
radii comparable to the Earth radius or solar system.
Then this splitting should be e↵ective at the Earth while
somewhere in cosmic voids it could be vanishingly small.
Such 5th forces can be related light baryophotons of each
sector [24] and so the Earth/sun would induce the force
repulsive for the neutron which e↵ect is equivalent to
�m > 0. Instead, e↵ective �m < 0 can occur due to
di↵erent graviton/dilaton couplings between O and M
components in the context of bigravity theories [25].

3. Evolution of n � n0 system is described Schrödinger
equation id /dt = H where  = ( +

n , �
n , +

n0 , 
�
n0)

stands for wavefunction of n and n0 components in two
(±) polarization states, and 4⇥4 Hamiltonian H depends
on the matter background and magnetic fields. In the fol-
lowing we neglect the presence, if any, of M matter and
magnetic field at the Earth. Since the neutron experi-
ments are performed in perfect vacuum conditions, we
neglect also the neutron coherent scattering and absorp-
tion by ordinary medium. In uniform magnetic field B

the spin quantization axis can be taken as the direction
of B and Hamiltonian acquires a form

H =

0
B@

mn � |µnB| 0 " 0
0 mn + |µnB| 0 "
" 0 mn0 0
0 " 0 mn0

1
CA , (7)

µn = �6.031 ⇥ 10�8 eV/T being the neutron magnetic
moment. Let us consider first the case of vanishingly
small magnetic field, B = 0. As far as we are inter-
ested in average oscillation probabilities, it is convenient
to consider the evolution in the basis of mass eigenstates
where H0 becomes diagonal:

 ±
1 = c0 

±
n + s0 

±
n0 ,  ±

2 = �s0 
±
n + c0 

±
n0 , (8)

with c0 = cos ✓0 and s0 = sin ✓0, where ✓0 is nn0 mixing
angle in vacuum being the same for both ± polarization
states, tan 2✓0 = 2"/�m. In this way one takes into
account also possible decoherence e↵ects in n � n0 oscil-
lation since the mass eigenstates do not oscillate but just
propagate independently. The physical sense is trans-
parent: producing a neutron n with ± polarization is
equivalent to producing mass eigenstates  ±

1 and  ±
2 re-

spectively with probabilities c2
0 and s2

0. Since  ±
1 inter-

act as n or n0 respectively with probabilities c2
0 and s2

0,
and  ±

2 interact as n or n0 with probabilities s2
0 and c2

0,
then the average probability of finding n after a time t is
Pnn = c4

0 + s4
0 = 1 � 1

2 sin2 2✓0, and that of finding n0 is

Pnn0 = 1 � Pnn =
1

2
sin2 2✓0 = 2

"2

�m2
. (9)

Here �m = �m
p

1 + (2"/�m)2 = �m/ cos 2✓0 is the
mass gap between the eigenstates (8). As far as "⌧ �m,
we have �m ⇡ �m, cos ✓0 ⇡ 1 and sin ✓0 ⇡ ✓0 ⇡ "/�m.
In addition, since in real experimental situations the neu-
tron free flight time between interactions is small, t ⌧ ⌧� ,
we have neglected the neutron decay and corresponding
overall factor exp(���t) in these probabilities.

In the case of non-vanishing magnetic field the Hamil-
tonian eigenstates become:

 ±
1B = c±

B 
±
n + s±

B 
±
n0 ,  ±

2B = �s±
B 

±
n + c±

B 
±
n0 (10)

with c±
B = cos ✓±

B and s±
B = sin ✓±

B . But now nn0 mixing

angles ✓±
B depend on polarization:

tan 2✓±
B =

2"

�m ± ⌦B
. (11)

where ⌦B = |µnB| = (B/1 T) ⇥ 60.31 neV. Hence, in
large magnetic fields, when ⌦B becomes comparable with
�m, one of the oscillation probabilities P±

nn0 = 1
2 sin2 2✓±

B
(+ or � depending on the sign of �m) will be resonantly
amplified, a phenomenon resembling the famous MSW
e↵ect in the neutrino oscillations.

4. Trap experiments store an initial number of the UCN,
count the amount of neutrons survived for di↵erent times

m′n = mn + ∆m, ΩB = |µnB| = (B/1T)× 60 neV

In small magnetic field (B ≈ 0) n − n′ mixing angles is θ0 ≈ ε
∆m .

n − n′ conversion probability is Pnn′ ≈ θ2
0 ∼ 10−6 or perhaps larger

In large magnetic field, mixing increases for + or − polarization:

tan 2θ±B = 2ε
∆m±ΩB

Resonance effect like MSW
maximal oscillation if ∆m ± ΩB → 0
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Beam Experiments

n − n′ conversion probability depends on magn. field in proton trap

Nn = Ptr
nnL
∫
A
da
∫
dv I (v)/v and Nn′ = Ptr

nn′L
∫
A
da
∫
dv I (v)/v

Pnn = 1− Pnn′ −→ Nn + Nn′ = Const.

n→ peν̄ and n′ → p′e′ν̄′ decays have equal rates: τn = τn′

-100 -50 0 50 100
10-6
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0.001
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0.100

1

z [cm]

P
n
n
'

n beam
n det

p trap
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Δm (neV)

θ
0

Ṅp = epΓβP
tr
nnL
∫
A
da
∫
dv I (v)

v , Ṅα = eαv̄P
det
nn

∫
A
da
∫
dv I (v)

v

τbeam =
(

epL
eαv̄

)(
Ṅα

Ṅp

)
=

Pdet
nn

Ptr
nn
τn
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ORNL experiment Broussard et al. arXiv:2111.05543

Testing this scenario via n→ n′ → n in strong magn. fields
Difference of neutron counts between B = 0 and B = 5 T 4

FIG. 2. Schematic of the experiment at beamline 4A at SNS. Description in the text.

the velocity distribution, needed for calculating the LZ
transition probability.

By extrapolating to the intensity with zero attenua-
tion assuming an exponential dependence, we obtained
the expected intensity incident on the B4C beam-catcher,
normalized to the integrated proton beam current. The
reconstructed neutron beam intensity with no attenua-
tion for the July 2019 measurements was found to be
(1.35 ± 0.31) ⇥ 109 n/C between 2.2 Å and 5.1 Å. The
uncertainty is dominated by the systematic error from
di↵erent treatments of the scattering background sub-
traction. This extrapolation also indicates an attenua-
tion of ⌘ = 0.675 ± 0.008 for each PC plate, compared
to ⌘ = 0.679 ± 0.004 calculated assuming cross sections
from [72], consistent with the value estimated by the at-
tenuation measurement.

The intensity calibration was performed in July 2019
at 1.05 MW proton power; however, the n ! n0 mea-
surements were performed in August 2019 at a proton
power of 1.4MW. The neutron beam intensity per unit
proton charge can vary depending on the properties of
the neutron moderator, which is the source of the cold
neutron beam, and the repeatability of the slit configura-
tions. Therefore, our estimated intensity normalization
was reduced by 78 ± 2% to (1.05 ± 0.31) ⇥ 109 n/C, due
to the lower measured neutron intensity per MW.

To search for evidence of the n ! n0 transformation,
we installed the B4C beam-catcher in the magnet such
that the full intensity of the neutron beam was totally ab-
sorbed. Any mirror neutrons generated in the magnetic
field before the beam-catcher passed through the B4C
and were regenerated into neutrons in the magnetic field
after the absorber to be counted in the detector within
the previously determined signal ROI. The polarity of
the magnetic field does not change the magnitude of the
e↵ect for unpolarized neutrons since both polarizations
were averaged (equation 14 of [19]). Data were also taken
at zero magnetic field to reduce the e↵ect and served as a
no-signal comparison. Backgrounds were dominated by
neutrons scattered in the room due to incomplete shield-
ing of the detector.

Measurements with the B4C beam-catcher blocking

B Field ROI Raw Counts Charge Counts/C
�4.8 T sig 4976 ± 70 8.8 C 564.6 ± 8.0
+4.8 T sig 7748 ± 88 13.8 C 561.0 ± 6.4

0 T sig 6631 ± 81 11.9 C 558.2 ± 6.9
0 T bkg 6387 ± 80 11.9 C 547 ± 16⇤

TABLE I. Neutrons detected on the main detector at di↵erent
magnetic field values in the signal or background ROI, nor-
malized to integrated proton charge. Uncertainties are statis-
tical and represent one standard deviation. The background
ROI counts/C includes a +1.8 ± 2.8% e�ciency correction.

the neutron beam were performed in an alternating se-
quence of typically 1 hour runs with a magnetic field at
the B4C (magnet center) of +4.8 T, 0 T, and �4.8 T. No
evidence of transmission of the neutron beam through the
beam-catcher was observed in any configuration. The to-
tal integrated counts within the background and signal
ROI at di↵erent fields were statistically equivalent (Ta-
ble I).

The apparent transmission p through the beam-catcher
due to neutron oscillations was taken from the dif-
ference in the total integrated counts in the ROI of
(562.4±5.0) n/C with magnetic field (average of both po-
larities) and of (558.2 ± 6.9) n/C without magnetic field
to estimate an apparent signal of (4.2 ± 8.5) n/C. The
di↵erence is then divided by the incident neutron inten-
sity of (1.05±0.31)⇥109 n/C, as described above, giving
an apparent transmission of (0.4 ± 1.2)⇥ 10�8. We used
the Feldman-Cousins method [73] to determine a 95%
confidence limit (C.L.) on the apparent transmission of
p < 2.5 ⇥ 10�8.

The calculated probability of transmission for the oscil-
lation process as described above is shown by the dashed
contour lines in Fig. 3. The Feldman-Cousins upper limit
that we measured separates Fig. 3 into the portion of
�m, ✓0 space excluded by our measurement (filled gray),
where p > 2.5⇥10�8, from regions where we do not have
statistical sensitivity (white). The features at 289 neV,
340 neV, and 400 neV correspond to the central dip, in-
flection points, and maximum, respectively, of the mag-
netic field in Fig. 1. The complex optical potential of

5

FIG. 3. The parameter space of the mirror matter model [19]
excluded with 95% C.L. (gray region) and prediction consis-
tent with the neutron lifetime anomaly (red band). Calcu-
lated probability of transmission is given by the dashed con-
tour lines. The region 400 neV to 600 neV uses a di↵erent
dataset. Color online.

the strongly absorbing B4C together with the 4.8 T mag-
netic field creates a strong absorption resonance that re-
duces our sensitivity between 400 neV and 600 neV [66].
In this region, therefore, the normalized counts in the sig-
nal and background ROIs at B=0 T were compared using
the same procedure to obtain p < 5.5⇥ 10�8 (95% C.L.)
due to field-free adiabatic transitions, and the calculated
probability at B=0 is used for exclusion. For �m much
larger than the magnetic potential, transitions are adia-
batic and the regeneration probability asymptotically ap-
proaches the magnetic field-free limit and becomes con-
stant [19].

The red band in Fig. 3 corresponds to the parameter
space that would explain the neutron lifetime anomaly.
The dips in the red band at ⇠260 neV and 278 neV cor-
respond to flatter regions in the Beam Lifetime magnetic
field profile near ⇠ 4.3 T and ⇠ 4.6 T respectively [55].
Above 278 neV, n ! n0 transitions occur adiabatically.
Uncertainties due to calculational and experimental in-
puts to the model are negligible.

In summary, we have conducted an experiment using
the novel approach of cold neutron regeneration and ex-
cluded the non-degenerate mirror matter model as an
explanation for the neutron lifetime anomaly for mass
splittings above 10 neV. We note that the attenuation
of mirror neutrons in matter is an important consider-
ation in calculating limits for this model. Limits from
an experimental study of anomalous losses per collision
in UCN trap experiments [46], reinterpreted as n ! n0

disappearance, exclude ✓0 & 10�3 [19] for mass splittings
below ⇠ 60 neV (yellow box in Fig. 3). This result does
not provide constraints on alternative models of n ! n0

oscillation, such as the minimal model where �m = 0 but
a mirror magnetic field B0 is assumed [18] or models with
a common neutron transition magnetic moment (nTMM)
for n and n0 components [74]. This measurement repre-
sents the first of a broad planned program using neutron
scattering instruments at ORNL to search for processes
violating baryon minus lepton number B � L and B by
one unit, similar to the process n ! n̄ which violates
B � L and B by two units [75, 76].
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For ∆m� 1 µeV initial state in the beam is not n but the light eigenstate
n1 = cn − sn′ (heavier n2 cannot be bounced by the walls of guide)
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Brief Summary

Significant discrepancies neutron lifetimes measured with different
methods: beam, material traps, magnetic traps

▲

▲

▲

■
■
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gA

τ

beam

material trap

magnetic trap

τ(gA)

Märkisch

Mund

Brown

τmat = 880.1± 0.7 s τmagn = 877.8± 0.3 s τbeam = 888.0± 2.0 s :

τ theorn = 878.7± 1.5 s : τmagn < τ theorn < τmat � τbeam

Potentiality of general case with ∆m > µeV and transitional moments is
not yet explored

H =

(
mn + ~µn

~B +V ε+ ~κ(~B + ~B ′) + ~ρ(~E + ~E ′)

ε+ ~κ(~B + ~B ′) + ~ρ(~E + ~E ′) mn′ + ~µn′ ~B
′ +V ′

)
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Backup

Some auxiliary slides
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New physics at TeV scale? extra quarks b′, t ′

Belfatto, Beradze and Z.B, EPJ C 80, 149 (2020) arXiv:1906.02714

××
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Vus

V
u
d

CKM

|Vud |2+|Vus |2+|Vub|2 = 1

Extra vector-like quarks
b′, t ′ or (t ′, b′)

with masses of few TeV

|Vud |2 +|Vus |2 +|Vub|2 = 1− δ2
CKM ... δCKM ' |Vub′ | ≈ 0.04

ṼCKM =




Vud Vus Vub Vub′

Vcd Vcs Vcb Vcb′

Vtd Vts Vtb Vtb′

Vt′d Vt′s Vt′b Vt′b′


 is not unitary!

One can reconcile A-B-C but flavor-changing, precision tests ....
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GF 6= Gµ ? flavor gauge bosons at TeV scale

Belfatto, Beradze and Z.B, EPJ C 80, 149 (2020) arXiv:1906.02714

W

νe e L

µ L νµ

GF/
√

2 = g 2/8M2
W = 1/4v 2

w

vw = 174 GeV – EW scale

F

νe νµ

µ L e L

GF/
√

2 = g 2
H/8M2

F = 1/4v 2
F

vF ∼ few TeV – flavor scale

After Fierz transformation, the sum of diagrams gives the operator:

4Gµ√
2

(νµγ
αµL)(eLγανe) Gµ = GF +GF = GF (1+δµ) δµ =

(
vw
vF

)2

New interaction has positive interference with SM, i.e. Gµ > GF

|Vud |2 =
K

2G 2
FFt (1 + ∆R)

=
K (1 + δµ)2

2G 2
µFt (1 + ∆R)

Other possibilities e.g. modifying W `ν vertex discussed (Crivellin et al.)
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Neutron–antineutron oscillation

Majorana mass of neutron ε(nTCn + n̄TCn̄) violating B by two units
comes from six-fermions effective operator 1

M5 (udd)(udd)

%B=2
u

d

d d

d
u

G'B=2

It causes transition n(udd)→ n̄(ūd̄ d̄), oscillation time τnn̄ = ε−1

ε ∼ Λ6
QCD

M5 ∼
(

1 PeV
M

)5 × 10−25 eV τnn̄ ∼ 109 s

ILL experiment: τnn̄ > 0.86× 108 s −→ ε < 7.7× 10−24 eV
Key moment: n − n̄ oscillation destabilizes nuclei:
(A,Z )→ (A− 1, n̄,Z )→ (A− 2,Z/Z − 1) + π’s

Nuclear stability bounds - Oxygen→ 2π – τnucl > 1032 yr (SK)
ε < 2.5× 10−24 eV → τ > 2.7× 108 s
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Anthropic limit on n − n̄

Scale of relevant new physics is unknown – but ε ∝ M−5

Nuclear instability time against
(A,Z )→ (A− 1, n̄,Z )→ (A− 2,Z/Z − 1) + π’s scales as

τnucl ∝ ε2 ∝ M−10

Present limit ε < 2.5× 10−24 eV (τnucl > 1032 yr) implies

M > 500 TeV or so

M ' 100 TeV (just factor of 5 less) would give τnucl > 1025 yr

.. the Earth (any planet) radioactivity turns dangerous for the Life!

And (happily) the neutron is not elementary particle – in which case
it would be allowed unsuppressed Majorana mass
But it is composite n = (udd) of three quarks
– its Majorana mass can be induced only by D=9 operator 1

M5 (udd)2

Life is allowed by the structure of SM
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Anthropic QCD θ-term (provocation)

Z.B., EPJ C 76, 705 (2016), arXiv:1507.05478

QCD forms quark condensate 〈qq〉 ∼ Λ3
QCD breaking chiral symmetry

(and probably 4-quark condensates 〈qqqq〉 not reducible to 〈qq〉2)

Can six-quark condensates 〈qqqqqq〉 be formed? B-violating
namely 〈(udd)2〉 or 〈(uds)2〉

Eur. Phys. J. C   (2016) 76:705 Page 9 of 10  705 

Fig. 4 Diagram generating the n–ñ mixing via baryon-violating six-
quark condensate ⟨uddudd⟩

A non-zero condensate ⟨uddudd⟩ would induce the
neutron–antineutron mixing, as shown on Fig. 4. One can
roughly estimate the mixing mass as ϵnñ ∼ B/(1 GeV)8,
simply taking scales of the neutron mass and residue and all
relevant momenta order 1 GeV and neglecting combinatorial
numerical factors. Hence, for compatibility with the experi-
mental limit, ϵnñ < 2.5 × 10−24 eV, this condensate must be
very fuzzy, with a mass parameter "B < 1 MeV or so. On
the other hand, it is believed that any condensate in QCD, if
it appears, must be characterized by the scale "QCD ∼ 100
MeV, as e.g. one has for the quark condensate ⟨q̄q⟩ ∼ "3

QCD.
Thus, we again encounter the problem of hierarchy, at least of
20 orders of magnitude, between the values "9

B and "9
QCD.

Formally, the theorem of Vafa and Witten [57] excludes
the possibility of baryon number violating condensates in
QCD. However, this theorem is based on assumptions which
leave some loopholes. Namely, the proof of Ref. [57] is for-
mally valid if all quarks are massive (in fact, one believes
that all light quarks u, d, s have masses of few MeV), and,
remarkably, if at the same time the vacuum angle # is exactly
zero.

Therefore, one can envisage that in some imaginable world
where the QCD vacuum angle is large, # ∼ 1, a baryon-
violating condensate ⟨uddudd⟩ could exist, withB ∼ "9

QCD.
In the absence of the axion mode which would relax# to zero,
it could be formed as a dynamical reaction of the system tend-
ing to decrease the vacuum energy∼ cos2 #"4

QCD associated
to non-zero #. Thus, one can envisage that it value depends
on the vacuum angle, B# = F(#)"9

QCD. According to the
Vafa–Witten theorem, B should vanish in the limit # → 0,
i.e. F(0) = 0, while for # ∼ 1 one could have B ∼ "9

QCD.
In addition, B# should be a periodic function of the vacuum
angle, and it is natural to assume that it does not depend on the
sign of #, F(#) = F(−#). These features are adequately
described by a prototype function F(#) = C sin2 #, with C
being a constant O(1).

In the real world, the vacuum angle might be non-zero:
we have only an upper limit from the experimental searches
of the electric dipole moment of the neutron, # < 10−10 or
so. Then the above estimation implies that the condensate

is suppressed by a factor #2 < 10−20, so that B = "9
B =

C#2"9
QCD < C × (1 MeV)9.

The baryo-majoron β should emerge, as a compos-
ite Goldstone mode of this condensate, ⟨uddudd⟩ =
B exp(iβ/ fβ), with fβ ∼ "B , exactly like the pions
emerge as the Goldstone modes of the quark condensate
breaking the chiral SU (2)L × SU (2)R symmetry, ⟨qq⟩ =
% exp(iτaπa/ fπ ), with % ∼ "3

QCD and fπ ∼ "QCD. The
majoron coupling constant betweenn and ñ states is related to
ϵnñ via a Goldberger–Treimann-like relation, gn = ϵnñ/ fβ .
Therefore, for fβ < 1 MeV, say with "B ≃ 200 keV, the
nuclear stability limits concerning both the values of the mix-
ing mass ϵnñ and the Yukawa coupling gn can be respected.

An interesting feature of the dynamical baryon violation
by the QCD can be that the order parameter "B could be dif-
ferent in vacuum and in dense nuclear matter, i.e. in nuclei or
in the interiors of neutron stars. In particular, in dense nuclear
matter spontaneous baryon violation could occur even if it
does not take place in vacuum. Or right the opposite, dense
nuclear matter could suppress the baryon-violating conden-
sates. In this case, the search of neutron–antineutron oscilla-
tion with free neutrons and nuclear decay due to the neutron–
antineutron transition becomes a separate issue. Namely,
it might be possible that the baryon-violating condensates
evaporate at nuclear densities and do not lead to nuclear insta-
bilities, while for free neutrons propagating in the vacuum
they might be operational.
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Vafa-Witten theorem: QCD cannot break vector symmetries ...
.. but the prove relies on the absence of θ-term (i.e. valid for θ = 0)
Imagine world θ ∼ 1 where 〈qqqqqq〉 ∼ Λ9

QCD – bad for Life
– massless Goldstone β inducing n→ n̄ + β transition in nuclei ...
Let us assume 〈qqqqqq〉θ ∼ F (θ) Λ9

QCD

F (θ) being smooth periodic even function: F (θ) = F (−θ) = Cθ2 + ...
〈qqqqqq〉θ = Cθ2Λ9

QCD ∼ C ×MeV9 for θ ∼ 10−10

– can such a fuzzy condensate be OK? Maybe in dense matter?
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Summary

Puzzles are emerging related to the neutron decays
– If true, they may trace to new physics at TeV scale
(new measurements + accurate lattice simulations are needed ...)

• Cabibbo angle anomaly (neutron β-decay vs. Kaon decays)
• Neutron lifetime anomaly (trap vs. beam)

Despite apparent vicinity, the two puzzles are different ...
– Mechanisms that could settle Cabibbo angle anomaly
(vector-like quarks or flavor gauge bosons at the TeV scale, etc)
do not explain the trap/beam lifetime discrepancy
– it requires some additional channel of the neutron disappearance

Dark decay n→ n′ + X increasing the total decay width is disfavored

Dark oscillation n − n′ (enhanced in magnetic field + n′ → p′e′ν̄′) is OK
... can be excluded by the regeneration (shining thru the absorber)
experiment n→ n′ → n at the ORNL

Search for baryon violation: n − n̄ (∆B = 2) or n − n′ (∆B = 1)
and related processes is an attractive business
(the key for the universe baryon asymmetry, portal to DM and more ...)
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