
What’s Causing Annual Periodicities  
in Beta Decay Data? 

Raw Undecayed 226Ra PTB Data with Earth-Sun Distance
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Unstable Particles 
 &  

Radioactive Decay  



Examples of Unstable Particles 
Radioactive Nuclei 

Alpha Decay:  Strong & EM process where 4He 
tunnels out of nucleus 
 
 
 
 
 
 
Beta Decay:  Weak interaction process where 
electron + electron anti-neutrino (or positron and 
electron neutrino) are emitted 
 

92
238U→ 90

234Th + 2
4He

55
137Cs→ 56

137Ba + e− +υe
⌫e

↵

e�



Examples of Unstable Particles 

Photon Emission:  Electromagnetic transition 
from an excited state of an atom (~eV) or nucleus 
(~MeV gamma ray) 

p 

e�
photon 



116mIn Decay

y = 421.762694e-0.000203x
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Exponential Decay Law: 116mIn  

T1 2 ≈ 57min

N(t)

Data taken by Jere Jenkins (Purdue) 

N(t) = N(0)e−λt

T1/2 =
ln2
λ

λ ≈ 2.03×10−4s−1

3.3 hrs 

decay rate 

half-life 

N(t) ≡ dN
dt

=  activity



116mIn Decay: Normalized Data  

Data taken by Jere Jenkins (Purdue) 

!N(t) = !N(0)e−λt

!N(t)
!N(0)

e+λt



Decay Anomalies 



Reference: D.E. Alburger, G. Harbottle, E.F. Norton, Earth and Planetary Science Letters 78 
(1986) 168. 

32Si Half-Life  
Brookhaven National Lab (BNL) 1982-1986 

Jan. 1st Dec. 31st 



Reference: E. Fischbach, et al., Space Sci. Rev. 145, 285 (2009)  

226Ra  
Physikalisch-Technische Bundesanstalt (PTB) 
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Fig. 2 Plot of U(t) for the raw PTB 226Ra data (using T1/2 = 1600 y) along with 1/R2. As noted in the
text, the correlation coefficient between the PTB data and 1/R2 is r = 0.62 for N = 1974 points. The formal
probability that the indicated correlation could have arisen from uncorrelated data sets is 5 × 10−210. See
caption to Fig. 1 for additional details

As in the case of the BNL data, it is again reasonable to ask whether these data correlate
with 1/R2. The Pearson correlation coefficient r for the data in Fig. 2 is r = 0.62 for N =
1974 data points corresponding to a formal probability of 5 × 10−210 that the two data sets
were in fact uncorrelated. There is also a suggestion of a phase shift between 1/R2 and the
PTB data, as in the BNL data.

Given that the BNL and PTB experiments overlapped for ∼2 years, we can also calculate
the correlation coefficient between the BNL and PTB data. For the weeks during which the
BNL and PTB data sets had concurrent measurements, averages for each week’s measure-
ments (the 32Si/36Cl ratios for BNL and the currents for PTB) were taken in each data set in
order to maintain consistency, and the resulting correlation is exhibited in Figs. 3 and 4. The
Pearson correlation coefficient for the raw BNL and PTB data is r = 0.66 for N = 39 points,
which corresponds to a formal probability of 6×10−6 that this correlation could have arisen
from two uncorrelated data sets.

Notwithstanding the possible implications of the correlations between the BNL and PTB
data, some words of caution are appropriate relating to our use of the 226Ra data. When the
ratio is taken between the counts of 154Eu and 226Ra, a periodic signal is no longer evident
(see Fig. 3 in Siegert et al. 1998), in contrast to what is seen in the BNL data. Referring to
the previous discussion, the absence of a periodic signal in the 154Eu/226Ra ratio could be
attributed to a similar response of the individual 154Eu and 226Ra count-rates to a variation
in the measuring apparatus. We note that, unlike the PTB europium data, the 226Ra data
we have analyzed are raw data, having no corrections other than background subtraction. It
would thus appear that the periodic signal present in the 226Ra data is either a manifestation



Correlations between BNL and PTB Data 
292 E. Fischbach et al.

Fig. 3 Correlation between the raw decay rates of 32Si/36Cl at BNL and 226Ra at PTB. The BNL and PTB
data for U(t ) have been averaged in common weekly bins for purposes of comparison. The correlation coef-
ficient between the BNL and PTB data is r = 0.66 for N = 39 points, which corresponds to a probability of
6 × 10−6 that the BNL/PTB correlation could have arisen from uncorrelated data sets as a result of statistical
fluctuation. Error bars are shown for representative BNL data points, and the error bars for the PTB data lie
within the points themselves

of fluctuations arising from the measuring apparatus, or else results from fluctuations in the
226Ra decay parameter itself. One would naturally seek to ascertain whether any variations in
the measuring instrumentation would be capable of producing the observed periodic signal
in the 226Ra data. Siegert et al. (1998) have proposed a qualitative mechanism whereby
background radioactivity due to radon and daughter products could affect the apparatus,
but no quantitative analysis was given. It therefore seems reasonable to regard the origin of
the periodic signal in the 226Ra measured count-rate as an open question, and we have thus
suggested the possibility that the PTB data are indicating variations in the decay parameters
of 226Ra or its daughters. This seems to imply that the fractional variations in the decay
parameters of 154Eu and 226Ra are very similar, which one generally would not expect, and
this could be a clue to the nature of a possible physical mechanism.

The correlations of the BNL and PTB data with 1/R2, as well as with each other, do
not in and of themselves point to an origin for these effects. Not only are there several
potential influences which could depend on R, but additionally there are seasonal variations
that roughly track with R even though the Earth–Sun distance is not their primary cause
(e.g. local temperature variations). Having previously addressed the possibility that these
correlations arise from seasonal fluctuations in the detectors used in the BNL and PTB
experiments, we next consider the possibility that the time-dependence of the 32Si/36Cl ratio
and the 226Ra decay rate are being modulated by an annually varying flux or field originating

Reference: E. Fischbach, et al., Space Sci. Rev. 145, 285 (2009)  
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Experiments Showing Beta Decay Rates with Annual Periods 

Q = kinetic energy of decay products

T ⇠ 1 year

1

Q = Energy released by decay 

Proceedings of the Seventh Meeting on CPT and Lorentz Symmetry (CPT’16), Indiana University, Bloomington, June 20-24, 2016

2

Table 1. Data from beta decay experiments (including 226Ra in equilibrium with
its daughters) exhibiting annual periodicities. Here the mode ��(�+) indicates the
emission of an electron (positron), and EC is electron capture. The half lives ⌧1/2
and decay Q values are from S.Y.F. Chu et al..6

Experiment Source Mode Duration ⌧1/2 (d) Q (keV) 103⇠

Ellis7,8 56Mn �� 1978-87 1.1⇥10�1 3695.5 3
Purdue9 54Mn EC 2008-13 3.1⇥102 1377.1 1
Parkhomov8 60Co �� 1999-03 1.9⇥103 2823.9 2
Norman3,10 22Na/44Ti �+,EC 1994-96 – – 0.34

22Na �+ 9.5⇥102 2842.2 –
44Ti EC 2.2⇥103 267.5 –

Schrader11 154Eu �� 1990-96 3.1⇥103 1968.4 1
Schrader11 85Kr �� 1990-96 3.6⇥103 687.1 1
Falkenberg12 3H �� 1980-82 4.5⇥103 18.59 3.7
Schrader11 152Eu �, EC 1990-96 4.9⇥103 1874.3 1
Parkhomov8 90Sr �� 2000-10 1.1⇥104 546.0 1.3
BNL13 32Si �� 1982-86 5.5⇥104 224.5 1.5
Schrader11 108mAg �+ 1990-96 1.5⇥105 1918 1
PTB14 226Ra various 1981-96 5.8⇥105 various 1.5
Mathews15 14C �� 2016 2.2⇥106 156.4 2–4
BNL13 36Cl �� 1982-86 1.1⇥108 708.6 1.5
Ohio Sate16 36Cl �� 2005–2011 1.1⇥108 708.6 5.8

see that even though values of ⌧1/2 = ln 2/� range over a factor of ⇠ 109,
the fractional periodic variations of ��/� agree within roughly an order of
magnitude. More specifically, the data are well characterized by

��(t)

�
' ⇠ cos

✓
2⇡t

T
� �

◆
, (1)

where T ' 1 year and ⇠ ⇠ 10�3. This is surprising given that the data come
from di↵erent experiments using a variety of detection systems,3 which
presumably have di↵erent levels of sensitivity to environmental influences.
As but one example, we see from Table 1 (and Fig. 3 of Ref. 1), that ⇠ for
226Ra (in equilibrium with its daughters) obtained at PTB using a 4⇡ �-
detector is very nearly the same as ⇠ for the Si/Cl ratio obtained at BNL at
the same time using a gas proportional counter. This apparent consistency
of ⇠ is the basis for our proposed connection between radioactive decays
and LNI.

We now show that the apparent universality of ⇠ could be explained
if the neutrinos involved act as if they propagate in a medium with a re-
fractive index n that depends on the Earth’s motion around the Sun. A
number of circumstances in which neutrinos behave as if they are in a
medium have been treated in recent years. Such a description has been

��

�
' ⇠ cos

✓
2⇡t

T
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What’s Causing the Annual Periodicities  
of Beta Decay Rates? 

§  An unknown instrumental effect 
caused by the environment 
•  Temperature 
•  Atmospheric pressure 
•  Humidity 
•  Radon 
•  Muons 

§  Interesting New Physics? 



What can affect 
nuclear decay rates? 



Ingredients of the Decay Rate 

λ ∝ interaction( ) phase space( )

Interaction causing transition 
(electromagnetic, strong, weak forces) 

Available  
energy/momentum “space” 

for  decay products 
(conservation laws) 

Stronger interaction èfaster decay 

More phase space èfaster decay 



Inhibiting Decay: Cavity QED 
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FIG. 4. Total transmission signal for A/2d near the cutoff
region. (A. is altered by application of an electric field, which
increases from 0 to 3.1 kV/cm for the data shown. ) The
sharp increase in transmission at A/2d = 1 is due to the inhi-
bition of spontaneous emission; the decrease for X/2d
& 1.015 is due to field ionization between the cavity plates.

.98

slight variation in transmission with )t/2d is visible in
the enhanced region. In this region the field between
the field plates is increased from 0 to 1700 V cm
At low fields there is a small loss of atoms because of
nonadiabatic effects that mix m states as they pass
from the production region into the cavity. As the
field is increased this loss is eliminated.
Suppression of spontaneous emission offers the op-

portunity of eliminating the natural linewidth in spec-
troscopic measurements. However, in measuring en-
ergy levels to superhigh accuracy by elimination of
spontaneous emission it must be remembered that the
cavity inevitably introduces "nonradiative" shifts that
alter the structure of the atom. ' In effect, the atom-
vacuum system is replaced by the atom-cavity system.
There has been theoretical interest in such systems
since the work of Casimir and Polder. 9 The problem is
now becoming experimentally important, for as Brown

et al. ' have pointed out, cavity shifts are expected to
be significant in forthcoming measurements of g —2
for a trapped electron. Furthermore, they must be
taken into account in the design of future atomic
clocks. Although cavity shifts may set the ultimate
limit for useful applications of inhibited spontaneous
emission as a high-precision technique, it should be
pointed out that the present experiment provides a sig-
nificant step toward very-high-precision spectroscopy
of Rydberg atoms by achieving a major increase in
their useful time-of-flight path length.
The authors thank Dr. Harald Hess for helpful ad-

vice on the cryostat design. This work was supported
by the Joint Services Electronics Program under Grant
No. DAAG29-83-K-0003, the National Science Foun-
dation under Grant No. PHY84-11483, and the Office
of Naval Research under Grant No. NOO14-79-C-
0183.

&')Present address: Time and Frequency Division, Na-
tional Bureau of Standards, Boulder, Colo. 80303.
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In order for the light to fit  
in the cavity,  

Observed lifetime increased >20 
times from free space value! 

Atoms in excited state directed  
through a cavity: 

Reference: R. G. Hulet, et al.  
Phys. Rev. Lett. 55, 2137 (1985) 

light wavelength
2d

≤1



Inhibiting Decay: Neutron in Nucleus 

A free neutron is unstable:  half-life ≈ 10 minutes  

n p 
υe

But stable in many nuclei: n 
n 

p 

p 

n→ p + e− +υe

e�

before after 



Moral 

The decay rate λ of an unstable 
particle is not an intrinsic property of 
the particle (like mass), but depends 
on the particle’s environment. 
 
It is conceivable that the decay rate 
could be affected by external 
influences. 



A Closer Look at Beta Decay 

A free neutron decay 

Feynman Diagram 

n→ p + e− +υe

https://en.wikipedia.org/wiki/Beta_decay 

Electron anti-neutrino 



Standard Model Particles 

http://www.iflscience.com/physics/how-neutrinos-which-barely-exist-just-ran-another-nobel-prize/ 



Neutrinos: Properties 

http://www.iflscience.com/physics/how-neutrinos-which-barely-exist-just-ran-another-nobel-prize/ 

•  Only interact with other particles through the 
weak interaction and gravity 

•  50% of the neutrinos in a beam will make it 
through a light-year of lead  

•  Created by beta decay, nuclear reactions 
(Sun, supernovae, reactors, Big Bang) 

•  Solar Neutrino flux at Earth: ~65 billion /cm2/s 



Neutrino Mass 
Neutrinos were thought to be massless 

E2 = m2c4 + p2c2 ) E⌫ = p⌫c

Solar Neutrino Problem: 

https://ase.tufts.edu/cosmos/print_images.asp?id=37 

Fewer electron neutrinos detected 
on earth than expected! 



Neutrino Oscillations in Vacuum: Massive Neutrinos 
2015 Physics Nobel Prize 

https://en.wikipedia.org/wiki/Neutrino_oscillation 

Electron neutrino 

Muon neutrino 

Tau neutrino 



Neutrino Refractive Index of Matter 

Solar Neutrinos Propagating Through the Sun 

PH YSICA L REVIEW D VOLUME 17, NUMBER 9

Neutrino oscillations in matter

1 MAY 1978

L. Wolfenstein
Carnegie-Mellon University, Pittsburgh, Pennsylvania 15213

(Received 6 October 1977; revised manuscript received 5 December 1977)
The effect of coherent forward scattering must be taken into account when considering the oscillations of
neutrinos traveling through matter. In particular, for the case of massless neutrinos for which vacuum
oscillations cannot occur, oscillations can. occur in matter if the neutral current has an off-diagonal piece
connecting different neutririo 'types. Applications discussed are solar neutrinos and a proposed experiment
involving transmission of neutrinos through 1000 km of rock.

I. INTRODUCTION

There exists considerable interest in the pos-
sibility that one type of neutrino may transform
into another type while propagating through the
vacuum. ' A number of experiments have been pro-
posed to search for such oscillations. "' In order
for such vacuunz oscilIations to occur, it is nec-
essary that at least one neutrino have a nonzero
mass and that the neutrino masses be not all de-
generate. In addition, there must be a noncon-
servation of the separate lepton numbers (like
electron number and muon number) so that the
different neutrino types as defined by the weak
charged current are mixtures of the mass eigen-
states.
In this paper we show that even if all neutrinos

are massless it is possible to have oscillations
occur when neutrinos pass through matter. This
can happen as a result of coherent forward scatter-.
ing provided that this scattering is partially off
diagonal in neutririo type. The phenomenon is an-
alogous to the regeneration of K~ from a K~ beam
passing through matter, A simple model is given
in Sec. II from which it is seen that the oscilla-
tion length in matter of normal density is of the
order 10' cm or larger. One of the proposed ex-
periments' to test the hypothesis of vacuum oscil-
lations involves the detection of neutrinos 1000
km distant from their source at Fermilab. Since
the neutrinos would pass through the earth, we
show that this experiment could possibly also test
the hypothesis that the neutral current changes
neutrinos from one type to another.
If neutrinos have a mass and vacuum oscillations

do occur, these oseillations may be modified when
neutrinos pass through matter. For the case of
electron-type neutrinos v, such a modification takes
place even if the neutrino scattering is described
by a standard theory. The effect of the medium
in this case, discussed in Sec. III, arises from
the coherent forward scattering of v, as a result
of its charged-current interaction with electrons.

It is shown that the modification is large only if
the vacuum oscillation length is larger than 10'
cm.
Our results are summarized in Sec. IV and their

significance with respect to gauge models of cur-
rent interest is discussed.

' GIf = ~ L~cl~,

L, = c os~ o[v y~(1+ y, )v + v,y, (1 + y, )v~]
+ sin'a[v, y~(1+ y, )v, + v,y, (1+y, )v, ],

~x =gpPNP+8'n'6" +8' e'4e+' ' '
(2a)

(2b)

where the ellipses represent terms in J, of no in-
ter est for our present considerations. The essen-
tial term in II„ is the off-diagonal term propor-
tional to sin'o. , where v, and v, are neutrino types
defined by the charged-current interaction. We
have also assumed v, —v, symmetry, which sim-
plifies the discussion and maximizes the effect
of interest.
The neutrino current may be rewritten

L, = cos'a(v, v, + v, v, )+ sin'a(v, v, —v, v, ),
v, +

v2 = va

(4)

where we have omitted the Lorentz indices. A
beam originally v, propagating through matter is
described by

~
v, (x)) = (~ v, )e""&"+ ~

v,)e""2")/W,
where the indices of refraction,

n, = 1+ (2&N/k') f, (0),
are different because of the sin'n term. Because
the interaction is weak, for practical purposes we

II. OSCILLATIONS FOR MASSLESS NEUTRINOS
I

We consider here a simple model involving two
types of massless neutrinos for which the effective
neutral-current Hamiltonian is

2369

MSW Effect: 

27 ON THE DETECTION OF COSMOLOGICAL NEUTRINOS BY.. . 1231

diffraction can be ignored, one can describe the
propagation of a neutrino "ray" through matter by
geometrical optics.
The index of refraction for v(v} is given (for small

n —1) by

(1.15b) is due to the charged-current contribution to
e

gv, w
For iron (Z=26,A =56,%-0.85&(1023/cm ), for

example,

ii„,—1=+2.3)&10 'o(1+0.85(cr, ) p),
n„„1=-—i gX,f', -„(0),P a „„—1=+3.1X10 ' (1+1.2(, ) p) (1.17)

(1.12}
where the upper (lower) sign refers to neutrinos (an-
tineutrinos}, E=(p +m„)'~ is the neutrino ener-

K(p, m„)=— (E+m„) 1+1

E+m„

'2

1, m„=0
(&mv ~

(1.13)

and gv and gq are the vector and axial-vector cou-
plings in the effective Lagrangian

W„(1+)'5»k.r"(gv+g~ X'}4.

for vo~va. For massive neutrinos we have as-
sumed helicity —1 (+ 1) for v (V), as would be the
case for neutrinos that decoupled while relativistic.
(The sign of the o"p term changes for the opposite
helicities. )
For a target with Z protons and electrons and

A —Z neutrons (assuming (oz) =(o„)=0, but al-
lowing (o, )&0, as in a ferromagnet) and the
neutral-current parameters of the SU2XU, model
one obtains

n„„—1=+ 2 (3Z—3 +Z( o, ).p),Gs EEN

(1.15)
where N is the number density of target atoms, and

n„-„—1=+ (Z—&—Z(o', & p)
Gz EEN

(1.16)
for v; =v& or v,. The difference between (1.15a) and

where N, is the number density of scatterers of type
a and f'„(0}[f'„(0)]is the forward-scattering ampli-
tude for vo [Va] elastic scattering. f' is easily com-
puted to give (for a target at rest)

GpEf'„-„(0)=+— K(p, m„)(gi +g„'o, .p),

(i =p, r)
for inassless neutrinos with E=p =5.2&(10 eV,
while for massive neutrinos the coefficients are in-
creased by m;/2p. For m =E=30 eV,
p=5.2X10 eV the coefficients in (1.16) become
6.6)& 10 and 8.9X10, respectively. We there-
fore see that n —1 is very tiny for all reasonable
parameters for the relic neutrinos.
Several experiments have been proposed to mea-

sure the energy momentum, or angular momentum
transferred from the neutrino sea to a macroscopic
target due to the refractive bending of a neutrino ray
as it passes through the target or the total external
refiection that might be expected for neutrinos in-
cident on a surface with angle (with respect to the
plane) e&e,:—v'2(1 n) (for—n &1). However, we
will show that all but one of these proposals are in-
correct. The one exception' is technically correct
but, as noted by the author, is probably impractical-
ly difficult.

D. Outline

Rather than initially discussing each of the propo-
sals separately, we will begin (in Sec. EI) by giving a
general analysis in the Born approximation of the
energy, momentum, and angular momentum
transferred from a quantum-mechanical wave (e.g.,
a neutrino wave} to a target. We assume that the
unperturbed target (which may be either macroscop-
ic, as in the coherent scattering proposals, or micro-
scopic} is static. Furthermore, we assume that the
time average of the incident wave is spatially homo-
geneous over the size of the detector (which is cer-
tainly expected to be true for cosmological neutri-
nos). We do not need to make any assumption con-
cerning the isotropy of the incident wave, however;
our results would apply even to a unidirectional neu-
trino beam. We show that under these assumptions
the total momentum and energy transfer to the tar-
get vanishes in the Born approximation (i.e., to first
order in the interaction strength}. Furthermore, the
net angular momentum transfer vanishes to the
same order unless the target is either polarized or
carried an electric current.
We expect the Born approximation to be valid for

sufficiently weak scattering. For the scattering of

•  Interactions with matter are different for the different flavors 
of neutrinos.   

•  Each flavor experiences a different refractive index. 
•  Neutrino flavor changes and neutrinos travel through matter. 



Neutrino Refractive Index of  
Cosmic Neutrino Background 

Neutrino refraction by the cosmic neutrino background

J. S. Díaz* and F. R. Klinkhamer†

Institute for Theoretical Physics, Karlsruhe Institute of Technology (KIT), 76128 Karlsruhe, Germany
(Received 7 December 2015; published 4 March 2016)

We have determined the dispersion relation of a neutrino test particle propagating in the cosmic neutrino
background. Describing the relic neutrinos and antineutrinos from the hot big bang as a dense medium, a
matter potential or refractive index is obtained. The vacuum neutrino mixing angles are unchanged, but the
energy of each mass state is modified. Using a matrix in the space of neutrino species, the induced potential
is decomposed into a part which produces signatures in beta-decay experiments and another part which
modifies neutrino oscillations. The low temperature of the relic neutrinos makes a direct detection
extremely challenging. From a different point of view, the identified refractive effects of the cosmic
neutrino background constitute an ultralow background for future experimental studies of nonvanishing
Lorentz violation in the neutrino sector.
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I. INTRODUCTION

The hot big bang model [1–3] predicts the existence of
relic photons in the Universe, remnants of the primordial
plasma which became transparent about 380,000 years after
the inferred big bang singularity. Today, these photons
appear as the cosmic microwave background radiation
(CMBR) [4,5], the properties of which have been measured
with great precision [6–8]. The hot big bang model also
predicts that neutrinos and antineutrinos of all flavors
become free-streaming particles at approximately 1 sec
after the big bang. This cosmic neutrino background (CNB)
remains undetected for now. The direct detection of the
CNB constitutes a challenging task for both particle
physics and cosmology.
The study of the CMBR has allowed us to reach a

remarkable understanding of the early stages of the
Universe. Similarly, the study of the CNB would provide
unprecedented insight into the 1-sec-old Universe, that is,
the Universe from before the nucleosynthesis of the
primordial elements. The potential importance of the
CNB has led to several detection proposals; some ideas
are currently being implemented, and others remain out of
experimental reach [9–11].
In this work, the possible effects of the CNB on the

propagation of neutrino test particles are studied. We
consider the CNB as a medium in which neutrino test
particles propagate, and we determine the effective poten-
tial which modifies their dispersion relation. This paper is
organized as follows. The thermal history of cosmic
neutrinos is summarized in Sec. II, while techniques for
direct detection of the CNB are reviewed in Sec. III. The
refractive effects of the CNB are calculated in Sec. IV, and
the corresponding experimental signatures are discussed in

Sec. V. Concluding remarks are presented in Sec. VI.
Throughout, we use natural units c ¼ ℏ ¼ kB ¼ 1, unless
otherwise stated.

II. COSMIC NEUTRINO BACKGROUND

The Universe was a hot plasma at around a fraction
of a second after the big bang [12]. There was thermal
equilibrium between electrons, positrons, and photons,
primarily due to their electromagnetic interactions. Left-
handed neutrinos and right-handed antineutrinos shared
this thermal equilibrium due to scattering processes medi-
ated by weak interactions. When the temperature decreased
to a few MeV, the weak-interaction scattering rate dropped
below the Hubble expansion rate. As a result, the neutrinos
decoupled from the plasma, henceforth evolving with an
independent “temperature” Tν. This gas of free-streaming
neutrinos constitutes the CNB.
After the neutrino decoupling, the photon temperature

continued to decrease, and soon the energy of the photon
gas dropped below the threshold for electron-positron
production (γ þ γ → e− þ eþ). The remaining pairs of
charged leptons annihilated (e− þ eþ → γ þ γ) and trans-
ferred their entropy to the photon gas. This extra entropy
made the photons cool less than the neutrinos by a factor
ð11=4Þ1=3. Since the neutrinos were relativistic at the time
of decoupling, they preserve, to a good approximation, the
form of the Fermi-Dirac distribution function fνiðq; TνÞ.
From this function fνi , the number density of a mass
eigenstate νi can be determined as

nνiðTνÞ ¼
Z

d3q
ð2πÞ3

fνiðq; TνÞ ¼
3ζð3Þ
4π2

T3
ν: ð2:1Þ

Since the CMBR today has a blackbody spectrum [5]
with T0

CMBR ≃ 0.24 meV, we find that the present CNB
temperature is
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Neutrinos in a Medium 
Index of Refraction: n = c

v
For plane wave:  cos(kx −ωt)

For a neutrino, Eν = !ω pυ = !k

Eν ≈
pc
n

k0 =
2π

λvacuum

assuming  mν ≈ 0

ω = kc
n

= k0c⇒ k = nk0

Now let  n = 1 + ✏ where  ✏ ⌧ 1

E⌫ ' pc

1 + ✏
' (1� ✏)p⌫c



Beta Decay in a Medium 

phase space / d3k = n3d3k0 n = 1 + ✏where 

)
)

)

� = (matrix elements)(phase space)

Decay Rate 

� / n3�0 = (1 + ✏)3�0 ' (1 + 3✏)�0
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Annual Modulation of Decay Rates: General Idea 
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Orbital eccentricity 

An annual sinusoidal variation in beta decay rate can

arise if n⌫ = 1+✏ is a function of the Earth-Sun separation
r�(t). This can arise if ✏ = ✏(r�) is due to

• Solar neutrino flux

• Dark matter

• Relic neutrinos

• Intrinsic violation of Lorentz non-invariance

1



Annual Modulation of Decay Rates: Example 
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Dispersionless Neutrino Refractive Index Model

and Beta Decays
Dennis E. Krause

July 8, 2016

1 Dispersionless Model

1.1 Observations

A significant number measurements of the beta decay rates of nuclei reveal the same pattern: the decay
rates by these nuclei can be described by the formula

��(t)

�
' ⇠ cos

✓
2⇡t

T
� �

◆
, (1)

where T ' 1 year and the amplitude ⇠ ⇠ 10�3 appears independent of reaction Q and �.

1.2 Time-Independent Model

Mike showed that perturbing the neutrino dispersion relation,

E⌫ = p⌫c �! E⌫ ' (1� ✏)p⌫c, (2)

where 0  ✏ ⌧ 1 and m⌫ ⌧ p⌫/c, leads to the relative perturbed decay rate

��

�
' 3✏ (3)

for ordinary beta decays and electron captures. This modified dispersion relation can be obtained by assuming
that the neutrinos propagate in a medium with a dispersionless index of refraction

n = 1 + ✏. (4)

Since the decay rate is proportional to the phase space factor d3p⌫ , and p⌫ = ~k = n~kvac, where kvac is the
neutrino wave number in vacuum,

� = n3�vac = (1 + ✏)3�vac ' (1 + 3✏)�vac, (5)

where �vac is the vacuum decay rate, which leads to Eq. (3).

1.3 Time-Dependent Inverse-Square Model

To obtain the annual variations in decay rates given by Eq. (1), let’s now assume that the parameter ✏
depends on the distance from the Sun r through an inverse-square law,

✏(r) = ⇣

✓
1 au

r

◆2

, (6)

where ⇣ is a dimensionless constant. (An alternative approach used for searches of dark matter would link
the interaction with the Earth’s velocity, which also depends on r, but with a di↵erent power and phase.)
One can show that the Earth-Sun distance r�(t) can be written as

r�(t) ' r�
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Other Consequences of Neutrino Refractive Index 

1.  Would affect neutrino’s speed: 

•  Current neutrino speed measurements apply to 
higher energy neutrinos 

2.  Would affect neutrino mass experiments: 
 
 

•  A number of neutrino mass experiments find 
results consistent with 

v = c
n

m2
e↵ ' m2

⌫ � 2✏c2p2⌫

m2
e↵ < 0

m2
e↵ = �0.6± 1.9 eV

Current Particle Data Group value for electron neutrino: 



What’s Causing Annual Periodicities  
in Beta Decay Data? 

1.  Most likely explanation is instrumental/environmental 
effects of unknown origin. 

2.  Sameness of the amplitude of the variations Δλ/λ for 
beta decay of many different nuclei can be understood 
as a consequence of neutrinos propagating through a 
medium of undetermined nature. 

3.  There is no shortage of possible sources for such a 
“medium” (relic neutrinos, dark matter, dark energy…) 

4.  Such a refractive index would also affect the speed of 
neutrinos, observed mass of neutrinos, and … 

5.  This is a fun project, touching upon many very 
interesting areas of physics, which still might be able 
to tell us something fundamental about our universe. 



Thank you! 


