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Exciting hint toward the solution of the neutron lifetime puzzle
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We revisit the neutron lifetime puzzle, a discrepancy between beam and bottle measurements of the weak
neutron decay. Since both types of measurements are realized at different times after the nuclear production
of free neutrons, we argue that the existence of excited states could be responsible for the different lifetimes.
We elaborate on the required properties of such states and under what circumstances it is possible that these

states have not been experimentally identified yet.
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I. INTRODUCTION

A. The neutron in the quark model

The neutron is one of the main constituents of nuclear
matter. It is a composite state, whose properties are ruled by
the strong and the electroweak interactions between the
lightest quarks of the Standard Model of particle physics. Itis
of pivotal importance in many phenomena ranging from big
bang nucleosynthesis to experimental particle physics [1].

Even though a detailed understanding of the low energy
properties of this particle in terms of fundamental degrees
of freedom is an open field of research, it is possible to
understand several properties in terms of much simpler
models. In our discussion we will make use of the language
and notation of the quark model. In this model, protons and
neutrons are composite particles made up of quarks.
Protons consist of a particular combination of two “up”
(u) quarks and one “down” (d) quark, while neutrons
consist of combinations of one up quark and two down
quarks. While quarks carry a fractional electric charge, the
combination of quarks in protons and neutrons results in
particles with integer electric charges.

Isospin describes the similarity between protons and
neutrons. It was introduced by Heisenberg [2] and later
developed further by Wigner [3]. Algebraically, the isospin
operator / can be represented analogously to the spin

operator of spin one-half particles S in terms of the Pauli
matrices 6, which are a representation of the group SU(2).
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In the quark model it is imposed that both I and S are
(approximate) symmetries. Thus, actions of the group
members are to be understood as symmetry transforma-
tions. Based on this, one imposes that the neutron wave
function is an eigenfunction of (I, .) with the eigenvalues
(3/4,-1/2), while the proton has the eigenvalues
(3/4,+1/2). Further imposing that these particles carry
spin £1/2 like their three constituents singles out a state for
the neutron (e.g., with spin up 1 [4])

. 2 -1 -1
In1) = ——=(ludd)|dud)|ddu))| -1 2 -1
3V2 -1 -1 2
A1)
[ |- (1)
1)

The corresponding unique state for the proton is obtained
analogously by replacing u <> d. If the isospin symmetry
were an exact symmetry, protons and neutrons would have
the same energy and thus the same mass. The observed
difference between the neutron mass m, and the proton
mass m,, and the aforementioned neutron decay show that
I, must be broken. In the above description, this breaking is
modeled by associating a larger mass to up quarks than to
down quarks m, < m,. This generates a mass splitting
between |n1) and |p?). Also the conservation of spin is
only an approximate concept, due to the presence of
gluons, virtual quark antiquark pairs, and the respective
angular momenta. Interestingly, the presence of these
virtual particles can be effectively absorbed in the concept
of constituent quarks as “dressed” color states [5] which
combine such that they form color neutral hadrons. This
and other more sophisticated models of the neutron, in
combination with experimental efforts, allowed us to learn
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more and more details about the properties such as mass,
composition, and lifetime [1]. Thus, it is fair to say that
quark models have proven to be useful for our under-
standing of the internal structure of hadrons [6].

Since we will exemplify our ideas with a model that has
also three quarks, a word of caution is in place here. There
are several phenomenological aspects that can hardly be
captured even by our most sophisticated theoretical models,
not to speak of simple three-quark models:

(i) Mass: The simple quark model fails when one

attempts to predict the precise mass of hadrons [4].

(i) Spin: The structure of the spin distribution inside of
a neutron wave function is largely unknown (for a
review, see [7]). However, there is certain agreement
that the valence quarks only carry a fraction of the
neutron spin, which was at times labeled as “spin
crisis” [8-10].

(iii) Radius: The radius of the proton has been deduced
from complementary measurements and the result-
ing 4% disagreement became widely known as the
“proton radius puzzle” (for a review, see [11]).

(iv) Neighbors: The inner structure of protons and
neutrons seems to be strongly sensitive to the
neighboring hadrons within a nucleus. This puzzling
behavior is known as the “European Muon Collabo-
ration effect” [12,13].

(v) Lifetime: Last but not least, there is a tension
between different measurements of the neutron’s
lifetime (see, e.g., [14,15]).

Thus, any three-quark model should be understood as a
useful tool for qualitative understanding rather than for
precise quantitative modeling.

The last item on the above list will be the subject of
interest of this paper. It will therefore be summarized in the
following subsection.

B. The lifetime puzzle

In this study, we will focus on the discrepancy in the
lifetime of the neutron, known as the neutron lifetime
puzzle (NAP).

Beam neutrons have about 10 s longer a lifetime than
ultra cold neutrons (UCN) in bottle traps [14,16-21]. The
corresponding normalized difference for UCNs in gravi-
tational bottle traps and average beam results is

At = Theam — Thottle — <86 + 22) S. (2)

One expects this quantity to be compatible with zero and
the fact that it is significantly different from zero is known
as the NAP. This puzzle has persisted over the years and a
possible explanation due to exotic decay channels was
explored [22-25] but the status is not conclusive yet. An
alternative theoretical conjecture is based on neutron
oscillations [26-29]. Also, this possibility has been largely
constrained [30]. A recent proposal suggests that the

discrepancy could be understood through the inverse quan-
tum Zeno effect [31]. Further conjectures include Kaluza-
Klein states [32], modifications of the Cabibbo-Kobayashi-
Maskawa matrix induced at the TeV scale [33], and dark
photons [34]. Also, concerns about the systematic error in
beam experiments have been raised [35], but a contradicting
response was given in [36]. Thus, the status of how to
interpret or understand the NAP [Eq. (2)] is still inconclusive.
What makes this problem even more interesting is the fact
that it is not only a pressing problem for theoretical model
building, it is a disagreement between two complementary
types of experiments. Clearly, it would be helpful to have
more results with beam experiments, but, meanwhile, we opt
to trust the results of our experimental colleagues. Thus, a
solution of this discrepancy is urgently needed.

C. Structure of the paper

In Sec. II, we present our working hypothesis and
formulate necessary conditions for a solution of the NAP
in terms of excited states. In Sec. III, we provide a toy
model that is able to fulfill most of these necessary
conditions for a solution of the NAP by means of excited
states. In Sec. IV, we explore the parameter space of the toy
model and discuss observational issues and known anal-
ogies in physics. Conclusions are given in Sec. V.

II. EXCITED STATES HYPOTHESIS

Beam neutrons and UCNs are very similar with respect
to most important characteristics. There are, however, some
interesting differences. First of all, there is the difference in
velocity. While neutron beams operate typically at veloc-
ities of the order of O(10° m/s), neutrons in bottles have
velocities of ((10° m/s). Another distinction is time.
Beam neutrons are measured very shortly after their
production in the reactor. We can estimate the time scale
for this by dividing the approximate distance between the
reactor core and the beam experiment (L = 10 m) by an
approximate average velocity of v = 2000 m/s, giving
theam =~ 5 ms. Bottle neutrons, instead, have to undergo a
process of slowing, orienting, and cleaning, which means
that their weak decay is measured a long time after their
production fy,,q. > 300 s [20].

This difference is the motivation for our proposal. Let us
assume that the wave functions of free neutrons can have
excited states that are inaccessible for neutrons within a
strongly bound hadronic ensemble. Let us assume that there
is a ground state y, and excited states y, with different
lifetimes 7, # 7, under f# decay. These states of the free
neutron shall be connected by an electromagnetic channel
W, =y, +y with a cumulative decay time z,. Note that
there could be multiple excited states. However, to keep the
following discussion simple, we treat i, as a representative
of these excited states. A generalization to multiple states is
then straightforward. Disregarding possible by-products,
we propose the following decay cascade:
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From Eq. (3) the decay rates of the corresponding particle
numbers in these states are

I -1 -1
e = —N,T, — N,T, ,

iy =4n,7,' —n;l (4)

If the proposed excited states and the ground state are
separated only by a comparatively small energy, the decay
W, = y, could happen unnoticed by current experimental
setups and both states of the free neutron would be counted
together,

n, =ng+n,. (5)

Note that the proposed states of the free neutron may be
experimentally distinguishable for certain setups. We
elaborate on that in Sec. IV. The lifetime of the mixture
would be extracted from

7, = —n,in; . (6)

If the characteristic times for the transitions are ordered as
follows:

theam <K Ty K tyole < Ty < T, (7)

it is possible that neutrons in the beam have a longer
lifetime than neutrons after the cooling process, as mea-
sured in the bottle experiments. As an example, Fig. 1 plots
the total composition-averaged lifetime z,, of neutrons in
either state as a function of time from Eq. (4), where we
arbitrarily chose 7z, =4 s and n,(0) = 1,n,(0) = 0. The
initial abundancies n,(0) and n,(0) provide additional
degrees of freedom. This occurs because varying initial
abundances result in different lifetimes as determined by

7, [s] .
89 0" production

" D L
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T 7
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FIG. 1. Composition-averaged lifetime [Eq. (6)] as a function

of the time for an exemplary value of 7, = 4 s.

beam experiments. For the discussion of the initial abun-
dancies, we define the difference of the f decay lifetimes of
the excited and the ground state as

Ar, =1, — 7, (8)

which may be larger than the observed difference in
lifetime between the beam and the bottle experiments.
Since we propose fyoe > 7,, all neutrons in the bottle are
in the ground state. Thus,

Tn(tbottle) = Toottle — Ty~ (9)

On the other hand, since we also propose that fi,.,, < all
other times, we can identify the beam abundances as the
initial abundances n;(0). Thus, 7,,(0) = Tpeam = Thotte + AT
Using Eq. (6) one can solve for the initial relative abundances
that have the observed lifetime in the beam,

n.(0) Az
n,(0)  Ar, —

=+ O((fhaee?). (10)

From this relation one realizes that Az, > At and that for the

extremal case Az, — Ar all neutrons need to be an excited

state n,(0) > 1. Let us now briefly summarize
the necessary ingredients that we identified to make the
proposal work:

(a) Thereis at least one excited state of the free neutron yr,
above the ground state .

(b) The lifetime of the excited states under S decay is
larger than, or equal to, the neutron lifetime measured
in the beam.

(c) The lifetime for the electromagnetic transition y, —
w, + v lies between the timescales of beam and bottle
experiments (fpeam < 7, < fpoie)- Lhis hierarchy of
lifetimes given in Eq. (7) is sketched in Fig. 2.

(d) The energy difference between v, and y, is smaller
than ~ 0.1 — 10 MeV, such that the y, can be excited
with the initial kinetic energy AFE available from
nuclear fission. Further constraints on the energy
difference will be developed throughout this paper.

(e) When a free neutron is created from a nuclear reaction,
the initial abundancy of the excited states follows
Eq. (10) to yield the measured effective f decay
lifetime in the beam.

FIG. 2. Schematic sketch of the different timescales involved in
the NAP.
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(f) The state y, is not populated if the neutron is strongly
bound within a nucleus. Accurate measurements
involving strongly bound neutrons [1] in nuclei dis-
favor the population of an excited states within the
nucleus and in reactions with this bound state.

The items (a)—(f) are necessary conditions for an alternative
solution of the NAP. How could this be realized? Differences
in lifetimes under f decay of states with identical couplings at
the quark level are conceivable in two different ways: Either
an enhanced phase space or selection rules of quantum
numbers. The decay of states with larger energy have a larger
phase space, leading to a reduced lifetime of excited states.
This is the opposite effect of what is needed to address the
NAP. However, for sufficiently small energy differences
between the states of the free neutron, the effect of the
enhanced phase space is negligible. On the other hand,
excited states may have quantum numbers that partially
disfavor the f decay compared to the ground state. Such
selection rules can strongly lower the decay rates.

To further explore the latter option, we will recur to a
simple toy model, where a neutron is built of three quarks
udd, which are assumed to carry its total spin.

III. A MODEL WITH THREE QUARKS

The purpose of this section is to give an idea of how the
above hypothesis can be implemented in terms of a simple
but concrete model. Let us assume that a neutron consists of
three non-relativistic constituent quarks udd. The breaking
of the isospin symmetry is only responsible for the
explanation of the neutron as an excited state of the proton.
It is not sufficient to implement the hypothesis of excited
neutron states far below the Roper resonance. For this
resonance in the quark model see for instance Ref. [6].

Here we want to extend the constituent quark model of
Eq. (1) by spatial degrees of freedom to model possible
excited states. The total wave function must be anti-
symmetric under exchange of any of the quarks. Color
confinement requires anti-symmetry in the color quantum
numbers and allows the color part of the wave function to
be factored out for the constituent quark model [37]. The
remaining flavor, spin, and spatial part must therefore be
symmetric under the exchange of any two quarks.

Although isospin is an approximate symmetry only, we
assume that neutron and proton states before and after the
decay are total isospin eigen states. We also suppose that
neutron and proton states are total spin eigen states with a
total spin of 1/2. Excited states of the neutron with a total
spin 3/2 are known as A-baryons, however, they are far
heavier than the neutron itself [1].

A. Spatial wave function

We do not attempt to fully model the spatial part of the
wave function. Quantitative models exist for heavy mesons,
such as charmonium or bottomonium [38]. Here, we only

want to assess the necessary conditions for the hypoth-
esized excited states of the neutron. We expand the wave
functions in terms of products of one-body wave functions
denoted by [i. j. k) = ¢7(71)¢;(72)dr(73) where ¢; are the
normalized spatial wave functions. All spatial coordinates
are in the restframe of the center of gravity. The functions
¢; are mutually orthogonal to each other. The quantum

numbers of each quark i, ; k are each triples (iy, i», i3),
denoting the number of nodes in each cartesian direction.
The wave function ¢ has no spatial nodes and the lowest
kinetic energy contribution in an effective confining poten-
tial. Assuming an harmonic-oscillator-like confinement,
the kinetic energy of the wave functions ¢; increases
linearly with the number of nodes in the three cartesian
coordinates. Here, we only consider the spatial product
state |6 0, 6) for the ground state of the neutron and a
i.7.k) withi # ] # k # i. Due
to permutational symmetry, all six permutations of (?, ; 12)
also have to be considered.

If the effective confining potential were fixed to the
extent of the neutron inside the nucleus the kinetic energy
difference between ¢z and ¢: with one spatial node
would be large. However, we know that a free neutron
can acquire considerable extent outside the nucleus, low-
ering the kinetic energy differences with increasing extent.
Assuming for instance a spatial extent of 1 A of non-
relativistic constituent quarks with a mass of about
330 MeV, each, the energy difference between the states
|5 6 6) and |12, 6 6) would merely be 40 meV, the thermal
energy at room temperature.

As detailed in Section III C, we expect the total number
of nodes to be large and depending of the type of the decay
up to the order of 10% to 10° with an equally long decay
cascade via electromagnetic multipole transitions. The total

general spatial product state

energy difference between |7, J, 1:) and |6 0, 6) and hence
that of the ground and the highest of the excited states of the
neutron is given by AE.

B. Weak decay

The weak decay of the neutron is mediated by a W~
boson with spin one. This boson couples to the down
quarks, which have their respective spin. Given the effec-
tive wave functions of the neutron and the proton (y,,, ¥ ,),
the main part of this coupling is described in terms of the
Lagrangian [39]

G _
—7gWﬂwp7”(gv + 947" )W + O(Dwass  (11)

where Gp is the Fermi coupling, W, is a weak current
vector, gy is the vector coupling, g, axial coupling with the

ratio 4 = g4 /gy = —1.275. In Eq. (11) we omitted writing
explicitly the subleading higher order corrections, induced

L:
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by weak magnetism (WM) between the outgoing states,
and the typically vanishing induced scalar terms (S) (for a
review see e.g. [25,40]).

This Lagrangian is, however, insensitive to the internal
structure of the neutron, except of the values for the
phenomenological parameters gy and g,. An accurate model
for the weak-decay treating the internal quark structure is a
difficult task of Quantum Chromodynamics (QCD) and
beyond the scope of this work. Here, we want to come up
with a qualitative model of the weak decay interaction on the
level of constituent quarks, the level where we model the
internal structure of excited neutrons. To keep the model as
simple as possible, we assume the following:

(i) All momenta are purely non-relativistic. Thus, spin
conservation and orbital angular momentum con-
servation separate and there is no coupling between
the two spin channels.

(i) The weak decay couples only to a single d quark in
the constituent quark model.

(iii) We model only the down-to-up quark transition, as
we are only interested in contractions between
proton and neutron states occurring in Fermi’s
golden rule for decay rates.

Following these guidelines, we model the following inter-
action Hamiltonian:

Ay =@ (4 2010w 1=l )

i

acting on the flavor, spin, and spatial part of the model wave
function. Here, |1, s ), denotes the emitted W~ boson which
can come with the spin quantum numbers s, € {—1,0,+1}.
The corresponding factors in the spin—spin part of the
interaction are determined from spin angular momentum
conservation of initial and final states.

Taking the spatial degrees of freedom into account, the
(non-normalized) ground state of the neutron of Eq. (1)
reads

L40)w 1) (1=

1,+o>w|¢><¢|>) o  (12)

9. 1), = S{(2|ddu) — |dud)  |udd)) x (2|11])
— 1) = [111)) x 0,0,0)}. (13)

where the symmetrization operator S{-} sums over all
6 permutations of the three constituent quarks. Without loss
of generality, we align the neutron with its spin pointing in
the +z direction. Notice that the symmetrized wave
functions of the considered states do not in general separate
into products of flavor, spin, and spatial wave functions as
the symmetrization acts after the tensor product. We now
construct an excited state of the neutron in our model by

replacing the spatial part of the wave function 0.0, 6) =
¢5(71)d5(72)ds(75) by the wave function |7 j. l_<'> =

¢:(71)b3(72) ¢ (75) with § # j # k # i. The set of all total
isospin and total spin neutron eigenstates together with all
six permutations of (7 j. l_c') non-trivially spans a four
dimensional space due to permutational symmetry and
we denote any four orthonormal basis vectors of the span
by |b,,, 1), with me {1, ...,4}. All calculations concern-
ing the weak interaction Hamiltonian have been aided by a
computer algebra system.

We model the internal structure of the proton states after
a decay by replacing all down quarks by up quarks and vice
versa. The spatial structure of the proton is assumed to be
the same as in the neutron before the weak decay.
Following the weak decay, the excited proton is expected
to continue its electromagnetic decay into its ground state.
The spin angular momenta of the final proton and the W~
boson must add up to the spin angular momentum of the
initial neutron. Following the above construction for a
neutron in the state |y, 1), that was initially aligned in the
+z direction, the respective spin-conserving final state of
the proton together with the W~ boson is thus

|W>p|>W = \/%'W’\L>p 17+1>W_ \/§|W3T>p

We now project the modeled (non-hermitian) weak
interaction Hamiltonian A s from the left and the right
onto the span of the constructed excited proton and neutron
basis states, respectively:

1L,0)yy. (14)

(H/i)[m = <bl|pf{/3|bmv T>n' (15)

Due to spin angular momentum conservation of / ;5 and the
neutron being initially in a spin up state, we can omit the
W~ boson states in the above contractions. This projection
yields a symmetric 4 x 4 eigenvalue problem with the
eigenvalues {5,1,1,-3}gs/9. The neutron states to the
eigenvalues 5¢g;/9 and —3g/9 are for instance

™. 1), = S{(2lddu) - |dud) — |udd))

X M) = M) = 1) x S{[i. 7. k)3,
(16)

le=. 1), = S{(2|ddu) — |dud) — |udd))
X M) = (M) = 1)) x A{JE 7 k)3,
(17)

where A{-} denotes the anti-symmetrization over all
six permutations. The python program identifying the
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eigenvalues and states is freely available and referenced in
the Data Availability section. The transition matrix element
of the neutron in its ground state is 5g;/9 in this model. The
decay rates of the four excited states follow from Fermi’s
golden rule as fractions of the ground-state decay rate I';:

119
r,elrdl— 1
«© 9{ ’25’25’25} (18)

Only one of the excited neutron states has the same lifetime
under f decay as the ground state. The other three states
have lifetimes under f decay that are 25, 25, and =2.78
times longer, respectively. This stems from the sensitivity
of the spatial wave function of excited states |7, ], I_é) to
) =0 for };ﬁ k,
while the spatial wave function of the ground state _', _', _,>
is insensitive to permutations. Notice that in general the
possible initial and final states are not right and left
eigenstates of the interaction Hamiltonian, respectively.
Each of the mutually orthogonal neutron states may decay
into several of the mutually orthogonal proton states.
However, summed over all channels to allowed proton
states, the total f# decay rate of three of the excited neutron
states is less than but not equal to the decay rate of the
ground state. The case where only two orbitals are distinct

permutations. For instance, (i,k, j|i, J,

|7 i ;) with 7 # J is similar. The span is two dimensional
with the eigenvalues {5, 1}g;/9 and in general one excited
state has a lifetime less than but not equal to that of the
ground state.

Finally, it is conceivable that isospin symmetry may be
broken in the constituent-quark model. To reflect this, we
can replace the flavor wave function part 2|ddu) — |dud) —
|udd) by just one of the permutations, say |ddu). This has
no effect on the ground state; however, the excited states
would generally no longer be eigenstates of the total isospin

operator I°. For this case, the wave functions constructed

from the six permutations of the spatial part |7, j, l?) are all
linearly independent and the eigenvalues of the weak
interaction Hamiltonian within this span are {5,2,2,
—3,-3,-3}gp/9. Again, only one eigenvalue agrees with
the transition element of the ground state, the other 5 states
all have longer lifetimes under f decay.

This model satisfies the condition that the lifetime under
p decay of the proposed excited states is greater than the
lifetime of the neutrons in the beam as stated in Eq. (7) if 7,
is considerably greater than 7p.,,. Taking, for instance,
le™, 1), of Eq. (17) as a possible excited neutron state y,,
the difference of the lifetimes Az = 7, — 7, under § decay
is 167,/9. Assuming no other long-lived excited states are
involved, we can determine the initial conditions using
Eq. (10). We find that relatively small abundances of v,
states reaching the beam experiment

n, (0) Az

= ~5.5x 1073, 19
167,/9— Az 07 (19)

are already sufficient to address the NAP.

In this model, we assume the conservation of spin S in
the emission of a W~ boson. However, the conserved
quantity is the total angular momentum, which consists of

spin plus orbital angular momentum L

-

J=S+L. (20)

Even in the constituent quark model we expect that spin
and orbital angular momentum are not conserved individu-
ally, giving rise to transitions where spatial and spin
quantum numbers are both changed by the f$ decay. This
is not considered in the weak interaction Hamiltonian of
Eq. (12). Spatial transitions in the weak interaction
Hamiltonian, such as |7 ; l:) to |7; l_<'> certainly alter
the sensitivity to permutations of the spatial wave func-
tions. However, we still expect a greater sensitivity in the

case where (7 ; 1?) are all distinct rather than all equal.
Consequently, the overlap between the final and initial
states would be smaller for the excited states than for the
ground state.

C. Electromagnetic transitions

We finally need to show that the modeled excited states
of the neutron may be sufficiently long lived to reach the
beam experiment but not sufficiently long lived to reach the
bottle experiment, i.e. that the inequality fye,m < 7, <
thortle NOlds. We expect a long cascade of electromagnetic
transitions between the neutron in an excited state y, and
its ground state y,. Given the wide range of allowed
lifetimes and the absence of a reliable model for the spatial
wave functions, we will be satisfied with a rough estimate.
We consider cascades of only electric dipole, only magnetic
dipole, only electric quadrupole, or only magnetic quadru-
pole transitions, but no cascades with mixed transitions for
simplicity.

The rate of electric dipole radiation from an initial state i
to a final state f is

AEy aAE4
P |E,d =

N = Tomcps [P

(1)

where « is the fine structure constant, Z is the fraction of
an elementary charge carried by one quark and where we
assume the same charge for all quarks for simplicity. From
here on, we need an estimate of the transition matrix
element (f|7|i) and the transition energy AE, as functions
of the quantum numbers. For the sake of a ballpark
estimate, let us assume that the spatial states are products
of solutions of the isotropic three-dimensional harmonic
oscillator
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ij.k) = $:(71) 3 (F2)h (). (22)
with
P 3/4 3 1 mawr? " me
o0 =) T zmee |-y 50
(23)

where H; are the Hermite polynomials with i nodes. @
defines the strength of the effective confining potential and
m the effective mass of a constituent quark, which we take
to be a third of the neutron mass.

The quantum numbers i, j, k determine the number of
nodes in the three cartesian directions of the three quarks,
respectively. For the particular case of the harmonic
oscillator, the energy levels are equidistant and the energy
difference between two states AE, = whAi depends only
on the difference in the total number of nodes Ai.

The transition matrix elements are non-vanishing only if
the total number of nodes differs exactly by one, say in the
first coordinate of the first quark 7;. For the wave functions
of Eq. (22), the squared transition matrix elements evaluate
to

Inserting Eq. (24) into Eq. (21), one obtains the lifetime of
the iy — i; — 1 electric dipole transition

233hmn

Tilpa = Z%TAE?' (25)
with AE, = wh. Each electric dipole decay event thus
lowers the number of nodes of a single quark in a single
cartesian direction by one and emits radiation with the same
energy AE,. The events are sequential so the lifetime of the
entire decay cascade into the ground state is the sum of each
of the transition lifetimes. The order of the electric dipole
decay events plays no role for the sum.

Assuming that the nuclear production process provides the
energy difference AE between the excited neutron states and
the ground state and that this energy is equally distributed to
the three quarks in three directions, we expect to find /,,,,, =
AE/(9AE,) nodes initially in each coordinate of each quark.
Thus, the total lifetime of the entire electric dipole decay
cascade from production to the ground state is

Imax

Tlea =9 ZTi|E,d

i=1

2332zhm,, log [1 + AL

. A 9AE,
. N . 26
(= 1o ig) LRFL TR =5 i (24) ZIAE? (26)
AE, /eV Typical fission energy
(m,l—m,,)c2
6
10 oinfidence Uo7
L e Y :
inpedam====x.. __”ffgf:e.tic quadrupole
104 Fommmeal | T SRR E LT T,
—--——___"---.--.Ele_c_t:'s_quadrupo'e
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FIG. 3.

Electromagnetic radiation energy AE, versus total electromagnetic decay times of one of the proposed excited neutron state

towards the ground state. For a harmonic-oscillator-like effective confining potential the frequency of the emitted photons during the decay
cascade is a function of the total decay time. The dashed and dotted lines show this relation for dipole and quadrupole radiation, respectively.
The black horizontal lines from top to bottom correspond to: typical energies available in nuclear fission processes, the mass difference
between neutron and proton, and the spectrum of visible light. The red region is excluded by the overlap of searches for in beam experiments
[42—46], while the blue region is excluded by the search in the bottle experiment [47]. White regions are not excluded by the listed
observations. The vertical gray regions on the left and the right are excluded in the sense that they contradict our hypothesis. The visible light
region is not strictly excluded but questionable, since it is implausible that excited neutrons emitting visible light would have gone

unnoticed.
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We approximate electrical quadrupole transitions by two
simultaneous single dipole transitions in different directions
of the same quark. The total lifetime via exclusive electric
quadrupole radiation is found to be

| 20325Am2nAE
T ~ .
"E4™ aAE} (9AE, + AE)

(27)

The magnetic moments of the quarks are of the order of
two times the nuclear magnetic moment uy = eh/(2m,,).
For the magnetic quadrupole we used this magnetic
moment, multiplied by the length scale retrieved from
the dipole moment of Eq. (24). The total lifetimes under
only magnetic dipole and only magnetic quadrupole
transitions are respectively

3cthmiAE
™ v (28)
375¢5hm; log [1 + 5]
- v (29)

4
ZaAEy

The multipole radiation rates follow the typical hierarchy:
electric dipole is faster than magnetic dipole radiation and
electric quadrupole is faster than magnetic quadrupole
radiation. Although normally suppressed by the fastest
channel, we chose to include higher moments and magnetic
radiation modes into the calculation, since electric dipole
moments are strongly constrained for the ground state of the
neutron [41]. Inverting the relations in Egs. (26)—(29) allows
us to plot the energy estimates AE, of the emitted photons as
a function of the total lifetime 7, of the entire decay cascade
into the ground state. This plot is shown in Fig. 3 using a total
nuclear excitation energy of the order of AE ~ 1 MeV.

IV. DISCUSSION

The above results must be discussed from various per-
spectives. Initially, let us address the most pressing question
before delving into more model-specific aspects. The pri-
mary question is this: If excited states exist, why have they
gone unnoticed in previous experiments? Numerous experi-
ments have explored various aspects of the free neutron and
its decay. The most compelling evidence for our hypothesis
would undoubtedly be the observation of electromagnetic
transitions between an excited neutron towards the neutron in
the ground state. Therefore, our initial focus is on experi-
ments that involve the measurement of direct y rays.

A. Direct y measurements

The most distinctive property of our hypothesis are the
transitions from excited states towards the ground state,
involving y emission. There has been significant interest in
exploring the y background of neutron experiments. A
particularly promising series of experiments has been

dedicated to constraining the branching ratio of weak
decay processes that involve the emission of a y quantum,

n—-pt+e +0,+y. (30)

Such experiments have been performed with beams [42-46],
testing for y’s in the broad energy range between 0.4 and
800 keV. No evidence for a novel peak in the spectrum was
found in this energy range, pushing the branching ratio
below 10~*. This seems to imply a strong constraint on our
hypothesis. However, one has to keep in mind that the
emission of y’s from excited neutrons is not correlated to
the emission of the charged trigger particle (e~ or p™).
Thus, the corresponding events would not be recorded and
these bounds of [42—46] cannot be imposed directly. The
necessity and method of subtracting the otherwise over-
whelming background of uncorrelated y’s is nicely
explained in [44,46]. There is also an experiment that used
ultracold stored neutrons searching for y events, while not
relying on a coincidence trigger [47]. This experiment
explored the energy range between 600 and 1800 keV.

B. Mass-sensitive measurements

Apart from the y searches, there is a plethora of experi-
ments performed with free neutrons [48]. Each of these
experiments has different observables O, which require
individual detailed quantitative and theoretical analysis.
However, since at this stage we are interested in orders of
magnitude, a semiquantitative estimate is sufficient for now:
Any observable O(m,,) of free neutrons is a function of the
neutron mass.

An important fact that should be mentioned in the context
of the neutron mass is that the neutron mass is measured to
extreme precision (£2 eV) [38]. However, this measurement
involves deuterium as a baryonic bound state [49]. For this
reason, we formulated the hypothesis (f), that in the strongly
interacting environment of the baryon, the relatively weak
excitations of the free neutron cannot be formed. Thus, the
excited states of the neutron should also not show up in mass
measurements that involve baryonic bound states.

In the experiments that involve free neutrons, the m,,
dependence can be typically factored out with some
power P,

O(m,) = Ogm?. (31)

Here, O, is the coefficient of the observable, after facto-
rizing the m dependence. If an excited neutron state with a
slightly higher mass m), = m,, + AE/c? existed, it would
induce a shift in the observable AO. The induced relative
shift in the observable is then

AO AE
-~ _p

5 -

— 32
(0] m,c (32)
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If this relative shift were larger than the relative error £ of
the experiment, the excited states would have been
observed. Thus, imposing £ > % one can deduce an upper
bound on the excitation energy

AE < m,c? ¢ , (33)
P

inflicted by such an observable. Since the power P only
involves changes of order one, the potential of an experi-
ment to constrain AE is dominated by the relative exper-
imental precision £. The condition (33) can be applied to
different types of experiments. Keep in mind that not all of
these experiments apply to the mass of the neutrons in
a beam:

(i) Weakly bound wave functions: If the motion of a free
neutron is constrained by macroscopic boundary
conditions and external potentials, its low energy
quantum-mechanical wave function is governed by
the Schrodinger or the Pauli equation. The kinetic
term of these equations contains the mass m,, and,
thus, any observable such as quantum mechanical
energy levels or transition rates between states will
depend on this mass. For example, in the Q-bounce
experiment, the mass dependence of the measured
energy levels comes with the power P = 1/3 and the
typical relative precision that can be reached is on the
order of £= 107 [50,51]. Thus, according to
Eq. (33), these experiments constrain the AFE
energies to

AEWB <3x 104 eV. (34)

(i1) Interference: The evolution of the free neutron wave
function can produce interference effects, analogous
to the double-slit experiment [52-54]. In such
experiments, the phase of the wave function is
proportional to the neutron mass and, thus, P = 1.
A typical relative precision that can be reached is on
the order of 3 x 10~ [52]. Thus, according to
Eq. (33), such interference experiments constrain
the energies AE to

AEIE <3x 106 eV. (35)

(iii) Kinematic structure: Exploring the kinematic struc-
ture, the neutron decay can further reveal funda-
mental properties of the Standard Model of particle
physics [50]. In the corresponding differential cross
sections, the dominant m,, dependence is quadratic,
which implies P = 2. The relative theoretical un-
certainty is on the order of 10~* [50]. Thus, current
precision experiments on the kinematic phase space
of the neutron decay constrain the energies AE to

AEgs < 5% 10* eV. (36)

With these estimates for AE at hand, we still have to
remember that there are actually two possible causes that
could explain why these experiments did not see the excited
neutron states in their measurements. First, the excitation
energy lies below the mass sensitivity of these experiments
as indicated by Eq. (33). Second, the experiments are
performed at times ¢ larger than z,. Thus, AE and 7, form a
two-dimensional phenomenological parameter space. To
exemplify the regions not disallowed by existing experi-
ments, we plot the electromagnetic energy versus the time-
scale 7, in the schematic of Fig. 3. Even though this figure is
not to be understood as a strict exclusion plot, it provides us
with a very good intuition of the allowed and tested time and
energy scales. For comparison, we also plotted the electro-
magnetic energies that can be expected from our toy model.
Interestingly, there is a large overlap between the allowed
region and the region preferred by our toy model.

C. Analogies

The characteristics of excited states that have a longer
lifetime under beta decay than the ground state, as proposed
here for the free neutron, is quite unusual. Nevertheless, there
are some cases with this characteristic known in nuclear
physics. Interestingly, nuclear isomers become metastable if
the spin structure between excited and ground state is largely
different. For example, certain nuclear isomers, such as
180mTa, are stable in contrast to their ground state [55]. In
addition, only recently, other isomers with only tiny exci-
tation energy have been discovered [56].

Another analogy in nuclear physics can be found in the
magnetic dipole interactions of currents within atomic nuclei.
In these nuclei magnetic dipoles and exchange currents are
responsible for the existence of excited states of otherwise
degenerate states with the same nuclear mass [57]. In this
context, we also want to mention the resonance that was
found in polarized neutron-proton scattering [58].

D. How to test the hypothesis?

The hypothesis of excited states in the context of the NAP
can be tested directly. Such tests would involve designing
experiments or observations aimed at detecting the pre-
dicted characteristics of these states. Here are several
potential approaches to test the hypothesis directly:

(1) Perform a beam experiment at later time, which

means constructing longer beam pipes with length
L. Check whether the deduced decay time depends
on L. This narrows the window between fye,m =
L/v, and fyoye from below.

(i) Repeat a bottle experiment at earlier times fye-
Check whether the deduced decay time depends on
Ihorle- This narrows the window from above.

(iii) Search for electromagnetic signatures of the tran-
sition between y, and y, along beam pipes, UCN
cooling facilities, or before filling UCN bottle
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containers [44,46,47]. For example, correlations
between y backgrounds from neutron beams have
been measured and compared to simulations to a few
percent level [59]. Such backgrounds will be of
crucial importance. If, for instance, 7, % fyeam, then
the signature will have to compete with the back-
ground of reactor photons. Instead, if 7, & f,oy, the
signal will have to compete with the background
generated by secondary reactions of the actual weak
decays.

(iv) Recalculate the angular distributions of the neutron
decay products, taking our hypothesis into consid-
eration, and compare to the nucleon decay param-
eters measured, e.g., in [22,60].

(v) Try to repopulate the excited states with fine-tuned
external radiation.

(vi) Use time-modulated external radiation to deflect
neutrons from a beam and search for a time
modulation in the posterior beam flux.

Apart from these tests, one can also look for indirect
signatures in all sorts of precision experiments with free
neutrons, as long as these experiments are performed at
t < tpoute- Other neutron rich environments such as the
early Universe during big bang nucleosynthesis, or neutron
stars, are probably insensitive to the excited states due to
the immense redshift of the former and the huge gravita-
tional binding energy of the latter.

One interesting test opportunity we want to mention, is
the systematic 3.9¢ energy shift observed in the Q-bounce
experiment [51]. Since the energies in Q bounce depend on
the neutron mass, this relative shift of ~10~3 could be
associated with a mass shift due to excited states.

V. CONCLUSION

In this paper, we revisited the neutron lifetime puzzle,
assuming that both mutually contradicting experimental
results are correct. Our exploration has led us to propose a

novel perspective on the NAP. The discrepancy could be
explained by the existence of excited states satisfying the
conditions (a)—(f) from Sec. II. We then presented a
consistent three-quark toy model respecting isospin and
spin symmetry. This model satisfies the most important
conditions (a)—(d) quite naturally.

It is crucial to note that our presented toy model is
intended to serve as a starting point for further explora-
tion, rather than a definitive explanation. Our primary goal
is to emphasize the possibility that the NAP may suggest
the presence of excited states with the outlined character-
istics. While a substantial portion of our effort
went into constructing and discussing a specific model,
we encourage further investigations and alternative
approaches to validate and refine our proposed hypothesis
of excited states.

In essence, this study opens a pathway for future
research to delve deeper into the nature of neutron decay
and the potential existence of excited states, providing
valuable insights that could contribute to resolving the
neutron lifetime puzzle.

The python program to identify the eigenvalues and the
neutron and proton eigenstates of the employed weak
interaction model Hamiltonian is freely available and
can be downloaded from [61].
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