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Abstract

Charge conservation and the Pauli exclusion principle result from fundamental
symmetries in the standard model of particle physics, and are typically taken
as axiomatic. High-precision tests for small violations of these symmetries could
point to new physics. Here we consider three models for violation of these pro-
cesses, which would produce detectable ionization in the high-purity germanium
detectors of the MAJORANA DEMONSTRATOR experiment. Using a 37.5 kg-yr
exposure, we report a lower limit on the electron mean lifetime, improving the
previous best limit for the e — veVere decay channel by more than an order
of magnitude. We also present searches for two types of violation of the Pauli
exclusion principle, setting limits on the probability of an electron to be found in
a symmetric quantum state.

Keywords: charge conservation, electron decay, Pauli exclusion principle, germanium
detectors, underground physics

1 Introduction

Searches for small violations of fundamental symmetries have driven modern experi-

mental physics, from the discovery of parity nonconservation in -decay [1], to tests



demonstrating violations of Bell’s inequality [2-4]. In this work we consider two
well-validated principles of quantum mechanics, charge conservation and Pauli exclu-
sion, which emerge from robust mathematical frameworks and are typically taken
as axioms. Many models have been proposed which allow their violation by exotic
mechanisms [5-12], and point to signs of new physics.

Large underground radiation detectors offer a unique environment to search for
rare signals produced by such symmetry violations. The MAJORANA DEMONSTRA-
TOR, a high-purity germanium (HPGe) array, has world-leading energy resolution and
ultra-low levels of radioactive backgrounds, and in addition to its primary search for
neutrinoless double beta decay [13, 14], it has been used to search for bosonic dark
matter [15, 16], fractionally charged particles [17], trinucleon decay [18], and signatures
of quantum wavefunction collapse [19].

The DEMONSTRATOR. consists of two separate modules of p-type point contact
(PPC) HPGe detectors, with 29.7 kg enriched in "®Ge, and collected an ultimate
exposure of 65 kg-yr [14]. From this primary data set, an exposure of 37.5 kg-yr of
°"'Ge data was selected for analysis of the 1-100 keV low-energy range. To produce
the final spectrum, a series of analysis cuts are applied which remove events from
electronics noise and energy-degraded surface events, while retaining bulk events above
20 keV with 92% efficiency [16]. The °*Ge detectors achieved background rates of
0.01 counts/(keV kg d) from 20-40 keV and 0.06 counts/(keV kg d) at 5 keV through
use of highly radiopure materials, the deep underground location, and careful control of
the surface exposure time. In the energy spectrum, we observe a nearly flat continuum
consisting of Compton scatter events between 20-100 keV, with visible contributions
from 3H, 5°Fe, and ®Ge below 20 keV.

In this work, we present an experimental test of charge conservation, searching for
the spontaneous disappearance of an electron to “invisibles” (no photons), with the

most favorable mode being to three neutrinos, (e — ve.U.v,) [20]. Our result for the



mean lifetime of the electron is the best in more than two decades [21]. We then report
limits on violations of the Pauli exclusion principle, which would also have a detectable
ionization signature in our HPGe array. The “forbidden” mechanisms considered are

illustrated in Fig. 1.

2 Test of Electric Charge Conservation

Conservation of electric charge arises from the unbroken local U(1) symmetry of the
Standard Model, with the photon as its associated massless boson. Extremely small
experimental upper limits on the photon mass are generally considered to be evi-
dence of exact electric charge conservation. However, there are theoretical frameworks
beyond the Standard Model which allow electric charge nonconservation, either by
broken gauge symmetry or by hidden processes such as charge leakage into extra
dimensions [22-25].

Violation of charge conservation implies that electrons, the lightest charged lep-
tons, may have a finite lifetime. Hence, the conservation of electric charge can be tested
by searching for the decay of electrons to chargeless particles with lighter mass, such
as neutrinos and photons. Experiments have set limits on the decay process (e — v.7)
by searching for a peak at 255.5 keV, with the best result from Borexino giving a mean
lifetime 7, > 6.6 x 10%® y [26]. The electron may also decay without a photon to mul-
tiple neutrinos or other unknown chargeless beyond-Standard Model particles, often
referred to as a “disappearance” mode. Decay to three neutrinos (e — v U,v,) is con-
sidered the most favorable of these modes, being comprised of known particles which
can balance angular momentum and conserve lepton number. In general, a search
for electron disappearance would include effects from any “invisible” mechanism, not
only the three-neutrino mode. Disappearance mechanisms to date give lifetimes on
the order of 10?4 years [20], and we point out that if more than one decay mode is

available for an electron, the channel with the shorter lifetime will be favored.



Data from the low-background physics run of the DEMONSTRATOR can be used to
search for decay of atomic electrons within the HPGe detectors. If a K-shell (ground
state) electron in a Ge atom decays to neutrinos (or other invisibles), a hole is produced
in the shell, and electrons in higher shells will cascade to fill it, emitting X-rays and
Auger electrons until the full binding energy (11.1 keV) is released. This cascade occurs
in a short time scale relative to the HPGe charge collection time, making the signature
of this process a Gaussian peak in the spectrum at 11.1 keV.

In the region of interest, we perform an unbinned profile likelihood scan over the
number of counts attributable to a rare signal. The excellent energy resolution allows
discrimination from the nearby 10.37 keV X-ray line originating from ®Ge electron
capture decay, and the acceptance efficiency of the pulse shape analysis cuts is (91+2)%
at 11.1 keV. The energy calibration provided by the S3(0v) analysis is validated by
observation of the 10.37 keV line at the expected energy. The background function
is a second-order Chebyshev polynomial, and nearby cosmogenic peaks are included
in the model. This method is the same one used to search for peaked signatures in
Ref. [16] and further details are given in the Methods section.

Finding no statistically significant signal at 11.1 keV, as shown in Fig. 2, we report
an upper limit on the event rate of R = 0.00154 counts/(kg-d) (90% CL). The corre-
sponding limit on the mean lifetime 7. = n./R is obtained from the upper limit on the
decay rate per unit time R, the number density of Ge atoms, Ng. = 7.96 x 10%*/kg,
and two K-shell electrons for each Ge atom, n, = 2Nge. We find a mean lifetime of
Te(e = Velere) > 2.83 x 105 y (90% CL), the most stringent limit for this decay
channel by a factor 11.8 over Ref. [21], surpassing the previous best result published

more than two decades ago.



3 Tests of Pauli Exclusion Principle Violation

The Pauli exclusion principle (PEP) states that two identical fermions cannot occupy
the same quantum state [27]. In modern quantum mechanics, it is understood to
originate from the spin-statistics theorem, which describes the antisymmetric behavior
of fermions in quantum systems [28]. Many mechanisms of PEP-violation have been
proposed, making a direct comparison difficult [8, 9, 29-31]. Experimental tests of the
PEP may set limits on the probability of two fermions to form a symmetric quantum
state. In this work, that probability is taken to be a ratio of lifetimes between PEP-
obeying and PEP-violating atomic transitions of electrons, 32 /2 = Tprp/TPEPV -

In this case, the transitions in which a model allows the PEP to be violated are
determined by the initial symmetry state of the electron. The Messiah-Greenberg
superselection rule [32] forbids electron transitions between states of differing symme-
try, allowing only newly created electrons, or electrons already in a symmetric state,
to make a transition to a symmetric final state. As electrons in symmetric states have
not been observed, newly created ones provide the only model-independent test cur-
rently available. This constraint, however, can be evaded by exotic physics such as the
existence of extra dimensions or electron substructure [33, 34]. More recently, it has
been proposed that the violation of the spin-statistics theorem and hence PEP viola-
tion can emerge naturally from quantum gravity [35]. The paper by Elliott et al. [36]
reviews the experimental and theoretical considerations. Following this framework,

processes that can violate the PEP are classified into three categories:

e Type I interactions are between a system of fermions and a fermion that has not
previously interacted with any other fermions. For example, a newly created electron
from pair production has not yet established (anti-)symmetry with the surrounding

atomic lattice, and a PEP-violating process is allowed by any model.



® Type II interactions are between a system of fermions and a fermion that has
not previously interacted with that given system. For example, an extant elec-
tron introduced to an atomic lattice (e.g. through an electric current), may have
new PEP-violating interactions with that lattice, despite having already established
antisymmetry with respect to distant systems.

e Type III interactions are between a system of fermions and a fermion within that
given system. PEP violation in such interactions is only possible in models that
avoid the Messiah-Greenberg superselection rule, since the PEP-violating fermion

is already in an established symmetry state in its host system.

Each type of PEP violation can be tested experimentally with HPGe detectors, and
tests of Types I and III are possible with the DEMONSTRATOR data set. In this work,
a Type I search is performed using ??2Th calibration data, and a Type III search is
performed with the 37.5 kg-yr low-energy background data. Type II searches have been
done previously by the MAJORANA and VIP collaborations, using electrical currents
through Pb and Cu as the transition sources [36-38]. We note that strong limits are
available for both Type I and Type III processes based on searches for anomalous
masses of primordial °Li [39, 40] and for forbidden nuclear transitions in '?C [41].
However, both of these results consider transitions of strongly interacting nucleons in
the potential generated by those same nucleons. The searches performed here with
the DEMONSTRATOR involve purely atomic transitions of electrons in a potential that
is dominated by the electromagnetic attraction of the (positive) nucleus, and are the
most stringent available in such systems. Since there is no comprehensive theoretical
framework that accommodates PEP violation, we cannot directly compare our results
here with the nuclear limits in [39] and [41]. Instead, we stress that it is valuable
to perform such complementary tests in as wide a variety of qualitatively different

systems as possible.



3.1 Type I PEP Violation test with new electrons

The calibration system of the DEMONSTRATOR consisted of twin 2?®Th line sources,
periodically inserted into the system for weekly 60-90 minute calibrations of each
module, with several runs of longer duration for fine tuning of pulse shape analysis
cuts. We utilize 40.43 days from the first detector module, and 21.38 days from the
second module. The signature of Type I PEP violation in the MAJORANA calibration
data set can be observed (Fig. 1, middle scheme) from pair production events produced
by 2614.5 keV gamma, rays from the decay of 28Tl in the 228Th line source, which
create electron-positron pairs in the detectors. The positron annihilation produces two
511 keV gamma rays, and one or both may escape the detector, creating single-escape
peak (SEP) events at 2103.5 keV and double-escape peak (DEP) events at 1592.5 keV.
If the PEP is violated, the pair-produced free electron may be captured by a Ge
atom and transition to the already occupied K shell. In this process, the total binding
energy of 10.6 keV is emitted, which is decreased from 11.1 keV since 3 electrons are
present [36].

The full-energy peak at 2614.5 keV contains a significant contribution of ionization
events with no pair production, which precludes its use in our search. The additional
cascade produced by the PEP-violating capture to the K shell sums with the escape
peak energy deposition, making the signature of the transition a peak 10.6 keV above
the single-escape and double-escape peaks. The best prior limit for this process is
B%/2 < 1.4x1073 (99.7% CL) [36] achieved by using a single HPGe detector and 22 Th
source, with three weeks of runtime. Our calibration runtime and active detector mass
are both significantly larger, taken over the multi-year run of the DEMONSTRATOR.
The spectrum used for our Type I search is shown in Fig. 3, with standard data
cleaning and quality cuts applied [42].

To search the regions above the double-escape and single-escape peaks for a PEP-

violating (“echo”) peak, we perform a standard extended binned likelihood fit, using



the precision peakshape function given in Ref. [43]. Fit results for both regions are
shown in Fig. 4. In addition to the main Gaussian term, it includes contributions
modifying the high- and low-energy tails of the escape peaks, with a Legendre poly-
nomial background centered in the fit window. These correction terms are essential,
considering the large number of counts in the peaks. We treat the double-escape and
single-escape peak regions independently, representing the “echo” peak by the same
function, with its shape parameters determined by the immediately adjacent peak,
and its energy fixed to 10.6 keV above the escape peak energy. The branching ratio B
determines the number of counts in the echo peak, relative to each escape peak. This
approach improves over the assumption of a flat background made in Ref. [36], where
the upper limit was computed from a single bin with width 2.8-0 in the echo region,
which can bias the result if some curvature is present.

In both escape regions, the data are consistent with a branching ratio of zero. In
the single-escape peak region a non-zero best-fit value is preferred, though its lower
limit is still statistically consistent with zero signal (< 1o significance). While the
double-escape peak region alone provides the most restrictive limit (at 90% CL), the
same physical process applies to both the double-escape and single-escape peaks, and
we report the combined result as our primary limit, 32/2 < 3.69 x 10~* (90% CL).
This is currently the most stringent limit from an atomic Type I PEP violation search,
improving the previous best limit by ~70% [36].

Table 1 gives exclusion limits for each region, and the peakshape parameters and
profile likelihood scan results are given in Extended Data Table ??7 and Extended Data

Figure 77.

3.2 Type III PEP Violation test with low-energy data

We also searched for Type I1I PEP-violating transition of an L-shell electron in a Ge

atom to the already occupied K-shell [10, 15], shown in Fig. 1. The signature of this



process is a Gaussian peak at 10.6 keV, which would appear as a shoulder on the
10.37 keV %8Ge peak. Similar to the CNC search, we search for the PEP-violating
atomic transition with the 37.5 kg-yr low-energy data set. The total efficiency of the
low-energy cuts is (91 +2)% at 10.6 keV, and we set an upper limit on the count rate
in the spectrum at the region of interest with the same profile likelihood technique.
We find an upper limit on the count rate at 10.6 keV, R = 0.0041 counts/kg-d
(90% CL), shown in Fig. 5. We then find the mean lifetime, 7. = nge/R = 1.66 x 1032 5
(90 % CL). MAJORANA previously set the most stringent upper limit at 90% CL on
this atomic Type III process, at 3%/2 < 8.5 x 107*® with 478 kg-d exposure [15].
Comparing to the 1.7 x 1076 s mean lifetime of a standard K-« transition in Ge, we
set an improved limit on the PEP-violating transition at 32/2 < 1.03 x 1078 (90%

CL), a factor 8.3 improvement over the previous limit [15].

4 Discussion

Low-background underground radiation detectors offer a unique enviroment to search
for weak signatures from nonstandard processes. The large datasets collected by
MAJORANA allowed significant improvements in each search above existing limits; the
CNC result is the best for (e — invisibles) since the 1999 DAMA result. This search
based on atomic transitions is an important complement to nucleon-based searches
such as Borexino [41], as well as other atomic searches for PEP violation such as
VIP-2 [37, 38]. Larger Ge arrays with lower backgrounds are currently in active devel-
opment [44] and an order-of-magnitude improvement in these tests of fundamental

quantum mechanical principles may soon be attained.
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8 Tables

Table 1 Upper limits on the 52/2
PEP-violating parameter from analysis of the
single-escape peak (SEP) and double-escape
peak (DEP). While the double-escape peak
result is more stringent (at 90% CL), the same
underlying mechanism applies to both escape
peaks, and we report the combined result from
both escape peaks as the primary result (bold

text).
B2/2 B?/2
90% CL 99.7% CL
DEP 3.22x107* 832x10~%
SEP 9.99 x 10~* 1.57 x 103
Combined | 3.69 x 10—4 7.79 x 10~
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9 Figure Captions

Fig. 1 Three processes disallowed by quantum mechanics that would produce ionization in Ge
atoms. A simplified view of the atom includes a nucleus (red) surrounded by the closest orbital
electrons (blue) depicting their nonstandard processes (green). Additional bound electrons are not
illustrated for clarity. In each case, electrons from outer shells cascade to fill the vacancy, releasing
energy as photons and Auger electrons. Left: Charge nonconservation, with an electron decaying to
three neutrinos, releasing 11.1 keV. Middle: Pauli exclusion principle (PEP) violation by a newly
born electron produced by pair production from an incident 2615 keV gamma (Type I) releasing
10.6 keV along with two 511 keV gammas. (Pink and green lines denote the positron/electron paths.)
Right: PEP violation where an electron descends to a fully occupied energy level (Type III), releasing
10.6 keV.

Fig. 2 A charge nonconserving decay e — veVele from a Ge K-shell electron would produce a peak
at 11.1 keV. This peak is not observed in the 37.5 kg-y exposure collected, and an upper limit on the
rate is set, R = 0.00154 counts/kg-d (90% CL). Data error bars are Poisson-distributed, and the y-
axis is given in counts per 0.1 keV bin. Data is fit to a polynomial function with expected background
lines from 65Zn, 68Ga, 8Ge, and 219Pb. Additional details are given in the Methods section.

Fig. 3 The combined 228 Th calibration spectrum from all active detectors in the MAJORANA DEMON-
STRATOR. Prominent features include the full-energy peak from 208TI, the associated single and
double-escape peaks (SEP, DEP), and a strong 2'2Bi line near the DEP. Data was taken from 2015-
2019, presented here in counts per 1 keV bin. Bin errors are Poisson-distributed.

12



Fig. 4 Searching for a violation of the Pauli exclusion principle via detection of an “echo” peak.
Fits to the single-escape peak (SEP, top) and double-escape peak (DEP, bottom) regions are shown,
with the best-fit (red) and the 90% UL (cyan) in the inset. A 2.80-wide region centered at the echo
peak is shown for context. Bin errors are Poisson-distributed, and the goodness-of-fit (x?/ndf) of the
model is close to 1 in both cases. Additional details on the fits are given in the Methods section.

Fig. 5 A PEP-violating transition of an L-shell electron to the fully-occupied K-shell in Ge would
produce a peak at 10.6 keV. This signature was not observed in the DEMONSTRATOR data set, and an
upper limit on the rate is set, R = 0.0041 counts/kg-d (90% CL). Error bars are Poisson-distributed,
and the y-axis is given in counts per 0.1 keV bin. As before, data is fit to a polynomial function with
expected background lines from %°Zn, 68Ga, 68Ge, and 210Pb.

13
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10 Methods

10.1 Detectors and data taking scheme

The DEMONSTRATOR was located at the 4850-ft underground of the Sanford Under-
ground Research Facility (SURF) in Lead, South Dakota, consisting of two separate
ultra-low background modules of PPC HPGe detectors with a total mass of 44.1 kg,
of which 29.7 kg were enriched to 88% in "°Ge [45]. The detectors were operated in
a vacuum cryostat within a graded shield made from ultra-low background electro-
formed Cu and other shielding materials sourced to meet stringent material purity
requirements [46].

The DEMONSTRATOR calibration system accomodates a 228Th line source through
a track penetrating the shield and surrounding each cryostat in a helical shape [47].
When deployed, the line source exposed all detectors in the array for energy calibration
and stability determination. During normal operations, sources were deployed weekly
for 60-90 minutes to perform routine energy calibrations, while longer runs (12-24
hours) were taken to refine energy and other pulse shape analysis parameters.

From 2015-2019 the original set of 35 ™" Ge detectors were operated, using a data
blindness scheme of alternating 31 hours of open data followed by 93 hours of blinded

data, to mitigate possible bias in the development of analysis routines. Analysis of
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the calibration data set does not employ a blinded approach. The DEMONSTRATOR
continues to operate with 14.3 kg of natural Ge detectors in a single module for

background studies and other rare-event searches.

10.2 Peak fits at low energy

The peak scanning algorithm uses a (70,5 + 1) keV window near the peak posi-
tion as the fit region of interest (ROI), where o5 is the exposure-weighted combined
detector resolution as a function of energy. The 1 keV offset ensures an ROI of at
least 2 keV, even for a vanishingly small o. The ROI for the PEP-violating transi-
tion search at 10.6 keV is 8.6-12.6 keV, and the ROI for the charge nonconserving
electron decay at 11.1 keV is 9.1-13.2 keV. In the low-energy background data near
the 10.6 keV signature, cosmogenic peaks at °Zn (8.98 keV), 8Ga (9.66 keV), and
68Ge (10.37 keV) are expected. External 2'°Pb may also induce a peak at 10.8 keV.
The energy calibration in the low-energy region is precise enough to treat the location
of the cosmogenic peaks as fixed at the literature values. Other contributions from
tritium beta decay and Compton scattering from higher energy peaks form a back-
ground continuum that is separable from the peak-like signature, and is approximated
by a second-order polynomial within the ROIs.

In the narrow ROIs where the background continuum can be approximated as a
second-order polynomial, the spectrum is modeled as

MNpks

P(E;§) = n(E) (noppoly T Z i Pe.i + Nobs Prare ) (1)

where Ppoly, Pa,i and Prare are the normalized spectral distributions for the poly-
nomial background, i-th cosmogenic peak and the rare event peak of interest,
respectively, and ng, n; and neps are the number of events in each distribution. Addi-

tional nuisance parameters are denoted 6. We fit the model spectrum to the data
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using the unbinned extended likelihood method [48-50]. While the shape parameters
for the polynomial background are unbounded, the widths of the Gaussian rare peak
and background peaks are constrained by the detector energy resolution. Profiling the
likelihood function by varying the number of counts in the rare signal peak and re-
fitting the nuisance parameters at each step is the standard technique which results in
a conservative upper limit on the rate. The signal peaks in both the CNC and Type
IIT PEP searches overlap to some extent with the cosmogenic lines. The likelihood
contour is typically flat up to the number of counts assigned to the overlapping peaks,
and only increases to the desired CL above these counts; hence the presence of over-
lapping peaks does not result in an artificially better limit. Fig. 5 shows the spectral
fit in the ROI of the PEP-violating atomic transition in Ge at the 90% CL upper limit.

The total acceptance efficiency n(E) of the low-energy data cleaning cuts is deter-
mined by convolving the data cleaning efficiency, the individual detector threshold
efficiencies, and the efficiency of the energy-degraded slow pulse event rejection [51].
The low-energy cuts retain (91+2)% of single-site events in our ROI, which we take to
be constant within each narrow fit window. We note that the efficiency correction is a
smooth function and will not introduce peak structures, and remains above 80% accep-
tance down to 3 keV [16]. Complementary searches for other PEP-violating atomic
transitions, including jumps to the L-shell (~ 1.3 keV) and other between-shell jumps,
are possible in principle. However, in the DEMONSTRATOR’s energy spectrum, the L-
shell peak is not resolvable from the background and in a region of steeply dropping

acceptance efficiency close to the analysis energy lower limit.

10.3 Peak fits at high energy

Our search for the PEP-violating “echo” peaks, located 10.6 keV above the single-
and double-escape peaks, utilizes a standard binned profile likelihood analysis, imple-

mented with the iminuit toolkit [52]. We perform a fit to our signal model using
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the ExtendedBinnedNLL cost function. The two peak regions are fit independently,
since the parameters of each echo peak are strongly constrained by the adjacent large-
amplitude escape peak. The number of counts in the echo peak is determined by the
product of the number of counts in the escape peak times the branching ratio B, which
is equal to the PEP-violating parameter 32/2. If its best-fit value is not statistically
significant (consistent with B = 0), we report upper limits on B by profiling over the
likelihood function.

A recent report from MAJORANA [43] gives a detailed model of the composition of
the germanium peak shape as a function of energy, including several features which
are only observable at the large counting statistics available to the full MAJORANA
calibration data set. The energy regions selected are chosen where the Compton back-
ground can be accurately modeled by a quadratic term, avoiding a nearby gamma
peak from 2'2Bi at 1620 keV. The peakshape function is a sum of a Gaussian with

several correction terms, given by

P(E) = G(E) + Tue(E) + Tue(E) + S(E). (2)

The normalized Gaussian function includes the full number of counts A attributable
to the peak, the mean energy pu and width o, and the fractional counts attributable

to the low- and high-energy tails f; and f:

G(E) = Al — fi— fn) eXp<(E22/‘)2>. 5

2mo o
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Both the high- and low-energy tails are described by an exponentially modified

Gaussian function,

To(E) Aot cxp ( AR u)

T 27, 2727 7a

o E—pu
x erfc[ —— + .
(ﬁv m)

Here, the index o« = +1 corresponds to the + sign choice of high-(low-)energy tail,
and ~;, v, the corresponding decay constant. A smoothed step function with fractional
height H is included to account for events which have undergone small-angle Compton
scattering, and not contributing directly to the main peak. It can be positive for

incoming gammas, and negative for outgoing gammas.

S(E) = ‘42Herfc<b:@:). (5)

Finally, the background function B(FE) is modeled by a second-order sum of Legendre
polynomials (P; 2) centered in the fit region is used to describe the background in the
escape and echo peak regions.

B(E) =agp + alPl(E - Ecen) + QQPQ(E - Ecen)- (6)

Centering the terms in the fit region (Ecen = (En; — Flo)/2) avoids correlations in the

fit parameters and ensures a more stable fit for all values of the branching ratio B.
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The full signal model M consists of contributions from the two peaks and the

background term,

—

M(E) =P(E, A, u,0)
+P(B,B- A, 1+ 10.6keV, ) (7)

+ B(E, ag, a1, a2, By, Ep;).

The nuisance parameters common to both peaks are given by

52 (@fl»fh/Yl»’YhaH)- (8)

To ensure a robust fit, initial guesses for A, u, o, H, etc., are numerically estimated
from the histogram, and a least-squares fit to the escape peak and background is
performed. Using these results, the echo peak is included in a full likelihood fit to obtain
the best-fit values for all parameters, including the branching ratio B. Extended Data
Table 7?7 gives the best-fit results and corresponding uncertainties on all parameters
from each fit.

Following the best-fit step, a profile of the likelihood function was run using the
MINOS algorithm in iminuit, for the double-escape and single-escape peak search
regions. Results from this scan are shown in Extended Data Fig. ?7. While the best-fit
for the DEP region is consistent with zero, the single-escape region prefers a nonzero
best-fit value. Nonetheless, the lower limit in the single-escape peak region does not
exceed lo significance, and we report the upper limit on B in both cases. Adding the
two likelihood curves, and computing the change in Ax? to the desired significance
level, we see that the DEP result is the most restrictive at the 90% CL, while the
combined result is more restrictive at 99.7% CL. However, since the same underlying
physical process contributes to both regions equally, we quote the combined upper

limit on B (and hence 32/2) as the primary result.
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Alternate analysis schemes exploiting the close-packed detector arrangement of
the DEMONSTRATOR were also considered, including a technique of selecting only
calibration events (multi-detector hits) where one detector records a 511 keV energy
deposition, and searching for the same “echo” peak signatures. For the MAJORANA
data set, estimates indicate this method increases the signal-to-background (S/B) of
the peaks by ~ 15% but lowers the overall number of events available for analysis by
66%. Near the single-escape peak, we would require 1000 times more calibration data
to make this method competitive, and the double-escape peak requires another factor
of 100 increase in statistics to provide similar results as the primary scheme which

considers all available events.

11 Data Availability

Source data containing the histograms in Figs. 2, 3, 4, and 5 are provided with this

paper.

12 Code availability

The analysis codes are available from the corresponding authors on reasonable request.
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