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We report results from a search for neutrino-induced neutral current (NC) resonant ∆(1232)
baryon production followed by ∆ radiative decay, with a 〈0.8〉 GeV neutrino beam. Data corre-
sponding to MicroBooNE’s first three years of operations (6.80×1020 protons on target) are used to
select single-photon events with one or zero protons and without charged leptons in the final state
(1γ1p and 1γ0p, respectively). The background is constrained via an in-situ high-purity measure-
ment of NC π0 events, made possible via dedicated 2γ1p and 2γ0p selections. A total of 16 and
153 events are observed for the 1γ1p and 1γ0p selections, respectively, compared to a constrained
background prediction of 20.5± 3.65(sys.) and 145.1± 13.8(sys.) events. The data lead to a bound
on an anomalous enhancement of the normalization of NC ∆ radiative decay of less than 2.3 times
the predicted nominal rate for this process at the 90% confidence level (CL). The measurement
disfavors a candidate photon interpretation of the MiniBooNE low-energy excess as a factor of 3.18
times the nominal NC ∆ radiative decay rate at the 94.8% CL, in favor of the nominal prediction,
and represents a greater than 50-fold improvement over the world’s best limit on single-photon
production in NC interactions in the sub-GeV neutrino energy range.

For over two decades, the anomalous signals consist-
ing of MiniBooNE’s low-energy excess (LEE) [1–3] and
the prior LSND [4] νe appearance results have been at
the forefront of neutrino physics. Each has been inter-
preted as evidence for new types of neutrinos or other
physics beyond the Standard Model (SM). The existence
of new particles would be the first evidence for a new
paradigm of physics associated with the neutrino sector,
and would have profound ramifications for all particle
physics, astrophysics, and cosmology. Key to the puzzle,
MiniBooNE could not differentiate neutrino interactions
producing an electron (such as from νe appearance due
to light sterile neutrinos) from those with a single photon
in the final state. Thus, both types of interactions must
be examined independently as a source of the LEE.

Neutrino-induced neutral current (NC) production of
the ∆(1232) baryon resonance with subsequent ∆ radia-
tive decay is predicted to be the dominant source of sin-
gle photons in neutrino-argon scattering below 1 GeV [5].
Although ∆ radiative decay is predicted in the SM, it has
never been directly observed in neutrino scattering. Pre-
vious searches have been performed by the T2K [6] and
NOMAD [7] experiments with average incident neutrino
energies, Eν , of 0.85 and 25 GeV, respectively, resulting
in leading limits on this process. Although on a different
target, T2K’s result is closest in Eν to that of the Mini-
BooNE beam. However, the 90% confidence level (CL)
limit is ∼ 100 times the theoretically predicted rate of
NC ∆ radiative decay.

In this letter, we present the world’s most sensitive
search for NC ∆→ Nγ, where N = p, n, using neutrino-
argon scattering data collected by the MicroBooNE de-

tector [8]. MicroBooNE is an 85 metric ton active volume
liquid argon time projection chamber (LArTPC) situated
at a similar baseline in the same muon neutrino domi-
nated Booster Neutrino Beam (BNB) at Fermilab [9] as
MiniBooNE, with 〈Eν〉 = 0.8 GeV. The measurement
makes use of data corresponding to a BNB exposure
of 6.80 × 1020 protons on target (POT), collected dur-
ing 2016-2018. LArTPC technology allows MicroBooNE
to distinguish electromagnetic showers originating from
electrons or photons based on ionization energy deposi-
tion (dE/dx) at the start of the shower, and the non-zero
conversion distance of the photon relative to the interac-
tion vertex.

This search represents a first for this process with ar-
gon as the neutrino target, and also constitutes the first
test of the MiniBooNE LEE under a single-photon inter-
pretation. In a fit to the radial distribution of the Mini-
BooNE data with statistical errors only, an enhancement
of NC ∆→ Nγ (as predicted by the NUANCE [10] neu-
trino event generator on CH2) by a normalization factor
of xMB = 3.18 (quoted with no uncertainty) was found to
provide the best fit for the observed LEE [3]. We perform
an explicitly model-dependent test of this interpretation,
cast as a factor of 3.18 enhancement to the predicted NC
∆ → Nγ rate in MicroBooNE, under a two-hypothesis
∆χ2 test between the enhanced rate and the nominal NC
∆→ Nγ prediction.

MicroBooNE uses a custom tune [11] of the genie neu-
trino event generator v3.0.6 [12, 13] to simulate neutrino-
argon interactions. At BNB energies, the dominant
source of single-photon production with no charged lep-
tons or pions in the final state is NC ∆(1232) → Nγ.
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This process is included in the MicroBooNE nominal pre-
diction exactly as modeled in genie. Higher-order res-
onances and coherent single-photon production [14] are
not currently included in the simulation, but are each
estimated to contribute at the 10% level or less.

The MicroBooNE NC ∆→ Nγ search exclusively tar-
gets events with a single, photon-like electromagnetic
shower and either no other visible activity or one visi-
ble final-state proton. These are referred to as 1γ0p and
1γ1p events and primarily probe ∆ → nγ and ∆ → pγ
decays, respectively. The analysis selects and simultane-
ously fits 1γ1p and 1γ0p data-to-Monte Carlo (MC) sim-
ulated distributions together with two additional, mutu-
ally exclusive but highly correlated event samples: 2γ1p,
and 2γ0p. The signal, defined as all true NC ∆ → Nγ
events whose true interaction vertex is inside the active
TPC, contributes predominantly to the 1γ event sam-
ples. The high-statistics 2γ samples are enhanced in NC
∆ → Nπ0 production, which is the dominant source of
mis-identified background to the 1γ1p and 1γ0p event
samples.

Reconstruction of all four event samples makes use of
the Pandora framework [15]. Reconstructed ionization
charge hits are clustered and matched across three 2D
projected views of the MicroBooNE active TPC volume
into 3D reconstructed objects. These are then classi-
fied as tracks or showers based on a multivariate classi-
fier score and aggregated into candidate neutrino inter-
actions. The topological selection of interactions with
exactly one shower and zero or one tracks represents the
basis of the 1γ selections. Subsequently, pre-selection re-
quires that the reconstructed vertex, shower-start point
and track (as applicable) are all fully contained within
the detector fiducial volume. A minimum energy re-
quirement is imposed on the shower, ensuring good re-
construction performance, and a maximum track length
requirement is imposed on the track, rejecting obvious
muon backgrounds. Tracks are also required to have a
high dE/dx consistent with that of a proton. Finally, an
opening angle requirement between the track and shower
directions is applied to eliminate co-linear events where
the start of a shower can be mis-reconstructed as a track.

The pre-selected events are fed into a set of boosted
decision trees (BDTs), each designed to reject a distinct
background and select NC ∆ → Nγ events. The gradi-
ent boosting algorithm XGBoost [16] is used to train the
BDTs. A cosmic BDT rejects cosmogenic backgrounds
and is trained on cosmic ray data events collected when
no neutrino beam was present. Track calorimetry is
used to reject cosmic muons, with track and shower
directionality-based variables proving powerful discrim-
inators. A NC π0 BDT compares the relationship of the
reconstructed shower and track to those expected from
π0 decay kinematics to separate true single-photon events
from those containing a π0 decay where a second photon
is not reconstructed. A charged current (CC) νe BDT

Selection Stage 1γ1p eff. 1γ0p eff.
Topological 19.4% 13.5%
Pre-selection 63.9% 98.4 %
BDT Selection 32.1% 39.8%
Combined 3.99% 5.29%

TABLE I. Signal efficiencies for the 1γ1p and 1γ0p selections.
The topological and combined efficiencies are evaluated rela-
tive to all true NC ∆ → Nγ events inside the active TPC in
the simulation (124.1 events expected for 6.80 × 1020 POT).
The pre-selection and BDT selection efficiencies are evaluated
relative to their respective preceding selection stage.

targets the intrinsic νe background events. Here, the
photon conversion distance and shower calorimetry play
important roles. A fourth BDT is designed to veto events
in which a second shower from a π0 decay deposits some
charge, but fails 3D shower reconstruction. Such events
can result in 2D charge hits near the neutrino interac-
tion that are not associated with a 3D object. A plane-
by-plane clustering algorithm, DBSCAN [17], is used to
group these unassociated hits, and properties including
direction, shape and energy of the cluster are used to de-
termine consistency with a second shower from a π0 de-
cay. A final CC νµ-focused BDT removes any remaining
backgrounds, primarily targeting the muon track through
track calorimetry variables.

The 1γ1p selection uses all five BDTs. The absence of
a track in the 1γ0p sample means that the 1γ0p selection
cannot use these BDTs identically, as it is limited to only
shower variables. As such, it uses variations of the cosmic
and NCπ0 BDTs, and a third BDT merging the function-
ality of the CC νe and CC νµ-focused BDTs, targeting all
remaining backgrounds. All BDTs are trained explicitly
to select well-reconstructed NC ∆ → Nγ events. While
model-dependent, this leverages the kinematics and cor-
relations between the track and shower associated with
∆(1232) resonance decay, particularly for the 1γ1p se-
lection. The BDTs for the 1γ1p and 1γ0p selections are
trained and optimized for each selection independently,
through a scan over grids of their BDT classifier scores.
The optimized BDT classifier score cuts correspond to
the highest statistical significance of the NC ∆ → Nγ
signal over background in each sample. The topologi-
cal, pre-selection, BDT selection, and combined signal
efficiencies are summarized in Table I.

The number of predicted background (both from sim-
ulation and cosmic ray data) events and NC ∆ → Nγ
signal events after BDT selection are summarized in Ta-
ble II. A significant background to the search for single-
photon events is NC π0 events in which one of the de-
cay photons is not reconstructed. This happens for a
variety of reasons: (a) one of the photons from the π0

decay may leave the detector active TPC volume before
interacting, (b) the π0 decay may be highly asymmet-
ric leading to a secondary photon that is low in energy
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P r o c e s s 1 γ 1 p 1 γ 0 p
N C 1 π 0 N o n- C o h e r e nt 2 4. 0 6 8. 1
N C 1 π 0 C o h e r e nt 0. 0 7. 6
C C ν µ 1 π 0 0. 5 1 4. 0
C C ν e a n d ν̄ e 0. 4 1 1. 1
B N B O t h e r 2. 1 1 8. 1
Di r t ( o u t si d e T P C ) 0. 0 3 6. 4
C o s mi c R a y D a t a 0. 0 1 0. 0
T o t al B a c k g r o u n d ( U n c o n s t r. ) 2 7. 0 1 6 5. 4
N C ∆ → N γ 4. 8 8 6. 5 5

T A B L E I I. T h e e x p e c t e d e v e nt r a t e s i n t h e 1 γ 1 p a n d 1 γ 0 p
s a m pl e s. “ Di r t ( o u t si d e T P C ) ” r e p r e s e nt s a n y n e u t ri n o i n-
t e r a c ti o n t h a t o ri gi n a t e s o u t si d e t h e a c ti v e T P C, b u t s c a t t e r s
i n si d e. R el a ti v e t o t o p ol o gi c al s el e c ti o n s t a g e, t h e ν e C C r e-
j e c ti o n i s 9 9. 8 % a n d 8 7. 6 % f o r 1γ 1 p a n d 1 γ 0 p , r e s p e c ti v el y.

a n d n ot r e c o n str u ct e d, ( c) b ot h p h ot o n s m a y b e a p pr o xi-
m at el y c o-li n e ar a n d o v erl a p pi n g a n d t h u s r e c o n str u ct e d
a s a si n gl e s h o w er, or ( d) t h e s e c o n d ar y p h ot o n m a y f all
i n a r e gi o n of u nr e s p o n si v e wir e s, l e a di n g t o p o or r e c o n-
str u cti o n e ffi ci e n c y. M oti v at e d b y t h e b a c k gr o u n d c o ntri-
b uti o n of N C π 0 e v e nt s, t h e 2 γ 1 p a n d 2 γ 0 p e v e nt s a m pl e s
s er v e t o c o n str ai n t h e r at e of N C π 0 b a c k gr o u n d. T h e
2 γ s a m pl e s f oll o w t h e s a m e t o p ol o gi c al, pr e- s el e cti o n a n d
B D T s el e cti o n s c h e m e a s t h e 1 γ s a m pl e s ( s e e s u p pl e m e n-
t al m at eri al s). T h e s el e ct e d 2 γ 1 p a n d 2 γ 0 p e v e nt s ar e
s h o w n i n Fi g. 1 a s a f u n cti o n of r e c o n str u ct e d π 0 m o-
m e nt u m, wit h a tr u e N C 1 π 0 e v e nt p urit y of 6 3. 4 % a n d
5 9. 6 %, r e s p e cti v el y. T h e d at a-t o- M C si m ul ati o n r ati o i n
t h e 2 γ 1 p a n d 2 γ 0 p s a m pl e s i s 0 .8 0 ± 0 .2 2( st at. ⊕ s y s.) a n d
0 .9 1 ± 0 .1 9( st at. ⊕ s y s.), r e s p e cti v el y, s h o wi n g a n o v er all
d e fi cit b ut o n e t h at i s wit hi n 1 σ .

T h e s el e ct e d d at a a n d M C pr e di cti o n s ar e c o m p ar e d
i n a fit wit h a si n gl e fr e e p ar a m et e r c orr e s p o n di n g t o t h e
n or m ali z ati o n ( x ∆ ) of t h e n o mi n al r at e of N C ∆ → N γ .
A si n gl e bi n i s u s e d f or e a c h of t h e 1 γ 1 p a n d 1 γ 0 p e v e nt
s a m pl e s, wit h r e c o n str u ct e d s h o w er e n er g y bi n b o u n d-
a ri e s of 0- 6 0 0 M e V a n d 1 0 0- 7 0 0 M e V, r e s p e cti v el y. T h e
o n e- bi n 1 γ 1 p a n d 1 γ 0 p e v e nt r at e s ar e fit si m ult a n e o u sl y
wit h t h e 2 γ 1 p a n d 2 γ 0 p di stri b uti o n s s h o w n i n Fi g. 1.
T h e fit m a k e s u s e of a c o v ari a n c e m atri x t h at e n c a p s u-
l at e s st ati sti c al a n d s y st e m ati c u n c ert ai nti e s a n d bi n-t o-
bi n c orr el ati o n s, all o wi n g f or b ot h t h e e x p e ct e d r at e a n d
u n c ert ai nti e s of t h e N C π 0 b a c k gr o u n d s i n t h e 1 γ s a m-
pl e s t o b e e ff e cti v el y c o n str ai n e d b y t h e hi g h- st ati sti c s
d at a o b s er v e d i n t h e 2 γ s a m pl e s.

T h e n or m ali z ati o n x ∆ c a n al s o b e r ei nt er pr et e d a s a
s c ali n g of t h e e ff e cti v e br a n c hi n g fr a cti o n B e ff ( ∆ → N γ ),
w h er e t h e n o mi n al pr e di cti o n ( x ∆ = 1) c orr e s p o n d s t o a n
e ff e cti v e br a n c hi n g fr a cti o n of 0. 6 %. T h e N C ∆ → N γ
r at e i n g e ni e i s p ar a m etri z e d a s a f u n cti o n of t h e o ff-
s h ell ∆ i n v ari a nt m a s s, W . Alt h o u g h g e ni e pr e s cri b e s a
n or m ali z ati o n u n c ert ai nt y f or B e ff ( ∆ → N γ ), t hi s u n c er-
t ai nt y i s n ot i n cl u d e d i n t h e fit. T h e Fel d m a n- C o u si n s
[ 1 8] a p pr o a c h i s f oll o w e d t o c o n str u ct t h e c o n fi d e n c e i n-
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FI G. 1. D a t a a n d M C c o m p a ri s o n s of t h e r e c o n s t r u c t e d π 0

m o m e nt u m di s t ri b u ti o n s f o r t h e ( a ) 2 γ 1 p a n d ( b ) 2 γ 0 p s e-
l e c t e d e v e nt s.

t er v al s f or x ∆ gi v e n t h e b e st fit t o t h e o b s e r v e d d at a, wit h
a m etri c of ∆ χ 2 d e fi n e d u si n g t h e C o m bi n e d- N e y m a n-
P e ar s o n χ 2 [ 1 9] a s a n a p pr o xi m ati o n of t h e l o g-li k eli h o o d
r ati o.

S y st e m ati c u n c ert ai nti e s i n cl u d e c o ntri b uti o n s fr o m
fl u x, cr o s s- s e cti o n m o d eli n g, h a dr o n r e-i nt er a cti o n s, d e-
t e ct or e ff e ct s, a n d fi nit e st ati sti c s u s e d i n t h e b a c k gr o u n d
pr e di cti o n s ( b ot h M C a n d c o s mi c r a y d at a). T h e fl u x u n-
c ert ai nti e s i n c or p or at e h a dr o n pr o d u cti o n u n c ert ai nti e s,
u n c ert ai nti e s o n pi o n a n d n u cl e o n s c att eri n g i n t h e b er yl-
li u m t ar g et a n d s urr o u n di n g al u mi n u m m a g n eti c h or n,
a n d mi s- m o d eli n g of t h e h or n c urr e nt. F oll o wi n g [ 2 0],
t h e s e ar e i m pl e m e nt e d b y r e w ei g hti n g t h e fl u x pr e di cti o n
a n d st u d yi n g t h e pr o p a g at e d e ff e ct s o n e v e nt di stri b u-
ti o n s. T h e cr o s s- s e cti o n u n c ert ai nti e s i n c or p or at e m o d-
eli n g u n c ert ai nti e s o n t h e g e ni e pr e di cti o n [ 1 1, 1 3, 2 1],
e v al u at e d al s o b y r e w ei g hti n g t o ol s. T h e h a dr o n- ar g o n
r e-i nt er a cti o n u n c ert ai nti e s ar e a s s o ci at e d wit h t h e pr o p-
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a g ati o n of h a dr o n s t hr o u g h t h e d et e ct or, a s m o d el e d i n
g e a n t 4 [ 2 2]. T h e d et e ct or m o d eli n g a n d r e s p o n s e u n-
c ert ai nti e s ar e e v al u at e d u si n g a n o v el d at a- dri v e n t e c h-
ni q u e. T hi s u s e s i n- sit u m e a s ur e m e nt s of di st orti o n s i n
t h e T P C wir e r e a d o ut si g n al s d u e t o v ari o u s d et e ct or
e ff e ct s, s u c h a s di ff u si o n, el e ctr o n drift lif eti m e, el e ctri c
fi el d, a n d el e ctr o ni c s r e s p o n s e, t o p ar a m etri z e t h e s e ef-
f e ct s at t h e T P C wir e l e v el, a n d pr o vi d e s a d et e ct or
m o d el- a g n o sti c w a y t o st u d y a n d e v al u at e t h eir e ff e ct s o n
e v e nt di stri b uti o n s [ 2 3]. A d diti o n al s y st e m ati c s v ar yi n g
t h e c h ar g e r e c o m bi n ati o n m o d el, t h e s ci ntill ati o n li g ht
yi el d, a n d s p a c e c h ar g e e ff e ct s [ 2 4, 2 5] ar e s e p ar at el y i n-
cl u d e d.  T h e u n c ert ai nt y o n p h ot o- n u cl e ar a b s or pti o n
of p h ot o n s o n ar g o n w a s e v al u at e d t o b e at t h e s u b-
p er c e nt l e v el, a n d i s t h er ef or e o mitt e d. T h er e i s al s o
n o a s si g n e d u n c ert ai nt y f or hi g h er- or d er r e s o n a n c e s or
c o h er e nt si n gl e- p h ot o n pr o d u cti o n, w hi c h ar e n ot si m u-
l at e d i n g e ni e . Fi n all y, a n i n c o n si st e n c y w a s i d e nti fi e d
i n t h e g e ni e v 3. 0. 6 r e w ei g hi n g c o d e u s e d t o e v al u at e a
s m all s u b s et of s y st e m ati c u n c ert ai nti e s, b ut w a s f o u n d
t o h a v e n e gli gi bl e i m p a ct o n t h e a n al y si s s e n siti vit y a n d
t h u s h a s b e e n i g n or e d.

T h e fr a cti o n al s y st e m ati c u n c ert ai nti e s o n t h e 1 γ 1 p
a n d 1 γ 0 p t ot al b a c k gr o u n d e v e nt s ar e s u m m ari z e d i n T a-
bl e III. T h e g e ni e cr o s s- s e cti o n u n c ert ai nti e s d o mi n at e.
T hi s st e m s fr o m t h e u n c ert ai nti e s o n N C π 0 pr o d u cti o n
o n ar g o n, w hi c h f or m s t h e l ar g e st b a c k gr o u n d a n d h a s
n ot b e e n m e a s ur e d t o hi g h pr e ci si o n t o d at e. B ot h cr o s s-
s e cti o n a n d fl u x u n c ert ai nti e s ar e str o n gl y c orr el at e d b e-
t w e e n t h e 1 γ a n d 2 γ e v e nt s a m pl e s. T h e si m ult a n e o u s
fit t o t h e 1 γ a n d 2 γ s a m pl e s i s e q ui v al e nt t o a 1 γ - o nl y
fit w h er e t h e b a c k gr o u n d a n d u n c ert ai nt y ar e c o n diti o n-
all y c o n str ai n e d [ 2 6] b y t h e 2 γ s a m pl e s. Gi v e n t h e 2 γ
s a m pl e s’ st ati sti c s, t hi s c o n str ai nt e ff e cti v el y r e d u c e s t h e
t ot al b a c k gr o u n d s y st e m ati c u n c ert ai nt y of t h e 1 γ 1 p a n d
1 γ 0 p s a m pl e s b y 4 0 % a n d 5 0 %, a n d t h e t ot al b a c k gr o u n d
p r e di cti o n b y 2 4. 1 % a n d 1 2. 3 %, r e s p e cti v el y.

T y p e of U n c e r t ai nt y 1 γ 1 p 1 γ 0 p
Fl u x m o d el 7. 4 % 6. 6 %
g e ni e c r o s s- s e c ti o n m o d el 2 4. 8 % 1 6. 3 %
g e a n t 4 r e-i nt e r a c ti o n s 1. 1 % 1. 3 %
D e t e c t o r e ff e c t s 1 2. 2 % 6. 4 %
Fi ni t e b a c k g r o u n d s t a ti s ti c s 8. 3 % 4. 0 %
T o t al U n c e r t ai nt y ( U n c o n s t r. ) 2 9. 8 % 1 9. 2 %
T o t al U n c e r t ai nt y ( C o n s t r. ) 1 7. 8 % 9. 5 %

T A B L E I I I. B r e a k d o w n of b a c k g r o u n d s y s t e m a ti c u n c e r t ai n-
ti e s f o r t h e 1 γ 1 p a n d 1 γ 0 p s a m pl e s.

T h e 9 0 % C L s e n siti vit y i s q u a nti fi e d f or a Fel d m a n-
C o u si n s- c orr e ct e d li mit i n t h e c a s e of a b a c k gr o u n d- o nl y
o b s er v ati o n, x ∆ = 0, t o b e l e s s t h a n x ∆ = 2 .5, c or-
r e s p o n di n g t o B e ff ( ∆ → N γ ) = 1 .5 0 %. U n d er a t w o-
h y p ot h e si s ∆ χ 2 t e st, t h e e x p e ct e d s e n siti vit y of t h e m e-
di a n e x p eri m e nt a s s u mi n g t h e n o mi n al pr e di cti o n, t o r e-
j e ct t h e L E E h y p ot h e si s (x M B = 3 .1 8) i n f a v or of t h e

n o mi n al h y p ot h e si s ( x ∆ = 1) i s 1. 5 σ ; i n t h e c a s e of t h e
m e di a n e x p eri m e nt a s s u mi n g t h e L E E h y p ot h e si s, t h e
s e n siti vit y t o r ej e ct t h e n o mi n al h y p ot h e si s i n f a v or of
t h e L E E h y p ot h e si s i s 1. 6 σ .

T h e r e c o n str u cti o n, s el e cti o n, a n d fitti n g m et h o d s e m-
pl o y e d i n t hi s s e ar c h w e r e d e v el o p e d a d h eri n g t o a si g n al-
bli n d a n al y si s str at e g y, w h er e b y t h e d at a w a s k e pt bli n d
u ntil t h e a n al y si s w a s f ull y d e v el o p e d, wit h t h e e x c e p-
ti o n of a s m all s u b s et of t h e d at a c o n si sti n g of 0 .5 1 ×
1 0 2 0 P O T, u s e d f or a n al y si s v ali d ati o n. Aft er 1 γ 1 p a n d
1 γ 0 p e v e nt s a m pl e s w er e u n bli n d e d, 1 6 d at a e v e nt s wit h

0 0. 1 0. 2 0. 3 0. 4 0. 5 0. 6
R e c o n str u ct e d S h o w er E n er g y [ G e V]

0

5

1 0

1 5

2 0

2 5

3 0

Ev
e
nt

s/
 
0.

1 
[

G
e

V] γ N→ ∆N C  C o h er e nt0πN C 1 
 N o n- C o h er e nt0πN C 1 0π 1 µνC C 

B N B Ot h er  I ntri n si ceν/eνC C 
Dirt ( O ut si d e T P C) C o s mi c D at a
T ot al B a c k gr o u n d a n d Err or = 3. 1 8)

M B
L E E M o d el ( x

B N B D at a, T ot al: 1 6
Mi cr o B o o N E

 P O T)2 0R u n s 1- 3 ( 6. 8 0 x 1 0
1 p S el e cti o nγ1

U n c o n str ai n e d C V

0 0. 1 0. 2 0. 3 0. 4 0. 5 0. 6
R e c o n str u ct e d S h o w er E n er g y [ G e V]

0

5

1 0

1 5
Ev

e
nt

s/
 
0.

1 
[

G
e

V]
U n c o n str ai n e d B a c k gr o u n d s & Err or

C o n str ai n e d B a c k gr o u n d & Err or

( a )

0. 1 0. 2 0. 3 0. 4 0. 5 0. 6 0. 7
R e c o n str u ct e d S h o w er E n er g y [ G e V]

1 0

2 0

3 0

4 0

5 0

6 0

7 0

8 0

Ev
e
nt

s/
 
0.

0
5 
[

G
e

V] γ N→ ∆N C  C o h er e nt0πN C 1 
 N o n- C o h er e nt0πN C 1 0π 1 µνC C 

B N B Ot h er  I ntri n si ceν/eνC C 
Dirt ( O ut si d e T P C) C o s mi c D at a
T ot al B a c k gr o u n d a n d Err or = 3. 1 8)

M B
L E E M o d el ( x

B N B D at a, T ot al: 1 5 3
Mi cr o B o o N E

 P O T)2 0R u n s 1- 3 ( 6. 8 0 x 1 0
0 p S el e cti o nγ1

U n c o n str ai n e d C V

0. 1 0. 2 0. 3 0. 4 0. 5 0. 6 0. 7
R e c o n str u ct e d S h o w er E n er g y [ G e V]

0

1 0

2 0

3 0

4 0

Ev
e
nt

s/
 
0.

0
5 
[

G
e

V]

U n c o n str ai n e d B a c k gr o u n d s & Err or

C o n str ai n e d B a c k gr o u n d & Err or

( b )

FI G. 2. E n e r g y s p e c t r a f o r t h e ( a ) 1 γ 1 p a n d ( b ) 1 γ 0 p s e-
l e c t e d e v e nt s. T h e u p p e r s e c ti o n i n e a c h fi g u r e s h o w s t h e
u n c o n s t r ai n e d b a c k g r o u n d p r e di c ti o n s a n d b r e a k d o w n s a s a
f u n c ti o n of r e c o n s t r u c t e d s h o w e r e n e r g y. T h e l o w e r s e c ti o n
s h o w s t h e t o t al b a c k g r o u n d p r e di c ti o n wi t h s y s t e m a ti c u n-
c e r t ai nt y b o t h b ef o r e a n d af t e r t h e 2 γ c o n s t r ai nt. T h e l o c al
si g ni fi c a n c e of t h e d a t a fl u c t u a ti o n i n t h e 2 0 0- 2 5 0 M e V bi n of
( b ) c o r r e s p o n d s t o 1 .6 σ ( χ 2 / d o f = 3 .6 6 / 1 ) b ef o r e t h e 2 γ c o n-
s t r ai nt, a n d 2 .7 σ ( χ 2 / d o f = 8 .5 4 / 1 ) af t e r. Fr o m M C s t u di e s,
t h e p r o b a bili t y of a n y o n e bi n a c r o s s all 1 6 1 γ bi n s gi vi n g ri s e
t o a c o n s t r ai n e d χ 2 ≥ 8 .5 4 i s 4. 7 4 %.
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1 γ 1 p 1 γ 0 p

U n c o n s t r. b k g d. 2 7. 0 ± 8. 1 1 6 5. 4 ± 3 1. 7
C o n s t r. b k g d. 2 0. 5 ± 3. 6 1 4 5. 1 ± 1 3. 8
N C ∆ → N γ 4. 8 8 6. 5 5
L E E ( x M B = 3 .1 8 ) 1 5. 5 2 0. 1
D a t a 1 6 1 5 3

T A B L E I V. N u m b e r of p r e di c t e d b a c k g r o u n d, p r e di c t e d si g-
n al, a n d o b s e r v e d d a t a e v e nt s f o r t h e 1 γ 1 p a n d 1 γ 0 p s a m pl e s,
wi t h b a c k g r o u n d s y s t e m a ti c u n c e r t ai nti e s.

a n e x p e ct e d c o n str ai n e d b a c k gr o u n d of 2 0 .5 ± 3 .6( s y s.)
e v e nt s w er e o b s er v e d i n t h e 1 γ 1 p e v e nt s a m pl e, a n d 1 5 3
d at a e v e nt s wit h a n e x p e ct e d c o n str ai n e d b a c k gr o u n d of
1 4 5 .1 ± 1 3 .8( s y s.) e v e nt s w er e o b s er v e d i n t h e 1 γ 0 p e v e nt
s a m pl e. T h e r e c o n str u ct e d s h o w er e n er g y di stri b uti o n s
of s el e ct e d 1 γ 1 p a n d 1 γ 0 p e v e nt s ar e s h o w n i n Fi g. 2.
O v er all, a s y st e m ati c d e fi cit of d at a r el ati v e t o t h e u n c o n-
str ai n e d M C pr e di cti o n i s o b s er v e d, w hi c h i s wit hi n s y s-
t e m ati c a n d st ati sti c al u n c ert ai nti e s, a n d c o n si st e nt wit h
a si mil ar d e fi cit i n t h e 2 γ e v e nt s a m pl e s. T h e e x p e ct e d
si g n al a n d b a c k gr o u n d pr e di cti o n s ar e s u m m ari z e d i n T a-
bl e I V a n d Fi g. 3, a n d c o m p ar e d t o t h e o b s er v e d d at a,
b ot h b ef or e a n d aft er a p pl yi n g t h e 2 γ c o n diti o n al c o n-
str ai nt. T h e 2 γ c o n str ai nt r e d u c e s t h e t ot al b a c k gr o u n d
p r e di cti o n, c o n si st e ntl y wit h t h e d at a t o M C si m ul ati o n
r ati o o b s er v e d i n t h e 2 γ e v e nt s a m pl e s.

T h e b e st- fit v al u e f or x ∆ o bt ai n e d fr o m t h e fit i s 0,
wit h a χ 2

b f of 5. 5 3 f or 1 5 d e gr e e s of fr e e d o m ( d o f ). T hi s
m e a s ur e m e nt i s i n a gr e e m e nt wit h t h e n o mi n al N C ∆ →
N γ r at e ( c orr e s p o n di n g t o B e ff ( ∆ → N γ ) = 0 .6 % a n d
x ∆ = 1) wit hi n 1 σ ( 6 7. 8 % C L) wit h a χ 2 of 6. 4 7 f or 1 6
d o f . T h e Fel d m a n- C o u si n s c al c ul at e d c o n fi d e n c e li mit
l e a d s t o a o n e- si d e d b o u n d o n t h e n or m ali z ati o n of N C
∆ → N γ e v e nt s of x ∆ < 2 .3 ( 9 0 % C L), c orr e s p o n di n g t o
B e ff ( ∆ → N γ ) < 1 .3 8 % ( 9 0 % C L). T hi s i s s u m m ari z e d
i n Fi g. 4.

T hi s r e s ult r e pr e s e nt s t h e m o st stri n g e nt li mit o n
n e utri n o-i n d u c e d N C ∆ → N γ o n a n y n u cl e ar t ar-
g et [ 6, 7], a n d a si g ni fi c a nt i m pr o v e m e nt o v er pr e vi o u s
s e ar c h e s, i n p arti c ul ar i n t h e n e utri n o e n er g y r a n g e b e-
l o w 1 G e V. U n d e r a t w o- h y p ot h e si s t e st, t h e d at a r ul e s
o ut t h e i nt er pr et ati o n of t h e Mi ni B o o N E a n o m al o u s e x-
c e s s [ 2 7] a s a f a ct or of 3. 1 8 e n h a n c e m e nt t o t h e r at e of
∆ → N γ , i n f a v or of t h e n o mi n al pr e di cti o n at 9 4.8 % C L
( 1. 9 σ ). W hil e t hi s i s a m o d el- d e p e n d e nt t e st of t h e Mi ni-
B o o N E L E E, a n d d o e s n ot a p pl y u ni v e r s all y t o all ot h e r
p h ot o n-li k e i nt er pr et ati o n s, it pr o vi d e s a n i m p ort a nt c o n-
str ai nt o n t hi s pr o c e s s a n d a fir st dir e ct t e st of t h e Mi ni-
B o o N E L E E, a n d o p e n s t h e d o or t o f urt h er s e ar c h e s t h at
f o c u s o n a br o a d er r a n g e of m o d el s. T h o s e i n cl u d e c o-
h er e nt si n gl e- p h ot o n pr o d u cti o n [ 5], of w hi c h a n o m al o u s
c o ntri b uti o n s c o ul d gi v e ri s e t o a d diti o n al e v e nt s, a s w ell
a s m or e e x oti c b e y o n d- S M pr o c e s s e s t h at m a nif e st a s
si n gl e- p h ot o n e v e nt s, s u c h a s c o-li n e ar e + e − p air s fr o m
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FI G. 3. T h e o b s e r v e d e v e nt r a t e s f o r t h e ( a ) 1 γ 1 p a n d ( b )
1 γ 0 p e v e nt s a m pl e s, a n d c o m p a ri s o n s t o u n c o n s t r ai n e d (l ef t )
a n d c o n s t r ai n e d ( ri g ht ) b a c k g r o u n d a n d L E E m o d el p r e di c-
ti o n s. T h e e v e nt r a t e s a r e t h e s u m of all e v e nt s wi t h r e c o n-
s t r u c t e d s h o w e r e n e r g y b e t w e e n 0- 6 0 0 M e V a n d 1 0 0- 7 0 0 M e V
f o r ( a ) a n d ( b ), r e s p e c ti v el y. T h e o n e- bi n b a c k g r o u n d o nl y
c o n di ti o n all y c o n s t r ai n e d χ 2 i s 0. 6 3 a n d 0. 1 8 f o r 1γ 1 p a n d
1 γ 0 p r e s p e c ti v el y.

Z [ 2 8, 2 9] or s c al ar [ 3 0] d e c a y s, a m o n g ot h er s. F oll o w- u p
Mi cr o B o o N E a n al y s e s will e x pli citl y t ar g et t h e s e alt er-
n ati v e h y p ot h e s e s, a s w ell a s m o d el-i n d e p e n d e nt si n gl e-
p h ot o n s e ar c h e s.

T hi s d o c u m e nt w a s pr e p ar e d b y t h e Mi cr o B o o N E c ol-
l a b or ati o n u si n g t h e r e s o ur c e s of t h e Fer mi N ati o n al A c-
c el er at or L a b or at or y ( Fer mil a b), a U. S. D e p art m e nt of
E n er g y, O ffi c e of S ci e n c e, H E P U s er F a cilit y. Fer mil a b i s
m a n a g e d b y Fer mi R e s e ar c h Alli a n c e, L L C ( F R A), a ct-
i n g u n d er C o ntr a ct N o. D E- A C 0 2- 0 7 C H 1 1 3 5 9. Mi cr o-
B o o N E i s s u p p ort e d b y t h e f oll o wi n g: t h e U. S. D e p art-
m e nt of E n er g y, O ffi c e of S ci e n c e, O ffi c e s of Hi g h E n-
er g y P h y si c s a n d N u cl e ar P h y si c s; t h e U. S. N ati o n al S ci-
e n c e F o u n d ati o n; t h e S wi s s N ati o n al S ci e n c e F o u n d ati o n;
t h e S ci e n c e a n d Te c h n ol o g y F a ciliti e s C o u n cil ( S T F C),
p art of t h e U nit e d Ki n g d o m R e s e ar c h a n d I n n o v ati o n;
t h e R o y al S o ci et y ( U nit e d Ki n g d o m); a n d T h e E ur o p e a n
U ni o n’ s H ori z o n 2 0 2 0 M ari e S k l o d o w s k a- C uri e A cti o n s.
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FI G. 4. T h e e x t r a c t e d 9 0 % C L o n t h e e ff e c ti v e b r a n c hi n g
f r a c ti o n of n e u t ri n o-i n d u c e d N C ∆ → N γ . T h e g r a y s h a d e d
hi s t o g r a m s h o w s t h e di s t ri b u ti o n of W , t h e r e s o n a n c e i n v a ri-
a nt m a s s, f o r all si m ul a t e d N C ∆ → N γ . At l o w W , w h e n
t h e ∆ i s f u r t h e r o ff- s h ell, t h e d o mi n a nt d e c a y ∆ → N π 0 b e-
c o m e s s u p p r e s s e d d u e t o p h a s e s p a c e e ff e c t s a r o u n d t h e N π 0

t h r e s h ol d, l e a di n g t o a n i n c r e a s e d e ff e c ti v e b r a n c hi n g f r a c ti o n
t o N γ . T hi s i s m o d el e d i n g e ni e vi a t h e W - d e p e n d e n c e a s
s h o w n b y t h e bl u e c u r v e.

A d diti o n al s u p p ort f or t h e l a s er c ali br ati o n s y st e m a n d
c o s mi c r a y t a g g er w a s pr o vi d e d b y t h e Al b ert Ei n st ei n
C e nt er f or F u n d a m e nt al P h y si c s, B er n, S wit z erl a n d.
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