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A NEWTrino?
A chameleon (w/ the ability to change “flavor”)?
A lizard of some kind shaped like the Greek letter ν?
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Nature’s neutrinos

Physics Today



• First, what do you want to measure?


• DeltaCP, mass hierarchy, other 3-nu mixing parameters, sterile neutrinos, 
other exotic mixing, non-standard interactions, neutrino decay, weak mixing 
angle, cross sections and nuclear physics, Majorana or Dirac, tau neutrinos, 
absolute neutrino mass, lepton universality, Lorentz violation, supplemental 
measurements for astrophysics, something no one’s thought of…

As far as artificial neutrino sources, the source is a means 
to an end
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FIGURE 2. Neutrino appearance probability Pµe for L =
1300km for the oscillation parameter values from Ref. [4]. The
curves for vacuum (Vac), normal ordering (NO), and inverted
ordering (IO) are shown.
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FIGURE 3. Neutrino appearance probability Peµ for L =
11810km for the oscillation parameter values from Ref. [4].
The curves for normal ordering (NO) and inverted ordering
(IO) are shown.

tion cos2θ = Â can be recast into a condition for energy
from Eq. (11):

Eres [GeV] ∼ 13200 cos2θ ∆m2 [eV2]
ρ [g/cm3]

. (12)

For ρ = 4.7g/cm3, which is the density in the mantle
for a core-crossing baseline, one obtains Eres " 6.4GeV,
whereas for ρ = 10.8g/cm3, which is the density in the
outer core, one has Eres " 2.8GeV. The oscillation prob-
ability for such a core-crossing baseline is shown for NO
and IO in Fig. 3. Here the matter effect is huge, and mix-
ing it up with δCP will not be a problem anymore; the
mass ordering can be easily identified. For the NO, the
peaks corresponding to the mantle (6 GeV) and core (3
GeV) energies can be clearly seen. However, the overall
transition probability is extremely large compared to the
vacuum estimate, which comes from a “parametric en-

hancement” because the oscillation length coincides with
the structural length of the mantle-core-mantle profile of
the Earth [20, 21, 22, 23]. Another effect is interference
between mantle and core effects, leading to additional
wiggles in Fig. 3. While the effect in Fig. 3 is a clean sig-
nal from the physics perspective, the only feasible setup
may be the detection of atmospheric neutrinos over long
baselines — for which directional and energy resolution
can spoil this clear picture.

An alternative way to measure the mass ordering com-
pared to the matter effect is observing neutrino disap-
pearance over many oscillation maxima. This method
works for both electron and muon neutrino disappear-
ance, even in vacuum, and even for θ13 = 0. The idea is
illustrated in Fig. 4 for electron antineutrino disappear-
ance at a baseline L = 53km, where also the number of
the oscillation maximum nosc is given. In the left panel,
∆m2

31 →−∆m2
31 has been flipped for the normal and in-

verted orderings, which produces a visible effect even for
small nosc. However, this effect is unphysical; it is an arti-
fact of the ∆m2

21-effect on the definition ∆m2
31 ≡m2

3−m2
1.

In fact, the measured ∆m2
31 depends on the oscillation

channel, and the difference between the electron and
muon neutrino disappearance channels can be quantified
as [24, 25]

|∆m2
eff|e − |∆m2

eff|µ = (13)

±∆m2
21(cos2θ12 − cosδCP sinθ13 sin2θ12 tanθ23) .

Correcting for this difference, one obtains the middle
panel in Fig. 4, and the probabilities for nosc ∼ 8 match
exactly. The right panel in Fig. 4 shows a zoom-in of the
middle panel. Around nosc " 17 − 18, where a reactor
neutrino spectrum roughly peaks, the two curves can
be distinguished is the energy resolution is better than
about 3%

√
E/MeV, as it can be directly read off from

this figure. Obviously, achieving the necessary energy
resolution is a clear challenge for this approach.

TECHNOLOGICAL APPROACHES TO
MEASURE THE MASS ORDERING

Before I discuss future experiments to directly measure
the mass ordering, it is interesting to see how far one
could get with existing equipment. The main sensitivity
to the mass ordering in the near future will come from the
NOνA experiment, which is improved by the combina-
tion with reactor data especially from Daya Bay. A quan-
titative investigation of the mass ordering determination
has been performed in Ref. [26], based on these experi-
ments (and including T2K and Double Chooz). The main
complication of this analysis is that the mass ordering po-
tential of the beam experiments depends on the true value
of δCP because of the above mentioned degeneracy. The
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Neutrino oscillations after traveling 1300 km
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• Use a “free” source.


• Use a source that you understand.


• Use a pure source.


• Use an intense source.


• Use a source with a favorable energy for what you want to measure.


• Use a timed source of neutrinos.


• Use a source that has a favorable detection cross section.


• Use a source that has a favorable interaction signature.


• Use a compact source.


• Use a source that doesn’t evolve in time.


• Use a source that you can get close to.

Whenever possible…
6



Reactor neutrinos
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4.2 Current Knowledge of Reactor Neutrino Fluxes 21

Figure 13: Map of planned, current, and recently completed reactor antineutrino experiments relying on
the IBD or CE‹NS detection channels. The text color indicates experimental status, while the arrow color
indicates the interaction channel used by the experiment. Only completed experiments taking data after
2010 are included. Image from Ref. [95].

input provided in Ref. [95].637

4.2 Current Knowledge of Reactor Neutrino Fluxes638

4.2.1 Models639

As mentioned in the previous section, each fission isotope produces a di�erent ‹̄e spectrum through640

its fission and the subsequent beta decay of the products. In order to predict the total (aggregate)641

antineutrino flux and energy spectrum, the isotopic spectra must be combined using the knowledge of642

the reactor’s power and fuel composition at any one time. The normalization of each spectrum requires643

knowledge of the isotopic yield per fission, which is a measure of the total number of antineutrinos644

emitted per fission of a given isotope. As a reactor evolves along its fuel cycle, so do the fission645

fractions and consequently the total spectrum and flux.646

There currently exist two complementary methods for modeling the isotopic reactor antineutrino647

yields and spectra. The first one is the ‘summation’ or ‘ab-initio’ method. As the name suggests,648

here the antineutrino spectrum is calculated from the bottom up by using tabulated information on649

cumulative fission yields and beta decays for each fission product, a process that requires summing650

over ≥1000 isotopes and thousands of beta branches. The fission yields are normally extracted from651

nuclear databases such as ENDF [99] and JEFF [100], while data or theoretical predictions of beta652

decay spectra are available from ENSDF databases [101]. Unfortunately, the beta decay information653

available is often inaccurate, incomplete, or entirely missing [102]. This, compounded with the fact654

that tabulations did not account for correlations in fission yield and decay uncertainties between655

isotopes and branches [95], means that it is extremely di�cult to estimate a reliable uncertainty for656

this method. The inclusion of improved beta decay data collected using total absorption gamma-657

ray spectroscopy (TAGS) [103–111], as well as recent e�orts to estimate the correlations between658

independent and cumulative fission yields [112], holds the promise of better understood summation659

NF09 Topical Group Report Snowmass 2021

Reactor experiments around the world
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In a disappearance experiment, we look for a deficit of antineutrinos 
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A. A. SONZOGNI, M. NINO, AND E. A. MCCUTCHAN PHYSICAL REVIEW C 98, 014323 (2018)

FIG. 5. (a) Calculated Daya Bay IBD antineutrino spectra from
all the fission products (solid red line); the 95Y, 98,101Nb, and 102Tc
contribution (dotted black line); and the difference (dashed blue line).
(b) Corresponding ratio of two adjacent points with a 0.25-MeV
binning.

While the summation χ2/point in Fig. 4 is only marginally
smaller than Huber-Mueller’s, 2.0 vs 2.4 for the whole energy
range and 4.2 vs 6.3 in the 4.1 to 5.6 MeV region, the
summation calculation shape is remarkably more similar to the
experimental one. This demonstrates the necessity to improve
the summation method, which, despite being less precise than
the conversion method due to deficiencies in fission yield and
decay data [33], is absolutely needed to fully understand the
features of a reactor antineutrino spectrum.

The next question is if can we attribute the 4.5-MeV peak-
like feature to individual nuclei. To answer this, we searched
for the most relevant individual IBD spectra with largeR values
around 4–5 MeV. We find that the feature at 4.5 MeV is caused
by just four nuclides, 95Y, 98,101Nb, and 102Tc, having in com-
mon large cumulative fission yields and antineutrino spectra
dominated by strong transitions with endpoint energies near
4.5 MeV. The reason why only four nuclides are responsible
for this effect is mainly due to the double-humped nature of the
independent fission yield distributions, resulting in a relatively
small number of nuclides with significant effective cumulative
fission yields, CFYeff,i =

∑
fkCFYki . For instance, for the

Daya Bay fission fractions, the largest effective CFY for
products contributing to the IBD spectrum is that of 134I with
CFYeff,i = 0.073. While the number of nuclides with effective
CFYs larger than 0.01 is about 115, it drops to about 30 for
effective CFYs larger than 0.05. This number is further reduced
when we require these nuclides to have large values of Iki with
endpoint energies in the 4 to 5 MeV region. Figure 5(a) shows
the total IBD spectrum, the one generated by the four nuclides
in question, and the difference. These four nuclides account for
about 6% of the total IBD antineutrino yield and about 9.6%
of the IBD antineutrino yield in the 1.8 to 4.5 MeV region.

FIG. 6. Calculated Daya Bay IBD antineutrino spectra from all
the fission products, highlighting the 95Y, 98,101Nb, and 102Tc ones.

Figure 5(b) shows a plot of Ri values with a 0.25-MeV binning
with and without the contribution of 95Y, 98,101Nb, and 102Tc,
which clearly shows that the feature at 4.5 MeV is basically
caused by these four nuclides.

As prior works have investigated the need for reliable
decay and fission yield data [29,33,34] to accurately calculate
antineutrino spectra, we now assess the quality of the 95Y,
98,101Nb, and 102Tc data to determine if the 4.5-MeV structure
in the summation calculations is a solid prediction. The effec-
tive JEFF CFYs for these nuclides, with the relative uncertainty
in parentheses are 0.058 (0.9%), 0.057 (3.4%), 0.054 (1.9%),
and 0.050 (3.7%), respectively. The ENDF/B-VII.1 effective
cumulative fission yields are similar, within 2% from the JEFF
values, with the exception of 102Tc, whose independent fission
yield is considerably smaller than its cumulative as it is mainly
produced in the decay of 102Mo. When the ENDF/B yields
were obtained, it was assumed that the isomer would take
most of the β-decay intensity, which as we know today it
is not the case. When this correction is applied, both values
of cumulative fission yields agree very well. In terms of the
decay data for these four nuclides, the β-intensity pattern
is dominated by a strong ground state (GS) to ground state
transition with endpoint energies near 4.5 MeV. In more detail,
GS to GS transitions’ intensities and Q values are 64 ± 1.7%
and 4.45 MeV for 95Y [35], 57 ± 7% and 4.59 MeV for
98Nb [36], 40 ± 13% and 4.55 MeV for 101Nb [37], and
92.9 ± 0.6% and 4.53 MeV for 102Tc [38,39]. We conclude
that the nuclear data for these four nuclides are fairly reliable
due to the relative closeness to the valley of stability.

Further insights can be obtained by studying Fig. 6, where
the IBD antineutrino spectra for all fission products are plotted,
highlighting the 95Y, 98,101Nb, and 102Tc spectra. Due to
the similar endpoint energies, their sum spectrum effectively
looks like that of a single strongly produced fission product.
For comparison, the three largest spectra are labeled, which
contribute 6.7% (92Rb), 5.3% (96Y), and 4.1% (100Nb) to the
total IBD antineutrino yield. Despite their sizable contribution,
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experimental one. This demonstrates the necessity to improve
the summation method, which, despite being less precise than
the conversion method due to deficiencies in fission yield and
decay data [33], is absolutely needed to fully understand the
features of a reactor antineutrino spectrum.

The next question is if can we attribute the 4.5-MeV peak-
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for the most relevant individual IBD spectra with largeR values
around 4–5 MeV. We find that the feature at 4.5 MeV is caused
by just four nuclides, 95Y, 98,101Nb, and 102Tc, having in com-
mon large cumulative fission yields and antineutrino spectra
dominated by strong transitions with endpoint energies near
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for this effect is mainly due to the double-humped nature of the
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products contributing to the IBD spectrum is that of 134I with
CFYeff,i = 0.073. While the number of nuclides with effective
CFYs larger than 0.01 is about 115, it drops to about 30 for
effective CFYs larger than 0.05. This number is further reduced
when we require these nuclides to have large values of Iki with
endpoint energies in the 4 to 5 MeV region. Figure 5(a) shows
the total IBD spectrum, the one generated by the four nuclides
in question, and the difference. These four nuclides account for
about 6% of the total IBD antineutrino yield and about 9.6%
of the IBD antineutrino yield in the 1.8 to 4.5 MeV region.

FIG. 6. Calculated Daya Bay IBD antineutrino spectra from all
the fission products, highlighting the 95Y, 98,101Nb, and 102Tc ones.

Figure 5(b) shows a plot of Ri values with a 0.25-MeV binning
with and without the contribution of 95Y, 98,101Nb, and 102Tc,
which clearly shows that the feature at 4.5 MeV is basically
caused by these four nuclides.

As prior works have investigated the need for reliable
decay and fission yield data [29,33,34] to accurately calculate
antineutrino spectra, we now assess the quality of the 95Y,
98,101Nb, and 102Tc data to determine if the 4.5-MeV structure
in the summation calculations is a solid prediction. The effec-
tive JEFF CFYs for these nuclides, with the relative uncertainty
in parentheses are 0.058 (0.9%), 0.057 (3.4%), 0.054 (1.9%),
and 0.050 (3.7%), respectively. The ENDF/B-VII.1 effective
cumulative fission yields are similar, within 2% from the JEFF
values, with the exception of 102Tc, whose independent fission
yield is considerably smaller than its cumulative as it is mainly
produced in the decay of 102Mo. When the ENDF/B yields
were obtained, it was assumed that the isomer would take
most of the β-decay intensity, which as we know today it
is not the case. When this correction is applied, both values
of cumulative fission yields agree very well. In terms of the
decay data for these four nuclides, the β-intensity pattern
is dominated by a strong ground state (GS) to ground state
transition with endpoint energies near 4.5 MeV. In more detail,
GS to GS transitions’ intensities and Q values are 64 ± 1.7%
and 4.45 MeV for 95Y [35], 57 ± 7% and 4.59 MeV for
98Nb [36], 40 ± 13% and 4.55 MeV for 101Nb [37], and
92.9 ± 0.6% and 4.53 MeV for 102Tc [38,39]. We conclude
that the nuclear data for these four nuclides are fairly reliable
due to the relative closeness to the valley of stability.

Further insights can be obtained by studying Fig. 6, where
the IBD antineutrino spectra for all fission products are plotted,
highlighting the 95Y, 98,101Nb, and 102Tc spectra. Due to
the similar endpoint energies, their sum spectrum effectively
looks like that of a single strongly produced fission product.
For comparison, the three largest spectra are labeled, which
contribute 6.7% (92Rb), 5.3% (96Y), and 4.1% (100Nb) to the
total IBD antineutrino yield. Despite their sizable contribution,
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Expected Daya Bay (LEU) antineutrino spectra

~1000 different beta-decaying isotopes contribute to the reactor electron antineutrino flux!
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FIG. 1. (Color online) Calculated electron spectra (solid blue [gray] line) following the thermal fission of (a) 235U, (b) 239Pu, and (c) 241Pu
and (d) the fast fission of 238U compared with the high-resolution data from ILL [25] as well as the recently published data for 238U [26]
(black squares). The thin gray lines indicate the individual β spectrum from each fission fragment, Ii(Eν), and thick lines highlight the 20 most
important individual contributors at 5.5 MeV.

The beauty of the summation method is that the individual
effects of each of the 800 or so different fission fragments
on the overall antineutrino spectrum can be investigated. We
exploit this in Fig. 1, decomposing the total β− spectrum into
the individual β spectra for each fission fragment. The thin
gray lines indicate the individual β spectrum from each fission
fragment, Ii(Eν), while the thick lines highlight the 20 most
important individual contributors at 5.5 MeV. Also included in
Fig. 1 are the experimentally measured total β spectra (black
squares) [25,26] compared with the summed spectra from the
present work (solid blue [gray] line). What is remarkable is
that, given the complexity of the overall calculation and the

vast number of nuclides contributing, at the higher energies
only a handful of nuclei significantly influence the spectrum.
Particularly in the case of 235U and 238U, two nuclei stand out
predominately at high energies, 92Rb and 96Y. This is due to
a combination of a large cumulative fission yield, a large β−

Q value and a large ground-state to ground-state β-feeding
intensity. These properties are listed in Table I. For 239Pu
and 241Pu, the contributions from 92Rb and 96Y are reduced
somewhat due to their smaller cumulative fission yield.

Given the significance of 92Rb and 96Y to the antineutrino
spectrum calculations, we investigate further the quality and
reliability of their decay data. Both mainly undergo first

TABLE I. β-decay Q value, ground-state to ground-state branching ratio, and cumulative fission yields for 92Rb and 96Y.

Nuclide Qβ (MeV) Branching ratio (%) 235U CFY (thermal) 238U CFY (fast) 239Pu CFY (thermal) 241Pu CFY (thermal)

92Rb 8.095 95.2 ± 0.7 0.048 0.042 0.020 0.019
96Y 7.103 95.5 ± 0.5 0.047 0.053 0.029 0.032
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FIG. 1. (Color online) Calculated electron spectra (solid blue [gray] line) following the thermal fission of (a) 235U, (b) 239Pu, and (c) 241Pu
and (d) the fast fission of 238U compared with the high-resolution data from ILL [25] as well as the recently published data for 238U [26]
(black squares). The thin gray lines indicate the individual β spectrum from each fission fragment, Ii(Eν), and thick lines highlight the 20 most
important individual contributors at 5.5 MeV.

The beauty of the summation method is that the individual
effects of each of the 800 or so different fission fragments
on the overall antineutrino spectrum can be investigated. We
exploit this in Fig. 1, decomposing the total β− spectrum into
the individual β spectra for each fission fragment. The thin
gray lines indicate the individual β spectrum from each fission
fragment, Ii(Eν), while the thick lines highlight the 20 most
important individual contributors at 5.5 MeV. Also included in
Fig. 1 are the experimentally measured total β spectra (black
squares) [25,26] compared with the summed spectra from the
present work (solid blue [gray] line). What is remarkable is
that, given the complexity of the overall calculation and the

vast number of nuclides contributing, at the higher energies
only a handful of nuclei significantly influence the spectrum.
Particularly in the case of 235U and 238U, two nuclei stand out
predominately at high energies, 92Rb and 96Y. This is due to
a combination of a large cumulative fission yield, a large β−

Q value and a large ground-state to ground-state β-feeding
intensity. These properties are listed in Table I. For 239Pu
and 241Pu, the contributions from 92Rb and 96Y are reduced
somewhat due to their smaller cumulative fission yield.

Given the significance of 92Rb and 96Y to the antineutrino
spectrum calculations, we investigate further the quality and
reliability of their decay data. Both mainly undergo first

TABLE I. β-decay Q value, ground-state to ground-state branching ratio, and cumulative fission yields for 92Rb and 96Y.

Nuclide Qβ (MeV) Branching ratio (%) 235U CFY (thermal) 238U CFY (fast) 239Pu CFY (thermal) 241Pu CFY (thermal)

92Rb 8.095 95.2 ± 0.7 0.048 0.042 0.020 0.019
96Y 7.103 95.5 ± 0.5 0.047 0.053 0.029 0.032
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The energy released per fission (ei) is defined as the
amount of energy from a fission event that transforms
into heat over a finite time interval [48], which has a
slight dependence on the reactor burning history. They
were calculated by considering the neutron captures in
the reactor and decays of long-lived fission daughters, us-
ing typical PWR reactor parameters [48]. The improved
calculation of the energy released per fission [49] used in
this analysis includes using updated nuclear databases,
considering the production yields of fission fragments
from both thermal and fast incident neutrons, and an
updated calculation of the average energy taken away by
antineutrinos. This new calculation gives slightly larger
values of ei with smaller uncertainties than in [48], re-
sulting in a 0.32% decrease of the calculated antineutrino
flux. The values of ei and their uncertainties are listed
in Table 3.

Table 3. Energy released per fission for the four
main isotopes and their uncertainties. [49]

Isotope Energy per Fission (MeV)
235U 202.36 ± 0.26
238U 205.99 ± 0.52
239Pu 211.12 ± 0.34
241Pu 214.26 ± 0.33

In the Daya Bay experiment, the electron antineutri-
nos are detected via the inverse beta decay (IBD) reac-
tion: ⌫̄e+p! e++n. The expected antineutrino spectrum
weighted by the IBD cross section in the detector d from
reactor r is calculated by

Sdr(E⌫)=
1

4⇡L2

dr

d�(E⌫)

dE⌫

✏dNd

p
�(E⌫), (5)

where Ldr is the distance from reactor r to detector d,
✏d is the IBD selection e�ciency, Nd

p
is the number of

target protons, and �(E⌫) is the inverse beta decay cross
section calculated using the formalism in [50], with the
updated neutron lifetime of 880.3±1.1 s taken from PDG
2014 [2]. The uncertainty of the cross section is domi-
nated by the uncertainty of neutron lifetime. The total
reactor antineutrino spectra for a detector d is the sum
of antineutrino spectra from all reactors:

Sd(E⌫)=
X

r

Sdr(E⌫) . (6)

As an example, the expected total antineutrino spectrum
at the near site ADs is shown in Fig. 5.

Antineutrino Energy (MeV)
2 4 6 8 10 12

se
e 

an
no

ta
tio

ns

0

0.5

1

1.5

2

2.5

3

3.5

4 )
-4

2
 1

0
× 2

C
ro

ss
 s

ec
tio

n 
(c

m

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

/MeV)5 in near site ADs (10eν(c) Expected 

 )-42 10× 2(b) IBD cross section (cm

 spectra (1/fission/MeV)eν(a) Isotope 

(c)

(a)

(b)
U238

U235

Pu241 

Pu239

Fig. 5. (a) The antineutrino spectra for four iso-
topes in Huber+Mueller model.(b) The inverse
beta decay (IBD) cross section. (c) The expected
antineutrino spectrum weighted by the IBD cross
section without oscillation in the near site ADs.
The error bars are systematic only (see text for
details).

2.6 Non-equilibrium E↵ect and Spent Nuclear
Fuel Correction

In the ILL measurements, fissile samples were ex-
posed to the thermal neutron flux for only 1–2 days.
The rate of beta decays from some long-lived fission frag-
ments did not reach equilibrium with their production
rates. When using converted antineutrino spectra from
the ILL measurements, this non-equilibrium e↵ect needs
to be corrected, since the long-lived fission fragments ac-
cumulate in the reactor core and their beta decays con-
tribute to the total antineutrino flux.

After burning in the core, the nuclear fuel is removed
from the reactor and stored as spent nuclear fuel (SNF)
in a cooling pool near the reactor core. The long-lived
isotopes in the SNF will decay and act as another source
of antineutrinos.

The total neutrino spectrum is then modified:

S⌫ =SILL+Sneq+SSNF (7)

where SILL is the expected antineutrino spectrum with
ILL measurement-based models, Sneq is the contribution
from the non-equilibrium e↵ect and SSNF is the contri-
bution from the spent fuel.

The non-equilibrium correction is a function of an-
tineutrino energy, the burn-up and irradiation history of
nuclear fuel [24]. Taking into account the information of
the refueling history of reactors provided by the China
General Nuclear Power Corporation, the cumulative con-
tribution of the non-equilibrium e↵ect at Daya Bay and
Ling Ao reactors was calculated. On average, the e↵ect

010201-8
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B. Reactor Fuel

Commercial nuclear power stations use conventional nuclear fuel comprised of a mixture of U and Pu
isotopes while some research facilities operate with highly-enriched uranium (HEU). The four isotopes 235U,
238U, 239Pu, and 241Pu produce >99.9% of all ⌫eproduced in a reactor. In HEU cores nearly all fissions are
accounted for by 235U. Table III gives the main fission isotopes in the two reactor fuels and their relative
contributions to the total fission rate.

Fuel Isotope
Time-Averaged Fission Fraction

Conventional Fuel HEU fuel
235U 0.59 >0.99
238U 0.07 <0.01
239Pu 0.29 <0.01
241Pu 0.05 <0.01

TABLE III: Approximate time-averaged fuel compositions for various reactor cores. Fractions for conventional [17]
and HEU reactors [41], respectively.

The ⌫e spectrum and rate per fission is di↵erent for each of these isotopes [42] and the flux and spectrum of
reactor ⌫e are the sum for all isotopes in the reactor core. The time-averaged detected ⌫e spectra from HEU
and conventional fuels are compared in Figure 5. The integrated flux di↵ers by roughly 8%, and the time-
averaged spectral di↵erences are 10% or less. The time evolution of the isotopic fuel composition creates
a time-dependent spectral shape. For the spectral range shown in Figure 5 the typical fission fractions
for the average fuel were evaluated and compared to the upper and lower fractions at the beginning and
end of fuel cycle [17]. Using the spectral shapes from [42] together with the isotope fraction the combined
spectrum can be calculated. When convoluted with the standard IBD cross section we obtain the detected ⌫e
spectrum. The di↵erences in the energy spectrum only have a small impact on the experiment’s sensitivity
to short-baseline neutrino oscillation as shown in Figure 6.
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FIG. 5: Left: Detected reactor ⌫e spectra from conventional commercial reactor and HEU reactor fuel (top panel),
and their spectral di↵erences (bottom panel). The band indicates the change in the spectral shape over one fuel
cycle. Right: Fractional change in spectrum over one fuel cycle for conventional and HEU reactors.

In addition to di↵erences in the integrated flux and spectral shape, the uncertainties spectral shape vary
between the dominate fission isotopes. These arise from a combination of the statistical and measurement
uncertainties of fission isotope beta spectra [22] and uncertainties in the conversion of electron spectra
to corresponding ⌫e spectra [3, 43, 44]. Spectral uncertainties for 235U range from 1.8-3.2% in the range
from 2-6MeV, while for 239Pu they increase to 1.9%-5.7% and 2.5%-5.0% for 241Pu [45]. Because of these

Figure 1-8: The fission fraction evolution for a typical running cycle of one Daya Bay reactor [45].

interesting tool as a safeguard against undeclared and/or independent verification of the declared
reactor power and fissile inventory. The e↵ort of developing such a monitoring tool promoted by
the International Atomic Energy Agency (IAEA) is ongoing across the globe. TAO is an ideal
detector to greatly contribute to this e↵ort.

More than 99.7% of antineutrinos from a typical nuclear reactor come from decays of fission
daughters of four major isotopes: 235U, 238U, 239Pu and 241Pu. The number of emitted neutrinos
is in the first approximation proportional to the reactor power and enables the real time reactor
power monitoring. However, in more detail, antineutrino flux and energy spectrum change with
nuclear fuel composition evolution as 235U in the reactor fuel is consumed and 239Pu and 241Pu are
produced during the operation of a commercial reactor. Figure 1-8 shows an example of evolution
of the fission fractions, relative contributions of each isotope to the total number of fissions, for
the four major isotopes during a running cycle of one Daya Bay reactor [45]. The cycle between
nuclear fuel replacement is usually few months long.

Naturally breed plutonium could be nonetheless subject of interest for military purposes,
namely building nuclear weapons. To prevent such a proliferation, IAEA representatives would
like to monitor the reactors operation and the fissile inventory. However, checks and sharing the
operation information is not always available or inspections might not be infallible since it is not
performed constantly. Neutrino detectors could provide such a missing information or indepen-
dently verify their truthfulness, from reactor operation activity on daily bases, see e.g. [43, 44] to
the fissile inventory in case of undeclared refueling and/or fuel processing, see e.g. [46, 47].

The main aim of the safeguard is to determine the amount of plutonium produced in the reactor
and reveal its eventual removal by fuel reprocessing. This, as well as reactor monitoring in general,
can be done from the overall neutrino flux and/or antineutrino energy spectrum measurements.
Each of the four isotopes has a unique antineutrino yield and produces a unique energy spectrum.
The observed neutrino flux and spectrum are linear combinations of four isotopes with contributions
proportional to their fission fractions. The change of the fuel composition with burn-up leads to the
neutrino flux and spectrum evolution as it was demonstrated e.g. in [45]. Measuring these quantities
with suitable detectors will allow to monitor the reactor performance and determine the amount of
plutonium produced. The necessary input for such an analysis is of course knowing precisely the

28

PRL 118 251801 (2017)

PRD 87 073008 (2013)

15



LEU (e.g. Daya Bay) reactor flux evolves in time
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B. Reactor Fuel

Commercial nuclear power stations use conventional nuclear fuel comprised of a mixture of U and Pu
isotopes while some research facilities operate with highly-enriched uranium (HEU). The four isotopes 235U,
238U, 239Pu, and 241Pu produce >99.9% of all ⌫eproduced in a reactor. In HEU cores nearly all fissions are
accounted for by 235U. Table III gives the main fission isotopes in the two reactor fuels and their relative
contributions to the total fission rate.

Fuel Isotope
Time-Averaged Fission Fraction

Conventional Fuel HEU fuel
235U 0.59 >0.99
238U 0.07 <0.01
239Pu 0.29 <0.01
241Pu 0.05 <0.01

TABLE III: Approximate time-averaged fuel compositions for various reactor cores. Fractions for conventional [17]
and HEU reactors [41], respectively.

The ⌫e spectrum and rate per fission is di↵erent for each of these isotopes [42] and the flux and spectrum of
reactor ⌫e are the sum for all isotopes in the reactor core. The time-averaged detected ⌫e spectra from HEU
and conventional fuels are compared in Figure 5. The integrated flux di↵ers by roughly 8%, and the time-
averaged spectral di↵erences are 10% or less. The time evolution of the isotopic fuel composition creates
a time-dependent spectral shape. For the spectral range shown in Figure 5 the typical fission fractions
for the average fuel were evaluated and compared to the upper and lower fractions at the beginning and
end of fuel cycle [17]. Using the spectral shapes from [42] together with the isotope fraction the combined
spectrum can be calculated. When convoluted with the standard IBD cross section we obtain the detected ⌫e
spectrum. The di↵erences in the energy spectrum only have a small impact on the experiment’s sensitivity
to short-baseline neutrino oscillation as shown in Figure 6.
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FIG. 5: Left: Detected reactor ⌫e spectra from conventional commercial reactor and HEU reactor fuel (top panel),
and their spectral di↵erences (bottom panel). The band indicates the change in the spectral shape over one fuel
cycle. Right: Fractional change in spectrum over one fuel cycle for conventional and HEU reactors.

In addition to di↵erences in the integrated flux and spectral shape, the uncertainties spectral shape vary
between the dominate fission isotopes. These arise from a combination of the statistical and measurement
uncertainties of fission isotope beta spectra [22] and uncertainties in the conversion of electron spectra
to corresponding ⌫e spectra [3, 43, 44]. Spectral uncertainties for 235U range from 1.8-3.2% in the range
from 2-6MeV, while for 239Pu they increase to 1.9%-5.7% and 2.5%-5.0% for 241Pu [45]. Because of these
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LEU reactor sources have a dynamic electron antineutrino flux.

HEU reactor sources are static.
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How to figure out the flux?
• Summation method


• Spectrum computed from the “bottom up”, relying on cumulative fission 
yields and beta decays for each fission product (summing 1000s of isotopes 
and beta branches).


• But, tabulated information is sometimes inaccurate or missing. 
Correlations (e.g. between independent and cumulative fission yields) not 
taken into account. Uncertainties are often ignored.


• Conversion method


• Relies on measurements of integral spectra from 235U, 239Pu, and 241Pu (e.g. 
from ILL and KI research reactors). 


• Conversion of electron spectra to antineutrino spectra is possible, but 
requires some nuclear physics input (e.g. forbidden transitions and finite-
size effects). 


• Also, measurements do not include 238U (fission from fast-n only), which 
accounts for <10% of LEU flux.
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Reactor flux landscape

10

as well) isotopes in reactor cores. If that is the case, since
IsoDAR uses an 8Li-decay flux, IsoDAR@Yemilab will
not observe a 5 MeV bump signal. However, a 5 MeV
signal bump could be observed as fake IBD events in Iso-
DAR@Yemilab from enhancements associated with the
13C(⌫, ⌫

0
n)12C⇤ reaction in the liquid scintillator detec-

tor, based on either minimal or non-minimal new physics
scenarios, as suggested in Ref. [88]. IsoDAR@Yemilab
has an advantage to test this thanks to the high flux of
⌫e above 9.4 MeV required for this reaction (see Fig. 1).
In addition, it is interesting to note that the character-
istic shape of the low mass mediator induced IBD event
spectrum, shown in Fig. 10, is similar to the reactor bump
for some X masses. In any case, the IsoDAR result will
provide an important clue to the source of the reactor
bump.

FIG. 11. The ratio of data to predicted IBD rate for re-
actor experiments versus visible energy, showing the 5 MeV
excess. Top: for detectors located at HEU reactors; Bottom:
for detectors located at power reactors. These plots have been
updated from Ref. [56].

SENSITIVITY TO NEW PHYSICS VIA ⌫̄e � e�

SCATTERING

In addition to the bounty of IBD events described
in the previous section, the IsoDAR@Yemilab configu-
ration will provide about 6980 detected ES events with
Evis > 3 MeV in a 1.16 kton fiducial volume (6.0 m ra-
dius, 12 m height) with a 4 year livetime. Note that this
fiducial volume is smaller than the double-flash IBD anal-
ysis one described above, due to the single-flash nature
of ES events and correspondingly higher background.
The Evis > 3 MeV requirement is necessary to mitigate
rapidly rising radiogenic-induced gammas below this en-
ergy cuto↵. The event rate estimate includes a 32% de-
tection e�ciency above 3 MeV. Notably, this sample will
be significantly higher than the 2600 ES events expected
(Evis >3 MeV) in the IsoDAR@KamLAND configuration
studied in Ref. [8], driven by the larger fiducial volume
of the Yemilab detector.

In this section, we consider these ES signal events,
along with relevant backgrounds and systematic uncer-
tainties, in the context of both searching for new physics
via non-standard neutrino interactions (NSI) and mea-
suring the weak mixing angle under a “no NSI” as-
sumption. However, it is important to note that, be-
yond searching for NSI using ES, the study of the
single-electron signature can provide powerful tests of
new physics in other ways, which are not explored here
in detail (in favor of analyzing the singular measure-
ment/observable, of electron kinetic energy in ⌫̄e � e

�

scattering, in the context of the weak mixing angle
and NSI). For example, neutrino electromagnetic proper-
ties [89, 90] can distort the expected SM cross section as
well. If neutrinos have a large magnetic moment, as is the
case in some neutrino-mass-generation scenarios [91, 92],
they would produce observable signatures in experiments
measuring small electron recoils [93, 94].

This section derives largely from the highly analogous
study in Ref. [8], which details an ES measurement in
the IsoDAR@KamLAND configuration.

The SM’s ES di↵erential cross section is given by:
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(9)

where gR = 1
2 (gV � gA), gL = 1

2 (gV + gA), E⌫ is the
⌫̄e energy, T is the electron’s recoil kinetic energy, me is
the mass of the electron, and GF is the Fermi coupling
constant. The coupling constants are expressed at tree
level as:

gL =
1

2
+ sin2

✓W , gR = sin2
✓W . (10)

An ES measurement as a function of the outgoing elec-
tron’s energy can therefore provide a measurement of

55

Figure 13: The 95% C.L. (dark) and 99% C.L. (light) contours in r235–r239 plane for
integrated rate (red), fuel evolution (purple) and all reactor experiments (black), where
rX is the ratio of the flux predicted/measured for isotope X over its HM prediction.
The result from STEREO [133] is shown in green; the bands represent the 1s (dark)
and 2s (light) regions for one degree of freedom. The orange, blue and cyan ellipses
represent the expectations from the HM, EF and HKSS flux models, respectively; 1s (2s)
is shown in dark (light) shades. The brown bands represent the 1s (dark) and 2s (light)
determination of the 239Pu/235U ratio from the Kurchatov Institute [144, 145]. The black,
dashed line represents the line along which r235 = r239. The triangles represent the best-
fit values for the three fits, and the circles show the central values for the flux models.
Figure and caption adapted from Ref. [7].

fission beta measurements [144] indicates that ILL-measured beta spectrum inputs to the
conversion approach may be largely to blame for IBD yield data-model discrepancies.
Historical reactor decay heat measurements have also been recently investigated towards
this end [303].

Recent measurements of the antineutrino energy spectra at LEU and HEU reactors also
demonstrate discrepancies between data and predictions. As demonstrated in Figure 14,
there is most notably an excess of events observed at approximately 5 MeV which

HEU

LEU
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Negatives


• On the surface

• “Source off” is rare (commercial only)

• Source is evolving (LEU only)

• Extended source (commercial only)

• Sometimes can’t get close


Positives


• Very intense!

• IBD interaction channel


• High xsec

• Double coincidence


• Often “free”


Physics


• Short-baseline oscillations

• Exotic searches

• Sevens 

• Electroweak physics

• Nuclear physics


Reactor neutrinos
19

Also: nuclear non-proliferation



• Keep pushing on reactor flux modeling (especially with new beta spectra 
measurements); figure out the 5-7 MeV bump, figure out the normalization.


• Build a detector that is worthy of your reactor! Reactor experiments are often 
(surprise!) not stats-limited.


• Use a reactor to measure Sevens.


• Keep measuring nuebar-elastic scattering! Where have these experiments 
gone? (Worldwide, we’ve only collected ~1000 nuebar-electron elastic scatters)


• Sit back and watch JUNO-TAO and JUNO make some amazing measurements. 


• Extra credit: Build a reactor underground and couple it to an ultra-large free-
proton-based detector.


• Extra credit: Predict the size of the electron antineutrino wavepacket as it is 
created in a reactor (which can affect oscillation probability).

Reactor homework
20



Accelerator decay-at-rest neutrinos

21



Pion and muon decay-at-rest neutrinos

⇡+ ! µ+⌫µ
µ+ ! e+⌫e⌫µ

protons Target
(dump)

(⌫)
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Detector
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FIG. 3: Left: The muon neutrino and antineutrino flux with �0.25 < cos ✓z < �0.16, representative of the full detector length,
where ✓z is the neutrino angle with respect to the proton direction (+z). Right: The neutrino creation time relative to the two
beam pulses (dotted lines). This distribution includes neutrinos emitted over all solid angles and energies.
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FIG. 4: The ⌫µ charged current event rate, for neutrinos with
�0.25 < cos ✓z < �0.16, along with the employed ⌫µ CC
cross section. The monoenergetic 236 MeV neutrino signal
is clearly visible above the “background” non-monoenergetic
events, mainly coming from kaon decay-in-flight.

For each generated 236 MeV ⌫µ CC interaction on
carbon, NuWro provides the momentum of the outgo-
ing muon and any final state nucleons (typically a single
proton). Fig. 5 shows the kinetic energies of the resulting
KDAR signal muons along with the non-KDAR muons.
The ⌫µ CC cross section on carbon at 236 MeV according
to NuWro and employed for the event rate estimate here
is 1.3 ⇥ 10�39 cm2/neutron. This is consistent with the
Random Phase Approximation (RPA) model’s [49–51]
cross section prediction of (1.3+0.2)⇥10�39 cm2/neutron
(RPA QE+npnh). While NuWro is the only generator
we use to produce simulated events, we did compare the
kinematic distributions given by NuWro to that provided
by GENIE [52] and the Martini et al. RPA model [51],
which includes multi-nucleon e↵ects. The KDAR muon
kinetic energy prediction with three di↵erent generators
is shown in Fig. 6. Although the di↵erences among the
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KEp) for the signal 236 MeV ⌫µ charged current events

compared to all other ⌫µ. Only neutrinos with �0.25 <
cos ✓z < �0.16 are considered. The ratio of integrated sig-
nal (black) to background (red) is 66:1.

generator predictions are fairly substantial, the impact
on the detection e�ciency, which is loosely tied to muon
energy and event containment, is small. Using a di↵er-
ent model, we would expect the muon containment to
decrease but the muon identification to slightly increase.
Both e↵ects are small, and the combined e↵ect is even
smaller. We find that the di↵erence in the muon kine-
matic predictions among the models is not large enough
to significantly change the detector simulation and oscil-
lation sensitivity results.

Particle propagation through the detector is modeled
using the Geant4-based simulation package RAT [53].
The detector geometry input into the simulation is as de-
scribed in the previous section. The detector is assumed
to be on the surface and is surrounded by air only. Neu-
trino events in the detector are generated by first com-
piling a list of interactions using the energy distribution

K+ ! µ+⌫µ (branching ratio=64%)

E=236 MeV if kaon decays at rest

example: νμ flux at J-PARC spallation neutron facility

(Above  2-3 GeV primary proton energy)

Kaon decay-at-rest neutrinos
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Pion and kaon production

Nπ+

Np
=

1− e−nσπx

1− e−nσpx
≈

σπ

σp
(1)

where n is the number density of carbon atoms and x is
the thickness of the target. To obtain the righthand ap-
proximation, we Taylor expand around x over 1/(nσπ) and
1/(nσp), the interaction lengths of the two respective pro-
cesses, to second order. We can make this approximation
because the target thickness (5 mm) is much smaller than
the interaction length of either process (∼1 m).
In Fig. 3, the GEANT4 and MARS cross-section ratios

are obtained by dividing the simulation values in Fig. 2 by
the simulation values in Fig. 1. The “Ratio of Fits to Data”
is obtained by dividing the third order polynomial fit to the
experimental data in Fig. 2 by the GEANT4 model predic-
tion in Fig. 1.
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Figure 3: Plot of MARS and GEANT simulation results
and the ratio given by the two fits through the experimental
data.

CONCLUSION
Pion production calibration is crucial for ensuring ac-

curate simulation of the neutrino fluxes created by the
DAEδALUS sources. Calibrating for energies lower than
the initial proton energy is important for simulating the
pion production in thicker targets where more protons in-
teract but do so at lower than their initial energies.
From this study we find that MARS and GEANT4,

for the models presented, consistently agree on pion pro-
duction rates within 30% and that both codes compare
well to experimental data in the energy region of interest,
< 800MeV. The information from this study can be used
to reweight simulation data, such that simulated flux more
accurately reflects experimental data.
The neutrino flux predictions we make with these sim-

ulations will be used to decide on experimental param-
eters such as cyclotron power cycle and determine the

required running-time needed to achieve DAEδALUS’s
physics goals.

REFERENCES
[1] J Alonso et al., Expression of Interest for a Novel Search

for CP Violation in the Neutrino Sector: DAEdALUS,
arXiv:1006.0260v1 (2010).

[2] R.L. Burman et al., Nuc. Inst. and Methods A291 (1990) 621-
633.

[3] D. R. F. Cochran, et al., Phys. Rev. D 6 3085 (1972).
[4] J. F. Crawford, Phys. Rev. C 22 1184 (1980).

[5] S. Nagamiya, et al., Phys. Rev. C 24 971 (1981).
[6] N. V. Mokhov and C. C. James, ”The MARS

Code System User’s Guide Version 15” (2010).
http://www-ap.fnal.gov/MARS/

[7] K. K. Gudima, S. G.Mashnik, V. D. Toneev, Cascade-Exciton
Model of Nuclear Reactions, LANL
Nuclear Physics A401, 329-361 (1983).

[8] S. G. Mashnik, K. K. Gudima, A. J. Sierk, M. I. Baznat, N.
V. Mokhov, CEM03.01 User Manual, LANL
LA-UR-05-7321 (2005), http://www-rsicc.ornl.gov/codes/psr/psr5/psr-532.html

[9] GEANT4 - a toolkit for the simulation of the pas-
sage of particles through matter, version geant4.9.4.p03:
http://geant4.web.cern.ch/geant4/

[10] A. Heikkinen, “Implementing the Bertini Intra-Nuclear-
Cascade in the Geant4 Hadronic Framework”, The Monte
Carlo Method: Versatility Unbounded in a Dynamic Com-
puting World, Chattanooga, Tennessee, 2005.

[11] G.Folger, J.P.Wellisch, “The Binary Cascade”, CERN,
Geneva, Switzerland.

[12] A.Heikkinen, P. Kaitaniemi, A.Boudard, “Implementation
of INCL cascade and ABLA evaporation codes in GEANT4”,
Journal of Physics: Conference series 119 (2008) 032024.

[13] W. Scheinast and L. Naumann for the KaoS Collaboration,
IKH Annual Report (2002) 8-9.

[14] W. R. Falk, et al., Phys. Rev. C 33 988 (1986).

[15] N. J. DiGiacomo, et al., Phys. Rev. C 31 292 (1985).
[16] W. Bauhoff, ATOMIC DATA AND NUCLEAR DATA TA-

BLES 35,429-447 (1986).
[17] V. S. Barashenkov, et al., Fortschritte der Physik 17, 683-

725 (1969).

 (GeV)pT
0 2 4 6 8 10

 p
ro

to
n

3
 / 

10
p

 / 
T

+
K

0

1

2

3

4

5

6

7

Mokhov proceedings

Spitz sim (mars1512)

Proton on target sim results (target=large cube of GRAPHITE)

 4 

about 12-15 GeV. As a result, the yield over proton energy, Y/Tp, has a broad 
maximum at the above transition energies. The kaon yield fraction grows with Tp 
and saturates at Tp ~ 6 GeV. Fig. 2 shows energy dependence of Y/Tp for a 
carbon target and for various angular and momentum regions of interest for the 
kaon program [1]. It was also found that at the considered Tp, the yield of kaons 
with momentum p>0.3-0.4 GeV/c is higher from low-Z targets. At the same time, 
the Fermi-motion in nuclei makes the kaon production threshold energy lower 
FRPSDUHG�WR�WKH�K\GURJHQ¶V�RQH�RI�����*H9��As found in MARS15(LAQGSM) 
calculations for the case considered, the appropriate target materials range from 
deuterium to carbon and the effect of secondary interactions in a thick target is 
rather minor. 
 

 
Figure 2. Energy dependence of kaon yields per incident proton kinetic energy Tp for different angle 
and momentum windows (left) and total yields of kaons (right) produced by proton in carbon target. 
 
 
     The K+ and K0 yields become quite interesting at beam energy Tp ~ 2 GeV, 
while a modest increase of proton energy to Tp ~ 2.5 GeV makes the entire kaon 
program ± from a particle production standpoint ± definitely feasible. Some loss 
in the Y/Tp ratio from not going to a higher energy of 5-6 GeV can easily be 
compensated by a beam power of the CW linac [1]. 
 
     Momentum and angular distributions of kaons, pions and neutrons generated 
on a deuterium target by a 3-GeV proton beam are shown in Fig. 3. Neutral kaon 
distributions coincide with those for K+ (not the case for hydrogen target), while 

From Mokhov proceedings:

Pion production sweet spot is ~1 GeV Kaon production sweet spot is ~5-7 GeV
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Neutrino Production

 24

The MLF beam is delivered in two 
close bunches at 25 Hz producing 

prompt and delayed neutrinos.

The neutrino fluxes are well-
understood because they come 

predominantly from decay at rest.
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Neutrino Production

 24

The MLF beam is delivered in two 
close bunches at 25 Hz producing 

prompt and delayed neutrinos.

The neutrino fluxes are well-
understood because they come 

predominantly from decay at rest.
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Figure 12: A schematic drawing of the mercury target in the J-PARC MLF.
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This ‘o↵-bunch’ component can be selected by gating out the first 1 µs from the start
of the proton beam. Figures 4 and 7 show the expected neutrino energy spectrum from
the MLF target with and without the timing cut (T > 1µs). Figure 3 shows the time
distributions from various sources.

Tables 4 and 5 are summary tables for the production of neutrinos from µ decays.The
µ decay at rest neutrino beam was simulated using the following steps.

1. Particle production by 3 GeV protons
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Figure 1. Cutaway view of the target station of pulsed spallation neutron source of the Japan Proton
Accelerator Research Complex (J-PARC) with target trolley moved back to the service position.

2. Mercury Target System

2.1. Target Trolley

The target trolley is the carriage of the target vessel and the mercury circulation system as shown
in Figure 2. It has a dimension of 12.2 m in length, 2.6 m in width and 4 m in height, and total weight
of 315 tons and it installs the target vessel into the helium vessel for beam operation with enough
radiation shielding behind against secondary particles generated via spallation reactions in mercury.
For maintenance, it withdraws to the target maintenance area of hot cell (Maximum distance: 23 m).
Radiation shield blocks made of iron and concrete provides most of the weight, through which many
pipes such as mercury pipes and helium gas supply pipes penetrate. Behind the radiation shield,
further iron blocks cover two mercury drain tanks and two spilt mercury tanks for shielding �-rays
emitted from radioactive spallation products in mercury in the drain tanks during the maintenance [1],
and a trolley driving mechanism is mounted at the rear end. The mercury circulation system placed on
the mercury system trolley comprises mercury pipings, a mercury pump, a heat exchanger, a surge
tank, a gas supplying system and sensors.

In order to maximize the neutronic performance, the components are installed in the target station
with minimum spatial gap. For example, the design gap between the neutron reflector housing and
the target vessel was set to 8 mm considering the following assembling and positioning tolerances of
those components; (1) the tolerance of the neutron reflector housing is 3 mm, (2) the manufacturing
and assembling accuracy of the target vessel itself is 1 mm, (3) the positioning reproducibility of the
target trolley is 1 mm, (4) positioning tolerance of the target vessel on the target trolley is 2 mm, and
(5) an additional margin of 1 mm.
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Figure 3. Photographs of target vessel (a) and bubble generator assembly (b), and their schematic
views (c) and (d).

2.3. Microbubble Injection System

Currently, cavitation damage is considered to be the dominant factor to determine the service
lifetime of the target vessel rather than radiation damage. Non-condensable helium gas micro-bubbles
are effective to suppress the pressure waves in mercury which causes cavitation, because they absorb
thermal expansion of mercury at the proton beam injection, and change kinetic energy of the pressure
wave to thermal energy by their oscillation. Since pressure rising is very fast, e.g., the maximum
pressure reaches to 40 MPa at 1 µs after the 1 MW proton beam injection, it is necessary to inject gas
micro-bubbles less than 100 µm in diameter with a 0.1% volume fraction to mercury for effective
pressure waves mitigation [15,16].

We developed a gas microbubble generator [17] for generating bubbles to satisfy the design
condition mentioned above, and have installed it in the mercury target system with a closed-loop gas
supply system in October 2012. Figure 3b,d show the photograph and schematic of the microbubble
generator. Gas is injected from the center of the static swirler to make a gas column and brake down to
the microbubbles owing to the shear force induced by the vortex-breakdown at the outlet of bubble
generator. Multiple bubble generators with opposite swirl direction were placed alternately to prevent
the bubble coalescence due to the bulk swirl flow.

The gas supplying system circulates the helium gas enclosed in the mercury loop as follows:
helium gas flows from upper space of the surge tank to a compressor of gas supplying system and is
pressurized, so that it could flow towards the bubble generator in the target vessel according to the
differential pressure between those components. Double containment metal bellows compressor was
selected for the gas supplying system to detect the gas leakage from internal bellows and to assure the
containment of radioactive cover gas in it. The flow rate of helium gas was adjusted to be 1.5 L/min at
standard condition with a flow control valve. Resultant helium gas fraction at the beam window of the
target vessel was estimated to be about 1.5 ⇥ 10�4 under this flow condition.

2.4. Mercury Circulation System

As mentioned before, primary components of the mercury circulation system are the surge tank,
the mercury pump, and the heat exchanger. The most important and challenging issue for this system
design was that all the components should be maintained by remote handling. Though the system
seems very simple in the figure, it is actually more complicated because a lot of devices such as
valves, thin pipes, cables, flanges, connectors etc. are installed to the system, which are not shown in
Figure 2. Thus, each component was devised and arranged on the target trolley, and so that it could be
maintained easily by remote-handling. Table 1 summarizes primary specifications of each component.

3 GeV protons on a mercury target @ 830 kW

Example J-PARC Spallation Neutron Source
27



MLF Target

 139

Figure 12: A schematic drawing of the mercury target in the J-PARC MLF.
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This ‘o↵-bunch’ component can be selected by gating out the first 1 µs from the start
of the proton beam. Figures 4 and 7 show the expected neutrino energy spectrum from
the MLF target with and without the timing cut (T > 1µs). Figure 3 shows the time
distributions from various sources.

Tables 4 and 5 are summary tables for the production of neutrinos from µ decays.The
µ decay at rest neutrino beam was simulated using the following steps.

1. Particle production by 3 GeV protons
The interaction of the 3 GeV proton beam with the mercury target and beam line
components has been simulated with FLUKA [46] and QGSP-BERT (in Geant4 [34])
hadron interaction simulation packages.
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Figure 1. Cutaway view of the target station of pulsed spallation neutron source of the Japan Proton
Accelerator Research Complex (J-PARC) with target trolley moved back to the service position.

2. Mercury Target System

2.1. Target Trolley

The target trolley is the carriage of the target vessel and the mercury circulation system as shown
in Figure 2. It has a dimension of 12.2 m in length, 2.6 m in width and 4 m in height, and total weight
of 315 tons and it installs the target vessel into the helium vessel for beam operation with enough
radiation shielding behind against secondary particles generated via spallation reactions in mercury.
For maintenance, it withdraws to the target maintenance area of hot cell (Maximum distance: 23 m).
Radiation shield blocks made of iron and concrete provides most of the weight, through which many
pipes such as mercury pipes and helium gas supply pipes penetrate. Behind the radiation shield,
further iron blocks cover two mercury drain tanks and two spilt mercury tanks for shielding �-rays
emitted from radioactive spallation products in mercury in the drain tanks during the maintenance [1],
and a trolley driving mechanism is mounted at the rear end. The mercury circulation system placed on
the mercury system trolley comprises mercury pipings, a mercury pump, a heat exchanger, a surge
tank, a gas supplying system and sensors.

In order to maximize the neutronic performance, the components are installed in the target station
with minimum spatial gap. For example, the design gap between the neutron reflector housing and
the target vessel was set to 8 mm considering the following assembling and positioning tolerances of
those components; (1) the tolerance of the neutron reflector housing is 3 mm, (2) the manufacturing
and assembling accuracy of the target vessel itself is 1 mm, (3) the positioning reproducibility of the
target trolley is 1 mm, (4) positioning tolerance of the target vessel on the target trolley is 2 mm, and
(5) an additional margin of 1 mm.
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Figure 3. Photographs of target vessel (a) and bubble generator assembly (b), and their schematic
views (c) and (d).

2.3. Microbubble Injection System

Currently, cavitation damage is considered to be the dominant factor to determine the service
lifetime of the target vessel rather than radiation damage. Non-condensable helium gas micro-bubbles
are effective to suppress the pressure waves in mercury which causes cavitation, because they absorb
thermal expansion of mercury at the proton beam injection, and change kinetic energy of the pressure
wave to thermal energy by their oscillation. Since pressure rising is very fast, e.g., the maximum
pressure reaches to 40 MPa at 1 µs after the 1 MW proton beam injection, it is necessary to inject gas
micro-bubbles less than 100 µm in diameter with a 0.1% volume fraction to mercury for effective
pressure waves mitigation [15,16].

We developed a gas microbubble generator [17] for generating bubbles to satisfy the design
condition mentioned above, and have installed it in the mercury target system with a closed-loop gas
supply system in October 2012. Figure 3b,d show the photograph and schematic of the microbubble
generator. Gas is injected from the center of the static swirler to make a gas column and brake down to
the microbubbles owing to the shear force induced by the vortex-breakdown at the outlet of bubble
generator. Multiple bubble generators with opposite swirl direction were placed alternately to prevent
the bubble coalescence due to the bulk swirl flow.

The gas supplying system circulates the helium gas enclosed in the mercury loop as follows:
helium gas flows from upper space of the surge tank to a compressor of gas supplying system and is
pressurized, so that it could flow towards the bubble generator in the target vessel according to the
differential pressure between those components. Double containment metal bellows compressor was
selected for the gas supplying system to detect the gas leakage from internal bellows and to assure the
containment of radioactive cover gas in it. The flow rate of helium gas was adjusted to be 1.5 L/min at
standard condition with a flow control valve. Resultant helium gas fraction at the beam window of the
target vessel was estimated to be about 1.5 ⇥ 10�4 under this flow condition.

2.4. Mercury Circulation System

As mentioned before, primary components of the mercury circulation system are the surge tank,
the mercury pump, and the heat exchanger. The most important and challenging issue for this system
design was that all the components should be maintained by remote handling. Though the system
seems very simple in the figure, it is actually more complicated because a lot of devices such as
valves, thin pipes, cables, flanges, connectors etc. are installed to the system, which are not shown in
Figure 2. Thus, each component was devised and arranged on the target trolley, and so that it could be
maintained easily by remote-handling. Table 1 summarizes primary specifications of each component.
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Figure 12: A schematic drawing of the mercury target in the J-PARC MLF.
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This ‘o↵-bunch’ component can be selected by gating out the first 1 µs from the start
of the proton beam. Figures 4 and 7 show the expected neutrino energy spectrum from
the MLF target with and without the timing cut (T > 1µs). Figure 3 shows the time
distributions from various sources.

Tables 4 and 5 are summary tables for the production of neutrinos from µ decays.The
µ decay at rest neutrino beam was simulated using the following steps.

1. Particle production by 3 GeV protons
The interaction of the 3 GeV proton beam with the mercury target and beam line
components has been simulated with FLUKA [46] and QGSP-BERT (in Geant4 [34])
hadron interaction simulation packages.
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Figure 1. Cutaway view of the target station of pulsed spallation neutron source of the Japan Proton
Accelerator Research Complex (J-PARC) with target trolley moved back to the service position.

2. Mercury Target System

2.1. Target Trolley

The target trolley is the carriage of the target vessel and the mercury circulation system as shown
in Figure 2. It has a dimension of 12.2 m in length, 2.6 m in width and 4 m in height, and total weight
of 315 tons and it installs the target vessel into the helium vessel for beam operation with enough
radiation shielding behind against secondary particles generated via spallation reactions in mercury.
For maintenance, it withdraws to the target maintenance area of hot cell (Maximum distance: 23 m).
Radiation shield blocks made of iron and concrete provides most of the weight, through which many
pipes such as mercury pipes and helium gas supply pipes penetrate. Behind the radiation shield,
further iron blocks cover two mercury drain tanks and two spilt mercury tanks for shielding �-rays
emitted from radioactive spallation products in mercury in the drain tanks during the maintenance [1],
and a trolley driving mechanism is mounted at the rear end. The mercury circulation system placed on
the mercury system trolley comprises mercury pipings, a mercury pump, a heat exchanger, a surge
tank, a gas supplying system and sensors.

In order to maximize the neutronic performance, the components are installed in the target station
with minimum spatial gap. For example, the design gap between the neutron reflector housing and
the target vessel was set to 8 mm considering the following assembling and positioning tolerances of
those components; (1) the tolerance of the neutron reflector housing is 3 mm, (2) the manufacturing
and assembling accuracy of the target vessel itself is 1 mm, (3) the positioning reproducibility of the
target trolley is 1 mm, (4) positioning tolerance of the target vessel on the target trolley is 2 mm, and
(5) an additional margin of 1 mm.
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Figure 3. Photographs of target vessel (a) and bubble generator assembly (b), and their schematic
views (c) and (d).

2.3. Microbubble Injection System

Currently, cavitation damage is considered to be the dominant factor to determine the service
lifetime of the target vessel rather than radiation damage. Non-condensable helium gas micro-bubbles
are effective to suppress the pressure waves in mercury which causes cavitation, because they absorb
thermal expansion of mercury at the proton beam injection, and change kinetic energy of the pressure
wave to thermal energy by their oscillation. Since pressure rising is very fast, e.g., the maximum
pressure reaches to 40 MPa at 1 µs after the 1 MW proton beam injection, it is necessary to inject gas
micro-bubbles less than 100 µm in diameter with a 0.1% volume fraction to mercury for effective
pressure waves mitigation [15,16].

We developed a gas microbubble generator [17] for generating bubbles to satisfy the design
condition mentioned above, and have installed it in the mercury target system with a closed-loop gas
supply system in October 2012. Figure 3b,d show the photograph and schematic of the microbubble
generator. Gas is injected from the center of the static swirler to make a gas column and brake down to
the microbubbles owing to the shear force induced by the vortex-breakdown at the outlet of bubble
generator. Multiple bubble generators with opposite swirl direction were placed alternately to prevent
the bubble coalescence due to the bulk swirl flow.

The gas supplying system circulates the helium gas enclosed in the mercury loop as follows:
helium gas flows from upper space of the surge tank to a compressor of gas supplying system and is
pressurized, so that it could flow towards the bubble generator in the target vessel according to the
differential pressure between those components. Double containment metal bellows compressor was
selected for the gas supplying system to detect the gas leakage from internal bellows and to assure the
containment of radioactive cover gas in it. The flow rate of helium gas was adjusted to be 1.5 L/min at
standard condition with a flow control valve. Resultant helium gas fraction at the beam window of the
target vessel was estimated to be about 1.5 ⇥ 10�4 under this flow condition.

2.4. Mercury Circulation System

As mentioned before, primary components of the mercury circulation system are the surge tank,
the mercury pump, and the heat exchanger. The most important and challenging issue for this system
design was that all the components should be maintained by remote handling. Though the system
seems very simple in the figure, it is actually more complicated because a lot of devices such as
valves, thin pipes, cables, flanges, connectors etc. are installed to the system, which are not shown in
Figure 2. Thus, each component was devised and arranged on the target trolley, and so that it could be
maintained easily by remote-handling. Table 1 summarizes primary specifications of each component.

Neutron/neutrino production target is a 
double-walled SS vessel with circulating mercury.

Heavy target material and shielding ensure an 
almost entirely DAR source.

J-PARC production target
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The J-PARC beam is delivered in two close 
pulses at 25 Hz, producing “prompt” (pion and 

kaon) and “delayed” (muon) neutrinos.

The beam is only on for ~5E-6 of the time!
That is good for mitigating steady-state background.
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The MLF beam is delivered in two 
close bunches at 25 Hz producing 

prompt and delayed neutrinos.
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understood because they come 
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Note: if your physics relies on muon-indued 
neutrinos, you can’t fully take advantage of 

the narrow beam window.
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⌧µ = 2.2 µs
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The J-PARC MLF
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MLF = Material and Life Science Experimental Facility 23 Neutron 
Beamlines

MLF Basics: 
• Home of the Japan Spallation Neutron 

Source (JSNS) 
• 23 neutron beamlines 
• 3 GeV proton beam incident on a 

mercury target 
• Design power: 1 MW (latest: 535 kW) 
• In operation since May 2008

J-PARC Spallation Neutron Source
is inside the “Materials and Life Science”  

(MLF) Building.

Spallation neutron source facilities issues

JSNS2 (at the J-PARC MLF) needs to 
remove their full detector and 50 tons of 
liquid scintillator (separately) every year 
so that the target maintenance area can 

be accessed. 

COHERENT is inside “Neutrino alley”, a 
service corridor.

The world’s most intense sources of accelerator-based neutrinos 
were not really made to host neutrino experiments

JSNS2 is on the third floor of the MLF.
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FIG. 3: Left: The muon neutrino and antineutrino flux with �0.25 < cos �z < �0.16, representative of the full detector length,
where �z is the neutrino angle with respect to the proton direction (+z). Right: The neutrino creation time relative to the two
beam pulses (dotted lines). This distribution includes neutrinos emitted over all solid angles and energies.
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FIG. 4: The �µ charged current event rate, for neutrinos with
�0.25 < cos �z < �0.16, along with the employed �µ CC
cross section. The monoenergetic 236 MeV neutrino signal
is clearly visible above the “background” non-monoenergetic
events, mainly coming from kaon decay-in-flight.

For each generated 236 MeV �µ CC interaction on
carbon, NuWro provides the momentum of the outgo-
ing muon and any final state nucleons (typically a single
proton). Fig. 5 shows the kinetic energies of the resulting
KDAR signal muons along with the non-KDAR muons.
The �µ CC cross section on carbon at 236 MeV according
to NuWro and employed for the event rate estimate here
is 1.3 � 10�39 cm2/neutron. This is consistent with the
Random Phase Approximation (RPA) model’s [49–51]
cross section prediction of (1.3+0.2)�10�39 cm2/neutron
(RPA QE+npnh). While NuWro is the only generator
we use to produce simulated events, we did compare the
kinematic distributions given by NuWro to that provided
by GENIE [52] and the Martini et al. RPA model [51],
which includes multi-nucleon e�ects. The KDAR muon
kinetic energy prediction with three di�erent generators
is shown in Fig. 6. Although the di�erences among the
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FIG. 5: The muon and total kinetic energy (KEtot = KEµ +�
KEp) for the signal 236 MeV �µ charged current events

compared to all other �µ. Only neutrinos with �0.25 <
cos �z < �0.16 are considered. The ratio of integrated sig-
nal (black) to background (red) is 66:1.

generator predictions are fairly substantial, the impact
on the detection e�ciency, which is loosely tied to muon
energy and event containment, is small. Using a di�er-
ent model, we would expect the muon containment to
decrease but the muon identification to slightly increase.
Both e�ects are small, and the combined e�ect is even
smaller. We find that the di�erence in the muon kine-
matic predictions among the models is not large enough
to significantly change the detector simulation and oscil-
lation sensitivity results.

Particle propagation through the detector is modeled
using the Geant4-based simulation package RAT [53].
The detector geometry input into the simulation is as de-
scribed in the previous section. The detector is assumed
to be on the surface and is surrounded by air only. Neu-
trino events in the detector are generated by first com-
piling a list of interactions using the energy distribution

Figure 9: The expected J-PARC spallation neutron source flux, originating from 3 GeV protons on a mercury
target, based on a Geant4 simulation [69]. The flux shown is for an o�-axis angle range denoted in the
figure [70], noting that the decay-in-flight components, particularly in terms of normalization, have a large
angular dependence while the decay-at-rest components do not.

Figure 10: Duty factor vs. beam power for a number of proton accelerator facilities around the world,
including the spallation neutron sources discussed in the text [73–75]. The over-simplistic iso-lines of
signal-to-background shown are in consideration of power as a proxy for signal and beam duty factor as a
proxy for steady-state background (e.g. cosmics) rejection factor.
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2

relevant for both elucidating the neutrino-nucleus inter-
action and performing low energy precision oscillation
measurements at short [17–19] and long baselines [20].

The MiniBooNE detector uses 445 tons (fiducial vol-
ume) of mineral oil and 1280 photomultiplier tubes
(PMTs), with an additional 240 PMTs instrumenting a
veto region, to identify neutrino events originating from
the Booster Neutrino Beamline (BNB) and Neutrinos at
the Main Injector (NuMI) neutrino sources. The experi-
ment has reported numerous oscillation and cross section
measurements and new physics searches since data tak-
ing began in 2002 [17]. For this analysis, we consider
the charge and time data of PMT hits collected during
the NuMI beam spill. NuMI provides an intense source
of KDAR neutrinos at MiniBooNE in a somewhat indi-
rect way. The 96 cm, 2.0 interaction length NuMI tar-
get allows about 1/6 of the primary proton (120 GeV)
power to pass through to the beam absorber [21], 725 m
downstream of the target and 86 m from the center of
MiniBooNE. The aluminum-core absorber, surrounded
by concrete and steel, is nominally meant to stop the
remnant hadrons, electrons, muons, and gammas that
reach the end of the decay pipe. Interactions of pri-
mary protons with the absorber provide about 84% of
the total KDAR neutrinos from NuMI that reach Mini-
BooNE. Predictions from fluka [22, 23], mars [24], and
geant4 [25] for kaon production at the absorber vary
significantly, from 0.06–0.12 KDAR ⌫µ/proton on tar-
get. The background to the KDAR signal, ⌫µ and ⌫µ
CC events which produce a muon in the 0–115 MeV
range, originates mainly from pion and kaon decay in
flight near the target station and in the upstream-most
decay pipe. The non-KDAR ⌫µ and ⌫µ flux from the
absorber, dominated by decay-in-flight kaons (Kµ3 and
Kµ2) with a comparatively small charged pion compo-
nent, is expected to contribute at the few-percent level
based on a geant4 simulation of the beamline. Figure
1 shows a schematic of the NuMI beamline and its rela-
tionship to MiniBooNE.

horns
decay pipe

MiniBooNE

40 m 675 m 5 m

86 m

absorber
target

KDARbackground

FIG. 1. The NuMI beamline and the various sources of neutri-
nos that reach MiniBooNE (dashed lines). The signal KDAR
neutrinos (solid line) originate mainly from the absorber.

The KDAR event rate at MiniBooNE is expected to be

similar in both NuMI’s low-energy neutrino and antineu-
trino modes, since KDAR production from the absorber
is not dependent on the polarization of the horns. How-
ever, the background ⌫µ and ⌫µ event rate is predicted
to be about 30% lower in the antineutrino mode. We use
data taken in this configuration from 2009–2011, corre-
sponding to 2.62⇥ 1020 protons on the NuMI target.
The focus of this analysis is on reconstructing KDAR-

like low energy ⌫µ CC events. A simple detector observ-
able, PMThits5ns, defined as the number of PMT hits
multiplied by the fraction of light detected in the first
5 ns after correcting for vertex position, is used to re-
construct Tµ in selected events featuring (1) an electron
from muon decay, noting that about 7.8% of µ� cap-
ture on nuclei [26], (2) a lack of veto activity, and (3)
a reconstructed distance between the end point of the
primary track and the muon decay vertex of < 150 cm.
This detector observable is meant to isolate the muon
via its characteristic prompt Čerenkov light, as compared
to the delayed scintillation-only light (⌧ = 18 ns) from
the below-threshold hadronic part of the interaction. Ac-
cording to the nuwro neutrino event generator [12], only
14% of muons created in 236 MeV ⌫µ CC events are ex-
pected to be produced with energy less than 39 MeV,
the Čerenkov threshold for muons in MiniBooNE min-
eral oil. KDAR-induced muons are expected to populate
a “signal region”, defined as 0–120 PMThits5ns and rep-
resenting Tµ in the range 0–115 MeV. Because of the
kinematics of 236 MeV ⌫µ CC events, no signal is ex-
pected elsewhere, which is considered the “background-
only region” (>120 PMThits5ns). Although the signal
muon energy range considered for this measurement is
lower than past MiniBooNE cross section analyses fea-
turing ⌫µ/⌫µ [27–33], the energy and timing distributions
of MiniBooNE’s vast calibration sample of 0–53 MeV
electrons from muon decay provide a strong benchmark
for understanding the detector’s response to low energy
muons in terms of both scintillation and Čerenkov light.
Further, a scintillator “calibration cube” in the Mini-
BooNE volume at 31 cm depth, used to form a very pure
sample of tagged 95 ± 4 MeV cosmic ray muons, shows
excellent agreement between data and Monte Carlo sim-
ulations in terms of timing, Čerenkov angle, and energy
reconstruction [17]. The energy resolution for 95 MeV
muons is measured to be 12%; a detailed detector simula-
tion agrees and predicts that the muon energy resolution
in low energy ⌫µ CC events drops gradually to about 25%
for 50 MeV muons. The detection e�ciency for KDAR
⌫µ CC events is > 50% for events containing muons with
energy > 50 MeV.
It is challenging to isolate the KDAR neutrino signal

in MiniBooNE among the significant backgrounds. Even
after optimizing event selection cuts and reconstruction,
the signal-to-background ratio in the signal region is ex-
pected to only be ⇠1:1. Along with the di�culty in iden-
tifying KDAR events based on neutrino energy, another

Sneaky decay-ay-rest sources

4

s)µTime since first pulse (
0.5 0.51 0.52 0.53 0.54 0.55 0.56 0.57 0.58 0.59 0.6

# 
C

C
Q

E 
Ev

en
ts

0

20

40

60

80

100

120 Data
Example RWM Trace

Tr
ac

e 
Va

lu
e 

(a
rb

)

0.1

0.2

0.3

FIG. 4. Zoomed-in example of the BNB pulse microstruc-
ture as measured by the RWM. The data points come from
neutrino-mode ⌫µ charged-current interactions in the Mini-
BooNE detector during 2015–2016. The example RWM trace
is plotted by the readout value of the trace.
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FIG. 5. The production of dark matter in o↵-target run-
ning [20].

erated would be (de)focused. For the rest of this paper,
this mode of running will be denoted as o↵-target, since
the beryllium target and horn were not removed from the
beam line.

The decay pipe and beam dump are buried in crushed
aggregate. There is a metal end cap at the downstream
end of the decay pipe which prevents aggregate from en-
tering the pipe. The beam dump consists of 104 inches
of steel followed by 36 inches of concrete and another
26 inches of steel in the beam direction. A detailed
study of the neutrino flux coming from the BNB in on-
target mode seen in the MiniBooNE detector using the
GEANT4 [39] simulation package BooNEG4Beam can
be found in Ref. [40]. On-target running consisted of
neutrino, and antineutrino modes. The simulations were
updated to study the o↵-target beam configuration and
are described below.
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Decay-in-flight due to
short life time

Absorbed or decay-
at-rest) reduced neu-
trino flux

FIG. 6. (Top) Production of dark matter and neutrinos
when the beam hits a thin target. (Bottom) The production
of dark matter and suppression of neutrino generation when
the beam hits a thick target.

A. Beam o↵-target BNB simulation

BooNEG4Beam was updated to include materials in
the beam line that would have changed the neutrino-
mode flux �⌫ by less than a percent but are important
for the o↵-target beam configuration. Figure 7 shows
a schematic of the beam-line geometry around the tar-
get, pointing out the materials that were added. An alu-
minum window at the end of the horn and a steel end cap
with a small gap of air between the end of the beam pipe
and the steel beam dump were also added. Except for the
windows and the end cap, the other materials that were
added are hollow around the beam center, and do not add
to the primary meson production during on-target run-
ning. The starting beam parameters for the o↵-target
simulations were chosen by in situ measurements from
two multiwire planes, about one meter apart and about
four meters upstream of the target.

The dark matter model does not have a charged-
current interaction component in its simplest form re-
sulting in the assumption that the CCQE signature in
MiniBooNE (see Sec. V) does not have a dark matter
signal component. The CCQE distribution was used to
check the simulated o↵-target flux �O↵. The nominal
o↵-target beam parameters and geometry produced 60%
less CCQE events than measured, as shown in Fig. 8.

In August of 2015 a remote-controlled robotic vehicle
was employed to survey the region between the target

The beam dump/absorber at an accelerator decay-in-flight source can provide a decay-at-rest source.
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Negatives


• Isotropic source

• Facility issues are common 

• Hard to get close to the source

• Sometimes need supplemental shielding


Positives


• Very intense!

• Beam duty factor (timing)

• Very pure

• Knowledge of flux is high


Physics


• Short-baseline oscillations

• Sevens

• Exotic searches

• Neutrino xsec (for supernova and oscillations)

• Electroweak physics

• Nuclear physics

Accelerator decay-at-rest neutrinos
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• Take full advantage of the existing DAR sources!


• Example: there exists no sevens experiment at the J-PARC MLF! The ORNL 
SNS second target station already exists. Hint: it’s in Japan. 


• Put more detectors at existing DAR sources!


• Explore more dedicated beam-off-target (DAR) running at DIF beams (ala 
MiniBooNE off-target running).


• Keep thinking about DAR physics at nominally-DIF sources.


• Already, there have been many PRLs coming from this beam dump physics!


• Continue to look for exotic particle production at DAR sources.


• Extra credit: Build a dedicated DAR source at Fermilab (w/ no facilities issues, 
optimized target).

Accelerator decay-at-rest homework
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Accelerator decay-in-flight 
neutrinos 
(short- and long-baseline)
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⇡� ! µ�⌫µ

Neutrino beam
Antineutrino beam

⇡+ ! µ+⌫µ

Creating a neutrino beam
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FIGURE 2. Detailed design of T2K target 
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FIGURE 3. Diagram of the helium circulation system for the T2K target cooling 

292 

Target design is pretty similar throughout the world.

There are various cooling techniques, though.

Keys: make sure it doesn’t break, produce as many pions as possible, make sure 
the pions that do get produced don’t get absorbed in the target material.

T2K target design 
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horn

target

Figure 4.2: (Left) An early version of the T2K target inside a magnetic horn. (Right) Simulated
pions being created in the proton on target collision and their focusing by the horn. The ⇡

+ mesons
are shown by the red lines and the beam is incident from the left. The drawings are taken from the
author’s undergraduate thesis [105].

horn #2 horn #2
horn #3horn #3

Figure 4.3: (Left) A simulation of ⇡
+ focusing and (right) ⇡

� defocusing by the horns in the T2K
experiment’s [59, 106] beamline in neutrino-mode. The ⇡

+ mesons are shown by the red lines and the
beam is incident from the left. Note that the aspect ratio is incorrect–the image has been squeezed
horizontally for clarity. The drawings are taken from the author’s undergraduate thesis [105].

would naively be useless to a neutrino experiment with hundreds of bins of energy across

the same range. However, studying these muons in di↵erent beamline configurations has

provided kinematic constraints on the parent mesons that produce detectable neutrinos.

Each horn’s current, and therefore magnetic field, is adjustable. The target’s position

inside the horn is also adjustable. These two e↵ects by themselves or in combination
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would naively be useless to a neutrino experiment with hundreds of bins of energy across

the same range. However, studying these muons in di↵erent beamline configurations has

provided kinematic constraints on the parent mesons that produce detectable neutrinos.

Each horn’s current, and therefore magnetic field, is adjustable. The target’s position

inside the horn is also adjustable. These two e↵ects by themselves or in combination

proton beam

pion

Creating a neutrino beam
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Figure 4: Aluminum conductors of horn-1, horn-2, and horn-3.

for 5 µs at the peak of the sinusoidal waveform. The magnetic
field inside the conductors is given by

B =
µI
2⇡r
, (1)

where I is the current, µ is the magnetic permeability, and r
is the radial distance from the central axis. The peak current
of 320 kA produces a maximum magnetic field of 2.1 T at the
outer surface of the horn-1 inner conductor (r = 3 cm). The
maximum magnetic fields at horn-2 and horn-3 are 1.5 and 0.9
T, respectively. The electrical properties such as the current
generation (power supply, transfer line, etc.) and the magnetic
field measurements are described in Section 3.

The aluminum conductors (especially the inner conductors)
are pressurized by the Lorentz force created by the current flow
and magnetic field. The inner conductors are 3-mm thick, how-
ever, they must withstand the Lorentz force and also the thermal
shock that will be described below. Magnetic horn conductors
should have as low resistivity as possible for high-current op-
eration and as low material density as possible to reduce inter-
actions of secondary particles, however, they should also have
high resistance to the Lorentz force and the heat shock from
the beam exposure and Joule loss. Thus, the aluminum alloy,
A6061-T6, which is often used for magnetic horns in various
neutrino experiments, is selected as a conductor material. This
alloy has tensile (yield) strength of 310 MPa (275 MPa), which
is a significantly higher value than that of pure aluminum (ten-
sile strength ⇠70 MPa), and has resistivity of 4.0 ⇥10�8⌦·m
(233% (161%) of that of pure copper (pure aluminum)). A
characteristic of the alloy under fatigue shows a reduction in
tensile strength to 95 MPa after 5 ⇥ 108 cycle repetitive force

is applied [7]. The mechanical properties of the T2K magnetic
horns are explained in Section 5.

When the secondary particles pass through the horn con-
ductors, a large amount of heat deposit arises at the conductors.
In addition, the 320-kA pulsed current also produces a heat de-
posit due to Joule heating. The heat deposits in each horn from
both beam exposure and Joule heating are summarized in Ta-
ble 2. For 750-kW beam operation (30 GeV, 3.3 ⇥ 1014 pro-

Table 2: Summary of heat deposit in each horn. Heat deposit from beam expo-
sure is based on the design intensity of 3.3 ⇥ 1014 protons/pulse. Joule heating
for each horn is estimated for pulse widths of 2.4 (horn-1) and 3.6 ms (horn-2
and horn-3). The calculation of the total heat deposit in units of kW is based on
a 2.1-s cycle.

horn-1 horn-2 horn-3
inner outer inner outer inner outer

Beam (kJ) 14.7 9.7 4.1 7.6 1.1 2.4
Joule (kJ) 11.7 0.6 6.1 0.4 4.1 0.2
Total (kJ) 36.7 18.2 7.8
Total (kW) 17.5 8.7 3.7

tons/pulse, 2.1-s cycle), the heat deposit in each horn is 17.5,
8.7, and 3.7 kW for horn-1, horn-2, and horn-3, respectively.
The 5-µs beam exposure creates an instantaneous increase in
temperature, which then causes thermal stress. Joule heating
also creates an instantaneous temperature increase. The instan-
taneous rise in temperature at each horn is shown in Fig. 5.
These heat deposits are removed by water cooling, as water
nozzles attached to the outer conductors spray water onto the
inner conductors. Details of the cooling performance are given
in Section 4.

The inner and outer conductor assembly is supported by
aluminum frames. The central axis of the conductors is angled
downward by 3.637� in order to obtain an o↵-axis angle for
the Super-Kamiokande detector of 2.5�. The aluminum sup-
port structures consist of four vertical columns and a top frame.
There are water cooling channels inside the vertical columns.
The outer conductors are both supported and insulated by four
alumina ceramic blocks embedded in the vertical columns, as
shown in Fig. 6. The ceramic blocks in the upstream columns
are fixed, while those in the downstream columns are free to
slip along the axis to absorb the thermal expansion of the outer
conductor.

The T2K magnetic horns are located inside the upstream
section of the Helium Vessel (HV), and a schematic figure of
the HV including the magnetic horns is shown in Fig. 7. The
magnetic horns are suspended by iron structures called support
modules and can be disconnected from them remotely. The sup-
port modules are placed inside the HV with four support points.
Iron shielding blocks are inserted inside the box-shape support
module, and a concrete shielding block is placed on top of the
iron blocks, as shown in Fig. 8. All the shielding blocks are in-
dependently supported by the HV at the upper position. In the
case of one-year beam operation with the design beam power of
750 kW, all the equipment below the shielding blocks becomes
highly irradiated to the order of a few tens of Sv/h. Therefore,
one cannot access the radioactive equipment and perform main-

3

Figure 1: Schematic drawing of T2K secondary beamline.

2. T2K magnetic horns

The T2K magnetic horn system consists of three horns: horn-
1, horn-2, and horn-3, in order from upstream. Secondary par-
ticles are emitted from the target with high angles of a few hun-
dred mrad and low momenta of 1-4 GeV/c. A field integral of
1.3 T·m is required in order to focus those particles e�ciently.
The target is inserted inside the inner conductor of horn-1 so as
to provide high collection e�ciency, and a peak current of 320
kA is adopted for the T2K magnetic horns in order to achieve
high magnetic field strength. The design philosophy and design
optimization of the T2K magnetic horns are described in [6].

The T2K horns consist of aluminum conductors, current
feeding striplines, water and gas plumbing, and support frames.
Figure 2 shows drawings of the T2K magnetic horns. The alu-
minum conductors have coaxial conductor structures, with in-
ner and outer conductors that are connected at the downstream
end but insulated at the upstream end, as shown in Fig. 3.
The current first enters the inner conductor from the upstream
end, returns through the outer conductor, and exits from the up-
stream end. A toroidal magnetic field is generated in the region
between the inner and outer conductors. Drawings of the alu-
minum conductors of horn-1, horn-2, and horn-3 are shown in
Fig. 4, while typical dimensions are also listed in Table 1. The

Table 1: Typical dimensions of T2K magnetic horns.
Parameters horn-1 horn-2 horn-3
Inner diameter 54 mm 80 mm 140 mm
Outer diameter 400 mm 1,000 mm 1,400 mm
Length 1.5 m 2.0 m 2.5 m

inner conductor thickness is set to 3 mm in order to reduce in-
teractions of the secondary particles, while the thickness of the
outer conductors is 10 mm.

The T2K magnetic horns are designed for a peak current of
320 kA. A sinusoidal pulsed current, with a pulse width of 2.4-
3.6 ms, is applied to the conductors, and the beam is exposed
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Figure 2: Drawings of T2K magnetic horns: horn-1 front view (top left), horn-1
side view (top right), horn-2 front view (middle left), horn-2 side view (middle
right), horn-3 front view (bottom left), and horn-3 side view (bottom right).
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Figure 3: Cross section of horn-1 conductors showing current and magnetic
field directions.
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Figure 36: Pictures of T2K magnetic horns: horn-1 side view (top left), horn-1
upstream end view (top right), horn-2 side view (middle left), horn-2 upstream
end view (middle right), horn-3 downstream end view (bottom left), and horn-3
upstream end view (bottom right).

formed. During the current testing, vibrations were measured
at various positions on the horn. Even when supported from an
8-m height, similar to a pendulum, the measured oscillation of
the entire horn was, at most, 5 µm, which is acceptable.

Performance tests for horn-2 were performed with a produc-
tion version in 2008 and adequate performance was confirmed.

7.2. Installation
The production version of the T2K magnetic horns was com-

pleted in 200811. Horn-1 and horn-3 were produced in Japan,
while horn-2 was manufactured in the U.S. and then shipped to
Japan. Pictures of the production version of the T2K magnetic
horns can be seen in Fig. 36.

The installation work began in August 2008. All the infras-
tructure used for the current testing in KEK was transported to
J-PARC and set up in the TS building. The horns and support
modules were assembled and aligned at the test stand placed
on the ground floor of the TS. Then, current testing was per-
formed with the horns connected to the support modules at the

11With collaboration between KEK and T2K colleagues in the United States
(the main e↵orts were made by a group at The University of Colorado at Boul-
der)

Run1�

Run2�

Run3�
Run4�

Figure 37: History of integrated number of delivered POT (solid line) and beam
power (dot).

test stand. Horn-1 was installed in the HV in January 2009.
After water connection, stripline connection, and cabling work
between the power supply and transformer, the first in-situ op-
eration of horn-1 was successfully conducted in April 2009.
The first beam commissioning with horn-1 only was achieved
on April 23rd, 2009 and the first neutrino beam was produced
at the neutrino beamline of J-PARC. After beam commission-
ing, installation of horn-2 and horn-3 was accomplished by Au-
gust 2009. The striplines, with the series configuration used for
the prototype testings, were transported to the TS and used as
striplines for series operation of horn-2 and horn-3. After setup,
in-situ current testing and also field measurements were per-
formed on both horns. The full installation of the T2K magnetic
horn system was completed in October 2009. Then, evacuation
of the HV was performed and the device was filled with helium
gas. The T2K magnetic horns were operated in a helium atmo-
sphere for the first time in November 2009. However, a ground
fault problem occurred during the current operation. After sev-
eral investigations conducted over two weeks, it was found that
the voltage-to-ground at the secondary circuit of the transform-
ers reached 3 kV and, therefore, a breakdown occurred. By
adding a neutral grounding scheme to the secondary circuit, the
voltages were reduced dramatically to several hundred volts,
as described in Section 3. Thereafter, no further ground fault
problems occurred.

7.3. Beam-operation experience
7.3.1. Beam-operation conditions

The T2K experiment began its physics data-taking in Jan-
uary 2010. For the physics data-taking operation, the magnetic
horns were operated at 250 kA12. The beam power at the be-
ginning of the T2K experiment was 20 kW, which was gradu-
ally increased up to 240 kW as of May 2013. The integrated
number of delivered protons on target (POT) during the physics
data-taking run is shown in Fig. 37. The beam conditions for
each run period are summarized in Table 11. The accelerator
operation cycle was gradually shortened from 3.52 (Run1) to
2.48 s (Run4).

12The expected neutrino flux at the Super-Kamiokande detector at 250-kA
decreases by 10% compared to that at 320-kA.
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T2K horn 2
Figure 16: Photographs of Downstream Ends of Magnetic Horns. Horn 1 is shown on the
left, and Horn 2 is shown on the right. The aluminium cross hairs used to align the beam are
visible in both pictures.
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Decay pipe and absorber

Figure 17: The NuMI Decay Pipe Tunnel. The left photograph shows the decay tunnel before
the decay pipe was installed. The wall was the form for the concrete shielding and the worker
shown was standing in the egress passage. The right photograph shows the installed decay
pipe with concrete shielding being poured. The sti↵ening ribs around the pipe are also visible
as well as the copper cooling lines running along the length of the pipe.

pipe or secondary protons. A small fraction (around 4%) is due to electrons,
neutrons, and gammas. Muons and neutrinos deposit little or no energy in the
absorber.

The absorber has several functions. First, it stops most of the particles still
remaining in the beam. Their energy is deposited through ionization and the
resulting heat is transferred to circulating water through thermal conduction.
Second, it serves to protect groundwater from irradiation. Third, it also limits
the levels of radiation in tunnel regions accessible to personnel under all running
conditions. Fourth, it limits residual radiation to people accessing the absorber
hall under beam-o↵ conditions. The absorber design requires that it meet its
principal functions not only during the regular operation of the beam but also
in accidental situations (for example accidental mis-steering of the beam) when
the primary proton beam does not interact in the target for a short time and
its full power is deposited in the absorber.

A schematic of the hadron absorber itself, as well as a picture of the absorber
during assembly, are shown in Fig. 19. The absorber [39] is essentially a box
approximately 5.5 m wide ⇥ 5.6 m tall ⇥ 8.5 m long. It is housed in the absorber
enclosure, an underground excavated hall with dimensions 8.2 m wide ⇥ 6.1 m
high ⇥ 15.2 m long. The central section of the absorber, the core, has dimensions
1.3 m wide ⇥ 1.3 m high ⇥ 4.75 m long. It is composed at its upstream end of
eight 1.3 m wide ⇥ 1.3 m high ⇥ 0.3 m long machined aluminium blocks placed
longitudinally to the beam, followed by ten 1.3 m high ⇥ 1.3 m wide ⇥ 0.23 m
long flame-cut steel blocks. The aluminium is 6061-T6 aluminium, an alloy that
is 98% aluminium with density 2.70 g/cm3. The steel in the core8 is a grade of

8Continuous Cast Salvage (CCS) from US Steel - Gary Works.
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Figure 19: The NuMI Beam Hadron Absorber. The top Figure shows a schematic of the
hadron absorber. The left bottom picture shows concrete block shielding around the down-
stream end of the decay pipe before the installation of the hadron absorber. The bottom right
photograph shows the completed hadron absorber with the back wall of concrete blocks, and
the steel roof blocks.

34

Aluminum Core

Concrete Shielding

Steel Shielding

Beam

Steel Core

Figure 19: The NuMI Beam Hadron Absorber. The top Figure shows a schematic of the
hadron absorber. The left bottom picture shows concrete block shielding around the down-
stream end of the decay pipe before the installation of the hadron absorber. The bottom right
photograph shows the completed hadron absorber with the back wall of concrete blocks, and
the steel roof blocks.
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Off-axis technique

VSON 202021/12/2020

Neutrino energy dependence on the parent pion energy

                                        For NOvA                                                                                                For T2K

● Large range of pion energies contribute to a small range of neutrino energies.
● Enhancement of neutrino spectrum

10

VSON 202021/12/2020

Neutrino flux dependence on ν energy

                                     For NOvA

● Narrowing of the energy spectrum at higher off-axis 
angles

                                 For T2K 

11

● Off-axis method provides narrow ν energy band 
peaking at ~0.6 MeV (oscillation maximum)

● The off-axis angle is adjusted to 2.50◦ to maximize 
the neutrino oscillation probability

Placing your detector off-axis provides a more narrow-band beam. 

Examples of long-baseline off-axis experiments: T2K, NOvA
Examples of long-baseline on-axis experiments: MINOS, LBNF 
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Modifying the beam characteristics

09-19-2017                     Leonidas Aliaga   |   NuMI Neutrino Flux Prediction                                                       

Two Challenges:

1.  Beam focusing uncertainties (every 
mm matters): alignment, materials, etc.

2. Hadron production uncertainties: big 
discrepancies between hadronic models.

2

NOvA14.6 mrad off-axis

on-axis

NuMI

G4NuMI
GEANT4 9_2_p03

FTFP_BERT

Of course, you can flip direction of current in the horns to create an antineutrino beam. 

But, also: The target can be retracted upstream in order to produce a higher energy neutrino beam.

Other possible knobs: horn position, horn current.


Decay pipe modifications have also been envisioned (BNB).
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Current and future long-baseline beams
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Predicting the flux
• Predicting the DIF neutrino flux can be very challenging!


• How many pions/kaons are produced? 


• What are the kinematics (positions and momenta) of the pions/kaons 
as they exit the target?


• How do the pions/kaons bend in the combination of horns? 


• What about the post-target materials that the pions/kaons interact with 
(target cooling, horn conductors, horn cooling, decay pipe cap, target 
station and decay pipe atmosphere, peripherals)?

09-19-2017                     Leonidas Aliaga   |   NuMI Neutrino Flux Prediction                                                       7

External Data? What Sort of Data is Available?
• Hadron production data at the relevant energies for NuMI (references in the 

backup slides):

p Kp
p
π

π
π

p
Kppπ

ππ

Thick Target Data

Thin Target Data
Inelastic/absorption

Checking the consistency with the MINERvA low-nu measurement, we 
decided to use a prediction based only on thin target correction 
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External Data? What Sort of Data is Available?
• Hadron production data at the relevant energies for NuMI (references in the 

backup slides):

p Kp
p
π

π
π

p
Kppπ

ππ

Thick Target Data

Thin Target Data
Inelastic/absorption

Checking the consistency with the MINERvA low-nu measurement, we 
decided to use a prediction based only on thin target correction 

There is an impressive worldwide program of dedicated hadron production experiments 

trying to understand the properties of pions/kaons as they exit the target
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Example: NA61/SHINE experiment data is now used by T2K—>reduced flux uncertainty from 10% to 5% near peak.



Negatives


• Flavor content is less pure.

• Energy spectra less well understood.

• Beam-based backgrounds can be 

significant (may need fancy detector).


Positives


• Very intense!

• Beam duty factor (timing)

• Focused beam

• Can switch between neutrinos and 

antineutrinos.

• Can modify beam spectra for 

emphasizing particular physics (e.g. 
higher energy for tau neutrinos).


Physics


• Short-baseline oscillations

• Long-baseline oscillations

• Exotic searches

• Tau neutrinos

• Neutrino xsec (for supernova and oscillations)

• Electroweak physics

• Nuclear physics

Accelerator decay-in-flight neutrinos
47



• Supplement fancy near detectors with hadron production measurements.


• Shoot more protons at the target, but make sure the target doesn’t blow up.


• Pay attention to the accelerator physics upstream of the target!


• Keep optimizing the beamlines (there are lots of knobs).


• Remember: If your horn tweak results in a 10% increase in flux, that’s the 
equivalent to adding 10% mass to the far detector.


• Make sure your beamline properties are well-matched to your detector 
abilities (and oscillation maxima/minima).


• Keep thinking of new ways to understand and take advantage of these beams 
(recent example: NuPRISM concept). There are more good ideas out there!


• Extra credit: Don’t forget to look for dark matter and other exotic stuff.

Accelerator decay-in-flight homework
48



Radioactive isotope neutrinos
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• Electron neutrino source, historically used to calibrate 
solar neutrino detectors.


• Produced by irradiating 50Cr with a reactor (neutron 
capture).


• Measure radioactive Germanium produced in neutrino 
interaction with Gallium target:


• Other sources are also possible (65Zn, 37Ar, 144Ce, …)

Electron capture source (e.g. BEST)

Limits on !e and !!e disappearance from Gallium and reactor experiments
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1Dipartimento di Fisica Teorica, Università di Torino, Via P. Giuria 1, I–10125 Torino, Italy
2INFN, Sezione di Torino, Via P. Giuria 1, I–10125 Torino, Italy
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The deficit observed in the Gallium radioactive source experiments is interpreted as a possible

indication of the disappearance of electron neutrinos. In the effective framework of two-neutrino mixing

we obtain sin22# * 0:03 and !m2 * 0:1 eV2. The compatibility of this result with the data of the Bugey

and Chooz reactor short-baseline antineutrino disappearance experiments is studied. It is found that the

Bugey data present a hint of neutrino oscillations with 0:02 & sin22# & 0:08 and !m2 ! 1:8 eV2, which

is compatible with the Gallium allowed region of the mixing parameters. This hint persists in the

combined analyses of Bugey and Chooz data, of Gallium and Bugey data, and of Gallium, Bugey, and

Chooz data.

DOI: 10.1103/PhysRevD.78.073009 PACS numbers: 14.60.Pq, 14.60.Lm, 14.60.St

I. INTRODUCTION

The observation of solar and very-long-baseline reactor
neutrino oscillations due to the squared-mass difference
!m2

SOL ¼ ð7:59$ 0:21Þ & 10'5 eV2 [1] and the observa-
tion of atmospheric and long-baseline accelerator neutrino
oscillations due to the squared-mass difference !m2

ATM ¼
2:74þ0:44

'0:26 & 10'3 eV2 [2] give very robust evidence of
three-neutrino mixing (for reviews of the theory and phe-
nomenology of neutrino mixing, see Refs. [3–11]). There
are, however, some anomalies in the data of neutrino
experiments which could be interpreted as indications of
exotic neutrino physics beyond three-neutrino mixing: the
LSND anomaly [12], the Gallium radioactive source ex-
periments anomaly [13], and the MiniBooNE low-energy
anomaly [14]. In this paper we consider the anomaly
observed in the Gallium radioactive source experiments
[13,15–18], in which the Gallium solar neutrino detectors
GALLEX [19] and SAGE [20] were tested by measuring
the electron neutrino flux produced by intense artificial
radioactive sources placed inside the detectors. The
Gallium radioactive source experiments measured a num-
ber of events smaller than expected. This deficit can be
interpreted1 as an indication of the disappearance of elec-
tron neutrinos due to neutrino oscillations [22–24]. Under
this hypothesis, we analyze the data of the Gallium radio-
active source experiments in the effective framework of
two-neutrino mixing, which describes neutrino oscillations
due to a !m2 that is much larger than the solar and
atmospheric ones (see Refs. [5,6,11]). We also study the
compatibility of this interpretation of the Gallium radioac-
tive source experiments anomaly with the data of the

Bugey [25] and Chooz [26] reactor short-baseline antineu-
trino disappearance experiments.

II. GALLIUM

The GALLEX [19] and SAGE [20] solar neutrino de-
tectors (see Refs. [3–11]) have been tested in so-called
‘‘Gallium radioactive source experiments’’ which consist
in the detection of electron neutrinos produced by intense
artificial 51Cr and 37Ar radioactive sources placed inside
the detectors.
The radioactive nuclei 51Cr and 37Ar decay through

electron capture (e' þ 51Cr ! 51Vþ !e and e' þ
37Ar ! 37Clþ !e) emitting !e lines with the energies
and branching ratios listed in Table I. These neutrinos
were detected through the same reaction used for the
detection of solar neutrinos [28]:

!e þ 71Ga ! 71Geþ e'; (1)

which has the low neutrino energy threshold Eth
! ð71GaÞ ¼

0:233 MeV. The cross sections of the !e lines emitted in
51Cr and 37Ar decay interpolated from Table II of Ref. [27]
are listed in Table I.
The ratios R of measured and predicted 71Ge production

rates in the two GALLEX 51Cr radioactive source experi-
ments,2 Cr1 [15] and Cr2 [16], and the SAGE 51Cr [17,18]
and 37Ar [13] radioactive source experiments, as reported

1Another possible explanation is that the theoretical cross
section of the Gallium detection process has been overestimated
[13,21].

2As explained in Ref. [13], the values of R in Table II for the
two GALLEX 51Cr radioactive source experiments are different
from those published in Refs. [15,16], because of an improved
reanalysis of the data. Similar results have been published
recently in a PhD thesis [29] and discussed at the Neutrino
2008 Conference [30]: RðCr1Þ ¼ 0:997$ 0:11 and RðCr2Þ ¼
0:807þ0:11

'0:10 in a standard rise-time analysis; RðCr1Þ ¼ 0:953$
0:11 and RðCr2Þ ¼ 0:812þ0:10

'0:11 in a pulse-shape analysis. We have
verified that our results are stable against such small changes of
the data.
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4. Irradiation of metal 50Cr targets in the SM-3 reactor 
 Loading a large amount of metallic chromium (about 4 kg) into the neutron trap 

significantly affects the neutron-physical characteristics of the reactor. The detailed experimental 

studies were carried out on a physical model of the SM-3 reactor. 

To determine the energy release in the elements of the IRD numerical simulations of the 

neutron-physical characteristics were performed. The average neutron flux with an energy of 0-

0.5 eV was 3.89×1014 cm-2·s-1, with an energy of 0.5 eV - 0.1 MeV was 9.67 ×1013 cm-2·s-1, with 

an energy of 0.1 - 20 MeV was 9.22 ×1013 cm-2·s-1, the average neutron gas temperature was 698 

K, and the average energy release per disk was 28.9 W/g. 

The thermohydraulic analysis of the stationary cooling mode of the IRD with chromium 

disks in SM-3 neutron trap was carried out using the Flow Simulation program of the SolidWorks 

package [15]. It was shown that safe heat removal and the absence of surface boiling are provided. 

The maximum temperature of chromium disks in stationary mode does not exceed 122°C. 

For the manufacture of the 51Cr neutrino source 26 disks of enriched chromium of two 

standard sizes (13 of each type, see section 3.3) were irradiated with a total mass of 4007.5 g. 

Figure 4 shows the IRD assembly. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. The irradiation device with chromium disks. 

The disks were irradiated from 22 March 2019 to 2 July 2019 according to a specially 

developed schedule, the irradiation time was 75.4 effective days (Figure 5). 
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Figure 5. Calendar schedule of chromium irradiation in the SM-3 reactor (2019). 
 Operation at a power of 90 MW with loaded chromium. 
 Reactor shutdown for fuel assembly reload. 

 

Figure 6 shows the dependence of the total activity of 51Cr on the irradiation time. 

According to the simulation the total activity of 51Cr was 3.55 MCi at the end of irradiation. The 

composition of chromium before irradiation and at the end of irradiation is shown in Table 6. 

 

 
Figure 6. Dependence of the total activity of 51Cr source on the irradiation time (numerical 

simulations). 
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in Ref. [13], are listed in Table II. Since the weighted
average, [13]

RGa ¼ 0:88" 0:05; (2)

is smaller than unity by more than 2!, it can be interpreted
as an indication of the disappearance of electron neutrinos
due to neutrino oscillations [22–24]. The "2 in the absence
of oscillation is 8.19 for 4 degrees of freedom, correspond-
ing to a 8.5% goodness-of-fit,3 as shown in Table III.
Therefore, a fluctuation of the data in the case of no
oscillations cannot be excluded. However, since from a
physical point of view it is interesting to explore possible
indications of nonstandard physics, in the following we
consider the case of neutrino oscillations.

In the effective framework of two-neutrino oscillations,
which is appropriate in the case of short-baseline oscilla-
tions generated by a squared-mass difference much larger
than !m2

SOL and !m2
ATM (see Refs. [5,11]), the survival

probability of electron neutrinos and antineutrinos with
energy E# at a distance L from the source is given by4

P
#
ð$Þ

e! #
ð$Þ

e

ðL; E#Þ ¼ 1$ sin22#sin2
!
!m2L

4E#

"
; (3)

where # is the mixing angle and !m2 is the squared-mass
difference. The fit of the data gives information on the
values of the mixing parameters sin22# and !m2.

In our calculation, the theoretical value of the ratio R of
the predicted 71Ge production rates in each of the Gallium
radioactive source experiments in the cases of presence and
absence of neutrino oscillations is given by

R ¼

R
dVL$2P

i
ðB:R:Þi!iP#e!#e

ðL; E#;iÞ
P
i
ðB:R:Þi!i

R
dVL$2 ; (4)

where i is the index of the #e lines emitted in 51Cr or 37Ar,
which are listed in Table I. The measured ratios are listed in
Table II, together with the dimensions of the detectors,
which we approximate as cylindrical, and the height from
the base of each detector at which the radioactive sources
were placed along the axis of the respective detector. We
averaged the neutrino path length L with a Monte Carlo
integration over the volume V of each cylindrical detector.
In the separate analysis of the result of each Gallium

radioactive source experiment in terms of neutrino oscil-
lations, the two mixing parameters cannot be determined
through a least-squares analysis from one data point.
Therefore, we adopt a Bayesian approach, as done in
Ref. [33], considering R as a random variable with a
uniform prior probability distribution between zero and
one. Then, if Robs is the observed value of R, the normal-
ized posterior probability distribution of R is given by

pðRjRobsÞ ¼
pðRobsjRÞR

1
0 dRpðRobsjRÞ

: (5)

Here, pðRobsjRÞ is the sampling distribution of Robs given
R, which we assume to be Gaussian with standard devia-
tion equal to the experimental uncertainty. The allowed
interval of R with a given Bayesian confidence level is
given by the highest posterior density interval with inte-
grated probability equal to the confidence level. Figure 1
shows the resulting allowed regions in the sin22# $ !m2

plane. One can see that the first GALLEX source experi-
ment (Cr1) and the 51Cr SAGE source experiment, in
which the measured rate is within 1! from unity, imply
only upper limits for the mixing parameters. On the other
hand, the analyses of the second GALLEX source experi-
ment (Cr2) and the 37Ar SAGE source experiment give 2!
allowed bands, which have a large overlap for !m2 *
1 eV2.

TABLE II. Ratios R of measured and predicted 71Ge produc-
tion rates in the two GALLEX 51Cr radioactive source experi-
ments, Cr1 [15] and Cr2 [16], and the SAGE 51Cr [17,18] and
37Ar [13] radioactive source experiments, as reported in
Ref. [13]. We give also the radii and heights of the GALLEX
and SAGE cylindrical detectors and the heights from the base of
the detectors at which the radioactive sources were placed along
the axes of the detectors.

GALLEX SAGE
Cr1 Cr2 51Cr 37Ar

R 1:00" 0:10 0:81" 0:10 0:95" 0:12 0:79" 0:10
radius [m] 1.9 0.7
height [m] 5.0 1.47
source height [m] 2.7 2.38 0.72

TABLE I. Energies ðE#Þ, branching ratios (B.R.) and Gallium
cross sections ð!Þ of the #e lines emitted in 51Cr and 37Ar decay
through electron capture. The cross sections are interpolated
from Table II of Ref. [27].

51Cr 37Ar

E# [keV] 747 752 427 432 811 813
B.R. 0.8163 0.0849 0.0895 0.0093 0.902 0.098
!½10$46 cm2' 60.8 61.5 26.7 27.1 70.1 70.3

3The goodness-of-fit is the probability to obtain a worse fit
under the assumption that the model under consideration is
correct (see Ref. [31]). It is the standard statistic used for the
estimation of the quality of a fit obtained with the least-squares
method, assuming the validity of the approximation in which
"2
min has a "2 distribution with NDF ¼ ND $ NP degrees of

freedom, where ND is the number of data points and NP is the
number of fitted parameters. The fit is usually considered to be
acceptable if the goodness-of-fit is larger than about 1%.

4The symmetry under CPT transformations, which is a char-
acteristic of all relativistic local quantum field theories, implies
that the survival probabilities of neutrinos and antineutrinos are
equal (see Ref. [11]).
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I. INTRODUCTION

The observation of solar and very-long-baseline reactor
neutrino oscillations due to the squared-mass difference
!m2

SOL ¼ ð7:59$ 0:21Þ & 10'5 eV2 [1] and the observa-
tion of atmospheric and long-baseline accelerator neutrino
oscillations due to the squared-mass difference !m2

ATM ¼
2:74þ0:44

'0:26 & 10'3 eV2 [2] give very robust evidence of
three-neutrino mixing (for reviews of the theory and phe-
nomenology of neutrino mixing, see Refs. [3–11]). There
are, however, some anomalies in the data of neutrino
experiments which could be interpreted as indications of
exotic neutrino physics beyond three-neutrino mixing: the
LSND anomaly [12], the Gallium radioactive source ex-
periments anomaly [13], and the MiniBooNE low-energy
anomaly [14]. In this paper we consider the anomaly
observed in the Gallium radioactive source experiments
[13,15–18], in which the Gallium solar neutrino detectors
GALLEX [19] and SAGE [20] were tested by measuring
the electron neutrino flux produced by intense artificial
radioactive sources placed inside the detectors. The
Gallium radioactive source experiments measured a num-
ber of events smaller than expected. This deficit can be
interpreted1 as an indication of the disappearance of elec-
tron neutrinos due to neutrino oscillations [22–24]. Under
this hypothesis, we analyze the data of the Gallium radio-
active source experiments in the effective framework of
two-neutrino mixing, which describes neutrino oscillations
due to a !m2 that is much larger than the solar and
atmospheric ones (see Refs. [5,6,11]). We also study the
compatibility of this interpretation of the Gallium radioac-
tive source experiments anomaly with the data of the

Bugey [25] and Chooz [26] reactor short-baseline antineu-
trino disappearance experiments.

II. GALLIUM

The GALLEX [19] and SAGE [20] solar neutrino de-
tectors (see Refs. [3–11]) have been tested in so-called
‘‘Gallium radioactive source experiments’’ which consist
in the detection of electron neutrinos produced by intense
artificial 51Cr and 37Ar radioactive sources placed inside
the detectors.
The radioactive nuclei 51Cr and 37Ar decay through

electron capture (e' þ 51Cr ! 51Vþ !e and e' þ
37Ar ! 37Clþ !e) emitting !e lines with the energies
and branching ratios listed in Table I. These neutrinos
were detected through the same reaction used for the
detection of solar neutrinos [28]:

!e þ 71Ga ! 71Geþ e'; (1)

which has the low neutrino energy threshold Eth
! ð71GaÞ ¼

0:233 MeV. The cross sections of the !e lines emitted in
51Cr and 37Ar decay interpolated from Table II of Ref. [27]
are listed in Table I.
The ratios R of measured and predicted 71Ge production

rates in the two GALLEX 51Cr radioactive source experi-
ments,2 Cr1 [15] and Cr2 [16], and the SAGE 51Cr [17,18]
and 37Ar [13] radioactive source experiments, as reported

1Another possible explanation is that the theoretical cross
section of the Gallium detection process has been overestimated
[13,21].

2As explained in Ref. [13], the values of R in Table II for the
two GALLEX 51Cr radioactive source experiments are different
from those published in Refs. [15,16], because of an improved
reanalysis of the data. Similar results have been published
recently in a PhD thesis [29] and discussed at the Neutrino
2008 Conference [30]: RðCr1Þ ¼ 0:997$ 0:11 and RðCr2Þ ¼
0:807þ0:11

'0:10 in a standard rise-time analysis; RðCr1Þ ¼ 0:953$
0:11 and RðCr2Þ ¼ 0:812þ0:10

'0:11 in a pulse-shape analysis. We have
verified that our results are stable against such small changes of
the data.
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in Ref. [13], are listed in Table II. Since the weighted
average, [13]

RGa ¼ 0:88" 0:05; (2)

is smaller than unity by more than 2!, it can be interpreted
as an indication of the disappearance of electron neutrinos
due to neutrino oscillations [22–24]. The "2 in the absence
of oscillation is 8.19 for 4 degrees of freedom, correspond-
ing to a 8.5% goodness-of-fit,3 as shown in Table III.
Therefore, a fluctuation of the data in the case of no
oscillations cannot be excluded. However, since from a
physical point of view it is interesting to explore possible
indications of nonstandard physics, in the following we
consider the case of neutrino oscillations.

In the effective framework of two-neutrino oscillations,
which is appropriate in the case of short-baseline oscilla-
tions generated by a squared-mass difference much larger
than !m2

SOL and !m2
ATM (see Refs. [5,11]), the survival

probability of electron neutrinos and antineutrinos with
energy E# at a distance L from the source is given by4

P
#
ð$Þ

e! #
ð$Þ

e

ðL; E#Þ ¼ 1$ sin22#sin2
!
!m2L

4E#

"
; (3)

where # is the mixing angle and !m2 is the squared-mass
difference. The fit of the data gives information on the
values of the mixing parameters sin22# and !m2.

In our calculation, the theoretical value of the ratio R of
the predicted 71Ge production rates in each of the Gallium
radioactive source experiments in the cases of presence and
absence of neutrino oscillations is given by

R ¼

R
dVL$2P

i
ðB:R:Þi!iP#e!#e

ðL; E#;iÞ
P
i
ðB:R:Þi!i

R
dVL$2 ; (4)

where i is the index of the #e lines emitted in 51Cr or 37Ar,
which are listed in Table I. The measured ratios are listed in
Table II, together with the dimensions of the detectors,
which we approximate as cylindrical, and the height from
the base of each detector at which the radioactive sources
were placed along the axis of the respective detector. We
averaged the neutrino path length L with a Monte Carlo
integration over the volume V of each cylindrical detector.
In the separate analysis of the result of each Gallium

radioactive source experiment in terms of neutrino oscil-
lations, the two mixing parameters cannot be determined
through a least-squares analysis from one data point.
Therefore, we adopt a Bayesian approach, as done in
Ref. [33], considering R as a random variable with a
uniform prior probability distribution between zero and
one. Then, if Robs is the observed value of R, the normal-
ized posterior probability distribution of R is given by

pðRjRobsÞ ¼
pðRobsjRÞR

1
0 dRpðRobsjRÞ

: (5)

Here, pðRobsjRÞ is the sampling distribution of Robs given
R, which we assume to be Gaussian with standard devia-
tion equal to the experimental uncertainty. The allowed
interval of R with a given Bayesian confidence level is
given by the highest posterior density interval with inte-
grated probability equal to the confidence level. Figure 1
shows the resulting allowed regions in the sin22# $ !m2

plane. One can see that the first GALLEX source experi-
ment (Cr1) and the 51Cr SAGE source experiment, in
which the measured rate is within 1! from unity, imply
only upper limits for the mixing parameters. On the other
hand, the analyses of the second GALLEX source experi-
ment (Cr2) and the 37Ar SAGE source experiment give 2!
allowed bands, which have a large overlap for !m2 *
1 eV2.

TABLE II. Ratios R of measured and predicted 71Ge produc-
tion rates in the two GALLEX 51Cr radioactive source experi-
ments, Cr1 [15] and Cr2 [16], and the SAGE 51Cr [17,18] and
37Ar [13] radioactive source experiments, as reported in
Ref. [13]. We give also the radii and heights of the GALLEX
and SAGE cylindrical detectors and the heights from the base of
the detectors at which the radioactive sources were placed along
the axes of the detectors.

GALLEX SAGE
Cr1 Cr2 51Cr 37Ar

R 1:00" 0:10 0:81" 0:10 0:95" 0:12 0:79" 0:10
radius [m] 1.9 0.7
height [m] 5.0 1.47
source height [m] 2.7 2.38 0.72

TABLE I. Energies ðE#Þ, branching ratios (B.R.) and Gallium
cross sections ð!Þ of the #e lines emitted in 51Cr and 37Ar decay
through electron capture. The cross sections are interpolated
from Table II of Ref. [27].

51Cr 37Ar

E# [keV] 747 752 427 432 811 813
B.R. 0.8163 0.0849 0.0895 0.0093 0.902 0.098
!½10$46 cm2' 60.8 61.5 26.7 27.1 70.1 70.3

3The goodness-of-fit is the probability to obtain a worse fit
under the assumption that the model under consideration is
correct (see Ref. [31]). It is the standard statistic used for the
estimation of the quality of a fit obtained with the least-squares
method, assuming the validity of the approximation in which
"2
min has a "2 distribution with NDF ¼ ND $ NP degrees of

freedom, where ND is the number of data points and NP is the
number of fitted parameters. The fit is usually considered to be
acceptable if the goodness-of-fit is larger than about 1%.

4The symmetry under CPT transformations, which is a char-
acteristic of all relativistic local quantum field theories, implies
that the survival probabilities of neutrinos and antineutrinos are
equal (see Ref. [11]).
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96.5% enriched 50Cr disks

(50Cr is 4.3% natural abundance)
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IsoDAR
Detector

⌫ep ! e+n

⌫x

⌫e
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An “online” radioactive isotope source



The IsoDAR concept
Detector

⌫ep ! e+n

⌫x

⌫e
60 MeV

Protons 

9Be Target

7Li Sleeve

Produce energetic neutrinos with an extremely well understood energy spectrum
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Detector

⌫ep ! e+n

⌫x

⌫e

⌫e ! ⌫x ?

p+ 9Be ! 8Li + 2p

p+ 9Be ! 9B+ n

n+ 7Li ! 8Li + �

8Li ! 8Be + e� + ⌫e

9Be Target

7Li Sleeve60 MeV

Protons 

The IsoDAR concept
Produce energetic neutrinos with an extremely well understood energy spectrum
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9Be Target

7Li Sleeve60 MeV

Protons 

7Li Sleeve
⌫e

⌫e
⌫e

⌫e
⌫e⌫e

⌫e ! ⌫x ?

⌫ep ! e+n

⌫x

⌫e

8Li ! 8Be + e� + ⌫e

v

Fl
ux

Antineutrino energy (MeV)

p+ 9Be ! 8Li + 2p

p+ 9Be ! 9B+ n

n+ 7Li ! 8Li + �

8Li ! 8Be + e� + ⌫e

The IsoDAR concept

t1/2=0.84 s

The IsoDAR flux is dominated by a single high-Q isotope (8Li)

Produce energetic neutrinos with an extremely well understood energy spectrum
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Physics


• Short-baseline oscillations

• Exotic searches

• Electroweak physics

• Nuclear physics

Radioactive isotope neutrinos
55

Negatives


• Can be hard to make.

• Safety is an issue

• Electron-flavor (and disappearance) only 

• Low-energy only

• Sensitive to radiogenic backgrounds

• Isotropic source


Positives


• Flavor content is pure.

• Energy spectra very well understood.

• IBD interaction channel


• High xsec

• Double coincidence




• Produce an electron capture source (safely) and couple it to a big 
underground detector.


• Use the BEST technique (51Cr) with other isotopes.


• Realize IsoDAR.


• Extra credit: Figure out how to create an artificial non-relativistic 
source of neutrinos. Couple it to (e.g) PTOLEMY.


• 115In (beta-; Q-value~100 eV), 159Dy (EC; Q_value~1 keV) are 
ultra-low-Q candidates (among many others), but you need to 
use a lot since the ultra-low-Q branching fractions are small! 

Radioactive isotope homework
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• Beta beam


• Accelerate beams of radioactive isotopes to produce a pure 
neutrino/antineutrino source.


• 6He (beta- decay) for antineutrinos, 18Ne (beta+ decay) for 
neutrinos


• Neutrino factory


• Relies on muons from a storage ring to produce a pure beam 
of muon and electron flavor neutrinos and antineutrinos. 


• Neutrino detection at colliders (e.g. LHC—FASER   ).

Other artificial neutrino sources
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One final point: neutrino sources may also be 
sources of other, very exciting, stuff too!Production and Detection of 

Dark Matter

 103
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FIG. 10: a) Scalar DM pair production in electron-nucleus
collisions. An on-shell A0 is radiated and decays o� diago-
nally to �h,� pairs. b) Inelastic up scattering of the lighter
�� into the heavier state via A0 exchange inside the detector.
For order-one (or larger) mass splittings, the metastable state
promptly de-excites inside the detector via �h ! ��e

+e�.
This process yields a target (nucleus, nucleon, or electron)
recoil ER and two charged tracks, which is a instinctive, zero
background signature, so nuclear recoil cuts need not be lim-
iting.
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FIG. 1. Schematic cartoon of the production and detection processes for the dark photon and dipole models described in Sec. II. A high energy
proton beam impinges on a fixed target (beam dump) and produces neutral mesons m0 = ⇡0, ⌘ which can decay to dark sector particles
�1�2. In the dark photon models this decay is two-step m0 ! �A0 ! ��1�2, whereas for the dipole interaction, the initial meson decay is
three-body m0 ! ��1�2 through a virtual photon. For both representative models, the signal arises from �i depositing visible energy inside
the downstream detector either as a �ie ! �je scattering process or as a decay, �2 ! �1e

+e� or �2 ! �1�. Note that for the dipole model,
the ��1�2 interaction is labeled with a gray circle to reflect the fact that this coupling is nonrenormalizable.

work, we will consider DM which can be produced from
light neutral mesons m

0 = ⇡
0
, ⌘ (m⇡0 = 134.98 MeV and

m⌘ = 547.86 MeV). We study two representative models:
a dark photon model, where mixing between the photon and
dark photon A

0 leads to decay modes m
0

! �A
0
! ��1�2,

and a dipole model, where DM interacts directly with the
photon through a dimension-5 operator and is produced via
m

0
! ��

⇤
! ��1�2. To keep the discussion general, we

will allow �1 and �2 to form a pseudo-Dirac pair with ar-
bitrary mass splitting � = m2 � m1, with the elastic case
m1 = m2 a particular realization of this scenario. We will find
that while a higher beam energy allows the production of DM
with m⇡ < m1 + m2 < m⌘ through ⌘ decays (a mode inac-
cessible to LSND, which operated below ⌘ production thresh-
old), the additional neutrino backgrounds from mesons that
do not produce DM from rare decays (e.g. kaons, also not
produced significantly at LSND) tend to degrade the reach for
light DM at lower masses. However, a medium-energy exper-
iment like JSNS2 serves an important role in covering param-
eter space inaccessible to both LSND and the higher-energy
(8 GeV beam) MiniBooNE experiment [6].

The dark photon model has been well studied in multiple
scenarios [10, 11], and the dipole model has recently attracted
attention as a possible explanation for the excess of 3.5 keV
gamma rays from the Galactic Center and the Perseus Clus-
ter [27]. While it should be noted that UV completions of the
dipole model have already been strongly constrained by col-
lider experiments [28], beam dump experiments can test this
model directly as the operator that sources the 3.5 keV line
also enables DM production from meson decays and scatter-
ing with detector electrons. Re-evaluating the LSND data in
light of this model, we will show that LSND already rules out
large parts of the preferred parameter space, with JSNS2 able
to cover a similar region in the near future.

This paper is organized as follows. In Sec. II, we discuss the

representative DM models along with the production mech-
anisms and detection signals from proton beam dumps. In
Sec. III, we describe the JSNS2 experimental setup, including
the beam dump and neutrino detector. In Sec. IV, we describe
the backgrounds to a DM search at JSNS2, consisting primar-
ily of neutrinos produced in the target and cosmic rays. In
Sec. V, we present the projected reach of JSNS2 to the repre-
sentative DM models, and compare with previous results and
a new reanalysis of LSND data within the dipole DM model.
We conclude in Sec. VI. Further details of the matrix elements
used in our reach projections are given in Appendix A.

II. DM PRODUCTION AND DETECTION

A. Representative pseudo-Dirac models

We suppose the DM components of our model consist of
mass eigenstates �1 and �2, with masses m1 and m2, respec-
tively, and mass splitting � = m2�m1. Such a mass splitting
naturally arises for fermionic fields with both Dirac and Ma-
jorana masses. For instance, a Dirac spinor with  = (⇠, ⌘†)
built out of two Weyl spinors ⇠ and ⌘ can have the following
mass terms in the interaction basis:

�Lmass = m⇠⌘ +
µ⇠

2
⇠⇠ +

µ⌘

2
⌘⌘ + h.c., (1)

where m is the Dirac mass and µi is the Majorana mass for
each component. In the µ⇠ = µ⌘ ⌘ µ limit, the mass eigen-
states for this system are

�1 =
i

p
2
(⌘ � ⇠) , �2 =

1
p

2
(⌘ + ⇠) , (2)

with corresponding eigenvalues m1,2 = m ⌥ µ.

High Luminosity Proton Beam 
(100’s of MeV to 10’s of GeV)
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Scattering Decay

Large boosts mean there are no kinematic constraints on the 
scattering like in traditional direct dark matter searches.
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