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Outline
• theoretical significance of neutrino-photon-

baryon interactions

• chiral lagrangian and extrapolation

• some fits to MiniBooNE data

2

RJH: arXiv: 0905.0291

Harvey, Hill & Hill Phys.Rev.Lett..99, 261601 (2007); Phys.Rev. D77, 085017 (2008) 

2Tuesday, July 28, 2009



3

Single photon emission in neutrino-nucleus collisions 
probe interesting physics

baryon anomaly.  anomaly in baryon current in presence of 
SU(2)LxU(1)Y ⇒ interactions like 

Harvey, Hill & Hill 2007

( like anomaly in axial current in the presence of U(1)EM ⇒ π0→γγ )

skyrmion excitations. proximity of Δ resonance leads to 
interesting effects: coherent-resonant phenomena, nuclear 
superradiance,...

Applications beyond laboratory neutrino experiments
- parity violation (anapole moment at finite baryon density) 
- astrophysics (neutron star cooling, supernova dynamics)
- axion interactions 

Important background to νe appearance experiments. 

L ∼ εµνρσωµZνFρσ
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Some unfinished business in the baryon chiral lagrangian

Need full SU(2)LxU(1)Y in SU(2)LxSU(2)RxU(1)V

Represent nucleons as isodoublet spinor field, must  have peculiar 
transformation under full SU(2)LxSU(2)RxU(1)V 

“In order to avoid complications due to anomalies we disregard the isoscalar vector, axialvector 
and pseudoscalar currents.” 

Gasser, Sainio and Svarc, 1988

Disentangling multiple effects requires systematic description 
⇒ chiral lagrangian at low energy

U(x) = exp [iπ(x)/fπ]

ψR → eiεRψR

ψL → eiεLψL

U(x) = ξ(x)2 ξ → eiεLξe−iε′ = eiε′ξe−iεR

N → eiε′isovector+3iε′isoscalarNN =
(

p
n

)
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N
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5

vector form factor 
correction: mV2

axial-vector form factor 
correction: mA2 interesting !

(coherent coupling of 
baryon, photon, axial weak)
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Phenomenology
• unfortunately, convergence of the chiral lagrangian 

is poor for energies above a few hundred MeV

• Eν∼GeV not a great regime for precise calculation, 
but can perform phenomenological extrapolation 
to moderate energy 

• include dominant resonances in each channel

• nuclear effects: Fermi motion, Pauli blocking - not 
dominant effects, but should be systematically 
included; in-medium modifications - can compare 
to e.g. Compton scattering (won’t discuss here)

• have to get our hands dirty to say something 
useful ... 

6
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FIG. 1: Generalized compton scattering.

A. Compton scattering

Let us begin by examining the contributions to νN → νNγ mediated by an intermediate

nucleon as depicted in Fig. 1. These contributions will be referred to as “Compton-like”

scattering where one of the photons is replaced by an (offshell) Z boson. As discussed

above, form factors for onshell nucleons are employed at the vertices to account for resonant

structure in the appropriate channel.

1. Form factors

The onshell matrix element of the weak neutral current and electromagnetic current take

the form

〈N(k′)|Jµ
NC|N(k)〉 =

g2

2cW
u(k′)Γµ

NC(k′ − k)u(k) ,

〈N(k′)|Jµ
em|N(k)〉 = e u(k′)Γµ

em(k′ − k)u(k) . (33)

For the weak neutral current

Γµ
NC(q) = γµ[F 1 ,weak

V (q2) − FA(q2)γ5] +
i

2mN
σµνqνF

2 ,weak
V (q2) +

1

mN
FP (q2)qµγ5 , (34)

and similarly, for the electromagnetic current:

Γµ
em(q2) = γµF 1 ,em

V (q2) +
i

2mN
σµνqνF

2 ,em
V (q2) . (35)

Enforcing time-reversal invariance ensures that F 1,2
V (0), FA(0) and FP (0) are real as expected

from the effective lagrangian (18). Note that FP in (34) is induced by pion exchange,

12

π, ρ, ω

Z γ

N N

FIG. 2: Meson exchange contribution to Z∗N → γN .

Taking the mN → ∞ limit of the final state phase space, the cross section for νN → νNγ

arising from generalized Compton scattering becomes

dσ(Compton)

dedx
=

1

π2

αG2
FE4

m2
N

e(1 − e)

{

F 2
1 C2

V

[

1

e2

(

1

2
− 1

6
x2

)

+
1

e

(

−7

6
+

5

6
x2

)

+
4

3
− 2

3
x2 − 2

3
e

]

+ F 2
1 C2

A

[

1

e2

(

17

6
− 11

6
x2

)

+
1

e

(

−11

2
+

19

6
x2

)

+ 6 − 2x − 4

3
x2 + e

(

−10

3
+ 2x

) ]

+ F1F2C
2
A

[

(1 − e)(4 − 2x)

]

+ F 2
2 C2

A

[

2(1 − e)

]}

. (46)

Here x ≡ cos θγ and e ≡ Eγ/E, where θγ is the angle between the photon and the incoming

neutrino, and Eγ, E are the energies of the photon and incoming neutrino. Note that

there is a logarithmic singularity at e → 0 in the terms F 2
1 C2

V and F 2
1 C2

A, corresponding to

production of very soft photons, i.e., bremsstrahlung corrections to neutral current neutrino-

nucleon scattering. For production of photons above a fixed energy threshold, this infrared

singularity does not pose a problem[48].

B. t-channel meson exchange

Besides the diagrams in Fig. 1, radiative neutrino scattering can take place via t chan-

nel exchange of pseudoscalar and vector mesons, as depicted in Fig. 2. Unlike Compton

scattering, these contributions do not vanish in the zero-recoil limit.

The relevant interactions at the upper vertex in this diagram are given by the lagrangian

15
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FIG. 3: Production of photons through the ∆ resonance.

becomes of order mNE/f 2
π compared to Compton scattering. For the vector meson exchange,

we have in contrast to (44) the amplitude

iM ∼ (
√

2mN)2 eg2

16π2cWm2
ω

χ†χ(3g′gωNN ± ggρNN)ε(γ)∗
i ε(Z)

j εijkqk , (52)

where the ± refer to proton and neutron respectively. This demonstrates the claim made

previously that the vector meson contributions are parametrically of order mNE/m2
ω ∼

mNE/m2
ρ compared to Compton scattering. Using (49) and g′ ∼ g, it follows that the

ω contribution is approximately 32 = 9 times larger in amplitude that the ρ contribution.

Contributions from states involving the strange quark are suppressed by their relatively small

coupling to the nucleons. These facts, together with the suppression factor [50] 1 − 4s2
W ≈

0.08 in the pion amplitude, indicate that ω gives the dominant meson-exchange contribution

to νN → νNγ. This mechanism will compete with Compton scattering when mNE ! m2
ω.

For later use, the zero-recoil cross section for νN → νNγ resulting from ω exchange is

(neglecting interference with other contributions) [3]

dσ(ω)

dedx
=

αg4
ωG2

FE6

16π6m4
ω

e3(1 − e)2 . (53)

C. The ∆ resonance

At energies below 2 GeV, ∆(1232) is the most prominent resonance appearing in the s

(and u) channels [16, 17, 18, 19]. We review here the salient features of including ∆ as a

field in our effective lagrangian, and derive matching conditions onto the low-energy theory.

We will see that the leading effects at low energy are described by the same operator as for

t-channel ω exchange.

17

Include ground state and leading resonances in each channel

ρ : 1/N2
c ∼ 1/9

π : (1− 2s2
W )− 2s2

W " 1

Goldman and J. Jenkins 0906.0984

m∆ −mN ∼ 1/Nc{at low E, 
match onto

same 
(interesting)

operator
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Scattering on nucleus, can have both incoherent process 
(ejected nucleon) and coherent process (intact nucleus) 

Q2 ! 1/〈r2〉 ∼ A−2/3

At small momentum transfer, amplitudes add, dσ∼A2

Nontrivial constraints on phase space, can analyze in limit of 
large nucleus: A⅓E→∞

dσ∆/d cos θ ∼ A4/3(1− cos2 θ)
dσω/d cos θ ∼ A2/3E2δ(cos θ)

dσCompton/d cos θ ∼ A4/3E2 log(E/Emin)
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Why is it so #?! hard to calculate?

• what are the errors ?  ≈ what is the expansion ? 

• need to get creative: 1/Nc, z(dispersive), 1/A(nucleus), ... 

• without support from data, errors to tree-level meson 
exchange are “1/Nc” ∼ 30% if all relevant states are 
considered ( large energy ⇒ need more states)

• model independent approach: decompose into helicity 
amplitudes.  but 12 of them, depending on multiple 
kinematic invariants - need dynamical model/small 
parameter expansion 

9
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interactions, the remaining cross sections are the same for protons and neutrons.

At low energy, the cross sections reduce to the zero-recoil expressions derived earlier

in (46) and (53)[58]. In the zero-recoil limit there is no interference between vector and

axial contributions in the Compton-like case, so that the cross sections for ν and ν are

identical in this limit. The operator describing ω and ∆ channels at low energy involves

only the axial-vector component of the weak hadronic current. The cross sections for these

contributions are therefore also identical for ν and ν in the zero-recoil limit. At large energy,

interference between vector and axial-vector contributions yields a larger cross section for

neutrinos over antineutrinos, except for the meson-exchange case where suppressed weak-

vector contributions have been neglected.

Figure 5 displays partial cross sections as a function of photon energy, photon angle, and

nuclear recoil Q = [−(k − k′)2]1/2, for each of the ω-induced, ∆-induced and Compton-like

cross sections. These representative results are for Eν = 1 GeV neutrinos scattering on
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protons.

As an indication of uncertainties for the ∆ contribution, Fig. 6 shows the cross section

calculated with energy-dependent width (71); and using an alternate fit for the coefficients

in (62): [21]

CA
5 = 1.2 , CV

3 = 2.13 , CV
4 = −1.51 , CV

5 = 0.48 . (78)

The cross sections for offshell parameter z = ±1 in (65) are different by more than a factor
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FIG. 9: Coherent cross sections on 12C induced by Compton-like process; t-channel ω; and s-

channel ∆. A cut Eγ ≥ 20MeV (top) and Eγ ≥ 200MeV (bottom) is placed on the infrared-

singular Compton-like cross section. For ∆, separate ν (top) and ν (bottom) cross sections are

shown. The band represents the combined effect of ω and ∆ if resonant structure is ignored.

weighted at the low end, and a flat distribution in photon angle. The ∆ contribution sat-

urates as a function of energy, and grows asymptotically with nuclear size as A4/3. The

photon energy is fixed by the ∆ excitation energy, and there is a 1 − x2 photon angular

distribution in the asymptotic limit. Finally, for the ω-mediated process, the growth with

energy and nuclear size is A2/3E2, and the process favors a forward photon carrying a large

fraction of the incident neutrino energy. The 1 GeV energy range for a medium-sized nucleus

like 12C is in a transition region from small to large bE2, but the asymptotic limits are a

useful guide for understanding the qualitative features of the coherent cross sections.

E. Summary of coherent single photon cross sections

The different components of the coherent cross section are depicted in Fig. 9. Distribu-

tions in photon energy and photon angle for 1 GeV incident neutrino energy are displayed

in Fig. 10, for each of the Compton-like, ∆-induced and ω-induced neutrino cross sections.

35

 (GeV)!E

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

!42
10"

)
!
#cos(

!1 !0.8 !0.6 !0.4 !0.2 0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

1.2

!42
10"

Q (GeV)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

!42
10"

 (GeV)!E

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

1

2

3

4

5

6

7

!42
10"

)
!
#cos(

!1 !0.8 !0.6 !0.4 !0.2 0 0.2 0.4 0.6 0.8 1
0

1

2

3

4

5

6

7

8

!42
10"

Q (GeV)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

1

2

3

4

5

6

7

8

!42
10"

 (GeV)!E

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.5

1

1.5

2

2.5

!45
10"

)
!
#cos(

!1 !0.8 !0.6 !0.4 !0.2 0 0.2 0.4 0.6 0.8 1
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

!45
10"

Q (GeV)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.5

1

1.5

2

2.5

3

!45
10"

FIG. 10: Distributions for photon energy Eγ , photon angle cos θγ , and nuclear recoil Q, for each of

the ω (top row), ∆ (middle row) and Compton-like (bottom row) contributions to coherent process

νN → νNγ for N =12 C and Eν = 1GeV.

The upper limit of the band in Fig. 9 is obtained by combining the effects of ω and ∆ into

an effective coupling geff
ω , and ignoring the resonant factor (88).

For ∆, inclusion of the subleading vector component of the weak current leads to a
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The upper limit of the band in Fig. 9 is obtained by combining the effects of ω and ∆ into

an effective coupling geff
ω , and ignoring the resonant factor (88).

For ∆, inclusion of the subleading vector component of the weak current leads to a
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the ω (top row), ∆ (middle row) and Compton-like (bottom row) contributions to coherent process

νN → νNγ for N =12 C and Eν = 1GeV.

The upper limit of the band in Fig. 9 is obtained by combining the effects of ω and ∆ into

an effective coupling geff
ω , and ignoring the resonant factor (88).

For ∆, inclusion of the subleading vector component of the weak current leads to a
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• MiniBooNE has presented a careful analysis of 
electron-like events in beams of primarily muon 
neutrinos / antineutrinos

• Interesting to compare this data, and apparent 
excess at low energy, with predictions of new 
single-photon events 

• Potential background at other νe appearance 
experiments (higher energy not a focus of this talk 
- requires further theory) 

• Preliminary results:
12

n p

νe e
−

νµ

γ
νµ

νµ
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FIG. 1: The EQE
ν distribution for data (points with statistical errors) and backgrounds (histogram

with systematic errors).
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[MiniBooNE, PRL 102, 211801 (2009)]
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FIG. 27: Total predicted flux at the MiniBooNE detector by neutrino species with horn in neutrino

mode.
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EQE
ν ≈ Evis/[1− (Evis/mN )(1− cos θ)]
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TABLE I: The expected number of events for different EQE
ν

ranges (in MeV) from all of the backgrounds in the ν̄e appear-
ance analysis and for the LSND central expectation (0.26%
oscillation probability) of ν̄µ → ν̄e oscillations, for 3.39×1020

POT.

Process 200 − 300 300 − 475 475 − 1250
(−)
νµ CCQE 1.3 1.6 1.2

NC π0 14.4 10.2 7.2
NC ∆ → Nγ 1.7 4.9 2.0

External Events 2.2 2.5 1.9

Other
(−)
νµ 2.0 1.8 2.2

(−)
νe from µ± Decay 2.3 5.9 17.1

(−)
νe from K± Decay 1.4 3.8 11.7
(−)
νe from K0

L Decay 0.8 2.4 13.1

Other
(−)
νe 0.5 0.6 1.21

Total Background 26.7 33.6 57.8
0.26% ν̄µ → ν̄e 0.6 3.7 12.6

following [17], which uses events reconstructed near the
π0 mass peak. The size of the applied correction to the
total NC π0 rate is less than 10%. The ∆ → Nγ rate is
indirectly constrained, being related to the measured π0

rate through a branching fraction and final state interac-
tion correction. The rate of backgrounds from external
interactions is constrained through a direct measurement
using a sample of events occurring at high radius, head-
ing inwards, and having low visible energy. Other back-
grounds from mis-identified νµ or ν̄µ receive the ν̄µ CCQE
normalization correction according to their parentage at
production (π+ or π−). Intrinsic νe and ν̄e events from
the π → µ decay chain also receive this normalization.

Systematic uncertainties are determined by consider-
ing the effects on the ν̄µ and ν̄e CCQE rate prediction
of variations of fundamental parameters within their as-
sociated uncertainty. These include uncertainties on the
flux estimate, including beam modeling and hadron pro-
duction at the target, uncertainties on neutrino cross
sections, most of which are determined by in-situ cross-
section measurements at MiniBooNE or other experimen-
tal or theoretical sources, and uncertainties on detector
modeling and reconstruction. By considering the varia-
tion from each source of systematic uncertainty on the ν̄e

CCQE signal, background, and ν̄µ CCQE prediction as
a function of EQE

ν , a covariance matrix in bins of EQE
ν

is constructed, which includes correlations between ν̄e

CCQE (signal and background) and ν̄µ CCQE. This co-
variance matrix is used in the χ2 calculation of the oscil-
lation fit.

Figure 1 (top) shows the EQE
ν distribution for ν̄e

CCQE observed data and background. A total of 144
events pass the ν̄e event selection requirements with
200 < EQE

ν < 3000 MeV. The data agree with the
background prediction within systematic and statistical
uncertainties. Fig. 1 (bottom) shows the event excess
as a function of EQE

ν . Also shown are expectations

FIG. 1: Top: The EQE
ν distribution for ν̄e CCQE data (points

with statistical errors) and background (histogram with un-
constrained systematic errors). Bottom: The event excess as
a function of EQE

ν . Also shown are the expectations from
the best oscillation fit and from neutrino oscillation parame-
ters in the LSND allowed region. The error bars include both
statistical and systematic errors.

from the best ν̄µ → ν̄e oscillation parameters returned
by the fit and from two other sets of neutrino oscilla-
tion parameters from the LSND allowed region [1]. The
best oscillation fit for 200 < EQE

ν < 3000 MeV cor-
responds to (∆m2, sin2 2θ) = (4.42 eV2, 0.004), and
has a χ2 of 18.2 for 16 degrees of freedom (DF ), corre-
sponding to a χ2-probability of 31%. The null fit yields
χ2/DF = 24.5/18, with a χ2-probability of 14%. A fit to
475 < EQE

ν < 3000 MeV returns similar best-fit oscilla-
tion parameters, (∆m2, sin2 2θ) = (4.42 eV2, 0.005), with
χ2/DF = 15.9/13 and a χ2-probability of 25%. The null
fit to 475 < EQE

ν < 3000 MeV yields χ2/DF = 22.2/15,
with a χ2-probability of 10%. The number of data, back-
ground, and excess events for different EQE

ν ranges are
summarized in Table II. No significant event excess is ob-
served for EQE

ν > 475 MeV. Furthermore, no significant
excess is observed for EQE

ν < 475 MeV, to be compared
to a 3.0σ excess observed for 200 < EQE

ν < 475 MeV in

TABLE II: The number of data, background, and excess events
in the ν̄e analysis for different EQE

ν ranges. The correspond-
ing numbers from the νe analysis [3] are on the right. The
uncertainties include both statistical and constrained system-
atic errors.

Event Sample ν̄e Analysis νe Analysis[3]
(3.39 × 1020 POT) (6.46 × 1020 POT)

200 − 475 MeV
Data 61 544

Background 61.5 ± 11.7 415.2 ± 43.4
Excess −0.5 ± 11.7 (−0.04σ) 128.8 ± 43.4 (3.0σ)

475 − 1250 MeV
Data 61 408

Background 57.8 ± 10.0 385.9 ± 35.7
Excess 3.2 ± 10.0 (0.3σ) 22.1 ± 35.7 (0.6σ)

[MiniBooNE, arXiv:0904.1958]
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FIG. 27: Total predicted flux at the MiniBooNE detector by neutrino species with horn in neutrino

mode.
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⇒ size consistent with data 

- should do more complete efficiency analysis 
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FIG. 4: The event excess as a function of Q2 for 300 < EQE
ν < 475 MeV. Also shown are the

expected shapes from the NC π0 and ∆ → Nγ reactions, which are representative of photon events

produced by NC scattering, and from CC νeC → e−X and ν̄eC → e+X scattering. The error bars

include both data statistical and shape-only systematic errors.
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FIG. 5: The event excess as a function of cos(θ) for 300 < EQE
ν < 475 MeV. The legend is the

same as Fig. 4.

In summary, MiniBooNE observes an unexplained excess of 128.8± 20.4± 38.3 electron-

like events in the energy region 200 < EQE
ν < 475 MeV. These events are consistent with

being either electron events produced by CC scattering (νeC → e−X or ν̄eC → e+X) or

photon events produced by NC scattering (νC → νγX). Upcoming MiniBooNE results

with the Booster antineutrino beam and with the NuMI neutrino beam [21] should help

distinguish these two possibilities and shed further light on the low-energy region.
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In summary, MiniBooNE observes an unexplained excess of 128.8± 20.4± 38.3 electron-

like events in the energy region 200 < EQE
ν < 475 MeV. These events are consistent with

being either electron events produced by CC scattering (νeC → e−X or ν̄eC → e+X) or

photon events produced by NC scattering (νC → νγX). Upcoming MiniBooNE results

with the Booster antineutrino beam and with the NuMI neutrino beam [21] should help

distinguish these two possibilities and shed further light on the low-energy region.
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TABLE III: The χ2 values from comparisons of the event excess Q2 and cos(θ) distributions for

300 < EQE
ν < 475 MeV to the expected shapes from various NC and CC reactions. Also shown is

the factor increase necessary for the estimated background for each process to explain the low-energy

excess.

Process χ2(cosθ)/9 DF χ2(Q2)/6 DF Factor Increase

NC π0 13.46 2.18 2.0

∆ → Nγ 16.85 4.46 2.7

νeC → e−X 14.58 8.72 2.4

ν̄eC → e+X 10.11 2.44 65.4

the ∆ → Nγ background.

10

[MiniBooNE, PRL 102, 211801 (2009)]

⇒ shape consistent with excess

float normalization

30% efficiency 
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Summary
• single photon events in neutrino-baryon 

scattering probe interesting (standard 
model) physics

• several mechanisms present, relevance 
varies with energy  

• adding these events gives plausible 
explanation of MiniBooNE low-E excess 

• potentially relevant background at T2K: 
mimics signal, varies with target material

19
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