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Outline 

• history/introduction/motivation

• neutrino oscillation implications (sterile neutrino?)

• other new physics implications (proton decay?)

• astrophysical implications (pulsar kicks?)

• nucleon-level knowledge

• nuclear issues



Motivations
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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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FIG. 2: The event excess as a function of EQE
ν . Also shown are the expectations from the best

oscillation fit and from neutrino oscillation parameters in the LSND allowed region [2]. The error

bars include both statistical and systematic errors.
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FIG. 3: The event excess as a function of Evis for EQE
ν > 200 MeV. Also shown are the expectations

from the best oscillation fit and from neutrino oscillation parameters in the LSND allowed region

[2]. The error bars include both statistical and systematic errors.
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phenomenological:
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MiniBooNE(other) experiments are(will be) sensitive to this 
cross section



theoretical: 

Any fields coupling to anomalous symmetries must have 
peculiar interactions

π
0

γ

γ

∂µJ
µ

5
∝ ε

µνρσ
FµνFρσ L ∼ ε

µνρσ
πFµνFρσ

∂µJ
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baryon ∝ ε
µνρσ

∂µZνFρσ + . . . L ∼ ε
µνρσ

ωµZνFρσ

⇒
Similarly, for any field coupled to baryon number

ω
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⇒



If Z was much lighter, would see e.g. ω→Zγ directly.  
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But in practice, Z is heavy (weak interactions are weak !)

Compare Primakoff effect:

scattering off baryon number

scattering off electric charge



Oscillation implications



estimate represents just the incoherent, or the sum of
incoherent plus coherent processes. In the latter case, the
difference between the !0-constrained background and the
direct estimates given here would be larger; the ‘‘!’’ and
‘‘coherent !’’ regions in the figures would contribute
different amounts but with the same total.

From the estimates presented here, it may be difficult to
extract the coherent component from other backgrounds.
Doing so would represent the first signal for coherent
single-photon production by the weak neutral current
above the nuclear scale [20].

IV. MINIBOONE !! CROSS SECTIONS

The above procedure may be repeated for antineutrinos.
Figure 3 displays flux-integrated cross sections normalized
according to 3:39! 1020 protons on target from the search
for ""e CCQE events in a primarily ""# beam [5]. A cut

E$ " 140 MeV is applied, and a 25% efficiency has
been assumed, in accordance with a comparison to
MiniBooNE backgrounds in Table II [24]. Again, the
direct estimate of ! ! N$ events is # 2 times larger

than the MiniBooNE estimate; the difference is illustrated
in the figure by including 0.5 times the direct estimate for
these events. The resulting fit for the EQE distribution
yields %2 ¼ 13:3 for 10 d.o.f. Assuming a 20% efficiency
and taking the difference between the estimates of
! ! N$ events from the table, the excess becomes
%11:5& 11:7 and %2:8& 10:0 in the 200–475 and
475–1250 MeV bins, respectively. If no additional inco-
herent ! ! N$ events are included, these numbers
become %6:1& 11:7 and %0:2& 10:0.

V. SUMMARY

Neglected single-photon events give a significant con-
tribution to the MiniBooNE low-energy excess. If the
excess is interpreted as photon events, fits to the data
appear to indicate an enhanced resonant ! ! N$ contri-
bution (either incoherent or coherent) relative to
MiniBooNE estimates based on !0 production [25]. Such
an enhancement is suggested by the model estimates in this
paper, and is consistent with the absence of a significant
excess in the MiniBooNE antineutrino results. A dedicated
efficiency analysis would constrain the overall normaliza-
tion error. Examination of processes such as "#n ! #%p$
could be used to test other sources of uncertainty [27].
More definitive conclusions would require better under-
standing of uncertainties including nuclear corrections. An
enhanced coupling of the neutral weak current and elec-
tromagnetic current to baryons may have interesting astro-
physical implications [8].
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FIG. 3 (color online). Comparison of single-photon events to
MiniBooNE data [5] with other backgrounds subtracted in
antineutrino mode.
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FIG. 4 (color online). Comparison of single-photon events to
MiniBooNE data [28] with other backgrounds subtracted in
antineutrino mode.

TABLE II. Single-photon and other backgrounds for
MiniBooNE ""-mode in ranges of EQE. Ranges in square brackets
are the result of applying a 20%–30% efficiency correction.

process 200–475 475–1250

1$, non-! 28[5.6–8.4] 17[3.4–5.2]
! ! N$ 58[12–17] 23[4.6–6.9]
""e="e CCQE 81[16–24] 261[52–78]
MB excess %0:5& 11:7 3:2& 10:0
MB ! ! N$ 6.6 2.0
MB ""e="e CCQE 18 43
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efficiency of 30:6! 1:4% for reconstructing signal-like !e

CCQE events [3]. As can be seen from Table I, after
selection cuts the efficiency for events with similar signa-
tures, !"e

" ! !"e
" and !en ! e"p, fall in the range

20%–30% [16]. It can also be seen from this table that
the direct estimate of the number of single-photon events
mediated by !ð1232Þ is larger than the #0-constrained
background estimate of MiniBooNE by a factor % 2
[18]. The effects of a larger incoherent ! ! N$ back-
ground are illustrated by the hatched area in Fig. 1, com-
puted by adding 0.5 times the direct estimate (i.e.,
effectively doubling the MiniBooNE background). Under
the assumption of a constant 25% efficiency, the fit of these
additional single-photon events to the MiniBooNE excess
yields %2 ¼ 10:3 for 10 d.o.f. Theoretical errors are dis-
cussed at the end of this note and have not been included in
the fit. Assuming a lower 20% efficiency and taking the

difference between the estimates of ! ! N$ events from
the table, the remaining excess would be 15! 26, 23! 25
and "47! 36 in the 200–300, 300–475 and 475–
1250 MeV bins, respectively. If no additional incoherent
! ! N$ events are included, these numbers become
29! 26, 55! 25 and "9! 36. The neutron/proton
Compton backgrounds were estimated by MiniBooNE to
be small or negligible [14].
The most significant excess in the updated MiniBooNE

analysis occurred in the EQE ¼ 300–475 MeV bin. The
distributions in reconstructed Q2 [19], and cosine of the
angle, cos&, of the electromagnetic shower with respect to
the beam direction, are displayed for this energy range in
Fig. 2. The normalization assumes an energy- and angle-
independent efficiency of 25%, and includes 0.5 times the
incoherent ! ! N$ background as in Fig. 1. A %2 fit
yields 10:9=10 d.o.f. for cos& and 2:6=7 d.o.f. for Q2

QE.

Note that in the accounting method here, it does
not matter whether the MiniBooNE ! ! N$ background

TABLE I. Single-photon and other backgrounds for
MiniBooNE !-mode in ranges of EQE. Ranges in square brackets
are the result of applying a 20%–30% efficiency correction.

process 200–300 300–475 475–1250

1$, non-! 85[17–26] 151[30, 45] 159[32, 48]
! ! N$ 170[34–51] 394[79–118] 285[57–86]
!"e ! !"e 14[2.7–4.1] 20[4.0–5.9] 40[7.9–12]
!en ! ep 100[20–30] 303[61–91] 1392[278–418]
MB excess 45:2! 26:0 83:7! 24:5 22:1! 35:7
MB ! ! N$ 19.5 47.5 19.4
MB !"e ! !"e 6.1 4.3 6.4
MB !en ! ep 19 62 249
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FIG. 2 (color online). Distributions in Q2
QE and cos& for the

events displayed in Fig. 1 for EQE ¼ 300–475 MeV. Data points
correspond to Figs. 4 and 5 of [4].
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FIG. 1 (color online). Single-photon events at MiniBooNE for
6:46' 1020 protons on target in neutrino mode. A 25% effi-
ciency is assumed. The hatched line represents the difference
between the direct calculation and MiniBooNE #0-constrained
incoherent ! ! N$ background. Data points correspond to the
excess events reported in [4], Fig. 2.
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FIG. 2 (color online). Distributions in Q2
QE and cos& for the

events displayed in Fig. 1 for EQE ¼ 300–475 MeV. Data points
correspond to Figs. 4 and 5 of [4].
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6:46' 1020 protons on target in neutrino mode. A 25% effi-
ciency is assumed. The hatched line represents the difference
between the direct calculation and MiniBooNE #0-constrained
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FIG. 2 (color online). Distributions in Q2
QE and cos& for the

events displayed in Fig. 1 for EQE ¼ 300–475 MeV. Data points
correspond to Figs. 4 and 5 of [4].
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Within nucleon/nuclear/flux/reconstruction/.. uncertainties 
that can and should be debated:

- an unmeasured background with approximate size and kinematic 
distribution of MiniBooNE’s excess

- approximate agreement between neutrino and antineutrino modes for 
required enhancement relative to MC 

simple model for single photon production: 

[MiniBooNE, PRL 102, 211801 (2009)]

[RJH PRD 84, 017501 (2011)]

[MiniBooNE, PRL 105, 181801 (2010)]



Astrophysical implications?



An enhanced coherent single-photon cross section has interesting 
implications

Astrophysics: mechanism 
for neutron star cooling

4

FIG. 2: log(Qanom
ν ), with Q measured in erg s−1 cm−3, versus

log(T9) for the range gω = 10 − 30 (hatched) compared to
the range of standard mUrca processes of eq.(9). The curves
for mUrca do not include superfluidic suppression factors.

may also play a significant role in neutron star cooling
and early stage evolution. There are many potentially
important applications in various other physical regimes.
We will present a more detailed analysis and discussion
elsewhere, including the detailed derivation of pCS and
axion interactions from the WZW term [13][24].

We further remark that the axion will have a similar
induced coupling to the photon and the ω, leading to an
interaction of the form:

caxion
eNc

24π2

g2
ω

m2
ω

εµνρσ
∂µa

fa
F νρNγσN , (17)

where caxion is calculable from a given axion model. An
important application is to consider axion emission and
the resulting bounds on axion couplings from supernovae
(SN1987A).
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gies of interest, the assumption of coherence on the entire
nucleus leads to only small effects confined to the forward
direction.

[28] Although our effect is one-loop order, it is significantly
enhanced relative to other loop processes, e.g., to the
electromagnetic penguin, γ → νν, by a factor of ∼

Tg4
ωn2

B/m4
ωm3

γ(ln(MW /mγ))2 ∼ 103.
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q̄ q̄ q̄

q q q

QmUrca
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= (1018
− 1021) ×

(

T

109 K

)8

erg s−1 cm−3

Qanom
ν ≈ 2 × 1022 erg s−1 cm−3m9/2

(gω

10

)4

e−12m/T9(T9)
5/2

similar dynamics may play a role in pulsar kicks - large velocities of 
supernova remnants, generated by asymmetric neutrino emission

jpv/j0 � �⇥B

Interaction that has both significant parity violation and significant 
contribution to scattering required to generate observed kick  

effective electron magnetic moment (large)
contribution of electron to 
inverse mean free path (small)



Implications for proton 
decay



⇡0

e+

Experimental reach limited by atmospheric backgrounds 

These backgrounds may differ in the hadronic final state, in particular 
neutron content 

⇡0

e+
⌫

n

vs.

Significant overlap with neutrino cross section problem: energy range, 
need to understand final state interactions

Could imagine a situation where a few “signal” events are detected, but 
proton decay interpretation relies on O(1) factors in predicted neutron 
fraction of neutrino backgrounds

Any new experimental handles are useful



Nucleon level knowledge



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), ... 

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

Caution is warranted.  E.g., in the case of axial-vector form factor entering 
CCQE.  Only one poorly constrained invariant amplitude FA a function of 
only one kinematic variable Q2, yet significant (~40%) cross section 
uncertainty
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where dots denote terms with two or more fields. The
notation sW ¼ sin#W , cW ¼ cos#W is used throughout,
where s2W ' 0:231.

It is now straightforward to write down the Lagrangian
working order by order in derivatives. Consider the expan-

sion through three-derivative order, where the interesting
effects of pCS terms make their appearance. In the one-
baryon sector,

L ¼ mNLð0Þ þLð1Þ þ 1

mN
Lð2Þ þ 1

m2
N

Lð3Þ þ & & & ; (16)

where for convenience the mass scale in the expansion is
defined as the nucleon mass, mN ' 940 MeV. For nota-
tional simplicity, the tildes on fields are dropped in the
remainder of this section. Using Hermiticity and enforcing
invariance under parity and time-reversal, and making use
of the leading-order equations of motion

ði 6D#mNÞN ( 0; ½D!; A
!* ( 0; (17)

the result is

Lð0Þ ¼ #cð0Þ !NN; Lð1Þ ¼ !N½cð1Þ1 i 6D# cð1Þ2 A6 $5*N;

Lð2Þ ¼ !N
"
#cð2Þ1

i

2
%!& Trð½iD!; iD&*Þ # cð2Þ2

i

2
%!&'a Trð'a½iD!; iD&*Þ þ & & &

#
N;

Lð3Þ ¼ !N½cð3Þ1 $&½iD!;Trð½iD!; iD&*Þ* þ cð3Þ2 $&½iD!; '
a Trð'a½iD!; iD&*Þ* þ cð3Þ3 $&$5½iD!; ½iD!; A&**

þ cð3Þ4 i(!&)%$% TrðfA!; ½iD&; iD)*gÞ þ cð3Þ5 i(!&)%$%'
a Trð'afA!; ½iD&; iD)*gÞ þ cð3Þ6 $&$5½½iD!; iD&*; A!*

þ cð3Þ7

1

4m2
N

$&$5f½½iD!; iD&*; A)*; fiD!; iD)ggþ & & &*N: (18)

The dots in Lð2Þ and Lð3Þ denote terms containing more
than one A field. The simplification TrðAÞ ¼ 0 has been
made, which is sufficient for standard model applications.
When restricted to isovector gauge couplings, these ex-
pressions are equivalent to previous results at second [6]
and third [10] order. The treatment ofUð1Þ factors encoded
by (6) and (13) allows also the isoscalar components of
both the photon and Z boson to be incorporated systemati-
cally [11]. In (18), field redefinitions have been used to
arrange operators in a manner that allows a straightforward
interpretation in terms of a vector meson dominance
model. Note that in expanding in derivatives, care must
be taken to notice that the time component counts as order
one,

i@0N (OðmNÞN; (19)

and hence in a relativistic and gauge-invariant description,
covariant derivativesD! acting on the nucleon field cannot
be viewed as power suppressed. Within the approximations
of interest (three-derivative order, and no more than one
axial-vector field), the final term in (18) is the only new
operator induced by this subtlety [10].

Despite appearances, the expansion (18) is remarkably
simple when applied to the problem at hand. The leading

coefficients define the mass and field normalization, cð0Þ ¼
cð1Þ1 ¼ 1. The remaining first- and second-order coeffi-

cients are related at tree level to well-known low-energy

observables. Coefficient cð1Þ2 is the axial-vector coupling to

nucleons: cð1Þ2 + gA ' 1:26. Coefficients cð2Þ1;2 represent the

isoscalar and isovector anomalous magnetic moments (in

units 1=2mN), which at tree level would be cð2Þ1 ' 1
4 ðap þ

anÞ, cð2Þ2 ' 1
4 ðap # anÞ, where ap ¼ 1:79 and an ¼ #1:91.

For the third-order constants, cð3Þ1 and cð3Þ2 correspond to
form-factor corrections to the leading vector couplings; in

a vector dominance approximation, cð3Þ1 ' 1
2m

2
N=m

2
!,

cð3Þ2 ' 1
2m

2
N=m

2
), and similarly for axial-vector coupling,

cð3Þ3 ' #gAm
2
N=m

2
a1 .

We are left finally with cð3Þ4;5;6;7. The coefficients c
ð3Þ
6 and

cð3Þ7 will not be relevant, since the corresponding operators
vanish for neutral gauge fields such as the Z0 and the

photon. The coefficients cð3Þ4;5 contain the low-energy mani-

festation of the !ZdA and )ZdA vertices studied in
Refs. [1,3], after integrating out ! and ):
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The conventions (0123 ¼ #1, g!& ¼ diagð1;#1;#1;#1Þ
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Systematic expansion at low energy:  

Expansion breaks down at energies of order fπ  ~ 100 MeV

coherent coupling of vector+axial-vector fields to baryons

⇒ model by resonance insertions (“sticking in form 

factors”) or dispersive analysis to relate invariant 
amplitudes to observables N

N(k)

Z(p)

N(k′)

γ(q)

N

N

Z

N

γ

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
=
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3
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2
A

[
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]

+ 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
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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.
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Nuclear issues



Why is it so #?! hard to calculate?

• nuclear cross sections at 1 GeV (#?!)

• must translate nucleon-level amplitudes to nuclear cross 
sections

• final state interactions: O(1) factors relating nucleon-
level ratio of pi0/gamma to nuclear-level

• experimental handles in electron scattering?



energy-dependent width 
& model for in-medium 

effects

energy-independent width 
(simplest model)

Data from Wissmann et al,
    PLB 335, 119 (1994).
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FIG. 5: Coherent photon scattering on 12C mediated by ∆
resonance at θ = 40◦ (cos θ = 0.766). Dashed line is model
with energy-independent width Γ∆ = 120 MeV. Solid line
is for energy-dependent width and in-medium effects as de-
scribed in text. Data is from [3].
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FIG. 6: Coherent photon scattering on 12C mediated by ∆
resonance at photon energies 240 MeV (bottom, black) and
280 Mev (top, red). Dashed lines are for model with energy-
independent width Γ∆ = 120 MeV. Solid lines are for energy-
dependent width and in-medium effects as described in text.
Data is from [4].

COMPARISON TO COMPTON SCATTERING

The largest single new source of single photons is due to
coherent production on the 12C nucleus, with the largest
component of the coherent amplitude due to the ∆(1232)
resonance in the s channel [13].

To gauge whether the nuclear modeling for the coher-
ent process mediated by ∆ excitation gives a reasonable
first approximation to the true cross section, it is use-

ful to compare to the analog process of coherent photon
scattering on the same nucleus. Data from [3] at fixed
angle, θ = 40◦ is shown in Fig. 5. The dashed line in
the figure shows the result of the “default” model, using
energy-independent width Γ∆ = 120 MeV. For compari-
son, the result of including in-medium modifications to ∆
propagation is displayed as the solid line. Here a simple
model for these modification is taken from [5] [14]

As the figure illustrates, the data is in better agree-
ment with the model incorporating in-medium effects,
where the cross section is somewhat reduced, and the
peak shifted to smaller energy. The fit to the data can
be improved by using a slighlty larger vacuum width (e.g.
Γ∆ ∼ 130 MeV) and including a small nonresonant back-
ground. However, these modifications are beyond the
accuracy of other approximations such as the simplified
nuclear form factor and nonrelativistic reduction of the
amplitude. The main point to be illustrated is that the
simple model represented by the dashed line is not a gross
misrepresentation of the data.

For comparison, the cross sections displayed in Figures
.... are reproduced using energy-dependent width and in-
medium modifications for the ∆ width and mass. Results
of the fit are not modified drastically.

SUMMARY

Accelerator neutrino experiments have reached a level
where processses such as single photon production are rel-
evant. In particular, the MiniBooNE excess may indicate
a first signal for coherent photon production by the weak
neutral current above the nuclear scale [15] These events
should be accessible at MicroBooNE, and at T2K. In the
latter case, they form a significant background that re-
quires careful attention due to its dependence on detector
material.
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Dipping a toe into the nuclear realm...
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Model self-energy by phenomenological model (calibrated from 
pion photoproduction on helium, carbon) �� = V (E�)F (q2)

Drechsel et.al. NPA, 660, 423.

Peak height somewhat reduced, position 
shifted.
Gross features unchanged. 



Single photon production in ν-N 
overview

• ~irreducible background to νe appearance searches: must be directly 
measured (cf. Katori’s talk)

• other motivations to measure and constrain neutron content in 
neutrino nucleus scattering: e.g., important background for proton decay 

• potentially interesting astrophysical implications of an enhanced neutral 
current interaction in presence of e.m. fields and baryons

• difficulties at both nucleon and nuclear levels

• nucleon level: invariant amplitude decomposition and hadronic modeling 
(cf. talks of Zhang, Nieves and Ruso)

• nuclear level: final state interactions significantly affect pi0/gamma ratio 
emerging from nucleon-level interactions 



• the stakes are large: important backgrounds 
for sterile neutrinos, proton decay, potential 
astrophysical implications within SM

• requires dedicated efforts at particle, 
nucleon, nuclear, detector levels


