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The anomalous baryon current and 
neutrino-photon interactions

in the Standard Model



What if we had a handle like: 

weak e.m.

strong

A new class of standard model interactions
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laboratory neutrino detection

neutron star / supernova cooling

● The low-energy Standard Model does 
have such interactions γ
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● Leads to baryon-catalyzed 
neutrino-photon interactions



Outline

• The (anomalous) baryon current in the 
Standard Model

• Laboratory probes

• Astrophysical implications



The anomalous baryon current



Fundamental fact about fermions and gauge fields

In the absence of interactions, all fermions are 
identical

But we can’t couple gauge fields to too 
many of the symmetries.   If we try, 
then we find “anomalies”
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L = Ψ̄ i/∂ Ψ

A large number of symmetries

Ψ → e
iεΨ

=⇒ L → Ψ̄e
−iε

i/∂e
iεΨ = L



Naively, can promote the global symmetry 

to a local symmetry

by adding a gauge field

L = Ψ̄(i/∂ + /A)Ψ → L

Then classically the action is invariant

But in the full quantum theory, this is not true generally:

Ψ → e
iε

Ψ

Ψ → e
iε(x)

Ψ

Aµ → e
−iε(Aµ + i∂µ)eiε

δ(Action) =
1

48π2

∫
d4x ε

µνρσTr

[
∂µε

(
Aν∂ρAσ −

i

2
AνAρAσ

)]

Bardeen 1969
Adler 1969
Bell, Jackiw 1969



Implications of anomalies

First, if we do try to couple physical gauge fields to 
certain symmetries, need to choose non-anomalous ones

T 3 Y Q = T 3 + Y
uL 1/2 1/6 2/3

dL −1/2 1/6 −1/3

uR 0 2/3 2/3

dR 0 −1/3 −1/3

νeL 1/2 −1/2 0

eL −1/2 −1/2 −1

νeR 0 0 0

eR 0 −1 −1

SU(2) x U(1)  →   U(1)
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Fortunately, the Standard 
Model makes such a choice



Second, any fields coupling to anomalous symmetries 
must have peculiar interactions

E.g., the pion is generated by the axial-vector current, 
which is anomalous:

π → π + ε

L ∼ ε
µνρσ

πFµνFρσ

If we did try an ill-advised gauge transformation on the 
axial symmetries, have to get the expected anomaly

∂µJ
µ

5
∝ ε

µνρσ
FµνFρσ

δL ≡ ε∂µJ
µ

5
∼ ε[εµνρσ

FµνFρσ]⇒

Implications of anomalies

π
0

γ

γ



Low energy QCD

But a condensate forms in the QCD vacuum:

The QCD lagrangian for massless (u,d,s) quarks is invariant under unitary 
SU(3)L x SU(3)R flavor transformations: 

For each broken generator, a massless “Nambu Goldstone boson” 

L ∼ Q̄ i/∂ Q = Q̄L i/∂ QL + Q̄R i/∂ QR

QL =




uL

dL

sL




QR =




uR

dR

sR




〈Q̄RQL〉 #= 0

Low energy QCD described by unitary matrix of “pions” 

U(x) = exp


i




π0 + η/
√

3
√

2π+ K0

√
2π− −π0 + η/

√
3 K+

K0 K− −2η/
√

3









Why are these interactions special ?

There are two pieces of the chiral lagrangian that describes low-
energy QCD

These interactions are contained in the anomalous part

● Violate naive selection rules

● Directly related to underlying fermions

Lregular = Tr(DµUD
µ
U

†)

Lanomalous =
2Nc

15π2f5
π

εµνρσTr[π(∂µπ)(∂νπ)(∂ρπ)(∂σπ)] + . . .

π → −π

Γtheory =

(
Nc

3

)2
α2m2

π

64π3f2
π

=

(
Nc

3

)2

× 7.6 eV

Γexpt = 7.8(6) eV

π
0

γ

γ

Lregular → +Lregular

Lanomalous → −Lanomalous



Again, any fields coupling to anomalous symmetries must 
have peculiar interactions

Baryon number is anomalous in the Standard Model

δωµ = ∂µε

L ∼ ε
µνρσ

ωµZνFρσ

If we make an ill-advised gauge transformation, have to 
find an anomaly

ω

γ

Z

The anomalous baryon current

∂µJ
µ

baryon ∝ ε
µνρσ

F
vector
µν F

axial
ρσ

⇒ δL ≡ ε∂µJ
µ

5
∼ ∂µε[εµνρσ

ZνFρσ] ∼ −ε[εµνρσ
∂µZνFρσ]



Why this is surprising
Using the intuition 
“vector currents are conserved, axial-vector currents are anomalous”, 
there is a unique counterterm that must be added to the 
chiral lagrangian:

Γ(U, A, B) → Γ(U, A, B) − Γ(1, A, B)

This subtracts any interaction involving just vector fields (no pions) 

But the Standard Model SU(2)xU(1) is not vector-like gauging !    A 
different counterterm is required

A definitive answer to this question, and explicit connection with 
baryon anomaly

Bardeen 1969

Harvey, Hill, Hill 2007

gauge background
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ΓAAAA = C
∫

iW+W−ZA

(
1

4

sW

cW

)
. (73)

The terms ΓAAA and ΓAAAA combine with the lepton-
sector loop contributions to produce gauge invariant op-
erators that do not involve the vector meson fields. In
a formal limit where we assume the leptons are heavy,
we can integrate out (ν, e) to obtain the lepton-sector
WZW term as a function of W , Z, γ and the NGB’s
of the Higgs boson. In this case, the pure gauge terms
Eqs.(72,73) cancel exactly against corresponding lepton

sector loop contributions [18, 21].

B. Interactions involving vector meson fields

Since the B fields transform linearly under the gauge
transformations, the sum of the remaining terms must
be separately gauge invariant. For the various remaining
terms in Γfull the result is:

ΓAAB = C
∫

dZZ

[
s2

W

c2
W

ρ0 +

(
3

2c2
W

− 3

)
ω − 1

2c2
W

f

]
+ dAZ
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−sW

cW
ρ0 − 3sW

cW
ω

]
+ dZ

[
W−ρ+ + W+ρ−

] s2
W

cW

+dA
[
W−ρ+ + W+ρ−

]
(−sW ) + (DW+W− + DW−W+)

[
−3

2
ω − 1

2
f

]
,

ΓABB = C
∫

Z

{
dρ0

[
− 3

2cW
ω − s2

W

cW
a0 +

(
− 3

2cW
+ 3cW

)
f

]
+ dω

[
− 3

2cW
ρ0 +

(
− 3

2cW
+ 3cW

)
a0 − s2

W

cW
f

]

+da0

[
s2

W

cW
ρ0 +

(
3

2cW
− 3cW

)
ω − 1

2cW
f

]
+ df

[(
3

2cW
− 3cW

)
ρ0 +

s2
W

cW
ω − 1

2cW
a0

]}

+dA

{
sW ρ0a0 + 3sW ρ0f + 3sWωa0 + sW ωf

}
+ dZ

{
− s2

W

cW

(
ρ+a− + ρ−a+

) }

+dA

{
sW

(
ρ+a− + ρ−a+

) }

+
3

2

[
W+Dρ− + W−Dρ+)

]
(−ω + f) +

3

2

[
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]
dω

+
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W+Da− + W−Da+

]
(−3ω − f) +

1

2

[
W+(−3ρ− − a−) + W−(−3ρ+ − a+)

]
df ,

ΓBBB = C
∫

2

[ (
ρ−f + ωa−

)
Dρ+ +

(
ωa+ + ρ+f

)
Dρ− +

(
ωa0 + ρ0f

)
dρ0 +

(
ρ+a− + ρ−a+ + ωf + ρ0a0

)
dω

]
,

ΓAAAB = C
∫

i

{
W+W−

[
3cW Z

]
ω + W+W−

[ (
cW +

1

2cW

)
Z

]
f

}
,

ΓAABB = C
∫

i

{
W+W−

[
3

2
(ρ0 + a0)ω − 1

2
(ρ0 − a0)f

]

+W+Z

[
3cW

2
ρ−f − 3cW

2
ρ−ω − cW

2
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3cW

2
ωa− − 1

cW
ρ−f

]

+W−Z

[
− 3cW

2
ρ+f +

3cW

2
ρ+ω +
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2
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2
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1

cW
ρ+f
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,

ΓABBB = C
∫

i

{
W+

[
ρ−ρ0(ω − 2f) − ρ−ωa0 + ρ0ωa− + ωa−a0

]

+W−

[
ρ+ρ0(−ω + 2f) + ρ+ωa0 − ρ0ωa+ − ωa+a0

]

+Z

[
ρ+ρ−

(
1

cW
ω +

(
−4cW +

2

cW

)
f

)
+ ρ+ωa−

(
−2cW +

1

cW

)

+ρ−ωa+

(
2cW − 1

cW

)
+ ωa+a−

(
1

cW

) ]}
. (74)

These results use the abbreviated notation of differen-
tial forms, so that for example

∫
d4x εµνρσAµBν∂ρCσ =

∫
ABdC. Here we have defined covariant derivatives of

Many ill-advised transformations we could make, and many interactions



We started by asking: what if we had a handle like: 
weak e.m.

strongNow we do! 

● low energy Standard Model has all of the ingredients
  to probe the baryon anomaly

- take one leg as the isoscalar coupling to nucleons
- take one leg as a photon
- the other is the Z boson

● most dramatic effects possible in neutrino interactions

ω

γZ
L =

Nc

48π2

egωg2

cos θW
εµνρσωµZνFρσ



A fundamental ingredient in the Standard Model

Challenge to experimentalists: 
observe this interaction

- probe the baryon anomaly of the Standard Model
- relevant background for neutrino oscillation searches
- interesting astrophysical implications

Could explain baryogenesis at the electroweak phase 
transition if a large source of CP violation were present:

∆B =

∫ +∞

−∞

dt
∂B(t)

∂t
=

∫
d
4
x ∂µJ

µ

baryon ∝

∫
d
4
x ε

µνρσ
FµνFρσ

nonperturbative (“sphaleron”) background of gauge fields

baryon number



Given a source of electric charge, can scatter all parts of 
the electromagnetic current

e− e−

N N

π
π

π

π γ

p p

e− e−

N N

π
π

π

W − W −

p p

e− e−

N N

...

Similarly, given a source of baryon charge, can scatter all 
parts of the baryon current

W − W −

p p

e− e−

N N π
π

π

π γ

a γ

Z γ

π
π

π

π γ

a γ

Z γ

π
π

π

π γ

a γ

Z γ

...

new



Meson exchange

Nucleon scattering can be described by exchanging 
mesons in the corresponding channel

≈
N N

N N

W − W −

p p

e− e−

ω(782)

N N

N N

W − W −

p p

e− e−

φ(1020)

N N

N N

W − W −

p p

e− e−

J
P

= 1
−

ω(1420)

N N

N N

W − W −

p p

e− e−

+ + + ...

- in practice, keep the lowest resonances in each channel, 
and fit to effective masses and couplings

g
2
ω1

m2
ω1

+
g
2
ω2

m2
ω2

+ · · · →

g
2
ω

m2
ω



The coupling of ω to the baryon current can be probed in meson 
decays:

- tree-level calculations, errors “10-20% or so”

ω → 3π : g = 8.3

ω → πγ : g = 8.7

Similarly, can consider the coupling of ρ to the isospin current:

Does ω couple to baryon number ?  Does ρ couple to isospin ?

ρ → 2π : g = 9.0

ρ → πγ : g = 9.2

There are interesting existential questions that can be 
asked about vector mesons

What is ω ?
Main point is that gauge invariance ties together different 
parts of the baryon current.  Vector meson exchange a useful 
description of baryon interactions



Anomalies are tiny effects, right ? 

Depends on the question !

Baryons enter the chiral lagrangian only through the 
“anomalous” term
So anything having to do with baryon number is 
necessarily tied up with anomalies

For example, some particles are forced to decay through 
the anomaly

Γ(ω) ≈ Γ(ω → 3π) = 8 MeVΓ(ρ) ≈ Γ(ρ → 2π) = 150 MeV

DµΣ = ∂µΣ − ig[ρaτa,Σ] − ig[ω, Σ]
0

Lregular = Tr(DµUD
µ
U

†) Lanomalous



Laboratory probes



Why these effects haven’t been observed

ω

γ

Z

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

Br(ω → γνν̄) ∼

(
g2
weak

m2
W

)2
f6

π

m2
ω

∼

G2
F
f6

π

m2
ω

∼ 10−16



Where to look for it

Just as γ couples to electric charge, ω couples to baryon 
charge

So interactions involving neutrinos and baryons are 
especially interesting

γ

π
0γ

ω

γ

Z

ν

ν

nucleus=source of 
electric charge

nucleus=source of 
baryon number

Compare Primakoff effect:



Basic detector element is 
a nucleon

Backgrounds to this interaction come 
from several sources:
  - bremstrahlung and other effects of nuclear structure
  - resonant production of photons
  - electron scattering (if can’t tell photon shower from electron shower)

Reason that this can be prominent: it’s not easy to get 
photons from scattering neutrinos on heavy nucleons !

ω

γ

Z

ν

ν



γZ

competing processes

Other vector-current exchanges:

ρ
0

gρNN

gωNN
∼

1 + 1 − 1

1 + 1 + 1
=

1

3

“coherence over the nucleus” 

⇒ in amplitude, ρ exchange suppressed by  ~(1/3)2



competing processes

- not coherent over adjacent nucleons
- could in principle be probed in relatd 

charged-current process

Axial-currents: 
pion exchange potentially significant, due 
to small mass

γ

π
±

W
±

γ

Z

π
0

1

f4
π

g
4
ω

m4
ω

!

ν

N N

ν

ν

N N

1 − 4 sin
2
θW " 1

but a cancellation makes it small
!
−



competing processes

Bremstrahlung and related contact interactions
- formally suppressed by nucleon mass

N N

Z γ

+ ....

- for neutron, dominant effect is magnetic form factor, 
- for proton, no other large enhancements
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As a very rough guide neglect:
- form factor and recoil suppression (valid for E<<1 GeV)
- coherence and other enhancements 

On small nuclei, energies of order several 100 MeV a promising place to look
- at small energy, nuclear enhancements significant: coherence, short-range 
correlations
- at large energy, chiral lagrangian description breaks down



Higher energy
Focus is on low energy, where chiral lagrangian description is 
appropriate.

To control extrapolation into higher energy, consider asymptotic 
limit, where perturbative scaling laws apply

∼ s
m−2

∼ [s2−(ni+nf )/2]2

∆σ ∼
1

s

∫
dΦ |M|2 ∼ s

1−ni−2N
baryon
f −N

meson
f

10.77 

I I I I El 

. 

Pion, n=2 

Proton, n=3 

Helium 4, n=l2 

0 2 4 6 

Q2 (GeV*) 1,116. 

Figure 20. Comparison of experiment35 with the QCD dimensional counting 

rule (Q*)“-‘F(Q”) - con& for form factors. The proton data extends beyond 30 

GeV*. 

where n is the minimum number of fields in the hadron. Since quark helicity 

is conserved in TH and 4(x;, Q) is the L, = 0 projection of the wavefunction, 

total hadronic helicity is conserved at large momentum transfer for any QCD 

exclusive reaction. The dominant nucleon form factorthus corresponds to Fl( Q2) 

or G~J( Q2); the Pauli form factor F2(Q2) is suppressed by an extra power of Q’. 

Similarly, in the case of the deuteron, the dominant form factor has helicity 

X = X’ = 0, corresponding to dm. 

The comparison of experimental form factors with the predicted nominal 

power-law behavior is shown in Fig. 20. We will discuss predictions for the 

normalization of the leading power terms in Section 5.6. As we have discussed 

in Section 4, the general form of the logarithmic corrections to the leading power 

contributions form factors can be derived from the operator product expansion 

at short distance “I” or by solving an evolution equation4 for the distribution 

amplitude computed from gluon exchange [Fig. 19(c)], the only QCD contribution 

which falls sufficiently small at large transverse momentum to effect the large Q’ 

dependence. 

The comparison of the proton form factor data with the QCD prediction 

arbitrarily normalized is shown in Fig. 21. The fall-off of (Q2)2G~(Q2) with Q’ 

64 

In principle, hard exclusive processes 
calculable in terms of universal hadron 
wavefunctions

In practice difficult to constrain 
normalization, but scaling is satisfied

Brodsky, Lepage 1981



E.g. consider charged-current scattering

ν + n → e
−

+ p

∆σ ∼
1

s

∫
dΦ |M|2 ∼ s

1−ni−2N
baryon
f −N

meson
f

∼ s
−1 · 1 · s−4

a ∼ |F (s)|2
(

1

m2

Z
+ s

)2

s
2

=⇒ F (Q2) ∼
1

Q4

This suggests the simple ansatz

Can fit mA to data, extrapolation gives a reasonable description over 

the entire energy range

By analyticity, scale m set by (axial-)vector masses in the crossed 
channel:

ν + e
+
→ n̄ + p

F (Q2) =
1

(1 + Q2/m2)2



3

contribution to oscillation searches, particularly
for heavy target experiments like MiniBooNE. A
summary of the existing data is shown in figure
2.

Figure 2. Low energy CCQE cross section mea-
surements vs. Eν (GeV ) [14].

Quasi-elastic kinematics enable a precise deter-
mination of the neutrino energy in νµ(νe) n →

µ−(e−) p interactions. Neglecting corrections for
the motion of the target nucleon, the neutrino en-
ergy can be calculated from the measured energy
and angle of the final state muon:

EQE
ν =

1

2

2MpEµ − m2
µ

Mp − Eµ +
√

(E2
µ − m2

µ) cos θµ

(1)

where Mp is the proton mass, mµ is the muon
mass, Eµ is the muon energy, and θµ is the muon
angle with respect to the beam direction. The en-
ergy resolution achievable by MiniBooNE assum-
ing no non-CCQE background is ∼10% at Eν =
1 GeV .

5. Comparison of Monte Carlos

Charged current quasi-elastic scattering is a
simple process and therefore enables a straight
forward comparison of cross section Monte Car-
los. The NUANCE version 2 and version 3,
NEUT, and NEUGEN Monte Carlos have been

compared using the MiniBooNE flux, detector
Monte Carlo, and reconstruction. This is the first
such “apples-to-apples” comparison for CCQE in-
teractions among cross section Monte Carlos.

5.1. Theoretical Inputs

The NUANCE, NEUT, and NEUGEN Monte
Carlos have common theoretical inputs such as
the LLewellyn-Smith free nucleon quasi-elastic
cross section [15], the Rein-Sehgal resonance cross
section model [16], and the standard deep inelas-
tic scattering formula for high Q2 [17]. However
there are non-trivial differences as well. These in-
clude the implementation of the Fermi gas model
for quasi-elastic interactions, the method for join-
ing the resonance and deep inelastic scattering
regions, and the treatment of final state interac-
tions.

The following is a brief summary of the salient
theoretical inputs for these Monte Carlos. NU-
ANCE version 2 uses dipole form factors, the
Smith-Moniz Fermi gas model [18], and mA =
1.0 GeV/c2. NUANCE version 3 uses non-dipole
form factors [19], a new π absorption model tuned
on π data [20], and mA = 1.03 GeV/c2. NEUT
uses dipole form factors, the Smith-Moniz Fermi
gas model, and mA = 1.1 GeV/c2. NEUGEN uses
dipole form factors, a π absorption model tuned
on ν data, the Bodek-Ritchie modified Fermi gas
model [21], no nucleon re-scattering, and mA =
1.032 GeV/c2.

5.2. Normalization

The predicted CCQE interaction rate is very
similar between the NUANCE, NEUT, and NEU-
GEN Monte Carlos. The CCQE percentage of
the total number of events is 38.1% (NUANCE
version 2), 39.8% (NUANCE version 3), 38.0%
(NEUT), and 38.0% (NEUGEN).

5.3. Kinematics

The kinematic distributions for CCQE events
considered here are reconstructed visible energy,
reconstructed angle with respect to the neutrino
beam direction, reconstructed quasi-elastic neu-
trino energy, and reconstructed Q2.

The visible energy is calculated from prompt
light in the reconstruction, and is approximately
equivalent to the muon kinetic energy. A com-

G. Zeller hep-ex/0312061
At low energy, 

σ ∼

G2

F

π
(C2

V + 3C
2

A)E2

ν

Using scaling laws to extrapolate to higher energy gives reasonable 
description

In practice, some experimental 
guidance required:

CV = 1 , CA = 1.26

mV ∼ 1.0 GeV , mA ∼ 1.2 GeV
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Apply similar arguments to anomaly-mediated process

ν + n → ν + γ + n

ν + p → ν + γ + p

σ ≈

1

480π6
G2

F α
g4

ω

m4
ω

E6
ν

At low energy, 

F (Q2) =
1

(1 + Q2/m2

A
)2

Include factor:
ω

γ

Z

ν

ν

More precise extrapolation requires experimental guidance

Take mA at scale of axial-vector mesons

For typical values of parameters, what does the cross section look like?

gω, nucleon form factors: Machleidt et.al. 1987
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Scattering on isolated nucleons

At low energies:
Characteristic photon energy distribution: 

And photon angle distribution: 

dσ

d cos θ
∝ const.

dσ

dEγ

∝ E
3

γ(E − Eγ)2

- photon pulled forward at large energy
- beam energy shared between photon and outgoing neutrino

General features:



Nuclear effects
Inside a nucleus, interactions between nucleons

Initial state: Fermi motion
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Nuclear effects
Inside a nucleus, interactions between nucleons

● Final state: Pauli blocking

● Coherence

● Initial state: Fermi motion

- At low Q2, 
- At high Q2, 

A = a ×

(
A

a

)
a ∼

V

V0

∼
(4π/3)Q−3

(4π/3)r3
0

∼

(
Q0

Q

)3

∼ A ×
1 + (Q/Q0)3

1 + A(Q/Q0)3

σ = (a2
σ0) ×

A

a
= A a σ0

Q2 = 2mN (EN ′ − mN )

Very schematic model: 

At large energies, not expected to be a dominant effect

# nuclei in a
“coherence volume”
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some PCAC arguments focused on small Q2: Rein and Sehgal 1981



Current and near future neutrino experiments 
should be sensitive to anomaly mediated interactions

- probe the baryon anomaly of the standard model

- signals and backgrounds for neutrino oscillation searches

- constrain new neutrino interactions for astrophysics

- Eν ≈100 MeV to 1000 MeV where process is prominent and theory 

controlled (coherence can make low energy important too)

- pure beam of νμ, unless we can distinguish final state electron from 

final state photon (otherwise a νe→e background)

A good place to look:

⇒  overlap with experiments looking for νμ oscillations !

But this is a bonus - didn’t set out to explain existing data 
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Figure 1. Preliminary MiniBooNE neutrino flux
Monte Carlo prediction vs. Eν (GeV ).

sphere filled with mineral oil (CH2). There
are 1280 inward-facing “tank” PMTs, and 240
outward-facing “veto” PMTs. Particle identifi-
cation depends upon both prompt Cerenkov and
time-delayed scintillation light. Neutrino induced
events are identified by requiring that the event
occur within the beam spill, have fewer than 6
veto PMT hits, and have greater than 200 tank
PMT hits. With these simple cuts the cosmic ray
background is reduced to less than 0.1% of the
beam-induced neutrino signal2. A fiducial vol-
ume cut at R < 5 m is also typically required to
ensure good energy reconstruction.

3. νµ Event Rate Prediction

The event rate prediction is based on the prod-
uct of neutrino flux and cross section. The Mini-
BooNE neutrino flux is primarily produced from
π+ decay in flight. Therefore a detailed under-
standing of the π+ production in p −Be collisions
is necessary. The neutrino cross section at Mini-
BooNE energies has contributions from a number
of different processes [8]. Disentangling the var-
ious contributions to the total cross section is of
theoretical interest in this energy regime, and is
important to oscillation measurements.

2The cosmic ray rejection is demonstrated in reference [7].

3.1. Flux Prediction

At MiniBooNE, the relevant ranges of π+ pro-
duction momenta and angles are 1 < pπ <
4 GeV/c and 0 < θπ < 0.2 radians respec-
tively. There are no existing measurements at
8.89 GeV/c proton momentum. However there
is a limited amount of relevant production data
from past experiments [9] at 10, 12, and 19
GeV/c. To address the paucity of production
information, MiniBooNE collaborators have ana-
lyzed data at 6, 12, and 17 GeV/c from the BNL
E910 experiment [10]. In addition, 20 million
triggers were collected with a replica MiniBooNE
target and an 8.89 GeV/c proton beam at the
CERN HARP experiment [11]. The analysis of
this data is currently in progress, and the result-
ing p Be → π+ X cross section measurement
will be used for the final MiniBooNE flux pre-
diction. Currently, the neutrino flux is modeled
with a GEANT4 based Monte Carlo [12] and an
external parameterization of the p Be → π+ X
cross section. The parametrization comes from a
global fit of existing production data in the range
10 < pproton < 17GeV/c to the Sanford-Wang
model [13].

3.2. Cross Section Prediction

The NUANCE Monte Carlo is used to predict
the neutrino interaction cross sections. At Mini-
BooNE neutrino energies the cross section has
contributions from charged current quasi-elastic
scattering (39% of the total event rate), charged
current resonance production (25%), neutral cur-
rent elastic scattering (7%), and neutral current
π0 production (7%). For the νµ → νe oscillation
analysis, the most important processes are CCQE
scattering which affords a precise measurement of
the neutrino energy, NC π0 production which is a
large background to a νe signal [7], and NC elastic
scattering which can be used to study the optical
properties of the detector and nuclear recoil.

4. CCQE Events

Charged current quasi-elastic interactions are
fairly well measured in the MiniBooNE energy
range on light targets. However, the cross section
uncertainty on this process is an important error

102

103

104

105

106

107

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
E! (GeV)

F
lu

x
 (

/1
0

0
M

e
V

/c
m

2
/y

r)

(a)

102

103

104

105

106

107

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
E! (GeV)

F
lu

x
 (

/1
0

0
M

e
V

/c
m

2
/y

r)

(b)

Figure 5: Comparison of νe and νµ spectra for (a) LE2π and (b) OA2◦. Solid (black) histogram
is νµ and dashed (red) one is νe. Hatched area is contribution from K decay.
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Figure 6: Comparison of spectra at far and near site for (a) LE2π, (b) OA2◦ and (c) WBB. Upper
figure is νµ spectra at 280 m (solid black histogram) and 295 km (dashed red histogram). The flux
for the near site is multiplied by (295/0.28)2 to directly compare the spectra. The front detector
size is assumed to be ±5 m in horizontal and vertical directions. The lower plots are far/near ratio
of fluxes.

The Large angle neutrinos have different energies from neutrinos at zero degree
direction.

• Finite length of decay pipe. The near detector has a larger solid angle for pions

which decay near the end of the decay pipe than those decaying at the beginning
of the decay pipe. Higher momentum pions decay further downstream. For the far
detector, the length of the decay pipe can be neglected as a point source. Thus the

neutrino spectrum is also distorted by this finite decay pipe effect.

At the distance longer than one km from the target, both of the above two effects become
negligible and the far/near ratio becomes flat.
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Figure 5: Comparison of νe and νµ spectra for (a) LE2π and (b) OA2◦. Solid (black) histogram
is νµ and dashed (red) one is νe. Hatched area is contribution from K decay.
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Figure 6: Comparison of spectra at far and near site for (a) LE2π, (b) OA2◦ and (c) WBB. Upper
figure is νµ spectra at 280 m (solid black histogram) and 295 km (dashed red histogram). The flux
for the near site is multiplied by (295/0.28)2 to directly compare the spectra. The front detector
size is assumed to be ±5 m in horizontal and vertical directions. The lower plots are far/near ratio
of fluxes.

The Large angle neutrinos have different energies from neutrinos at zero degree
direction.

• Finite length of decay pipe. The near detector has a larger solid angle for pions

which decay near the end of the decay pipe than those decaying at the beginning
of the decay pipe. Higher momentum pions decay further downstream. For the far
detector, the length of the decay pipe can be neglected as a point source. Thus the

neutrino spectrum is also distorted by this finite decay pipe effect.

At the distance longer than one km from the target, both of the above two effects become
negligible and the far/near ratio becomes flat.
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MiniBooNE

T2K ( “Le2π” beam)

T2K ( “OA2” beam)

[J. Monroe, MiniBooNE, 
hep-ex/0408019]

[Itow et. al., T2K, 
hep-ex/0106019]

Some examples: 



n p

νe e
−

γ
νµ

νµ

n (p)

n (p)

 νe → e  “signal”  νμ → γ “background”

νµ

Signal or background ?



For a rough estimation, normalize to charged current interactions, neglecting form 
factor and recoil:

σ ≈

1

480π6
G2

F α
g4

ω

m4
ω

E6
ν

E.g. at MiniBooNE, for a flux of 700 MeV ν’s, for 
every 2x105 CCQE events, expect:

This normalization is very rough, but several tens to 
several hundreds of events are expected

More accurate normalization requires complete flux 
information, acceptance corrections, plus nuclear corrections

Is this process observable ?

new events.
∼ 120

(
gω

10

)4
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- energy dependence of excess not consistent with 2 neutrino oscillation

- the “reconstructed Eν” assumes 2-body kinematics to find initial-state 

energy from final state “electron” energy and angle
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Has this process been seen at MiniBooNE ?
Events that look like νe charged-current scattering 

- excess of events at low energy appears to be growing ?   Is it real ?  Is 
anything else left out ?

- if it’s a 3-body state, Eν underestimated



- what does the excess look like in terms of visible (electron or photon) energy ? 
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[R. Tayloe, MiniBooNE, Lepton Photon 07]

- within (large) uncertainties, consistent with anomaly-mediated photon process

- more detailed study in progress

- new experimental handles would be useful



Higher energy

Focus so far has been on energies < 1 GeV, where chiral lagrangian description is 
appropriate.  Important for:

Interesting to look at higher energies
- an interesting process for its own sake
- help constrain intermediate energies ≈ 1 GeV

● NOMAD
● MINIBOONE in NUMI beam
● MINERVA
● NOVA
● ... ? 

● T2K
● SciBooNE 
● ... ? 



Astrophysical implications



QmUrca
ν

= (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

Contribution to young NS cooling from other sources: 

New interaction, massive photon to neutrinos:
m = mγ/1 MeV

T9 = T/10
9
K

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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Neutrino cooling of neutron star
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Neutrino pair production in supernova
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Perhaps even more relevant is
the pair production of neutrinos
in a supernova core

Lots of thermal photons, lots of 
baryons
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- Unlike bremstrahlung contribution, anomaly mediated process (via 
omega) acts coherently on adjacent nucleons

ω

- In a hot SN core, neutrinos don’t escape freely, although 
production of μ and τ neutrinos may play important role

- Can look at axion analog - simpler to interpret for weak coupling 



Q/ρ ≈ 10
−27

GeV

(
108GeV

fa

)2 (gω

10

)4
(

T

30 MeV

)8

Q/ρ < 1019 erg g−1 s−1 = 7.3 × 10−27 GeV

Supernova cooling from photon-axion-baryon coupling:

Bound from observed duration:

=⇒ fa ! 10
8
GeV

- probes a new coupling of the axion
- competitive (at least) to other constraints
- have completely ignored coherence
- have ignored in-medium suppression of mω

γ

N N

a

Axion cooling of supernova



Many astrophysical applications to explore 

- neutron star cooling; 
- supernova energy transfer?
- SN nucleosynthesis? 
- magnetic field enhancements? 
- neutron star kicks?

Other directions

Coherent coupling to photons and baryons



Summary



● new class of Standard Model interactions emerge at low 
energy in connection with the baryon anomaly

● effects of these interactions is small, but potentially 
significant in situations with neutrinos, photons, baryons

● should be observable at present and/or near-future 
neutrino experiments 

● any new experimental handles would be very useful 

● these interactions appear to have exciting astrophysical 
applications: a quarks to the cosmos problem !


