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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 cooling

In fact the standard model does 
have such interactions, a necessary 
consequence of “anomalies”

γ

ν

ν

e+

e−

Z

h0

e+

e−

µ+

µ−

e+

e−

q̄ q̄ q̄

q q q



Richard Hill  

• Theory toolbox: effective field theory, 
chiral lagrangians, anomalies

• Baryons, backgrounds, and vector 
mesons

• Phenomenology: anomaly mediated 
neutrino-photon interactions

Overview



Theory toolbox
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The hadronic sector of this effective description is a 
“chiral lagrangian”

The new interactions are a necessary consequence 
of enforcing that the chiral lagrangian has the correct 
“anomaly” structure 

These interactions are part of the low-energy 
“effective field theory” of the standard model

⇒ What’s an effective field theory ?!

⇒ What’s a chiral lagrangian ?!

⇒ What’s an anomaly ?!
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Effective field theory
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Two sides to effective field theory

At low energies, 
- physics is dictated by field content and symmetry; 
- operators are ordered by an expansion in small 
parameters

Can make use of effective field theory in two ways: 

The DON’T KNOW side.

The DON’T CARE side.
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The DON’T KNOW side 
of effective field theory

Sometimes we don’t know the “fundamental theory”.

Examples
- The standard model ( but, we don’t know that the SM Higgs sector is 
the correct effective description ! )

- Fermi theory of weak interactions ( before we knew about W,Z ! ) 

- Nonrelativistic quantum mechanics ( before we knew about QED ! )

This has always been the case, and perhaps always will 
be, as we probe to ever shorter distances

With a complete accounting of fields and symmetries at 
the relevant energy scales, can still provide a rigorous 
description
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The DON’T CARE side
of effective field theory

Sometimes we do know the “fundamental” theory.

Examples
- Fermi theory of weak interactions ( after we know about W,Z ! ) 

- nonrelativistic quantum mechanics (NRQED, after we know about 
QED ! )

- heavy quark physics (HQET, NRQCD,SCET) 

- low energy QCD ⇒ chiral lagrangians

But often the theory has far too much information, or
is not easy to calculate

Useful to “Taylor expand” about the kinematics we’re 
interested in, usually low energy
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Chiral lagrangians
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Spontaneously broken symmetries give rise to massless 
fields (pions)

At low energies, these fields are what survive
  
Our effective theory is constructed out of these fields, 
under the constraint that the theory respects the original 
symmetry (even though the vacuum breaks it)

Know the fields.  Know the symmetries. 
⇒ Construct the theory !

A special case of low-energy effective 
theory
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Spontaneous symmetry breaking and 
Goldstone bosons

Example:  scalar field theory in“mexican hat” potential
- vacuum breaks rotational symmetry 

- perturbing around this vacuum, there is a massless 
excitation along the bottom of the well, corresponding 
to rotations into equivalent vacuums

“chiral field” field space

Unlike most “regular” field theories, here the field space is curved

- “states” of the low-energy theory correspond to elements of the rotational 
symmetry group.  The states are created by the corresponding field.

φ1 + iφ2 = r eiθ

heavy 

light

O(x) = e
iθ(x)

∈ SO(2) = S
1

“pion” 
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Example: three-dimensional potential well

- vacuum state breaks some symmetry,
but some symmetry remains 

O(x) ∈ SO(3)/SO(2) = S2

exp


θ1




· · −1

· · ·

1 · ·


 + θ2




· · ·

· · 1

· −1 ·










0

0

r




broken generators

“chiral field” field space



Richard Hill  

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






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We know the fields: 
a unitary matrix of pions

U → e
iεLUe

−iεR

Rule: to every U a U†, and then trace: 
What interactions can we build ? 

Rule: for gauge fields, use covariant derivative: 

We know the symmetry:
global U(n)L x U(n)R

U(x) = e
iπ(x)

∂µU → DµU = ∂µU − iALµU + iUARµ

L = Tr(∂µU
†
∂µU) + . . .



Richard Hill  

Successes
Description of many low-energy hadronic processes in terms of a 
small number of parameters

η → 3π

ππ → ππ

Too much symmetry!

Failures

π → 2γ

Not enough anomaly! 
Shouldn’t be possible to couple gauge fields to all of the flavor 
symmetries: at the quark level - this leads to anomalies

KK̄ → 3π

By the naive rules, U ↔ U† is an exact symmetry.  Forbids observed 
processes:

Maybe we have the wrong effective theory ?

Or maybe we’ve just left out an operator ?
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Resolution to the “paradox”
An operator was left out

Is there anything else ? 

L ∼

1

2

dx

dt

T
dx

dt
+ . . .

Rule: to every x an xT: 

What operators can we build ? 

In particular, is the parity x ↔ -x a necessary symmetry ? 

Consider a toy example:
QM of a particle on the sphere

x(t) =




x
1(t)

x
2(t)

x
3(t)


 (x1)2 + (x2)2 + (x3)2 = R

2

fields:
surface of the sphere

symmetry:
rotational invariance
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time field manifold (S2)

→

t !→ x(t)

We’ve found another way of taking our fields x(t), and building an action 
that is rotationally invariant !   It breaks the x ↔ -x symmetry !

Γ(x) =

∫
dt L(t) = # × area

Topological interactions:
Wess-Zumino-Witten terms (in one dimension)
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Two choices: for consistency, exp(i action) should not depend on 
this choice: 

area of sphere
area element

Γ = p × 2π ×
1

4π
×

∫
εijkxidxjdxk︸ ︷︷ ︸

integeraction
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Move from quantum mechanics to quantum field theory

Consider the symmetry breaking pattern U(3)/U(2)= S5

“the simplest WZW term”  
- relevant for SM Higgs sector, by reducing to U(2)/U(1), or to 
axion by reducing to U(1)/e
- occurs in extensions of SM: little higgs models

Is there anything else ? 

Topological interaction is particularly simple when the field space 
is the (d+1)-sphere
- S2 for d=1 (quantum mechanics)
- S5 for d=4 (four-dimensional field theory)

What operators can we build ? Φ(x) =




φ1(x)
φ2(x)
φ3(x)




L = ∂
µΦ†

∂µΦ + . . .

Rule: to every φ a φ†: 
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spacetime field manifold (S5)

→

U(3) symmetry acts as subgroup of rotations on the sphere:
we’ve found another way of taking our fields φ(x), and building an 
action that is invariant under the original symmetry !

x !→ Φ(x)

Γ(φ) =

∫
d4xL(x) = # × area
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Two choices: for consistency, exp(i action) should not depend on 
this choice: 

area of sphere
area element

Γ(Φ) = p × 2π ×
1

π3

∫
−i

8
Φ†dΦ(dΦ†dΦ)2︸ ︷︷ ︸

integer

[RJH, 2007]

The simplest Wess-Zumino-Witten term:
- topological derivation of SM Higgs WZW term
- prevalent in Little Higgs/ composite EWSB models
- mathematically interesting: not a “symmetric space”
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These constructions rely on the trivial topological properties 
of spheres: 

π
1(S2) = 0

π
2(S2) = Z

π
4(S5) = 0

π
5(S5) = Z

given a circle, can make a disc

difference of two discs wraps sphere 
nontrivially (quantization)

The same thing, just three dimensions up:

The same thing, just with the QCD field space:

π
4(SU(n)) = 0

π
5(SU(n)) = Z
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spacetime field manifold ( SU(n) )

x !→ U(x)

This action breaks the spurious parity in the naive QCD chiral 
lagrangian, solving the first paradox (too much symmetry) 

Will see that it also solves the second paradox (not enough anomaly)

Wess and Zumino, 1971
Witten, 1983

Γ(U) =

∫
d
4
xL(x) = # × “area”

=
2p

15π2f2
π

∫
d4x εµνρσTr [π(∂µπ)(∂νπ)(∂ρπ)(∂σπ)] + . . .

Wess-Zumino-Witten terms (in four dimensions)
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Anomalies



Richard Hill  

Two parts to the QCD chiral lagrangian:

“regular” part: the kinetic term

- manifestly invariant under the global chiral symmetry 
- can couple to gauge fields just by replacing partial derivatives 
by covariant derivatives

“anomalous” part: the topological or WZW term

- simple prescription doesn’t work: would require a five-
dimensional gauge field

Γ(U) =

∫
d
4
xL(x) = # × “area”

- so coupling to gauge fields is more intricate, and in 
general,

 Cannot gauge all of the symmetries simultaneously !

∂µ → ∂µ − iAµ
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Who ordered the fermions ? 

If we try to gauge too many symmetries, find an anomaly:

⇒ We started with a boson theory, and realize that it is secretly 
remembering the properties of underlying fermions

δΓmeson =
−p

24π2

∫
Tr

{
εL

[
(dAL)2 −

i

2
d(A3

L)

]}
− (L ↔ R)

δΓquark =
−Nc

24π2

∫
Tr

{
εL

[
(dAL)2 −

i

2
d(A3

L)

]}
− (L ↔ R)

Recall the fermion anomaly:

This solves the second paradox (not enough anomaly)
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Recap so far
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We have the basic toolkit for anomaly mediated interactions
- effective field theory
- chiral lagrangian
- anomalies

We’re building the low-energy standard model

We now want to explore interactions of the weak force with baryons. 
An essential new aspect is the introduction of background vector fields. 

But adding these background fields into the theory with gauge fields leads 
to a new and interesting complication

1) find baryons in the chiral lagrangian
2) represent vector mesons (that transmit strong force)
3) represent physical backgrounds (e.g. finite baryon density)

The standard model coupled to general background fields

We need background vector fields to:



Baryons, backgrounds 
and vector mesons
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Conserved quantities are fundamental to understanding a 
field theory - electric charge, baryon number, etc.

At the quark level: 

Notice that there is an invariance of the Lagrangian: 

q → e
iε

q ⇒ L → L

Noether’s theorem: for every invariance, a conservation law!

J
µ
B =

∑

q

q̄γµq ∂µJ
µ
B = 0

Can’t create or destroy “baryon number” 

L = q̄ i/∂ q

q → e
iε(x)

q ⇒ ∫
L(x) →

∫
(∂µε)J

µ = −

∫
ε ∂µJ

µ

Baryons from the quark side

⇒
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We get nothing !  Where are the baryons ?  

Can we find baryons in the chiral Lagrangian ? 

At the meson level:

L = Tr(∂µ
U

†
∂µU)

U → e
iεLUe

−iεR

Recall the transformation law for U:

qL → e
iεLqL , qR → e

iεRqR ⇔
But our transformation is trivial when εL=εR:

U → U

Baryons from the meson side
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Idea: Introduce  “probes”: vector fields coupled to 
the various flavor symmetries

L → q̄(i/∂ + /B)q = L0 + BµJµ
B

With the handle in place, can forget about the 
quarks: 

δBµ = ∂µε δ

∫
L =

∫
(∂µε)Jµ = −

∫
ε ∂µJ

µ
B⇒

δ

δBµ

∫
L = J

µ
B

Putting a baryon “handle” in the quark theory
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Find the conserved current corresponding to baryon 
number in the quark theory

Idea: put the same handle in the meson theory !

the conserved current implies that it’s impossible to 
“unwrap” a baryon ! 

baryon = some configuration of pions ! 

U(t, x) = eif(|x|)x̂aτa

, f(0) = 0 , f(∞) = π

⇒

J
µ
B =

Nc

72π2
ε
µνρσ Tr[U(∂νU

†)U(∂ρU
†)U(∂σU

†)]

Goldstone and Wilczek (1981)

∫
d3x J0

B(t, x) = 1

Putting a baryon “handle” in the meson theory

Skyrme (1962)
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A new difficulty when background vector fields are present:

Suppose we have a consistent gauge theory of “fundamental” 
gauge fields A   (A=W,Z,γ)

Γ ∼

∫
d4x

∑
ψ

ψ̄(i/∂ + /A)ψ

δΓ ∼

∫
d
4
x

∑
ψ

Tr

{
ε
[
(dA)2 −

i

2
d(A3)

]}
= 0

δΓ ∼

∫
d
4
x

∑
ψ

Tr

{
ε
[
(dA + dB)2 −

i

2
d((A + B)3)

]}
#= 0

Γ ∼

∫
d4x

∑
ψ

ψ̄(i/∂ + /A + /B)ψ

What happens when we have gauge fields in addition 
to the backgrounds ?
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Paradox: we added what appeared to be a gauge-invariant 
perturbation to a gauge invariant theory, and now we have a new 
anomaly 
Resolution: we must add a counterterm at the same time as the 
perturbation

Fact: for a given set of “fundamental” fields A, and a general 
“background” B, there is a unique counterterm that maintains A gauge 
invariance

Γ ∼

∫
d4x

∑
ψ

ψ̄(i/∂ + /A + /B)ψ + Γc(A, B)

δΓ ∼

∫
d4x

∑
ψ

Tr

{
ε
[
(dA + dB)2 −

i

2
d((A + B)3)

]}
+ δΓc(A,B) = 0

This counterterm is the missing ingredient for a consistent theory in 
general backgrounds

generalizes the “Bardeen counterterm” appropriate for pure vector-like gauging
Bardeen 1969
Kaymakcalan, Rajeev, Schechter, 1984

J. Harvey, C. Hilll and RJH, 2007
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The baryon number 
anomaly
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With the full apparatus in place, can simply turn the crank to 
recover the baryon number anomaly of the SM at zero background:

Two uses for anomalies:
- make sure gauge theories are consistent
- find nonconservation of naively conserved quantities

∂µJµ
=

1

32π2
εµνρσ

(
1

2
g2

2F a
µνF a

ρσ −

1

2
g2

1FY
µνFY

ρσ

)

This is the second type of anomaly
- a fundamental ingredient of the standard model
- could explain baryogenesis at electroweak phase transition, if a large source 
of CP violation is present

what are the experimental consequences of the 
baryon number anomaly ?

Idea: keep the background fields in place: they represent physical fields 
coupling to baryon number !



Applications
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QCD vector meson 
decays
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f1

ρ

γ

“Existence proof” of pseudo-Chern Simons terms 
in the Standard Model

- To obtain the correct (nonzero!) normalization, it is essential 
to include the new counterterm

Γtheory ≈ 200 ×

(
gρ

6

)4

keV

Γexpt = 700 ± 170 ± 150 keV

[Amelin et.al. VES collab, 1994]

[Harvey, Hill & Hill, 2008]
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The polarization structure is also interesting: 

Normalization and polarization structure contradict previous 
predictions based on naive vector dominance

- ρ and γ are not the same particle: no violation of Landau-Yang 
theorem for transverse final state

[Babcoock & Rosner, 1976]

(
Γ⊥

Γ‖

)
expt

= 0.26 ± 0.06 ± 0.07

(
Γ⊥

Γ‖

)
theory

≈

m
2
ρ

m
2
f1

= 0.37



Richard Hill  

Anomaly mediated 
Neutrinodynamics
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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 a photon
- take one as the isoscalar coupling to nucleons
- the other is the Z boson

● most dramatic effects possible in neutrino interactions

ω

γZ
L =

Nc

48π2

egωg2

cos θW
εµνρσωµZνFρσ
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The framework provides slots that vector fields 
fit into

Can interpret these as 
- background fields 
- vector mesons
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The framework provides slots that vector fields 
fit into

Can interpret these as 
- background fields 
- vector mesons

N N

γ

ν

ν

Photon decay to neutrino pair in background baryon density: 
neutron star cooling
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The framework provides slots that vector fields 
fit into

Can interpret these as 
- background fields 
- vector mesons

ν

ν

γ

N N

Hard photon from neutrino-nucleus scattering: 
laboratory neutrino detection
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Detector = hadronic matter

Quarks like to bunch up in threes: our elemental 
detector component is a nucleon (= twisted pion 
configuration)

→ →

What is the cross section for neutrino scattering on a 
detector element (nucleon) ? 
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- idealized nucleon, 
- includes simplest form factor (omega propagator)
- includes recoil of the nucleon (treated as a free particle)
- neglects coherence, Fermi motion and other nuclear effects

 (GeV)!E

0 0.5 1 1.5

)
2

 (
c
m

"

-45
10

-44
10

-43
10

-42
10

-41
10

-40
10 PRELIMINARY
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γZ

competing processes

Not easy for a neutrino-nucleus scatter 
to yield a photon
- neutrinos are neutral
- heavy nucleons don’t radiate !

Other vector-current exchanges:

ρ
0

gρNN

gωNN
∼

1 + 1 − 1

1 + 1 + 1
=

1

3

“coherence over the nucleus” 
→ in rate, ρ exchange suppressed by  ~(1/3)4 : negligible



Richard Hill  

competing processes

- not coherent over adjacent nucleons
- could in principle be probed in charged 
current process

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

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
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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 rough guide neglect:
- form factor and recoil suppression (valid for E<<1 GeV)
- coherence and other enhancements 

 (GeV)!E
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)
2

 (
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10
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-40
10

anomaly-mediated (ωZγ)

electron scattering

“bremstrahlung”

anomaly-mediated (πZγ)

PRELIMINARY
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Baryons like to clump together into nuclei

Analogy:  parton distribution functions in a hadron collider 

The real world is slightly more complicated:

nucleons vs. nucleus

Fermi momentum of the nucleons inside the nucleus leads to: 
- initial state (smearing over p up to pF)

- final state (Pauli blocking for final states below pF)

- coherence for some processes (like the omega !)

→

Will ignore these complication in the following: scattering on free nucleons
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Can we observe these 
effects?
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Current and near future neutrino experiments 
should be sensitive to anomaly mediated interactions

- measure 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 

(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 - we 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
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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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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: 

anomaly mediated photon emission is signal or background depending on 
perspective !
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n p

νe e
−

γ
νµ

νµ

n (p) n (p)

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

νµ
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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

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-

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

What are the expectations independent of the normalization ? 

[G. Zeller 
hep-ex/0312061]

Is this process observable ?

new events.
∼ 120

(
gω

10

)4



Richard Hill  

Characteristic photon energy distribution: 

And photon angle distribution: 

dσ

d cos θ
∝ const.

Including simplest form factor, and recoil, for E ~700 MeV neutrino beam: 

!cos 
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Is there room for such a contribution at MiniBooNE ? 

PRELIMINARY PRELIMINARY

dσ

dEγ

∝ E
3

γ(E − Eγ)2
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- energy dependence of excess (~100 events) 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?
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
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- what does the excess look like in terms of visible (electron or photon) 
energy ? 
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[R. Tayloe, MiniBooNE, Lepton Photon 07]
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- consistent with expectations for the anomaly-mediated photon process

- for a detailed study, including normalization, require accurate flux, 
acceptance corrections, accurate coupling, nuclear effects
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700 MeV initial state νμ; recoil, ω(770) form factor included
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Many applications and 
directions to explore
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● High energy neutrinos, e-p scattering, diffractive processes 
A new theoretical regime: Regge physics, pomeron, ...

● Axions
Supernova bounds; Laboratory detection

● Astrophysics: 
neutron star cooling; supernova energy transfer?
SN nucleosynthesis? magnetic field enhancements? neutron star 
kicks?

γ
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● Theory: driving forces and spinoffs

- the simplest WZW term: SU(3)/SU(2)
- Little Higgs models
- topological derivation of standard model WZW term

- partial SU(2) multiplets and nonlinear realizations: 
adding the strange quark

- planar equivalences at the chiral lagrangian level 

- AdS CFT: take the fifth dimension seriously

[RJH, arXiv:0710.5791, and work to appear]



Summary
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● many new applications of anomaly physics both in and 
beyond the Standard Model

● need to include background vector fields:
to define baryons, to represent physical bkgds, or physical mesons

● new structure is required along with the vector fields for 
consistency.  New structure leads to new interactions

● new experimental predictions: Observing the baryon number 
anomaly of the standard model ! 

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

● many directions to explore !


