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LBNE science 

• Bread-and-butter neutrino physics:

• CPV

• Mass hierarchy

• Known angles and splittings

• Nucleon decay

• New physics in beam neutrino oscillations

• Supernova
This talk
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Comparison: LHC

• Was designed to find the Higgs

• Specifically, detectors were 
optimized for H → γγ 

• The discovery made front page 
of almost every newspaper in 
the world!
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Exotic Limits
58

SUSY, Extra dim, techni-stuff, ...
LHC, part II:

 fishing expedition 
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Generalizing Fermi

LNSI = −2
√
2GF �fPαβ (ναγ

ρνβ)(fγρPf)

Neutrino Flavor f =SM fermion 
P=L,R 

Laid the foundation for the MSW effect and pointed out 
that NSI can modify neutrino propagation.
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• Simplifying framework:

• a single term: a flavor changing qqνeντ interaction

• subdominant to the SM weak interactions

−

H
f lav

mat =
√

2GF ne




1 0 |εeτ | e

−iδν

0 0 0
|εeτ | e

iδν 0 0





where G is the Fermi constant, n is the number density of
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We examine the prospects of probing nonstandard interactions (NSI) of neutrinos in the e− τ sector with
upcoming long-baseline νµ → νe oscillation experiments. First conjectured decades ago, neutrino NSI remain
of great interest, especially in light of the recent 8B solar neutrino measurements by SNO, Super-Kamiokande,
and Borexino. We observe that the recent discovery of large θ13 implies that long-baseline experiments have
considerable NSI sensitivity, thanks to the interference of the standard and new physics conversion amplitudes.
In particular, in some parts of NSI parameter space, the upcoming NOνA experiment will be sensitive enough
to see ∼ 3σ deviations from the SM-only hypothesis. On the flip side, NSI introduce important ambiguities
in interpreting NOνA results as measurements of CP-violation, the mass hierarchy and the octant of θ23. In
particular, observed CP violation could be due to a phase coming from NSI, rather than the vacuum Hamiltonian.
The proposed LBNE experiment, with its longer ∼ 1300 km baseline, may break many of these interpretative
degeneracies.

PACS numbers: 14.60.Pq,26.65.+t, 25.30.Pt,13.15.+g,14.60.St

I. INTRODUCTION

“The effect of coherent forward scattering must
be taken into account when considering the oscil-
lations of neutrinos traveling through matter. In
particular [. . . ] oscillations can occur in matter
if the neutral current has an off-diagonal piece
connecting different neutrino types. Applications
discussed are solar neutrinos and a proposed
experiment involving transmission of neutrinos
through 1000 km of rock."

Though the above quote could easily have been written
this year, or even applied to the present paper, it was writ-
ten presciently in 1978 by Lincoln Wolfenstein in his semi-
nal paper on the effects of matter on neutrino oscilations [1].
Although originally proposed as an alternative to mass in-
duced oscillations [1–4], beyond-the-Standard-Model (BSM)
neutrino-quark interactions remain a phenomenological possi-
bility (e.g., [5–17]) that can produce potentially observable ef-
fects in oscillation experiments. Three decades after the above
quote was written, we have finally reached the era of 1000 km
experiments, with several years of data collected at MINOS,
NOνA launching next year, and LBNE on the drawing board.

Our goal in this paper is to gauge the sensitivity of these
experiments to NSI, in light of what has become known
about neutrino oscillations over the last decade. We delib-
erately choose to avoid a full analysis that scans over many
couplings with different flavor combinations and consider
a simplified framework with only one effective flavor off-
diagonal piece connecting electron- and tau-type neutrinos,
L ⊃ −2

√
2 ε f

eτ GF
�

f γµ f νeγµ ντ
�
+ h.c., where f = u,d,e.

We will see that this framework nonetheless reveals a rich
spectrum of physical possibilities. Importantly, εeτ has its own

∗Electronic address: friedland@lanl.gov
†Electronic address: ianshoe@lanl.gov

CP-violating phase and can lead to ambiguity in interpreting
the searches of CP-violation and the mass hierarchy.

As a first illustration, let us examine the effect this one pa-
rameter can have on the solar electron neutrino survival prob-
ability, P(νe → νe). The standard large mixing angle (LMA)
MSW solution makes a definite prediction for how this prob-
ability varies as a function of the neutrino energy, Eν . This
prediction is shown as a dashed line in Fig. 1, with the gray
band around it coming from the uncertainty on the standard
oscillation parameters. Both are taken from [18]. Also taken
from [18] is the allowed region of this probability inferred
from all three stages of SNO data, as labeled in Fig. 1. At
low energies, we also include the survival probabilities of pp

!"!

NSI

Std. MSW

FIG. 1: Recent SNO solar neutrino data [18] on P(νe → νe) (blue line
with 1 σ band). The LMA MSW solution (dashed black curve with
gray 1 σ band) appears divergent around a few MeV, whereas for
NSI with εeτ = 0.4 (thick magenta), the electron neutrino probability
appears to fit the data better. The data points come from the recent
Borexino paper [19].
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where level jumping can take place is narrow, defined
by A ! ∆ [21]. A neutrino produced at a lower den-
sity evolves adiabatically, while a neutrino produced
at a higher density may undergo level crossing. The
probability Pc in the latter case is given to a very good
accuracy by the formula for the linear profile, with an
appropriate gradient taken along the neutrino trajec-
tory,

(12)Pc ! Θ(A − ∆)e−γ (cos2θrel+1)/2,

where Θ(x) is the step function, Θ(x) = 1 for x > 0
and Θ(x) = 0 otherwise. We emphasize that our
results differ from the similar ones given in [5,22]
in three important respects: (i) they are valid for all,
not just small values of α (which is essential for our
application), (ii) they include the angle φ, and (iii) the
argument of the Θ function does not contain cos2θ ,
as follows from [21]. We stress that for large values of
α and φ ! π/2 adiabaticity is violated for large values
of θ .
Finally, to get an idea on the size of the day/night

asymmetry, ADN ≡ 2(N − D)/(N + D), (here D(N)
denotes the νe flux at the detector during the day
(night)) we can model the Earth as a sufficiently long
(compared to the oscillation length) object of constant
density. For 8B neutrino energies, this is appropriate
for )m2 ! (3–5) × 10−5 eV2. Introducing a small
parameter x⊕ ≡ A/∆, where A is evaluated for a
typical density inside the Earth, we find, to the first
order in x⊕,

ADN ! x⊕ sin 2θ

(13)× cos2α sin 2θ + cos2φ sin 2α cos2θ
−[cos2θ&(1− 2Pc)]−1 − cos2θ .

We verified that Eq. (13) gives a good agreement with
precise numerical calculations for ne ! 1.6 mol/cm3.
For the lower )m2 region allowed by KamLAND,
)m2 ! (1–3) × 10−5 eV2, the oscillation length is
comparable to the size of the Earth, however, the
averaging in Eq. (13) still applies to a signal integrated
over the zenith angle.
In Fig. 1 we plot the neutrino survival probabil-

ity as a function of energy for several representative
values of the NSI parameters. We take )m2 and θ

corresponding to the best-fit LMA point and choose
the production point to be at r = 0.1R&. Curve (1) is
the standard interaction case, given for reference. The

Fig. 1. The electron neutrino survival probability and the day/night
asymmetry as a function of energy for )m2 = 7 × 10−5 eV2,
tan2 θ = 0.4 and several representative values of the NSI para-
meters: (1) εu

11 = εd
11 = εu

12 = εd
12 = 0; (2) εu

11 = εd
11 = −0.008,

εu
12 = εd

12 = −0.06; (3) εu
11 = εd

11 = −0.044, εu
12 = εd

12 = 0.14;
(4) εu

11 = εd
11 = −0.044, εu

12 = εd
12 = −0.14. Recall that the pa-

rameters in Eq. (5) equal εij = εu
ij nu/ne + εd

ij nd/ne .

other three curves represent the three qualitatively dif-
ferent regimes that are of interest to us. In the follow-
ing we illustrate them in connectionwith observations.
For definiteness, we consider real values of ε12, both
positive (φ = 0) and negative (φ = π/2). As is clear
from Eq. (6), complex values (0 < φ < π/2) interpo-
late between these two cases.

3. Analysis of data

We now turn to the comparison of the NSI pre-
dictions with observations. To do this, we perform a
best fit analysis of the solar neutrino and KamLAND
data along the lines of Refs. [23,24]. In particular, so-
lar data include the radiochemical rates [25–28], the
SK ES zenith-spectra [29], the SNO day–night spectra
[30–32] measured in phase-I and the SNO rates mea-
sured in phase-II [33]. For consistency, the NC rate
prediction for SNO is treated as a free parameter be-
cause it is affected by an unknown change in the ax-
ial coupling of the quarks that could accompany the
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Solar neutrinos, 2012

SNO 3-phase analysis 2011; our fit
Similar story with Borexino, SuperK; see Palazzo, PRD 2011

pep

NSI

Std. MSW
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Atmospheric neutrinos

• Friedland, Lunardini, Maltoni, PRD 2004; 
Friedland, Lunardini, PRD 2005

• SuperK probes the same e-τ 
NSI with atmospheric neutrinos

• Data over 5 decades in energy! 
But energies not well-resolved

• As a consequence εeτ up to 
~0.5 allowed, even without 
special cancellations

• Weaker than solar

3

the νµ↔ ντ ′ oscillations, though dependent on the matter
angle β, are independent of the absolute size of the NSI.
As already mentioned, these oscillations have the same
dependence on the neutrino energy and on the distance
L as vacuum oscillations and therefore mimic their effect
in the distortion of the neutrino energy spectrum and of
the zenith angle distribution. More specifically, we get
the oscillation probability:

P (νµ→ ντ ′) = sin2 2θm sin2[∆m2
mL/(4Eν)] , (7)

where the effective mixing and mass square splitting are
derived to be

∆m2
m = ∆m2

[

(c2θ(1 + c2
β) − s2

β)2/4 + (s2θcβ)2
]1/2

,

tan 2θm = 2s2θcβ/(c2θ(1 + c2
β) − s2

β) . (8)

If NSI are present, but not included in the data analy-
sis, a fit of the highest energy atmospheric data, i.e. the
through-going muon ones, would give ∆m2

m and θm in-
stead of the corresponding vacuum quantities. If we fix
a set of NSI and – to reproduce the no-NSI case – re-
quire that θm $ π/4 and ∆m2

m $ 2.5 · 10−3 eV2, from
Eqs. (8) we get that the vacuum mixing would not be
maximal; in particular we have cos 2θ $ s2

β/(1 + c2
β) and

∆m2 $ ∆m2
m(1 + cos−2 β)/2.

In the intermediate energy range, E ∼ 1 − 10 GeV,
when matter and vacuum terms are comparable, the re-
duction to a two-neutrino system is not possible, and the
problem does not allow a simple analytical treatment.
The neutrino conversion probability in this energy range
depends on the sign of the neutrino mass hierarchy (nor-
mal, ∆m2 > 0, or inverted, ∆m2 < 0). At the sub-GeV
energies, we expect vacuum-domination, and therefore
small deviations with respect to vacuum oscillations [23].

Finally, we observe that for θ13 = 0, ∆m" = 0, as has
been assumed here, there is no sensitivity to ψ, the phase
of εeτ [24]. This is unlike the case of the solar neutrinos,
where ψ plays a crucial role [4]. Corrections due to θ13

and ∆m" &= 0 break the phase degeneracy and will be
presented elsewhere [7].

IV. NUMERICAL RESULTS

We performed a quantitative analysis of the atmo-
spheric neutrino data with five parameters: two “vac-
uum” ones, (∆m2, θ), and three NSI quantities (εee, εeτ

, εττ). The goodness-of-fit for a given point is deter-
mined by performing a fit to the data. We use the
complete 1489-day charged current Super-Kamiokande
phase I data set [15], including the e-like and µ-like data
samples of sub- and multi-GeV contained events (each
grouped into 10 bins in zenith angle) as well as the stop-
ping (5 angular bins) and through-going (10 angular bins)
upgoing muon data events. This amounts to a total of
55 data points. For the calculation of the expected rates
we use the new three-dimensional atmospheric neutrino

fluxes given in Ref. [16]. The statistical analysis of the
data follows the appendix of Ref. [3].

The results of the K2K experiment have been included.
Their addition has a minimal impact on our results, pro-
viding some constraint at high ∆m2. The details of the
K2K analysis can be found in Sec. 2.2 of Ref. [17].

−1 −0.5 0 0.5 1
!

!

e"

""

0

0.5

1 !ee=−0.15

FIG. 1: A 2-D section (εee= −0.15) of the allowed region of
the NSI parameters (shaded). We assumed ∆m2

! = 0 and
θ13 = 0, and marginalized over θ and ∆m2. The dashed con-
tours indicate our analytical predictions. See text for details.

Upon scanning the parameter space and marginalizing
over ∆m2 and θ we obtain the three-dimensional allowed
region in the space (εee, εeτ , εττ). As an illustration, in
Fig. 1 we show a section of this region by the plane εee=
−0.15 (the choice motivated by the solar analysis in [4]).
The χ2 minimum occurs at εeτ= 0.07, εττ= 0.01; the
value at the minimum, χ2

min = 48.50, is virtually the
same as at the origin (no NSI), χ2

orig = 48.57. The shaded
regions correspond, from the innermost contour, to χ2 −
χ2

min ≤ 7.81, 11.35, and 18.80. They represent the 95%,
99%, and 3.6σ confidence levels (C.L.) for three degrees
of freedom (d.o.f.). The last contour also corresponds to
the 95% C.L. for 50 d.o.f.. For the purpose of hypothesis
testing this means that a theory which gives NSI outside
of this region should be rejected.

The dashed-dotted parabola illustrates the condition
of zero eigenvalue, Eq. (6); the two outer curves give
the predicted bound according to Eq. (5). For both,
the agreement between the theory and numerical results
is quite convincing. Moreover, we have verified that
the agreement remains very good for εee in the range
−0.7 <εee< 0.3 [7]. For the case when only εeτ is non-
zero we find the bounds | εeτ | < 0.38 at 99% C.L. and
| εeτ | < 0.5 at 3.6σ.

The extent of the allowed region along the parabola is
beyond the scope of our analytical treatment. Indeed,
since at high energy the leading NSI effect is canceled by
construction, the fit quality is determined by subdomi-
nant NSI effects in all energy samples. Remarkably, these
effects are rather small, especially for the inverted mass
hierarchy, where the region χ2 − χ2

min ≤ 7.81 extends up

See Gonzalez-Garcia, Maltoni, Salvado,
arXiv:1103.4365v2 for a recent update
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1000 km of rock: MINOS, NOνA, LBNE

• The flavor-changing NSI 
cause small nu-e 
appearance 

• This could fake the 
effect of theta13 pretty 
closely

• One might think that 
only large NSI (same 
size at the SM weak 
interactions) can be 
probed...

Neutrino 2006, 6/15/2006 Alex Friedland, LANL 18

MINOS, e mode 

e mode: direct 
conversion due to 
new flavor changing 
interactions
25*1020 protons on 
target: shrinks 
currently allowed 
parameter space by a 
factor of 2

13 or New 
interactions?

hep-ph/0606101

sin22θ13 = 0.07 or
sin22θ13 = 0 + NSI εeτ ~1

Friedland, Lunardini, PRD 2006
11



Interference of amplitudes

• Two channels, solar and atmospheric; NSI amplitude appears in both

Interference of the large theta13 term with the NSI term dramatically 
enhances the sensitivity!

• NSI has its own CV-violating phase; interference depends on the relative 
phases!

P (νµ → νe) �
����G1 sin θ23

exp(i∆1L)− 1

∆1
−G2 cos θ23

exp(i∆2L)− 1

∆2

����
2

,

A.F. ,C. Lunardini, PRD (2006); A.F., I. Shoemaker, arXiv:1207.6642

G1 �
√
2GFNe|�eτ |eiδν cos θ23 +∆sin 2θ13e

iδ,

G2 �
√
2GFNe|�eτ |eiδν sin θ23 −∆⊙ sin 2θ12.
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Relevant scales

• Assuming

• For standard physics, the solar term is 0.1 of atm. Upon interference, ~20% 
modulation (hence, search for CP requires precision)

• Assuming NSI εeτ ~0.2, roughly motivated by the solar spectral data, we have

• Atm > NSI > solar

4
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FIG. 2: Here we examine MINOS sensitivity to NSI in the nor-
mal (upper panel) and inverted hierarchy (lower). The lighter re-
gion comes from varying the vacuum phase δ with SM physics only,
while the darker regions come from including NSI with |εeτ | = 0.4
and varying the NSI phase with the vacuum phase set to zero.

to [12] we have taken only |εeτ | nonzero and restored explic-
itly the phases of both the vacuum and the NSI pieces. For
typical energies Eν = 2 GeV, θ23 = π/4, and θ13 = 8.7◦, the
relevant parameters in the problem are

∆sin2θ13 = 0.87×10−13 eV, (6)√
2GF ne cosθ23 = 0.76×10−13 eV, (7)

∆⊙ sin2θ12 = 0.09×10−13 eV. (8)

The physics behind the general form of Eq. (3) can be
understood as follows. The νµ → νe conversion amplitude
receives contributions from two frequencies, related to the
“atmospheric” (∆1 � 2∆) and the smaller “matter” (∆2 �
−
√

2GF ne) splittings (the “solar” ∆⊙ is smaller still and is
for simplicity neglected). In the standard case (no NSI), the
term ∆sin2θ13eiδ drives the conversion νµ → νe with the at-
mospheric oscillation frequency, as captured by the G1 term
in Eq. (3). The smaller off-diagonal “solar” term ∆⊙ sin2θ12,
captured by the G2 term, also drives the transition, but with a
smaller frequency, ∆2.

The standard CP violation search is based on the interfer-
ence of the terms in Eqs. (6) and (8). The magnitude of in-

terference is dictated by the phase δ , which is responsible for
CP violation, and by the oscillation phases, arg

�
ei∆1,2L −1

�
,

in the two channels. Furthermore, since the solar term (8) is
an order of magnitude smaller than the atmospheric one, CP
violation appears as a subleading effect, modifying the lead-
ing probability due to Eq. (6) by at most ∼ 20% (when the
interference is maximally constructive or destructive). Its ob-
servation thus requires sufficient experimental precision.

The presence of nonzero εeτ NSI modifies the amplitudes
of both channels. Physically, ordinary oscillations generate
ντ , which εeτ then converts into νe. With |εeτ | of order 0.2-
0.4 and Eν ∼ 2 GeV, the hierarchy of terms in Eqs. (6,7,8)
becomes: atm > NSI > sol. Thus, the expected NSI effect is
still subleading, but in general larger than the standard signal
of CP violation. The observable effect of NSI then depends at
leading order on the relative phase δν −δ . As an illustration,
when this relative phase is zero and |εeτ |= 0.2, one expects a
∼ 30% enhancement on top of the leading atmospheric prob-
ability.

We finish this section with two important corollaries to the
above discussion. First, since ordinary oscillations form the
necessary first stage of the conversion, at high neutrino energy
Eν , the νe → νµ conversion probability goes to zero even in
the presence of nonzero εeτ . Thus, while naively one might
expect nonstandard matter effects to be cleanly manifested
at high energies1, this is not so for εeτ . The best energy to
probe εeτ in νµ → νe conversion is at the appearance maxi-
mum. Thus, NOνA (and and its proposed successor, LBNE)
are suitable experiments to look for this type of new physics.

The second observation is that the recent measurement of
large θ13 is crucial in giving MINOS, NOνA, and LBNE sen-
sitivity to NSI, since the NSI-driven conversion interferes with
the “standard” amplitude driven by θ13. As an illustration,
consider the fact that with θ13 = 0 and |εeτ | = 0.2 this prob-
ability at NOνA is below 0.005, even with constructive NSI-
solar interference. This signal is certainly below the sensitiv-
ity reach of the next generation of long-baseline experiments.
To get an observable signal at MINOS, P

�
νµ → νe

�
∼ 0.05,

with θ13 = 0 requires large NSI, |εeτ | ≈ 0.9 [12]. Since in
the past year the value of θ13 was measured to be sufficiently
large, it is time to revisit the sensitivity of MINOS to NSI.

III. MINOS

Of the long-baseline oscillation experiments that already
have data, MINOS provides the best sensitivity to NSI. This is
due to their relatively long baseline and the resolution of their
P(νµ → νe) measurements. In fact, as we show below, the
νe appearance search by MINOS [39] has already started ap-
proaching the region of the parameter space favored by solar
data.

We begin by asking what the NSI sensitivity of MINOS is in

1 Which is indeed true for, e.g., εµτ . In that case, one expects νµ → ντ
conversion at high energy.
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to [12] we have taken only |εeτ | nonzero and restored explic-
itly the phases of both the vacuum and the NSI pieces. For
typical energies Eν = 2 GeV, θ23 = π/4, and θ13 = 8.7◦, the
relevant parameters in the problem are

∆sin2θ13 = 0.87×10−13 eV, (6)√
2GF ne cosθ23 = 0.76×10−13 eV, (7)

∆⊙ sin2θ12 = 0.09×10−13 eV. (8)

The physics behind the general form of Eq. (3) can be
understood as follows. The νµ → νe conversion amplitude
receives contributions from two frequencies, related to the
“atmospheric” (∆1 � 2∆) and the smaller “matter” (∆2 �
−
√

2GF ne) splittings (the “solar” ∆⊙ is smaller still and is
for simplicity neglected). In the standard case (no NSI), the
term ∆sin2θ13eiδ drives the conversion νµ → νe with the at-
mospheric oscillation frequency, as captured by the G1 term
in Eq. (3). The smaller off-diagonal “solar” term ∆⊙ sin2θ12,
captured by the G2 term, also drives the transition, but with a
smaller frequency, ∆2.

The standard CP violation search is based on the interfer-
ence of the terms in Eqs. (6) and (8). The magnitude of in-

terference is dictated by the phase δ , which is responsible for
CP violation, and by the oscillation phases, arg

�
ei∆1,2L −1

�
,

in the two channels. Furthermore, since the solar term (8) is
an order of magnitude smaller than the atmospheric one, CP
violation appears as a subleading effect, modifying the lead-
ing probability due to Eq. (6) by at most ∼ 20% (when the
interference is maximally constructive or destructive). Its ob-
servation thus requires sufficient experimental precision.

The presence of nonzero εeτ NSI modifies the amplitudes
of both channels. Physically, ordinary oscillations generate
ντ , which εeτ then converts into νe. With |εeτ | of order 0.2-
0.4 and Eν ∼ 2 GeV, the hierarchy of terms in Eqs. (6,7,8)
becomes: atm > NSI > sol. Thus, the expected NSI effect is
still subleading, but in general larger than the standard signal
of CP violation. The observable effect of NSI then depends at
leading order on the relative phase δν −δ . As an illustration,
when this relative phase is zero and |εeτ |= 0.2, one expects a
∼ 30% enhancement on top of the leading atmospheric prob-
ability.

We finish this section with two important corollaries to the
above discussion. First, since ordinary oscillations form the
necessary first stage of the conversion, at high neutrino energy
Eν , the νe → νµ conversion probability goes to zero even in
the presence of nonzero εeτ . Thus, while naively one might
expect nonstandard matter effects to be cleanly manifested
at high energies1, this is not so for εeτ . The best energy to
probe εeτ in νµ → νe conversion is at the appearance maxi-
mum. Thus, NOνA (and and its proposed successor, LBNE)
are suitable experiments to look for this type of new physics.

The second observation is that the recent measurement of
large θ13 is crucial in giving MINOS, NOνA, and LBNE sen-
sitivity to NSI, since the NSI-driven conversion interferes with
the “standard” amplitude driven by θ13. As an illustration,
consider the fact that with θ13 = 0 and |εeτ | = 0.2 this prob-
ability at NOνA is below 0.005, even with constructive NSI-
solar interference. This signal is certainly below the sensitiv-
ity reach of the next generation of long-baseline experiments.
To get an observable signal at MINOS, P

�
νµ → νe

�
∼ 0.05,

with θ13 = 0 requires large NSI, |εeτ | ≈ 0.9 [12]. Since in
the past year the value of θ13 was measured to be sufficiently
large, it is time to revisit the sensitivity of MINOS to NSI.

III. MINOS

Of the long-baseline oscillation experiments that already
have data, MINOS provides the best sensitivity to NSI. This is
due to their relatively long baseline and the resolution of their
P(νµ → νe) measurements. In fact, as we show below, the
νe appearance search by MINOS [39] has already started ap-
proaching the region of the parameter space favored by solar
data.

We begin by asking what the NSI sensitivity of MINOS is in

1 Which is indeed true for, e.g., εµτ . In that case, one expects νµ → ντ
conversion at high energy.
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FIG. 2: Here we examine MINOS sensitivity to NSI in the nor-
mal (upper panel) and inverted hierarchy (lower). The lighter re-
gion comes from varying the vacuum phase δ with SM physics only,
while the darker regions come from including NSI with |εeτ | = 0.4
and varying the NSI phase with the vacuum phase set to zero.

to [12] we have taken only |εeτ | nonzero and restored explic-
itly the phases of both the vacuum and the NSI pieces. For
typical energies Eν = 2 GeV, θ23 = π/4, and θ13 = 8.7◦, the
relevant parameters in the problem are

∆sin2θ13 = 0.87×10−13 eV, (6)√
2GF ne cosθ23 = 0.76×10−13 eV, (7)

∆⊙ sin2θ12 = 0.09×10−13 eV. (8)

The physics behind the general form of Eq. (3) can be
understood as follows. The νµ → νe conversion amplitude
receives contributions from two frequencies, related to the
“atmospheric” (∆1 � 2∆) and the smaller “matter” (∆2 �
−
√

2GF ne) splittings (the “solar” ∆⊙ is smaller still and is
for simplicity neglected). In the standard case (no NSI), the
term ∆sin2θ13eiδ drives the conversion νµ → νe with the at-
mospheric oscillation frequency, as captured by the G1 term
in Eq. (3). The smaller off-diagonal “solar” term ∆⊙ sin2θ12,
captured by the G2 term, also drives the transition, but with a
smaller frequency, ∆2.

The standard CP violation search is based on the interfer-
ence of the terms in Eqs. (6) and (8). The magnitude of in-

terference is dictated by the phase δ , which is responsible for
CP violation, and by the oscillation phases, arg

�
ei∆1,2L −1

�
,

in the two channels. Furthermore, since the solar term (8) is
an order of magnitude smaller than the atmospheric one, CP
violation appears as a subleading effect, modifying the lead-
ing probability due to Eq. (6) by at most ∼ 20% (when the
interference is maximally constructive or destructive). Its ob-
servation thus requires sufficient experimental precision.

The presence of nonzero εeτ NSI modifies the amplitudes
of both channels. Physically, ordinary oscillations generate
ντ , which εeτ then converts into νe. With |εeτ | of order 0.2-
0.4 and Eν ∼ 2 GeV, the hierarchy of terms in Eqs. (6,7,8)
becomes: atm > NSI > sol. Thus, the expected NSI effect is
still subleading, but in general larger than the standard signal
of CP violation. The observable effect of NSI then depends at
leading order on the relative phase δν −δ . As an illustration,
when this relative phase is zero and |εeτ |= 0.2, one expects a
∼ 30% enhancement on top of the leading atmospheric prob-
ability.

We finish this section with two important corollaries to the
above discussion. First, since ordinary oscillations form the
necessary first stage of the conversion, at high neutrino energy
Eν , the νe → νµ conversion probability goes to zero even in
the presence of nonzero εeτ . Thus, while naively one might
expect nonstandard matter effects to be cleanly manifested
at high energies1, this is not so for εeτ . The best energy to
probe εeτ in νµ → νe conversion is at the appearance maxi-
mum. Thus, NOνA (and and its proposed successor, LBNE)
are suitable experiments to look for this type of new physics.

The second observation is that the recent measurement of
large θ13 is crucial in giving MINOS, NOνA, and LBNE sen-
sitivity to NSI, since the NSI-driven conversion interferes with
the “standard” amplitude driven by θ13. As an illustration,
consider the fact that with θ13 = 0 and |εeτ | = 0.2 this prob-
ability at NOνA is below 0.005, even with constructive NSI-
solar interference. This signal is certainly below the sensitiv-
ity reach of the next generation of long-baseline experiments.
To get an observable signal at MINOS, P

�
νµ → νe

�
∼ 0.05,

with θ13 = 0 requires large NSI, |εeτ | ≈ 0.9 [12]. Since in
the past year the value of θ13 was measured to be sufficiently
large, it is time to revisit the sensitivity of MINOS to NSI.

III. MINOS

Of the long-baseline oscillation experiments that already
have data, MINOS provides the best sensitivity to NSI. This is
due to their relatively long baseline and the resolution of their
P(νµ → νe) measurements. In fact, as we show below, the
νe appearance search by MINOS [39] has already started ap-
proaching the region of the parameter space favored by solar
data.

We begin by asking what the NSI sensitivity of MINOS is in

1 Which is indeed true for, e.g., εµτ . In that case, one expects νµ → ντ
conversion at high energy.

MINOS and “solar-
inspired” NSI

• Interference makes for a pretty 
large effect

• Useful constraint already 
possible

• On the other hand, NSI can 
confuse the hierarchies

• Need more sensitivity. NOνA?
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NOvA bi-probability: standard case

• Interference between solar and atm. 
terms depends on the phase

• Instead of plotting the energy spectrum 
people often show the “bi-probability” 
plot (Minakata, Nunokawa, JHEP 2001).

• Esp. useful for NOνA, since it’s a 
narrow band off-axis beam with E ~ 2 
GeV
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But what if there are also NSI?

• Let’s take εeτ = +0.4, as in the 
earlier solar plot
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Next step: vary the NSI phase

• Let’s take a different 
approach: we don’t care 
about solar data, just 
trying to constrain NSI.

• Take small |εeτ| ~ 0.2, vary 
its phase freely

• The result is big regions 
in the bi-probability space
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Qualitatively different possibilities

1.Large deviation from the 
standard ellipses: detection of 
new physics + mass hierarchy!

2.Large deviation from the 
standard ellipses: detection of 
new physics, but mass 
hierarchy is confused

3.Mass hierarchy measured, but 
no don’t know if NSI or not

4.Complete confusion
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4.
3.

2.
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Degeneracies: theta13
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 theta23 confusion: octant measurement?
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What about |εeτ| ~ 0.4?
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Degeneracies for point 4

7
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FIG. 5: An illustration of some of the NOνA degeneracies at 2
GeV in ν mode (top) and ν mode (bottom). All curves assume
the normal hierarchy. The blue (solid) curve is without NSI and
setting the vacuum phase to δ = π . The remaining curves all
have NSI of the same magnitude |εeτ | = 0.2, but take (δ ,δν ) =
(3.98,π/4),(0.55,1.1),(2.14,3π/4), in the green (dashed), red (dot-
ted), and magenta (dash-dotted) curves respectively. Note that the
choice of phases produce degenerate results at 2 GeV in both neutri-
nos and antineutrinos.

NSI explanations.

(4) No NSI or hierarchy determination. The point (P,P) =
(0.04,0.03) (� in Fig 4) is an example of one of the
worst cases for NOνA to have a clear signal of any as
of yet unknown parameters. At such a point, one cannot
rule out the existence of NSI or establish the sign of the
hierarchy.

We further illustrate the degeneracy of the last point � in
Fig. 5, where we plot the conversion probability as a function
of energy. One of the curves has only standard physics and
δ = π , while the other three curves have NSI with different
choices of the vacuum and ν-phase. Both neutrino and an-
tineutrino curves intersect at Eν = 2 GeV and with a narrow
band setup of NOνA give the same event rates. Importantly,
the degeneracy is not absolute and can be broken by measure-
ments at different energies and/or baselines. We will return to
this in the next section.
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FIG. 6: Here we have fixed the neutrino energy to 2 GeV, and plot-
ted the ensuing values of P(νµ → νe) and P(νµ → νe) for NOνA.
The outer (inner) cylinder regions refer to SM only interactions, for
the normal (blue) and inverted (red) hierarchy, the angle θ23 vary-
ing within its presently (large, light cylinders) and future (small,
dark cylinders) allowed 90% CL region centered on π/4. The larger
shaded regions come from fixing |εeτ | = 0.2 and varying both the
vacuum and the matter phases.

Before concluding our discussion of NOνA, it is worth
mentioning yet another type of degeneracy, which exists be-
tween the standard oscillation parameter θ23 and NSI. The un-
derlying physics behind this degeneracy is evident from the
analytical form of the probability in Eq. (3): the change of G1
due to NSI can be partially undone2 by appropriately modify-
ing the factor of sin2θ23. We have already seen an example
of this degeneracy in the case of MINOS, where the effect of
NSI could be partially undone by adjusting the value of θ23.
Let us now describe, quantitatively, this degeneracy at NOνA.

Once again, we turn to the bi-probability plane. The ef-
fect of varying θ23 in this plane – assuming standard physics
only – is to shift the solid ellipses in Fig. 3 toward and away
from the origin (cf. [42]). In other words, varying θ23 turns
the ellipses into cylinders. We illustrate this in Fig. 6, which
generalizes Fig. 4 to the case of uncertain θ23. The filled back-
ground regions are once again obtained by varying δ and δν ,
assuming fixed |εeτ |= 0.2 and θ23 = π/4. The lightly shaded
foreground cylinders are the result of setting |εeτ | to zero and
varying δ over its full range and θ23 over the range allowed
by the Super-Kamiokande atmospheric data3 sin2 2θ23 > 0.93.

2 The degeneracy is clearly partial, even for unconstrained θ23, since sin2θ23
is real, while G1 is complex.

3 The values of sin2 2θ23 inferred from the Super-Kamiokande data actually
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FIG. 5: An illustration of some of the NOνA degeneracies at 2
GeV in ν mode (top) and ν mode (bottom). All curves assume
the normal hierarchy. The blue (solid) curve is without NSI and
setting the vacuum phase to δ = π . The remaining curves all
have NSI of the same magnitude |εeτ | = 0.2, but take (δ ,δν ) =
(3.98,π/4),(0.55,1.1),(2.14,3π/4), in the green (dashed), red (dot-
ted), and magenta (dash-dotted) curves respectively. Note that the
choice of phases produce degenerate results at 2 GeV in both neutri-
nos and antineutrinos.

NSI explanations.

(4) No NSI or hierarchy determination. The point (P,P) =
(0.04,0.03) (� in Fig 4) is an example of one of the
worst cases for NOνA to have a clear signal of any as
of yet unknown parameters. At such a point, one cannot
rule out the existence of NSI or establish the sign of the
hierarchy.

We further illustrate the degeneracy of the last point � in
Fig. 5, where we plot the conversion probability as a function
of energy. One of the curves has only standard physics and
δ = π , while the other three curves have NSI with different
choices of the vacuum and ν-phase. Both neutrino and an-
tineutrino curves intersect at Eν = 2 GeV and with a narrow
band setup of NOνA give the same event rates. Importantly,
the degeneracy is not absolute and can be broken by measure-
ments at different energies and/or baselines. We will return to
this in the next section.
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FIG. 6: Here we have fixed the neutrino energy to 2 GeV, and plot-
ted the ensuing values of P(νµ → νe) and P(νµ → νe) for NOνA.
The outer (inner) cylinder regions refer to SM only interactions, for
the normal (blue) and inverted (red) hierarchy, the angle θ23 vary-
ing within its presently (large, light cylinders) and future (small,
dark cylinders) allowed 90% CL region centered on π/4. The larger
shaded regions come from fixing |εeτ | = 0.2 and varying both the
vacuum and the matter phases.

Before concluding our discussion of NOνA, it is worth
mentioning yet another type of degeneracy, which exists be-
tween the standard oscillation parameter θ23 and NSI. The un-
derlying physics behind this degeneracy is evident from the
analytical form of the probability in Eq. (3): the change of G1
due to NSI can be partially undone2 by appropriately modify-
ing the factor of sin2θ23. We have already seen an example
of this degeneracy in the case of MINOS, where the effect of
NSI could be partially undone by adjusting the value of θ23.
Let us now describe, quantitatively, this degeneracy at NOνA.

Once again, we turn to the bi-probability plane. The ef-
fect of varying θ23 in this plane – assuming standard physics
only – is to shift the solid ellipses in Fig. 3 toward and away
from the origin (cf. [42]). In other words, varying θ23 turns
the ellipses into cylinders. We illustrate this in Fig. 6, which
generalizes Fig. 4 to the case of uncertain θ23. The filled back-
ground regions are once again obtained by varying δ and δν ,
assuming fixed |εeτ |= 0.2 and θ23 = π/4. The lightly shaded
foreground cylinders are the result of setting |εeτ | to zero and
varying δ over its full range and θ23 over the range allowed
by the Super-Kamiokande atmospheric data3 sin2 2θ23 > 0.93.

2 The degeneracy is clearly partial, even for unconstrained θ23, since sin2θ23
is real, while G1 is complex.

3 The values of sin2 2θ23 inferred from the Super-Kamiokande data actually
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Solution: go to longer baseline!
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Bi-probability at Homestake
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• Chose 2 GeV for comparison
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Homestake: probe smaller NSI
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Homestake: probe smaller NSI
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Longest baseline: atm. neutrinos -> IceCUBE!
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Kevin BurkettMarch 10, 2006

Example Candidate Event

7

ET(Jet) = 361 GeV

Missing ET = 350 GeV

Collider bounds: 
LHC Monojet searches

• “monophoton” or “monojet” 
events recoiling against 
“nothing”

• “nothing” could be, e.g., dark 
matter particles, extra-dim KK 
gravitons, etc

Kevin BurkettMarch 10, 2006

Example Candidate Event

7

ET(Jet) = 361 GeV

Missing ET = 350 GeV

Kevin BurkettMarch 10, 2006

Example Candidate Event

7

ET(Jet) = 361 GeV

Missing ET = 350 GeV
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Some of the (many) papers on these searches

• Large extra dimensions (ADD):

• Mirabelli, Perelstein, Peskin, PRL 1999

• Vacavant & Hinchliffe, J. Phys. G 2001

• CDF Collaboration, PRL 2006, PRL 2008

• DM:

• Goodman, Ibe, Rajaraman, Shepherd, Tait, Yu, PLB 2011; PRD 2011

• Bai, Fox, Harnik, JHEP 2010

• Rajaraman, Shepherd, Tait, Wijangco, arXiv:1108.1196

• Fox, Harnik, Kopp, Tsai, arXiv:1109.4398
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Neutrinos are Backgrounds

• Standard Model physics that leads to monojet events

• jet + Z ➞ jet + νν-bar

• jet + W ➞ jet + eν

• ➞ jet + μν

• ➞ jet + τν

• NSI modify BG rate

• May fake DM/KK states
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Figure 4: Measured leading-jet pT distributions for the LowPt (top) and HighPt
(bottom) analyses compared to background predictions. Only statistical uncer-
tainties on the data are shown. The systematic uncertainties on the total number
of predicted events are 9% for the LowPt region and 12% for the HighPt region.

of the multi-jets background from data is not possible due to the
small number of events. The PYTHIAMC predicts a negligible
contribution.
The cosmic ray and beam-related backgrounds are estimated

from empty and unpaired proton bunches in the collider that
fulfill the event selection criteria. This estimate also accounts
for the probability of overlaps between background contribu-
tions and genuine proton-proton collisions leading to monojet
signatures. A total of 2.4±1.1 non-collision background events
are predicted in the LowPt analysis, while the contribution in
the HighPt region is negligible.
The SM background predictions are summarized in Table 1

and are found to be consistent with the number of observed
events in the data of 611 and 39 for the LowPt and HighPt
selections, respectively. The main systematic uncertainties in
the electroweak backgrounds come from the normalization un-
certainties, which are dominated by the statistics in the data
control samples. The statistical uncertainties listed in Table 1
come from the limited number of events in the MC samples.
A comparison of the SM predictions to the measured EmissT and
leading-jet pT distributions are provided in Figures 3 and 4, re-
spectively. Good agreement is observed in all cases.

Background Predictions ± (stat.) ± (syst.)
LowPt Selection HighPt Selection

Z (→ νν̄)+jets 357 ± 12 ± 25 25.4 ± 2.6 ± 2.8
W(→ τν)+jets 139 ± 5 ± 36 7.8 ± 1 ± 2.3
W(→ µν)+jets 70 ± 4 ± 5 3.8 ± 0.6 ± 0.4
W(→ eν)+jets 59 ± 3 ± 15 3.0 ± 0.7 ± 0.9
Multi-jets 24 ± 5 ± 14 −

Z/γ∗(→ τ+τ−)+jets 2.6 ± 0.5 ± 0.7 −
Z/γ∗(→ µ+µ−)+jets 1.9 ± 0.4 ± 0.1 −

top 0.96 ± 0.04 ± 0.2 −
γ+jets 0.35 ± 0.17 ± 0.5 −

Z/γ∗(→ e+e−)+jets − −
Non-collision Background 2.4 ± 0.5 ± 1.1 −

Total Background 657 ± 15 ± 62 40 ± 2.9 ± 4.8
Events in Data (33 pb−1) 611 39

Table 1: Number of observed events and predicted background events, includ-
ing statistical and systematic uncertainties. The statistical uncertainties are due
to limited MC statistics. The dominant systematic uncertainties come from
the limited statistics in the data control regions. The systematic uncertain-
ties on W(→ µν)+jets, Z/γ∗(→ µ+µ−)+jets, and Z (→ νν̄)+jets predictions
are fully correlated. Similarly, the systematic uncertainties on W(→ eν)+jets,
W(→ τν)+jets, and Z/γ∗(→ τ+τ−)+jets are fully correlated.

6. Data Interpretation and Limits
Since the number of events observed in the LowPt and

HighPt regions are found to be consistent with the background
predictions, as shown in Table 1, 95% confidence level (CL)
upper limits are set on the cross-section times acceptance and
on the value of MD as a function of the number of extra dimen-
sions. All limits are computed using theCLs modified frequen-
tist approach [31].
The 95% CL upper limits on cross section times acceptance

are calculated considering the systematic uncertainties on the
backgrounds and on the integrated luminosity. The resulting
values are 3.26 pb and 0.51 pb for the LowPt and HighPt anal-
ysis, respectively.
To obtain limits on the ADD parameters MD and R, model-

dependent uncertainties on the signal cross sections and accep-
tances must be determined and included in the limit calculation.
For graviton production in the ADD scenario, a low-energy

effective field theory [32] with energy scale MD is used to cal-
culate the signal cross section considering the contribution of
different graviton mass modes. Signal samples corresponding
to a number of extra dimensions varying between 2 and 6 are
considered, with the renormalization and factorization scales
set to 1

2M
2
G+ p

2
T , where MG is the graviton mass and pT denotes

the transverse momentum of the recoiling parton. The samples
are generated using the PYTHIAMC programwith the ATLAS
MC09 tuning defining all parameters including the MRST2007
LO∗ PDF set. The yields for CTEQ6.6 PDFs [33] are obtained
by reweighting these samples. All generated samples are passed
through the full detector simulation, and are reconstructed and
analyzed with the same analysis chain as for the data.
The approximation used in the calculation of the signal cross

sections is expected to be valid only if the scales involved in the
hard interaction are significantly smaller than MD. An estimate
of the relative importance of the signal predictions in the un-

5
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Constraints on neutrino NSI

• Neutrino NSI modify the rate of monojet 
events

• Monojet data from the Tevatron and LHC 
provide a useful constraint, especially if the 
new physics scale is in the hundred GeV 
range (s-channel), but weaker if it’s above or 
below

• Systematics limited, already with 1 fb-1 of 
data (last July)

• LHC and neutrino oscillation experiment can 
probe the same physics!
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Broad resonance

CDF ADD
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A. F., Graesser, Shoemaker, Vecchi;
Phys. Lett. B 714, 267 (2012)
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LOW SCALE: VERY RICH PHYSICS

[Harnik, Kopp, Machado (2012)]

New axion bound: Friedland, 
Giannotti, Wise, PRL (2013); 

Editor’s suggestion

MiniBOONE beam dump 
experiment
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Conclusions NSI

• NSI framework could be used to gauge the reach of different experiments

• Solar neutrinos may be providing a hint. Not excluded by other experiments.

• Sensitivity of long-baseline experiments benefits from large θ13 (interference!)

• Additional source of CP-violation! What have you measured?

• Multiple baselines, spectral information desired to correctly interpret data and 
understand degeneracies.

• Connections to collider experiments, dark matter searches, stellar cooling, etc

• Very interesting physics!
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part 2
 Supernova neutrinos give us

the most beautiful and complicated 
oscillation problem we know
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SN ν oscillations: 
physics cartoon 

ν-sphere Collective

turbulence

front shock

“regular MSW”

νe νμ ντ

νe νμ ντ
_ _ _
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Neutrinos oscillating in 
unison

• A lot of activity in recent years

• It has been shown that the physics is 
qualitatively different in different stages of 
the explosion

• First second -- accretion phase

• Later time -- cooling phase
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What happens during 
the first second?

• Scattered neutrinos 
dominate oscillation 
Hamiltonian

• Matter inhomogeneous, plus 
some scattering is backward

• Nobody knows how to do 
this problem at the 
moment: need “super-
supercomputing”?
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We argue that the small fraction of neutrinos that undergo direction-changing scattering outside of
the neutrinosphere could have significant influence on neutrino flavor transformation in core-collapse
supernova environments. We show that the standard treatment for collective neutrino flavor trans-
formation is adequate at late times, but could be inadequate in the crucial shock revival/explosion
epoch of core-collapse supernovae, where the potentials that govern neutrino flavor evolution are
affected by the scattered neutrinos. Taking account of this effect, and the way it couples to entropy
and composition, will require a new paradigm in supernova modeling.

PACS numbers: 05.60.Gg,13.15.+g,14.60.Pq,26.30Hj,26.30Jk,26.50+x,97.60.Bw

In this letter we point out a surprising feature of neu-

trino flavor transformation in core-collapse supernovae.

These supernovae have massive star progenitors which

form cores which collapse to nuclear density and pro-

duce proto-neutron stars. The gravitational binding en-

ergy released, eventually some ∼ 10% of the rest mass

of the neutron star, is emitted as neutrinos of all fla-

vors in a time window of a few seconds. Diverting a

small fraction of this neutrino energy into heating can

drive revival of the stalled core bounce shock [1–7] creat-

ing a supernova explosion and setting the conditions for

the synthesis of heavy elements [4, 6–9]. However, the

way neutrinos interact in this environment depends on

their flavors, necessitating calculations of neutrino flavor

transformation. These calculations show that neutrino

flavor transformation has a rich phenomenology, includ-

ing collective oscillations [10–38], which can affect im-

portant aspects of supernova physics [15, 16, 19–23, 27–

29, 31, 32, 39–43]. For example, neutrino-heated heavy

element r-process nucleosynthesis [44–48] and potentially

supernova energy transport above the core and the ex-

plosion itself [11, 37, 49] could be affected.

All collective neutrino flavor transformation calcula-

tions employ the “Neutrino Bulb” model, where neutrino

emission is sourced from a “neutrinosphere”, taken to be

a hard spherical shell from which neutrinos freely stream.

This seems like a reasonable approximation because well

above the neutrinosphere scattered neutrinos comprise

only a relatively small fraction of the overall neutrino

number density. However, this optically thin “halo” of

scattered neutrinos nonetheless may influence the way

flavor transformation proceeds. This result stems from a

combination of the geometry of supernova neutrino emis-

sion, as depicted in Fig. 1, and the neutrino intersection

angle dependence of neutrino-neutrino coupling.

Neutrinos are emitted in all directions from a neutri-

nosphere of radius Rν , but those that arrive at a loca-

tion at radius r, and suffer only forward scattering, will

be confined to a narrow cone of directions (dashed lines

in Fig. 1) when r � Rν . In contrast, a neutrino which

suffers one or more direction-changing scattering events

Rν

r
θik

νkνk�

νi

νj

θij

θia

FIG. 1: Supernova neutrino emission geometry.

could arrive at the same location via a trajectory that

lies well outside this cone.

Following neutrino flavor evolution in the presence of

scattering, in general, requires a solution of the quan-

tum kinetic equations [50–52]. However, the rare na-

ture of the scattering that generates the halo suggests

a separation between the scattering-induced and coher-

ent aspects of neutrino flavor evolution. In the coherent

limit the neutrino-neutrino Hamiltonian, Ĥνν , couples

the flavor histories for neutrinos on intersecting trajec-

tories [33, 44, 50, 53]. As shown in Fig. 1, a neutrino

νi leaving the neutrinosphere will experience a potential

given by a sum over neutrinos and antineutrinos located

at the same point as neutrino νi:

Ĥνν =

√
2GF

�

a

(1− cos θia)nν,a |ψν,a� �ψν,a|

−
√
2GF

�

a

(1− cos θia)nν̄,a |ψν̄,a� �ψν̄,a|, (1)

where the flavor state of neutrino νa is represented by

|ψν,a�, and θia is the angle of intersection between νi
and neutrino or antineutrino νa/ν̄a. Here nν,a is the lo-

cal number density of neutrinos in state a, and the 1 −
cos θia factor disfavors small intersection angles, thereby

suppressing the potential contribution of the forward-

scattered-only neutrinos [10, 11]. Direction-altered scat-
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FIG. 3: Left: Color scale indicates the density within the shock front in a 15M⊙ progenitor core-collapse supernova 500ms

after core bounce, during the shock revival epoch [57]. Right: Effect of the scattered neutrino halo for the matter distribution

at Left. Color scale indicates the ratio of the sum of the maximum (no phase averaging) magnitudes of the constituents of the

neutrino-neutrino Hamiltonian, |Ĥbulb
νν |+ |Ĥhalo

νν |, to the contribution from the neutrinosphere |Ĥbulb
νν |.

(e.g., the red curve in Fig. 2), in general, exhibit an av-
erage density profile that is ∝ r

−(2 to 3), which means
that |Ĥhalo

νν |/|Ĥbulb
νν | is expected to increase with radius.

Note, however, that though the relative contribution of
the halo may grow with radius, at sufficiently large dis-
tance from the proto-neutron star the neutrino-neutrino
potential ceases to be physically important.

Matter inhomogeneity, an essential feature of super-
nova explosion models [4–7, 57, 62, 63], adds complexity
to this issue. To study this effect we use the 2D mat-
ter density distribution, Fig. 3, taken from a supernova
model derived from a 15M⊙ progenitor [57]. This snap-
shot corresponds to 500ms after core bounce, during the
shock revival epoch, after the onset of the SASI [4, 5].
We mock up a full 3D density profile by cloning the 2D
profile into a 3D data cube. Starting with an initial flux
of neutrinos from the neutrinosphere [64], and taking all
baryons to be free nucleons, we use the full energy de-
pendent neutral current neutrino-nucleon scattering cross
sections [65] to calculate the number flux of neutrinos
scattered out of each spatial zone and into every other
spatial zone (retaining the necessary information about
relative neutrino trajectories between zones). We com-
pute the magnitude of |Ĥhalo

νν | at each location in the 2D
slice that comprises the original density distribution.

In this example calculation the scattered halo is taken
to be composed of neutrinos which have suffered only a
single direction-changing scattering. Because the halo re-

gion is optically thin for neutrinos, multiple scatterings
become increasingly rare with radius and do not have a
geometric advantage in their contribution to |Ĥhalo

νν | rel-
ative to singly-scattered neutrinos. Neutrinos which ex-
perience direction-changing scattering that takes them
into the same cone of directions as neutrinos forward
scattering from the neutrinosphere are counted as con-
tributing to the halo (these neutrinos contribute ∼ 10−6

of the halo potential). As before, we neglect the effects
of neutrino flavor oscillations. Fig. 3 shows the results
of this calculation out to a radius of r = 2000 km. Dis-
turbingly, neutrinos from the scattered halo in this 2D
model nowhere contribute a maximum magnitude less
than 14% of the neutrino-neutrino potential magnitude,
and in many places contribute 90% or more of the total.
Fig. 3 shows that matter inhomogeneities generate large
corresponding scattered halo inhomogeneities.

The inhomogeneity of the scattered halo is increased
by several scattering processes which have been omitted
from this illustrative calculation. We did not include
neutrino-electron scattering. This scattering process has
smaller cross sections and relatively forward peaked an-
gular distributions and therefore produces a subdominant
contribution to |Ĥhalo

νν |. What is more important is that
our calculation leaves out what is likely the dominant
source of neutrino direction-changing scattering in the
low entropy regions of the supernova envelope: coherent
neutrino-nucleus neutral current scattering.

Cherry, Carlson,  A.F., Fuller,  
Vlasenko, PRL (2012)
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Qualitatively different patterns depending on 
the emitted spectra, sign of the hierarchy...
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Let’s vary initial spectra ...
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LBNE physics report: SN working group (arXiv:1110.6249)
 * spectra by Duan & Friedland 

 * detector modeling by Kate Scholberg & co

WC

LAr
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• The physics of SN neutrino oscillations is extremely 
rich, much more interesting than thought 10 years ago! 

• Remarkable progress even without data!

• Collective oscillations: qualitatively new regime, 
inaccessible in the lab

• In some regimes, as yet unsolved (e.g., the first second)

• Known physics → not optional

• Needed: feed different late-stage oscillation scenarios 
through software modeling detector response 

• Vary oscillation regimes, vary detector parameters

Summary on SN
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