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Long baseline oscillations
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Next long-baseline experiment in construction: 
NOvA

• Source: off-axis NuMI beam at 
Fermilab

• Far detector: 14 kton of 
scintillator in Ash River, MN

• Baseline: 810 km

• About an order of magnitude 
improvement in sensitivity for             
appearance

R. B. Patterson / Nuclear Physics B Proceedings Supplement – Preprint 2
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Figure 1: Simulated neutrino energy spectra for ⌫µ charged current
interactions in detectors sited 0, 7, 14, and 21 mrad o↵ the NuMI
beam axis. NOvA sits at 14 mrad.

Figure 1 shows how the energy spectrum for ⌫µ charged
current (CC) events varies with detector position. The
suppressed high-energy tail at NOvA’s o↵-axis location
reduces neutral current backgrounds in the visible en-
ergy range of 1 to 3 GeV where the appearance of ⌫

e

CC events should occur.
The NuMI source is undergoing upgrades to increase

its average beam power from 350 kW to 700 kW. Much
of the increased power comes from a reduction in the
Main Injector cycle time, which will drop from 2.2 sec-
onds to 1.3 seconds. This cycle time reduction is in turn
made possible by reconfiguring the antiproton Recycler
as a proton injection ring, thereby allowing ramping in
the Main Injector to occur concurrently with the next
injection. The NuMI upgrades are scheduled to last 12
months, ending May 2013.

3. Detectors

The NOvA detectors are highly segmented, highly ac-
tive tracking calorimeters. The segmentation and the
overall mechanical structure of the detectors are pro-
vided by a lattice of PVC cells with cross sectional size
(6 cm)⇥(4 cm). Each cell extends the full width or
height of the detector – 15.6 m in the FD, 4.1 m in the
ND – and is filled with liquid scintillator. Light pro-
duced by the scintillator is collected and transported to
the end of the cell by a wavelength-shifting fiber that
terminates on a pixel of a 32-channel avalanche pho-
todiode. Figure 2 shows a sketch of the FD and ND
along with a cut-away view of the PVC lattice. Each

Figure 2: NOvA detectors, with a human figure shown for scale. The
FD di↵ers from the ND only in the length of its PVC cells and the
number of layers present. Each layer in the detectors is oriented or-
thogonally to adjacent ones to provide 3D event reconstruction. (In-

set) A cut-away view of the PVC cellular structure.

of the 928 layers of the FD has 384 cells, for ⇠360,000
total channels of readout. The ND has 206 layers each
with 96 cells plus a muon range stack at the downstream
end (not shown in the figure) made by interleaving steel
plates with standard detector layers.

Figure 3 shows three simulated events in the NOvA
ND. Muons are clearly identifiable as long, straight
tracks with appropriate energy deposition per unit path-
length ( dE

dx

). Proton tracks can be separated from other
hadron tracks by their dE

dx

profiles. The NOvA detector
technology is particularly well-suited for electromag-
netic shower identification, as the radiation length in the
detector (38 cm) is many times larger than the relevant
PVC cell dimensions. This level of granularity helps
⇡0 decays stand out, as the decay photons leave telltale
gaps in detector activity between the neutrino interac-
tion location and the photon conversion point, as in the
bottom panel of Figure 3.

Since November 2010, NOvA has operated a proto-
type detector, dubbed the Near Detector on the Surface
(NDOS), that has allowed full-scale detector assembly
and integration tests, electronics and data acquisition
development, calibration R&D, Monte Carlo simula-
tion tuning, and early analysis R&D. The NDOS sits
110 mrad o↵ the NuMI beam axis and approximately on
the Booster beam axis and is identical in size to the ND
except in its width, with 64 cells spanning it horizontally
rather than 96. With the NDOS, NOvA has recorded
hundreds of neutrino interactions from both the NuMI
and Booster sources and has collected millions of cos-
mic ray interactions. Figure 4 shows two distributions

'

⌫µ ! ⌫e(⌫̄µ ! ⌫̄e)
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Long-baseline neutrinos: 3-flavor oscillations

• Two channels, solar and atmospheric, interfere

• Relevant scales: assuming

• The solar term is ~10% of atm. Upon interference, ~20% modulation (hence, 
search for CP requires precision)
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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 � with SM physics only,
while the darker regions come from including NSI with |⇥e⌥ | = 0.4
and varying the NSI phase with the vacuum phase set to zero.

to [12] we have taken only |⇥e⌥ | nonzero and restored explic-
itly the phases of both the vacuum and the NSI pieces. For
typical energies E⌅ = 2 GeV, ⌃23 = ⇧/4, and ⌃13 = 8.7⌅, the
relevant parameters in the problem are

�sin2⌃13 = 0.87⇥10�13 eV, (6)⌦
2GF ne cos⌃23 = 0.76⇥10�13 eV, (7)

�⇤ sin2⌃12 = 0.09⇥10�13 eV. (8)

The physics behind the general form of Eq. (3) can be
understood as follows. The ⌅µ ⌥ ⌅e 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 �sin2⌃13ei� drives the conversion ⌅µ ⌥ ⌅e with the at-
mospheric oscillation frequency, as captured by the G1 term
in Eq. (3). The smaller off-diagonal “solar” term �⇤ sin2⌃12,
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 � , 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 ⇥e⌥ NSI modifies the amplitudes
of both channels. Physically, ordinary oscillations generate
⌅⌥ , which ⇥e⌥ then converts into ⌅e. With |⇥e⌥ | of order 0.2-
0.4 and E⌅ ⇧ 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 �⌅ �� . As an illustration,
when this relative phase is zero and |⇥e⌥ |= 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
E⌅ , the ⌅e ⌥ ⌅µ conversion probability goes to zero even in
the presence of nonzero ⇥e⌥ . Thus, while naively one might
expect nonstandard matter effects to be cleanly manifested
at high energies1, this is not so for ⇥e⌥ . The best energy to
probe ⇥e⌥ in ⌅µ ⌥ ⌅e conversion is at the appearance maxi-
mum. Thus, NO⌅A (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 ⌃13 is crucial in giving MINOS, NO⌅A, and LBNE sen-
sitivity to NSI, since the NSI-driven conversion interferes with
the “standard” amplitude driven by ⌃13. As an illustration,
consider the fact that with ⌃13 = 0 and |⇥e⌥ | = 0.2 this prob-
ability at NO⌅A 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

�
⌅µ ⌥ ⌅e

⇥
⇧ 0.05,

with ⌃13 = 0 requires large NSI, |⇥e⌥ | ⌃ 0.9 [12]. Since in
the past year the value of ⌃13 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(⌅µ ⌥ ⌅e) measurements. In fact, as we show below, the
⌅e 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., ⇥µ⌥ . In that case, one expects ⌅µ ⌥ ⌅⌥
conversion at high energy.

�1 ' �m2
atm

2E⌫
�

p
2GFNe

�2 ' �
p
2GFNe

G1 ' �m2
atm

4E⌫
sin 2✓13e

i�,

G2 ' �
�m2

�
4E⌫

sin 2✓12.

�m2
atm/4E⌫ sin 2✓13 = 0.87⇥ 10�13 eV

�m2
�/4E⌫ sin 2✓12 = 0.09⇥ 10�13 eV

5Tuesday, July 16, 13



NOvA bi-probability plot

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

• 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

NO�A measurement principle 

Ryan%Patterson,%Caltech% Neutrino%2012%20%

Example(NO���������	(
Our(data(will(yield(allowed(
regions(in(P(��(e)(vs.(P(�(e)(space(
((#(3#yr#+#3#yr#possibility#shown)#
#
#
Here,(all(inverted(hierarchy(
scenarios(are(excluded(at(>2�.(

Ryan Patterson, NU 2012
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Octant sensitivity

• It may be also possible to 
determine the deviation of 
theta23 from maximal mixing 

R. B. Patterson / Nuclear Physics B Proceedings Supplement – Preprint 5
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Figure 7: An overview of the NOvA appearance measurements.
For sin2(2✓13)= 0.095 and sin2(2✓23)= 1, all possible values for the
2-GeV appearance probabilities P(⌫

e

) and P(⌫
e

) are shown. The solid
blue (dashed red) ellipse corresponds to the normal (inverted) hierar-
chy scenarios, with � varying as one moves around each ellipse. 1�
and 2� sensitivities to P(⌫

e

) and P(⌫
e

) are shown in black for the test
case at �= 3⇡

2 , normal hierarchy (starred point).
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Figure 8: Significance with which NOvA can resolve the mass hi-
erarchy as a function of � for the indicated values of sin2(2✓13) and
sin2(2✓23). 3.6⇥1021 p.o.t., evenly split between ⌫ and ⌫ running, is
assumed. The solid blue (dashed red) curve shows the expected sig-
nificance assuming the normal (inverted) hierarchy.

influences the NOvA appearance measurements. In
particular, the set of {P(⌫

e

), P(⌫
e

)} values that NOvA
can measure at 2 GeV is now described by four ellipses
rather than two, with the higher (lower) probability
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Figure 9: A version of Figure 8 that includes 5.5⇥1021 p.o.t. of T2K
⌫µ! ⌫e data. The T2K data helps lift the degeneracy in unfavorable
hierarchy/� scenarios.

P(ν e) vs. P(νe) for sin2(2θ23) = 0.95
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Figure 10: Similar to Figure 7 but with sin2(2✓23)= 0.95. The possible
values for the appearance probabilities P(⌫
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) and P(⌫
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) at 2 GeV have
split, with the ellipses on the upper right (lower left) corresponding to
✓23>

⇡
4 (✓23<

⇡
4 ).

cases corresponding to ✓23>
⇡
4 (✓23<

⇡
4 ). Equivalently,

the higher probability cases are those where the ⌫3 state
has more ⌫µ than ⌫⌧ admixture, and vice versa.

This bifurcation in the set of possible outcomes al-
lows NOvA to make a measurement of this flavor bal-
ance (i.e., of the ✓23 octant). If sin2(2✓23)< 1, then, the
NOvA appearance data will provide information on the
mass hierarchy, �, and the ✓23 octant simultaneously.
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Now, let’s add a small FC NSI, a la Wolfenstein

• 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 (⌫µ ! ⌫e) '
����G1 sin ✓23

exp(i�1L)� 1

�1
�G2 cos ✓23

exp(i�2L)� 1

�2

����
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G1 '
p
2GFNe|✏e⌧ |ei�⌫ cos ✓23 +� sin 2✓13e

i�,

G2 '
p
2GFNe|✏e⌧ |ei�⌫ sin ✓23 ��� sin 2✓12.
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Again relevant scales

• Assuming

• Assuming NSI εeτ ~0.2-0.4, 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 � with SM physics only,
while the darker regions come from including NSI with |⇥e⌥ | = 0.4
and varying the NSI phase with the vacuum phase set to zero.

to [12] we have taken only |⇥e⌥ | nonzero and restored explic-
itly the phases of both the vacuum and the NSI pieces. For
typical energies E⌅ = 2 GeV, ⌃23 = ⇧/4, and ⌃13 = 8.7⌅, the
relevant parameters in the problem are

�sin2⌃13 = 0.87⇥10�13 eV, (6)⌦
2GF ne cos⌃23 = 0.76⇥10�13 eV, (7)

�⇤ sin2⌃12 = 0.09⇥10�13 eV. (8)

The physics behind the general form of Eq. (3) can be
understood as follows. The ⌅µ ⌥ ⌅e 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 �sin2⌃13ei� drives the conversion ⌅µ ⌥ ⌅e with the at-
mospheric oscillation frequency, as captured by the G1 term
in Eq. (3). The smaller off-diagonal “solar” term �⇤ sin2⌃12,
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 � , 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 ⇥e⌥ NSI modifies the amplitudes
of both channels. Physically, ordinary oscillations generate
⌅⌥ , which ⇥e⌥ then converts into ⌅e. With |⇥e⌥ | of order 0.2-
0.4 and E⌅ ⇧ 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 �⌅ �� . As an illustration,
when this relative phase is zero and |⇥e⌥ |= 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
E⌅ , the ⌅e ⌥ ⌅µ conversion probability goes to zero even in
the presence of nonzero ⇥e⌥ . Thus, while naively one might
expect nonstandard matter effects to be cleanly manifested
at high energies1, this is not so for ⇥e⌥ . The best energy to
probe ⇥e⌥ in ⌅µ ⌥ ⌅e conversion is at the appearance maxi-
mum. Thus, NO⌅A (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 ⌃13 is crucial in giving MINOS, NO⌅A, and LBNE sen-
sitivity to NSI, since the NSI-driven conversion interferes with
the “standard” amplitude driven by ⌃13. As an illustration,
consider the fact that with ⌃13 = 0 and |⇥e⌥ | = 0.2 this prob-
ability at NO⌅A 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

�
⌅µ ⌥ ⌅e

⇥
⇧ 0.05,

with ⌃13 = 0 requires large NSI, |⇥e⌥ | ⌃ 0.9 [12]. Since in
the past year the value of ⌃13 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(⌅µ ⌥ ⌅e) measurements. In fact, as we show below, the
⌅e 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., ⇥µ⌥ . In that case, one expects ⌅µ ⌥ ⌅⌥
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 � with SM physics only,
while the darker regions come from including NSI with |⇥e⌥ | = 0.4
and varying the NSI phase with the vacuum phase set to zero.

to [12] we have taken only |⇥e⌥ | nonzero and restored explic-
itly the phases of both the vacuum and the NSI pieces. For
typical energies E⌅ = 2 GeV, ⌃23 = ⇧/4, and ⌃13 = 8.7⌅, the
relevant parameters in the problem are

�sin2⌃13 = 0.87⇥10�13 eV, (6)⌦
2GF ne cos⌃23 = 0.76⇥10�13 eV, (7)

�⇤ sin2⌃12 = 0.09⇥10�13 eV. (8)

The physics behind the general form of Eq. (3) can be
understood as follows. The ⌅µ ⌥ ⌅e 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 �sin2⌃13ei� drives the conversion ⌅µ ⌥ ⌅e with the at-
mospheric oscillation frequency, as captured by the G1 term
in Eq. (3). The smaller off-diagonal “solar” term �⇤ sin2⌃12,
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 � , 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 ⇥e⌥ NSI modifies the amplitudes
of both channels. Physically, ordinary oscillations generate
⌅⌥ , which ⇥e⌥ then converts into ⌅e. With |⇥e⌥ | of order 0.2-
0.4 and E⌅ ⇧ 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 �⌅ �� . As an illustration,
when this relative phase is zero and |⇥e⌥ |= 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
E⌅ , the ⌅e ⌥ ⌅µ conversion probability goes to zero even in
the presence of nonzero ⇥e⌥ . Thus, while naively one might
expect nonstandard matter effects to be cleanly manifested
at high energies1, this is not so for ⇥e⌥ . The best energy to
probe ⇥e⌥ in ⌅µ ⌥ ⌅e conversion is at the appearance maxi-
mum. Thus, NO⌅A (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 ⌃13 is crucial in giving MINOS, NO⌅A, and LBNE sen-
sitivity to NSI, since the NSI-driven conversion interferes with
the “standard” amplitude driven by ⌃13. As an illustration,
consider the fact that with ⌃13 = 0 and |⇥e⌥ | = 0.2 this prob-
ability at NO⌅A 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

�
⌅µ ⌥ ⌅e

⇥
⇧ 0.05,

with ⌃13 = 0 requires large NSI, |⇥e⌥ | ⌃ 0.9 [12]. Since in
the past year the value of ⌃13 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(⌅µ ⌥ ⌅e) measurements. In fact, as we show below, the
⌅e 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., ⇥µ⌥ . In that case, one expects ⌅µ ⌥ ⌅⌥
conversion at high energy.
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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

• How do you know what is 
the source of CPV you 
observed? 0.00 0.02 0.04 0.06 0.08 0.10

0.00
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0.04
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0.10
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⌅ e
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 theta23 confusion: octant measurement?
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If curious, see A.F., I. Shoemaker, arXiv:1207.6642
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Degeneracies for point 4

7
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FIG. 5: An illustration of some of the NO⌅A degeneracies at 2
GeV in ⌅ mode (top) and ⌅ mode (bottom). All curves assume
the normal hierarchy. The blue (solid) curve is without NSI and
setting the vacuum phase to � = ⇧ . The remaining curves all
have NSI of the same magnitude |⇥e⌥ | = 0.2, but take (� ,�⌅ ) =
(3.98,⇧/4),(0.55,1.1),(2.14,3⇧/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 NO⌅A 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
� = ⇧ , while the other three curves have NSI with different
choices of the vacuum and ⌅-phase. Both neutrino and an-
tineutrino curves intersect at E⌅ = 2 GeV and with a narrow
band setup of NO⌅A 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(⌅µ � ⌅e) and P(⌅µ � ⌅e) for NO⌅A.
The outer (inner) cylinder regions refer to SM only interactions, for
the normal (blue) and inverted (red) hierarchy, the angle ⌃23 vary-
ing within its presently (large, light cylinders) and future (small,
dark cylinders) allowed 90% CL region centered on ⇧/4. The larger
shaded regions come from fixing |⇥e⌥ | = 0.2 and varying both the
vacuum and the matter phases.

Before concluding our discussion of NO⌅A, it is worth
mentioning yet another type of degeneracy, which exists be-
tween the standard oscillation parameter ⌃23 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 sin2⌃23. 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 ⌃23.
Let us now describe, quantitatively, this degeneracy at NO⌅A.

Once again, we turn to the bi-probability plane. The ef-
fect of varying ⌃23 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 ⌃23 turns
the ellipses into cylinders. We illustrate this in Fig. 6, which
generalizes Fig. 4 to the case of uncertain ⌃23. The filled back-
ground regions are once again obtained by varying � and �⌅ ,
assuming fixed |⇥e⌥ |= 0.2 and ⌃23 = ⇧/4. The lightly shaded
foreground cylinders are the result of setting |⇥e⌥ | to zero and
varying � over its full range and ⌃23 over the range allowed
by the Super-Kamiokande atmospheric data3 sin2 2⌃23 > 0.93.

2 The degeneracy is clearly partial, even for unconstrained ⌃23, since sin2⌃23
is real, while G1 is complex.

3 The values of sin2 2⌃23 inferred from the Super-Kamiokande data actually
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FIG. 5: An illustration of some of the NO⌅A degeneracies at 2
GeV in ⌅ mode (top) and ⌅ mode (bottom). All curves assume
the normal hierarchy. The blue (solid) curve is without NSI and
setting the vacuum phase to � = ⇧ . The remaining curves all
have NSI of the same magnitude |⇥e⌥ | = 0.2, but take (� ,�⌅ ) =
(3.98,⇧/4),(0.55,1.1),(2.14,3⇧/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 NO⌅A 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
� = ⇧ , while the other three curves have NSI with different
choices of the vacuum and ⌅-phase. Both neutrino and an-
tineutrino curves intersect at E⌅ = 2 GeV and with a narrow
band setup of NO⌅A 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(⌅µ � ⌅e) and P(⌅µ � ⌅e) for NO⌅A.
The outer (inner) cylinder regions refer to SM only interactions, for
the normal (blue) and inverted (red) hierarchy, the angle ⌃23 vary-
ing within its presently (large, light cylinders) and future (small,
dark cylinders) allowed 90% CL region centered on ⇧/4. The larger
shaded regions come from fixing |⇥e⌥ | = 0.2 and varying both the
vacuum and the matter phases.

Before concluding our discussion of NO⌅A, it is worth
mentioning yet another type of degeneracy, which exists be-
tween the standard oscillation parameter ⌃23 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 sin2⌃23. 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 ⌃23.
Let us now describe, quantitatively, this degeneracy at NO⌅A.

Once again, we turn to the bi-probability plane. The ef-
fect of varying ⌃23 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 ⌃23 turns
the ellipses into cylinders. We illustrate this in Fig. 6, which
generalizes Fig. 4 to the case of uncertain ⌃23. The filled back-
ground regions are once again obtained by varying � and �⌅ ,
assuming fixed |⇥e⌥ |= 0.2 and ⌃23 = ⇧/4. The lightly shaded
foreground cylinders are the result of setting |⇥e⌥ | to zero and
varying � over its full range and ⌃23 over the range allowed
by the Super-Kamiokande atmospheric data3 sin2 2⌃23 > 0.93.

2 The degeneracy is clearly partial, even for unconstrained ⌃23, since sin2⌃23
is real, while G1 is complex.

3 The values of sin2 2⌃23 inferred from the Super-Kamiokande data actually
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Solution: go to longer baseline!
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The situation is analogous to the B physics

Determinations of CKM elements

• Magnitudes of CKM elements (sides of UT): semileptonic decays; Bd,s oscillation

• Relative phases of CKM elements (angles of UT-s): CP violation
(Any physical CP violating quantity must depend on at least 4 CKM elements)

Measure hadrons, but interested in quark properties, parameters in Lagrangian

Need to deal with strong interactions, at scales at which perturbation theory is of limited use

• The name of the game: do “redundant” / “overconstraining” measurements of
processes sensitive to different short-distance physics — if inconsistent ) NP

Lincoln Wolfenstein: ‘I do not care what the values of the Wolfenstein parameters are, so you

should not either; the only question is if their independent determinations give the same results’

• Need experimental precision and theoretical cleanliness to increase NP sensitivity

ZL — p.1/8

From Zoltan’s talk last week

Very much applies here
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Neutrino cosmology
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Cosmology and neutrino mass
Astropart.Phys. 35, 177 (2011)[arXiv:1103.5083]

3

Probe Current!
m! (eV)

Forecast!
m! (eV)

Key Systematics Current Surveys Future Surveys

CMB Primordial 1.3 0.6 Recombination WMAP, Planck None

CMB Primordial +
Distance

0.58 0.35 Distance measure-
ments

WMAP, Planck None

Lensing of CMB ! 0.2" 0.05 NG of Secondary
anisotropies

Planck, ACT [39],
SPT [96]

EBEX [57], ACTPol,
SPTPol, POLAR-
BEAR [5], CMBPol
[6]

Galaxy Distribution 0.6 0.1 Nonlinearities, Bias SDSS [58, 59], BOSS
[82]

DES [84], BigBOSS [81],
DESpec [85], LSST [92],
Subaru PFS [97], HET-
DEX [35]

Lensing of Galaxies 0.6 0.07 Baryons, NL, Photo-
metric redshifts

CFHT-LS [23], COS-
MOS [50]

DES [84], Hy-
per SuprimeCam,
LSST [92], Euclid [88],
WFIRST[100]

Lyman ! 0.2 0.1 Bias, Metals, QSO
continuum

SDSS, BOSS, Keck BigBOSS[81], TMT[99],
GMT[89]

21 cm ! 0.1" 0.006 Foregrounds, Astro-
physical modeling

GBT [11], LOFAR
[91], PAPER [53],
GMRT [86]

MWA [93], SKA [95],
FFTT [49]

Galaxy Clusters 0.3 0.1 Mass Function, Mass
Calibration

SDSS, SPT, ACT,
XMM [101] Chan-
dra [83]

DES, eRosita [87], LSST

Core-Collapse Super-
novae

! "13 > 0.001! Emergent # spectra SuperK [98],
ICECube[90]

Noble Liquids, Gad-
zooks [7]

Table I: Cosmological probes of neutrino mass. “Current” denotes published (although in some cases controversial, hence the
range) 95% C.L/ upper bound on

!
m! obtained from currently operating surveys, while “Reach” indicates the forecasted 95%

sensitivity on
!

m! from future observations. These numbers have been derived for a minimal 7-parameter vanilla+m! model.
The six other parameters are: the amplitude of fluctuations, the slope of the spectral index of the primordial fluctuations, the
baryon density, the matter density, the epoch of reionization, and the Hubble constant.
! If the neutrinos have the normal mass hierarchy, supernovae spectra are sensitive to "13 # 10"3. The inverted hierarchy
produces a di!erent signature, but one that is insensitive to "13.

A. Primordial Cosmic Microwave Background

In the first row of Table I, we report the constraints obtained using 2-point statistics of the CMB: temperature and
polarization auto-spectra and the temperature-polarization cross-spectrum. Massive neutrinos increase the anisotropy
on small scales because the decaying gravitational potentials enhance the photon energy density fluctuation (see, e.g.,
[21, 48]). Also, the sound horizon, which dictates the position of the acoustic peaks, shifts due to the slightly di!erent
expansion history caused by massive neutrinos. The current WMAP 7-year dataset constrains the sum of neutrino
masses to 1.3 eV at 95% c.l. [44] within the standard cosmological model, "CDM. Planck data alone will constrain
#m! to 0.6 eV at 95% C.L. (see, e.g., [19]). This constraint should be considered as the most conservative and
reliable cosmological constraint on neutrino masses. A tighter constraint on the neutrino masses can be obtained by
combining CMB observations with measurements of the Hubble constant H0 and cosmic distances such as from Type
Ia supernovae and Baryon Acoustic Oscillations (BAO). The WMAP7+BAO+H0 analysis of [44] reports a constraint
of 0.58 eV at 95% C.L., while a constraint about a factor 2 smaller could be achieved when the Planck data will be
combined with similar datasets.
The key theoretical systematics in confronting the CMB predictions with data have been overcome. The physics is

linear, so all codes agree with the requisite precision. Precise constraints require careful treatment of many of the ex-
cited states of hydrogen during recombination [62], but here too recent advances [4] have attained the precision needed
to extract accurate information from Planck. There are uncertainties associated with the distance measurements given
by H0 and BAO, but again these seem to be under tighter control.
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Neutrino mass in 
cosmology 101

Relativistic neutrinos stream out of density perturbations

This stops when neutrinos become nonrelativistic, as T 
drops below the neutrino mass

CMB decoupling TCMB ~ 1/4 eV. For ∑mν> TCMB the neutrino 
masses can have an imprint on the primary CMB 
anisotropies

linear physics!

For smaller masses, impact on structure growth

which can be observed in how structure lenses CMB
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Structure growth 

In matter dominated universe, in the linear regime, 
comoving density perturbations grow as the scale 
factor

When some of the matter can free-stream out of 
overdense regions, the growth rate slows

Growth rate relative to expansion also slows if 
other components become important, e.g. 
cosmological constant

Looking for scale-dependent signature
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Neutrinos and matter power 
spectrum

Fig from Hannestad, arXiv: 1007.0658Neutrino physics from precision cosmology 13

Figure 3. The matter power spectrum divided by the !CDM matter power spectrum for various di"erent
neutrino masses. The lines are for

!
m! = 0, 0.15, 0.6, and 1.2 eV in descending order.

an enhanced early ISW e!ect. The reason is that the ratio of radiation to matter at recombination becomes
larger because a sub-eV neutrino is still relativistic or semi-relativistic at recombination.

4.3. Non-linear evolution

As was seen in the previous section the e!ect of neutrinos on the matter power spectrum in the linear regime
can be reasonably well approximated by

Pm =

!

Pm("m = "c + "!) for k ! kFS

(1" 8f!)Pm("m = "c + "!) for k # kFS
, (51)

with a smooth transition stretching over roughly 2 decades in k.
However, at z = 0 non-linear corrections become important already at k $ 0.1 h/Mpc. These non-linear

corrections can be described either semi-analytically using the halo-model formalism, or using an extension
of perturbation theory. Analytic calculations of the matter power spectrum with massive neutrinos included
have been carried out in a number of recent studies [57, 58, 59, 60].

Ultimately, however, the validity of these approximations must be tested against N-body simulations.
However, massive neutrinos pose a serious problem for N-body simulations since they have very high thermal
velocities. For realistic masses most neutrinos will have much higher thermal velocities than the average
gravitational streaming velocities, meaning that most neutrinos do not cluster in bound halos. Simply
treating neutrinos as particles is di#cult because the thermal motion introduces noise which completely

Text

∑mν= 0 eV

0.15 eV

0.6 eV

1.2 eV

Scale-dependent
effect

In linear regime,
ΔP/P ~ -8fν,

where 
fν= Ων/Ωm ≃

0.08 (∑mν/eV) 
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How to identify lensing 
effect? 

Structures doing lensing are large, degree-
size (max corresponds to l ~ 40)

But the lensing deflection angles are small

Need high angular resolution 

search for coherent patterns of deflection
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Sensing in action
Thanks to Gil Holder
Lensing of the CMB

17°x17°

from Alex van Engelen
13Wednesday, July 20, 2011
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Sensing in action
Thanks to Gil Holder
Lensing of the CMB

17°x17°

from Alex van Engelen
14Wednesday, July 20, 2011
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Polarization

Polarization is expected to provide a dramatic 
signature of lensing

Polarization field can be decomposed into E and B 
modes

B modes are not expected in the primary CMB 
(not generated by scalar perturbations) → added 

by lensing

I expect this to be addressed in the cosmology talks 
later this week
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Neff

Another important development is counting 
of neutrino-like species in the early 
universe by modern CMB experiments

Both free-streaming and coupled d.o.f. can 
be constrained

Very valuable for looking for new neutrino-
like particles
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Name of the game: 
degeneracies

In addition to the 
numbers of neutrino-
like species, there are 
numerous other 
cosmological parameters

Example here: 
readjusting the Hubble 
constant to keep zeq 
constant cancels most 
of the effect of having 
7 streaming neutrinos

6

exhibits both the amplitude suppression and the phase
shift e!ects at l ! 200.

The di!erence in the anisotropies on scales l ! 200
is quite large (on average about 25-30% for three cou-
pled neutrinos), well outside the errors of the current
WMAP data. However, this does not mean than the
coupled neutrino scenario is already excluded. Indeed,
it must be kept in mind that there are many cosmolog-
ical (“nuisance”) parameters that can be adjusted, such
as the baryon, dark matter and dark energy densities,
the spectrum of primordial fluctuations, and others. By
adjusting these parameters, it may be possible to undo
most of the e!ect of the neutrino self-coupling.

This issue of “degeneracies” between di!erent param-
eters is of course well known in cosmology. A sim-
ple illustration of it is given in Fig. 2 where we show
changing the CMB power spectra as one changes the to-
tal number of freely streaming neutrinos. While sim-
ply changing NFS to 7 produces a large shift in the
position of the peaks (because of the faster expansion
in the radiation era as discussed above), the e!ect can
be compensated by changing other parameters such that
the redshift of equality is preserved [33]. 1 + zeq =
4.05!104"mh2/(1+0.6905Neff

! /3.04) is fixed while vary-
ing Neff

! by scaling h2 to compensate for the increase in
Neff

! , while also fixing the physical baryon density "bh2

and "m. Indeed, the physical quantities that are mea-
sured in CMB are dimensionless quantities (angles on
the sky), hence they depend on the ratios of the physical
densities, etc. See, e.g., [61] for further discussion.

Not all e!ects follow this simple argument. For exam-
ple, the Silk damping does not, as it involves a physical
dimensionful constant, the Thompson cross section. The
faster expansion of the universe with more neutrinos im-
plies more Silk damping in the high multipoles of the
CMB [96]. This can be partially compensated by adjust-
ing the Helium fraction, as discussed in [34]. It should be
kept in mind that this mechanism is limited by a variety
of astrophysical considerations. We will return to this
topic in Sect. VB.

The real challenge is to establish the size of the resid-
ual di!erences of the CMB predictions in the two sce-
narios, after appropriately adjusting the “nuisance” pa-
rameters, in comparison with the resolution of the exper-
iments. These residual di!erences turn out to be much
smaller than the di!erences seen in Fig. 1. This fact ren-
ders di#cult writing down a simple estimate for the pre-
dicted sensitivity of the present and future experiments
using order-of-magnitude arguments and necessitates a
detailed scan of the multidimensional parameter space.

In Sect. VB we show how well the e!ects of amplitude
suppression (6) and phase shift (7) can be compensated
by adjusting the cosmological parameters and how big
the residual di!erences are. We will also see which CMB
multipoles are essential for testing the neutrino sector
and how robust our predictions for Planck are. A com-
plete analysis of this type has not been done before.

We now present the results of our numerical studies.
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FIG. 2: E!ect of extra neutrinos on the CMB multipole spec-
trum. The central black curve is the spectrum with the best fit
parameters from WMAP3, the top green curve the spectrum
with 7 freely streaming neutrinos, and the lowermost magenta
curve results when the total number of freely streaming neu-
trinos is 7, but zeq is kept fixed by varying h2.
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Effect on perturbations

Streaming of neutrinos out of density 
perturbations dumps their amplitude

And shifts their phase
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generating fields H and !. Since " is very small, g is also
very small and there are no observable consequences in
the CMB through the neutrino-scalar coupling. Because
the sterile neutrino is light, however, and the mixing be-
tween the active and sterile neutrino is substantial, the
sterile neutrino may become thermalized, and there may
be signals in the CMB through increased NFS .

Another theory of dark energy may also generate in-
teresting signals in the CMB. In contrast to these mod-
els where the scalar field is typically associated with
a broken symmetry at a comparatively high scale f ,
MaVaNs, as introduced in [24], place the entire sector
around a meV–this scale is chosen according to the mea-
sured neutrino mass splittings and the dark energy scale
#m2

! ! 10!1 eV, !DE ! 10!2.5 eV. As a consequence,
all mass scales in the model, including the Dirac mass
and the scalar mass, lie in the sub-eV range, and the
coupling " is typically not too small; the small hierarchy
between the Dirac and sterile neutrinos implies a sizable
coupling g in many cases.

There are many other instances where the hierarchy
between the Dirac neutrino and sterile neutrino is much
smaller due to the introduction of lighter sterile neutri-
nos. Much lighter sterile neutrinos have been considered
in a wide variety of contexts, most notably perhaps in
connection with the LSND measurement, where the pres-
ence of a sterile neutrino with mass around 1 eV has been
invoked to explain the appearance of muon neutrinos [46].
Other models feature a keV mass sterile neutrino as the
dark matter [47, 48, 49], sometimes with accompanying
keV mass scalars [50], and weak scale neutrinos associ-
ated with SO(10) GUTS, where the addition of the neu-
trino is necessary for anomaly cancellation [51]. Various
low energy see-saws have also been considered, as in [26],
where the scale f is in the 50 MeV to 500 GeV range.

We have seen that there is a broad class of models
which generate exotic neutrino-scalar interactions. The
addition of these interactions, depending on the choices of
", mD and mN , may be good candidates for observation
in the cosmic microwave background. First, additional
scalars may become thermalized and increase the e"ec-
tive number of neutrino species. Second, these scalars
mediate additional neutrino interactions, through scalar
mediated neutrino scattering, which could remove neu-
trino free-streaming at CMB temperatures. We now turn
our attention to studying the impact of non-standard be-
havior in the dark radiation sector on CMB anisotropies.

III. TIGHTLY COUPLED NEUTRINOS:
MODIFIED EVOLUTION EQUATIONS.

We summarize the relevant physical e"ects of dark ra-
diation (i.e. neutrinos) on the CMB. The energy density
in relativistic neutrinos [94] is a fraction " Neff

! /(Neff
! +

4.4) of the total radiation (freely-streaming and cou-
pled neutrinos plus photons). Thus during the radia-
tion epoch the neutrino gravity is important. One needs

to consider both the e"ects of the neutrino background
density and that of the neutrino density perturbations.
Neff

! dictates the expansion rate of the universe and, to-
gether with matter density #mh2, controls the redshift of
matter-radiation equality, zeq. The latter e"ect is more
subtle. Assuming adiabatic initial conditions, the neu-
trino and photon inhomogeneities are of comparable size
to begin, so the presence of neutrinos modifies the evo-
lution of the photon perturbations. When a perturba-
tion of a given size enters the horizon, the gravity of
the neutrino perturbation is comparable to the gravity
of the photon perturbation. The subsequent evolution
of the two, however, are di"erent. The photon-baryon
plasma oscillates like a compressible fluid; the standard
neutrinos, on the other hand, stream freely, quickly eras-
ing their density fluctuations. Gravitational coupling be-
tween the two means that the evolution of fluctuations in
the photons could be a"ected by neutrino free-streaming.
In fact, Stewart [52] noted back in 1972 that if this e"ect
were large, it would jeopardize structure formation.

Shortly thereafter, Peebles [53] numerically solved the
problem of the coupled evolution of the neutrino and pho-
ton perturbations. He showed that the neutrino inho-
mogeneities in the standard case do indeed decay shortly
after entering the horizon; in the process, they damp pho-
ton inhomogeneities, although at a significantly smaller
level (!12%) than anticipated by Stewart. Much more
recently, the problem was addressed by more accurate
numerical computations and analytically [34, 54] and for
the CMB power spectrum the amount of suppression (rel-
ative to the case where all the radiation is strongly cou-
pled) was found to be

#C"/C" # $0.53 $FS/$rad, (6)

where $FS is the energy density in freely streaming ra-
diation and $rad is the total radiation density (free-
streaming plus strongly coupled, including photons).

Coupling the oscillating photons to the damped neu-
trinos through the gravitational potential also changes
the phase of the photon oscillations, due to a change in
the speed at which information propagates in the fluid
from the presence of freely streaming neutrinos, com-
pared to the hypothetical case of no free-streaming neu-
trinos. This e"ect was clearly established in [34]. The
resulting shift of the CMB peaks is

#% # $57 $FS/$rad. (7)

Remarkably, both the amplitude suppression and
phase shift are clearly present in the Peebles’ solution
[95]. These e"ects are at the core of the physics behind
the sensitivity of CMB to neutrino free-streaming. The
amount of damping and the phase shift change if either
additional freely streaming relativistic (“neutrino-like”)
species are added or the neutrinos become self-coupled.
In the latter case, both e"ects are removed: the neu-
trino fluid oscillates similarly to the photon fluid (with-
out baryon loading).

4

generating fields H and !. Since " is very small, g is also
very small and there are no observable consequences in
the CMB through the neutrino-scalar coupling. Because
the sterile neutrino is light, however, and the mixing be-
tween the active and sterile neutrino is substantial, the
sterile neutrino may become thermalized, and there may
be signals in the CMB through increased NFS .

Another theory of dark energy may also generate in-
teresting signals in the CMB. In contrast to these mod-
els where the scalar field is typically associated with
a broken symmetry at a comparatively high scale f ,
MaVaNs, as introduced in [24], place the entire sector
around a meV–this scale is chosen according to the mea-
sured neutrino mass splittings and the dark energy scale
#m2

! ! 10!1 eV, !DE ! 10!2.5 eV. As a consequence,
all mass scales in the model, including the Dirac mass
and the scalar mass, lie in the sub-eV range, and the
coupling " is typically not too small; the small hierarchy
between the Dirac and sterile neutrinos implies a sizable
coupling g in many cases.

There are many other instances where the hierarchy
between the Dirac neutrino and sterile neutrino is much
smaller due to the introduction of lighter sterile neutri-
nos. Much lighter sterile neutrinos have been considered
in a wide variety of contexts, most notably perhaps in
connection with the LSND measurement, where the pres-
ence of a sterile neutrino with mass around 1 eV has been
invoked to explain the appearance of muon neutrinos [46].
Other models feature a keV mass sterile neutrino as the
dark matter [47, 48, 49], sometimes with accompanying
keV mass scalars [50], and weak scale neutrinos associ-
ated with SO(10) GUTS, where the addition of the neu-
trino is necessary for anomaly cancellation [51]. Various
low energy see-saws have also been considered, as in [26],
where the scale f is in the 50 MeV to 500 GeV range.

We have seen that there is a broad class of models
which generate exotic neutrino-scalar interactions. The
addition of these interactions, depending on the choices of
", mD and mN , may be good candidates for observation
in the cosmic microwave background. First, additional
scalars may become thermalized and increase the e"ec-
tive number of neutrino species. Second, these scalars
mediate additional neutrino interactions, through scalar
mediated neutrino scattering, which could remove neu-
trino free-streaming at CMB temperatures. We now turn
our attention to studying the impact of non-standard be-
havior in the dark radiation sector on CMB anisotropies.

III. TIGHTLY COUPLED NEUTRINOS:
MODIFIED EVOLUTION EQUATIONS.

We summarize the relevant physical e"ects of dark ra-
diation (i.e. neutrinos) on the CMB. The energy density
in relativistic neutrinos [94] is a fraction " Neff

! /(Neff
! +

4.4) of the total radiation (freely-streaming and cou-
pled neutrinos plus photons). Thus during the radia-
tion epoch the neutrino gravity is important. One needs

to consider both the e"ects of the neutrino background
density and that of the neutrino density perturbations.
Neff

! dictates the expansion rate of the universe and, to-
gether with matter density #mh2, controls the redshift of
matter-radiation equality, zeq. The latter e"ect is more
subtle. Assuming adiabatic initial conditions, the neu-
trino and photon inhomogeneities are of comparable size
to begin, so the presence of neutrinos modifies the evo-
lution of the photon perturbations. When a perturba-
tion of a given size enters the horizon, the gravity of
the neutrino perturbation is comparable to the gravity
of the photon perturbation. The subsequent evolution
of the two, however, are di"erent. The photon-baryon
plasma oscillates like a compressible fluid; the standard
neutrinos, on the other hand, stream freely, quickly eras-
ing their density fluctuations. Gravitational coupling be-
tween the two means that the evolution of fluctuations in
the photons could be a"ected by neutrino free-streaming.
In fact, Stewart [52] noted back in 1972 that if this e"ect
were large, it would jeopardize structure formation.

Shortly thereafter, Peebles [53] numerically solved the
problem of the coupled evolution of the neutrino and pho-
ton perturbations. He showed that the neutrino inho-
mogeneities in the standard case do indeed decay shortly
after entering the horizon; in the process, they damp pho-
ton inhomogeneities, although at a significantly smaller
level (!12%) than anticipated by Stewart. Much more
recently, the problem was addressed by more accurate
numerical computations and analytically [34, 54] and for
the CMB power spectrum the amount of suppression (rel-
ative to the case where all the radiation is strongly cou-
pled) was found to be

#C"/C" # $0.53 $FS/$rad, (6)

where $FS is the energy density in freely streaming ra-
diation and $rad is the total radiation density (free-
streaming plus strongly coupled, including photons).

Coupling the oscillating photons to the damped neu-
trinos through the gravitational potential also changes
the phase of the photon oscillations, due to a change in
the speed at which information propagates in the fluid
from the presence of freely streaming neutrinos, com-
pared to the hypothetical case of no free-streaming neu-
trinos. This e"ect was clearly established in [34]. The
resulting shift of the CMB peaks is

#% # $57 $FS/$rad. (7)

Remarkably, both the amplitude suppression and
phase shift are clearly present in the Peebles’ solution
[95]. These e"ects are at the core of the physics behind
the sensitivity of CMB to neutrino free-streaming. The
amount of damping and the phase shift change if either
additional freely streaming relativistic (“neutrino-like”)
species are added or the neutrinos become self-coupled.
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FIG. 16: Summary of the bounds on the numbers of free-streaming and coupled neutrinos from the current data (left) and
the simulated Planck data (right). For the case of the current data, the Large Red Galaxy (LRG) dataset from SDSS yields
a region that di!ers significantly from what is obtained with the Main SDSS dataset. The combined fit is also shown. The
sensitivity of Planck to the numbers of both freely streaming and coupled neutrinos will be a dramatic improvement over that
of all present-day experiments combined (compare “Planck only” and “All current” on the right). If Planck’s data is combined
with today’s data, further improvement on the constraints are expected.

APPENDIX: ON RESONANT PRODUCTION

In this section we perform a more rigorous derivation
of the results of Sect. VI.

Consider a “test” neutrino traveling through a neu-
trino gas. We need to know how far it travels before ap-
preciably changing the direction of its momentum, i.e.,
given the initial momentum of order T , when the parti-
cle’s momentum in the transverse direction becomes or-
der T . The rate for this process needs to be compared to
the expansion rate of the universe, given by ! T 2/Mpl in
the era of radiation domination.

Let us consider the scattering of two neutrinos, !! "
!!, and start with the t-channel exchange of ". In this
case, for light " (m! # T ) the cross-section is strongly
forward peaked (the well-known property of Ruther-
ford scattering). The situation is well-known in plasma
physics. The build-up of transverse momentum happens
mostly as a result of many small-angle scattering events,
rather than a single large-angle event. The multiple scat-
tering events result in a random walk process for the
transverse momentum pT , so that the rate of change of
p2

T is given by

dp2
T

dt
!

!

d(cos #)
d$

d cos #
nvrelp

2
". (A.1)

Taking vrel ! 1, p2
" ! T 2#2, n ! T 3 and d$/d cos # !

g4/(16%)T 2(T 2#2 + m2
!)!2, we get

dp2
T

dt
!

g4

16%
T 3 ln(T/m!). (A.2)

The small-angle behavior of the cross section is regulated
by the mass of the scalar field. In plasma physics, the

logarithm similar to that in the above equation (“the
Coulomb logarithm”) is regulated by plasma screening
e!ects.

The rate for the process needs to be compared to T 2$
T 2/Mpl (“momentum exchange of order T by the time
when the temperature equals T ”). We get that neutrinos
are streaming freely at recombination when

g ! (Trec/Mpl)
1/4 $ (16%/ ln(Trec/m!))1/4. (A.3)

The 1/4 power makes the coe"cient (the second term) of
order one for a wide range of m!, hence for the purpose of
this estimate we can drop it. The order of magnitude is
set by the ratio (Trec/Mpl). For the temperature O(eV )
one thus finds the neutrinos are not coupled by the t-
channel scalar exchange if

g ! 10!7. (A.4)

The 1/4 power also means that when the t channel pro-
cess is dominant it is reasonable to treat neutrinos as
tightly coupled on all scales, not just the sound horizon
at the CMB decoupling. Indeed, even considering scales
100 times smaller than the sound horizon only changes
the bound on g by about a factor of 3.

If m! > T , the situation is di!erent. The momentum
exchange occurs via large-angle scattering and the cross
section is set by T 2/m4

!, so that

g " (Trec/Mpl)
1/4(m!/Trec). (A.5)

The interaction decouples as the temperature drops, a
characteristic feature of nonrenormalizable interactions.
Indeed, at temperature T # m! the " field can be inte-
grated out, resulting in an e!ective 4-fermion vertex.

We now consider !! " !! scattering via the s-channel
process. In this channel, an important possibility is the

forecast, circa 2007
A.F., K. Zurek, S. Bashinsky,

arXiv:0704.3271
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Planck, March 2013

Using CMB + BAO: 

Neff=3.3±0.27

∑mν<0.23 eV

Planck Collaboration: Cosmological parameters

which favour higher values. Increasing the neutrino mass will
only make this tension worse and drive us to artificially tight
constraints on

P
m⌫. If we relax spatial flatness, the CMB ge-

ometric degeneracy becomes three-dimensional in models with
massive neutrinos and the constraints on

P
m⌫ weaken consider-

ably to

X
m⌫ <

8>><
>>:

0.98 eV (95%; Planck+WP+highL)
0.32 eV (95%; Planck+WP+highL+BAO).

(73)

6.3.2. Constraints on Ne↵

As discussed in Sect. 2, the density of radiation in the Universe
(besides photons) is usually parameterized by the e↵ective neu-
trino number Ne↵ . This parameter specifies the energy density
when the species are relativistic in terms of the neutrino tem-
perature assuming exactly three flavours and instantaneous de-
coupling. In the Standard Model, Ne↵ = 3.046, due to non-
instantaneous decoupling corrections (Mangano et al. 2005).

However, there has been some mild preference for
Ne↵ > 3.046 from recent CMB anisotropy measurements
(Komatsu et al. 2011; Dunkley et al. 2011; Keisler et al. 2011;
Archidiacono et al. 2011; Hinshaw et al. 2012; Hou et al. 2012).
This is potentially interesting, since an excess could be caused
by a neutrino/anti-neutrino asymmetry, sterile neutrinos, and/or
any other light relics in the Universe. In this subsection we dis-
cuss the constraints on Ne↵ from Planck in scenarios where the
extra relativistic degrees of freedom are e↵ectively massless.

The physics of how Ne↵ is constrained by CMB anisotropies
is explained in Bashinsky & Seljak (2004), Hou et al. (2011)
and Lesgourgues et al. (2013). The main e↵ect is that increasing
the radiation density at fixed ✓⇤ (to preserve the angular scales of
the acoustic peaks) and fixed zeq (to preserve the early-ISW ef-
fect and so first-peak height) increases the expansion rate before
recombination and reduces the age of the Universe at recombi-
nation. Since the di↵usion length scales approximately as the
square root of the age, while the sound horizon varies propor-
tionately with the age, the angular scale of the photon di↵usion
length, ✓D, increases, thereby reducing power in the damping tail
at a given multipole. Combining Planck, WMAP polarization and
the high-` experiments gives

Ne↵ = 3.36+0.68
�0.64 (95%; Planck+WP+highL). (74)

The marginalized posterior distribution is given in Fig. 27 (black
curve).

Increasing Ne↵ at fixed ✓⇤ and zeq necessarily raises the ex-
pansion rate at low redshifts too. Combining CMB with distance
measurements can therefore improve constraints (see Fig. 27) al-
though for the BAO observable rdrag/DV(z) the reduction in both
rdrag and DV(z) with increasing Ne↵ partly cancel. With the BAO
data of Sect. 5.2, the Ne↵ constraint is tightened to

Ne↵ = 3.30+0.54
�0.51 (95%; Planck+WP+highL+BAO). (75)

Our constraints from CMB alone and CMB+BAO are compati-
ble with the standard value Ne↵ = 3.046 at the 1� level, giving
no evidence for extra relativistic degrees of freedom.

Since Ne↵ is positively correlated with H0, the tension be-
tween the Planck data and direct measurements of H0 in the base
⇤CDM model (Sect. 5.3) can be reduced at the expense of high
Ne↵ . The marginalized constraint is

Ne↵ = 3.62+0.50
�0.48 (95%; Planck+WP+highL+H0). (76)
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Fig. 27. Marginalized posterior distribution of Ne↵ for
Planck+WP+highL (black) and additionally BAO (blue),
the H0 measurement (red), and both BAO and H0 (green).

For this data combination, the �2 for the best-fitting model al-
lowing Ne↵ to vary is lower by 5.0 than for the base Ne↵ = 3.046
model. The H0 fit is much better, with ��2 = �4.0, but there
is no strong preference either way from the CMB. The low-`
temperature power spectrum does mildly favour the high Ne↵
model (��2 = �1.6) since Ne↵ is positively correlated with ns
(see Fig. 24) and increasing ns reduces power on large scales.
The rest of the Planck power spectrum is agnostic (��2 = �0.5),
while the high-` experiments mildly disfavour high Ne↵ in our
fits (��2 = 1.3). Further including the BAO data pulls the cen-
tral value downwards by around 0.5� (see Fig. 27):

Ne↵ = 3.52+0.48
�0.45 (95%; Planck+WP+highL+H0+BAO). (77)

The �2 at the best-fit for this data combination (Ne↵ = 3.37)
is lower by 3.6 than the best-fitting Ne↵ = 3.046 model. While
the high Ne↵ best-fit is preferred by Planck+WP (��2 = �3.3)
and the H0 data (��2 = �2.8 giving an acceptable �2 = 2.4
for this data point), it is disfavoured by the high-` CMB data
(��2 = 2.0) and slightly by BAO (��2 = 0.4). We conclude
that the tension between direct H0 measurements and the CMB
and BAO data in the base ⇤CDM can be relieved at the cost of
additional neutrino-like physics, but there is no strong preference
for this extension from the CMB damping tail.

Throughout this subsection, we have assumed that all the
relativistic components parameterized by Ne↵ consist of ordi-
nary free-streaming relativistic particles. Extra radiation com-
ponents with a di↵erent sound speed or viscosity parame-
ter (Hu 1998) can provide a good fit to pre-Planck CMB
data (Archidiacono et al. 2013), but are not investigated in this
paper.

6.3.3. Simultaneous constraints on Ne↵ and either
P

m⌫ or
me↵
⌫, sterile

It is interesting to investigate simultaneous contraints on Ne↵ andP
m⌫, since extra relics could coexist with neutrinos of size-

able mass, or could themselves have a mass in the eV range.
Joint constraints on Ne↵ and

P
m⌫ have been explored sev-

eral times in the literature. These two parameters are known
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Stellar cooling
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Stars 101

Stars are blobs of gas held together by gravity

The gravity must be counteracted by pressure, 
thermal and/or electron degeneracy

If degeneracy, the object can just sit 
there ...

... unless the mass of the degenerate core 
reaches a certain threshold, ~ 1.4 M⊙◉☉	 (see 
later)
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Energy generation and 
escape

If pressure is thermal, the interior must be hot 

Energy escapes through the surface as photons or 
through the volume as neutrinos; without sources of 
energy the Sun would cool

Need internal sources of energy, to compensate 
for energy lost

Nuclear reactions, H -> He ->C,O ->...

Loss rate determines the burning (evolution!) rate

3
2
kT � 1

2
GM�mp

R�
⇥ T⇥ � 107K

Kelvin,
 Helmholtz, 

19th century 

Eddington, 
Gamow,
Bethe

...

U� �
1
2

GM2
�

R�
� 1048erg⇥ U�

L�
� 1048erg

1033erg/s
� 107yr
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Stellar evolution: opacity 
and lifetime

If energy is lost through photons, the 
luminosity is given by

More massive stars are hotter inside, burn faster, have 
shorter lives

If a novel particle x is trapped in a star, the smaller the 
opacity kx, the more important it is for cooling 

If x is free-streaming, compute production through the 
volume (e.g., neutrinos, except in SN)

Lr = �4⇥r2

3�⇤

d(aT 4)
dr

L� �
R2
�

�M�/R3
�

a(GM�mp/R�k)4

R�
⇥M3

�

��1 = ��1
� + ��1

e + ��1
xwhere the opacity
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Standard neutrino cooling
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Fig. 3.— Neutrino energy loss. From above a): Standard
energy loss, µ! = 0; b): Energy loss for µ! = 10!11µB ; c):
Energy loss for µ! = 5 ! 10!11µB . The di!erent colors show
the regions where the relevant process is 90% or more of the to-
tal neutrino cooling: Turquoise (top) neutrino pair production
e+ e! " ! !; Orange (middle left) neutrino photo production
" e! " e ! !; Green (middle low) neutrino production by plas-
mon decay " " ! !; Purple (bottom right corner) bremsstrahlung
production e!(Ze) " (Ze) e! ! !. For comparison, see Fig. C.4
in Ra!elt (43).
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Fig. 4.— Feynman diagrams for the standard model neutrino
production processes relevant for our discussion. From the top
to the bottom panel: photo process, " e! " e ! !; pair process,
e+ e! " ! !; plasma process, " " ! !.

a typical “onion structure” with iron in the center and
several layers around, in which fusion of lighter elements
occurs. No energy can be gained by fusion reactions in
the iron core, and once its mass exceeds ! 1.4M" the star
collapses producing a core collapse supernova (CCSN).

Stars less massive than about 9M" have a di!erent des-
tiny. Stars whose initial mass is less than about 7.5M"

never reach the stage of carbon-burning and end their
life as Carbon-Oxygen white dwarfs (CO-WDs, see the
bottom row of Fig. 7). Stars whose initial mass is in the
range 7.5 ! M/M" ! 9, do ignite carbon but not neon,
and end their lives as Neon-Oxygen-Magnesium White
Dwarfs (NeOMg-WD). These numbers are important to
us because, as we shall see, they will be shifted by the
presence of the additional cooling. Moreover, a new evo-
lution possibility will be opened up.

3.2. E!ects of the extra cooling

If neutrinos have a non-vanishing magnetic moment,
than the production mechanisms described above would
receive an electromagnetic contribution from the inter-
action term (1), as shown in Fig. 5. With the exception
of the plasmon decay, a very simple estimate (assuming
T " me) shows that the amplitudes for the electromag-
netic and the electroweak production of neutrinos are
comparable for µ!/µB ! GF m2

e/(2#$) # 10!10, that
is at about the experimental bound on µ! . However, a
similar simple estimate does not apply for the plasma
process. In this case, in fact, we expect a non trivial
dependence on the density (see Eq. 13 below). This can
be understood on a dimensional ground. The matrix el-
ement for the standard plasma process is proportional to

e�e+ � ��̄

pair annihilation

Neutrino Magnetic Moment in Massive Stars 5

3 4 5 6 7 8 9
Log10!

7

7.5

8

8.5

9

9.5

10

L
o
g
1
0
T

3 4 5 6 7 8 9
Log10!

7

7.5

8

8.5

9

9.5

10

L
o
g
1
0
T

3 4 5 6 7 8 9
Log10!

7

7.5

8

8.5

9

9.5

10

L
o
g
1
0
T

Fig. 3.— Neutrino energy loss. From above a): Standard
energy loss, µ! = 0; b): Energy loss for µ! = 10!11µB ; c):
Energy loss for µ! = 5 ! 10!11µB . The di!erent colors show
the regions where the relevant process is 90% or more of the to-
tal neutrino cooling: Turquoise (top) neutrino pair production
e+ e! " ! !; Orange (middle left) neutrino photo production
" e! " e ! !; Green (middle low) neutrino production by plas-
mon decay " " ! !; Purple (bottom right corner) bremsstrahlung
production e!(Ze) " (Ze) e! ! !. For comparison, see Fig. C.4
in Ra!elt (43).

GF

! "

"

e e

Photo

"

"

!

e!

e+

GF

Plasma

"

"

e+

e!
GF

Pair

1

Fig. 4.— Feynman diagrams for the standard model neutrino
production processes relevant for our discussion. From the top
to the bottom panel: photo process, " e! " e ! !; pair process,
e+ e! " ! !; plasma process, " " ! !.

a typical “onion structure” with iron in the center and
several layers around, in which fusion of lighter elements
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never reach the stage of carbon-burning and end their
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range 7.5 ! M/M" ! 9, do ignite carbon but not neon,
and end their lives as Neon-Oxygen-Magnesium White
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is at about the experimental bound on µ! . However, a
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Hermetic detector!

The branching ratio for e+e- -> neutrino pair is 

~ 10-18 for ~ 1 MeV energies

The main annihilation mode is e+e- -> γγ

Plasmon decay γ -> neutrino pair probability 
between collisions is ~ 10-26

Yet, neutrino energy losses are known to be 
crucial for stellar evolution
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Example: Massive stars
Table 1 Evolution of a 15-solar-mass star.
Stage Timescale Fuel or Ash or Temperature Density Luminosity Neutrino

product product (109 K) (gm cm!3) (solar units) losses
(solar units)

Hydrogen 11 Myr H He 0.035 5.8 28,000 1,800
Helium 2.0 Myr He C, O 0.18 1,390 44,000 1,900
Carbon 2000 yr C Ne, Mg 0.81 2.8"105 72,000 3.7"105

Neon 0.7 yr Ne O, Mg 1.6 1.2"107 75,000 1.4"108

Oxygen 2.6 yr O, Mg Si, S, Ar, Ca 1.9 8.8"106 75,000 9.1"108

Silicon 18 d Si, S, Ar, Ca Fe, Ni, Cr, Ti, . . . 3.3 4.8"107 75,000 1.3"1011

Iron core #1 s Fe, Ni, Cr, Ti, . . . Neutron star >7.1 >7.3"109 75,000 >3.6"1015
collapse$

$ The pre-supernova star is defined by the time at which the contraction speed anywhere in the iron core reaches 1,000 km s!1 .

Woosley, 
Janka,

Nature Physics
V. 1, p. 147 (2005)
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New physics losses cannot 
drastically exceed standard rates
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Neutrino properties:

Bernstein, Ruderman, and Feinberg, Phys.Rev. 132, 1227 (1963).

Sutherland, Ng, Flowers, Ruderman, and Inman, Phys.Rev. D13, 2700 (1976).

Dicus and Kolb, Phys.Rev. D15, 977 (1977).

...

New physics

K. Sato and H. Sato, Prog.Theor.Phys. 54, 1564 (1975)

Dicus, Kolb, Teplitz, and Wagoner, Phys.Rev. D18, 1829 (1978).

Georgi, Glashow, and Nussinov, Nucl.Phys. B193, 297 (1981).

Fukugita and Sakai, Phys.Lett. B114, 23 (1982).

....

Old subject!
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A great reference is a book 
by Georg Raffelt

See also, Phys.Rept. 198, 1 (1990)
and 

PDG (2012)
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Larger losses (due to emission 
of novel weakly interacting 

particles) require more burning 
(shorter HB stage) or else 

greater core size before He 
flash

Known bounds come from low-
mass stars:

Red Giants before He flash
New cooling cannot exceed standard 

neutrino cooling
Horizontal branch stars

64 G.G. Raffelt. Astrophysical methods to constrain axions and other novel particle phenomena

These considerations lead to some of the most powerful bounds on axion couplings and neutrino

electromagnetic properties.

8.1. The general agenda

One of the most sensitive tests of stellar evolution theory is provided by the color—magnitude

diagrams of stellar clusters, notably of globular clusters, an example of which is shown in fig. 8.1. In our

galaxy, 131 globular clusters are known [4251, each of which consists of many stars, in some cases tens

of thousands, providing a rich sample of coeval stars with approximately equal chemical composition.

Globular clusters are the oldest objects in the galaxy and hence formed at least 10 Gyr ago, with age

estimates derived from their intrinsic properties varying between about 12 and 18 Gyr. The lifetime of

stars depends mostly on their mass with lower-mass stars living longer, a crude scaling being ~ o~M
3

[4261. Therefore the stars in globular clusters which are still actively burning have masses M ~ 0.80M®

where M® = 2 x i0~g is the solar mass unit. In other words, we have detailed and statistically

significant information on the evolution of low-mass stars, which are therefore ideal to test variations of

stellar evolution theory that would be caused by “exotic” particle emission.
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- .. ~ *
16. — P—AGB ..~“ ‘‘ . —
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Fig. 8.1. Color—magnitude diagram of the globular cluster M3 according to ref. [460],based on the photometric data of 10637 stars. According to

ref. [427],the following classification has been adopted for the various evolutionary stages. MS (main sequence): core hydrogen burning. B5 (blue

stragglers). TO (main sequence turn-off): central hydrogen is exhausted. SGB (subgiant branch): hydrogen burning in a thick shell. RGB (red giant

branch): hydrogen burning in a thin shell with a growing core until helium ignites. HB (horizontal branch): helium burning in the core and hydrogen
burning in a shell. AGB (asymptotic giant branch): helium and hydrogen shell burning. P-AGB (post-asymptotic giant branch): final evolution from

the AGB to the white dwarf stage. Note that on the horizontal axis, the color, the surface temperature increases to the left. The brightness measure
on the vertical axis are “visual magnitudes”. i.e., they measure the logarithmic luminosity in the visual spectrum. The HB bends down toward the

left, i.e., towards hotter stars. This decrease in visual brightness of hotter HB stars reflects that more and more energy is emitted in the ultraviolet

spectrum. In “bolometric magnitudes”, i.e., after correcting for the finitewindow of the photographically observed spectrum, the HB turns out to

be truly horizontal: all stars have the same total luminosity within a narrow range. (1 thank A. Renzini for providing me with an original for this

figure.)

ν magnetic

momentAxion-photon
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In stellar cooling, axions 
are also neutrinos!
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CAST axion telescope
LHC dipole magnet, mounted to point at the Sun

SNIC, 3SNIC, 3--6 April 2006, SLAC6 April 2006, SLAC Igor G. Irastorza / CEA, SaclayIgor G. Irastorza / CEA, Saclay 1111

Platform & magnet

Picture taken on mar 2002

First test platform movement with magnet

Magnet 
pointing up 

+8ºMagnet 
pointing down 

-8º
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Primakoff process

In stars, photons would 
convert into axions in the 
background fields of nuclei

Soft process, regulated by 
plasma screening (Raffelt 
1986)

SNIC, 3SNIC, 3--6 April 2006, SLAC6 April 2006, SLAC Igor G. Irastorza / CEA, SaclayIgor G. Irastorza / CEA, Saclay 55

AXION phenomenologyAXION phenomenology
 The axion isThe axion is……

pseudoscalarpseudoscalar
neutralneutral
practicallypractically stablestable
phenomenology phenomenology 
driven by the driven by the 
breaking scale breaking scale ffaa and and 
the specific axion the specific axion 
modelmodel
Couples to photon:Couples to photon:

axion-photon coupling
present in almost every
axion model
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Add axion-photon 
coupling

Standard cooling Good stage to probe is He burning
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http://physics.aps.org/articles/large_image/f1/10.1103/Physics.6.14
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http://chandra.harvard.edu/resources/illustrations/stellar_fate2.html
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Evolution through blue 
loop
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MESA code

Excellent stellar evolution code

Publicly available

http://mesa.sourceforge.net

We added axion cooling and looked at the 
evolution of massive stars

Only 4 years later, we have a paper out ;-)
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Surface temperature, 
with axion cooling

Axion cooling 
accelerates He 
burning in the 
center, so that 
the time for 
the blue loop 
never comes

g10=0
g10=0.6
g10=0.8
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H-R diagrams with and 
without axion cooling

No blue loop stars

No Cepheid variables in a broad range of 
periods
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Supernova neutrinos
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SN ν: the most complicated 
known oscillation problem 

ν-sphere Collective

turbulence

front shock

“regular MSW”

νe νμ ντ

νe νμ ντ
_ _ _
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Neutrino self-refraction

• 10% of the rest mass of the collapsed core (~ 
1.4 M⊙◉☉) is emitted in 1058 neutrinos in a 
burst lasting δt ~ seconds

• At ~ 100 km, the number density of 
streaming neutrinos is 

• ~ 1058/4πr2cδt ~1032 cm-3

• Comparable to the number density of 
matter
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Neutrino “self-refraction”

• Above the neutrino-sphere, 
streaming neutrinos are so 
dense that their flavor 
evolutions become coupled 

• A given neutrino scatters on 
an ensemble of the 
“background” neutrinos

• One has to evolve an 
ensemble of neutrinos as a 
whole

• Rich many-body physics, with  
many regimes 

3

Hamiltonian,

HFCNC =

!
2GF n2

2

!

const +

"

!! !
! "!!

#$

, (4)

where GF is the Fermi constant and n2 is the number
density of scatterers in the medium.

As a toy example, consider a beam of electron neutri-
nos incident on a thin slab of matter of thickness L made
of FCNC interacting particles, as illustrated in Fig. 1.
Assume that the neutrino masses are su!ciently small so
that the e"ects of vacuum oscillation can be neglected.
The flavor conversion rate in the slab can then be found
using the following straightforward physical argument.
Let f be the amplitude for an electron neutrino to scat-
ter as a muon neutrino in a given direction on a particle in
the target. If the scattering amplitudes for di"erent tar-
get particles add up incoherently, the flux of muon neutri-
nos in that direction is # Ns|f |2, where Ns is the number
of scatterers. In the case of forward scattering, however,
the scattering amplitudes add up coherently and, hence,
the forward flux of muon neutrinos is # N2

s |f |2. Indeed,
in the small L limit Eq. (4) gives

PFCNC
!e"!µ

$ !2(GF n2L)2/2 , (5)

which has the form PFCNC
!e"!µ

# N2
s |f |2, since ! # f . No-

tice that by choosing a small L limit we were able to
ignore the secondary conversion e"ects in the slab, i.e.,
to assume that for all elementary scattering events the
incident neutrinos are in the "e state.

To summarize, for small enough L, the flavor conver-
sion rate due to coherent FC scattering in the forward
direction is proportional to the square of the modulus of
the product of the elementary scattering amplitude and
number of scatterers. This quadratic dependence on Ns

is what makes the coherent forward scattering important
even when the incoherent scattering can be neglected.

Notice that exactly the same arguments apply if one
considers the usual flavor-diagonal matter term due to
the electron background in a rotated basis, for instance,
in the basis of vacuum mass eigenstates. In this basis,
the matter Hamiltonian has o"-diagonal terms, resulting
in transitions between the vacuum mass eigenstates.

B. Neutrino background: physical introduction

We seek the same description for the case of neutrino
background. Let us therefore modify the setup in Fig. 1
and replace the slab by a second neutrino beam, such
that the neutrino momenta in the two beams are orthog-
onal (see Fig. 2). To keep the parallel between this case
and the FCNC case, we will continue to refer to the orig-
inal beam as “the beam” and to the second beam as “the
background”. The neutrinos in each beam can be taken
to be approximately monoenergetic [31]. We again as-
sume that the neutrino masses are su!ciently small so

"Beam"

"Background"

!e

!e !µ

!x = cos "!e + sin "!µ

FIG. 2: Toy problem to illustrate neutrino flavor conversion
in the neutrino background.

"Beam"

"Background"
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!x

!x

FIG. 3: Elementary scattering event that causes a change of
the flavor composition of the beam

that, although flavor superposition states could be cre-
ated outside the intersection region, the e"ects of vacuum
oscillation inside the intersection region can be neglected.
Any flavor conversion that takes place in the system is
therefore due to neutrino-neutrino interactions in the in-
tersection region.

Let us first compute the amount of flavor conversion
in the beam using Eqs. (1,3). The conversion is expected
because of the presence of the o"-diagonal terms in these
equations. The result depends on the flavor composition
of the background. If the background neutrinos are all
in the same flavor state

"x = cos#"e + sin#"µ (6)

and their density is n2, the Hamiltonian for the evolution
of a beam neutrino takes the form

H =

!
2GF n2

2

!

const +

"

cos 2# sin 2#
sin 2# " cos 2#

#$

. (7)
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onal (see Fig. 2). To keep the parallel between this case
and the FCNC case, we will continue to refer to the orig-
inal beam as “the beam” and to the second beam as “the
background”. The neutrinos in each beam can be taken
to be approximately monoenergetic [31]. We again as-
sume that the neutrino masses are su!ciently small so

"Beam"

"Background"

!e

!e !µ

!x = cos "!e + sin "!µ

FIG. 2: Toy problem to illustrate neutrino flavor conversion
in the neutrino background.

"Beam"

"Background"

!e

!e

!x

!x

FIG. 3: Elementary scattering event that causes a change of
the flavor composition of the beam

that, although flavor superposition states could be cre-
ated outside the intersection region, the e"ects of vacuum
oscillation inside the intersection region can be neglected.
Any flavor conversion that takes place in the system is
therefore due to neutrino-neutrino interactions in the in-
tersection region.

Let us first compute the amount of flavor conversion
in the beam using Eqs. (1,3). The conversion is expected
because of the presence of the o"-diagonal terms in these
equations. The result depends on the flavor composition
of the background. If the background neutrinos are all
in the same flavor state

"x = cos#"e + sin#"µ (6)

and their density is n2, the Hamiltonian for the evolution
of a beam neutrino takes the form

H =
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Fuller et al, 1988;
Pantaleone 1992;

Duan, Fuller, Qian, Carlson, 2006;
+ hundreds more

Figure from
Friedland & Lunardini,

  Phys. Rev.  D 68, 013007 (2003)
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• Known physics: Z-mediated coherent 
neutrino scattering

• Not optional!
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Multiangle, multienergy 
problem

R ν

E

EB

R

)

)

RES( E

RES( E

B

R

• Typical calculations: 103 energy bins and 104 angle bins

• Rapid oscillations in all bins

• Computer intensive

• Moore’s Law caught up with this problem in 2005

Figure from Qian & Fuller, astro-ph/9406073
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Sample calculation
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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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Next goal

• Qualitatively different regimes possible, 
depending on physical conditions in the 
explosion

• Map out these regimes
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Qualitatively different patterns for 
normal and inverted mass hierarchies
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Conclusions
Neutrino masses could be all there is

or the neutrino sector could contain more BSM surprises

We have seen how neutrino properties could be probed in 
oscillations

solar, atmospheric, long baseline beams

at the LHC

with cosmological observations

with stellar evolution

We have also seen the oscillations in a supernova are unlike 
anything that can be produced on Earth
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Neutrinos, dark matter, etc
Students and postdocs are generously subsidized
http://public.lanl.gov/friedland/info13/info13.html
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