
Lecture IV

• dark neutrinos+dark forces

• Apparent CPT violation

• Dark Energy

• Dark Energy from mass varying neutrinos
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νmixing with exotic fermion
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• What happens when we add an exotic fermion coupled to a light 
boson?

• New force mainly affecting neutrinos
➡ Apparent CPT violation in ν oscillations
➡ ν Dark energy 



more ν 
surprises?
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CPT

• Prob(νμ→νμ)=Prob(νμ→νμ)

• absent matter effects, νμ and νμ disappearance should 
be the same

• In SM at baseline sensitive to atmospheric Δm2, νμ 
disappearance is almost all into ντ and should have 
negligible matter effects

_ _
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Minos antineutrinos
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FIG. 3: Comparison of the measured Far Detector νµ CC
energy spectrum to the expectation in three cases: in the
absence of oscillation; using the oscillation parameters which
best fit this νµ data (for this case, the total expected back-
ground is also indicated); and using the best-fit νµ oscillation
parameters measured by MINOS [3].

and data events match in the background-enhanced set
of events which fail the kNN selection criterion. This
scale factor is taken as the uncertainty on the level of
background in the selected νµ CC sample. The total
systematic uncertainty on the measurement of |∆m2| is
+0.063
−0.060 × 10−3 eV2; on the measurement of sin2(2θ) the
total systematic uncertainty is ±0.012.
Using the prediction obtained from the ND data, 156

selected νµ CC events with energy below 50GeV are ex-
pected in the FD in the absence of oscillation while 97
events are observed. The energy spectra of these FD
events are shown in Fig. 3. A clear energy dependent
deficit is observed, showing the first conclusive evidence
for νµ disappearance consistent with oscillation in a νµ-
tagged sample. The no-oscillation hypothesis is disfa-
vored at 6.3 standard deviations.
Oscillation is incorporated into the predicted energy

spectrum according to Eq. 1. Comparing the prediction
to the data using a binned log likelihood, oscillation pa-
rameters are found which maximize the likelihood. These
are |∆m2| = (3.36+0.46

−0.40(stat.) ± 0.06(syst.)) × 10−3 eV2

and sin2(2θ) = 0.86+0.11
−0.12(stat.)±0.01(syst.). The predic-

tion for oscillation with these best fit values is shown in
Fig. 3, and includes 2 NC events, 5 νµ CC events and 0.3
ντ CC events.
The confidence limits on the oscillation parameters,

shown in Fig. 4, are calculated using the Feldman-
Cousins technique [24], in which the effect of all sources
of systematic uncertainty is included [25, 26]. Figure 4
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FIG. 4: Allowed regions for the νµ oscillation parameters from
a fit to the data in Fig. 3, including all sources of systematic
uncertainty. Indirect limits prior to this work [16] and the
MINOS allowed region for νµ oscillation [3] are also shown.

compares these limits to the previous best limit [16].
MINOS has measured the νµ oscillation parameters

to obtain a best fit of |∆m2| = 2.32 × 10−3 eV2,
sin2(2θ) = 1.0 [3]. Assuming that muon antineutrinos os-
cillate with these parameters, 110 selected events are ex-
pected in the FD below 50GeV. This expected energy
spectrum is shown in Fig. 3, denoted as ‘νµ best fit’.
Figure 4 compares the MINOS measurements of the

νµ and νµ oscillation parameters. In both measurements
the purity of the event samples in the oscillation region
is high. Below 6GeV, there is no more than 3% νµ
CC contamination in the νµ CC sample and vice-versa.
Therefore the measurements of the νµ and νµ oscillation
parameters are nearly independent. Since the νµ mea-
surement is heavily statistically limited, the impact of
correlated systematic uncertainties is negligible.
In a joint fit to the data used in the MINOS νµ and

νµ measurements, assuming identical νµ and νµ oscil-
lation parameters, the best fit parameters are |∆m2| ≡
|∆m2| = 2.41 × 10−3 eV2, sin2(2θ) ≡ sin2(2θ) = 0.97.
The significance of the difference in likelihood between
this best fit and the fits to the individual νµ and νµ data
sets is evaluated using a Feldman-Cousins approach [25].
Ten thousand simulated experiments are generated as-
suming the joint best fit oscillation parameters above,
and include all sources of systematic uncertainty. The
difference in likelihood between the joint and individ-
ual νµ and νµ fits is recorded for each experiment, and
the fraction of simulated experiments with a difference in
likelihood larger than that observed in the data is a mea-
sure of the significance of the observed difference. The

• central value of 
antineutrino mixing 
parameters about 2σ 
different from neutrino 
mixing
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CPT violation?

⇒standard CPT conserving fit has 2% probability 

⇒CPTV implies  Lorentz violation in local field theory

⇒implies rotational violation in some reference frame

⇒Lorentz violation extremely well tested in other contexts
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Minos tests of CPT

⇒ Need a theory of CPT violation

⇒ e.g. Kostelecky Standard Model Extension 

⇒background CPT (and Lorentz) violating field

⇒sidereal change in neutrino velocity relative to CPTV/LV field

⇒search for sidereal change in oscillation probability

⇒strong upper limits (arXiv:1007.2791)
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Alternative to CPTV:
 Matter effect from a new force 

⇒MINOS neutrinos go through matter
⇒vector interaction with matter distinguishes neutrinos from 

antineutrinos
⇒similar to usual MSW effect, but could be larger?
⇒Non Standard interactions typically constrained to be much 

weaker than weak
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“Apparent CPT Violation in Neutrino 
Oscillation Experiments”

Netta Engelhardt, Ann  Nelson, and Jon Walsh 
arXiv:1002.4452v3
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•anomalous matter effect 
•Sterile neutrinos to the rescue again!
•propose: gauged B-L, 3 sterile neutrinos



Effective Hamiltonian for (anti)
neutrino flavor change in matter

potential in matter, 
changes sign for neutrinos

Heff = terms ∝ the identity +
(mass)2

2p
+





V + Vnc + Vcc

V + Vnc

V + Vnc

−V

−V

−V





6 x 6 mass matrix
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resonance for anti neutrinos

for anti 
neutrino  and 
sterile 
neutrino

Heff =

�
V + Vnc + m2

2p
mM
2p

mM
2p −V + M2+m2

2p

�

M =
m =Dirac mass

sterile neutrino Majorana mass

V = B-L potential

NOTE RESONANCE at

Mixing with sterile neutrino suppressed for neutrinos, 
enhanced for antineutrinos

2V + Vnc ≈
M2

2p

neutrino mass matrix =

�
0 m
m M

�
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Effects of potential on νμ disappearance
eg:   V= 1.2 10-12 eV in earths crust

linear combination (s23c13νμ+ c23c13ντ+s13νe), s13=.1, mixes with 
sterile neutrino with vacuum mixing angle θ=0.1

Vacuum mass2 differences: .00008eV2, .0025 eV2, .05 eV2

Energy (GeV)

 νμ disapearance 
probability
at 735 km 

neutrinos

antineutrinos
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vτ appearance
eg:   V= 1.2 10-12 eV in earths crust

linear combination (s23c13νμ+ c23c13ντ+s13νe) mixes with sterile 
neutrino with vacuum mixing angle θ=0.1; s13=.1

Vacuum mass2 differences: .00008eV2, .0025 eV2, .05 eV2

Energy (GeV)

 ντ  appearance 
probability
at 735 km 

neutrinos

antineutrinos
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oscillations into vs
eg:   V= 1.2 10-12 eV in earths crust

linear combination (s23c13νμ+ c23c13ντ+s13νe) mixes with sterile 
neutrino with vacuum mixing angle θ=0.1; s13=.1

Vacuum mass2 differences: .00008eV2, .0025 eV2, .05 eV2

Energy (GeV)

 sterile  
appearance 
probability
at 735 km 

neutrinos

antineutrinos
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Model best fit to MINOS neutrino 
disappearance (only 1 sterile 
neutrino mixes significantly)
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Experimental Constraints
• MSW potential ∝g2/mV2

• need g2/mV2 ∼  of similar size to usual MSW effect from usual 
weak interactions for significant effect

• need g/mV ∼1/(300 GeV)

• precision EW, neutrino electron scattering:                             
g<10-3 ⇒ mV < 300 MeV

• Note: weaker constraints on sterile neutrino couplings
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Summary: new fermion + new 
light vector boson

• mixing with exotic fermions can affect neutrino 
oscillation sensitivity to new forces 

• apparent CPT violation in νμ disappearance expts
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Rob Fardon, A.E.N., Neal Weiner; astro-ph/0309800, hep-ph/0507235 

David B. Kaplan, A.E.N., Neal Weiner; hep-ph/0401099, 
Kathryn Zurek, hep-ph/0405141
Weiner and Zurek, hep-ph/0509201

Mass Varying Neutrinos  
(MaVaNs)
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ν physics beyond the standard
model at the meV scale?

• Dark Energy Density: ρDE
¼~ 2×10-3  eV

• See Saw Scale: Mw
2/MPl~10

-4  eV

•  m3 ⁄2 in one scale GMSB ~10-3  eV

• Neutrino masses:  (Δm2
solar)

½~9×10-3 eV 

• (Δm2
atmospheric)½~5×10-2 eV

• (Δm2
LSND)½~(0.1⎯2) eV
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Coincidental Scales?

• Neutrino  number density scale nν1/3~10-4 eV

nν depends on redshift as (1+z)3

• Dark Matter Density: ρDM
¼~ 2×10-3  eV

ρDM depends on redshift as (1+z)3

• Neutrino energy density   10-3 eV ≥ρν
¼≥5×10-4  eV

ρν depends on redshift as (1+z)3   ?
Why Now??? 

147



Recent History of the Energy
Density of the Universe

“Why Then?”
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Composition of universe



H2=(R/R)2=(8π/3) GN ρ

    CDM, 
Baryons

(1/R)3
(w=0)

Gravitationally
Clumps

WIMPS
Axions
Etc.

  radiation (1/R)4
(w=1/3)

Does not 
clump

Photons
Light ν

Cosmological  
Constant

Does not 
dilute (w=-1)

Smooth Vacuum
Energy

quintessence (1/R)3(1+w)
-1<w< -0.9

Smooth
(not perfect fluid)

Cosmon, 
MaVaNs

Type of ρ           dilution rate              clustering              Particle Physics

.

(P = w ρ)
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Looking through the Neutrino portal 

• Neutrino  number density scale nν1/3~10-4 eV          
nν scales as z3

• Dark Energy Density: ρDE
¼~ 2×10-3  eV approximately 

constant

• Neutrino energy density  10-3 eV ≥ρν
¼≥5×10-4  eV 

red shift dependent mass?

Can we relate dark energy to 
neutrinos? (mν∼ρν

¼ at z where mν∼nν
1/3)

150



General considerations for 
Varying parameters

Significant effects require  fields which are lighter 
than scale of affected physics−for cosmology, this 
means new  sub-meV bosons                           
(not necessarily as light as H~10-33 eV)

Is a light, weakly coupled new sector 
! natural?
! consistent with expt?

Varying Parameter➦New Field 
(e.g. varying mass➦Higgs)
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The ‘mini-seesaw’ MaVaN Model

.

Assume “Dark Sector” (= unknown particles with no standard         
Model charges) contains light

       ☛ “Acceleron” scalar field     A
    ☛fermion fields    n (aka ‘sterile’ or ‘righthanded’ ν)

       ☛Yukawa couplings   λ A n n
       ☛ Scalar potential  V ( A )

 “Our sector” contains
        ☛ Active Neutrinos ν

       ☛ Higgs Field  H
  Allow  tiny  (y =O (10-11⎯10-15)  )  coupling y H n ν

➠ Neutrino mass matrix (   λ   )0     y <H> 
y <H> <A> 

‘Dirac’ Mass 
mD=y<H>

~1 eV-0.0001 eV
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Neutrino Masses vary as A-1

Neutrino mass matrix     (       )0     y H 

y H λ A 

 For large <A> light neutrino  is mostly active, mass is ~ ( y <H> ) 2/ λA

ν
ν

n

n

Assume V ( A )   increasing function of A.

Veff( A )    = V ( A ) + (T2+mν
2(A))½ nν

Note: nν redshifts as (1+z)3

 temperature T redshifts as (1+z)

Heavier neutrino is mostly dark, mass is ~ λA 
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Varying Effective Potential for A as
Neutrino density decreases

Combined
effective
potential

Energy 
Density in
Neutrino 

mass

Energy Density
in Acceleron 

Potential

Seesaw:
A↓ ➠

active mν↑
sterile mN↓
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A Technically Natural Model
(except cosmological constant)
Gauge Mediated Susy Breaking Model with 

m3/2 ~ 10-3 eV
 Nearly  hidden nearly supersymmetric sector containing        

A, n chiral superfields
 W ⊃ y Hν n + λ Ann , λ~1, y ~ 10-11

 susy breaking masses for A, ñ scalars                                    
ℳñ              ,                                 ℳA              < 10-3 eV

 V ⊃ λ   2 |ñ|4+ 4λ2 |Añ|2 - ℳñ
2 |ñ|2 +                                                

y2 |H ñ|2 + ℳA
2 |A|2 + constant
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Can we test MaVaN Dark 
Energy?

Cosmological tests of neutrino mass from large scale 
structure: MaVaN mass was much lighter at high redshift.

No terrestrial sources of high scalar neutrino density 
(neutrino density weighted by (m/E)), relative to 
cosmological, other than nuclear fireball.

Main interesting astrophysical source of high scalar 
neutrino density is supernova.
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Neutrino Mass and mixing 
Matter dependent?

• A, ñ could couple to other matter, e.g.                    
(1/Λ)ñG2 ,  ξñ HuHd

➥ A, ñ expectation values could be different in 
dense matter than air

➥ Neutrino mass and mixing parameters could be 
different in matter than air or vaccuum         

(exotic MSW-type effect, not CP violating, 
energy independent)
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Smoking Guns for MaVaNs

•Effects of environment in neutrino oscillations?
•Tritium endpoint searches for absolute ν mass depends on 

density of source?
•Cosmologically “impossible” sterile neutrinos?

•Cosmologically “inconsistent” neutrino masses?

• θ13  in long baseline search for νe appearance inconsistent 

with reactor constraint?

•energy spectrum of solar νe inconsistent  with standard large 
mixing angle MSW?
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Summary

• Effects of “dark sector” with new light fermion mixing with 
neutrinos and a new light boson

• new vector boson: apparent CPT violation

• new scalar boson: MaVaNs. 

• alternate explanation of dark energy

• motivated by coincidence of neutrino mass and dark 
energy scales.

•  (Very)Anomalous matter effects 
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