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Neutrinos as a portal to new Physics

The existence of non-zero neutrino masses, 
inferred from neutrino oscillation measurements,  

is the only laboratory-based evidence of 
 physics beyond the standard model

Relatively poorly known sector of the standard model

Neutrino mass mechanism is unknown

Neutrino physics relates to many energy scales
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Grand Unified Theories
Georgi Quinn Weinberg 1974

SM gauge couplings almost
 unify at a high scale

SO(10) without SUSY

Babu Khan 2015

see also, e.g., Chu Smirnov 2016, Acharya Bozek Romao King Pongkitivanichkul 2016, Ellis Garcia Nagata Nanopoulos Olive 2016, 
Bucella Chianese Mangano Miele Morisi Santorelli 2017, Bjorkeroth Anda King Perdomo 2017, …

GUTs typically predict: 
Majorana neutrinos 

Normal mass ordering
θ23 in first octant

“large” θ13 if θ12 and θ23 are large
No light sterile neutrino

YeV
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GUTs typically predict: 
Majorana neutrinos 

Normal mass ordering
θ23 in first octant

“large” θ13 if θ12 and θ23 are large
No light sterile neutrino

DUNE 40kt year
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Neutrinos and new Physics

Flavor composition of Icecube high energy neutrinos
 can probe new Physics unambiguously

Revolution in Neutrino Astrophysics

Palomarez-Ruiz Mena Vincent 2014, Bustamante Beacom  Winter 2015, Arguelles Katori Salvado 2015, 
Nunokawa Panes Zukanovich-Funchal 2016, Bustamante Beacom Murase 2016, Brdar Kopp Wang 2016
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Neutrinos and new Physics

2

FIG. 1. Flavor content of the three active mass eigenstates.
The regions are given by the best-fit values of the mixing pa-
rameters (light yellow), and their 1� (darker) and 3� (dark-
est) uncertainty regions [62], assuming a normal mass hierar-
chy (NH). The tilt of the tick marks indicates the orientation
with which to read the flavor content.

and detected with energy resolution & 10% (and binned
more coarsely). In this case, the neutrinos are, at least
e↵ectively, an incoherent mixture of mass eigenstates.
Even for the solar �m2

� ⇡ 8 · 10�5 eV2 and PeV ener-
gies, the vacuum oscillation length is only ⇠ 10�13 Gpc,
much smaller than the complete baseline. (Depending
on the physics in the production region, there can be
also wave packet decoherence in the source [58–60].) As
a consequence, the flavor composition at Earth [58] is
f�,� =

P
i,↵ |U�i|2 |U↵i|2 f↵,S, with U the PMNS matrix

[61], implying
P

� f�,� = 1. For a pion beam, the flavor
composition evolves roughly into flavor equipartition at
the detector, ( 13 : 1

3 : 1
3 )�.

New physics in neutrino propagation might modify the
flavor composition. We categorize classes of new-physics
models below.

Flavor content of the mass eigenstates.—

Figure 1 shows the flavor content |U↵i|2 of the mass
eigenstates, which is the fundamental input that deter-
mines flavor ratios at Earth without or with new physics.
It also illustrates the underlying three-flavor unitarity of
our analysis, i.e., |U↵1|2 + |U↵2|2 + |U↵3|2 = 1, which
allows the flavor content to be displayed in a ternary
plot [63]. This is appropriate because the mixing angles
to sterile neutrinos must be quite small [64, 65].

The long axis of each region is set by the uncertainty in
✓23 and �CP, while the short axis is set by the uncertainty
in ✓12. The e↵ect of the uncertainty in ✓13 is tiny. Even if
✓23 were to be precisely determined soon, it is less likely
that �CP will be, and the uncertainty in the latter will

FIG. 2. Allowed flavor ratios at Earth with no new physics.
The flavor ratios at the source are arbitrary (gray) or contain
no tau flavor (red). The IceCube results are from Ref. [37].

still span a large range in |U⌧1|2 and |U⌧2|2.
Standard flavor mixing.— Figure 2 shows the al-

lowed region for the flavor composition at Earth assum-
ing arbitrary flavor composition at the source and stan-
dard neutrino mixing (including parameter uncertain-
ties). The region is quite small: even at 3� it covers
only about 10% of the available space. There is little
di↵erence between f⌧,S = 0 and f⌧,S 6= 0.
There is a theoretical symmetry along the line (fe,� :

(1� fe,�)/2 : (1� fe,�)/2) coming from nearly-maximal
mixing. On the other hand, the experimental degener-
acy pulls towards (fe,� : fµ,� : 1 � fµ,� � fe,�), with
fe,�  1 � fµ,�, on account of the di�culty of distin-
guishing between electromagnetic and hadronic cascades.
Thus, theory and experiment are complementary, which
enhances the discriminating power of flavor ratios.
The region shown includes the possibility of energy-

dependent flavor composition at the source; see the Sup-
plemental Material for an example. It also includes the
possibility that the di↵use flux has contributions from
sources with di↵erent flavor compositions, because of the
linear mapping between those at the source and those at
Earth.
Whereas the first IceCube flavor ratio analysis [35]

used only three years of contained-vertex events, the up-
dated analysis [37], whose exclusion curves are shown in
Fig. 2, combines several di↵erent data sets collected over
four years, including through-going muons. The exclu-
sion curves of both analyses are compatible.
Figure 3 shows that if the flavor composition at the

source could be restricted from astrophysical arguments,
the allowed regions at Earth could become tiny (and will

For any flavor composition at the source,
the flavor ratio at detection is constrained 
by the PMNS matrix uncertainty

New experimental technique to separate  
EM from hadronic showers can improve 
the flavor ratio determination considerably

Li Bustamante Beacom 2016

Palomarez-Ruiz Mena Vincent 2014, Bustamante Beacom  Winter 2015, Arguelles Katori Salvado 2015, 
Nunokawa Panes Zukanovich-Funchal 2016, Bustamante Beacom Murase 2016, Brdar Kopp Wang 2016

Flavor composition of Icecube high energy neutrinos
 can probe new Physics unambiguously

Revolution in Neutrino Astrophysics

mailto:pmachado@fnal.gov


Aug/2017 Pedro A. N. Machado | Recent highlights from neutrino theory                                               pmachado@fnal.gov10

YeV

eV

MeV

GeV

TeV

PeV

tiny!

keV

mailto:pmachado@fnal.gov


Aug/2017 Pedro A. N. Machado | Recent highlights from neutrino theory                                               pmachado@fnal.gov

Look for seesaw where we can: LHC

New developments in 
NLO corrections

Mattelaer Mitra Ruiz 2016
Ruiz Spannowsky Waite 2017

Impact on precision 
Higgs data

Das Dev Kim 2017

Novel LHC searches: 
displaced vertices

Gago Hernandez Jones-Perez Losada Briceño 2015
Accomando Rose Moretti Olaiya Shepherd-Themistocleous 2016

11

Naturalness: 
below 107 GeV

Vissani 1997

Neutrino masses could come from, e.g., type I seesaw
What is the scale of right-handed neutrinos?

Minkowski 1977, Ramond 1979, Gell-Mann Ramond Slansky 1979, 
Yanagida 1979, Mohapatra Senjanovic 1980, Schechter Valle 1980

(1) Collider phenomenology (2) Model building

Dynamical lepton number breaking 
Khalil 2010, Freitas Pires Silva 2014, 

Aoki Haba Takahashi 2015, Escudero Rius Sanz 2016, 
Bertuzzo Machado Tabrizi Zukanovich-Funchal 2017

De Romeri Fernandez-Martinez Gehrlein Machado Niro 2017
Berryman de Gouvêa Kelly Zhang 2017

Thorough study of lepton flavor 
violation at LHC and meson decays

Abada De Romeri Teixeira 2015
De Romeri Herrero Marcano Scarcella 2016

Berryman de Gouvêa Kelly Kobach 2016

Constraints on light-heavy neutrino 
mixing via precision physics

Abada Toma 2015 de Gouvêa Kobach 2015
Fernandez-Martinez Hernandez-Garcia Lopez-Pavon Lucente 2015

Fernandez-Martinez Hernandez-Garcia Lopez-Pavon 2016
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Neutrinos and low scale new Physics

TeV scale seesaw with local U(1)B-L can yield a GeV scalar!
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Figure 16. A summary of the important limits and sensitivity curves in the mH3 � sin ✓1,2 plane,
extracted from Figures 6, 7, 8, 14, 15. The shaded regions are excluded. For the sensitivity contours
of LLP searches at LHC, MATHUSLA, FCC and the forward detector, the gauge coupling gR = gL.
For details, see Sections 5 and 6.

Figure 17. Collider sensitivity contours in the mH3 -mWR
plane from future LLP searches at LHC

and FCC-hh. The grey contours indicate the proper lifetime of H3 with gR = gL; for gR 6= gL, the
lifetime has to be rescaled by the factor of (gR/gL)�2.

For completeness, we also present in Appendix C an updated sensitivity study for

the displaced vertex signal in the fermion sector of the LR model, namely, from light RHN

decays. Again, this probes a region complementary to those being probed by the traditional

collider searches [17–19].

7 Light neutral scalar in U(1)B�L model

In this section, we discuss the light neutral scalar phenomenology in a simpler model based

on SU(2)L ⇥ U(1)I3R ⇥ U(1)B�L local symmetry. This U(1)B�L model can be viewed in

some sense as the “e↵ective” theory of LR model at TeV scale with the SU(2)R breaking

scale and the mass of the heavy WR bosons much higher than the TeV scale. The SM

– 32 –

Vast phenomenology:
B and K decays

B mixing
Cosmology

LHC displaced vertices
…

Dev Mohapatra Zhang 2017
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Neutrinos and low scale new Physics

TeV scale seesaw with local U(1)B-L can yield a GeV scalar!
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lifetime has to be rescaled by the factor of (gR/gL)�2.

For completeness, we also present in Appendix C an updated sensitivity study for

the displaced vertex signal in the fermion sector of the LR model, namely, from light RHN

decays. Again, this probes a region complementary to those being probed by the traditional

collider searches [17–19].

7 Light neutral scalar in U(1)B�L model

In this section, we discuss the light neutral scalar phenomenology in a simpler model based

on SU(2)L ⇥ U(1)I3R ⇥ U(1)B�L local symmetry. This U(1)B�L model can be viewed in

some sense as the “e↵ective” theory of LR model at TeV scale with the SU(2)R breaking

scale and the mass of the heavy WR bosons much higher than the TeV scale. The SM
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Vast phenomenology:
B and K decays

B mixing
Cosmology

LHC displaced vertices
…

Dev Mohapatra Zhang 2017
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Neutrinos and low scale new Physics

Can there be a flavor mediators at low scale???
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Neutrinos and low scale new Physics

Can there be a flavor mediators at low scale???
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Babu Friedland Machado Mocioiu 2017

U(1) B – L of the third family

Complete model, including 
scalar sector and CKM 

generation

Vast phenomenology:
Z-X mixing (sX)
D oscillations

Atomic Parity Violation
Upsilon, B, D, and K decays
Higgs, top, Z, and W decays

Neutrino oscillations
…
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Neutrinos and low scale new Physics
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of the equivalence theorem, where the Goldstone coupling to uc is given in Eq. (16). The
D+ to ⇡+ transition can be parametrized by the form factors

h⇡+(p
2

)|ū�µc|D+(p
1

)i = F
+

(q2)(p
1

+ p
2

)µ + F�(q
2)(p

1

� p
2

)µ. (44)

At low recoils (for MX ⌧ MD+), the transition comes entirely from F
+

, which can be
determined by use of chiral perturbation theory for heavy hadrons (see e.g. Ref. [26]),

F
+

(s) =
fD
f⇡

gD⇤D⇡

1� s/M2

D⇤
. (45)

Here, fD = 200 MeV and f⇡ = 130 MeV are the D+ and ⇡+ decay constants, and gD⇤D⇡ =
0.59 is the strong coupling of D⇤ ! D⇡ decay, all yielding F

+

(0) = 0.91. Numerically, this
form factor agrees with the one obtained by assuming vector meson dominance [27]. The
D+ ! ⇡+X partial width is then given by

�(D+ ! ⇡+X) =
1

144⇡
|F

+

(M2

X)|2g2X |Vub|2|Vcb|2m
3

D+

M2

X

, (46)

Not requiring the e+e� pair in the final state makes very hard to reconstruct the D+

meson asX will typically decay to neutrinos (see Fig. 1). Nevertheless, one can still constrain
the model with the total D+ width. As a conservative requirement, we demand that the
partial width D+ ! ⇡+X does not exceed the D+ total width minus the partial inclusive
width to K0 and K̄0 (to which this new decay does not contribute), that is �(D+ ! ⇡X) <
0.39�D+ [9]. This constraint is included in our numerical analysis.

3.6 Neutrino oscillations

One of the most stringent bounds comes, perhaps surprisingly, from neutrino oscillation
experiments. The new interaction will change the neutrino matter potential which modifies
the neutrino oscillation pattern. It is useful to express the new interaction in terms of the
usual non-standard interaction (NSI) operators which normalize the strength of the new
matter potential to that induced by weak interactions. We define the NSI parameter by the
operator

2
p
2GF "

f
↵↵ (⌫̄↵L�µ⌫↵L)

�
f̄�µf

�
, (47)

and therefore we obtain

"f↵↵ =
c↵cf
g2

4M2

W

M2

X

. (48)

Due to the lack of flavor universality of the new gauge group we expect a non-standard
matter potential (we remind the reader that a universal diagonal matter potential has no
impact on neutrino oscillations)

VX / diag (0, 0, "⌧⌧ ) . (49)

17

Experimental
constraint

Remarks

Neutrino oscillations Non-universal matter e↵ects bounded by atmospheric neutrinos
Atomic parity

violation
X � Z mixing modifies weak charge of 133Cs

⌥ decay
⌥ ! �X ! �⌫⌫̄: Goldstone boson equivalence theorem
constrains Yukawa coupling

⌥ decay
⌥ ! ⌧+⌧�: Direct constraint on the gauge coupling as the
process only involves third family fermions

Electroweak T
parameter

Z �X mixing modifies MZ/MW and constrains the mixing
parameter sX

D0 �D0 mixing
Mediated by scalar constrains mass of heavy scalar > O(100)
GeV; significant constraint on the coupling of X only when X
mass is below or close to the D0 mass

D+ decays
D+ ! ⇡+X contributes to the total D+ width and to the
⇡+`+`� branching ratio. When the equivalence theorem is valid,
this process probes the Yukawa coupling

t ! cX
Flavor changing c tX coupling can contribute to the total top
width, which is bounded as ��t < 0.44 GeV [9]

Z ! ff̄X
There is no dedicated search for Z ! ⌧+⌧� + /ET (Z ! bb̄+ /ET ).
A direct bound on gX may be obtained by requiring these
branching ratios not to exceed 0.2 MeV (2.8 MeV).

X at the LHC
Resonant production of X decaying to ⌧+⌧� in association with
two b-jets at the LHC may constrain the parameter space for
realizations of the model at the TeV scale

Table 2: A summary of the major experimental constraints on the model.

It is important to mention that, as normal matter is neutral, the kinetic mixing parameter
" does not play any role in neutrino oscillations. If we assume the number density of
protons, neutrons and electrons all to be the same, and use Eq. (48), we can translate the
non-universal matter e↵ects into the usual non-standard interaction parameter:

"⌧⌧ ⌘ "p⌧⌧ + "n⌧⌧ + "e⌧⌧

=
4M2

W

g2M2

X

(�gX) [ceR + ceL + 3(cuR + cuL + cdR + cdL)] = 3
v2
1

v2

v2
1

v2
2

+ v2sv
2

. (50)

Atmospheric neutrinos play a major role in constraining the ⌧⌧ NSI, leading to [28]

|"⌧⌧ | < 0.09. (51)
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X

4

Figure 1: The survival probability for MINOS (L = 735 km) with a variety of neutral current NSI (non-
standard matter e↵ects) turned on as indicated in the plot. The solid (blue) lines are the neutrino survival
probabilities whereas the dashed (red) lines are for anti-neutrinos. The dotted (black) lines are the vacuum
survival probabilities. For the standard oscillation parameters, we have assumed �m2

32 = +2.86⇥ 10�3 eV2

and sin2 ✓23 = 0.38.

non-zero ✏mµ⌧ changes the disappearance probability most notably at large energies and shifts the
position of the minimum in energy. Whereas non-zero ✏m⌧⌧ changes the disappearance probability
most notably near the first oscillation minimum, especially in the depth of the minimum. Since the
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of the equivalence theorem, where the Goldstone coupling to uc is given in Eq. (16). The
D+ to ⇡+ transition can be parametrized by the form factors

h⇡+(p
2

)|ū�µc|D+(p
1

)i = F
+

(q2)(p
1

+ p
2

)µ + F�(q
2)(p

1

� p
2

)µ. (44)

At low recoils (for MX ⌧ MD+), the transition comes entirely from F
+

, which can be
determined by use of chiral perturbation theory for heavy hadrons (see e.g. Ref. [26]),

F
+

(s) =
fD
f⇡

gD⇤D⇡

1� s/M2

D⇤
. (45)

Here, fD = 200 MeV and f⇡ = 130 MeV are the D+ and ⇡+ decay constants, and gD⇤D⇡ =
0.59 is the strong coupling of D⇤ ! D⇡ decay, all yielding F

+

(0) = 0.91. Numerically, this
form factor agrees with the one obtained by assuming vector meson dominance [27]. The
D+ ! ⇡+X partial width is then given by

�(D+ ! ⇡+X) =
1

144⇡
|F

+

(M2

X)|2g2X |Vub|2|Vcb|2m
3

D+

M2

X

, (46)

Not requiring the e+e� pair in the final state makes very hard to reconstruct the D+

meson asX will typically decay to neutrinos (see Fig. 1). Nevertheless, one can still constrain
the model with the total D+ width. As a conservative requirement, we demand that the
partial width D+ ! ⇡+X does not exceed the D+ total width minus the partial inclusive
width to K0 and K̄0 (to which this new decay does not contribute), that is �(D+ ! ⇡X) <
0.39�D+ [9]. This constraint is included in our numerical analysis.

3.6 Neutrino oscillations

One of the most stringent bounds comes, perhaps surprisingly, from neutrino oscillation
experiments. The new interaction will change the neutrino matter potential which modifies
the neutrino oscillation pattern. It is useful to express the new interaction in terms of the
usual non-standard interaction (NSI) operators which normalize the strength of the new
matter potential to that induced by weak interactions. We define the NSI parameter by the
operator

2
p
2GF "

f
↵↵ (⌫̄↵L�µ⌫↵L)

�
f̄�µf

�
, (47)

and therefore we obtain

"f↵↵ =
c↵cf
g2

4M2

W

M2

X

. (48)

Due to the lack of flavor universality of the new gauge group we expect a non-standard
matter potential (we remind the reader that a universal diagonal matter potential has no
impact on neutrino oscillations)

VX / diag (0, 0, "⌧⌧ ) . (49)
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Experimental
constraint

Remarks

Neutrino oscillations Non-universal matter e↵ects bounded by atmospheric neutrinos
Atomic parity

violation
X � Z mixing modifies weak charge of 133Cs

⌥ decay
⌥ ! �X ! �⌫⌫̄: Goldstone boson equivalence theorem
constrains Yukawa coupling

⌥ decay
⌥ ! ⌧+⌧�: Direct constraint on the gauge coupling as the
process only involves third family fermions

Electroweak T
parameter

Z �X mixing modifies MZ/MW and constrains the mixing
parameter sX

D0 �D0 mixing
Mediated by scalar constrains mass of heavy scalar > O(100)
GeV; significant constraint on the coupling of X only when X
mass is below or close to the D0 mass

D+ decays
D+ ! ⇡+X contributes to the total D+ width and to the
⇡+`+`� branching ratio. When the equivalence theorem is valid,
this process probes the Yukawa coupling

t ! cX
Flavor changing c tX coupling can contribute to the total top
width, which is bounded as ��t < 0.44 GeV [9]

Z ! ff̄X
There is no dedicated search for Z ! ⌧+⌧� + /ET (Z ! bb̄+ /ET ).
A direct bound on gX may be obtained by requiring these
branching ratios not to exceed 0.2 MeV (2.8 MeV).

X at the LHC
Resonant production of X decaying to ⌧+⌧� in association with
two b-jets at the LHC may constrain the parameter space for
realizations of the model at the TeV scale

Table 2: A summary of the major experimental constraints on the model.

It is important to mention that, as normal matter is neutral, the kinetic mixing parameter
" does not play any role in neutrino oscillations. If we assume the number density of
protons, neutrons and electrons all to be the same, and use Eq. (48), we can translate the
non-universal matter e↵ects into the usual non-standard interaction parameter:

"⌧⌧ ⌘ "p⌧⌧ + "n⌧⌧ + "e⌧⌧

=
4M2

W

g2M2

X

(�gX) [ceR + ceL + 3(cuR + cuL + cdR + cdL)] = 3
v2
1

v2

v2
1

v2
2

+ v2sv
2

. (50)

Atmospheric neutrinos play a major role in constraining the ⌧⌧ NSI, leading to [28]

|"⌧⌧ | < 0.09. (51)
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Neutrinos could probe low scale flavor physics

Neutrino matter potential actually probes the symmetry breaking scale

VCC =
p
2GFNe, GF =

1p
2v2

of the equivalence theorem, where the Goldstone coupling to uc is given in Eq. (16). The
D+ to ⇡+ transition can be parametrized by the form factors

h⇡+(p
2

)|ū�µc|D+(p
1

)i = F
+

(q2)(p
1

+ p
2

)µ + F�(q
2)(p

1

� p
2

)µ. (44)

At low recoils (for MX ⌧ MD+), the transition comes entirely from F
+

, which can be
determined by use of chiral perturbation theory for heavy hadrons (see e.g. Ref. [26]),

F
+

(s) =
fD
f⇡

gD⇤D⇡

1� s/M2

D⇤
. (45)

Here, fD = 200 MeV and f⇡ = 130 MeV are the D+ and ⇡+ decay constants, and gD⇤D⇡ =
0.59 is the strong coupling of D⇤ ! D⇡ decay, all yielding F

+

(0) = 0.91. Numerically, this
form factor agrees with the one obtained by assuming vector meson dominance [27]. The
D+ ! ⇡+X partial width is then given by

�(D+ ! ⇡+X) =
1

144⇡
|F

+

(M2

X)|2g2X |Vub|2|Vcb|2m
3

D+

M2
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, (46)

Not requiring the e+e� pair in the final state makes very hard to reconstruct the D+

meson asX will typically decay to neutrinos (see Fig. 1). Nevertheless, one can still constrain
the model with the total D+ width. As a conservative requirement, we demand that the
partial width D+ ! ⇡+X does not exceed the D+ total width minus the partial inclusive
width to K0 and K̄0 (to which this new decay does not contribute), that is �(D+ ! ⇡X) <
0.39�D+ [9]. This constraint is included in our numerical analysis.

3.6 Neutrino oscillations

One of the most stringent bounds comes, perhaps surprisingly, from neutrino oscillation
experiments. The new interaction will change the neutrino matter potential which modifies
the neutrino oscillation pattern. It is useful to express the new interaction in terms of the
usual non-standard interaction (NSI) operators which normalize the strength of the new
matter potential to that induced by weak interactions. We define the NSI parameter by the
operator

2
p
2GF "

f
↵↵ (⌫̄↵L�µ⌫↵L)

�
f̄�µf

�
, (47)

and therefore we obtain

"f↵↵ =
c↵cf
g2

4M2

W

M2

X

. (48)

Due to the lack of flavor universality of the new gauge group we expect a non-standard
matter potential (we remind the reader that a universal diagonal matter potential has no
impact on neutrino oscillations)

VX / diag (0, 0, "⌧⌧ ) . (49)
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NSI: 1% NSI translate into v’ ~ 10v

The third family is special: not so much for neutrinos!

Can there be a flavor mediators at low scale???
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Neutrinos and new Physics

Precise determination of neutrino oscillation parameters can probe new physics

Important to understand oscillation probabilities and 
what we are actually measuring

Barger Whisnant Pakvasa Phillips 1980, Arafune Sato 1996, Nunokawa Parke Zukanovich-Funchal 2005, 
Minakata Parke 2015, Parke 2016, Denton Minakata Parke 2016
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Neutrinos and new Physics

Precise determination of neutrino oscillation parameters can probe new physics

Important to understand oscillation probabilities and 
what we are actually measuring

Barger Whisnant Pakvasa Phillips 1980, Arafune Sato 1996, Nunokawa Parke Zukanovich-Funchal 2005, 
Minakata Parke 2015, Parke 2016, Denton Minakata Parke 2016

With such understanding we can
device new strategies for improving 

our knowledge of neutrino oscillations
Huber Lindner Schwetz Winter 2009, Coloma Kopp Winter 2012,

Machado Minakata Nunokawa Zukanovich-Funchal 2013,
Minakata Parke 2013, Coloma Minakata Parke 2014, 

Chatterjee Pasquini Valle 2017, Raut 2017, and many others…

What do we learn when we measure 
δCP, θ23, and the mass ordering??
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FIG. 6. Updated predictions on m�� from oscillations as a function of the lightest neutrino mass (left) and of the cosmological
mass (right) in the two cases of NH and IH. The shaded areas correspond to the 3� regions due to error propagation of the
uncertainties on the oscillation parameters. Figure from Ref. [93].
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where sij , cij ⌘ sin ✓ij , cos ✓ij . Note the usage of the
same phase convention and parameterization of the quark
(CKM) mixing matrix even if, of course, the values of
the parameters are di↵erent. With this convention, it is
possible to obtain Eq. (29) by defining

U ⌘ U |
osc. · diag

⇣

e�i⇠
1

/2, e�i⇠
2

/2, ei��i⇠
3

/2
⌘

. (35)

Table II shows the result of the best fit and of the 1�
range for the di↵erent oscillation parameters. It can be
noted that the values are slightly di↵erent depending on
the mass hierarchy. This comes from the di↵erent analy-
sis procedures used during the evaluation, as explained in
Ref. [94]. Therefore, throughout this work the two neu-
trino mass spectra are treated di↵erently one from the
other, since we used these hierarchy-dependent param-
eters. The uncertainties are not completely symmetric
around the best fit point, but the deviations are quite
small, as claimed by the authors themselves in the refer-
ence. In particular, the plots in the paper show Gaussian
likelihoods for the parameters determining m�� . In or-
der to later propagate the errors, we decided to neglect
the asymmetry, which has no relevant e↵ects on the pre-
sented results. We computed the maximum between the
distances of the best fit values and the borders of the
1� range (fourth column of Tab. II) and we assumed
that the parameters fluctuate according to a Gaussian
distribution around the best fit value, with a standard
deviation given by that maximum.

Thanks to the knowledge of the oscillation parameters,
it is possible to put a first series of constraints on m�� .

However, as already recalled, since the complex phases of
the mixing parameters in Eq. (29) cannot be probed by
oscillations, the allowed region for m�� is obtained let-
ting them vary freely. The expressions for the resulting
extremes (i. e. the m�� maximum and minimum values
due to the phase variation) can be found in App. A. We
adopt the graphical representation of m�� introduced in
Ref. [99] and refined in Refs. [18, 100]. It consists in plot-
ting m�� in bi-logarithmic scale as a function of the mass
of the lightest neutrino, both for the cases of NH and of
IH. The resulting plot is shown in the left panel of Fig. 6.
The uncertainties on the various parameters are propa-
gated using the procedures described in App. B. This
results in a wider allowed region, which corresponds to
the shaded parts in the picture.

1. Mass eigenstates composition

The standard three flavor oscillations involve three
massive states that, consistently with Eq. (28), are given
by 5

|⌫ii =
X

`=e,µ,⌧

U`i |⌫`i . (36)

Thus, it is possible to estimate the probability of finding
the component ⌫` of each mass eigenstate ⌫i. This prob-
ability is just the squared module of the matrix element
U`i, since the matrix is unitary. The result is graphically
shown in Fig. 7. As already mentioned, since hierarchy-
dependent parameters were used, the flavor composition
of the various eigenstates slightly depends on the mass
hierarchy. It is worth noting that the results also depend

5 Note that in this case we are in the ultra-relativistic limit. See
Sec. II C.

Dell’Oro, Marcocci, Viel, Vissani 2016
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Cosmology

Constraint currently under 
discussion (Schwetz et al 2017)

KamLAND-Zen (136Xe) 2016

The mass ordering
May help answering the paramount question: Are neutrinos Dirac or Majorana?

Test of standard cosmology
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The CP phase and θ23 octant
Insights on the generation of the matter anti-matter asymmetry

Insights on the flavor puzzle

Chen Fallbacher Mahanthappa Ratz Trautner 2014

Chen Mahanthappa 2009

for the Jarlskog invariant, J ≡ Im(VudVcbV ∗
ubV

∗
cd) = 2.69 × 10−5, in the quark sector also agrees

with the current global fit value.) Potential direct measurements for these parameters at the LHCb

can test our predictions.

As a result of the GJ relations, our model predicts the sum rule [8, 17] between the solar neutrino

mixing angle and the Cabibbo angle in the quark sector, tan2 θ⊙ ≃ tan2 θ⊙,TBM + 1
2
θc cos δℓ, with

δℓ being the leptonic Dirac CP phase in the standard parametrization. In addition, our model

predicts θ13 ∼ θc/3
√

2. Numerically, the diagonalization matrix for the charged lepton mass matrix

combined with UTBM gives the PMNS matrix,

⎛

⎜

⎜

⎜

⎝

0.838e−i178o

0.543e−i173o

0.0582ei138o

0.362e−i3.99o

0.610e−i173o

0.705ei3.55o

0.408ei180o

0.577 0.707

⎞

⎟

⎟

⎟

⎠

, (22)

which gives sin2 θatm = 1, tan2 θ⊙ = 0.420 and |Ue3| = 0.0583. The two VEV’s, u0 = −0.0593 and

ξ0 = 0.0369, give ∆m2
atm = 2.4 × 10−3 eV2 and ∆m2

⊙ = 8.0 × 10−5 eV2. As the three masses are

given in terms of two VEV’s, there exists a mass sum rule, m1−m3 = 2m2, leading to normal mass

hierarchy, ∆m2
atm > 0 [8]. The leptonic Jarlskog is predicted to be Jℓ = −0.00967, and equivalently,

this gives a Dirac CP phase, δℓ = 227o. With such δℓ, the correction from the charged lepton sector

can account for the difference between the TBM prediction and the current best fit value for θ⊙.

Our model predicts (m1,m2,m3) = (0.0156,−0.0179, 0.0514) eV, with Majorana phases α21 = π

and α31 = 0.

Our model has nine input parameters, predicting a total of twenty-two physical quantities:

12 masses, 6 mixing angles, 2 Dirac CP violating phases and 2 Majorana phases. Our model is

testable by more precise experimental values for θ13, tan2 θ⊙ and γ in the near future. δℓ is the

only non-vanishing leptonic CP violating phase in our model and it gives rise to lepton number

asymmetry, ϵℓ ∼ 10−6. By virtue of leptogenesis, this gives the right sign and magnitude of the

matter-antimatter asymmetry [18].

Conclusion.—We propose the complex group theoretical CG coefficients as a novel origin of CP

violation. This is manifest in our model based on SU(5) combined with the double tetrahedral

group, T ′. Due to the presence of the doublet representations in T ′, there exist complex CG

coefficients, leading to explicit CP violation in the model, while having real Yukawa couplings and

scalar VEVs. The predicted CP violation measures in the quark sector are consistent with the

current experimental data. The leptonic Dirac CP violating phase is predicted to be δℓ ∼ 227o,

which gives the cosmological matter asymmetry.

8

Ma 2016, Ma 2017

Ballet King Pascoli 
Prouse Wang 2016

GUTs typically predict: 
Majorana neutrinos 

Normal mass ordering
θ23 in first octant

“large” θ13 if θ12 and θ23 are large
No light sterile neutrino

For a certain class of flavor groups:
1) δCP is related to the Clebsch-Gordan coefficients
2) Dependence on group and fermion representations

Some predictions
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Let us consider now the presence of neutral-current
(NC) NSI in the form of dimension-6 four-fermion
operators, which may contribute to the e↵ective po-
tential in matter in Hmat. We follow the notation
of [12], for a recent review see e.g. [6]. NSI are de-
scribed by the Lagrangian

LNSI = �2
p

2GF ✏f
↵�(⌫↵L�µ⌫�L)(f�µf) , (5)

where, ↵, � = e, µ, ⌧ , and f denotes a fermion
present in the background medium. The parameter
✏f
↵� parametrizes the strength of the new interaction

with respect to the Fermi constant GF . Hermiticity
requires that ✏f

↵� = (✏f
�↵)⇤. Note that we restrict

to vector interactions, since we are interested in the
contribution to the e↵ective matter potential. In
generic models of new physics NSI parameters are
expected to be small. However, examples of viable
gauge models leading to ✏u,d

↵� ⇠ O(1) can be found in
[13, 14] (see also [6] for a discussion of NSI models).

The matter part of the Hamiltonian is then obtained
as

Hmat =
p

2GF Ne(x)

0

@
1 + ✏ee ✏eµ ✏e⌧

✏⇤
eµ ✏µµ ✏µ⌧

✏⇤
e⌧ ✏⇤

µ⌧ ✏⌧⌧

1

A , (6)

✏↵� =
X

f=e,u,d

Yf (x)✏f
↵� , (7)

with Yf (x) ⌘ Nf (x)/Ne(x), Nf (x) being the density
of fermion f along the neutrino path. This implies
that the e↵ective NSI parameters ✏↵� may depend
on x. The “1” in the ee entry in eq. (6) corresponds
to the standard matter potential [2, 15]. For neutral
matter, the densities of electrons and protons are
equal. Thus, the relative densities of up and down
quarks are

Yu(x) = 2 + Yn(x) , Yd(x) = 1 + 2Yn(x) , (8)

where Yn(x) is the relative neutron density along
the neutrino path. Below we will use the notation
✏�
↵� and ✏�

↵� to indicate when the ✏↵� refer to the
specific matter composition of the Earth or the Sun,
respectively.

III. THE GENERALIZED MASS
ORDERING DEGENERACY

Let us consider first the vacuum part of the Hamil-
tonian, Hvac defined in eqs. (3) and (4). It is easy
to show that the transformation

�m2
31 ! ��m2

31 +�m2
21 = ��m2

32 ,
sin ✓12 $ cos ✓12 ,
� ! ⇡ � �

(9)

implies that Hvac ! �H⇤
vac. Inserting this into

eq. (1) and taking the complex conjugate we re-
cover exactly the same evolution equation, when we
take into account that complex conjugation of the
amplitudes ( !  ⇤) is irrelevant, as only moduli
of flavour amplitudes are observable.1 This proves
that the transformation (9) leaves the three-flavour
evolution in vacuum invariant.

Note that this transformation corresponds to a com-
plete inversion of the neutrino mass spectrum. The
transformation�m2

31 $ ��m2
32 exchanges NO and

IO, while changing the octant of ✓12 exchanges the
amount of ⌫e present in ⌫1 and ⌫2. We denote the ef-
fect of the transformation (9) as “flipping” the mass
spectrum. The corresponding degeneracy is known
in limiting cases, for instance, the so-called mass
ordering degeneracy in the context of long-baseline
experiments [17]. It is manifest also in the exact ex-
pression for the three-flavour ⌫e survival-probability
Pee in vacuum, relevant for medium-baseline reactor
experiments [18].

It is clear that for a non-zero standard matter ef-
fect, eq. (6) with ✏↵� = 0, the transformation (9) no
longer leaves the evolution invariant, since Hmat re-
mains constant. The matter e↵ect in the 13-sector is
the basis of the mass ordering determination in long-
baseline accelerator [7, 8] and atmospheric neutrino
[10, 11] experiments. Moreover, the observation of
the MSW [2, 15] matter resonance in the Sun re-
quires that ✓12 < 45�, which forbids the transfor-
mation in the second line of eq. (9). This allows, in
principle, for the determination of the mass order-
ing via a precise measurement of Pee in vacuum [19],
as intended for instance by the JUNO collaboration
[9].

However, if in addition to the transformation (9), it
is also possible to transform Hmat ! �H⇤

mat, then
the full Hamiltonian including matter would trans-
form as H ! �H⇤, leaving the evolution equation
invariant. This can be achieved in presence of NSI,
supplementing the transformation (9) with [18]

✏ee ! �✏ee � 2 ,
✏↵� ! �✏⇤

↵� (↵� 6= ee) . (10)

The transformation of ✏ee is crucial to change the
sign of the ee element of Hmat including the stan-
dard matter e↵ect. Note that eq. (10) depends on
the parametrization used for Hvac in eq. (3). If

1
The invariance of the evolution under the transformation

H ! �H⇤
is a consequence of CPT invariance. It has

been noted in the context of NSI in [16] and applied in

some limiting cases, see also [12].

Complete models prove that some 
NSIs are possible up to some extent

Farzan 2015, Farzan Shoemaker 2015, Farzan Heeck 2016, 
Forero Huang 2016, Babu Friedland Machado Mocioiu 2017

Coloma 2015
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Let us consider now the presence of neutral-current
(NC) NSI in the form of dimension-6 four-fermion
operators, which may contribute to the e↵ective po-
tential in matter in Hmat. We follow the notation
of [12], for a recent review see e.g. [6]. NSI are de-
scribed by the Lagrangian

LNSI = �2
p

2GF ✏f
↵�(⌫↵L�µ⌫�L)(f�µf) , (5)

where, ↵, � = e, µ, ⌧ , and f denotes a fermion
present in the background medium. The parameter
✏f
↵� parametrizes the strength of the new interaction

with respect to the Fermi constant GF . Hermiticity
requires that ✏f

↵� = (✏f
�↵)⇤. Note that we restrict

to vector interactions, since we are interested in the
contribution to the e↵ective matter potential. In
generic models of new physics NSI parameters are
expected to be small. However, examples of viable
gauge models leading to ✏u,d

↵� ⇠ O(1) can be found in
[13, 14] (see also [6] for a discussion of NSI models).

The matter part of the Hamiltonian is then obtained
as

Hmat =
p

2GF Ne(x)

0

@
1 + ✏ee ✏eµ ✏e⌧

✏⇤
eµ ✏µµ ✏µ⌧

✏⇤
e⌧ ✏⇤

µ⌧ ✏⌧⌧

1

A , (6)

✏↵� =
X

f=e,u,d

Yf (x)✏f
↵� , (7)

with Yf (x) ⌘ Nf (x)/Ne(x), Nf (x) being the density
of fermion f along the neutrino path. This implies
that the e↵ective NSI parameters ✏↵� may depend
on x. The “1” in the ee entry in eq. (6) corresponds
to the standard matter potential [2, 15]. For neutral
matter, the densities of electrons and protons are
equal. Thus, the relative densities of up and down
quarks are

Yu(x) = 2 + Yn(x) , Yd(x) = 1 + 2Yn(x) , (8)

where Yn(x) is the relative neutron density along
the neutrino path. Below we will use the notation
✏�
↵� and ✏�

↵� to indicate when the ✏↵� refer to the
specific matter composition of the Earth or the Sun,
respectively.

III. THE GENERALIZED MASS
ORDERING DEGENERACY

Let us consider first the vacuum part of the Hamil-
tonian, Hvac defined in eqs. (3) and (4). It is easy
to show that the transformation

�m2
31 ! ��m2

31 +�m2
21 = ��m2

32 ,
sin ✓12 $ cos ✓12 ,
� ! ⇡ � �

(9)

implies that Hvac ! �H⇤
vac. Inserting this into

eq. (1) and taking the complex conjugate we re-
cover exactly the same evolution equation, when we
take into account that complex conjugation of the
amplitudes ( !  ⇤) is irrelevant, as only moduli
of flavour amplitudes are observable.1 This proves
that the transformation (9) leaves the three-flavour
evolution in vacuum invariant.

Note that this transformation corresponds to a com-
plete inversion of the neutrino mass spectrum. The
transformation�m2

31 $ ��m2
32 exchanges NO and

IO, while changing the octant of ✓12 exchanges the
amount of ⌫e present in ⌫1 and ⌫2. We denote the ef-
fect of the transformation (9) as “flipping” the mass
spectrum. The corresponding degeneracy is known
in limiting cases, for instance, the so-called mass
ordering degeneracy in the context of long-baseline
experiments [17]. It is manifest also in the exact ex-
pression for the three-flavour ⌫e survival-probability
Pee in vacuum, relevant for medium-baseline reactor
experiments [18].

It is clear that for a non-zero standard matter ef-
fect, eq. (6) with ✏↵� = 0, the transformation (9) no
longer leaves the evolution invariant, since Hmat re-
mains constant. The matter e↵ect in the 13-sector is
the basis of the mass ordering determination in long-
baseline accelerator [7, 8] and atmospheric neutrino
[10, 11] experiments. Moreover, the observation of
the MSW [2, 15] matter resonance in the Sun re-
quires that ✓12 < 45�, which forbids the transfor-
mation in the second line of eq. (9). This allows, in
principle, for the determination of the mass order-
ing via a precise measurement of Pee in vacuum [19],
as intended for instance by the JUNO collaboration
[9].

However, if in addition to the transformation (9), it
is also possible to transform Hmat ! �H⇤

mat, then
the full Hamiltonian including matter would trans-
form as H ! �H⇤, leaving the evolution equation
invariant. This can be achieved in presence of NSI,
supplementing the transformation (9) with [18]

✏ee ! �✏ee � 2 ,
✏↵� ! �✏⇤

↵� (↵� 6= ee) . (10)

The transformation of ✏ee is crucial to change the
sign of the ee element of Hmat including the stan-
dard matter e↵ect. Note that eq. (10) depends on
the parametrization used for Hvac in eq. (3). If

1
The invariance of the evolution under the transformation

H ! �H⇤
is a consequence of CPT invariance. It has

been noted in the context of NSI in [16] and applied in

some limiting cases, see also [12].

NSI induce degeneracies! 
Generalized degeneracy with NSI 

leaves oscillation invariant 
for any matter potential:

Large NSI can flip the 
sign of matter potential

Coloma Schwetz 2016

Complete models prove that some 
NSIs are possible up to some extent

Farzan 2015, Farzan Shoemaker 2015, Farzan Heeck 2016, 
Forero Huang 2016, Babu Friedland Machado Mocioiu 2017

Coloma 2015

Many other approximate 
degeneracies exist: extra work for 
current and future experiments

Mocioiu Wright 2014, Babu McKay Mocioiu Pakvasa 2016, Liao Marfatia 2016, Liao Marfatia 
Whisnant 2016, Deepthi Goswami Nath 2016, Fukasawa Ghosh Yasuda 2016, Agarwalla 

Chatterjee Palazzo 2016 Liao Marfatia Whisnant 2017, Tang Zhang 2017
…

Friedland Lunardini Maltoni 2004

Possible effect of NSI on the determination 
of atmospheric parameter
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Let us consider now the presence of neutral-current
(NC) NSI in the form of dimension-6 four-fermion
operators, which may contribute to the e↵ective po-
tential in matter in Hmat. We follow the notation
of [12], for a recent review see e.g. [6]. NSI are de-
scribed by the Lagrangian

LNSI = �2
p

2GF ✏f
↵�(⌫↵L�µ⌫�L)(f�µf) , (5)

where, ↵, � = e, µ, ⌧ , and f denotes a fermion
present in the background medium. The parameter
✏f
↵� parametrizes the strength of the new interaction

with respect to the Fermi constant GF . Hermiticity
requires that ✏f

↵� = (✏f
�↵)⇤. Note that we restrict

to vector interactions, since we are interested in the
contribution to the e↵ective matter potential. In
generic models of new physics NSI parameters are
expected to be small. However, examples of viable
gauge models leading to ✏u,d

↵� ⇠ O(1) can be found in
[13, 14] (see also [6] for a discussion of NSI models).

The matter part of the Hamiltonian is then obtained
as

Hmat =
p

2GF Ne(x)

0
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1 + ✏ee ✏eµ ✏e⌧

✏⇤
eµ ✏µµ ✏µ⌧

✏⇤
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1

A , (6)

✏↵� =
X

f=e,u,d

Yf (x)✏f
↵� , (7)

with Yf (x) ⌘ Nf (x)/Ne(x), Nf (x) being the density
of fermion f along the neutrino path. This implies
that the e↵ective NSI parameters ✏↵� may depend
on x. The “1” in the ee entry in eq. (6) corresponds
to the standard matter potential [2, 15]. For neutral
matter, the densities of electrons and protons are
equal. Thus, the relative densities of up and down
quarks are

Yu(x) = 2 + Yn(x) , Yd(x) = 1 + 2Yn(x) , (8)

where Yn(x) is the relative neutron density along
the neutrino path. Below we will use the notation
✏�
↵� and ✏�

↵� to indicate when the ✏↵� refer to the
specific matter composition of the Earth or the Sun,
respectively.

III. THE GENERALIZED MASS
ORDERING DEGENERACY

Let us consider first the vacuum part of the Hamil-
tonian, Hvac defined in eqs. (3) and (4). It is easy
to show that the transformation

�m2
31 ! ��m2

31 +�m2
21 = ��m2

32 ,
sin ✓12 $ cos ✓12 ,
� ! ⇡ � �

(9)

implies that Hvac ! �H⇤
vac. Inserting this into

eq. (1) and taking the complex conjugate we re-
cover exactly the same evolution equation, when we
take into account that complex conjugation of the
amplitudes ( !  ⇤) is irrelevant, as only moduli
of flavour amplitudes are observable.1 This proves
that the transformation (9) leaves the three-flavour
evolution in vacuum invariant.

Note that this transformation corresponds to a com-
plete inversion of the neutrino mass spectrum. The
transformation�m2

31 $ ��m2
32 exchanges NO and

IO, while changing the octant of ✓12 exchanges the
amount of ⌫e present in ⌫1 and ⌫2. We denote the ef-
fect of the transformation (9) as “flipping” the mass
spectrum. The corresponding degeneracy is known
in limiting cases, for instance, the so-called mass
ordering degeneracy in the context of long-baseline
experiments [17]. It is manifest also in the exact ex-
pression for the three-flavour ⌫e survival-probability
Pee in vacuum, relevant for medium-baseline reactor
experiments [18].

It is clear that for a non-zero standard matter ef-
fect, eq. (6) with ✏↵� = 0, the transformation (9) no
longer leaves the evolution invariant, since Hmat re-
mains constant. The matter e↵ect in the 13-sector is
the basis of the mass ordering determination in long-
baseline accelerator [7, 8] and atmospheric neutrino
[10, 11] experiments. Moreover, the observation of
the MSW [2, 15] matter resonance in the Sun re-
quires that ✓12 < 45�, which forbids the transfor-
mation in the second line of eq. (9). This allows, in
principle, for the determination of the mass order-
ing via a precise measurement of Pee in vacuum [19],
as intended for instance by the JUNO collaboration
[9].

However, if in addition to the transformation (9), it
is also possible to transform Hmat ! �H⇤

mat, then
the full Hamiltonian including matter would trans-
form as H ! �H⇤, leaving the evolution equation
invariant. This can be achieved in presence of NSI,
supplementing the transformation (9) with [18]

✏ee ! �✏ee � 2 ,
✏↵� ! �✏⇤

↵� (↵� 6= ee) . (10)

The transformation of ✏ee is crucial to change the
sign of the ee element of Hmat including the stan-
dard matter e↵ect. Note that eq. (10) depends on
the parametrization used for Hvac in eq. (3). If

1
The invariance of the evolution under the transformation

H ! �H⇤
is a consequence of CPT invariance. It has

been noted in the context of NSI in [16] and applied in

some limiting cases, see also [12].

Complete models prove that some 
NSIs are possible up to some extent

Farzan 2015, Farzan Shoemaker 2015, Farzan Heeck 2016, 
Forero Huang 2016, Babu Friedland Machado Mocioiu 2017

Coloma 2015

Needs scattering data 
to solve generalized degeneracy

Neutrino-nucleus coherent scattering!

Dutta Liao Strigari 2017
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Neutrinos and new Physics

Dark matter detectors are excellent 
to probe new physics with solar neutrinos:

Low background
Low energy threshold

Large detectors to compensate small cross sections
Pospelov 2011, Harnik Kopp Machado 2012, Bilmis Turan Aliev Denis Singh Wong 2015, Cerdeño 

Fairbairn Jubb Machado Vincent Boehm 2016, Dent Dutta Liao Newstead Strigari Walker 2016, 
Bertuzzo Deppisch Kulkarni Perez-Gonzalez Zukanovich-Funchal 2017, Dutta Strigari Walker 2017

…

Dedicated experiments to study
 coherent ν-N scattering:

CONNIE (Angra nuclear reactor)
COHERENT (Oak Ridge)

MINER (Texas A&M)
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FIG. 1: The neutrino mode (top) and antineutrino mode (bot-
tom) EQE

ν distributions for νe CCQE data (points with sta-
tistical errors) and background (histogram with systematic
errors).

bins. In neutrino (antineutrino) mode, a total of 952
(478) events pass the νe event selection requirements with
200 < EQE

ν < 1250 MeV, compared to an expectation of
790.0±28.1±38.7 (399.6±20.0±20.3) events, where the
first error is statistical and the second error is systematic.
This corresponds to a neutrino (antineutrino) excess of
162.0± 47.8 (78.4± 28.5) events. Combining the data in
neutrino mode and antineutrino mode, the total excess
is 240.3 ± 62.9 events. Fig. 2 shows the event excesses
as a function of EQE

ν in both neutrino and antineutrino
modes. The number of data, fitted background, and ex-
cess events for neutrino mode, antineutrino mode, and
combined are summarized in Table II.

Many checks have been performed on the data, includ-
ing beam and detector stability checks that show that
the neutrino event rates are stable to < 2% and that
the detector energy response is stable to < 1% over the
entire run. In addition, the fractions of neutrino and an-
tineutrino events are stable over energy and time, and
the inferred external event rate corrections are similar in
both neutrino and antineutrino modes.

A comparison between the MiniBooNE and LSND an-
tineutrino data sets is given in Fig. 3, which shows the
oscillation probability as a function of L/Eν for νµ → νe
and ν̄µ → ν̄e candidate events in the L/Eν range where
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FIG. 2: The neutrino mode (top) and antineutrino mode (bot-
tom) event excesses as a function of EQE

ν . Also shown are the
expectations from the best two-neutrino and 3+2 joint oscilla-
tion fits with 200 < EQE

ν < 3000 MeV and from two reference
values in the LSND allowed region. All known systematic er-
rors are included in the systematic error estimate.

MiniBooNE and LSND overlap. The data used for LSND
and MiniBooNE correspond to 20 < Eν < 60 MeV and
200 < EQE

ν < 3000 MeV, respectively. The oscilla-
tion probability is defined as the event excess divided
by the number of events expected for 100% νµ → νe
and ν̄µ → ν̄e transmutation in each bin, while L is the
distance travelled by the neutrino or antineutrino from
the mean neutrino production point to the detector and
Eν is the reconstructed neutrino or antineutrino energy.
The largest oscillation probabilities from both LSND and
MiniBooNE occur at L/Eν ≥ 1 m/MeV.

The MiniBooNE data are next fit to a two-neutrino
oscillation model, where the probability, P , of νµ →
νe and ν̄µ → ν̄e oscillations is given by P =
sin2 2θ sin2(1.27∆m2L/Eν), sin

2 2θ = 4|Ue4|2|Uµ4|2, and
∆m2 = ∆m2

41 = m2
4 − m2

1. The oscillation parameters
are extracted from a combined fit to the νe, ν̄e, νµ, and
ν̄µ CCQE event distributions. The fit assumes CP con-
servation with the same oscillation probability for neu-
trinos and antineutrinos, including both right-sign and
wrong-sign neutrinos, and no significant νµ, ν̄µ, νe, or ν̄e
disappearance. Using a likelihood-ratio technique [4], the
best oscillation fit for 200 < EQE

ν < 3000 MeV occurs at
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FIG. 1: The neutrino mode (top) and antineutrino mode (bot-
tom) EQE

ν distributions for νe CCQE data (points with sta-
tistical errors) and background (histogram with systematic
errors).

bins. In neutrino (antineutrino) mode, a total of 952
(478) events pass the νe event selection requirements with
200 < EQE

ν < 1250 MeV, compared to an expectation of
790.0±28.1±38.7 (399.6±20.0±20.3) events, where the
first error is statistical and the second error is systematic.
This corresponds to a neutrino (antineutrino) excess of
162.0± 47.8 (78.4± 28.5) events. Combining the data in
neutrino mode and antineutrino mode, the total excess
is 240.3 ± 62.9 events. Fig. 2 shows the event excesses
as a function of EQE

ν in both neutrino and antineutrino
modes. The number of data, fitted background, and ex-
cess events for neutrino mode, antineutrino mode, and
combined are summarized in Table II.

Many checks have been performed on the data, includ-
ing beam and detector stability checks that show that
the neutrino event rates are stable to < 2% and that
the detector energy response is stable to < 1% over the
entire run. In addition, the fractions of neutrino and an-
tineutrino events are stable over energy and time, and
the inferred external event rate corrections are similar in
both neutrino and antineutrino modes.

A comparison between the MiniBooNE and LSND an-
tineutrino data sets is given in Fig. 3, which shows the
oscillation probability as a function of L/Eν for νµ → νe
and ν̄µ → ν̄e candidate events in the L/Eν range where
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FIG. 2: The neutrino mode (top) and antineutrino mode (bot-
tom) event excesses as a function of EQE

ν . Also shown are the
expectations from the best two-neutrino and 3+2 joint oscilla-
tion fits with 200 < EQE

ν < 3000 MeV and from two reference
values in the LSND allowed region. All known systematic er-
rors are included in the systematic error estimate.

MiniBooNE and LSND overlap. The data used for LSND
and MiniBooNE correspond to 20 < Eν < 60 MeV and
200 < EQE

ν < 3000 MeV, respectively. The oscilla-
tion probability is defined as the event excess divided
by the number of events expected for 100% νµ → νe
and ν̄µ → ν̄e transmutation in each bin, while L is the
distance travelled by the neutrino or antineutrino from
the mean neutrino production point to the detector and
Eν is the reconstructed neutrino or antineutrino energy.
The largest oscillation probabilities from both LSND and
MiniBooNE occur at L/Eν ≥ 1 m/MeV.

The MiniBooNE data are next fit to a two-neutrino
oscillation model, where the probability, P , of νµ →
νe and ν̄µ → ν̄e oscillations is given by P =
sin2 2θ sin2(1.27∆m2L/Eν), sin

2 2θ = 4|Ue4|2|Uµ4|2, and
∆m2 = ∆m2

41 = m2
4 − m2

1. The oscillation parameters
are extracted from a combined fit to the νe, ν̄e, νµ, and
ν̄µ CCQE event distributions. The fit assumes CP con-
servation with the same oscillation probability for neu-
trinos and antineutrinos, including both right-sign and
wrong-sign neutrinos, and no significant νµ, ν̄µ, νe, or ν̄e
disappearance. Using a likelihood-ratio technique [4], the
best oscillation fit for 200 < EQE

ν < 3000 MeV occurs at
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bins. In neutrino (antineutrino) mode, a total of 952
(478) events pass the νe event selection requirements with
200 < EQE

ν < 1250 MeV, compared to an expectation of
790.0±28.1±38.7 (399.6±20.0±20.3) events, where the
first error is statistical and the second error is systematic.
This corresponds to a neutrino (antineutrino) excess of
162.0± 47.8 (78.4± 28.5) events. Combining the data in
neutrino mode and antineutrino mode, the total excess
is 240.3 ± 62.9 events. Fig. 2 shows the event excesses
as a function of EQE

ν in both neutrino and antineutrino
modes. The number of data, fitted background, and ex-
cess events for neutrino mode, antineutrino mode, and
combined are summarized in Table II.

Many checks have been performed on the data, includ-
ing beam and detector stability checks that show that
the neutrino event rates are stable to < 2% and that
the detector energy response is stable to < 1% over the
entire run. In addition, the fractions of neutrino and an-
tineutrino events are stable over energy and time, and
the inferred external event rate corrections are similar in
both neutrino and antineutrino modes.

A comparison between the MiniBooNE and LSND an-
tineutrino data sets is given in Fig. 3, which shows the
oscillation probability as a function of L/Eν for νµ → νe
and ν̄µ → ν̄e candidate events in the L/Eν range where
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ν . Also shown are the
expectations from the best two-neutrino and 3+2 joint oscilla-
tion fits with 200 < EQE

ν < 3000 MeV and from two reference
values in the LSND allowed region. All known systematic er-
rors are included in the systematic error estimate.

MiniBooNE and LSND overlap. The data used for LSND
and MiniBooNE correspond to 20 < Eν < 60 MeV and
200 < EQE

ν < 3000 MeV, respectively. The oscilla-
tion probability is defined as the event excess divided
by the number of events expected for 100% νµ → νe
and ν̄µ → ν̄e transmutation in each bin, while L is the
distance travelled by the neutrino or antineutrino from
the mean neutrino production point to the detector and
Eν is the reconstructed neutrino or antineutrino energy.
The largest oscillation probabilities from both LSND and
MiniBooNE occur at L/Eν ≥ 1 m/MeV.

The MiniBooNE data are next fit to a two-neutrino
oscillation model, where the probability, P , of νµ →
νe and ν̄µ → ν̄e oscillations is given by P =
sin2 2θ sin2(1.27∆m2L/Eν), sin

2 2θ = 4|Ue4|2|Uµ4|2, and
∆m2 = ∆m2

41 = m2
4 − m2

1. The oscillation parameters
are extracted from a combined fit to the νe, ν̄e, νµ, and
ν̄µ CCQE event distributions. The fit assumes CP con-
servation with the same oscillation probability for neu-
trinos and antineutrinos, including both right-sign and
wrong-sign neutrinos, and no significant νµ, ν̄µ, νe, or ν̄e
disappearance. Using a likelihood-ratio technique [4], the
best oscillation fit for 200 < EQE

ν < 3000 MeV occurs at
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Neutrinos and new Physics

Berlin 2015

Krnjaic Machado Necib 2017 

Going to even smaller scales: 
Dark matter can be an ultra-light scalar field (e.g. mφ = 10-21 eV)

It behaves like a classical field, not like a particle
If it couples to neutrinos, it induces temporal variations in parameters

10 min < T < 10 years: modulation signal @SNO, SK

few millisec < T < 10 years: Distorted Neutrino Oscillations (DiNOs)
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Many many many other fronts!

Neutrinos in cosmology
Early universe - BBN

Secret neutrino interactions

Supernova evolution: non-linear effects from 
collective oscillations

Cosmic neutrino background: ideas to measure it? 
Non-thermal component?

Type II, type III  and radiative seesaw

Flat extra dimensions: light sterile neutrinos

Leptogenesis

Chen Ratz Trautner 2015

Friedland 2010, Cherry Carlson Friedland Fuller 
Vlaesnko 2012, Chakraborty Hansen Izaguirre 

Raffeelt 2016,  Capozzi Basudeb Dasgupta 2016, 
Izaguirre Raffelt Tamborra 2016, Capozzi Dasgupta 

Lisi Marrone Mirizzi 2017

Sterile neutrino in long baseline 
oscillation experiments

Dark matter in neutrino detectors: light 
DM and light mediators

Neutrinos and the standard solar 
model: CNO cycle and metallicity

Neutrino magnetic moment

Discrete symmetries with
non-zero θ13

Effective operator approach to neutrino 
masses and collider/low scale pheno

Dasgupta Kopp 2013, Chu Dasgupta Kopp 2015, Lundkvist Archidiacono Hannestad Tram 
2016, Ghalsasi McKeen Nelson 2016, Archidiacono Gariazzo Giunti Hannestad Hansen 

Laveder Tram 2016, Forastieri Lattanzi Mangano Mirizzi Natoli Saviano 2017

Akhmedov, Bonnet, Babu, Barbieri, Barger, Berezhiani, Ellis, 
Gaillard, Glashow, Hirsch, Keung, Ma, Mohapatra, Ota, Pakvasa, 
Schechter, Senjanovic, Valle, Yanagida, Winter, Wolfenstein, Zee, 

and many others

Antoniadis, Arkani-Hamed, Barbieri, Berryman, Davoudiasl, Dimopoulos, Dvali, 
de Gouvea, Langacker, Machado, Mohapatra, Nandi, Nunokawa, Perelstein, 
Peres, Perez-Lorenzana, Smirnov, Strumia, Tabrizi, Zukanovich-Funchal, …

Barenboim, Davidson, Di Bari, Dolgov, Fukugita, Kuzmin, 
Rubakov, Servant, Shaposhnikov, Yanagida, Zeldovich, …

Agarwalla, Bhattacharya, Chaterjee, Dasgupta, Dighe, Donini,  
Fuki, Klop, Lopez-Pavon, Meloni, Migliozzi, Palazzo, Ray, Tang, 

Terranova, Thalapillil, Wagner, Yasuda, Winter,…

Ballett, Batell, Chen, Coloma, deNiverville, Dobrescu, Frugiuele, 
Harnik, McKeen, Pascoli, Pospelov, Ritz, Ross-Lonergan

Bailey, Busoni, Christensen-Dalsgaard, Krief, Simone, Serenelli, 
Scott, Vincent, Vilante, Vissani, Vynioli,  …

see e.g. Salam 1957, Barbieri Fiorentini 1988, Barbieri Mohapatra 1989, 
Babu Chang Keung Phillips 1992,  Tarazona Diaz Morales Castillo 2015

Cañas Miranda Parada Tortola Valle 2015, Barranco Delepine  Napsuciale Yebra 2017
Coloma Machado Martinez-Soler Shoemaker 2017

Feruglio Hagedorn Toroop 2011, Lam 2012, Lam 2013, Holthausen Lim Lindner2012, 
Neder King Stuart 2013, Hagedorn Meroni Vitale 2013 

King Neder 2014, Ishimori King Okada Tanimoto 2014,  Yao Ding 2015 , …

de Gouvea Jenkins 2007, Boucenna Morisi Valle 2014, Nath Syed 2015, Geng Tsai 
Wang 2015, Chiang Huo 2015, Bhattacharya Wudka 2015, Geng Huang 2016, 

Quintero 2016, Mohapatra 2016, Kobach 2016

New physics in neutrinoless double beta decay, 
lepton number violation at the LHC, left-right 

models, RS models and neutrino masses, neutrinos 
as dark matter, and much more!

Abazajian, Barbieri, Cirelli, Chizov, Di Bari, Dodelson, Dolgov, Foot, Holanda, 
Iocco, Kirilova, Kusenko, Mangano, Lesgourges, Pastor, Smirnov, Steigman, Volkas

Neutrino cross sections 
(NuSTEC effort)
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Conclusions Neutrinos: enormous range of energy scales - 
experimental and theoretical fronts

Most exciting aspect of neutrino physics 
and also a big challenge

Standard predictions: essential for probing BSM with neutrinos

Ongoing TH effort: identify all BSM testable with neutrinos

A coherent neutrino theory endeavor, addressing all aspects of neutrino 
physics, is essential for the success of the neutrino program 

DUNE range:  
zeV (ν-DM couplings)
eV (sterile ν)
GeV, TeV (oscillations)
YeV (proton decay)
45 orders of magnitude!!!

from 
0.000000000000000
000000000000001

to
1000000000000000 

proton mass!!!
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