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This is a theorist point of view
Disclaimer:
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Neutrino oscillations in a nutshell
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Daya Bay
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Daya Bay

This changed everything!
Feasibility of mass ordering and 

CP violation determination became clear

Coloma Fernandez-Martinez 1110.4583
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Neutrino oscillations
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Neutrino oscillations

LBL reactor (KamLAND), Solar (Borexino, SK, SNO)
LBL reactor (KamLAND), Solar (Borexino, SK, SNO)
SBL reactor (Daya Bay, RENO, DChooz) 
Accel. (NOvA, T2K), SBL reactor (Daya Bay, RENO)
Accel. (NOvA, T2K), atmospherics (SK)
Accel. (NOvA, T2K)
Accel. (NOvA, T2K), atmospherics (SK)

Δm221:

δCP:

θ12:
θ13:

Δm231:
θ23:

Mass ordering:
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Δm221 and θ12

Super-K 1606.07538

sin2θ12

KamLAND 1303.4667
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Δm221 and θ12

Super-K 1606.07538

sin2θ12

Solar neutrino data prefer 
lower Δm221, but all is 
compatible within 2σ

KamLAND 1303.4667
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θ13 and Δm2ee

1801.04049

Best measured mixing angle

Δm2 precision improving

Important measurement of Δm2ee

Daya Bay 1610.04802

5 MeV shoulder still unexplained…
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FIG. 36. One-dimensional ��

2 surfaces for oscillation parameters �

CP

and sin2
✓13 using T2K-only data. The yellow band

on the right plot corresponds to the reactor value on sin2
✓13 from the PDG 2015 [75].
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FIG. 37. Two-dimensional constant ��

2 contours for oscil-
lation parameters �

CP

and sin2
✓13 using T2K data only. The

yellow band corresponds to the reactor value on sin2
✓13 from

the PDG 2015 [75].

TABLE XXV. Best-fit results and the 1� confidence interval
of the T2K data fit with the reactor constraint with normal
and inverted hypotheses.

Parameter
Normal ordering Inverted ordering

Best-fit ±1� Best-fit ±1�
�

CP

-1.728 [-2.538;-0.877] -1.445 [-2.170;-0.768]
sin2

✓23 0.550 [0.465;0.601] 0.5525 [0.470;0.601]
�m

2
32 2.54 [2.460;2.621] 2.51 [2.429;2.588]

(10�3 eV2
/c

4)

The 1D ��

2 surface obtained with the Feldman-Cousins
approach is used to evaluate the 90% confidence intervals
for �

CP

in both ordering cases, as shown in Fig. 43. In
this analysis, CP-conserving values of �CP = 0, ⇡ are
excluded at 90% and 2� confidence levels respectively.
Values of �CP in the intervals [-2.95,-0.44] ([-1.47, -1.27])
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FIG. 38. A comparison of one-dimensional constant ��

2

contours for normal ordering for �

CP

using T2K-only data
for the four- and five-sample fits.

are allowed at 90% confidence for normal (inverted) or-
dering.
A useful way to visualize the results is to compare

the observed number of events in the ⌫-mode (in both
CCQE-like and CC1⇡+-like samples) and ⌫-mode e-like
samples with the expected events for di↵erent values of
�CP, sin

2
✓23, and mass ordering. As it is shown in Fig. 44

the T2K data falls outside the physically allowed region.
In order to quantify whether the T2K dataset is consis-

tent with the PMNS framework in terms of significance,
an additional toy MC study was performed. An ensemble
of 10,000 simulated datasets was obtained in the same
way as described in Sec. VIII for the Feldman-Cousins
method, with �

CP

= �⇡/2 and normal mass ordering.
The values of �2� lnL that contain 68.3% and 95.5%
of the MC toys were computed and compared to the
distribution obtained with the fit of the T2K dataset.
As shown in Fig. 45, the T2K data �2� lnL distribu-
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FIG. 39. Contours in the sin2
✓13–�CP

plane using T2K-only data, obtained by analysing either the ⌫- or ⌫-mode appearance
datasets are compared for both orderings. Both ⌫- and ⌫̄-mode disappearance datasets were used in all fits. The yellow band
corresponds to the reactor value on sin2

✓13 from the PDG 2015 [75].
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FIG. 40. Allowed region at 90% confidence level for oscilla-
tion parameters sin2

✓23 and �m

2
32 using T2K data with the

reactor constraint (sin2(2✓13) = 0.085 ± 0.005). The normal
mass ordering is assumed and the T2K results are compared
with NO⌫A [86], MINOS [87], Super-K [88], and IceCube [89].

tion shows a less extreme fluctuation than at least 5%
of the toys MC for all the values of �

CP

and mass or-
dering, i.e. if the experiment is repeated many times
and the true value is �

CP

= �⇡/2 with normal ordering,
more than 5% of the experiments are expected to show
a more extreme statistical fluctuation than the current
T2K dataset over the whole range of �

CP

and mass or-
dering. From Fig. 45, the fraction of experiments that
would exclude �

CP

= 0,⇡ at 90% or 2� confidence level
can be estimated. Assuming a true value of �CP of -⇡/2
and normal ordering, 24.3% (21.3%) of toy MC experi-
ments exclude �CP = 0 (⇡) at 90% CL. The same can be
repeated for di↵erent values of �

CP

and mass ordering as
shown in Tab. XXVI.

TABLE XXVI. The fraction of toy experiments for which
�

CP

= 0,⇡ and normal and inverted ordering are excluded at
90% and 2� confidence is shown for di↵erent true values of
�

CP

and mass ordering. 10,000 toy experiments are used for
each set of values.

True: �
CP

= �⇡/2 — normal ordering
�

CP

Ordering 90% CL 2� CL
0 Normal 0.243 0.131
⇡ Normal 0.216 0.105
0 Inverted 0.542 0.425
⇡ Inverted 0.559 0.436

True: �
CP

= 0 — normal ordering
�

CP

Ordering 90% CL 2� CL
0 Normal 0.104 0.0490
⇡ Normal 0.130 0.0591
0 Inverted 0.229 0.137
⇡ Inverted 0.205 0.122

True: �
CP

= �⇡/2 — inverted ordering
�

CP

Ordering 90% CL 2� CL
0 Normal 0.124 0.0515
⇡ Normal 0.102 0.0413
0 Inverted 0.290 0.194
⇡ Inverted 0.308 0.207

B. Bayesian analysis

1. Results without reactor constraints

This section describes the results obtained by the
Bayesian analysis when using only T2K data to estimate
the parameters sin2 ✓23, �m

2
32, sin2 ✓13 and �

CP

with
the MCMC method described in Sec. VIII B. In contrast
with the frequentist analysis presented in Sec. XIA, the
Markov chain walks in a parameter space where the sign
of �m

2
32 can flip, and results are presented for both mass

orderings. The best-fit point and ±1� credible interval
for each parameter, obtained with the KDE method, are

T2K 1707.01048

See talk by Vilela

12

θ23, Δm2atm, and δCP

Atmospheric Mixing and World Constraints
54 A. Radovic, JETP January 2018

•Consistent with world expectation. 
•Competitive measurement             
of Δm232.
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Joint analysis

Best fit:
Δm232 = 
2.444+0.079-0.077 x 10-3 eV2

UO preferred at 0.2σ
sin2θ23 = 
UO: 0.558+0.041-0.033
LO: 0.475+0.036-0.044 See talk by Bays

NOvA Radovic  JETP seminar 
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Global fit

NuFIT 3.2 (2018)

Normal Ordering (best fit) Inverted Ordering (��2 = 4.14) Any Ordering

bfp ±1� 3� range bfp ±1� 3� range 3� range

sin2 ✓12 0.307+0.013
�0.012 0.272 ! 0.346 0.307+0.013

�0.012 0.272 ! 0.346 0.272 ! 0.346

✓12/
� 33.62+0.78

�0.76 31.42 ! 36.05 33.62+0.78
�0.76 31.43 ! 36.06 31.42 ! 36.05

sin2 ✓23 0.538+0.033
�0.069 0.418 ! 0.613 0.554+0.023

�0.033 0.435 ! 0.616 0.418 ! 0.613

✓23/
� 47.2+1.9

�3.9 40.3 ! 51.5 48.1+1.4
�1.9 41.3 ! 51.7 40.3 ! 51.5

sin2 ✓13 0.02206+0.00075
�0.00075 0.01981 ! 0.02436 0.02227+0.00074

�0.00074 0.02006 ! 0.02452 0.01981 ! 0.02436

✓13/
� 8.54+0.15

�0.15 8.09 ! 8.98 8.58+0.14
�0.14 8.14 ! 9.01 8.09 ! 8.98

�CP/
� 234+43

�31 144 ! 374 278+26
�29 192 ! 354 144 ! 374

�m2
21

10�5 eV2 7.40+0.21
�0.20 6.80 ! 8.02 7.40+0.21

�0.20 6.80 ! 8.02 6.80 ! 8.02

�m2
3`

10�3 eV2 +2.494+0.033
�0.031 +2.399 ! +2.593 �2.465+0.032

�0.031 �2.562 ! �2.369


+2.399 ! +2.593
�2.536 ! �2.395

�
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Status of standard three neutrino oscillations

See talks by 
Kramer, Soldin, 

Bays, Vilela

Δm2sol quite well measured (7.4x10-5 eV2, 3%, reactor) 
|Δm2atm| quite well measured (2.5x10-3 eV2, 2%, reactor) 

θ13 quite well measured (8.5º, 3.5%, reactor)
θ12 quite well measured from (33º, 4%, solar)

θ23 is compatible with 45º (40º-51º, 3σ, accelerator/atm)
Hint (~ 90%CL) for δCP between -π and 0
Hint (almost 2σ) for normal mass ordering

mailto:pmachado@fnal.gov
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Is that the whole story?
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Parke Ross-Lonergan 1508.05095

What do we really know…

mailto:pmachado@fnal.gov
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The future

mailto:pmachado@fnal.gov


Jun/2018 Pedro A. N. Machado | Neutrino Oscillations                                                                              pmachado@fnal.gov18

DUNE
Goals: 
- Mass ordering
- δCP

- θ23 precision measurement
- Supernova and solar neutrinos
- Proton decay
- neutron-antineutron oscillations

Status and plans: 
- July 21st: SURF groundbreaking
- ND: to be defined
- FD: Four 10kton LAr-TPCs
- Lots of neutrinos

See talk by Bian De Romeri et al 1607.00293

Beacom et al, in prep.

mailto:pmachado@fnal.gov
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T2HK
Goals: 
- Mass ordering
- δCP

- θ23 precision measurement
- Supernova and solar neutrinos
- Proton decay
- neutron-antineutron oscillations

Status and plans: 
- ND: WC, NUPRISM ?
- FD: two 260kton WC
- Lots of neutrinos

Tokai to Hyper-K (T2HK)  

!  Long baseline oscillation using the J-PARC neutrino beam-line (as T2K) 
!  Same off-axis angle (2.5o) as Super-K 
!  Improved Neutrino Beam (1.3 MW) 

13 

Accelerator Neutrino

Hyper-Kamiokande

1.3 MW

Hyper-KT2K

J-PARC plan to an upgrade 
of the proton drivers

Beam power → 1.3 MW  
before Hyper-K start

2.5° Off-axis ν beam 
from the direction to 
Hyper-K and Super-K
→ narrow band ν beam

T2HK LoI 1109.3262

mailto:pmachado@fnal.gov
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JUNO

Parke 1310.5992
Qian et al 1208.1551

Parke et al 0812.1879

Goals: 
- Mass ordering
- θ12  and Δm2 precision measurements
- Supernova and solar neutrinos

Status and plans: 
- Under construction
- ND?
FD: 20kton liquid scintillator
Lots of neutrinos

Forero et al 1710.07378

mailto:pmachado@fnal.gov
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Double neutrino-mode data in 
2016-2017

(6.46×1020 + 6.38×1020 POT)

Event excess: 381.2 ± 85.2 (4.5σ) 

LSND + MiniBooNE: 6.1σ

mailto:pmachado@fnal.gov
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Double neutrino-mode data in 
2016-2017

(6.46×1020 + 6.38×1020 POT)

Event excess: 381.2 ± 85.2 (4.5σ) 

LSND + MiniBooNE: 6.1σ
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What does that mean
for sterile neutrinos?
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What does that mean
for sterile neutrinos?

Reactor anomaly

νe to νe

TH-data discrepancy
(obs/TH = 0.94±0.02)

Now some wiggles observed
by both DANSS and NEOS???

DANSS 1804.04046

1) There are anomalies in νe disappearance and νμ to νe appearance data

_       _

Mention et al 1101.2755
Mueller et al 1101.2663

Huber 1106.0687
Hayes et al 1309.4146

Dwyer Langford 1407.1281
…

see also NEOS 1610.05134

mailto:pmachado@fnal.gov
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What does that mean
for sterile neutrinos?

1) There are anomalies in νe disappearance and νμ to νe appearance data

LSND/MiniBooNE

Excess of νe in νμ beam
(Both in neutrinos and antinus)

Long-standing problem
LSND:  3.8σ
MiniBooNE:  3.8σ   4.5σ
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What does that mean
for sterile neutrinos?

2) Strong tension between different data sets (sterile neutrino scenario)

P(νe to νe) ~ 1 - 4|Ue4|2 sin2(phase)

P(νμ to νμ) ~ 1 - 4|Uμ4|2 sin2(phase)

P(νμ to νe) ~ 1 - 4|Ue4Uμ4|2 sin2(phase)

mailto:pmachado@fnal.gov
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What does that mean
for sterile neutrinos?

Dentler et al 1803.10661

2) Strong tension between different data sets (sterile neutrino scenario)

P(νe to νe) ~ 1 - 4|Ue4|2 sin2(phase)

P(νμ to νμ) ~ 1 - 4|Uμ4|2 sin2(phase)

P(νμ to νe) ~ 1 - 4|Ue4Uμ4|2 sin2(phase)

sin2(2θμe)

see also
Collin et al 1602.00671

Gariazzo et al 1703.00860

4.7σ tension!

mailto:pmachado@fnal.gov
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What does that mean
for sterile neutrinos?

Dentler et al 1803.10661

2) Strong tension between different data sets (sterile neutrino scenario)

P(νe to νe) ~ 1 - 4|Ue4|2 sin2(phase)

P(νμ to νμ) ~ 1 - 4|Uμ4|2 sin2(phase)

P(νμ to νe) ~ 1 - 4|Ue4Uμ4|2 sin2(phase)

sin2(2θμe)

see also
Collin et al 1602.00671

Gariazzo et al 1703.00860

MINOS, IceCube, 
MiniBooNE dis, 
reactors, solar, 
CDHS

MiniBooNE app, 
LSND, KARMEN, 
OPERA, E776, 
ICARUS, NOMAD

4.7σ tension!
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What does that mean
for sterile neutrinos?

Dentler et al 1803.10661

2) Strong tension between different data sets (sterile neutrino scenario)

4.7σ tension!

see also
Collin et al 1602.00671

Gariazzo et al 1703.00860

Other explanations, each with their own advantages 
and drawbacks:
New interactions with CνB (Asaadi et al 
1712.08019)
Lorentz violation (Katori et al hep-ph/0606154)
Heavy sterile neutrino decay (Gninenko 0902.3802)
Steriles+NSI (Liao Marfatia 1602.08766)
Large extra dimensions (Carena et al 1708.09548)
…

P(νe to νe) ~ 1 - 4|Ue4|2 sin2(phase)

P(νμ to νμ) ~ 1 - 4|Uμ4|2 sin2(phase)

P(νμ to νe) ~ 1 - 4|Ue4Uμ4|2 sin2(phase)

sin2(2θμe)
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What does that mean
for sterile neutrinos?

Tension will get worse — the plot thickens

What is this low energy excess???

mailto:pmachado@fnal.gov
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What does that mean
for sterile neutrinos?

Tension will get worse — the plot thickens

What is this low energy excess???
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Short Baseline Neutrino Program

See talk by Joshi
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The MicroBooNE          
Technical Design Report 
 

The MicroBooNE Collaboration 
2/24/2012 

Important milestone for the liquid argon 
technology and neutrino cross sections

See talks by 
Chang, Gupta, 

Marshal, Mauger, 
Meyer, Nagai, 
Nicholson, 

Papavassiliou, 
…
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The MicroBooNE TDR (2/3/2012-DocDB 1821-v12): Executive Summary  Page 8 
 

 

1 Executive Summary 
MicroBooNE will build, operate, and extract physics from the first large liquid argon time 
projection chamber (LArTPC) that will be exposed to a high intensity neutrino beam.  With its 
unparalleled capabilities in tracking, vertexing, calorimetry, and particle identification, all with 
full electronic readout, MicroBooNE represents a major advance in detector technology for 
neutrino physics in the energy regime of most importance for elucidating oscillation phenomena.    

The unique electron-photon discrimination power offered by the LArTPC will allow 
MicroBooNE to either confirm or rule out the low energy excess of electron-like interactions 
observed by MiniBooNE, and, if confirmation occurs, to test many models that have developed 
to explain this excess.  The MicroBooNE LArTPC will be capable of observing recoil nucleons 
produced in the quasi-elastic and resonant processes that dominate low energy neutrino 
interactions.  This ability may help resolve surprisingly large experimental discrepancies (~30%) 
that exist for cross section measurements of such basic processes as QPnÆP�p quasi-elastic 
scattering; and it should allow more detailed tests of models for low energy neutrino interactions 
that are critical for current and next-generation neutrino oscillation experiments.   

Finally, MicroBooNE will fully test the LArTPC technology—including cryostat and TPC 
design, liquid argon purity, cold electronics, light detection, experiment operations, and, 
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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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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
tension between MINOS neutrino and anti-neutrino data is both in the position of the minimum
and in its depth, one requires non-zero ✏mµ⌧ and non-zero ✏m⌧⌧ in order to lift the tension in the
optimal way.

2.2. Charged current NSI

As an alternative to neutral current NSI, we also discuss non-standard charged current inter-
actions a↵ecting the neutrino production and/or detection processes as an explanation for the
MINOS results. If the Wilson coe�cients of the corresponding e↵ective operators are complex, the
interference term between the standard and non-standard Feynman amplitudes can be di↵erent
for neutrinos and anti-neutrinos and CP-violating phenomena can emerge. The modifications to
the far detector event spectra observed in MINOS can be induced by (i) operators leading to a
modified flux of ⌫µ at the far detector, but not at the near detector, and (ii) by operators leading
to the production of muons in interactions of ⌫⌧ . (We neglect the possibility of non-standard inter-
actions of ⌫e since their flux at the far detector is between one and two order of magnitude smaller
than that of ⌫µ because of the low ⌫e contamination of the NuMI beam and the smallness of 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
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)|ū�µc|D+(p
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)i = F
+

(q2)(p
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)µ + F�(q
2)(p
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)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) =
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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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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

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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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???

Babu Friedland Machado Mocioiu 1705.01822

NSI bounds: Esteban et al 1805.04530
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Neutrinos and low scale new Physics

TeV scale seesaw with local U(1)B-L can yield a GeV scalar!

0.01 0.05 0.10 0.50 1 5 10
10-14

10-11

10-8

10-5

10-2

mH3 [GeV]

si
n
θ 1

co
sm
ol
og
ic
al
lim
its

K
→

B
→
K

K
+ → π+νν
NA62

B → K

Belle II

CHARM [K]

DUNE [K]

CHARM [B]
SHiP [B]

K
0 mixing

Bd mixin
gBs mixing

LH
C
LL
P
se
ar
ch
es

M
AT
H
U
SL
A

FC
C
LL
P
se
ar
ch
es

FC
C
fo
rw
ar
d
de
te
ct
or

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
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TeV scale seesaw with local U(1)B-L can yield a GeV scalar!
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Neutrinos and low scale new Physics

Light scalar mediators (carrying lepton number) coupled to neutrinos

Berryman et al 1802.00009
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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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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


Jun/2018 Pedro A. N. Machado | Neutrino Oscillations                                                                              pmachado@fnal.gov48

Few things I coundn’t talk about…

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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The future of neutrino physics is bright

Precision era in neutrino physics

Better tests of the three neutrino paradigm

Standard and BSM neutrino programs

LSND/MiniBooNE anomalies clarified soon (hopefully)

Reactor anomaly clarified soon (hopefully)
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