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Neutrino Parallel Session 
Theory

Featuring: 
Neutrino mass models, 

New interactions, 
sterile neutrinos, 

…
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Neutrino Cross Sections

WIN ,Irvine
20 June, 2017

Steve Dytman, Univ. of Pittsburgh

• Q-nucleus Cross sections
• Compare/contrast published data 
• importance of signal
• Use models (event generators) for     
comparison

QE Experiment Signals (complicated)

20 June 2017WIN 20178

` MiniBooNE (2011)
` CCQE+’2p2h’ (no 2p2h available)
` CC0S (preferred)

` MINERvA (2014)
` TrueCCQE+’true2p2h’ +0S (no 2p2h available)
` CC0S1p Tp<110 MeV

` T2K (2016)
` CCQE+’2p2h’+0S (no 2p2h available)

` Very tricky to compare directly, must do it with models
` Future signals likely to be CCQE+2p2h+0S.  If proton 

included, better signal?  Threshold required!?

Neutrino energy distribution

20 June 2017WIN 20173

` Neutrino experiments all have wide-band energy spectrum 
which must be calculated

` MiniBoone, T2K at <EQ!~0.6 GeV, Minerva LE, Nova, DUNE 
at <EQ!~ 2-3 GeV.

Summary

20 June 2017WIN 201724

` MiniBooNE vs. MINERvA comparison more clear
` Signals are different, no direct comparison possible
` Magnitude problem much reduced with MINERvA flux 

improvement
` Still 10-20% problems for 1S production, big issue?

` NUISANCE will be valuable tool for easier comparisons
` Tensions conclusions

` Signals must be carefully chosen, described
` Cuts should be on detected quantities (e.g. pP, Tp)
` Avoid MC corrections from undetected kinematics (e.g. TP)
` Hard to imagine direct comparison between expts (signals)

` Need quality results for p,n targets
` Newer data to be presented in this session

How well do MiniBooNE and MINERvA agree?

19

` MiniBooNE - <EQ>~1 GeV; MINERvA - <EQ>=4 GeV 
` W cuts are different, covered in calculations (GENIE 2.6.2)
` MINERvA tried to design experiment 

for direct comparison
` MINERvA has much larger contribution 

from higher W, considers it background.  
MiniBooNE cuts W<1.35 GeV and adds 
higher W strength (still ') from model 
(~28% from GENIE)

` Therefore, need to increase MINERvA
data by 28% (and corresponding GENIE 
calc)  Direct comparison not advised.
MiniBooNE not able to remove model dep.

` Shapes are different in data, not calc

20 June 2017WIN 2017

Much progress has been made, 
but still long way to go

Neutrino Cross Sections

WIN ,Irvine
20 June, 2017

Steve Dytman, Univ. of Pittsburgh

• Q-nucleus Cross sections
• Compare/contrast published data 
• importance of signal
• Use models (event generators) for     
comparison
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What is the mechanism behind neutrino masses?
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Dark Gauge U(1) Symmetry for an Alternative
Left-Right Model

Oleg Popov

University of California, Riverside

opopo001@ucr.edu

The 26th International Workshop on Weak Interactions and
Neutrinos (WIN2017) June 23, 2017

In collaboration with Sean Fraser, Corey Kownacki, Ernest Ma,
Nicholas Pollard, Mohammadreza Zakeri
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Minimal Left-Right Model

Simple extention of the SM gauge group
Spontaneous/Explicit breaking of P (SU(2)L  !SU(2)R)
(also CP)
Genartion of naturaly light neutrino masses (Seesaw I/III)

SU(3)C⇥SU(2)L⇥SU(2)R⇥U(1)B�L

⇤

⌘ ⇠(1,2,2,0), �L ⇠(1,3,1,-1), �R ⇠(1,1,3,-1)
Seesaw I/II
⌘ ⇠(1,2,2,0), �L ⇠(1,2,1,1/2), �R ⇠(1,1,2,1/2)
Double seesaw through Weinberg dim-5 operator
Flavour changing neutral currents

⇤N.G. Deshpande et al., Phys. Rev. D 44, 837 (1991).
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Particle Content of the U(1)D ALRM

¶

¶C. Kownacki, E. Ma, N. Pollard, OP, M. Zakeri, 1706.06501
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Constraints on the U(1)D ALRM

M(Z’)>4TeV
DM candidates: Fermionic DM(�0) (�0�̄0 =) ⇣⇣

⇤),
Scalar DM (⇣) (⇣⇣⇤ =) HH)

< � ⇥ vrel >�=
f 40

4⇡m�0

(m2
�0

�m2
⇣)

3/2

(2m2
�0

�m2
⇣)

2 (f0⇣�0R�0R)

< � ⇥ vrel >⇣=
�2
0

16⇡
(m2

⇣�m2
H)

1/2

m3
⇣

(�0⇣⇣
⇤HH)

⌫R > 35TeV =) MZ 0

> 18TeV ,MWR > 16TeV
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Dark Alternative Left-Right Models II
with Global Symmetries

§

No tree level FCNC
Dirac neutrino masses(m⌫ ⇠

⌦
�

0
L

↵
)

Dirac Fermionic Dark Matter (Scotinos) (mn ⇠
⌦
�

0
R

↵
)

Lepton number given by L=S+T3R and is conserved⌦
�

0
1

↵
= 0 by S+T3R

⌫R⌫R breaks L and generates Majorana neutrino mass
through canonical seesaw
n remains Dirac fermion protected by residual global U(1)
(n, W+

R ⇠1, h, �0,�
1 ⇠-1)

§S. Khalil, H.-S. Lee, E. Ma, Phys. Rev. D 81, 051702(R) (2010) 6/23
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Conclusions

(Alternative, Dark)Left-Right Models have no tree level
FCNC

Generate naturally small neutrino masses (Seesaw
I/II/III/Double)

Rich phenomenology accessable at LHC

Di↵erent variations are possible

Natural Dark Matter candidates due to residual symmetry

2 layers of DM stabilized by Z3 and Z2 in case of Gauged
DLRM
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One-loop masses

arXiv:1204.5862 [hep-ph]

Real Example

Y1 Y2X
M!1∼Y1.Λ.Y2T  +Y1.Λ.Y2T

M!2∼Y1.Λ1.X.Λ2.Y2T  +Y2.Λ2.XT.Λ1.Y1T

WIN2017, 18-24 June 2017 UC Irvine, Irvine, CA, USA

Deviations of symmetry-based 
exact neutrino structures using 
radiative neutrino masses.

Daniel Wegman
ULg, Belgium

One loop diagram gives
tribimaximal mixing

Two loop diagram gives
 corrections which reproduce

observed neutrino mixing 

+ =

Some plots
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Deviations of symmetry-based 
exact neutrino structures using 
radiative neutrino masses.

Daniel Wegman
ULg, Belgium

Neutrino mixing!

❖ An exact mixing matrix ( i.e tribimaximal, bimaximal, 
democratic, etc.) can be accomplished by using the 
Weinberg operator at one-loop level.

❖ With the addition of only one more particle to the 
model, one can generate a two-loop diagram that is 
naturally surpassed and explains the deviations.
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1

32⇡2
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;

Radiative corrections in a general

Yukawa model

Maximilian Löschner

Supervisor: Walter Grimus

Faculty of Physics, Particle Physics Group
University of Vienna

;

Radiative Corrections in ⌫-mass models

Determination of Counterterms

(a) ��̂abcd determined from the quartic scalar
coupling

(b) �Ŷa obtained from Yukawa vertex

(c) �µ̂2
ab removes UV-divergent terms from

p2-independent part of scalar selfenergy

(d) �̂(�) and �̂(') determined from
momentum-dependent parts of respective
selfenergies.

M. Löschner | University of Vienna 7 / 11

;
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;

Main question

How do radiative corrections to masses and mixing
angles behave in ⌫-mass models?

M. Fox, W. Grimus and M. Löschner,

Renormalization and radiative corrections to
masses in a general Yukawa model,
arXiv:1705.09589 [hep-ph].

M. Löschner | University of Vienna 1 / 11

General treatment of radiative 
corrections to neutrino masses

;

Conclusion/Outlook

•
General idea: build a tool for studying radiative corrections to
masses and mixing angles in neutrino mass models with flavor
symmetries

• Contribute to recent discussions on tadpole renormalization
I see e. g. [4, 5, 6]

•
Next steps:

I Need gauge interactions to see effect of mixing angle
renormalization

I Elevate toy model to gauge theory
I Relate approach to N-Higgs doublet models (NHDM)
I Determine radiative corrections to masses and mixing angles in

showcase ⌫-mass models known from the literature

M. Löschner | University of Vienna 11 / 11
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Exact Neutrino Mixing 
Angles from Three 

Subgroups of SU(2)
and the Physics Consequences

1

    WIN 2017 UC Irvine, June 19 - 24

Franklin Potter
Formerly: UC Irvine Physical Sciences

Exact Neutrino Mixing 
Angles from Three 

Subgroups of SU(2)
and the Physics Consequences

1

    WIN 2017 UC Irvine, June 19 - 24

Franklin Potter
Formerly: UC Irvine Physical Sciences

Goal
• Show that the 3 lepton families represent 3 

special and related subgroups of SU(2), 
therefore remaining within the realm of the SM 
EW gauge group. 

• Show that the 2 lepton (and quark) flavor states 
in each family may not be ‘pure’ SU(2) basis 
states 

• Mixing makes them behave collectively as SU(2) 

2

Thank You!

18

• 2T   =  [3,3,2]     (νe, e-)    θ1 = 52.660° 

• 2O  =  [4,3,2]     (νμ, μ-)    θ2 = 18.379° 

• 2I    =  [5,3,2]     (ντ, τ-)     θ3 = 61.238° 

• 34.281° =  42.859°- 8.578° 

• Neutrino mixing occurs because 2T, 2O, 2I act 
together to make SU(2) for the SM 

• See my DISCRETE 2014 Conference writeup in 
Journal of Physics: Conference Series, Vol 631 (link)

Neutrino mixings from symmetry arguments

mailto:pmachado@fnal.gov
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What are the physical impacts of these mechanisms?

mailto:pmachado@fnal.gov
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GeV neutrino mass models: 
Experimental reach vs. theoretical predictions

RWR, Walter Winter – Arxiv 1607.07880 – PRD 94, 073004 (2016)

Rasmus W. Rasmussen
Weak interactions and neutrinos (WIN2017)

21/06/2017

GeV neutrino mass models: 
Experimental reach vs. theoretical predictions

RWR, Walter Winter – Arxiv 1607.07880 – PRD 94, 073004 (2016)

Rasmus W. Rasmussen
Weak interactions and neutrinos (WIN2017)

21/06/2017

Rasmus W. Rasmussen  |  WIN2017 |  21/06/2017 |  Page 10

Experimental constraints & future experiments

> All realizations have to obey experimental constraints: Neutrino 
oscillation data, LFV, neutrinoless double beta decay, direct searches, 
loop corrections and Big Bang nucleosynthesis

> Future experiments: DUNE, SHiP and FCC

> Sensitivity calculated under the assumption

> Focus on total mixing           and individual mixing elements

for the lightest sterile neutrino only, i.e. 

                            

[Adams et. al., Blondel, Graverini, Serra, Shaposhnikov, Alekhin et. al.; Anelli et al.]

∣U eI∣
2
:∣U  I∣

2
:∣U  I∣

2=1:16 :3.8

∣U I∣
2

∣U eI∣
2
 and ∣U  I∣

2

I=1

See Bian's, Mehta's and Kayser's talk on DUNE

See talk by SHIP Collaboration about SHIP experiment

Rasmus W. Rasmussen  |  WIN2017 |  21/06/2017 |  Page 12

Mass models – Total mixing

Total mixing is partially within reach [RWR, Winter]

Rasmus W. Rasmussen  |  WIN2017 |  21/06/2017 |  Page 15

Summary

> Sterile neutrinos are theoretically motivated and can solve many of the 
problems in the SM

> Model-independent approach generates the whole parameter space

> Predictions from mass models are more refined in comparison to model-
independent approaches

> Potential to exclude parameter space of models by measuring the total 
mixing

> Important to measure the individual mixing elements to distinguish 
among models
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νS and cLFV: radiative and three-body decays 

‣Radiative decays: li� lj γ

‣Consider µ → e γ:

For m4 ≥ 10 GeV sizeable νs contributions .. but precluded by other cLFV observables

‣3-body decays: µ → eee

cosmo yes
cosmo no

3+1 toy model

MEG

(Abada et al. 2015)

CO
M

ET

cosmo yes
within reach of future 
0vββ decay exps.SI

ND
RU

M

LC

FCC-ee

‣ dominated by Z penguins                          
(same contribution to rare Z decay Z→ e µ)

3+1 toy model

Valentina De Romeri - IFIC Valencia UV/CSIC

Lepton flavour violation and new physics
By construction, lepton flavour violation (LFV) is forbidden in the SM               
(Strict conservation of total lepton number (L) and lepton flavours (Li))
BUT … neutral lepton flavour is violated through neutrino oscillations!               

‣Flavour violation in the charged lepton sector:                                                            
clear signal of NEW PHYSICS beyond SMmν (with UPMNS)!

‣Are neutral and charged LFV (cLFV) related? Does cLFV arise from ν-mass mechanism? 

‣cLFV signals arising in  minimal extensions of the SM by sterile fermion states

2

BR(µ → e γ) = 10-12 x (3 TeV/Λ)4 x (θμe/0.01)2

cLFV  
New Physics (beyond SMmν) 

Λ ~ ! (TeV) 
(testable at colliders?)

+             Lepton Flavour Mixing 
                  non negligible θ"i"j

               (suggested by neutrino mixing…)

Valentina De Romeri - IFIC Valencia UV/CSIC

Sterile fermions: phenomenological impact

7

Modified W± charged currents and Z0, H neutral currents
Leptonic charged currents can be modified due to the mixing with the steriles

1. Neutrino oscillation parameters (mixing angles and ∆m2)

2. Unitarity constraints

3. Electroweak precision data

4. LHC data (invisible decays)

5. Leptonic and semileptonic meson decays (K,B and D)

6. Laboratory bounds: direct searches for sterile neutrinos

7. Lepton flavor violation (μ → e γ, μ → eee …)

9. Neutrinoless double beta decay

10. Cosmological bounds on sterile neutrinos

effective theory approach
e.g. invisible and leptonic Z-decay widths, the Weinberg angle…

Γ(P → lν) with P = K,D,B with one or 
two neutrinos in the final state

decay modes of the Higgs boson 
h→vR vL relevant for sterile neutrino masses ~100 GeV

e.g. π± → μ±vS, the lepton 
spectrum would show a 
monochromatic line.

Large scale structure, Lyman-α, BBN, CMB, X-
ray constraints (from vi→vjγ),SN1987a

Valentina De Romeri - IFIC Valencia UV/CSIC

Summary
• cLFV observables can provide (indirect) information on the underlying NP model
• We have considered extensions of the SM (ISS and 3+1) which add to the particle content 

of the SM one or more sterile neutrinos 

• Sterile neutrinos provide sizeable contributions to many observables (some leading to 
stringent constraints) 

Among these, cLFV observables receiving contributions from Z-mediated penguins like 
μ→e conversion in nuclei and μ→eee impose strong constraints on the sterile neutrinos 
induced BR(Z →e±μ∓).

• We have explored indirect searches for the sterile states at a high-luminosity Z factory 
(FCC-ee) and high-intensity facilities (COMET), emphasising the underlying synergy: 
regions of the parameter space of both models can be probed via cLFV Z decays at FCC-
ee, through cLFV radiative decays and also 0vββ.

• FCC-ee could probe cLFV in the μ-τ sector, in complementarity to the reach of low-E exps. 

• Important sterile contributions to CR(μ − e, N) and BR(μ−e− → e−e−), potentially within 
COMET and Mu2e reach

Analysis also carried for another well motivated model: νMSM

15

Valentina De Romeri - IFIC Valencia UV/CSIC 14

νS and cLFV: nucleus-assisted processes 
‣BR(µ−e−→e−e−,Al) vs CR(μ- e, Al)

ISS
Log10(BR(μ−e−→e−e−,Al))

‣Sizeable values for BR(µ−e− → e−e−) - 
potentially within experimental reach! 
[COMET] 

‣Within reach of high-intensity facilities 
and colliders (SHiP, FCC, LHC, DUNE…) 
⇒ complementary probes!

‣For Aluminium [COMET], CR(μ − e) 
appears to have slightly stronger 
experimental potential

‣Rate strongly enhanced in large Z 
atoms (consider heavy targets)

Consider experimental setups for Pb, U !?

ISS

COMET phase I

COMET phase II

(Abada et al.15) 

(Abada et al.15) 
Valentina De Romeri - IFIC Valencia UV/CSIC 12

νS and cLFV: rare Z decays 

Z

‣ rare cLFV Z decays at a high luminosity Z 
factory:

Z ! l⌥i l
±
j

LC

FCC-ee CO
M

ET

cosmo yes
within reach of future 0vββ 
decay exps.

LC

FCC-ee

Su
pe

r B
Ba

ba
r

(e.g. Arganda et al.14,15)

3+1 toy model

3+1 toy model ‣ allows to probe cLFV in mu-tau sector beyond 
superB reach

‣ also studied for ISS and vMSM

‣ Other searches for sterile neutrinos at colliders: 
• searches for heavy N at LHC
• cLFV Higgs decays
• other new signatures, related to sterile 

neutrinos: Higgs production, displaced vertices, 
…

(Abada, VDR et al.,15, 
Abada et al., ’15 
De Romeri et al. ‘16)

(Antusch et al. ’15,’16)

Abada, VDR et al.,15

Abada, VDR et al.,15
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Summary: D/M? How to Distinguish?

Step 2: measure A B C

Step 1: neutrino scattering

Step 3: look at this ball

12

Distinguish between Dirac&Majorana neutrinos 
in the presence of new interactions

Xun-Jie Xu
Max-Planck-Institut für Kernphysik, Heidelberg

Based on: JHEP 05 (2017) 024, arXiv:1702.05721.
With:  Werner Rodejohann, Carlos Yaguna

Talk@WIN2017, UC Irvine

Distinguish between Dirac&Majorana neutrinos 
in the presence of new interactions

Xun-Jie Xu
Max-Planck-Institut für Kernphysik, Heidelberg

Based on: JHEP 05 (2017) 024, arXiv:1702.05721.
With:  Werner Rodejohann, Carlos Yaguna

Talk@WIN2017, UC Irvine

Why new interactions?

Only SM interactions: difference suppressed by mass

New interactions: difference NOT suppressed

E.g.

Reason:

Why new interactions?

Only SM interactions: difference suppressed by mass

New interactions: difference NOT suppressed

E.g.

Reason:
most general 4-fermion interactions:

Scalar, Pseudo-scalar, Vector, Axial-vector, Tensor

5 types of interactions 

2×5=10 coupling constants

But

Any other ratios?

Yes

Points in the plot: Dirac /  Majorana

CHARM-II TEXONO

Current experiments

CHARM-II TEXONO

Current experiments

CHARM-II TEXONO

Current experiments

CHARM-II TEXONO

Current experiments

Dirac

M
ajorana
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Iván Jesús Mart́ınez Soler (IFT) Double Bang signals in IceCube WIN2017 1 / 16

New physics in IceCube with Double Bang signals
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Introduction: Double Bang

Standard signature of ⌫
⌧

⌫

⌧

CC interaction produce ⌧ and a shower (1 shower)

⌧ decay (2 shower)
I

⌧ emit cherenkov radiation

For very well separates showers (⇠ 100m) E
⌫⌧ � 2PeV

Background negligible

Not detected yet

Iván Jesús Mart́ınez Soler (IFT) Double Bang signals in IceCube WIN2017 3 / 16

Overview

1 Introduction

2 New Physics Scenario
Sterile neutrino via the Neutral Current

3 IceCube
E↵ective Volume
Events

4 Results: Neutral current

5 New Pysics Scenario
Transition magnetic moment

6 Results: Magnetic moment

7 Conclusion

Iván Jesús Mart́ınez Soler (IFT) Double Bang signals in IceCube WIN2017 2 / 16

Results: Magnetic moment

⌫⌧ �N transition

10-4 10-3 10-2 10-1 100 101

10-10

10-9

10-8

10-7

10-6

10-5

10-4

mN (GeV)

tr
/

B

- decoupling > MeV

DONUT
ALEPH

B
o

re
xi

n
o

IceCube/DeepCore > 1

Preliminary
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New Physics Scenario

2. Neutrino magnetic moment

We are interested in a transition magnetic moment

Weak constraints

L � �µ

⌫

N̄

4

�

µ⌫

P

L

⌫

↵

F

µ⌫

Iván Jesús Mart́ınez Soler (IFT) Double Bang signals in IceCube WIN2017 12 / 16

N

Results: Neutral Currents

0.0 0.5 1.0 1.5 2.0 2.5
10-5

10-4

10-3

10-2

10-1

1

M (GeV)
U

4
2

IceCube/DeepCore

DeepCore

DELPHI

CHARM
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Conclusion

Double Bang signals can probe new physics

Sterile neutrino via neutral current

I IceCube can put a competitive bound on M

4

2 [0.1,⇠ 2.5]GeV and

|V
⌧4

|2 2 [10�5

, 1]

Neutrino transition magnetic moment

I IceCube can put a competitive bound on µ

⌫

for ⌫
⌧

and ⌫

µ

for
M

4

2 [10�3

, 1]GeV and µ

⌫

⇠ 10�9
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Bounds on heavy Majorana neutrinos in 
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Production of the heavy neutrino at the LHC
where ✓W is the weak mixing angle. Through the mixing R↵i, the heavy neutrinos can

be produced at high energy colliders, which have been extensively studied [17–51]. For

example, the production cross section of the i-th generation heavy neutrino at the Large

Hadron Collider (LHC) through the process qq̄0 ! `Ni (ud̄ ! `+↵Ni and ūd ! `�↵Ni) is given

by

�(qq̄0 ! `↵Ni) = �LHC |R↵i|2, (7)

where �LHC is the production cross section of the SM neutrino when its mass is set to be

m i
N . Similarly, the production cross section at an e+e� collider such as the Large Electron-

Positron Collider (LEP) and the International Linear Collider (ILC) is given by

�(e+e� ! ⌫↵Ni) = �LC |R↵i|2, (8)

where �LC is the production cross section of the SM neutrino at an e+e� collider when its

mass is set to be m i
N , and we have used the approximation N †R ' U †

MNSR for |✏↵�| ⌧ 1

as we will find in the following.

The elements of the matrices N and R are constrained by the experimental data. In the

following analysis, we adopt, for the current neutrino oscillation data, sin2 2✓13 = 0.092 [4]

along with the other oscillation data [6]: sin2 2✓12 = 0.87, sin2 2✓23 = 1.0, �m2
12 = m2

2�m2
1 =

7.6 ⇥ 10�5 eV2, and �m2
23 = |m2

3 �m2
2| = 2.4 ⇥ 10�3 eV2. The neutrino mixing matrix is

given by

UPMNS =

0

B

B

B

@

C12C13 S12C13 S13ei�

�S12C23 � C12S23S13ei� C12C23 � S12S23S13ei� S23C13

S12C23 � C12C23S13ei� �C12S23 � S12C23S13ei� C23C13

1

C

C

C

A

0

B

B

B

@

1 0 0

0 ei⇢ 0

0 0 1

1

C

C

C

A

(9)

where Cij = cos ✓ij and Sij = sin ✓ij. We consider the Dirac CP -phase (�) and the Majorana

phase (⇢) as free parameters.

The minimal seesaw scenario predicts one massless eigenstate. For the light neutrino

mass spectrum, we consider both the normal hierarchy (NH) and the inverted hierarchy

(IH). In the NH case, the diagonal mass matrix is given by

DNH = diag

✓

0,
q

�m2
12,

q

�m2
12 +�m2

23

◆

, (10)

while in the IH case

DIH = diag

✓

q

�m2
23 ��m2

12,
q

�m2
23, 0

◆

. (11)
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Through the Charged Current interaction

Mixing-squared

Put bounds on the mixing angle to constrain the 

production cross section

N

where ✓W is the weak mixing angle. Through the mixing R↵i, the heavy neutrinos can

be produced at high energy colliders, which have been extensively studied [17–51]. For

example, the production cross section of the i-th generation heavy neutrino at the Large

Hadron Collider (LHC) through the process qq̄0 ! `Ni (ud̄ ! `+↵Ni and ūd ! `�↵Ni) is given

by
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W, W jj
BR(       )

right-handed neutrinos N j
R (j = 1, 2). The relevant part of the Lagrangian is written as

L � �
3

X

i=1

2
X

j=1

Y ij
D ` i

LHN j
R � 1

2

2
X

k=1

m k
NNkC

R Nk
R +H.c., (1)

where ` i
L (i = 1, 2, 3) and H are the SM lepton doublet of the i-th generation and the SM

Higgs doublet, respectively, and the Majorana mass matrix of the right-handed neutrinos is

taken to be diagonal without loss of generality. After the electroweak symmetry breaking,

we obtain the Dirac mass matrix as mD = YDp
2
v, where v = 246 GeV is the Higgs vacuum

expectation value. Using the Dirac and Majorana mass matrices, the neutrino mass matrix

is expressed as

M⌫ =

0

@

0 mD

mT
D mN

1

A . (2)

Assuming the hierarchy of |mij
D/m

k
N | ⌧ 1, we diagonalize the mass matrix and obtain the

seesaw formula for the light Majorana neutrinos as

m⌫ ' �mDm
�1
N mT

D. (3)

We express the light neutrino flavor eigenstate (⌫) in terms of the mass eigenstates of the

light (⌫m) and heavy (Nm) Majorana neutrinos such as ⌫ ' N ⌫m + RNm, where R =

mDm
�1
N , N =

⇣

1� 1
2
✏
⌘

UMNS with ✏ = R⇤RT and UMNS is the neutrino mixing matrix which

diagonalizes the light neutrino mass mass matrix as

UT
MNSm⌫UMNS = diag(m1,m2,m3). (4)

In the presence of ✏, the mixing matrix N is not unitary, namely N †N 6= 1.

In terms of the neutrino mass eigenstates, the charged current interaction can be written

as

LCC = � gp
2
Wµ`↵�

µPL

�

N↵j⌫mj +R↵jNmj

�

+H.c., (5)

where `↵ (↵ = e, µ, ⌧) denotes the three generations of the charged leptons, and PL =

(1� �5)/2. Similarly, the neutral current interaction is given by

LNC = � g

2 cos ✓W
Zµ

h

⌫mi�
µPL(N †N )ij⌫mj +Nmi�

µPL(R†R)ijNmj

+
n

⌫mi�
µPL(N †R)ijNmj +H.c.

oi

, (6)

3

>= 50%Leading
Many modes/ many ways to produce the heavy neutrinos at the colliders but (very 
small) mixings can spoil the game of search, but still we should hope for the best.

Phenomenological works by Atre, Antusch, 

Chen, Das et. al., Del-Aguila, Dev et. al., 

Fischer, Han, Mohapatra et. al., Okada et. al. 

Savedraa et.al.

Production of the heavy neutrino at the LHC
where ✓W is the weak mixing angle. Through the mixing R↵i, the heavy neutrinos can

be produced at high energy colliders, which have been extensively studied [17–51]. For

example, the production cross section of the i-th generation heavy neutrino at the Large
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where Cij = cos ✓ij and Sij = sin ✓ij. We consider the Dirac CP -phase (�) and the Majorana

phase (⇢) as free parameters.
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Through the Charged Current interaction

Mixing-squared
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W, W jj
BR(       )

right-handed neutrinos N j
R (j = 1, 2). The relevant part of the Lagrangian is written as

L � �
3

X

i=1

2
X

j=1

Y ij
D ` i

LHN j
R � 1

2

2
X

k=1

m k
NNkC

R Nk
R +H.c., (1)

where ` i
L (i = 1, 2, 3) and H are the SM lepton doublet of the i-th generation and the SM

Higgs doublet, respectively, and the Majorana mass matrix of the right-handed neutrinos is

taken to be diagonal without loss of generality. After the electroweak symmetry breaking,

we obtain the Dirac mass matrix as mD = YDp
2
v, where v = 246 GeV is the Higgs vacuum

expectation value. Using the Dirac and Majorana mass matrices, the neutrino mass matrix

is expressed as

M⌫ =

0

@

0 mD

mT
D mN

1

A . (2)

Assuming the hierarchy of |mij
D/m

k
N | ⌧ 1, we diagonalize the mass matrix and obtain the

seesaw formula for the light Majorana neutrinos as

m⌫ ' �mDm
�1
N mT

D. (3)

We express the light neutrino flavor eigenstate (⌫) in terms of the mass eigenstates of the

light (⌫m) and heavy (Nm) Majorana neutrinos such as ⌫ ' N ⌫m + RNm, where R =

mDm
�1
N , N =

⇣

1� 1
2
✏
⌘

UMNS with ✏ = R⇤RT and UMNS is the neutrino mixing matrix which

diagonalizes the light neutrino mass mass matrix as

UT
MNSm⌫UMNS = diag(m1,m2,m3). (4)

In the presence of ✏, the mixing matrix N is not unitary, namely N †N 6= 1.

In terms of the neutrino mass eigenstates, the charged current interaction can be written

as

LCC = � gp
2
Wµ`↵�

µPL

�

N↵j⌫mj +R↵jNmj

�

+H.c., (5)

where `↵ (↵ = e, µ, ⌧) denotes the three generations of the charged leptons, and PL =

(1� �5)/2. Similarly, the neutral current interaction is given by

LNC = � g

2 cos ✓W
Zµ

h

⌫mi�
µPL(N †N )ij⌫mj +Nmi�

µPL(R†R)ijNmj

+
n

⌫mi�
µPL(N †R)ijNmj +H.c.

oi

, (6)
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How can we write  O

In order to make our discussion simple, we assume the degeneracy of the heavy neutrinos in

mass such as MN = m 1
N = m 2

N , so that the light neutrino mass matrix is simplified as

m⌫ =
1

MN

mDm
T
D = U⇤

MNSDNH/IHU
†
MNS, (12)

for the NH/IH cases. From this formula, we can parameterize the neutrino Dirac mass

matrix as [52]

mD =
p

MNU
⇤
MNS

p

DNH/IH O, (13)

where the matrices denoted as
p

DNH/IH are defined as

p

DNH =

0

B

B

B

@

0 0

(�m2
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1
4 0

0 (�m2
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0 (�m2
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4

0 0

1

C

C

C

A

,(14)

and O is a general 2⇥ 2 orthogonal matrix given by

O =

0

@

cos(X + iY ) sin(X + iY )

� sin(X + iY ) cos(X + iY )

1

A =

0

@

coshY i sinhY

�i sinhY coshY

1

A

0

@

cosX sinX

� sinX cosX

1

A , (15)

where X and Y are real parameters.

Due to its non-unitarity, the elements of the mixing matrix N are severely constrained by

the combined data from the neutrino oscillation experiments, the precision measurements

of weak boson decays, and the lepton-flavor-violating decays of charged leptons [53–57]. We

update the results by using more recent data on the lepton-favor-violating decays [58–60]:

|NN †| =

0

B

B

B
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0.994± 0.00625 1.288⇥ 10�5 8.76356⇥ 10�3

1.288⇥ 10�5 0.995± 0.00625 1.046⇥ 10�2

8.76356⇥ 10�3 1.046⇥ 10�2 0.995± 0.00625
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A

. (16)

Since NN † ' 1� ✏, we have the constraints on ✏ such that
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The most stringent bound is given by the (1, 2)-element which is from the constraint on the

lepton-flavor-violating muon decay µ ! e�. Using the general parametrization of the Dirac

mass matrix in Eq. (13), we have
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Phenomenological constraints on N

•The Lepton Flavour Violating (LFV) decays(li → ljγ; i , j = e, µ, τ)
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The severe most constraint comes from the recent MEG result for
µ → eγ
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The analysis of a combined data set, totaling 3:6" 1014 stopped muons on target, in the search for the

lepton flavor violating decay !þ ! eþ" is presented. The data collected by the MEG experiment at

the Paul Scherrer Institut show no excess of events compared to background expectations and yield a new

upper limit on the branching ratio of this decay of 5:7" 10#13 (90% confidence level). This represents a

four times more stringent limit than the previous world best limit set by MEG.

DOI: 10.1103/PhysRevLett.110.201801 PACS numbers: 13.35.Bv, 11.30.Hv, 11.30.Pb, 12.10.Dm

The lepton flavor violating !þ ! eþ" decay is pre-
dicted to have an unobservable low rate within the standard
model (SM) of elementary particle physics, despite the
existence of neutrino oscillations [1]. Conversely, the
majority of new physics models [2–5] beyond SM (BSM),
particularly in view of the recent measurements of a large
#13 at reactor [6–8] and accelerator [9] experiments, predict
measurable rates for this decay. An observation of the
!þ ! eþ" decay would therefore represent an unambig-
uous sign of BSM physics, whereas improvements in the
branching ratio upper limit constitute significant con-
straints on the parameter space, complementary to those
obtainable at high-energy colliders.

The present best upper limit on the !þ ! eþ" decay
branching ratio B (B< 2:4" 10#12 at 90% C.L.) was set
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dicted to have an unobservable low rate within the standard
model (SM) of elementary particle physics, despite the
existence of neutrino oscillations [1]. Conversely, the
majority of new physics models [2–5] beyond SM (BSM),
particularly in view of the recent measurements of a large
#13 at reactor [6–8] and accelerator [9] experiments, predict
measurable rates for this decay. An observation of the
!þ ! eþ" decay would therefore represent an unambig-
uous sign of BSM physics, whereas improvements in the
branching ratio upper limit constitute significant con-
straints on the parameter space, complementary to those
obtainable at high-energy colliders.

The present best upper limit on the !þ ! eþ" decay
branching ratio B (B< 2:4" 10#12 at 90% C.L.) was set
by the MEG experiment [10] with an analysis of the data
taken in the years 2009–2010, for a total number of 1:75"
1014 positive muons stopped on target.
In this Letter we present an updated analysis of the 2009–

2010 data sample, based on recently improved algorithms
for the reconstruction of positrons and photons together
with the analysis of the data sample collected in 2011
with a beam intensity of 3" 107 !þ=s, which corresponds
to 1:85" 1014 stopped muons on target. Furthermore the
combined analysis of the full 2009–2011 statistics is
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D. Nicolò,4a,4b H. Nishiguchi,5 Y. Nishimura,3 W. Ootani,3 M. Panareo,14a,14b A. Papa,1 G. Piredda,8a A. Popov,11

F. Renga,8a,1 E. Ripiccini,8a,8b S. Ritt,1 M. Rossella,7a R. Sawada,3 F. Sergiampietri,4a G. Signorelli,4a S. Suzuki,10

F. Tenchini,4a,4b C. Topchyan,6 Y. Uchiyama,3,1 C. Voena,8a F. Xiao,6 S. Yamada,5 A. Yamamoto,5 S. Yamashita,3 Z. You,6

Yu. V. Yudin,11 and D. Zanello8a

(MEG Collaboration)

1Paul Scherrer Institut PSI, CH-5232 Villigen, Switzerland
2Swiss Federal Institute of Technology ETH, CH-8093 Zürich, Switzerland
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dicted to have an unobservable low rate within the standard
model (SM) of elementary particle physics, despite the
existence of neutrino oscillations [1]. Conversely, the
majority of new physics models [2–5] beyond SM (BSM),
particularly in view of the recent measurements of a large
#13 at reactor [6–8] and accelerator [9] experiments, predict
measurable rates for this decay. An observation of the
!þ ! eþ" decay would therefore represent an unambig-
uous sign of BSM physics, whereas improvements in the
branching ratio upper limit constitute significant con-
straints on the parameter space, complementary to those
obtainable at high-energy colliders.
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2010 data sample, based on recently improved algorithms
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3ICEPP, The University of Tokyo 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan
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dicted to have an unobservable low rate within the standard
model (SM) of elementary particle physics, despite the
existence of neutrino oscillations [1]. Conversely, the
majority of new physics models [2–5] beyond SM (BSM),
particularly in view of the recent measurements of a large
#13 at reactor [6–8] and accelerator [9] experiments, predict
measurable rates for this decay. An observation of the
!þ ! eþ" decay would therefore represent an unambig-
uous sign of BSM physics, whereas improvements in the
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straints on the parameter space, complementary to those
obtainable at high-energy colliders.
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taken in the years 2009–2010, for a total number of 1:75"
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2010 data sample, based on recently improved algorithms
for the reconstruction of positrons and photons together
with the analysis of the data sample collected in 2011
with a beam intensity of 3" 107 !þ=s, which corresponds
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combined analysis of the full 2009–2011 statistics is
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LHC-e(ATLAS, 8 TeV)[67] |VeN |2 4.1⇥ 10�2

LHC-µ(ATLAS, 8 TeV)[67] |VµN |2 1.9⇥ 10�3

LHC-e(CMS, 8 TeV)[68] |VeN |2 1.1⇥ 10�2

LHC-µ(CMS, 8 TeV)[68] |VeN |2 4.6⇥ 10�3

LHC-e, µ(CMS, 8 TeV)[68]
|VeNV ⇤

µN |2

|VeN |2+|VµN |2 2.4⇥ 10�3

TABLE I: Upper bounds on the mixing parameters for MN = 100 GeV in the type-I seesaw

framework from the various collider experiments.

2⇥ 2 orthogonal matrix with the degenerate heavy neutrino mass MN = 100 GeV. We have

performed the parameter scan to identify the allowed parameter region which satisfies the

experimental constraints from the electroweak precision measurements and the lepton-flavor

violations. For the allowed parameter region, we have found the upper bound on the mixing

parameters to be |R↵i|2 . 10�4, which is more severe than those obtained from the search

for heavy Majorana neutrinos at the current LHC experiments. The region |R↵i|2 . 10�4

we have found can be tested at the High-Luminosity LHC or at a 100 TeV pp-collider in the

future. We have also performed parameter scan for the e↵ective neutrino mass relevant to

the neutrinoless double beta decay and found the range of 0.00154  |m⌫
ee|(eV)  0.00389

(NH case) and 0.0167  |m⌫
ee|(eV)  0.0473 (IH case), which are consistent with the current

experimental bound . 0.1 eV [69].

Although we have shown the results only for the case with the degenerate heavy neutrinos,

we have found that for non-generate case, the upper bound on the mixing parameters reduces

and the heavy neutrino production cross section becomes lower. In terms of the testability of

the type-I seesaw scenario at the future collider experiments, the degenerate mass spectrum

is preferable. Our parameter scan analysis in this letter is similar to that in Ref. [17], where

the inverse-seesaw scenario was considered. A crucial di↵erence of the inverse-seesaw scenario
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[118] bundled in MadGraph with the ANTI-kT algorithm,
while the jets are clustered using FastJet [119]. To calculate
the hadronic cross sections, we use the CTEQ6L1 PDF
[120]. The hadronized events are passed through Delphes

[121] to simulate the detector response.
The selection cuts used in our analysis for optimizing the

signal-to-background are listed below for different center-
of-mass energies. For

ffiffiffi
s

p
¼ 8 TeV, we have imposed the

following cuts:
(i) Transverse momentum of the lepton: pl

T > 20 GeV.
(ii) Transverse momentum of the jets: pj1;2

T > 30 GeV.
(iii) Pseudorapidity of the lepton: jηlj < 2.5.
(iv) Pseudorapidity of the jets: jηj1;2 j < 2.5.
(v) Lepton-jet separation ΔRlj > 0.3 and jet-jet sepa-

ration Δjj > 0.4.
(vi) Invariant mass cut for the reconstruction of the of the

heavy neutrino and the gauge boson produced after
the heavy neutrino decay:mi − 20 < mi < mi þ 20,
where mi ¼ MN;mW or mZ depending on the
processes given by the Feynman diagrams in Fig. 4.
To reconstruct MN , we use the invariant mass mνjj
for Fig. 4(a) and mljj from Figs. 4(b) and 4(c).
The SM gauge bosons are reconstructed from the
invariant mass mjj. The various invariant mass

distributions are shown in Fig. 5 for a typical choice
MN ¼ 100 GeV for illustration.

For
ffiffiffi
s

p
¼ 14 TeV, we use the same selection cuts, except

for pl
T > 30 GeV and pj1;2

T > 32 GeV. For
ffiffiffi
s

p
¼ 100 TeV,

we use even stronger cuts, pl
T > 53 GeV and pj1;2

T >
35 GeV, while the other cuts remain the same as in the
8 TeV case. Our analysis is done for the l ¼ μ case only,
which gives better sensitivity than the l ¼ e case.
For the dominant SM background, we have considered

the irreducible backgrounds from the WW and WZ
processes. After examining the signal (S) and background
(B) efficiencies, we calculate the significance of the lνjj
channel, defined as

N ¼ Sffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p ; ð18Þ

where S ∝ jVlN j2. Our combined results for the three
channels shown in Fig. 4 are given in Fig. 6 as a function
of the heavy neutrino mass for two different choices of
jVlN j2 ¼ 0.01 (red) and 0.003 (blue) and for

ffiffiffi
s

p
¼ 14

(solid) and 100 TeV (dashed) with integrated luminosity of
3000 fb−1. The results for the

ffiffiffi
s

p
¼ 8 TeV case are not so

promising and are hence not shown here.
We find that for jVlN j2 ¼ 0.01 (at the edge of the current

upper limit) the lνjj channel has more than 3σ significance
in the mass range MN ¼ 70–120 GeV. For smaller jVlN j2,
the signal sensitivity decreases rapidly, and for
jVlN j2 ¼ 0.003, it cannot reach 3σ for any mass value.
Going to

ffiffiffi
s

p
¼ 100 TeV increases the significance in the

same mass range, but it drops rapidly on either side of this
mass range.

V. CONCLUSION

We have studied the sterile neutrino production in Higgs
decays mediated by the Dirac Yukawa coupling in the
singlet seesaw extension of the SM. This Yukawa coupling,
which is responsible for the light neutrino masses in the
seesaw mechanism, also induces the Higgs decay h → νN,
thus affecting its total decay width, as well as its partial

FIG. 5. lνjj invariant mass distributions for MN ¼ 100 GeV. The left panel corresponds to the W → jj final state, whereas the right
panel corresponds to Z → jj final state.

FIG. 6. Significance of the lνjj final state at
ffiffiffi
s

p
¼ 14 and

100 TeV for two different choices of jVlN j2.
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Remains unaltered

 with the mass of the N

Relaxed with the 

mass of N 

In our case the parameter regions will remain the same even with the higher values of the 
heavy neutrino mass, e. g., 1TeV and even high enough, however, the mixing angle squared 
raises up to O(10    ). -4

Conclusions

We have studied the minimal type-I seesaw scenario and the 
current experimental bounds on the mixing between the 
degenerate heavy Majorana neutrinos and SM neutrinos using 
the general Dirac Yukawa parameters in the light of Cases-
Ibarra conjecture.

To constrain the analysis we use neutrino oscillation data, LFV 
and LEP results. Hence we obtain indirect limits on the light-
heavy mixing angle which are stronger than the  current 
experimental bounds.

We have noticed that the parameter regions of the mixing 
angles remain unaltered with the change in mass even make it 
high enough.

How can we write  O

In order to make our discussion simple, we assume the degeneracy of the heavy neutrinos in

mass such as MN = m 1
N = m 2

N , so that the light neutrino mass matrix is simplified as

m⌫ =
1

MN

mDm
T
D = U⇤

MNSDNH/IHU
†
MNS, (12)

for the NH/IH cases. From this formula, we can parameterize the neutrino Dirac mass

matrix as [52]

mD =
p

MNU
⇤
MNS

p

DNH/IH O, (13)

where the matrices denoted as
p

DNH/IH are defined as

p

DNH =

0

B

B

B

@

0 0

(�m2
12)

1
4 0

0 (�m2
23 +�m2

12)
1
4

1

C

C

C

A

,
p

DIH =

0

B

B

B

@

(�m2
23 ��m2

12)
1
4 0

0 (�m2
23)

1
4

0 0

1

C

C

C

A

,(14)

and O is a general 2⇥ 2 orthogonal matrix given by

O =

0

@

cos(X + iY ) sin(X + iY )

� sin(X + iY ) cos(X + iY )

1

A =

0

@

coshY i sinhY

�i sinhY coshY

1

A

0

@

cosX sinX

� sinX cosX

1

A , (15)

where X and Y are real parameters.

Due to its non-unitarity, the elements of the mixing matrix N are severely constrained by

the combined data from the neutrino oscillation experiments, the precision measurements

of weak boson decays, and the lepton-flavor-violating decays of charged leptons [53–57]. We

update the results by using more recent data on the lepton-favor-violating decays [58–60]:

|NN †| =

0

B

B

B

@

0.994± 0.00625 1.288⇥ 10�5 8.76356⇥ 10�3

1.288⇥ 10�5 0.995± 0.00625 1.046⇥ 10�2

8.76356⇥ 10�3 1.046⇥ 10�2 0.995± 0.00625

1

C

C

C

A

. (16)

Since NN † ' 1� ✏, we have the constraints on ✏ such that

|✏| =

0

B

B

B

@

0.006± 0.00625 < 1.288⇥ 10�5 < 8.76356⇥ 10�3

< 1.288⇥ 10�5 0.005± 0.00625 < 1.046⇥ 10�2

< 8.76356⇥ 10�3 < 1.046⇥ 10�2 0.005± 0.00625

1

C

C

C

A

. (17)

The most stringent bound is given by the (1, 2)-element which is from the constraint on the

lepton-flavor-violating muon decay µ ! e�. Using the general parametrization of the Dirac

mass matrix in Eq. (13), we have

✏(�, ⇢, Y ) = (R⇤RT )NH/IH =
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mass matrix in Eq. (13), we have
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Due to non unitarity, the elements of N are highly 
constrained by the precession experiments of the W, Z 
decays and the LFV processes
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21 7.6⇥ 10�5eV2 SNO
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Phenomenological constraints on N

•The Lepton Flavour Violating (LFV) decays(li → ljγ; i , j = e, µ, τ)

µ−
N e−

W+ W+

γ

and the Z → l+i l−i (LEP) constrain the NN † suct that

|NN †| =

⎛

⎜

⎝

0.994± 0.00625 < 1.5× 10−5 ↗µ→eγ

< 8.76356× 10−3

< 1.5× 10−5 0.995± 0.00625 < 1.046× 10−2

< 8.76356× 10−3 < 1.046× 10−2 0.995± 0.00625

⎞

⎟

⎠
(11)

The severe most constraint comes from the recent MEG result for
µ → eγ
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7bDipartimento di Fisica, dell’Università, Via Bassi 6, 27100 Pavia, Italy
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The analysis of a combined data set, totaling 3:6" 1014 stopped muons on target, in the search for the

lepton flavor violating decay !þ ! eþ" is presented. The data collected by the MEG experiment at

the Paul Scherrer Institut show no excess of events compared to background expectations and yield a new

upper limit on the branching ratio of this decay of 5:7" 10#13 (90% confidence level). This represents a

four times more stringent limit than the previous world best limit set by MEG.

DOI: 10.1103/PhysRevLett.110.201801 PACS numbers: 13.35.Bv, 11.30.Hv, 11.30.Pb, 12.10.Dm

The lepton flavor violating !þ ! eþ" decay is pre-
dicted to have an unobservable low rate within the standard
model (SM) of elementary particle physics, despite the
existence of neutrino oscillations [1]. Conversely, the
majority of new physics models [2–5] beyond SM (BSM),
particularly in view of the recent measurements of a large
#13 at reactor [6–8] and accelerator [9] experiments, predict
measurable rates for this decay. An observation of the
!þ ! eþ" decay would therefore represent an unambig-
uous sign of BSM physics, whereas improvements in the
branching ratio upper limit constitute significant con-
straints on the parameter space, complementary to those
obtainable at high-energy colliders.

The present best upper limit on the !þ ! eþ" decay
branching ratio B (B< 2:4" 10#12 at 90% C.L.) was set
by the MEG experiment [10] with an analysis of the data
taken in the years 2009–2010, for a total number of 1:75"
1014 positive muons stopped on target.
In this Letter we present an updated analysis of the 2009–

2010 data sample, based on recently improved algorithms
for the reconstruction of positrons and photons together
with the analysis of the data sample collected in 2011
with a beam intensity of 3" 107 !þ=s, which corresponds
to 1:85" 1014 stopped muons on target. Furthermore the
combined analysis of the full 2009–2011 statistics is
presented.
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The analysis of a combined data set, totaling 3:6" 1014 stopped muons on target, in the search for the

lepton flavor violating decay !þ ! eþ" is presented. The data collected by the MEG experiment at

the Paul Scherrer Institut show no excess of events compared to background expectations and yield a new

upper limit on the branching ratio of this decay of 5:7" 10#13 (90% confidence level). This represents a

four times more stringent limit than the previous world best limit set by MEG.
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The lepton flavor violating !þ ! eþ" decay is pre-
dicted to have an unobservable low rate within the standard
model (SM) of elementary particle physics, despite the
existence of neutrino oscillations [1]. Conversely, the
majority of new physics models [2–5] beyond SM (BSM),
particularly in view of the recent measurements of a large
#13 at reactor [6–8] and accelerator [9] experiments, predict
measurable rates for this decay. An observation of the
!þ ! eþ" decay would therefore represent an unambig-
uous sign of BSM physics, whereas improvements in the
branching ratio upper limit constitute significant con-
straints on the parameter space, complementary to those
obtainable at high-energy colliders.

The present best upper limit on the !þ ! eþ" decay
branching ratio B (B< 2:4" 10#12 at 90% C.L.) was set
by the MEG experiment [10] with an analysis of the data
taken in the years 2009–2010, for a total number of 1:75"
1014 positive muons stopped on target.
In this Letter we present an updated analysis of the 2009–

2010 data sample, based on recently improved algorithms
for the reconstruction of positrons and photons together
with the analysis of the data sample collected in 2011
with a beam intensity of 3" 107 !þ=s, which corresponds
to 1:85" 1014 stopped muons on target. Furthermore the
combined analysis of the full 2009–2011 statistics is
presented.
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14bDipartimento di Fisica, dell’Università, Via per Arnesano, 73100 Lecce, Italy
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The lepton flavor violating !þ ! eþ" decay is pre-
dicted to have an unobservable low rate within the standard
model (SM) of elementary particle physics, despite the
existence of neutrino oscillations [1]. Conversely, the
majority of new physics models [2–5] beyond SM (BSM),
particularly in view of the recent measurements of a large
#13 at reactor [6–8] and accelerator [9] experiments, predict
measurable rates for this decay. An observation of the
!þ ! eþ" decay would therefore represent an unambig-
uous sign of BSM physics, whereas improvements in the
branching ratio upper limit constitute significant con-
straints on the parameter space, complementary to those
obtainable at high-energy colliders.

The present best upper limit on the !þ ! eþ" decay
branching ratio B (B< 2:4" 10#12 at 90% C.L.) was set
by the MEG experiment [10] with an analysis of the data
taken in the years 2009–2010, for a total number of 1:75"
1014 positive muons stopped on target.
In this Letter we present an updated analysis of the 2009–

2010 data sample, based on recently improved algorithms
for the reconstruction of positrons and photons together
with the analysis of the data sample collected in 2011
with a beam intensity of 3" 107 !þ=s, which corresponds
to 1:85" 1014 stopped muons on target. Furthermore the
combined analysis of the full 2009–2011 statistics is
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Question: Does this model allow us to write 
active nu oscillation probability in a manner  
independent of details of the N sterile sector?

3+N

A constant leaking term Cαβ 
(=distinguishes between low-E vs 
high-E unitarity violation !!)

Unitarity test by JUNO
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CONCLUSIONS

Fast flavor conversions are possible just above a SN core, triggered by an instability induced by the
crossing in angular distributions of ne and ne.

Linear stability analysis provides a valuable tool to classify the possible instabilities through an analysis 
of the dispersion relation.

This technique should be applied to more realistic models to understand how generic are fast
conversions in SNe.

Non-linear simulations of the flavor evolution are mandatory to determine if fast conversions lead to 
flavor equilibrium.

LOT OF WORK STILL ON THE AGENDA!
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LINEAR STABILITY ANALYSIS
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Convective instability  v1v2>0, e<0

Complex k for real , complex  for real k

The signal grows and is convected away from the
original region

(k) k=K()NEUTRINO ANGULAR DISTRIBUTIONS AT DECOUPLING

Electron flavors remain in equilibrium with matter for a longer period than the non-electron flavors, 
due to the largest cross-sections of CC interactions

Non-electron flavors decouple deeper in the star (more fwd-peaked distributions)

Neutron-richness enhances CC interactions for ne keeping them more coupled to matter (more
isotropic distribution) than ne .

[Dasgupta, A.M., Sen, arXiV:1609.00528]
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Figure 12: Left : Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest. The
contours delineate regions in the WIMP-nucleon cross section vs WIMP mass plane which for which dark matter experiments
will see neutrino events (see Sec. IIID). Right : WIMP discovery limit (thick dashed orange) compared with current limits
and regions of interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond
this line would require a combination of better knowledge of the neutrino background, annual modulation, and/or directional
detection. We show 90% confidence exclusion limits from DAMIC [55] (light blue), SIMPLE [56] (purple), COUPP [57] (teal),
ZEPLIN-III [58] (blue), EDELWEISS standard [59] and low-threshold [60] (orange), CDMS II Ge standard [61], low-threshold
[62] and CDMSlite [63] (red), XENON10 S2-only [64] and XENON100 [65] (dark green) and LUX [66] (light green). The filled
regions identify possible signal regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [67] (yellow,
90% C.L.), DAMA/LIBRA [68] (tan, 99.7% C.L.), and CRESST [69] (pink, 95.45% C.L.) experiments. The light green shaded
region is the parameter space excluded by the LUX Collaboration.

3. Measurement of annual modulation. In the case of
a 6 GeV/c2 WIMP, next generation experiments
could reach sufficiently high statistics to disen-
tangle the WIMP and the neutrino contributions
using the 6% annual modulation rate of dark mat-
ter interactions [54]. However, in the case of hea-
vier WIMPs, very large and unrealistic exposures
would be required to obtain enough events to detect
such predicted annual modulation for cross sections
around 10−48 cm2. Furthermore, the atmospheric
neutrino event rate also undergoes annual modula-
tion due to the change in temperature of the atmos-
phere throughout the year [50]. A dedicated study
taking into account systematic uncertainties in the
neutrino fluxes and their modulations is required
to assess the feasibility of annual modulation dis-
crimination in light of atmospheric neutrino back-
grounds.

4. Measurement of the nuclear recoil direction as

suggested by upcoming directional detection expe-
riments [51]. Since the main neutrino background
has a solar origin, the directional signal of such
events is expected to be drastically different than
the WIMP-induced ones [52, 53]. This way, a
better discrimination between WIMP and neutrino
events will enhance the WIMP detection signifi-
cance allowing us to get stronger discovery limits.
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NSI:	understanding	degeneracies	

	
•  Mu-Tau	sector	

	I.Mocioiu,	W.Wright,	arXiv:1410.6193,	
Nucl.Phys.	B893	(2015)	376-390		
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Searching	for	new	physics	

•  The	new	physics	is	there!	(somewhere)	

•  How	do	we	find	it/understand	it?	
•  Different	scenarios	have	different	observa?onal	consequences	
•  We	know	a	lot	more	about	neutrinos	than	we	did	20	years	ago,		

					but	we	do	not	yet	know	for	sure	what	to	look	for	and	where	

						need	to	keep	looking	everywhere		

•  Many	approaches:	

•  Explicit	model	building		

•  Effec?ve	theories/operators,	general	parametriza?ons	

•  Measure	everything	you	can	and	maybe	something	comes	up	

•  Some	combina?ons	of	these	

•  Detailed	studies	of	sensi?vi?es	for	specific	experiments	

					(design	a	beder	experiment)	

•  Study	how	to	combine	data	from	different	experiments	or	look		

											at	completely	new	set	of	observables	and	connec?ons	to	other		

					physics	(e.g	collider,	astrophysics,	cosmology)	

	 	(get	more	from	the	data	you	have/can	get)	

Searching for New 
Physics in the Neutrino 

Sector 

Irina Mocioiu 
Pennsylvania State University 
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Nonstandard interactions at long-
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One NSI parameter
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Degeneracy at Hamiltonian level:

Degeneracies! 
Need different energies and  

baselines to break them
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Higher energy region seems better from the point 
of view of separating NSI from SI
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Event spectrum at DUNE for different tunes
⌫µ ! ⌫e

Better ability to separate black curve from cyan band

M. Masud, M. Bishai and P. Mehta, 1704.08650 [hep-ph]

Falling flux kills the large asymmetry and large E
|"eµ| = 0.04, |"e⌧ | = 0.04, "ee = 0.4Event spectrum at DUNE for different tunes

⌫µ ! ⌫e

Better ability to separate black curve from cyan band

M. Masud, M. Bishai and P. Mehta, 1704.08650 [hep-ph]

Falling flux kills the large asymmetry and large E
|"eµ| = 0.04, |"e⌧ | = 0.04, "ee = 0.4

Degeneracies! 
Need different energies and  

baselines to break them

Run DUNE in different beam  
energy configuration?
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BSM in the neutrino sector

Non-Standard	neutrino	Interac?ons	(NSI)		

L = �2
p
2GF ✏

fP
↵� (⌫̄↵�

⇢⌫�)(f̄�⇢Pf)
Non Standard Interactions (NSI)

Neutrino matter potential actually probes the EW 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)

17

NSI: 1% NSI translates into v’ ~ 10v

few % NSI ~ TeV scale!
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Efforts in many directions

Neutrino scattering cross sections:
Lots of progress, but still long way to go

Neutrino masses:
colliders, LFV, cosmology, neutrino scattering, …

3 neutrino paradigm:
Non-unitarity tests (model dependent and independent)

eV sterile neutrinos (UV models)

New interactions in the neutrino sector:
Degeneracies and impact on determination of oscillation parameters

New experimental signals
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My personal view
Neutrinos are NOT an isolated sector of the SM

Neutrino scattering cross sections:
Necessary for precision neutrino physics

Neutrino masses:
Many connections and synergies among vastly different experiments

Broad approach is necessary!

3 neutrino paradigm:
Sterile neutrinos would be a revolution, 

crucial to finally settle the LSND/reactor anomalies

New interactions in the neutrino sector:
Can neutrino experiments probe "reasonable" new physics?

UV complete models to be able to compare with other experiments
Coherent neutrino scattering will be a precious tool
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