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Particle Physics Today!
• Success of the Standard Model. 

• Many presentations in this conference. No clear signal beyond SM 
except for neutrino mass 

• Challenge 

• Dark Matter 

• Dark Energy 

• No anti-matter in our universe 

• Unification of force (unification of quark and lepton) 

• etc… 

• Key particles in my mind are 

Neutrino and Higgs!
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Discovery with Neutrinos
• 1998: Neutrino oscillations of atmospheric neutrinos (Δm32(1)

2, θ23). 

• The oscillations are confirmed by the accelerator experiment. 

• 2001: Neutrino oscillations of solar neutrinos (Δm21
2, θ12). 

• The oscillations are confirmed by the reactor experiment. 

• 2011-2013: Neutrino oscillations with θ13 (Δm32(1)
2) by reactor and 

accelerator experiments 

• Today’s key subjects 
• CPV and the mass hierarchy 
• Mojorana neutrino that causes neutrino-less double beta 
decay 

• Sterile neutrino anomaly including heavy neutrino decays

4



Many experiments are on-going and planned!

• In addition, there are more R&D and test experiments on-
going (such as CERN Neutrino Platform, J-PARC ν test 
experiments, Fermilab test experiment, etc..)

Long-Baseline Acc. Short-Baseline Acc. 0νββ Others

* T2K MiniBooNE * GERDA * NA62
* NOvA *  MicroBooNE *  CUORE/Cuoricino SHiP
*  OPERA *  MINERvA * SuperNEMO
MINOS * SBND CUPID

*  ICRARUS@CNGS J-PARC IWC SNO+
*  DUNE nuSTORM * NEXT On-going
*  Hyper-K ENUBET *  KamLAND-Zen Planned
ESSnuSB IsoDAR/μDAR * EXO/nEXO * in this talk
T2HKK * ICRARUS@FNAL PANDAX-III Presetations

*  JSNS2 AXEL in EPS
LEGEND
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One minute summary 
after EPS-HEP2015

• A hint of Neutrino CPV is seen in accelerator neutrino experiments. 
Mass hierarchy is also seen? 

• Precision and sensitivity are being improved. 

• Improved limit on the neutrino-less double beta decay.  

• No signal yet. 

• Negative results on sterile neutrinos, but the existence is not 
excluded yet. 

• Many experiments and measurements are on-going. 

• Future experiments with a lot of R&D are proposed and under 
preparation.
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Physics Motivation
• Neutrino mass and mixing (right handed neutrinos) 
are physics beyond the standard model.
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Introduction GUT seesaw TeV GeV keV !eV Summary

Assumption: It’s RH neutrinos and the seesaw mechanism.

all other fermions come in both chiralities

“naturally” appears in models involving UB−L(1),
e.g. left-right symmetric, SO(10) GUT. . .

can solve cosmological problems (leptogenesis, Dark Matter,. . .)

simplicity, predictivity (few parameters!)
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A view on the, THEORETICAL STATUS OF NEUTRINO PHYSICS

• Tiny Neutrino mass 
• What is the origin of the mass? 
• Majorana particle 

• Flavor Symmetry 
• Between leptons and quarks 

• mass pattern 
• mixing pattern 
• the number of generations 

• CP violation 
• the origin? 
• matter dominant universe with Leptogenesis



Accelerator Neutrino Beam

• T2K in Japan 
• NOvA in USA
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TokaiKamioka

Intense ~600 MeV νµ beam for 
neutrino oscillation studies

• High sensitivity search for θ13

• Precision measurement of θ23, Δm223

J-PARC

Super Kamiokande
“far” detector (FD)

295 km

~500 collaborators from
 58 institutions, 12 nations

The XXVth International Symposium on Lepton Photon Interactions at High Energies

see “T2K Experiment”
arXiv:1106.1238 submitted to NIM A

2Thursday, August 25, 2011

protonsπ, π, π, π, Κ

Intense beam Big Far detector High Resolution  
Near detector

ΦνFD(Eν）

oscillation
ν, ν, ν, ν

ΦνND(Eν）

•  The long-baseline off-axis neutrino oscillation experiment 
      with functionally identical Near and Far Detectors.
•  Data taking with complete detectors started in November 2014.
•  First Results Announced on August 6, 2015.

810 km
 "

NOνA (NuMI Off-Axis νe Appearance) Experiment)

15
.6
"m
"

Far Detector 
14 kton 
60 m x 15.6 m x 15.6 m 
928 layers 

Near Detector 
0.3 kton 
14.3 m x 4.1 m x 4.1 m"
206 layers 

•  Low-Z tracking calorimeters
•  High power NuMI beam 
      -upgraded for NOνA to take
        the power 350 – 700 kW

(700 kW expected in 2016)
       -this run: 85% uptime, 3.45 x 1020   
        POT, 520 kW peak intensity. 
•  Detectors are 14 mrad off-axis.6"

Credit: NOvA collaboration

Credit: Super-K collaboration

Credit:  
T2K collaboration



Beam Performance 
̶ Very intense proton beams at Fermilab and J-PARC ̶

4"4 

Booster
proton energy: 8 GeV

Accelerator-based ν program centered around ν Beams at Fermilab

Main Injector
proton energy: 120 GeV

νµ 

νµ 

NuMI ν beam
 high energy, 
 long distance
•  MINOS/MINOS+
•  MINERνA
•  NOνA

Booster ν beam
low energy, short distance
•  MiniBooNE 
•  SciBooNE
•  MicroBooNE
•  SBND 
• ICARUS at FNAL

Future LBNF ν beam
 high energy, high intensity
 long distance
•  DUNE

T H E  J - PA R C  L B L  ν  P R O G R A M

Intense neutrino source: 
• Tokai-to-Kamioka (T2K) ν beam line 

• 400 kW → 750 kW →1.3 MW?

Enormous, high performance detector 
• Super-Kamiokande: 

• 50 kT (22.5 kT fiducial volume) 

• Hyper-Kamiokande: 

• ~order of magnitude increase in 
volume with equivalent performance

N / �⌫ ⇥ V ⇥ ⇢⇥ ✏⇥ �⌫

FNAL J-PARC

FNAL NuMI: ~16E20 POT from 2013 J-PARC MR: ~22E20 POT from 2010

29 June 2017 Presenter I Presentation Title   P. Shanahan | Potential Impact of Reduced Running on NOvA

NuMI Performance
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• Protons delivered to the NuMI target (POT) recorded at Far Detector
- Routine 700 kW (NuMI-only-equivalent) running achieved in January

Far Detector: 98.5% beam-weighted 
                        uptime since 12/1/2016
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LBL Accelerator 
Experiments
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LBL Accelerator Experiments

• νμ→νe, νμ, ντ and the anti-neutrino oscillations 

• Note: P(νμ➝ντ) = sin22θ sin2(1.27Δm2L/E) in the 
case of two neutrinos in vacuum.

Baseline 
(km)

Energy 
(GeV)

Mass 
(ton)

Starting 
year #Events

* T2K 295 0.6 32k 2010~ 37 νe, 4 νe
* NOvA 810 2 14k 2013~ 33νe
* OPERA 730 17 1.2k 2006~ 5(+5) ντ
* ICARUS 730 17 0.6k 2010~
MINOS(+) 730 2~10 5k 2005~
* DUNE 1300 2~3 40k 2026~ O(1000)νe
* Hyper-K 295 ~0.6 190k 2026~ O(1000)νe
ESSnuSB 360, 540 ~0.3 500k 2030~
T2HKK 295+1100 ~1 190k+190k TBA O(1000)νe

11



Formula of Oscillation Probability with CP violation

HKWG internal note ? 10-01

CP sensitivity study of Hyper-Kamiokande

Masashi Yokoyama

December 13, 2010

P (νµ → νµ) = 1 − 4(C2
12C2

23 + S2
12S2

13S2
23 − 2C12C23S12S13S23 cos δ)S2

23C2
13 · sin2 ∆23

−4(S2
12C2

23 + C2
12S2

13S2
23 + 2C12C23S12S13S23 cos δ)S2

23C2
13 · sin2 ∆13

−4(C2
12C2

23 + S2
12S2

13S2
23 − 2C12C23S12S13S23 cos δ)

×(C2
12C2

23 + S2
12S2

13S2
23 + 2C12C23S12S13S23 cos δ) · sin2 ∆12

P (νµ → νe) = 4C2
13S2

13S2
23 · sin2 ∆31

+8C2
13S12S13S23(C12C23 cos δ − S12S13S23) · cos∆32 · sin∆31 · sin∆21

−8C2
13C12C23S12S13S23 sin δ · sin∆32 · sin∆31 · sin∆21

+4S2
12C2

13(C
2
12C2

23 + S2
12S2

23S2
13 − 2C12C23S12S23S13 cos δ) · sin2 ∆21

−8C2
13S2

12S2
23 ·

aL

4Eν
(1 − 2S2

13) · cos∆32 · sin ∆31

+8C2
13S2

13S2
23

a

∆m2
13

(1 − 2S2
13) sin2 ∆31

P (νe → νe) = 1 − 4C2
13S

2
13 · (C2

12 sin2 ∆13 + S2
12 sin2 ∆23) − 4S2

12C
2
12C

4
13 sin2 ∆12

where Cij , Sij , ∆ij are cos θij , sin θij , ∆m2
ijL/4Eν , respectively, and a[eV2] = 7.56 ×

10−5 × ρ[g/cm3] × Eν [GeV ].

1

CP violating (flips sign for ν)Leading

Solar

Matter effect
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0 1 2
-0.06

-0.04

-0.02

0

0.02

0.04

0.06

Total
Leading(θ13)

Matter

CPVCPC(cosδ)

Solar

Eν (GeV)

(sin22θ13=0.1,δ=π/4)

295kmsin2θ23 sin
2 2θ13 sin

2 Δm31
2 L

4E
"

#
$

%

&
'Leading

CPV

~0.03 ~11.8 (6.4 from 1/sinθ13)

sin2θ12 sin2θ23
2sinθ13

sin2 2θ13 sin
2 Δm31

2 L
4E

sin Δm21
2 L
4E

sinδ

~ π
4
Δm21

2

Δm32
2
sin2θ12 sin2θ23
sin2θ23 sinθ13

E1stmax
E

leading[ ]sinδ

~ 0.27× leading[ ]× E1stmax
E

× sinδ

27%

13

• No magic for the 2nd maximum. 
• Energy dependence is important.



Muon-less event 114301850  

Zoom of the interaction region : pink brick selected 

Two secondary vertices reconstructed in emulsion :  
• short two prong  (F.L. = 103 mm) 
• charged one prong (kink) (F.L.= 1174 mm, qk = 97mrad)   

The ICARUS 
experiment 

F. Varanini  
INFN Padova, Italy 

EPS-HEP 2017, July 7th, 2017 

on behalf of  
the ICARUS Collaboration 

OPERA and ICARUS 
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ICARUS search for an LSND-like effect with CNGS beam
!  ICARUS searched for a νe-excess, related to a LSND-like anomaly, with the 

CNGS ν beam (~ 1% intrinsic νe contamination),"despite the larger L/Eν ~36.5 
m/MeV [L/Eν ~ 1 m/MeV for LSND and MiniBooNE]. 

!  The search found no νe-excess: the derived limits on events due to LSND 
anomaly are: 5.2 (90% C.L.), or 10.3 (99% C.L.), the corresponding oscillation 
probability being: 

       P(νµ�νe) ≤ 3.85 x 10-3 (90% C.L.) 
  P(νµ�νe) ≤ 7.60 x 10-3 (99% C.L.) 

     
 
 
 

10"

!  Similar results were obtained by the 
Opera experiment. Combining all 
positive and negative world results, 
the possible evidence for sterile 
neutrinos concentrates in a narrow 
region, centered around: 

     Δm2
new ~ 1 eV2

νeCC identification in CNGS beam

Single M.I.P. 

Evolution in Collection view 
from single m.i.p. to e.m. 
shower evident from dE/dx 
on individual wires. 

7"

Collection "

25 cm  

11
 c

m
  

Induction2 '

! The unique detection properties of the LAr-TPC allow to identify unambiguously 
individual e-events with high efficiency in Collection and Induction2 

Single electron at interaction vertex well 
identified also in Induction view   

7"

6 6 

5.2 s significance  

5 

Events selection with looser kinematical cuts 
Selection criteria where modified to increase 
the statistics and a likelihood approach was 
applied to select new interesting  events 

9 5 more nt candidates 
9 S/B reduced from 10 to 3 
9 Improvement in Dm2

23 measurement, the  
first ever  in appearance mode 

Golden events 

1 DIS ντCC + charm candidate

νμ→ντ

ICARUS search for an LSND-like effect with CNGS beam
!  ICARUS searched for a νe-excess, related to a LSND-like anomaly, with the 

CNGS ν beam (~ 1% intrinsic νe contamination),"despite the larger L/Eν ~36.5 
m/MeV [L/Eν ~ 1 m/MeV for LSND and MiniBooNE]. 

!  The search found no νe-excess: the derived limits on events due to LSND 
anomaly are: 5.2 (90% C.L.), or 10.3 (99% C.L.), the corresponding oscillation 
probability being: 

       P(νµ�νe) ≤ 3.85 x 10-3 (90% C.L.) 
  P(νµ�νe) ≤ 7.60 x 10-3 (99% C.L.) 

     
 
 
 

10"

!  Similar results were obtained by the 
Opera experiment. Combining all 
positive and negative world results, 
the possible evidence for sterile 
neutrinos concentrates in a narrow 
region, centered around: 

     Δm2
new ~ 1 eV2



  

Leïla Haegel /University of Geneva T2K latest neutrino oscillation results EPS-HEP 2017 / 4

Super-K samplesSuper-K samples

μ+/-  rings CC-0π e+/-  rings CC-0π e- rings CC-1π+

MC: 68.3
data: 66 MC: 6.3

data: 4

5 samples of charged-current (CC) ν interactions:

determination of oscillation parameters

new e- rings CC-1π+ sample since ICHEP 2016

MC: 137.8
data: 135

MC: 3.1
data: 5

MC: 28.6
data: 32

ν-mode

ν-mode
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Leïla Haegel /University of Geneva T2K latest neutrino oscillation results EPS-HEP 2017 / 2

The T2K experimentThe T2K experiment
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295 Km

T2Kby Dr. Leila Haegel



  

Leïla Haegel /University of Geneva T2K latest neutrino oscillation results EPS-HEP 2017 / 12

Results (Bayesian analysis)Results (Bayesian analysis)

T2K data + sin2θ
13
 from reactor (PDG 2015)
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CPV

not CPVnot CPV

 The T2K result is submitted to PRD with arXiv:1707.01048 [hep-ex] 5 July 2017

by Dr. Leila Haegel



16B. Zamorano - Latest oscillation results from the NOvA experiment 13

disappearance
Electron neutrino 

appearance

disappearance

•Full joint-analysis including 
disappearance constraints

•Best fit to NH, δCP = 1.49π and 
sin2(θ23) = 0.40

•But best fit IH-NH has ΔΧ2 = 0.47
•Both octants and hierarchies allowed at 

1σ
•3σ exclusion of IH, lower octant around 
δCP = π/2

•Antineutrino data will resolve 
degeneracies

•

CPδ

23θ2
si

n

0.3

0.4

0.5

0.6

0.7

0
2
π π

2
π3 π2

σ1 σ2 σ3 Best Fit NH

CPδ

23θ2
si

n

0.3

0.4

0.5

0.6

0.7

0
2
π π

2
π3 π2

σ1 σ2 σ3 Best Fit IH
Phys. Rev. Lett. 118, 231801 (2017)

NOvA νe appearance
CPV

T2K best fit
NOvA best fit

by Dr. B. Zamorano



NOvA νμ disappearance

17

B. Zamorano - Latest oscillation results from the NOvA experiment

appearance

9

Muon neutrino 
disappearance

Comparison with other experiments

Maximal mixing disfavoured at 2.6σ
Phys. Rev. Lett. 118, 151802 (2017)
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B. Zamorano - Latest oscillation results from the NOvA experiment

appearance

8

Muon neutrino 
disappearance

23θ2sin
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•78 events in the FD for 473 w/o osc.
•82 (3.9 beam bkg, 2.7 cosmic) at best fit
•Χ2/NDF = 41.6/17 driven by tail
•Systematics included in the fit have 

negligible pull terms (< 0.5)

|Δm232| = 2.67 ± 0.11 x 10-3 eV2

sin2θ23 = 0.404+0.030-0.022

                = 0.624+0.022-0.030

Maximal mixing disfavoured at 
2.6σ
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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].

23θ 2sin
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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

A tension between NOvA and T2K 
• NOvA:  sin2θ23=0.404        , or 0.624  
• T2K:     sin2θ23=0.534

+0.030 
-0.022

+0.022 
-0.030

+0.046 
-0.044

・ ・

by Dr. B. Zamorano



DUNE

18

Mass Hierarchy CP Violation

40 kton Lq. Ar TPC 
Starting around 2026

Sensitivity



Hyper-Kamiokande

• Hyper-K
19

δcp Comparison with DUNE
Exclusion of sinδcp= 0

▰ >8σ(6σ) for δcp= -90o(-45o)

▰ ~80% coverage of δcp parameter space with >3σ

20

Based on “Status of DUNE 2017”
Fermilab Users Meeting

Less matter effect

190 kton Water Cherenkov 
Starting around 2026

By Dr. Benjamin Richards 

Sensitivity

A comparison strongly depends on the assumptions. Don’t take it seriously! 



SBL Accelerator 
Experiments

20



SBL Accelerator Experiments

• Main targets of the SBL experiments are the search for 
sterile neutrinos and the measurements of cross sections.

21

Site Energy 
(GeV) Detector Target

MiniBooNE FNAL BNB ~1 Oil Cherenkov LSND Anomaly
* MicroBooNE FNAL BNB ~1 Lq. Ar TPC MIniBooNE 

Anomaly* MINERvA FNAL NuMI 2~10 Scinti. Tracker ν Cross Section
* SBND FNAL BNB ~1 Lq. Ar TPC Steile ν

J-PARC IWC J-PARC MR 0.5~1 Water Cherenkov ν Spectrum
nuSTORM TBD ~1 TBD ν Cross Section
ENUBET TBD ~1 TBD νe Cross Section
IsoDAR TBD ~0.01 Lq. Sinti. Steile ν
μDAR TBD ~0.05 Water Cherenkov CP violation

* ICRARUS@SBN FNAL BNB ~1 Lq. Ar TPC Sterile ν
* JSNS2 J-PARC RCS ~0.05 Lq. Scinti. Sterile ν



Selected Recent Results:
nN →  '' X'' 

MINERnA

EPS Conference on High Energy 
Physics

Venice, Italy 5-12 July 2017

Arie Bodek
University of Rochester

Representing the MINERvA collaboration

6 Jul 2017, 12:15  15m 

Room Casinò (Palazzo del Casinò) 

EPS HEP 2017   (MINERvA Talk) Arie Bodek, University of Rochester 1

• MA = 1.35: Fit to MiniBooNE data
• TEM(dotted): Transverse Enhancement Model 
→ Empirical model based on electron scattering data (best description)- 2p2h final stste

• GENIE: Independent nucleons in mean field
• SF: (spectral function) More realistic nucleon momentum-energy relation

EPS HEP 2017   (MINERvA Talk) Arie Bodek, University of Rochester 11

CCQE: Q2 dist. comparison to models

CCQE neutrinos CCQE antineutrinos 

NuWro: Golal, Jusczak, Sobczyk PhysRevC.86.015505  
TEM:  Bodek, Budd, Christy Eur. Phys. J. C 71 (2011) 1726

Both results prefer models with additional interactions involving multi-nucleons  → More later

Used as the 
“Standard Candle” 
disappearance 
signal channel in 
oscillations 
experiments: 

Q2 (muon)

MINERvA
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by Dr. Arie Bodek

• Understanding of Neutrino Cross Section is 
important for Neutrino Oscillation measurements. 

• The neutrino energy reconstructed is not 
equal to the true energy.

EPS HEP 2017   (MINERvA Talk) Arie Bodek, University of Rochester 3

Motivation: n  cross-sections
are poorly known

n oscillations:
→ We are now in a period of precision neutrino oscillation measurements

→ Oscillation probability depends on En
- However Experiments Measure visible energy  Ev i s
- Ev i s depends on Flux, s, detector response, interaction 

multiplicities, target type, particle type produced...
→  Ev i s not equal to En

→ Appearance Oscillation Measurements: 
- Large Q13 and CP violation - systematics important
- Need to understand backgrounds to νe searches:

Need better measurements of Low energy (Few GeV) nμ,e &  nμ,e cross 
sections to improve models.

(nµ disappearance 
example)

“    “

MINERnA Energy Range



The Booster Neutrino Beam

3

Proton bunches reach the target at a rate 
of up to 5Hz. This beam will also be the 
crux of the complete SBN program:
● SBND (2019):

○ 110m from target
○ 112 tons liquid argon

● MicroBooNE (since Oct. 2015):
○ 470m from target
○ 87 tons liquid argon

● ICARUS T-600 (2018):
○ 600m from target
○ 476 tons liquid argon
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by Dr. Martin Auger

MicroBooNE 
@ FNAL BNBMicroBooNE: A LAr TPC

4

The MicroBooNE tank contains 170 tons of pure liquid argon and has 
an active mass of 87 tons.

● The TPC:
○ 3 wire planes with 3mm wire pitch:

■ Collection plane is vertical
■ 2 induction planes at 60o 

○ 2.5m drift length
○ 8192 individual wires

● Optical readout:
○ 32 cryogenic PMTs covered by WLS plates
○ LED light injection system

● Laser calibration system:
○ UV laser ionizes LAr producing straight tracks

● Muon tagger system:
○ External system wrapped around sides of tank



Sterile ν experiments
• Several SBL accelerator experiments are hunting sterile 
neutrinos. So far, there is no positive result except for 
original LSND and MiniBooNE. The situation will be more 
clear in a couple of years.

24
Jungsic	Park,	KEK	 EPS-HEP	2017	 6	

Experimental	site	at	MLF	

Quick	start-up	is	possible	due	to	use	exist	building	and	beam	line	facility	
	

3	GeV	pulsed	proton	beam	

17	ton	of	Gd-loaded	LS	
193,	8”	(inner)+	48,	5”	(veto)	PMTs	

J-PARC JSNS2 presented by Dr. Jungsic Park



The protoDUNE program at CERN
• The protoDUNE program:

- large-scale engineering prototypes of Single- and Dual-Phase Liquid Argon TPCs for 
DUNE (CERN designation NP04 and NP02 correspondingly)

- an international project made possible by the CERN Neutrino Platform Organization

• Test-beam facility is under construction in the extension (EHN1) of the CERN 
North Experimental Area Hall, with a purpose-built tertiary beam from the SPS 
(H4) to provide various particle types

7 EPS-HEP   July 6 2017 M.Potekhin | protoDUNE-SP 

NP02 NP04: protoDUNE-SP

BEAM

Detector developments for the future
• CERN Neutrino Platform (NP01, …, NP05, and more) 
• J-PARC ν test beam (T59, T60, T66, and more) 
• FNAL test beam

25

CERN Neutrino Platform

Albert De Roeck
CERN

29th June  2017

• Keep the electromagnetic calorimeter
• Time-of-Flight detector around new tracker

- timing for track reconstruction and rejection 
of out-of-fiducial volume interactions
- improve particle identification

ND280 upgrade detector configurations
• Keep the current tracker (2 FGDs + 3 vertical TPCs)
• Build new tracking detectors upstream

- horizontal plastic scint. detector (1.8x0.6x2 m3)
- 2 horizontal TPCs  

Current Upgrade

Target Mass  
(tons) 2.2 4.3

ν
Horiz. TPC

Horiz. TPC

Horiz. Target

5

T2K Near Detector Upgrade@CERN NP 
CERN SPSC-EOI-015 

for T2K-II presented by Dr. Davide Sgalaberna



0νββ  
Experiments

26

University College London

3 / 23 Frank Deppisch | Looking for LNV | 8/7/2016

` Process 𝐴, 𝑍 → 𝐴, 𝑍 + 2 + 2𝑒−

` Uncontroversial detection of 0𝜈𝛽𝛽
of utmost importance
◦ Prove lepton number to be broken
◦ Prove neutrinos to be Majorana particles

(Schechter & Valle '82)

` Alternatives
◦ 2𝜈𝛽𝛽: 𝐴, 𝑍 → 𝐴, 𝑍 + 2 + 2𝑒− + 2 ҧ𝜈𝑒

x No Lepton Number Violation
◦ 0𝜈𝛽+𝛽+: 𝐴, 𝑍 → 𝐴, 𝑍 − 2 + 2𝑒+

◦ 0𝜈𝛽+EC: 𝐴, 𝑍 + 𝑒− → 𝐴, 𝑍 − 2 + 𝑒+

◦ 0𝜈ECEC: 𝐴, 𝑍 + 2𝑒− → 𝐴, 𝑍 − 2
◦ Majoron: 𝐴, 𝑍 → 𝐴, 𝑍 + 2 + 2𝑒− + 𝜙 𝛿𝑚𝜈 ≈

1
16𝜋2 4

MeV5

𝑀𝑊
4 ≈ 10−23eV

Mν= 0

ν   ν= ？

Matter 
dominance

Big 
Bang

GUT

2 mass 
eigenstates

>1026yr
(Phase space 

factor)
(Nuclear 
matrix 

element)
Absolute ν mass scale

ν mass hierarchy
Oscillation parameters, CP-phase

0.1eV＜～

0νββ Key process to test ν=ν
ΔL=2 (beyond the SM)

Seesaw

N ν

[T1/2]-1 = G0ν(Q,Z) |M0ν|20ν 〈mββ〉2
(Effective 
Majorana 
ν mass)

2/20

W

W

d

d u

u

e-

e-
ν=ν

Very challenging!

by J. Shirai @ NEUTRINO2016



ν mass with Dirac?, Majorana?
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` Two possibilities to define fermion mass

𝑌𝜈𝜈𝐿 𝜈𝑅
𝜈𝐿

𝐻
𝜈𝐿

𝜈𝐿

𝐻

𝑌𝜈

𝐻𝐻

Dirac mass analogous to other 
fermions but with ൗ𝑚𝜈

Λ𝐸𝑊 ≈ 10−12
couplings to Higgs

Majorana mass, using only a 
left-handed neutrino 

→ Lepton Number Violation
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` Two possibilities to define fermion mass

𝑌𝜈𝜈𝐿 𝜈𝑅
𝜈𝐿

𝐻
𝜈𝐿

𝜈𝐿

𝐻

𝑌𝜈

𝐻𝐻
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fermions but with ൗ𝑚𝜈

Λ𝐸𝑊 ≈ 10−12
couplings to Higgs

Majorana mass, using only a 
left-handed neutrino 

→ Lepton Number Violation

University College London

4 / 23 Frank Deppisch | Looking for LNV | 8/7/2016

` Half Life

` Effective 0𝜈𝛽𝛽 Mass

` Degenerate Regime

` NH vs IH
` Strongly modified 

for sterile neutrinos

Lindner, Merle, Rodejohann, 
Phys.Rev. D73 (2006) 053005

𝑇1/2−1 = 𝑚𝛽𝛽
2 𝐺0𝜈𝑔𝐴4 𝑀0𝜈 2

𝑚𝛽𝛽 = 
𝑖
𝑈𝑒𝑖2 𝑚𝜈𝑖

𝑚𝛽𝛽
2 = 𝑚𝜈

2(1 − sin2(2𝜃12)sin2(𝜙12/2)



0νββ Experiments

• The target of new results sounds like TAUP2017 this month. 
Stay tuned!

Source Mass 
(kg)

Detector Sensitivity 
τ1/2 (yr)

Sensitivity 
mββ(meV)

Background 
(/kev/kg/yr)

* GERDA 76Ge 43.4 HPGe 5.3×1025 150-330 10-3

* CUORE/Cuoricino 130Te 206 Bolometers 9×1025 50-130 0.01
* NEXT 136Xe 100 HP-TPC 6×1025 200 4×10-4

CUPID 82Se 5.2 Bolometers ~0
SNO+ 130Te 1300 Lq. Scinti 2×1025 40 5×10-5

* SuperNEMO 82Se 100 Tracker 1026 40-110
* KamLAND-Zen 136Xe 383 Lq. Scinti 1×1026 61-165 1.6×10-4

AXEL 136Xe 100 HP-TPC
PANDAX-III 136Xe 200 HP-TPC 5×1025 90-230 1×10-4

* EXO 136Xe 76.5 Lq-TPC 1.1×1025 190-450 1.7×10-3

LEGEND 76Ge 1000 HPGe    
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Current 0νββ experiments

8

Xe
Ge
Te
Se
Mo

EXO

CUORE

MAJORANA

SUPER NEMO
SNO+

NEXT
KamLAND-Zen

AXEL

PANDAX-III

   = TPC

source=detector

   = Calorimeter-Loaded 
scintillator 

= Calorimeter: Semi-
conductor, bolometer

GERDA

   = Tracko-calo   

source ≠ detector
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given by Dr. Neus Lopez (IFIC) @ Kyoto HE seminar
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FIG. 2: (a) Energy spectrum of selected ββ candidates within a 1-
m-radius spherical volume in Period-2 drawn together with best-fit
backgrounds, the 2νββ decay spectrum, and the 90% C.L. upper
limit for 0νββ decay. (b), (c) Closeup energy spectra for 2.3 < E <
3.0MeV in Period-1 and Period-2, respectively.

cay rates for Period-1 and Period-2 are 100.1+1.1
−1.8 (ton·day)−1

and 100.1+1.0
−0.9 (ton·day)−1, respectively, and are in agreement

within the statistical uncertainties. The resolution tail in 2νββ
decays is an important background in the 0νββ analysis. Such
tail events are reproduced in 214Bi decays with high-Rn data
assuming the Gaussian resolution, indicating that a contribu-
tion from energy reconstruction failures is negligible.

We assess the systematic uncertainty of the FV2ν cut based
on the study of uniformly distributed 214Bi events from ini-
tial 222Rn contamination throughout the Xe-LS. We obtain
a 3.0% systematic error on FV2ν , consistent with the 1.0 cm
radial-vertex-bias in the source calibration data. Other sources
of systematic uncertainty such as xenon mass (0.8%), detec-
tor energy scale (0.3%) and efficiency (0.2%), and 136Xe en-
richment (0.09%), only have a small contribution; the overall
uncertainty is 3.1%. The measured 2νββ decay half-life of
136Xe is T 2ν

1/2 = 2.21±0.02(stat)±0.07(syst)×1021 yr. This
result is consistent with our previous result based on Phase-I
data, T 2ν

1/2 = 2.30 ± 0.02(stat) ± 0.12(syst) × 1021 yr [15],

and with the result obtained by EXO-200, T 2ν
1/2 = 2.165 ±

0.016(stat)± 0.059(syst)× 1021 yr [16].
For the 0νββ analysis, using the larger 2-m-radius FV, the

dominant 214Bi background on the IB is radially attenuated
but larger in the lower hemisphere. So we divide the FV into
20-equal-volume bins for each of the upper and lower hemi-
spheres (see Fig. 1 (a)). We perform a simultaneous fit to
the energy spectra for all volume bins. The z-dependence of
214Bi on the IB film is extracted from a fixed energy win-
dow dominated by these events. The 214Bi background con-
tribution is then broken into two independent distributions in
the upper and lower hemispheres whose normalizations are
floated as free parameters. The fit reproduces the energy spec-
tra for each volume bin; Fig. 1 (b) shows an example of the
energy spectrum in a volume bin with high 214Bi background
events around the IB film. The radial dependences of candi-
date events and best-fit background contributions in the 0νββ
window are illustrated in Fig. 1 (c). The possible background
contributions from 110mAg are free parameters in the fit. We
consider three independent components: 110mAg uniformly
dispersed in the Xe-LS volume, and on the surfaces of each
the lower and upper IB films. We also examined non-uniform
110mAg sources, with different assumed radial dependences,
in the Xe-LS but determined that this has little impact on the
0νββ limit.

As described above, the fits are performed independently
for Period-1 and Period-2 in the region 0.8 < E < 4.8MeV.
We found no event excess over the background expectation for
both data sets. The 90% C.L. upper limits on the 136Xe 0νββ
decay rate are <5.5 (kton·day)−1 and <3.4 (kton·day)−1 for
Period-1 and Period-2, respectively. To demonstrate the low
background levels achieved in the 0νββ region, Fig. 2 shows
the energy spectra within a 1-m-radius, together with the best-
fit background composition and the 90% C.L. upper limit for
0νββ decays. Combining the results, we obtain a 90% C.L.
upper limit of <2.4 (kton·day)−1, or T 0ν

1/2 > 9.2 × 1025 yr
(90% C.L.). We find a fit including potential backgrounds
from 88Y, 208Bi, and 60Co [3] does not change the obtained
limit. A MC of an ensemble of experiments assuming the
best-fit background spectrum without a 0νββ signal indicates
a sensitivity of 5.6× 1025 yr, and the probability of obtaining
a limit stronger than the presented result is 12%. For com-
parison, the sensitivity of an analysis in which the 110mAg
background rates in Period-1 and Period-2 are constrained to
the 110mAg half-life is 4.5× 1025 yr.

Combining the Phase-I and Phase-II results, we obtain
T 0ν
1/2 > 1.07× 1026 yr (90% C.L.). This corresponds to an al-

most sixfold improvement over the previous KamLAND-Zen
limit using only the Phase-I data, owing to a significant re-
duction of the 110mAg contaminant and the increase in the
exposure of 136Xe.

From the limit on the 136Xe 0νββ decay half-life, we ob-
tain a 90% C.L. upper limit of ⟨mββ⟩ < (61 – 165)meV us-
ing an improved phase space factor calculation [17, 18] and
commonly used NME calculations [19–25] assuming the ax-
ial coupling constant gA ≃ 1.27. Figure 3 illustrates the al-
lowed range of ⟨mββ⟩ as a function of the lightest neutrino
mass mlightest under the assumption that the decay mecha-

KamLAND-Zen 
̶ Phys. Rev. Lett. 117, 082503 (2016) ̶
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FIG. 3: Effective Majorana neutrino mass ⟨mββ⟩ as a function of
the lightest neutrino mass mlightest. The dark shaded regions are
the predictions based on best-fit values of neutrino oscillation pa-
rameters for the normal hierarchy (NH) and the inverted hierarchy
(IH), and the light shaded regions indicate the 3σ ranges calculated
from the oscillation parameter uncertainties [29, 30]. The horizon-
tal bands indicate 90% C.L. upper limits on ⟨mββ⟩ with 136Xe from
KamLAND-Zen (this work), and with other nuclei from Ref. [2, 26–
28], considering an improved phase space factor calculation [17, 18]
and commonly used NME calculations [19–25]. The side-panel
shows the corresponding limits for each nucleus as a function of the
mass number.

nism is dominated by exchange of a pure-Majorana Standard
Model neutrino. The shaded regions include the uncertain-
ties in Uei and the neutrino mass splitting, for each hierar-
chy. Also drawn are the experimental limits from the 0νββ
decay searches for each nucleus [2, 26–28]. The upper limit
on ⟨mββ⟩ from KamLAND-Zen is the most stringent, and it
also provides the strongest constraint onmlightest considering
extreme cases of the combination of CP phases and the uncer-

tainties from neutrino oscillation parameters [29, 30]. We ob-
tain a 90% C.L. upper limit ofmlightest < (180− 480)meV.

In conclusion, we have demonstrated effective background
reduction in the Xe-loaded liquid scintillator by purifica-
tion, and enhanced the 0νββ decay search sensitivity in
KamLAND-Zen. Our search constrains the mass scale to lie
below ∼100meV, and the most advantageous nuclear matrix
element calculations indicate an effective Majorana neutrino
mass limit near the bottom of the quasi-degenerate neutrino
mass region. The current KamLAND-Zen search is limited by
backgrounds from 214Bi, 110mAg, muon spallation and par-
tially by the tail of 2νββ decays. In order to improve the
search sensitivity, we plan to upgrade the KamLAND-Zen ex-
periment with a larger Xe-LS volume loaded with 800 kg of
enriched Xe, corresponding to a twofold increase in 136Xe,
contained in a larger balloon with lower radioactive back-
ground contaminants. If further radioactive background re-
duction is achieved, the background will be dominated by
muon spallation, which can be further reduced by optimiza-
tion of the spallation cut criteria. Such an improved search
will allow ⟨mββ⟩ to be probed below 50meV, starting to con-
strain the inverted mass hierarchy region under the assump-
tion that neutrinos are Majorana particles. The sensitivity of
the experiment can be pushed further by improving the en-
ergy resolution to minimize the leakage of the 2νββ tail into
the 0νββ analysis window. Such improvement is the target of
a future detector upgrade.

The authors wish to acknowledge Prof. A. Piepke
for providing radioactive sources for KamLAND. The
KamLAND-Zen experiment is supported by JSPS KAKENHI
Grant Numbers 21000001 and 26104002; the World Pre-
mier International Research Center Initiative (WPI Initiative),
MEXT, Japan; Stichting FOM in the Netherlands; and under
the U.S. Department of Energy (DOE) Grant No.DE-AC02-
05CH11231, as well as other DOE and NSF grants to individ-
ual institutions. The KamiokaMining and Smelting Company
has provided service for activities in the mine. We acknowl-
edge the support of NII for SINET4.
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• Lifetime limit: T0ν1/2 > 1.07×1026 years 
• 2β ν mass: <mββ>  < (61 - 165) meV

enrXe loaded LS in 
a mini-balloon

KamLAND
Zero Neutrino 

double beta decay search

~320kg 90% enriched 136Xe installed so far
615 kg in hand

9m

6.5m

1.5m

-Zen

Good features of using KamLAND
 ● running detector 
　　→ relatively low cost and quick start

 ● huge and clean (1200m3, U: 3.5x10-18 g/g, Th: 5.2x10-17)
　　→ negligible external gamma
　　(Xe and mini-balloon need to be clean)

 ● Xe-LS can be purified, mini-balloon replaceable
    if necessary, with relatively low cost
　　→ highly scalable (up to several tons of Xe)

 ● No escape or invisible energy from β, γ
　　→ BG identification relatively easy

 ● anti-neutrino observation continues
　　→ geo-neutrino w/o japanese reactors

1

T1/2
= G0⌫ |M0⌫ |2hm��i2

hm��i = |⌃mi|Uei|2✏i|
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Phys. Rev. Lett. 115 (2015) 10, 102502
Phys. Rev. C 93, 045503 (2016)

S. Pozzi 
Poster 
P4.052

60Co

Combining the limit with 
Cuoricino experiment (90% C.L.):

T1/2 > 4.0 × 1024 yr

 b = 0.058 ± 0.004 ± 0.002 cnts/keV/kg/yr

 T1/2 > 2.7 × 1024 yr
CUORE-0 Final Limit (90% C.L.):

CUORE-0 Background Index:

Liang Yang 
 

University of Illinois at Urbana-Champaign 
 

On behalf of the EXO-200 and nEXO Collaborations  
 

Neutrino’16,  Imperial College, London 
July 8, 2016 

Status and Prospects for the EXO-200 
and nEXO Experiments 

Many results
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2νββ 
decay 

Background in the 0ν ROI: (1.7±0.2)·keV-1 ton-1 yr-1 

0ν
ββ

 R
O

I 

136Xe 0νββ search with100 kg·yr exposure  

EXO-200 Phase-I Results!

From profile likelihood: 

T1/2
0νββ > 1.1·1025 yr �mββ�< 190 – 450 meV (90% C.L.) 

Nature (2014)  doi:10.1038/nature13432�
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First results from GERDA Phase II

Matteo Agostini on behalf of the GERDA Collaboration

Gran Sasso Science Institute and National Laboratory (GSSI/LNGS), Italy

Neutrino 2016,
4 – 9 July 2016, London, UK
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Phys. Rev. Lett. 115 (2015) 10, 102502
Phys. Rev. C 93, 045503 (2016)

S. Pozzi 
Poster 
P4.052

60Co

Combining the limit with 
Cuoricino experiment (90% C.L.):

T1/2 > 4.0 × 1024 yr

 b = 0.058 ± 0.004 ± 0.002 cnts/keV/kg/yr

 T1/2 > 2.7 × 1024 yr
CUORE-0 Final Limit (90% C.L.):

CUORE-0 Background Index:

• T1/20νββ > 5.3×1025 yr w/ Ge 
• <mββ> < (160-260) meV

• T1/20νββ > 4×1024 yr w/ Te

• T1/20νββ > 1.1×1025 yr w/ Xe 
• <mββ> < (190-450) meV

More and more experiments are 
running and being developed.

Phase II result from June 2016

Unbinned profile likelihood fit with flat 
background and gaussian signal on 
combined  data from Phase I (new energy 
reconstruction, extra data) and Phase II

Limit: T1/2 > 5.3 × 1025 yr (90% C.L.)

Sensitivity: T1/2 > 4.0 × 1025 yr (90% C.L.)

16AJ Zsigmond EPS HEP July 2017

Dataset
Exposure

[kg yr]
FWHM
[keV] Corrections

BI
[10-3 cts/(keV kg 

yr)]

PI golden 17.9 4.3(1) 0.57(3) 11 ± 2

PI silver 1.3 4.3(1) 0.57(3) 30 ± 10

PI BEGe 2.4 2.7(2) 0.66(2) 5+4
-3

PI extra 1.9 4.2(2) 0.58(4) 5+4
-3

PIIa coax 5.0 4.0(2) 0.53(5) 3.5+2.1
-1.5

PIIa BEGe 5.8 3.0(2) 0.60(2) 0.7+1.1
-0.5

Nature 554 (2017) 47
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GERDA Phase II

6AJ Zsigmond EPS HEP July 2017

plastic scintillator panels
muon veto

clean room

ultra-pure water
muon Cherenkov veto

LAr cryostat

LAr veto 
instrumentation

Ge detector array with 
low activity electronics

BEGe detector module 
in low mass holder

wavelength 
shifting fibers with 

SiPM read-out

low activity PMTs

Arrays of  TeO2 bolometers

6C. Tomei - Search for neutrinoless double beta decay of 130Te with CUORE-0 and CUORE

Cuoricino
2003 - 08

CUORE-0
2013 - 2015

Exp = 9.8 kg y of 130Te
Bkg = 0.058 c/(kg keV y)

T1/2 > 2.7x1024 y (90% CL)

Exp = 19.75 kg y of 130Te
Bkg = 0.169 c/(kg keV y)
T1/2 > 2.8x1024 y (90% CL)

CUORE (2017 - )
New custom cryostat

Bkg GOAL = 0.01 c/(kg keV y)
FWHM GOAL = 5 keV @ Q-value

Same cryostat: 
combined 90% C.L. limit T0ν > 4.0 × 1024 yr 

Array of 988 5x5x5 cm3 (750 g) TeO2 crystals:
‣ 19 towers - 13 floors - 4 crystals per floor
‣ 742 kg total mass - 206 kg of 130Te 

7
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Installation status
• Half-detector already installed, other half currently 

under installation at LSM

• Source foils under measurement with BiPo at 
Canfranc

• Demonstrator running by end of 2017

11Carla Macolino (LAL-Orsay)                                                                        EPS-HEP2017 Venezia

SuperNEMO Integration

8th$July$2016 NEMO13$and$SuperNEMO 19

Calorimeter$2 Tracker$2 Tracker$1 Calorimeter$1

! ½ detector(in(place(
at(LSM.

! Remaining( sub,
detectors(delivered(
in(next(few(months.

! Demonstrator(
Module( complete(by(
end(2016.

P4.070

Current detector status
• Source frame arriving next 

month 

• Demonstrator running by 
end of year
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First results from GERDA Phase II

Matteo Agostini on behalf of the GERDA Collaboration

Gran Sasso Science Institute and National Laboratory (GSSI/LNGS), Italy

Neutrino 2016,
4 – 9 July 2016, London, UK

NEXT-WHITE
SuperNEMO
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Phys. Rev. Lett. 115 (2015) 10, 102502
Phys. Rev. C 93, 045503 (2016)

S. Pozzi 
Poster 
P4.052

60Co

Combining the limit with 
Cuoricino experiment (90% C.L.):

T1/2 > 4.0 × 1024 yr

 b = 0.058 ± 0.004 ± 0.002 cnts/keV/kg/yr

 T1/2 > 2.7 × 1024 yr
CUORE-0 Final Limit (90% C.L.):

CUORE-0 Background Index:
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Heavy Neutrino (Decay)

34

Heavy Neutrino: Motivation 
• Observation of neutrino oscillations → massive neutrinos need to be accommodated in SM
• Example of a SM extension: Neutrino Minimal SM (νMSM) [Asaka et  al., PLB 620 (2005) 17]

• 3 right-handed neutrinos       added to SM, masses:                              ,  
• : dark matter candidate
• : extra CPV-phases to account for Baryon Asymmetry, produce SM masses via see-saw mech.

• If                          , heavy neutrinos observable via production in:

• This talk: search for peaks in  
• NA62 2007 data sample: 
• NA62 2015 data sample: 

• Other searches look for decays of heavy neutrinos (HN), e.g.

7. 7. 2017 EPS HEP 2017, michal.koval@cern.ch 3
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R. Shrock PLB96 (1980) 159 

New Limits on Heavy Neutrino from NA62

EPS – HEP 2017
Venice, Italy, 5 – 12 July 2017

Michal Koval (CERN)
michal.koval@cern.ch

on behalf of the NA62 collaboration

by Dr. Michal Kaval 
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Upper Limits on |Ul4|2

7. 7. 2017 EPS HEP 2017, michal.koval@cern.ch 10

Limits from heavy neutrino production searches

NEW

NEW

• NA62 2007 data analysis:
• Extends the mass range for 

upper limits on
• Most stringent limit in 

• NA62 2015 data analysis:
• Reaches                           limits 

on               in the range   

New Limits on Heavy Neutrino from NA62

EPS – HEP 2017
Venice, Italy, 5 – 12 July 2017

Michal Koval (CERN)
michal.koval@cern.ch

on behalf of the NA62 collaboration

by Dr. Michal Kaval 



p$!$e+π0$$

LAr#discovery#poten1al#computed##using#numbers#from#DUNE#CDR#2015:#
97%#signal#efficiency,#background#1#event#Mton/year,#no#systema1c#errors#####

[Staging:#2nd#tank#comes#into#opera1on#a_er#6#years]#

discovery%potenLal%(3%σ)%%
HK$186$kton$HD$
LAr$40$kton$
HK$372$kton$HD$(staged)$

90%%C.L.%limits%achievable%%
if%%no%%event%is%%observed%

Don’t forget proton decay

36

p$!$e+π0$$
•  favored%by%non%supersymmetric%GUTs%

used#τp=#1.7#!#1034#(SK#limit),#10#years#exposure###

•  final%state%fully%reconstructed%%
%%%%%%in%Water%Cherenkov%detectors%

•  back7to7back%e+,%π0%(459%MeV)%%%
•  e+,%π0%%(%!%γ%γ%)%are%detected%

free%proton%enhanced%

bound%proton%enhanced%

M$($e+$π0$)$$$
•  nearly%model%independent%reacLon%

atmospheric%%
ν%background%%

By Dr. Luis Labarga
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Conclusion and Prospect
Let’s join to explore the quest of neutrinos. 

• Neutrino CP violation 

• Majorana neutrino by observing the neutrino less double beta decay 

• Neutrino mixing patters including mass hierarchy shedding light on GUT 

• Proton decay as an evinced of GUT 

• Sterile Neutrinos 

Many measurements from ν XSEC and many detector R&D with your idea!
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Backup
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G.Sirri	-	INFN	BolognaEPS-HEP	2015,	Vienna
39

	
	

	

	

	



MinoBooNE

40

Production and radiative decay of heavy neutrinos at the Booster Neutrino Beam 20

Conclusions

Conclusions

The origin of MiniBooNE anomaly is still not understood.

Production and radiative decay of heavy sterile neutrino could be a solution.

We have made an analysis of this scenario using our understanding about
neutrino interactions with matter.

In the range of parameter values consistent with LSND anomaly this scenario
does not fully describe MiniBooNE anomaly, but could be sizable contribution.

We can predict the impact in SBN measurements (SBND, MicroBooNE and
ICARUS) and test the model.

Production and radiative decay of heavy neutrinos at the Booster Neutrino Beam 4

Introduction

Heavy neutrinos Gninenko, PRL 103 (2009), Masip et al., JHEP01(2013)106

We have analyzed this scenario in order to compare with MiniBooNE
measurements. Also we have predicted the signal due to this kind of processes
for SBN.

⌫µ

�

⌫

A A

⌫h

�,Z

On nucleons ⌫µp⌫µq ` N Ñ ⌫hp⌫hq ` N

On nuclei
⌫µp⌫µq ` A Ñ ⌫hp⌫hq ` A  coherent

⌫µp⌫µq ` A Ñ ⌫hp⌫hq ` X  incoherent

⌫h “ Dirac ⌫ with m « 50 MeV, slightly mixed with ⌫µ

A “

12C (MiniBooNE, CH2), 40Ar (SBN program: SBND, MicroBooNE, Icarus)
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KamLAND-Zen

Combining phaseI and phaseII:  
(best limit!) 
T1/2 > 1.07 x 1026 yr at 90% C.L 
(sensitivity: 5.6x1025)

KamLAND-Zero neutrino ββ decay

9

Mini ballon d=3.08m

Phys. Rev. Lett. 117, 082503     

✦ Isotope: 383kg of 136Xe dissolved in liquid scintillator,  
✦ Poor energy resolution:  11% FWHM at the Q-value 
✦ Shielding: low background rate 1.6e-4 c/(kev/kg/yr) 
✦ Easy to scale up

(mββ 61-165meV) 

‣ Future plan: 1) install a bigger MB of 800kg of 136Xe (2018) to explore 
down to mββ =40meV; 2) install (2020?) the 1tonne MB covering most 
of the IH region!
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