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Dear Colleague,

On 19-20 December 2013 the  first  NuPhys  workshop will  be held  at  the Institute  of  Physics,  

London, UK.

In this conference we will discuss the current status and prospectives of the future experiments, 
their performance and physics reach. This conference will  be unique in addressing the synergy 
between the planned experiments  and their  phenomenological  aspects and is  timely as these 
experiments are currently  being  designed.  A dedicated poster  session has been organised for 
December 19. Speakers include leading scientists from the UK, Europe, US, China and Japan: F. 
Feruglio,  E.  Lisi,  Y.  Wang,  M.  Fallot,  P.  Huber,  S.  Soldner-Rembold,  T.  Nakaya,  D.  Wark,  C. 
Backhouse, R. Wilson, T. Katori, A. Bross, A. Blondel, J. Kopp, M. Pallavicini, G. Drexlin, M. Chen, 
F. Simkovic, F. Deppisch, L. Verde, J. Miller and C. Kee.

 

The conference website, including travel details, can be found at 

http://nuphys2013.iopconfs.org 

As co-Chair of the Organising Committee I would like to ask you to display the workshop poster 

and to convey the information about the event to all  interested parties.  Participation by young 

researchers is particularly encouraged.

Best wishes,

                                   Shaped by the past, creating the future

mass



1. Present status of neutrino parameters

2. LBL oscillation experiments physics goals. 
Bread and butter physics

 - Mass ordering
 - Leptonic CP-violation
 - Precision measurement of parameters

3. LBL oscillation experiments physics goals. 
Testing the 3-neutrino scenario

4. LBL oscillation experiments physics goals. 
As a beam-dump experiment

5. Conclusions
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NuFit 3.0: M. C. Gonzalez-
Garcia et al., 1611.01514, 
Pre-Neutrino 2018

See also F. Capozzi et al., 
1703.04471
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Current status of neutrino parameters

2 mass squared 
differences (one is 
positive, the sign of 

the other is 
unknown)

★

0.2 0.25 0.3 0.35 0.4

sin
2

θ
12

6.5

7

7.5

8

8.5

∆
m

2 2
1
 [
1
0

-5
 e

V
2
]

★

0.015 0.02 0.025 0.03

sin
2

θ
13

★

0.015

0.02

0.025

0.03

si
n

2
θ

1
3

★

0

90

180

270

360
δ

C
P

0.3 0.4 0.5 0.6 0.7

sin
2

θ
23

-2.8

-2.6

-2.4

-2.2

★

2.2

2.4

2.6

2.8

∆
m

2 3
2
  
  
[1

0
-3

 e
V

2
] 
  
 ∆

m
2 3

1

★

NuFIT 3.0 (2016)

★

0.2 0.25 0.3 0.35 0.4

sin
2

θ
12

6.5

7

7.5

8

8.5

∆
m

2 2
1
 [
1
0

-5
 e

V
2
]

★

0.015 0.02 0.025 0.03

sin
2

θ
13

★

0.015

0.02

0.025

0.03

si
n

2
θ

1
3

★

0

90

180

270

360

δ
C

P

0.3 0.4 0.5 0.6 0.7

sin
2

θ
23

-2.8

-2.6

-2.4

-2.2

★

2.2

2.4

2.6

2.8

∆
m

2 3
2
  
  
[1

0
-3

 e
V

2
] 
  
 ∆

m
2 3
1

★

NuFIT 3.0 (2016)

NuFIT 3.2 (2018)

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

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

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

�0.012 0.272 ! 0.346 0.272 ! 0.346

✓12/
� 33.62+0.78

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

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

�0.033 0.435 ! 0.616 0.418 ! 0.613

✓23/
� 47.2+1.9

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

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

�0.00074 0.02006 ! 0.02452 0.01981 ! 0.02436

✓13/
� 8.54+0.15

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

�CP/
� 234+43

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

�m2
21

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

�0.20 6.80 ! 8.02 6.80 ! 8.02

�m2
3`

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

�0.031 �2.562 ! �2.369


+2.399 ! +2.593
�2.536 ! �2.395

�



�m2
s � �m2

A implies at least 3 massive neutrinos. 

Measuring the masses requires: 
● the mass scale:
● the mass ordering. Currently there is a hint in favour of NO 
based mainly on atmospheric and LBL events.

mmin

4
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• normal ordering (NO): m1 < m2 < m3, i.e., �m2
31 > 0,

• inverted ordering (IO): m3 < m1 < m2, i.e., �m2
32 < 0.

The best-fit values for the atmospheric mass-squared splitting di↵er slightly
for the two orderings due to subleading e↵ects in the oscillation prob-
abilities. From a recent global fit to neutrino oscillation data we have
�m2

31 = 2.524+0.039
�0.040⇥10�3 eV2 (for NO), �m2

32 = �2.514+0.038
�0.041⇥10�3 eV2

(for IO). The two possible mass ordering schemes are illustrated in Fig. 1.
The values of the mixing angles determine the flavour content of the three
mass eigenstates, given by |U↵i|2, which in the figure are represented by
the relative size of the colored bands. As the phase � is poorly constrained,
it has been varied between 0 and 180� in each coloured band.

Fractional flavour content of mass eigenstates
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Fig. 1. Fractional flavour content, |U↵i|2 (↵ = e, µ, ⌧) of the three mass eigenstates
⌫i, as determined by the current best-fit values of the mixing angles5 and varying �
from 0 (bottom of each coloured band) to 180� (top of coloured band), for normal and
inverted mass ordering schemes on the left and right, respectively. The di↵erent colours
correspond to the ⌫e fraction (yellow), ⌫µ (green) and ⌫⌧ (blue).

Given the constraints imposed by oscillation data, for each ordering
the three neutrino masses can be expressed in term of just one unknown
parameter, the lightest neutrino mass mMIN . The values of the three light
neutrino masses are shown in Fig. 2 as a function of mMIN . As can be seen
in the figure, three di↵erent limiting cases can be easily distinguished:

• Normal Hierarchical (NH). For mMIN ! 0, for NO we have m1 ⌧ m2 ⌧
m3, with m1 ⌘ mMIN , m2

⇠=
p

�m2
21 and m3

⇠=
p
|�m2

31|.
• Inverted Hierarchical (IH). In the limit mMIN ! 0, for IO we have instead
m3 ⌧ m1 < m2, with m1,2

⇠=
p
|�m2

32| and m3 ⌘ mMIN .
• Quasi-Degenerate (QD). For large values of mMIN (mMIN �

p
|�m2

31|)
the three mass eigenstates are almost degenerate, m2

j ' mMIN , j = 1, 2, 3.

F. Capozzi et al., 1703.04471; See 
also SK, talks at ICHEP 2016 and 
NOW 2016, Neutrino 2018
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Neutrino masses

Mayly Sanchez - ISU

S U M M A R Y  A N D  O U T L O O K

• First NOvA antineutrino data (6.9 ⋅1020 POT) has been analyzed together with 
8.85 ⋅1020 POT of neutrino data.  

• Publication on analysis of 8.85 ⋅1020 POT of neutrino data on the arXiv today. 

• More antineutrino beam running up to the summer shutdown.   

• We observe no evidence for mixing with sterile neutrinos or antineutrinos from 
the neutral current channel. 

• We observe >4 σ evidence of electron antineutrino appearance.  

• A joint appearance and disappearance analysis for these data: 

• Prefers Normal Hierarchy at 1.8 σ and excludes δCP= π/2 at > 3 σ.  

• Rejects maximal mixing at 1.8 σ and the lower octant at a similar level.  

• Future NOvA running can reach 3 σ sensitivity for the mass hierarchy by 2020 
and covers significant CP range by 2024.

!37

NOvA



Mixing and CP-violation

The Pontecorvo-Maki-Nakagawa-Sakata matrix

CPV?

5

U =

0

@
1 0 0
0 c23 s23
0 �s23 c23

1

A

0

@
c13 0 s13ei�

0 1 0
�s13e�i� 0 c13
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A

0

@
c12 s12 0
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@
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0 ei↵21/2 0
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1

A

-      maximal or close to maximal
-      significantly different from maximal
-     quite large: challenge to flavour models 
- Mixings very different from quark sector
- Possibly, large CPV. CPV is a fundamental question, 

possibly related to the origin of the baryon 
asymmetry and to the origin of the flavour structure

✓23

✓12

✓13
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Hints for CP violation?

Some relevant preference 
for CP-violation, mainly due 
to combining  T2K (NOvA) 
with reactor neutrino data.

M. Wasko, for 
T2K, Neutrino 
2018

M. C. Gonzalez-Garcia 
et al., NuFit, 1611.01514
Pre-Neutrino 2018

Imperial College  
London

Morgan O. 
WasckoNeutrino 20182018 / 06 / 04

!CP vs. sin2θ13

•sensitivity assumptions:

•sin2θ13= 0.0219 (2016 PDG)

•sin2θ23 = 0.528

•NH, δCP = -1.601

•Data fit stronger than sensitivity
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Mayly Sanchez - ISU

A L L O W E D  O S C I L L AT I O N  PA R A M E T E R S  

!34

CPδ
0

1

2

3

4

5

)
σ

Si
gn

ific
an

ce
 (

0
2
π π

2
π3 π2

NOvA FD ν POT 2010× + 6.9ν POT equiv 2010×8.85

NH Lower octant
NH Upper octant
IH Lower octant
IH Upper octant

NO
vA Prelim

inary

CPδ

0.3

0.4

0.5

0.6

0.7

23θ2
sin

0
2
π π

2
π3 π2

σ1 σ2 σ3 Best Fit

NOvA Preliminary

NH

CPδ

0.3

0.4

0.5

0.6

0.7

23θ2
sin

0
2
π π

2
π3 π2

σ1 σ2 σ3 Best Fit

NOvA Preliminary

IH

P re f e r  N H  b y  1 . 8σ  
E x c l u d e  δ=π / 2  i n  t h e  I H  a t  >  3σ

• Best fit: Normal Hierarchy  
δCP= 0.17π 
sin2θ23 = 0.58±0.03 (UO)  
Δm232 = (2.51+0.12-0.08)⋅10−3 eV2

see poster #81

M. Sanchez, for NOvA, 
Neutrino 2018
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Figure 1: Global 3⌫ oscillation analysis. Each panels shows two-dimensional projection of the
allowed six-dimensional region after marginalization with respect to the undisplayed parameters.
The di↵erent contours correspond to the two-dimensional allowed regions at 1�, 90%, 2�, 99%
and 3� CL (2 dof). Results for di↵erent assumptions concerning the analysis of data from reactor
experiments are shown: full regions correspond to analysis with the normalization of reactor fluxes
left free and data from short-baseline (less than 100 m) reactor experiments are included. For
void regions short-baseline reactor data are not included but reactor fluxes as predicted in [42] are
assumed. Note that as atmospheric mass-squared splitting we use �m2

31

for NO and �m2

32

for IO.
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What is the nature of neutrinos? Dirac vs Majorana? 
 

What are the values of the masses? Absolute scale 
(KATRIN, ...?) and the ordering.

Is there CP-violation? Its discovery
 in the next generation of LBL 
depends on the value of delta.

What are the precise values  
of mixing angles? Do they suggest 
an underlying pattern? 

Is the standard picture correct? Are there NSI? Sterile 
neutrinos? Other effects?

•

•

•

•

•

7

Phenomenology questions for the future
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Phenomenology questions for the future
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How can we search for the mass 
ordering and leptonic CP-
violation in long baseline 

neutrino oscillation experiments?
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• For νe appearance in J-PARC νμ beam
• high 60% νe signal efficiency
• >99.9% νμCC rejection, 99% NC π0 
rejection

• opportunity to improve more

Detector performance for J-PARCν
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• For νe appearance in J-PARC νμ beam
• high 60% νe signal efficiency
• >99.9% νμCC rejection, 99% NC π0 
rejection

• opportunity to improve more

Detector performance for J-PARCν
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M. Shiozawa, for 
T2HK coll., NuPhys 

2014

T2HK: 295 km off-axis
~1 Mton WC detector

15$17/12/2014# BCC#$#NuPhys2014,#Queen#Mary$University#of#London,#UK# 4#

"""""""""""""""""""LBNE"Design""

1.2$MW$Proton$Beam$(PIP2II)$
Upgradeable$to$≥$2.4$MW$

Magne;zed,$low2density$$
fine2grained$tracker$

34$kt$fiducial$mass$$
single2phase$LAr$TPC$$
Depth$=$4300$m.w.e$

DUNE: 1300 
km on-axis

(20)-40 kton 
LAr detector

NOvA: 810 km off-axis
~14 kton plastic scintillator detector

T2K: 295 km off-axis
~22.5 kton WC detector

Present/Future LBL exp

ESSnuSB: 300-500 km
~0.5 Mton WC detector

second oscillation maximum

The neutron program must not be affected 
modifications. 
Linac: double the pulse rate (14 Hz→ 28 Hz), 
from 4% duty cycle to 8%. 
Accumulator (C~400 m) needed to compress 
to few μs the 2.86 ms proton pulses, affordable 
by the  magnetic horn (350 kA) 

H- source (instead of protons), 
space charge problems in the 
accumulator ring  to be solved. 

Target station (studied in EUROν). 
Underground detector (WC à la Hyper-K 
studied in LAGUNA). 
Short pulses (~μs) will also allow DAR 
experiments  (as those proposed for SNS) using 
the neutron target. 

How to add a neutrino beam line to ESS: ESSnuSB 
ESSnuSB Design Study funded by H2020: 23 sites, 15 European countries 

M. Dracos, Poster # 39 



● When neutrinos travel through a medium, they interact 
with the background of e, p and n.

● The background is CP and CPT violating, e.g. the Earth 
contains only particle and not antiparticles, and the 
resulting oscillations are CP and CPT violating.

11

Long-baseline neutrino oscillations and 
the mass ordering

Credit: 
Symmetry 
magazine
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●  Neutrinos undergo forward elastic scattering via CC 
and NC interactions. 

●  Matter effects are described by a potential V in the 
effective Hamiltonian which determines the time 
evolution.
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Effective Hamiltonian in the flavour basis
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Matter effects modify the oscillation probability in LBL 
experiments.

The impact of matter effects is stronger at 
higher energies and at longer baselines.
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16

The probability enhancement happens for 

        

        - neutrinos if 
        - antineutrinos if 

�m2 > 0
�m2 < 0

P�µ��e = sin2 �23 sin2 2�m
13 sin2 �m

13L

2



Pµe '4c223s
2
13

1

(1� rA)2
sin

2 (1� rA)�31L

4E

+sin 2✓12 sin 2✓23s13
�21L

2E
sin

(1� rA)�31L

4E
cos

✓
� � �31L

4E

◆

+s223 sin
2
2✓12

�

2
21L

2

16E2
� 4c223s

4
13 sin

2 (1� rA)�31L

4E

The 3 neutrino probability can be approximated as

A. Cervera et al., hep-ph/0002108;
K. Asano, H. Minakata, 1103.4387;
S. K. Agarwalla et al., 1302.6773...
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Near future sensitivity
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• Currently running anti-neutrino beam. 
Run 50% neutrino, 50% anti-neutrino 
after 2018. 

• Extended running through 2024,  
proposed accelerator improvement 
projects and test beam program  
enhance NOvA’s ultimate reach.   

• 3 σ sensitivity to hierarchy (if NH and 
δCP=3π/2) for allowed range of θ23 by 
2020. 3 σ sensitivity for 30-50% 
(depending on octant) of δCP range by 
2024. 

• 2+ σ sensitivity for CP violation in both 
hierarchies at δCP=3π/2 or δCP=π/2 
(assuming unknown hierarchy) by 2024.
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Year

0

1

2

3

4

5

2 χ
Δ

=
σ

Si
gn

ific
an

ce
 

=0.08213θ22,  sin2eV-310×|=2.532
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 projected beam exposure improvements
2018 analysis techniques and

NO
vA Sim

ulation

Hierarchy resolution
/2π=3CPδNH 

π=CPδNH 
=0CPδNH 

/2π= CPδNH 

Prospects for mass ordering

ORCA NOνA Talk by M. Sánchez

•by 2020: 3σ sensitivity (NO and δ=3π/2) 
•by 2024: 3σ sensitivity for 30/50% of δ

Adrian-Martinez et al, 1601.07459

•by 2023: 3σ determination of MO

Talk by B. Wonsak

JUNO ⇒ 3σ sensitivity on mass ordering after 6 years

(similar results for PINGU)

B e fo re 2 0 2 5 , f u r t h e r 
information will be provided 
by NOvA, ORCA/PINGU, 
JUNO. A joint T2K+NOvA 
analysis is also foreseen.

 05/06/18 15 Björn Wonsak

Mass Hierarchy Sensitivity

● Measurement with or without constraint on Dm2

mm

● Sensitivity with 100k events (~6 yrs): 
● No constraint: Dc2 > 9  
● With 1% constraint: Dc2 > 16

● Reason for synergy:

See H. Nunokawa et al, Phys.Rev. D72 (2005) 013009

Y.F. Li et al. Phys.Rev. D88 
(2013) 013008, arXiv:1303.6733

∣Dm² ee∣−∣Dm² mm∣=±Dm² 21⋅(cos(2θ12)−sin(2θ12)sin(θ13) tan(θ23)cos (δ))

Y.F. Li et al. Phys.Rev. D88 
(2013) 013008, arXiv:1303.6733

Sign defined by MH

M. Sanchez, Neutrino 2018

Adrian-Martinez et al., 1601.07459

6 yrs
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DUNE, HK sensitivity
Other Oscillation Physics 

E. Worcester: Neutrino 2018 18 

Mass Ordering 

Width of band indicates 
variation in possible central 

values of θ23 
 

Octant 

Width of band indicates 
variation in possible true value 

of δCP 
 

DUNE CDR: Monte Carlo Analysis Results 

E. Worcester: Neutrino 2018 23 

Sensitivity from MC-based analysis with 
automated reconstruction and event selection 

exceeds CDR sensitivity! 
Full update of sensitivity plots with detailed systematics planned for TDR in 2019 

CDR New! 

D U N E w i l l h ave t h e 
ultimate sensitivity to the 
MO, reaching the discovery 
threshold independently of 
the values of the other 
oscillation parameters. HK 
can rely on atm neutrinos.

E. Worcester, for DUNE, 
Neutrino 2018

SK suggests normal hierarchy w/ ~2σ, 
further improvements are needed. 
Determination possible by ~5 years 
(sin2θ23=0.5) at HK.

Mass hierarchy determination 

Band	for	CP	values

 16

νµ
νe

10years

6years

1years

M. Shiozawa, for HK, 
Neutrino 2018
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DUNE, T2HK sensitivity

T2HK can improve its 
sensitivity (without atm) by 
having a second detector in 
Korea.
The combination of DUNE 
and T2HK would provide 
the ultimate sensitivity. Ballett et al., 1612.07275Figure 4: The sensitivity to the mass ordering for DUNE and T2HK in isolation and com-

bined for true normal ordering (solid) and inverted ordering (dashed). This plot assumes

the “fixed run time” configurations in Table 1 and the true oscillation parameters given in

Table 2.

in terms of �. For the reader who is interested in the precise formulation of the statistical

interpretation of
p

��

2, see e.g. Ref. [83].

The sensitivity we find in Fig. 4 is very strong. DUNE, with its large matter e↵ects,

can expect a greater than 8.5� measurement of the mass ordering after 10 years for all

values of �, with an average sensitivity of around 12� and a maximal sensitivity of around

17�. T2HK alone has limited access to this measurement due to its shorter baseline, but

can still expect a greater than 3� measurement for around 25% of the possible values of �

after 10 years of data-taking. The combination of DUNE and T2HK running for 10 years

each can reach sensitivities of at least 15�, with an average of around 18�. Care should

be taken when interpreting such large significances; however, it is clear that DUNE, and

the combination of DUNE and T2HK, can expect a very strong determination of the mass

ordering. We also note the strong complementarity here: for the values of � where DUNE

performs the worst, the information from T2HK helps to raise the global sensitivity by

about 7�. Despite this interesting interplay, the fact that this is such an easy measurement

for experiments of this type, means that we will not dwell on the question of optimising

such a measurement further.

Our sensitivities in Fig. 4 deviate from previous published values for DUNE, and we

generally report a worse ability for DUNE to exclude the ordering, with lower average

sensitivity and visibly discontinuous behaviour in the values of ��

2. This is due to the

– 18 –

Figure 18: Top (bottom) row: The minimum statistical significance of mass ordering

discrimination for DUNE (T2HK) with various beam designs. On both rows, the left-hand

panels show the performance of the alternative designs in isolation, while the right-hand

panels show the impact of an alternative design on the combination of DUNE and T2HK

by incorporating the standard T2HK and DUNE designs on the top and bottom rows,

respectively. The configurations assumed here are described in Section 6.1 and the true

oscillation parameters are given in Table 2. Full details of the assumed exposures can be

found at the start of Section 6.1, and that in the top-right panel, the blue and green lines

overlap.

6.2 Mass ordering

As shown for the standard configurations in Section 4.1, identifying the mass ordering is

almost guaranteed for experiments on this scale. However, we see a large di↵erence in

performance between DUNE and T2HK due to the di↵erence in baseline distance. The

alternative beams of the DUNE collaboration do little to change this picture. The results

of our simulation are shown in Fig. 18, in which we show the minimum sensitivity to the

mass ordering as a function of cumulative run time. The left column of panels shows

the performance of the alternative designs for DUNE (top) and T2HK (bottom). We see

that for DUNE, the 3-horn and 2-horn designs do better at the minimum sensitivity by

about 1� compared to the nuPIL design. We see that the 3-horn design can reach greater

than 5� significance after around 3.3 years run time, while the 2-horn design achieves the

– 36 –

Figure 22: The minimum mass ordering sensitivity for the combination of DUNE with

the 3 horn flux and T2HKK1.5� (red) and T2HKK2.0� (blue) compared with the standard

configurations of DUNE with 2-horn flux and T2HK with a single tank at Kamioka (green).

The configurations assumed here are described in Section 6.1 and the true oscillation pa-

rameters are given in Table 2.

forms best with a flux positioned between 1.5 and 2.0� degrees o↵ axis. Here it maximizes

its sensitivity to CP violation, its ability to exclude maximal CP violation and to make

precision measurements of � around CP conserving values. Whereas so far we have only

considered alternative designs for one experiment in combination with the standard design

of the other, in this section we report the physics reach of the optimal combination of

DUNE 3-horn and T2HKK1.5 (and T2HKK2.0).

In Fig. 22, we show the minimum sensitivity expected for the mass ordering for this

optimal configuration of DUNE + T2HKK. A 4� measurement is expected after less than a

year, which increases to 5� after 1.5 years. In Fig. 23, we show the significance at which we

can expect to exclude CP conservation (solid) and maximal CP violation (dashed). These

are expected to reach a maximal significance of 11� and 12�, respectively. The advantage

of the combination is clearer when the performance is viewed in terms of the minimal run

time required for the exclusions to be made at 5�. The combination of DUNE + T2HKK

expects to have greater than 5� exclusion of CP conservation for more than 25% (50%)

of the parameter space after 2.5 (5) years of cumulative run time. For the exclusion of

maximal CP violation, longer run times are required: about 6 years ensures the exclusion

for more than 25% of values of �. For the precision on �, shown in Fig. 24, we see that

the optimal combination of DUNE + T2HKK could expect a measurement around a CP

conserving value with an uncertainty of only 4.5�. This worsens for maximally CP violating

values of � to around 10�.

– 43 –
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CP-violation will manifest itself in neutrino oscillations, due 
to the delta phase. The CP-asymmetry:

● CP-violation requires all angles to be nonzero.

● It is proportional to the sine of the delta phase.

● Effective 2-neutrino probabilities are CP-symmetric. CPV 
needs to be searched for in LBL experiments which have 
access to 3-neutrino oscillations.

P (⌫µ ! ⌫e; t)� P (⌫̄µ ! ⌫̄e; t) =

21

CP-violation in LBL experiments
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● The CP asymmetry peaks for 
sin^2 2 theta13 ~0.001. Large 
theta13 makes its searches 
possible but not ideal.

●  Degeneracies with the mass 
hierarchy and theta23.

●  CPV effects are more 
pronounced at low energy.

P. Coloma, E. Fernandez-Martinez, JHEP120422

A. Cervera et al., hep-ph/0002108;
K. Asano, H. Minakata, 1103.4387;
S. K. Agarwalla et al., 1302.6773...
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FIG. 1: Terms of the oscillation probability in vacuum as a function of L/E for θ13 = 1◦ (left)

and θ13 = 10◦ (right). Notice the different scales in the Y-axis between the two panels. The

terms driven by the “atmospheric” (green) and “solar” (red) oscillation frequencies as well as the

CP-violating interference (without the cos(±δ − ∆31 L
2 ) term) between the two (blue) are shown.

P±
eµ ≡ P (( )νe →

( )νµ) = s223 sin2 2θ13 sin2

(

∆31 L

2

)

+ c223 sin2 2θ12 sin2

(

∆21 L

2

)

+ J̃ cos

(

±δ −
∆31 L

2

)

sin

(

∆21 L

2

)

sin

(

∆31 L

2

)

, (1)

where the upper/lower sign in the formula refers to neutrinos/antineutrinos, J̃ ≡

c13 sin 2θ12 sin 2θ23 sin 2θ13 and ∆ij ≡
∆m2

ij

2Eν
. We will refer to the three terms in Eq. (1)

as “atmospheric”, “solar” and “CP interference” terms, respectively.

In Fig. 1 the three terms in Eq. (1) are depicted as a function of L/E. The left panel shows

the case of θ13 = 1◦, while the right panel corresponds to θ13 = 10◦ (close to the best fit of

T2K). For the CP-violating interference term only the coefficient in front of cos
(

±δ − ∆31 L
2

)

has been shown. As can be seen, for θ13 = 1◦ the choice of the first oscillation peak is

indeed very favorable for the exploration of CP violation, since the coefficient multiplying

the CP-violating term is larger than either the solar or the atmospheric CP-conserving

terms. On the other hand, for θ13 = 10◦ the first oscillation peak is dominated by the

atmospheric term whereas the CP interference term is only a subleading component of the

3

●●●
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• Currently running anti-neutrino beam. 
Run 50% neutrino, 50% anti-neutrino 
after 2018. 

• Extended running through 2024,  
proposed accelerator improvement 
projects and test beam program  
enhance NOvA’s ultimate reach.   

• 3 σ sensitivity to hierarchy (if NH and 
δCP=3π/2) for allowed range of θ23 by 
2020. 3 σ sensitivity for 30-50% 
(depending on octant) of δCP range by 
2024. 

• 2+ σ sensitivity for CP violation in both 
hierarchies at δCP=3π/2 or δCP=π/2 
(assuming unknown hierarchy) by 2024.
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 projected beam exposure improvements
2018 analysis techniques and

NO
vA Sim

ulation

Hierarchy resolution
/2π=3CPδNH 

π=CPδNH 
=0CPδNH 

/2π= CPδNH 

T2K run extension

• T2K’s long term goal is the pursuit of CP Violation in the neutrino sector.

• In 2016, T2K phase 2 run extension given Stage-1 status by KEK/J-PARC.

• Proposal to collect 20×1021 POT by ~2026 (arXiv:1609.04111 [hep-ex]).

• With 20×1021 POT, T2K has up to 3! (median) CPV sensitivity:

• Sensitivity improves beyond 3! with reduced systematic errors.

• T2K initiated Near Detector upgrade project in January 2016.
• “The T2K ND280 Upgrade Proposal”, submitted to CERN SPSC in Jan. 2018.

Imperial College  
London

Morgan O. 
WasckoNeutrino 20182018 / 06 / 04 26
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Near future sensitivity

M. Sanchez, Neutrino 2018

NOvA plans an extended 
run till 2024 (50% nu, 
50% antinu) with further 
a c c e l e r a t o r 
improvements.

T2K phase 2 extension has 
received stage 1 approval 
by KEK/J-PARC in 2016.
It aims at reaching 1.3 MW 
by 2026 (20x10^21pot).

T2K, 1609.04111
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CP Violation Sensitivity 

E. Worcester: Neutrino 2018 17 

Width of band indicates 
variation in possible central 

values of θ23 
 

Simultaneous measurement of 
neutrino mixing angles and δCP 

 

CP Violation 

DUNE CDR: DUNE, T2HK sensitivity
sinδCP=0 exclusion

δCP 1σ error

• Exclusion of sinδCP=0 

• 8σ for δ=-90° (T2K best fit) 

• 80% coverage of δ 
parameter space for CPV 
discovery w/ >3σ 

• Test of CPV origin 

• δCP precision measurement 

• 22° for δ=-90° 

• 7° for δ=0°
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Figure 6: The sensitivity to CP violation for DUNE and T2HK in isolation and combined

as a function of delta (left) and the fraction of � parameter space for which greater than 5�

CPV discovery is expected (right). We consider a range of true ✓23 spanning both octant

solutions. The lower edge of the shaded regions corresponds to ✓23 > 45� due to a decrease

in sensitivity arising from the relative suppression of the CP sensitive terms in Eq. (2.1).

The left (right) plot assumes the “fixed run time” (“variable run time”) configurations in

Table 1 and the true oscillation parameters, apart from ✓23, specified in Table 2.

either in isolation, and expects a greater than 5� measurement for more than 50% of the

parameter space after between 1.5 and 2.5 years of parallel data-taking.

4.3 Sensitivity to maximal CP violation

Although the search for any non-zero CPV is the principle goal of the next LBL experi-

ments, understanding the value of � is also highly relevant. Current global fits [46, 79, 80]

point towards maximal values of �, � = ±⇡/2. Of course, these should be treated with

some scepticism: no single experiment can claim evidence for this at an appreciable level.

However, determining if a maximal CP violating phase exists will remain a high priority

for the next generation of long-baseline experiments. If established, it could be seen as an

“unnatural” value advocated as evidence against anarchic PMNS matrices. Indeed, it is

also one of the most common predictions in flavour models with generalised CP symme-

tries, and is often associated with close to maximal values of ✓23 in models with residual

flavor symmetries. For more discussion, see e.g. Ref. [64, 65].

We have studied this question in Fig. 7 where we have defined the quantity

��

2
MCP = min

�2{�⇡
2 ,

⇡
2 }

��

2(�). (4.3)

This is analogous to ��

2
CP defined earlier, and gives us a measure of the compatibility

of the data with the hypothesis of maximal CP violation. On the left panel, we see the

ability to exclude maximal CPV as a function of the true value of �. There is a similar

sensitivity for both facilities. DUNE has the best performance for most cases, but T2HK

still achieves the highest significance exclusions for �3⇡/4 < � < �⇡/2 and 0 < � < ⇡/2;

– 22 –

Ballett et al., 1612.07275

In Fig. 9 is shown the significance in terms of number of standard deviations � with

which CP violation could be discovered as function of the fraction of the full �CP range

from -180� to 180� for which this discovery is possible. As already noted above, the best

performance is obtained for a baseline of the order of 300 km to 500 km where about 40%

of �CP range is covered with 5 � significance.
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Figure 10. The fraction of the full �CP range for which CP violation could be discovered as function
of the baseline. The lower (upper) curve is for CP violation discovery at 5 � (3 �) significance.

Fig. 10 presents the fraction of the full �CP range (-180� to 180�) within which CP

violation can be discovered as function of the baseline in km and for proton energies from

2.0 GeV to 3.0 GeV. According to the results of these calculations the fraction of the full

�CP range within which CP violation can be discovered at 5 � (3 �) significance is above

40% (67%) in the range of baselines from 300 km to 550 km and has the maximum value

of 50% (74%) at around 500 km for 3.0 GeV.

Finally, Fig. 11 (snowmass 2013 process [32]), which is of the same kind as Fig. 9, shows

a comparison, for unknown mass hierarchy, of the ESS⌫SB performance for a baseline of

540 km and two proton energies (2.0 GeV and 3.0 GeV), with the performance of other

proposed facilities. Only the much more advanced and costlier [39] low energy Neutrino

Factory (IDS-NF) would perform better than the ESS Neutrino Super Beam. The main

parameters used for all facilities are summarized in Table 4 while the considered systematic

errors are those reported in [31] (for ESS⌫SB see SB in Table 2 “default” case). As already

said, the more optimistic systematic errors of signal/background of 5%/10% have been used

in [15] for ESS⌫SB, where the CP violation coverage can go up to 59% (78%) at 5 � (3 �).

– 18 –

ESSnuSB

ESSnuSB, 1309.7022



The precision measurement of the oscillation parameters is 
a primary physics goal.
 
●  The values of the mixing angles seem to indicate an 
underlying symmetry:                        not too far from 0.

● Predictions for the CPV phase delta and relations among 
parameters in flavour models (e.g. sum rules). Example:

Crucial information in order to discriminate between 
different flavour models.25

✓23 ⇠ 45o, ✓13

Precision measurements of the oscillation 
parameters in LBL experiments

a = �r cos � � = 1,�1/2

2

lation amongst the mixing angles and phases. We refer
to this relation as a sum-rule and it provides a constraint
which reduces the number of degrees of freedom in the
leptonic mixing sector. It is convenient to parameterize
these relations by employing the notation of Ref. [1], and
introduce the parameters s, r and a defined by

sin θ12 =
1 + s√

3
, sin θ13 =

r√
2
, sin θ23 =

1 + a√
2

.

These parameters, originating from studies of tribimaxi-
mality, provide a close phenomenological fit to the known
mixing angles. A recent global fit [2] provides the follow-
ing 1σ intervals

−0.07 ≤ s ≤ −0.01,

0.21 ≤ r ≤ 0.23,

−0.15 ≤ a ≤ −0.07.

In this paper, we will focus on a specific set of correla-
tions which are primarily dependent on the atmospheric
mixing angle θ23, reactor mixing angle θ13 and the cosine
of the Dirac CP-phase, cos δ. It will be useful to work
with the first-order expansion of the complete sum-rule
in the small parameters s, r and a, which we call the lin-
earized sum-rule. For the models that we are interested
in, these will take the general form

a = σr cos δ, (1)

and we will treat σ as a new model-dependent constant.
Although we will consider questions based on a range
of values of this general parameter, there are two specific
values which we would like to highlight. These two values
have a degree of universality, having arisen in the liter-
ature from fully consistent models, whilst also remain-
ing the only simple rules that we’ve found in our more
phenomenological treatments: the first of these rules has
σ = 1, and the second is given by σ = −1/2. A dis-
cussion of higher-order effects, correcting the linearized
sum-rule, is presented in Section III.
We will quickly illustrate this discussion with an ex-

ample from the literature. A recent model presented in
Ref. [3] imposes an A4 symmetry, broken at low energies
by a set of flavons, which leads to the second column of
the PMNS fixed at its tribimaximal value,

|Uµ2| ≡
∣

∣cos θ12 cos θ23 − sin θ12 sin θ13 sin θ23e
iδ
∣

∣ ,

=
1√
3
.

This complete sum-rule can be linearized in terms of the
s, r and a parameters,

a = −
r

2
cos δ,

which is a specific realization of our general rule, Eq. 1,
with σ = 1.

A. Hernandez-Smirnov framework

A novel approach was recently introduced in Ref. [4] to
find flavour-symmetric correlations amongst the PMNS
mixing matrix elements, whilst making minimal assump-
tions about the details of the model. This approach
was built around the assumption that there exists a dis-
crete flavour group which is broken into two subgroups
at low-energy. These subgroups act independently on the
charged lepton and neutrino sectors of the theory, and
their misalignment leads to a non-trivial PMNS matrix.
If we assume, in this framework, that some of the known
symmetries of the leptonic mass terms are in fact residual
symmetries arising from this larger broken group, con-
straints can be placed on the PMNS matrix in a general
manner, regardless of the precise implementation of the
symmetry breaking. Some correlations were reported in
Ref. [4]; however, these correlations lead to linearized
sum-rules identical to those reported in previous studies.
In this section, we weaken some of the assumptions made
in the derivations of these relations and generate ad-
dtional sum-rules with distinct linearized relations. We
refer the reader to Ref. [4] for a detailed discussion of the
method for finding parameter correlations in the “sym-
metry building” approach, and we will only summarize
the steps here, highlighting where we alter the derivation.
The approach in Ref. [4] assumes that grand flavour

group is a von Dyck group, D(2,m, p). These are defined
by the presentation

S2
iU = Tm

αU = W p
U = SiUTαUWU = 1.

The choice of m and p dictates the unbroken group that
we are considering, and the assumption that the un-
broken group is finite restricts these to specific values.
Representing each choice by the ordered pair (m, p), the
choices which lead to finite groups are exhausted by 5
special pairs

(3, 3), (3, 4), (3, 5), (4, 3), (5, 3),

and 2 infinite sequences

(2, N) and (N, 2) ∀N ≥ 2.

For a given (m, p), two generators of symmetries
present in the leptonic mass terms must be chosen which
are assumed to be residual symmetries, remaining after
the breakdown of the full group Gf . In this work, we will
focus on the specific choice of Te which is given by

Te =

⎛

⎝

1 0 0
0 ei

2πk

m 0
0 0 e−i 2πk

m

⎞

⎠ ,

where m is specified by the choice of group, and k ∈ Zm.
The second generator, governing the neutrino sector, will
be taken to be either S1 or S2, given by

S1 =

⎛

⎝

1 0 0
0 −1 0
0 0 −1

⎞

⎠ , S2 =

⎛

⎝

−1 0 0
0 1 0
0 0 −1

⎞

⎠ .

with King, 0710.0530



Precision measurements
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sinδCP=0 exclusion

δCP 1σ error

• Exclusion of sinδCP=0 

• 8σ for δ=-90° (T2K best fit) 

• 80% coverage of δ 
parameter space for CPV 
discovery w/ >3σ 

• Test of CPV origin 

• δCP precision measurement 

• 22° for δ=-90° 

• 7° for δ=0°
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Within the Daya bay 3� region, we can see that the scaling with ✓13 of �r✓13
of “short” (T2HK and the SPL) and “long” (LBNE and C2P) baseline super-beams

is di↵erent: for short baseline super-beams, the relative precision on ✓13 is roughly

independent of ✓13, indicating that precision in these facilities is limited by the sys-

tematics of the signal in this regime; for long baseline super-beams the precision

improves with ✓13, instead, as expected when the error is statistics-dominated. Be-

low the Daya Bay 3� bound, on the other hand, all super-beams show a significant

degradation of �r✓13. This is due to the fact that, for such small values of ✓13, the

signal is considerably reduced and the systematics on the background start to dom-

inate the error instead. The bands are in all cases relatively narrow, which means

that the precision on ✓13 does not depend significantly on �.
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Figure 5: Relative error on ✓13 as a function of ✓13 at 1� (1 d.o.f.) at the considered beta-

beam (left) and neutrino factory (right) setups. Left panel: results for BB100 (blue, dashed

lines) and BB350 (red, solid lines). Right panel: results for LENF (blue, dashed lines) and

IDS1b (red, solid lines). The width of the bands shows the dependence with the value

of �. The empty triangle shows the present precision at 1� for Daya Bay, while the star

represents the ultimate attainable precision, corresponding only to the quoted systematic

error. Both points are shown for the present best fit. The vertical line corresponds to the

present Daya Bay 3� lower bound. A true normal hierarchy has been assumed and no sign

degeneracies have been taken into account.

In Fig. 5 we compare the precision on ✓13 attainable in the beta-beam and neu-

trino factory setups. For all of these setups we can see that the precision improves

14

Coloma, Donini, Fernandez Martinez, 
Hernandez, 1203.5651

Figure 11: The attainable 1� precision on sin2 ✓23 and � for DUNE, T2HK, and their

combination. In each case, the contours enclose the assumed true values for ✓23 and �,

marked with a point. This plot assumes the “fixed run time” configurations in Table 1 and

the true oscillation parameters, apart from ✓23, specified in Table 2.

number varies with �, and so the e↵ective run time has been modified for each value of

� to keep the observed events constant. In the left-hand panel of Fig. 13, we have fixed

the number of appearance events to be 5411 for each configuration, which is the average

number of events expected for the combination of DUNE and T2HK running for 20 years

cumulative run time. We see that events at DUNE are more valuable than events at

T2HK around maximally CP violating values; however, around CP conserving values, the

opposite is true and T2HK has more valuable events. We quantitatively assess this e↵ect in

the right-hand panel of Fig. 13. This plot compares the performance of DUNE and T2HK

with a fixed 5411 events, with the same experiments assuming double the number of events.

The figure shows that for DUNE to consistently outperform T2HK, it needs at least twice

as many events. The same is true to T2HK: it can only lead to better performance for all

values of � once its has more than twice the exposure.

Our second normalization scheme is designed to include the e↵ect of the probability

from the comparison with fixed event rates. The number of appearance channel events, S,

is to a good approximation proportional to the oscillation probability,

S / P (⌫
µ

! ⌫

e

; hEi),

where hEi denotes the average energy of the flux, and we introduce a quantity N denoting

– 28 –

Oscillation Parameter Sensitivity 

E. Worcester: Neutrino 2018 19 

Reactor uncertainty 

δCP Resolution sin22θ13 Resolution 

DUNE CDR: 

Oscillation Parameter Sensitivity 

E. Worcester: Neutrino 2018 19 

Reactor uncertainty 

δCP Resolution sin22θ13 Resolution 

DUNE CDR: 

Ballett et al., 1612.07275

E. Worcester, for DUNE, Neutrino 2018
M. Shiozawa, for HK, Neutrino 2018



In addition to delta, the study of sum rules and mixing 
patterns requires a precise measurement of the 

atmospheric and solar mixing angles. 

Symmetry form ✓

⌫

12

[�] cos �
CP

�

CP

[�]

BM 45 unphysical unphysical

TBM arcsin(1/
p
3) ⇡ 35 �0.16 99 _ 261

GRA arctan(1/�) ⇡ 32 0.21 78 _ 282

GRB arccos(�/2) = 36 �0.24 104 _ 256

HG 30 0.39 67 _ 293

Table 2: The best fit values of cos �CP and �CP from the sum rule in eq. (1.1) for the di↵erent
symmetry forms. The mixing angles ✓12, ✓23, and ✓13 have been fixed to their NO best fit values
from Table 1. The � stands for the golden ratio: � = (1 +

p
5)/2. See text for further details.

Symmetry form
Intervals for �

CP

[�] obtained varying

✓

12

in 3� ✓

23

in 3� ✓

13

in 3�

BM 150–180_ 180–210 unphysical unphysical

TBM 79–119_ 241–281 98–107_ 253–262 98–101_ 259–262

GRA 57–95_ 265–303 76–78_ 282–284 77.6–77.9_ 282.1–282.4

GRB 84–125_ 235–276 102–114_ 246–258 103–106_ 254–257

HG 45–84_ 276–315 60–68_ 292–300 66–68_ 292–294

Table 3: The intervals for �CP due to the present 3� uncertainties in the values of the neutrino
mixing angles. The quoted intervals are obtained varying one mixing angle in its corresponding
3� range for the NO spectrum and fixing the other two angles to their NO best fit values.

golden ratio type A (GRA) [41–43], golden ratio type B (GRB) [44,45], and hexagonal (HG)
[46, 47]. Each of these symmetry forms is characterised by a specific value of the angle ✓

⌫

12

entering into the sum rule given in eq. (1.1). Namely, ✓

⌫

12

= 45� (or sin2 ✓⌫
12

= 0.5) for
BM; ✓⌫

12

= arcsin(1/
p
3) ⇡ 35� (or sin2 ✓⌫

12

= 1/3) for TBM; ✓⌫
12

= arctan(1/�) ⇡ 32� (or
sin2 ✓⌫

12

⇡ 0.276) for GRA, � = (1 +
p
5)/2 being the golden ratio; ✓⌫

12

= arccos(�/2) = 36�

(or sin2 ✓⌫
12

⇡ 0.345) for GRB; and ✓

⌫

12

= 30� (or sin2 ✓⌫
12

= 0.25) for HG.
First, in eq. (1.1), we use the best fit values of the neutrino mixing angles assuming NO

case from Table 1 to calculate the best fit value of cos �
CP

for a given symmetry form which
has a fixed value of ✓⌫

12

. We present the obtained values in Table 2. For each symmetry
form, the predicted value of cos �

CP

gives rise to two values of �
CP

located symmetrically with
respect to zero, which are also given in Table 2. Further, we calculate errors on these values
by varying ✓

12

, ✓
23

, and ✓

13

(one at a time) in their 3� experimentally allowed ranges for NO
as given in Table 1 and fixing the two remaining angles to their best fit values. We summarise
the obtained intervals of values of �

CP

in Table 3.
In the case of the BM symmetry form, the obtained best fit value of cos �

CP

= �1.26
is unphysical. This reflects the fact that the BM symmetry form does not provide a good
description of the present best fit values of the neutrino mixing angles, as discussed in [13]. As
can be seen from Table 3, current uncertainties on the mixing angles allow us to accommodate
physical values of cos �

CP

for the BM symmetry form. For instance, fixing sin2 ✓
13

and sin2 ✓
23

to their best fit values, cos �
CP

= �1 requires sin2 ✓
12

= 0.3343, which is the upper bound of
the corresponding 2� allowed range of sin2 ✓

12

(see Table 1).

3
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Best fit
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Figure 2: Compatibility of the TBM, GRA, GRB, and HG symmetry forms with any po-
tentially true value of the Dirac CPV phase �CP. The figure is obtained employing combined
potential of DUNE and T2HK. The black vertical line corresponds to the current best fit value
of �CP for the NO neutrino mass spectrum.

at 3�) translates to the values of sin2 ✓⌫
12

2 [0.157, 0.460]. Thus, in principle, any value from
this range may turn out to be favoured in the future. For instance, imagine that in the future
the best fit value of �

CP

will shift from 248� to 290�, while the best fit values of the mixing
angles will remain the same. Then, the value of sin2 ✓⌫

12

= 0.250, and thus the HG symmetry
form, will be favoured. With this said, one should keep in mind that the position of the black
dot in Fig. 1 is likely to change in the future, but having more precise measurements of �

CP

and the mixing angles at our disposal, we will be able to repeat this analysis favouring some
symmetry forms and disfavouring the others.

Having obtained an idea of how much the mixing symmetry forms in question are com-
patible with the present best fit values of the oscillation parameters, we go next to a more
involved analysis which will allow us to see the compatibility of the studied symmetry forms
with any value of �

CP

between 180� and 360�, should it turn out to be the true value. To this
aim, we fix the true value of the CPV phase, �true

CP

, to be between 180� and 360�, the true value
of the atmospheric mixing angle, ✓true

23

, to a value from its 3� range, and the true values of the
solar and reactor mixing angles, ✓true

12

and ✓

true

13

, to their corresponding best fit values. Then,
we generate data with this input using the DUNE and T2HK set-ups. In the test, we assume
a given symmetry form to hold and fix the three test values ✓

test

12

, ✓test
13

, and ✓

test

23

to values
from the corresponding 3� ranges. Using these test values and known for a given symmetry
form ✓

⌫

12

, we calculate �test
CP

from eq. (1.1). Each couple of the true and test oscillation vectors,

11
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regions.

long-baseline accelerator experiments for �m2
31, medium-baseline reactor experiments for

�m2
21, and short-baseline reactor experiments for ✓13.

In summary, the work presented in this paper shows that the most straightforward

way to exclude the LS model is to provide a better individual determination of the three

currently less precisely measured parameters ✓12, ✓23, and �, which requires both medium

baseline experiments such as JUNO and RENO-50, and long baseline experiments such as

DUNE and T2HK, where the synergy between the latter two experiments is thoroughly

explored in [50]. In addition, the LS model could be constrained by combinedmeasurements

of the three remaining parameters �m2
21, �m2

31 and ✓13, where an even higher precision of

the latter reactor parameter at the short baseline Daya Bay experiment can also play an

important role.
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baseline experiments such as JUNO and RENO-50, and long baseline experiments such as

DUNE and T2HK, where the synergy between the latter two experiments is thoroughly

explored in [50]. In addition, the LS model could be constrained by combinedmeasurements

of the three remaining parameters �m2
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31 and ✓13, where an even higher precision of

the latter reactor parameter at the short baseline Daya Bay experiment can also play an

important role.
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way to exclude the LS model is to provide a better individual determination of the three

currently less precisely measured parameters ✓12, ✓23, and �, which requires both medium

baseline experiments such as JUNO and RENO-50, and long baseline experiments such as

DUNE and T2HK, where the synergy between the latter two experiments is thoroughly

explored in [50]. In addition, the LS model could be constrained by combinedmeasurements

of the three remaining parameters �m2
21, �m2

31 and ✓13, where an even higher precision of

the latter reactor parameter at the short baseline Daya Bay experiment can also play an

important role.
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●  Sterile neutrinos (as suggested or not by current 
hints). Synergy with SBN. 
● New interactions: NSI, light mediators, trident…
● Decoherence, Lorentz violation...

Tests of the standard 3-neutrino paradigm

A deviation from the 
standard picture would 
have a groundbreaking 
impact.

I. Oscillation anomalies: ⌫e disappearance 8

NEOS and DANSS results

• Both detectors have measured reactor
neutrinos at very short baseline:

� NEOS [12]: 24 m;

� DANSS [15]: 10.7 m! 12.7 m;

• data: near/far spectral ratios) insen-
sitive to flux shape & normalization:

� NEOS: normalized to Daya-Bay;

� DANSS: movable detector;

• both detectors observe small energy
modulations) hints of sterile ⌫.

[12] Y. J. Ko et al. [NEOS collab], PRL 118
(2017) 121802 [arXiv:1610.05134].

[15] I. Alekseev et al. [DANSS collabortion],
arXiv:1804.04046.

[12]

Positron energy, MeV
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0.74
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[15]

– – – (0.0 eV2, 0.00)
——– (1.4 eV2, 0.05)
......... (2.3 eV2, 0.14)

Michele Maltoni <michele.maltoni@csic.es> Neutrino 2018, 8/06/2018DANSS, 1804.04046

I. Oscillation anomalies: ⌫e disappearance 9

Global analysis of all reactor ⌫̄e disappearance data

• Total rates only) two models [16]:

� “free”: unconstrained normaliza-
tions for

⇥235U, 238U, 239Pu, 241Pu
⇤
;

� “fixed”: assumes Huber fluxes;

• spectral data as near/far ratios )
independent of flux assumptions;

• results [17]:

� 2.9� (3.5�) hint for sterile ⌫ from
analysis with free (fixed) fluxes;

� fit dominated by DANSS+NEOS;

� DANSS osc. agree with NEOS;

� DANSS osc. in tension with fixed.

STEREO

[17]

) Poster #M/147: Á. Hernández-Cabezudo
[16] M. Dentler et al., JHEP 11 (2017) 099 [arXiv:1709.04294].
[17] M. Dentler et al., arXiv:1803.10661.

Michele Maltoni <michele.maltoni@csic.es> Neutrino 2018, 8/06/2018

M. Dentler et al., 1803.10661
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FIG. 5: Expected sensitivity projected in the ✓24 � ✓34 plane, for an active-sterile mass-squared
splitting �m2

41 = 10�4 eV2 (left panel) and for �m2
41 = 0.5 eV2 (right panel). The shaded regions

correspond to the expected confidence regions allowed at 90% C.L. (2 d.o.f.), for a simulation
assuming ✓

i4 = 0 as true input values. The lines labeled as “10% sys” (“5% sys”) have been
obtained assuming 10% (5%) prior uncertainties for the signal (both shape and normalization) and
10% for the background (normalization only). For comparison, the right panel shows the latest
results from the NOvA experiment from a NC search, also at the 90% C.L. [26].

contour is therefore obtained in this case. For comparison, we show the currently allowed
regions from an analysis of the NOvA far detector neutral-current data sample, taken from
Ref. [26]. As shown in the figure, DUNE is expected to improve over a factor of two with
respect to the current allowed region set by NOvA. We also show two sets of lines for the
DUNE experiment, which indicate the improvement in the results if the signal systematic
uncertainties could be reduced below the 10% level.

V. SUMMARY AND CONCLUSIONS

The experimental anomalies independently reported in LSND, MiniBooNE, reactor and
Gallium experiments have put the possible existence of an eV-scale sterile neutrino under
intense scrutiny. In the near future a new generation of short-baseline experiments will
come online to refute or confirm these hints, and will place strong constraints on the mixing
of a light sterile neutrino with electron and muon neutrinos. Achieving similar bounds on
the mixing with tau neutrinos is a much more di�cult task, given the technical challenges
associated to the production and detection of ⌫

⌧

. At long-baseline experiments, however,
oscillations in the ⌫

µ

! ⌫
⌧

channel guarantee that most of the beam will have oscillated into
⌫
⌧

by the time it reaches the far detector, thanks to the atmospheric mass-squared splitting.
By searching for a depletion in the number of neutral-current (NC) events measured at the
far detector, experiments like NOvA or MINOS have been able to probe the mixing between
⌫
⌧

and a fourth neutrino.
In this work, we have studied the potential of the future DUNE experiment to conduct a

search for sterile neutrinos using the NC data expected at the far detector, taking advantage

P. Coloma et al., 
1707.05348
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FIG. 8: The expected 95 % C.L exclusion curves in the sin2 θ14(test)-sin2 θ24(test) plane for a fixed

∆m2
41 = 1.0 eV2. The colour code is same as Fig. 3.

to 3, the additional neutrino states should be “sterile”. In this paper we considered one extra

such sterile neutrino in the so-called 3+1 mass spectrum. In the 3+1 scenario the neutrino

oscillation parameter space is extended by one new mass squared difference ∆m2
41, three

new active-sterile mixing angles θ14, θ24 and θ34 and two new CP phases δ24 and δ34. We

work within a parametrisation of the mixing matrix such that the phase δ24 is associated

with the mixing angle θ24 and δ34 is associated with θ34. It is now well known that even

though the ∆m2
41-driven oscillations are averaged out in the long-baseline experiments, the

active-sterile mixing angles and the additional phases appear in the oscillation probabilities

and modify it. The sensitivity of the long-baseline experiments to the active-sterile mixing

angles has been studied before. The impact of the sterile neutrino parameters on the physics

reach of these experiments for standard parameter measurement such as CP violation, mass

hierarchy measurement and octant of θ23 measurement has been investigated in details be-

fore. In this work, for the first time, we looked at the prospects of measuring the sterile CP

phase δ24 in the long-baseline experiment T2HK (and T2HKK) and DUNE as well as when

data from them is combined.

Dedicated short-baseline experiments are being built to test the active-sterile neutrino

oscillation hypothesis. However, these experiments are sensitive to oscillation probabilities
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S. Choubey et al., 
1711.07464
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Figure 9. Discovery potential for identifying the correct octant assuming NH as true choice. The
left (right) panel corresponds to the 3⌫ (3+1) case. In the 3⌫ case, we marginalize away (✓23, �13)
(test). In the 3+1 case, in addition, we marginalize away also �14 (true) and �14 (test) fixing
✓14 = ✓24 = 90.

6 Sensitivity to the octant of ✓23

The latest global fits of neutrino data indicate a preference for non-maximal ✓23 with two

nearly degenerate solutions, one in the lower octant (✓23 < ⇡/4), and the other in the higher

octant (✓23 > ⇡/4). The resolution of this octant ambiguity is a crucial target of next-

generation LBL experiments. In a recent work [61] it was shown that in the 3+1 scheme the

sensitivity of the future LBL experiment DUNE to the the ✓23 octant can be deteriorated

in a drastic way. Here we perform a similar analysis to check if the same conclusion holds

for T2HK. Figure 9 displays the discovery potential for identifying the true octant in the

plane [�13, sin2 ✓23] (true) assuming NH as true choice. The left (right) panel represents the

results obtained in 3⌫ (3+1) scheme. In the 3+1 case we marginalized over the CP phase

�14 (true) (in addition to all the test parameters) since such a phase is unknown. Hence, the

outcome of this procedure provides the minimal guaranteed sensitivity. The three contours

correspond, respectively, to 2�, 3� and 4� confidence levels (1 d.o.f.). The comparison of

the two panels neatly shows that in the 3+1 scheme no minimal sensitivity is guaranteed

in the entire plane. We have checked that similar results are valid also in the case of IH

as true MH. Hence, we confirm that also in T2HK, like in DUNE, the identification of the

octant of ✓23 is problematic when one works in the enlarged 3+1 framework.

– 17 –

S. K. Agarwalla et al., 1801.04855; see also, S.  K. 
Agarwalla et al., PRL 118 (2017), Escrihuela et 
al., Kayser et al., De Gouvea et al., Dutta et al.
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FIG. 2: Expected frequentist allowed regions at the 1�, 90% and 2� CL for DUNE. All new

physics parameters are assumed to be zero so as to obtain the expected sensitivities. The left panels

(ND averaged) correspond to the non-unitarity case, or to the sterile case when the light-heavy

oscillations are averaged out in the near and far detectors. The right panels (ND undeveloped)

give the sensitivity for the sterile case when the light-heavy oscillations have not yet developed in

the near detector, but are averaged out in the far. The solid lines correspond to the analysis of

DUNE data alone, while the dashed lines include the present constraints on sterile neutrino mixing

from the middle and right columns in Tab. I for the ND averaged and ND undeveloped scenarios

respectively.
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Blennow et al., 1609.08637; See also e.g. Gosh, Yasuda

DUNE

T2HK
While the MO and 
s t a n d a r d C P V 
rema i n b road l y 
unaffected, theta23 
determination can 
d r a m a t i c a l l y 
worsen.
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Also: Tests of standard neutrino paradigm

Reactor 
neutrinos:
JUNO, 
RENO-50

LBL exp:
DUNE, 
T2HK 

Atmospheric neutrinos

        Neutrinoless
double beta decay

masses
Cosmology 

Direct search
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DUNE ND as a beam-dump experiment

Courtesy of R. Jacobsson 

�  Direct search: visible decay to SM particles (𝑠𝑠 ∝ 𝜖𝜖4) 

�  Indirect search: Missing mass/energy (𝑠𝑠 ∝ 𝜖𝜖2) 

Î Operating with electrons assumes vector portal 

NA62++@CERN (p@400, 1018) 
HPS, APEX, DarkLight@JLAB (e@1-10) 
SHiP@CERN (p@400, 2x1020),  
SeaQuest@FNAL (p@120, 1018–1020) 
(LBNF@FNAL) Assumes 𝑚𝑚𝐻𝐻𝑃𝑃 > 2𝑚𝑚𝑒𝑒, 𝑚𝑚𝐻𝐻𝑃𝑃 < 2𝑚𝑚𝜒𝜒 where 𝜒𝜒 is DM particle 

BDX@JLAB (e@11, 1022), 
MiniBooNE@FNAL (p@8.9, 1020),  
 SHiP@CERN (p@400, 2x1020) 
PADME (LNF) 
(interest for BDX-like  experiments at 
Mainz (MESA), SLAC, Cornell…) 

�  Direct search: Scattering off atomic electrons and nuclei (𝑠𝑠 ∝ 𝜖𝜖4) 
 

Absorber/sweeper Target + detector 
Electrons or  
protons 

Long 
high-Z/A target 

HP or vWIMP 

Decay volume 
SM 

SM 

Spectrometer (Absorber/sweeper) 
Protons or  
electrons 

Long 
high-Z/A target 

HP 

NA64@CERN (e@100, 1012), 
LDMX@SLAC (e@10, 1016) 

Electrons 

Spectrometer 

vWIMP 

Calorimetry 

A’ 

Experimental techniques 

Courtesy of R. Jacobsson 

M. Mezzetto, Neutrino 2018; Courtesy of R. Jacobsson

In recent years, interest has grown in BSM searches with 
neutrino detectors or in neutrino-related experiments: 
NA62, SHiP, MiniBooNE…



34

DUNE ND as a beam-dump experiment

Courtesy of R. Jacobsson 

�  Direct search: visible decay to SM particles (𝑠𝑠 ∝ 𝜖𝜖4) 

�  Indirect search: Missing mass/energy (𝑠𝑠 ∝ 𝜖𝜖2) 

Î Operating with electrons assumes vector portal 

NA62++@CERN (p@400, 1018) 
HPS, APEX, DarkLight@JLAB (e@1-10) 
SHiP@CERN (p@400, 2x1020),  
SeaQuest@FNAL (p@120, 1018–1020) 
(LBNF@FNAL) Assumes 𝑚𝑚𝐻𝐻𝑃𝑃 > 2𝑚𝑚𝑒𝑒, 𝑚𝑚𝐻𝐻𝑃𝑃 < 2𝑚𝑚𝜒𝜒 where 𝜒𝜒 is DM particle 

BDX@JLAB (e@11, 1022), 
MiniBooNE@FNAL (p@8.9, 1020),  
 SHiP@CERN (p@400, 2x1020) 
PADME (LNF) 
(interest for BDX-like  experiments at 
Mainz (MESA), SLAC, Cornell…) 

�  Direct search: Scattering off atomic electrons and nuclei (𝑠𝑠 ∝ 𝜖𝜖4) 
 

Absorber/sweeper Target + detector 
Electrons or  
protons 

Long 
high-Z/A target 

HP or vWIMP 

Decay volume 
SM 

SM 

Spectrometer (Absorber/sweeper) 
Protons or  
electrons 

Long 
high-Z/A target 

HP 

NA64@CERN (e@100, 1012), 
LDMX@SLAC (e@10, 1016) 

Electrons 

Spectrometer 

vWIMP 

Calorimetry 

A’ 

Experimental techniques 

Courtesy of R. Jacobsson 

DUNE ND

DUNE ND

Any LBL experiment has the ingredients necessary for 
beam-dump-type of searches: a proton beam,  target, an 
absorber (Earth), a near detector.



35

6

10-3 ¥ nmÆnm CC

10-3 ¥ nmÆne CC

nmÆnee+m-

nmÆnme+e-

nmÆnmm+m-

neÆnee+e-

neÆnmm+e-

neÆnem+m-

2 4 6 8
0.0

0.1

0.2

0.3

0.4

En

N
FD
ev
en
ts
ê0.2

5
G
eV

10-3 ¥ nmÆnm CC

10-3 ¥ nmÆne CC

nmÆne e-m+

nmÆnm e-e+

nmÆnm m-m+

neÆne e-e+

neÆnm m-e+

neÆne m-m+

2 4 6 8
0.00

0.02

0.04

0.06

0.08

0.10

En

N
FD
ev
en
ts
ê0.2

5
G
eV

10-3 ¥ nmÆnm CC

10-3 ¥ nmÆne CC

nmÆne e+m-

nmÆnm e+e-

nmÆnm m+m-

neÆne e+e-

neÆnm m+e-

neÆne m+m-

2 4 6 8
0

2

4

6

8

10

12

En

N
N
D
ev
en
ts
ê0.2

5
G
eV

10-3 ¥ nmÆnm CC

10-3 ¥ nmÆne CC

nmÆne e-m+

nmÆnm e-e+

nmÆnm m-m+

neÆne e-e+

neÆnm m-e+

neÆne m-m+

2 4 6 8
0

1

2

3

4

En

N
N
D
ev
en
ts
ê0.2

5
G
eV

FIG. 2. Expected CC and trident expected events at DUNE assuming three years of either

neutrino-beam mode (left) or antineutrino-beam mode (right). The CC events have been normal-

ized and been multiplied by 10�3.

by

Âijk = (1 + 4g2

Wl
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W
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W 0
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2
+

gi
Z⌫

c2w
gl
ZA

m2

W

m2

Z0
)�jk, (9)

Trident searches at the DUNE ND, 
thanks to the very large flux.

Ballett et al., in preparation

Ballett et al., in preparation
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Extending the Standard Model

One or more right-handed neutrinos N can be added to the SM to explain
neutrino mass, dark matter and baryon asymmetry [T. Asaka, 05]. We add
one right-handed neutrino,

�L = LSM + iN/@N + L
L

Y H̃N +
1

2
M

R

NCN + h.c . .

After EWSB and mass diagonalisation: ⌫` =
P3

i=1 U
⇤
` i ⌫i + U⇤

` 4 NC .
If allowed, N is involved in any process with ordinary neutrinos.

W+

d

u

N

µ+

U⇤
µ4

⇡+

Tommaso Boschi DU, IPPP 2

Production at colliders

Neutrino are yielded in leptonic and
semi-leptonic decays of secondary
particles (⇡, K ), massively produced in
fixed target proton accelerator.

If m
N

is kinematically allowed, the
same decays can yield a N.

The heavy neutrino has to propagate
undisturbed to the detector and then
decay to be detected.

Particle Decay mode Branching

⇡+ µ+⌫µ 99.98%
e

+⌫
e

1.23⇥ 10�4

K

+ µ+⌫µ 63.56%
⇡0

e

+⌫
e

5.07%
⇡0µ+⌫µ 3.35%
e

+⌫
e

1.58⇥ 10�3

K

0
L

⇡±
e

⌥⌫
e

40.55%
⇡±µ⌥⌫µ 27.04%

µ+ ⌫µe+⌫e ⇠100.00%

Tommaso Boschi DU, IPPP 5

The Near Detector in DUNE

80 GeV (or 120 GeV) proton
beam on graphite target

3 y 1.07 MW (1.2 MW)
1.47 (1.1)⇥1021 POT/y

3 y 2.14 MW (2.4 MW)
2.94 (2.2)⇥1021 POT/y

PS191 SBND⇤ LArTPC HPArFGT

Baseline 128 m 110 m 574 m 578 m
Size – 4m⇥4m⇥5m 3m⇥3m⇥4m 3.5m⇥3.5m⇥6.4m
Volume 216 m3 80 m3 36 m3 78.4 m3

Weight – 112 ton 50 ton 8 ton
POT 0.86⇥ 1019 6.6⇥ 1020 13.23⇥ 1021 13.23⇥ 1021

Exposure 1.0 39.5 12.7 27.4

The exposure is defined as POT⇥Vol⇥Bl�2

with respect to PS191.
For this search, volume is the driving feature,
whereas fiducial weight a↵ects the background
(e.g. SHiP).

*part of SBN programme together with MicroBooNE and
Icarus-600. The analysis is found in [P. Ballett et al., ’17].

Tommaso Boschi DU, IPPP 7
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In the past few years, the neutrino oscillation 
parameters have been measured with good precision.
First hints for CPV and MO are present,

The main goals of future LBL experiments are the 
mass ordering, CPV searches and precision 
measurements of the oscillation parameters.

They allow also searches for non-standard neutrino 
physics (sterile neutrinos, NSI, non-unitarity…) and 
can act as beam-dump experiments (heavy sterile 
neutrino, DM, Z’…)

Conclusions
•

•

•


