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CP and T violation in neutrino oscillations

Global data and 3-flavour oscillations Global analysis

CP violation in neutrino oscillations

Leptonic CP violation will manifest itself in a di�erence of the vacuum
oscillation probabilities for neutrinos and anti-neutrinos
Cabibbo, 1977; Bilenky, Hosek, Petcov, 1980, Barger, Whisnant, Phillips, 1980
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with +(≠) for (anti-)cyclic permutation of the indices e, µ, · .

J : leptonic analogue to the Jarlskog-invariant in the quark sector
Jarlskog, 1985
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Figure 12.2: Constraints on the �̄, �̄ plane. The shaded areas have 95% CL.

unitarity). The fit must also use theory predictions for hadronic matrix elements, which
sometimes have significant uncertainties. There are several approaches to combining
the experimental data. CKMfitter [6,109] and Ref. [124] (which develops [125,126]
further) use frequentist statistics, while UTfit [110,127] uses a Bayesian approach. These
approaches provide similar results.

The constraints implied by the unitarity of the three generation CKM matrix
significantly reduce the allowed range of some of the CKM elements. The fit for the
Wolfenstein parameters defined in Eq. (12.4) gives

� = 0.22453 ± 0.00044 , A = 0.836 ± 0.015 ,

�̄ = 0.122+0.018
�0.017 , �̄ = 0.355+0.012

�0.011 . (12.26)

These values are obtained using the method of Refs. [6,109]. Using the prescription
of Refs. [110,127] gives � = 0.22465 ± 0.00039, A = 0.832 ± 0.009, �̄ = 0.139 ± 0.016,
�̄ = 0.346 ± 0.010 [128]. The fit results for the magnitudes of all nine CKM elements are

VCKM =

�

�
0.97446 ± 0.00010 0.22452 ± 0.00044 0.00365 ± 0.00012
0.22438 ± 0.00044 0.97359+0.00010

�0.00011 0.04214 ± 0.00076

0.00896+0.00024
�0.00023 0.04133 ± 0.00074 0.999105 ± 0.000032

�

� , (12.27)
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Leptonic CP violation

Neutrino oscillations Current status and implications

CP violation
Leptonic CP violation will manifest itself in a di�erence of the vacuum
oscillation probabilities for neutrinos and anti-neutrinos
Cabibbo, 1977; Bilenky, Hosek, Petcov, 1980, Barger, Whisnant, Phillips, 1980
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standard parameterization: J = s12c12s23c23s13c2
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present data NuFit 2.0: J

max = 0.0329 ± 0.0009 (1‡)
compare with Jarlskog invariant in the quark sector:

JCKM = (3.06+0.21
≠0.20)◊ 10≠5

I CPV for leptons might be a factor 1000 larger than for quarks
I OBS: for quarks we know J , for leptons only J

max (do not know ”!)
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Figure 3. Dependence of the global ��2 function on the Jarlskog invariant. The red (blue) curves
are for NO (IO). Solid (dashed) curves are without (with) adding the tabulated SK-atm ��2.

Note that there are strong correlations between the elements due to the unitary constraint,

see Ref. [33] for details on how we derive the ranges.

The present status of leptonic CP violation is illustrated in figs. 2 and 3. In particular

fig. 2 contains two projections of the confidence regions with �CP on the vertical axis in

which we observe the non-trivial correlations between �CP and sin2 �23. In the left panel

of fig. 3 we show the dependence of ��2 of the global analysis on the Jarlskog invariant

which gives a convention-independent measure of CP violation [34], defined by:

JCP � Im
�
U�iU

�
�jU

�
�iU�j

�

� Jmax
CP sin �CP = cos �12 sin �12 cos �23 sin �23 cos2 �13 sin �13 sin �CP (2.3)

where in the second line we have used the parametrization in Eq. (1.2). Factoring out

sin �CP, the determination of the mixing angles implies a maximal possible value of the

Jarlskog invariant:

Jmax
CP = 0.0333 ± 0.0006 (±0.0019) (2.4)

at 1� (3�) for both orderings. The preference of the present data for non-zero �CP implies a

best fit value Jbest
CP = �0.019, which is favored over CP conservation with ��2 = 1.5 (1.8)

without (with) SK-atm. These numbers can be compared with the size of the Jarlskog

invariant in the quark sector, Jquarks
CP = (3.18 ± 0.15) � 10�5 [35].

3 Synergies and tensions

3.1 Status of comparison of results of solar experiments versus KamLAND

The analyses of the solar experiments and of KamLAND give the dominant contribution to

the determination of �m2
21 and �12. We show in fig. 4 the present determination of these
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unitarity). The fit must also use theory predictions for hadronic matrix elements, which
sometimes have significant uncertainties. There are several approaches to combining
the experimental data. CKMfitter [6,109] and Ref. [124] (which develops [125,126]
further) use frequentist statistics, while UTfit [110,127] uses a Bayesian approach. These
approaches provide similar results.

The constraints implied by the unitarity of the three generation CKM matrix
significantly reduce the allowed range of some of the CKM elements. The fit for the
Wolfenstein parameters defined in Eq. (12.4) gives

� = 0.22453 ± 0.00044 , A = 0.836 ± 0.015 ,

�̄ = 0.122+0.018
�0.017 , �̄ = 0.355+0.012

�0.011 . (12.26)

These values are obtained using the method of Refs. [6,109]. Using the prescription
of Refs. [110,127] gives � = 0.22465 ± 0.00039, A = 0.832 ± 0.009, �̄ = 0.139 ± 0.016,
�̄ = 0.346 ± 0.010 [128]. The fit results for the magnitudes of all nine CKM elements are
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Figure 3. Dependence of the global ��2 function on the Jarlskog invariant. The red (blue) curves
are for NO (IO). Solid (dashed) curves are without (with) adding the tabulated SK-atm ��2.

Note that there are strong correlations between the elements due to the unitary constraint,

see Ref. [33] for details on how we derive the ranges.

The present status of leptonic CP violation is illustrated in figs. 2 and 3. In particular

fig. 2 contains two projections of the confidence regions with �CP on the vertical axis in

which we observe the non-trivial correlations between �CP and sin2 �23. In the left panel

of fig. 3 we show the dependence of ��2 of the global analysis on the Jarlskog invariant

which gives a convention-independent measure of CP violation [34], defined by:

JCP � Im
�
U�iU

�
�jU

�
�iU�j

�

� Jmax
CP sin �CP = cos �12 sin �12 cos �23 sin �23 cos2 �13 sin �13 sin �CP (2.3)

where in the second line we have used the parametrization in Eq. (1.2). Factoring out

sin �CP, the determination of the mixing angles implies a maximal possible value of the

Jarlskog invariant:

Jmax
CP = 0.0333 ± 0.0006 (±0.0019) (2.4)

at 1� (3�) for both orderings. The preference of the present data for non-zero �CP implies a

best fit value Jbest
CP = �0.019, which is favored over CP conservation with ��2 = 1.5 (1.8)

without (with) SK-atm. These numbers can be compared with the size of the Jarlskog

invariant in the quark sector, Jquarks
CP = (3.18 ± 0.15) � 10�5 [35].

3 Synergies and tensions

3.1 Status of comparison of results of solar experiments versus KamLAND

The analyses of the solar experiments and of KamLAND give the dominant contribution to

the determination of �m2
21 and �12. We show in fig. 4 the present determination of these
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unitarity). The fit must also use theory predictions for hadronic matrix elements, which
sometimes have significant uncertainties. There are several approaches to combining
the experimental data. CKMfitter [6,109] and Ref. [124] (which develops [125,126]
further) use frequentist statistics, while UTfit [110,127] uses a Bayesian approach. These
approaches provide similar results.

The constraints implied by the unitarity of the three generation CKM matrix
significantly reduce the allowed range of some of the CKM elements. The fit for the
Wolfenstein parameters defined in Eq. (12.4) gives

� = 0.22453 ± 0.00044 , A = 0.836 ± 0.015 ,

�̄ = 0.122+0.018
�0.017 , �̄ = 0.355+0.012

�0.011 . (12.26)

These values are obtained using the method of Refs. [6,109]. Using the prescription
of Refs. [110,127] gives � = 0.22465 ± 0.00039, A = 0.832 ± 0.009, �̄ = 0.139 ± 0.016,
�̄ = 0.346 ± 0.010 [128]. The fit results for the magnitudes of all nine CKM elements are
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�

� , (12.27)

June 5, 2018 19:49

12. CKM quark-mixing matrix 15

γ

γ

α

α

dmΔ
Kε

Kε

smΔ & dmΔ

ubV

βsin 2

(excl. at CL > 0.95)
 < 0βsol. w/ cos 2

excluded at CL > 0.95

α

βγ

ρ
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

η

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5
excluded area has CL > 0.95

Figure 12.2: Constraints on the �̄, �̄ plane. The shaded areas have 95% CL.

unitarity). The fit must also use theory predictions for hadronic matrix elements, which
sometimes have significant uncertainties. There are several approaches to combining
the experimental data. CKMfitter [6,109] and Ref. [124] (which develops [125,126]
further) use frequentist statistics, while UTfit [110,127] uses a Bayesian approach. These
approaches provide similar results.

The constraints implied by the unitarity of the three generation CKM matrix
significantly reduce the allowed range of some of the CKM elements. The fit for the
Wolfenstein parameters defined in Eq. (12.4) gives

� = 0.22453 ± 0.00044 , A = 0.836 ± 0.015 ,

�̄ = 0.122+0.018
�0.017 , �̄ = 0.355+0.012

�0.011 . (12.26)

These values are obtained using the method of Refs. [6,109]. Using the prescription
of Refs. [110,127] gives � = 0.22465 ± 0.00039, A = 0.832 ± 0.009, �̄ = 0.139 ± 0.016,
�̄ = 0.346 ± 0.010 [128]. The fit results for the magnitudes of all nine CKM elements are

VCKM =

�

�
0.97446 ± 0.00010 0.22452 ± 0.00044 0.00365 ± 0.00012
0.22438 ± 0.00044 0.97359+0.00010

�0.00011 0.04214 ± 0.00076

0.00896+0.00024
�0.00023 0.04133 ± 0.00074 0.999105 ± 0.000032

�

� , (12.27)

June 5, 2018 19:49

!19

Leptonic CP violation

Neutrino oscillations Current status and implications

CP violation
Leptonic CP violation will manifest itself in a di�erence of the vacuum
oscillation probabilities for neutrinos and anti-neutrinos
Cabibbo, 1977; Bilenky, Hosek, Petcov, 1980, Barger, Whisnant, Phillips, 1980

P‹–æ‹— ≠ P‹̄–æ‹̄— Ã J , J = |Im(U–1U
ú
–2U

ú
—1U—2)|

J : leptonic analogue to Jarlskog-invariant Jarlskog, 1985

standard parameterization: J = s12c12s23c23s13c2
13 sin ” © J

max sin ”
present data NuFit 2.0: J

max = 0.0329 ± 0.0009 (1‡)
compare with Jarlskog invariant in the quark sector:

JCKM = (3.06+0.21
≠0.20)◊ 10≠5

I CPV for leptons might be a factor 1000 larger than for quarks
I OBS: for quarks we know J , for leptons only J

max (do not know ”!)
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Figure 3. Dependence of the global ��2 function on the Jarlskog invariant. The red (blue) curves
are for NO (IO). Solid (dashed) curves are without (with) adding the tabulated SK-atm ��2.

Note that there are strong correlations between the elements due to the unitary constraint,

see Ref. [33] for details on how we derive the ranges.

The present status of leptonic CP violation is illustrated in figs. 2 and 3. In particular

fig. 2 contains two projections of the confidence regions with �CP on the vertical axis in

which we observe the non-trivial correlations between �CP and sin2 �23. In the left panel

of fig. 3 we show the dependence of ��2 of the global analysis on the Jarlskog invariant

which gives a convention-independent measure of CP violation [34], defined by:

JCP � Im
�
U�iU

�
�jU

�
�iU�j

�

� Jmax
CP sin �CP = cos �12 sin �12 cos �23 sin �23 cos2 �13 sin �13 sin �CP (2.3)

where in the second line we have used the parametrization in Eq. (1.2). Factoring out

sin �CP, the determination of the mixing angles implies a maximal possible value of the

Jarlskog invariant:

Jmax
CP = 0.0333 ± 0.0006 (±0.0019) (2.4)

at 1� (3�) for both orderings. The preference of the present data for non-zero �CP implies a

best fit value Jbest
CP = �0.019, which is favored over CP conservation with ��2 = 1.5 (1.8)

without (with) SK-atm. These numbers can be compared with the size of the Jarlskog

invariant in the quark sector, Jquarks
CP = (3.18 ± 0.15) � 10�5 [35].

3 Synergies and tensions

3.1 Status of comparison of results of solar experiments versus KamLAND

The analyses of the solar experiments and of KamLAND give the dominant contribution to

the determination of �m2
21 and �12. We show in fig. 4 the present determination of these
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Th. Schwetz - Portoroz21

• some indications from the interplay of long-baseline accelerator, reactor, 
and atmospheric neutrino experiments 

• entangled with the unknown neutrino mass ordering and θ23

5

Determination of  from the global 3-flavour fitδCP

NuFit 5.0 (2020) www.nu-fit.org  Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, 2007.14792  

http://www.nu-fit.org


Th. Schwetz - Portoroz21

• T2K and NOvA better compatible for IO → LBL combination best fit for IO


• LBL/reactor complementarity in determination → combination prefers NO


•CP phase best fit at δ=195° (shifted towards 180°) → CP conservation allowed at 0.6σ


• for IO: best fit close to δ=270°, CP conservation disfavoured at 3σ

|Δm2
31 |

6

Mass ordering and CP phase: LBL accelerator & reactor data60
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Figure 1. Predicted number of events as a function of �CP for the T2K (left) and NOvA (right)
appearance data sets. sin2 ✓23 varies between 0.44 and 0.58, where the lower-light (upper-dark)
bound of the colored bands corresponds to 0.44 (0.58). Red (blue) bands correspond to NO (IO).
For the other oscillation parameters we have adopted sin2 ✓13 = 0.0224, |�m2

3`| = 2.5⇥ 10�3 eV2,
sin2 ✓12 = 0.310, �m2

21 = 7.39⇥ 10�5 eV2. The horizontal dashed lines show the observed number
of events, with the ±1� statistical error indicated by the gray shaded band.

accomodate the observed number of events within 1�. It seems that part of previous

hints can be attributed to a statistical fluctuation in this sub-leading event sample. Let

us stress, however, that due to the small CC1⇡ event numbers, statistical uncertainties

are large. Indeed, CCQE neutrino and anti-neutrino events consistently point in the same

direction and they are both fitted best with NO and maximal CP phase.

Moving now to NOvA, we first observe from figure 1 the larger separation between the

NO and IO bands compared to T2K. This is a manifestation of the increased matter e↵ect

because of the longer baseline in NOvA. Next, neutrino data have r ⇡ 1 which can be

accommodated by (NO, �CP ' ⇡/2) or (IO, �CP ' 3⇡/2). This behavior is consistent with

NOvA anti-neutrinos, however in tension with T2K in the case of NO. We conclude from

these considerations that the T2K and NOvA combination can be best fitted by IO and

– 4 –
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•NuFit 5.0 updated with SK I-IV analysis 
presented @ Neutrino’20


•CP conservation @  (no SK)  
  (w SK) best fit: 


•𝝌2(IO) - 𝝌2(NO) = 2.7 (no SK)  
→ 7.1 (w SK) 2.7σ


•restricting to inverted ordering:  
CP cons. @ > 3 , best fit: 

0.6σ
→ 2σ δCP ≈ 230∘

σ δCP ≈ 290∘

7

Including atmospheric neutrinos: global fit results
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The leptonic unitarity triangle
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„Search for CP violation“: main goal of future experiments
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FIG. 4. The Asimov CPV sensitivity as a function of the true value of �CP, for a total exposure of 100 kt-MW-yr with di↵erent
fractions of FHC and RHC running, with and without a ✓13 penalty applied in the fit. Results are shown for both true normal
and inverted ordering, with the true oscillation parameter values set to the NuFit 4.0 best fit point in each ordering (see
Table I).

is inverted, 100% FHC running would degrade the sensi-
tivity by �1� for all values of �CP at the NuFIT 4.0 best
fit point. Overall, the sensitivity to the inverted order-
ing is improved by a more equal split between the beam
modes. It is clear that 100% RHC running gives poor
sensitivity for all values tested.

Without the reactor ✓13 constraint, the greatest sensi-
tivity is obtained with close to an equal split of FHC and
RHC running, and the sensitivity is significantly reduced
with 100% FHC running. This is because of a degeneracy
between the e↵ect of ✓13 and the mass ordering on the
rate of ⌫e appearance in FHC mode. If the mass ordering
is normal, the ⌫e rate in FHC will be enhanced; without

the reactor constraint, this excess can be accommodated
by increasing the value of ✓13.

For comparison, Figure 6 shows the Asimov CPV and
mass ordering sensitivities, with and without the reactor
✓13 constraint included, for true normal ordering only, for
a large exposure of 336 kt-MW-yr, with di↵erent frac-
tions of FHC and RHC running. At large exposures,
running with strongly enhanced FHC no longer improves
the sensitivity over equal beam mode running, with or
without the ✓13 penalty applied, for either CPV or mass
ordering determination. This can be understood because
the enhancement to the statistics that enhanced FHC
brings is no longer as important to the sensitivity, and

DUNE coll., 2109.01304

• Fermilab — Homestake (1300 km):  
DUNE (USA)


• J-PARC — HyperKamiokande (295 km): 
T2HK (Japan) 

• possible extension: 2nd detector @ Korea: 
T2KK (1100 km)


• ESS (Sweden) (540 km)
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the CP asymmetry

 


is not directly observable: 

• fluxes & cross sections are different for neutrinos and antineutrinos


•matter effect induces environmental CP asymmetry

 

P(νμ → νe) − P(ν̄μ → ν̄e)

10

Comments on search for CP violation
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In vacuum CPT holds:





 

T corresponds to exchange of initial and final flavour


•matter effect breaks CPT but does NOT induce environmental T asymmetry 
for a matter profile symmetric between source and detector  
[e.g., Akhmedov, Huber, Lindner, Ohlsson, 01]


• BUT exchanging initial and final flavour not feasible in practice

P(νμ → νe) − P(ν̄μ → ν̄e) = P(νμ → νe) − P(νe → νμ)

11

Comments on search for T violation
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assumes:


•minimal three-flavour scenario


• standard neutrino production and detection


• standard matter effect 

perform combined accelerator/reactor fit + energy spectrum


• determine allowed range for 


• CPV  excluding values of 0 and  for 

δCP

⇔ π δCP

12

Comments on search for CP violation

The „standard approach“ is highly model dependent:
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• no „direct test“ of CP violation possible 
 


• In the presence of new physics, there are additional sources of CPV 
e.g.: sterile neutrinos, non-unitarity, non-standard neutrino interactions,… 

13

Comments on search for CP violation

The „standard approach“ is highly model dependent:
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• no „direct test“ of CP violation possible 
 


• In the presence of new physics, there are additional sources of CPV 
e.g.: sterile neutrinos, non-unitarity, non-standard neutrino interactions,… 

13

Comments on search for CP violation

Can we search for fundamental CP violation  
in a more model-independent way?

The „standard approach“ is highly model dependent:
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• fundamental T-viol equivalent to CP-viol. assuming CPT conservation 

• assume evolution equation 

  

• position independent Hamiltonian (approx. constant matter density) 
→ matter effect does not introduce environmental T violation 


• allow for arbitrary (non-standard) matter effect


• allow for arbitrary (non-unitary) mixing between flavour and energy eigenstates  
(even different for production and detection): 


i∂t |ψ⟩ = H(Eν) |ψ⟩

|να⟩ = ∑
i

Nprod,det
αi |νi⟩

14

Model-independent test of T violation A. Segarra, TS, 2106.16099
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• general parameterisation of the transition probabilities:

15

Model-independent test of T violation A. Segarra, TS, 2106.16099
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• general parameterisation of the transition probabilities:

15

Model-independent test of T violation A. Segarra, TS, 2106.16099

T-even T-odd

complex phases in  lead to T violation

more sources for TV due to new physics

cα
i
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• if data cannot be fitted with an even function of , fundamental T violation 
can be established 
 
 
 

•measure  and  as a function of  (at the same )


• try to fit 8 parameters: 


• works already for 3 LBL experiments + near detectors!

L

Pμe Pμμ L Eν

ce
1,2,3, cμ

1,2,3, ω21, ω31

16

Model-independent test of T violation A. Segarra, TS, 2106.16099
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• if data cannot be fitted with an even function of , fundamental T violation 
can be established 
 
 
 

•measure  and  as a function of  (at the same )


• try to fit 8 parameters:  (unknown functions of )


• works already for 3 LBL experiments + near detectors!

L

Pμe Pμμ L Eν

ce
1,2,3, cμ

1,2,3, ω21, ω31 Eν

17

Model-independent test of T violation A. Segarra, TS, 2106.16099
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• DUNE, T2HK, T2KK, ESS SB  
(no overlap bin with NOvA) 

ν
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Does it work in real life?

3

Figure 1. Estimated number of appearance signal events
at future accelerator experiments, assuming normal mass or-
dering and true � = 90�. Data from Refs. [40, 41] (DUNE),
[36] (T2HK), [37] (T2HKK), and [39] (ESS⌫SB).

additional data point for each energy bin (note that also
the prior is energy dependent). Therefore, under this ad-
ditional assumption, we come to the remarkable result
that our model-independent test can be performed al-
ready with 3 experiments at di↵erent baselines plus near
detectors.

The crucial requirement, however, is su�cient over-
lap in neutrino energy. If experiments have overlap-
ping energy ranges, we can combine information from
di↵erent energies. However, to be completely model-
independent, the minimization has to be done individu-
ally for each energy, since we do not want to make any as-
sumptions about the energy dependence of the unknown
new physics. This is an important di↵erence to usual
model-dependent analyses.

Realistic baselines and energies. Let us now con-
sider planned long-baseline accelerator experiments in or-
der to see if such a test realistically can be carried out in
the future. We consider the following experiments: the
DUNE project in USA (L = 1300 km) [34, 35], T2HK in
Japan (L = 295 km) [36], with the option of a second de-
tector in Korea, T2HKK (L = 1100 km) [37], and a long-
baseline experiment at the European Spalation Source in
Sweden, ESS⌫SB (L = 540 km) [38, 39].

Expected event numbers are obtained from Design Re-
ports or detailed studies of the physics potential and are
shown for the appearance channel in the case of 3⌫ oscil-
lations and � = 90� in Fig. 1. It is clear from the Figure
that there is only limited overlap in energy with su�cient
events, in particular between DUNE and HKK. In prac-
tice, we will see that only the two energy bins between 0.7
and 0.9 GeV provide relevant sensitivity. We note that
the energy spectrum from the NO⌫A experiment [9] has
no overlap with the T2K beam and therefore it cannot
be used for this analysis. We use the information from
Fig. 1 (and the corresponding data for the disappear-

Figure 2. Data points for the disappearance (top) and
appearance (bottom) channels at the baselines of DUNE,
T2HK, T2HKK, ESS⌫SB and a near detector location for
E = 0.75 GeV. Data points are generated for standard three-
flavour oscillations in matter with normal mass ordering and
� = 90�, and the corresponding oscillation probability is
shown as black-dashed. Error bars show 1� statistical errors.
The solid curves show the best-fit model-independent L-even
probabilities using all baselines (4L, blue), DUNE + T2HK
+ T2HKK (3L (HKK), red), or DUNE + T2HK + ESS⌫SB
(3L (ESS), green). Left (right) panels are without (with) the
smearing due to a 10% energy resolution.

ance channel) to estimate the statistical uncertainties in
Eq. (5) as �br/P

even(Lb, Er) =
p
Sbr +Bbr/Sbr at base-

line b and energy bin r. We take the background events
Bbr directly from the experimental studies and estimate
the number of signal events from the Nbr in the Figure
assuming Sbr = Nbr ⇥ P

even(Lb, Er; ✓)/P 3⌫(Lb, Er). For
the near detector data points, we assume the standard
P↵�(L ! 0) = �↵� with � = 0.01.
In Fig. 2 we show the data points for the appearance

and disappearance probabilities as a function of the base-
line for the 0.7–0.8 GeV energy bin. We can see that the
disappearance data points essentially fix the oscillation
frequency, whereas the appearance data are crucial for
the TV test. The “true” oscillation probability assumed
to generate the data points correspond to standard 3⌫ os-
cillations with maximal TV (� = 90�) and normal mass
ordering. We find that no satisfactory L-even fit is pos-
sible for the 4L and 3L (HKK) combinations at this en-
ergy. The essential information is obtained from the rela-
tive heights of the first and second appearance oscillation
peaks, see the appendix for further discussion. Note that
disappearance probabilities can reach values larger than
one in our fit, since we do not impose unitarity in our
e↵ective parameterization of the T-even transitions.
In order to connect our test with experiments, one

should take into account the fact that finite energy reso-
lution e↵ectively changes the L-dependence in their mea-
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• DUNE, T2HK, T2KK, ESS SB  
(no overlap bin with NOvA) 
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Figure 1. Estimated number of appearance signal events
at future accelerator experiments, assuming normal mass or-
dering and true � = 90�. Data from Refs. [40, 41] (DUNE),
[36] (T2HK), [37] (T2HKK), and [39] (ESS⌫SB).

additional data point for each energy bin (note that also
the prior is energy dependent). Therefore, under this ad-
ditional assumption, we come to the remarkable result
that our model-independent test can be performed al-
ready with 3 experiments at di↵erent baselines plus near
detectors.

The crucial requirement, however, is su�cient over-
lap in neutrino energy. If experiments have overlap-
ping energy ranges, we can combine information from
di↵erent energies. However, to be completely model-
independent, the minimization has to be done individu-
ally for each energy, since we do not want to make any as-
sumptions about the energy dependence of the unknown
new physics. This is an important di↵erence to usual
model-dependent analyses.

Realistic baselines and energies. Let us now con-
sider planned long-baseline accelerator experiments in or-
der to see if such a test realistically can be carried out in
the future. We consider the following experiments: the
DUNE project in USA (L = 1300 km) [34, 35], T2HK in
Japan (L = 295 km) [36], with the option of a second de-
tector in Korea, T2HKK (L = 1100 km) [37], and a long-
baseline experiment at the European Spalation Source in
Sweden, ESS⌫SB (L = 540 km) [38, 39].

Expected event numbers are obtained from Design Re-
ports or detailed studies of the physics potential and are
shown for the appearance channel in the case of 3⌫ oscil-
lations and � = 90� in Fig. 1. It is clear from the Figure
that there is only limited overlap in energy with su�cient
events, in particular between DUNE and HKK. In prac-
tice, we will see that only the two energy bins between 0.7
and 0.9 GeV provide relevant sensitivity. We note that
the energy spectrum from the NO⌫A experiment [9] has
no overlap with the T2K beam and therefore it cannot
be used for this analysis. We use the information from
Fig. 1 (and the corresponding data for the disappear-
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appearance (bottom) channels at the baselines of DUNE,
T2HK, T2HKK, ESS⌫SB and a near detector location for
E = 0.75 GeV. Data points are generated for standard three-
flavour oscillations in matter with normal mass ordering and
� = 90�, and the corresponding oscillation probability is
shown as black-dashed. Error bars show 1� statistical errors.
The solid curves show the best-fit model-independent L-even
probabilities using all baselines (4L, blue), DUNE + T2HK
+ T2HKK (3L (HKK), red), or DUNE + T2HK + ESS⌫SB
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lations and � = 90� in Fig. 1. It is clear from the Figure
that there is only limited overlap in energy with su�cient
events, in particular between DUNE and HKK. In prac-
tice, we will see that only the two energy bins between 0.7
and 0.9 GeV provide relevant sensitivity. We note that
the energy spectrum from the NO⌫A experiment [9] has
no overlap with the T2K beam and therefore it cannot
be used for this analysis. We use the information from
Fig. 1 (and the corresponding data for the disappear-

Figure 2. Data points for the disappearance (top) and
appearance (bottom) channels at the baselines of DUNE,
T2HK, T2HKK, ESS⌫SB and a near detector location for
E = 0.75 GeV. Data points are generated for standard three-
flavour oscillations in matter with normal mass ordering and
� = 90�, and the corresponding oscillation probability is
shown as black-dashed. Error bars show 1� statistical errors.
The solid curves show the best-fit model-independent L-even
probabilities using all baselines (4L, blue), DUNE + T2HK
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Eq. (5) as �br/P
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line b and energy bin r. We take the background events
Bbr directly from the experimental studies and estimate
the number of signal events from the Nbr in the Figure
assuming Sbr = Nbr ⇥ P

even(Lb, Er; ✓)/P 3⌫(Lb, Er). For
the near detector data points, we assume the standard
P↵�(L ! 0) = �↵� with � = 0.01.
In Fig. 2 we show the data points for the appearance

and disappearance probabilities as a function of the base-
line for the 0.7–0.8 GeV energy bin. We can see that the
disappearance data points essentially fix the oscillation
frequency, whereas the appearance data are crucial for
the TV test. The “true” oscillation probability assumed
to generate the data points correspond to standard 3⌫ os-
cillations with maximal TV (� = 90�) and normal mass
ordering. We find that no satisfactory L-even fit is pos-
sible for the 4L and 3L (HKK) combinations at this en-
ergy. The essential information is obtained from the rela-
tive heights of the first and second appearance oscillation
peaks, see the appendix for further discussion. Note that
disappearance probabilities can reach values larger than
one in our fit, since we do not impose unitarity in our
e↵ective parameterization of the T-even transitions.
In order to connect our test with experiments, one

should take into account the fact that finite energy reso-
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der to see if such a test realistically can be carried out in
the future. We consider the following experiments: the
DUNE project in USA (L = 1300 km) [34, 35], T2HK in
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Table I. Fit to data with the �m2
21 prior �21 = 0.1 in Eq. (6)

assuming normal mass ordering and a true � = 90�. Results
with 3 baselines use either DUNE + T2HK + ESS⌫SB data
(3L ESS), or DUNE + T2HK + T2HKK data (3L HKK);
the column 4L shows the results with all four baselines. The
values outside (inside) the brackets show the min(�2) without
(with) smearing the data with a 10% energy resolution.

E (GeV) 3L (ESS) 3L (HKK) 4L

0.65 0.07 [0.03] 0.04 [0.27] 0.83 [0.47]

0.75 0.04 [0.04] 7.04 [3.82] 7.40 [3.84]

0.85 0.54 [0.53] 2.10 [1.97] 2.92 [2.05]

0.95 - 0.21 [0.77] -

Total 0.65 [0.60] 9.39 [6.83] 11.15 [6.36]

surements, which will in turn a↵ect the sensitivity of
the TV test. We assume a given energy resolution �E

around the central bin energy E0, and smear the transi-
tion probability by convoluting it with a Gaussian with
mean E0 and width �E. To illustrate the e↵ect we as-
sume here �E = 0.1E0. In order to perform the con-
volution one must assume a certain energy dependence
of the transition probability. Our assumption is that the
energy dependence of the amplitudes c↵i is slow enough,
such that it can be neglected within an interval of few
�E. The only significant energy dependence would thus
be in the oscillation phases !ij . According to assump-
tion (iv) introduced above, we assume that !31 / 1/E,
as in the standard 3⌫ oscillation case. We have checked
that our results are independent of energy smearing of
!21 terms. The impact of the finite energy resolution is
illustrated in the right panels of Figure 2.

Our results for maximal TV are summarized in Tab. I,
which shows the �

2
min values for the various energy bins

for the three experiment combinations mentioned above,
with and without including the energy smearing. We
observe that 0.75 GeV is the most relevant energy bin,
whereas the one at 0.85 GeV still provides some sensitiv-
ity. The strong impact of the energy resolution is appar-
ent. We also find that the detector in Korea is essential,
whereas the ESS baseline provides only very weak sensi-
tivity.

In Fig. 3 we show the summed �
2
min contributions from

the 0.75 and 0.85 GeV bins as a function of the value
of the 3⌫ CP phase � assumed to calculate the “data”
to which the T-even model is fitted. In addition to the
features mentioned above, we see from Fig. 3 that the
test is sensitive only to � ' 90�, whereas no sensitivity
appears around 270�. This behaviour stems from the en-
hancement of the second oscillation maximum in the lat-
ter case (contrary to its suppression around 90�), which
produces a much more oscillatory-like L-dependence that
can be e↵ectively fitted with an L-even function. See the
appendix for further discussion.

The results for inverted mass ordering (IO) are quali-
tatively similar to the one from normal ordering (for IO

Figure 3. �2
min summed for the energy bins around 0.75

and 0.85 GeV, with perfect (solid) or 10% (dashed) energy
resolution. We show the fit to all 4 experimental baselines
(4L), DUNE + T2HK + T2HKK (3L (HKK)), and DUNE +
T2HK + ESS⌫SB (3L (ESS)). Neutrino data is assumed, with
normal (inverted) mass ordering for the left (right) panel.

we show only the relevant range of � in Fig. 3). Further
details on IO are given in the appendix. If antineutrino
data are assumed (instead of neutrino data) the result
is roughly obtained for � ! 2⇡ � � in Fig. 3, with high-
est sensitivity around � ' 270�. This is to be expected,
since antineutrino oscillation probabilities are obtained
from the neutrino ones by replacing � ! �� (in addition
to the sign-flip of the matter potential). Hence, in order
to cover all T-violating values of �, data for neutrinos
and antineutrinos are necessary.

Summary. We propose a largely model-independent
test to search for T violation in neutrino oscillations by
comparing transition probabilities at the same energy
and di↵erent baselines. The test can be done under
rather general assumptions covering a wide range of new
physics scenarios. Within some modest assumptions, the
test can be performed already with experiments at three
di↵erent baselines plus near detectors. The crucial re-
quirements are su�cient event numbers in the neutrino
energy overlap region between the experiments and good
neutrino energy reconstruction [41, 42]. Our estimates
show that with the planned long-baseline experiments
DUNE, T2HK, and T2HKK, this test can be potentially
carried out. We stress that a detector at the Tokai-
Korea baseline is required in addition to DUNE and
T2HK. Some optimization studies, especially in the low-
energy region of the DUNE and high-energy region of the
T2HKK beams, may be required. The results presented
here warrant more detailed sensitivity studies based on
realistic experiment simulations and statistical analyses,
which we leave for future work.
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• standard „search for CP violation“ is highly model-dependent: 
parametric fit for  within the Standard Model
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• search for L-odd terms in the oscillation probability
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• potentially works with 3 long-baseline experiments 
need overlap in energy and good energy resolution
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• T2K and NOvA better compatible for IO → LBL combination best fit for IO


• LBL/reactor complementarity in determination → combination prefers NO|Δm2
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Figure 4. ��2 profiles as a function of �m2
3` (left) and sin2 ✓23 (right) for di↵erent LBL data

sets and their combination. In the left 4 panels we show also the combined reactor data from
Daya-Bay, RENO and Double-Chooz. For all curves we have fixed sin2 ✓13 = 0.0224 as well as the
solar parameters and minimized with respect to the other un-displayed parameters. ��2 is shown
with respect to the best fit mass ordering for each curve. Upper panels are for the NuFIT 4.1 data
set, whereas lower panels correspond to the current update.

with the one from the reactor experiments Daya-Bay, RENO and Double-Chooz (black

curve), while they are in quite good agreement for NO.

In the accelerator-reactor combination this leads again to a best fit point for NO, with

��2(IO) = 2.7, considerably less than the value 6.2 of NuFIT 4.1. This is explicitly shown,

for example, in the LBL-reactor curves in fig. 2. For the NO best fit, a compromise between

T2K and NOvA appearance data has to be adopted, avoiding over-shoting the number of

neutrino events in NOvA while still being able to accommodate both neutrino and anti-

neutrino data from T2K, see figure 1. This leads to a shift of the allowed region towards

�CP = ⇡ and a rather wide allowed range for �CP for NO, see figures 2 and 3. On the

other hand, we see from these figures that for IO, both T2K and NOvA prefer �CP ' 270�.

Consequently, if we restrict to this ordering, CP conservation remains disfavored at ⇠ 3�.

The behaviour as a function of sin2 ✓23 is shown in fig. 3 and the right panels of

figure 4. It is mostly driven by the two T2K neutrino samples. As follows from eq. (2.4),

their predicted event rate can be enhanced by increasing sin2 ✓23. Therefore, in order to

compensate for the reduction in IO, a slight preference for the second ✓23 octant emerges

for IO. In case of NO, this is less preferrable, since large sin2 ✓23 would worsen the T2K

anti-neutrino fit as well as NOvA neutrino data.

– 7 –

• this effect will be very power full in the future [Blennow, TS, 2013], by combining reactor data 
from JUNO with atmospheric data from IceCube [1911.06745] or KM3NET/ORCA  [2108.06293]  



Th. Schwetz - Portoroz2124

4

Table I. Fit to data with the �m2
21 prior �21 = 0.1 in Eq. (6)

assuming normal mass ordering and a true � = 90�. Results
with 3 baselines use either DUNE + T2HK + ESS⌫SB data
(3L ESS), or DUNE + T2HK + T2HKK data (3L HKK);
the column 4L shows the results with all four baselines. The
values outside (inside) the brackets show the min(�2) without
(with) smearing the data with a 10% energy resolution.
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the TV test. We assume a given energy resolution �E

around the central bin energy E0, and smear the transi-
tion probability by convoluting it with a Gaussian with
mean E0 and width �E. To illustrate the e↵ect we as-
sume here �E = 0.1E0. In order to perform the con-
volution one must assume a certain energy dependence
of the transition probability. Our assumption is that the
energy dependence of the amplitudes c↵i is slow enough,
such that it can be neglected within an interval of few
�E. The only significant energy dependence would thus
be in the oscillation phases !ij . According to assump-
tion (iv) introduced above, we assume that !31 / 1/E,
as in the standard 3⌫ oscillation case. We have checked
that our results are independent of energy smearing of
!21 terms. The impact of the finite energy resolution is
illustrated in the right panels of Figure 2.

Our results for maximal TV are summarized in Tab. I,
which shows the �

2
min values for the various energy bins

for the three experiment combinations mentioned above,
with and without including the energy smearing. We
observe that 0.75 GeV is the most relevant energy bin,
whereas the one at 0.85 GeV still provides some sensitiv-
ity. The strong impact of the energy resolution is appar-
ent. We also find that the detector in Korea is essential,
whereas the ESS baseline provides only very weak sensi-
tivity.

In Fig. 3 we show the summed �
2
min contributions from

the 0.75 and 0.85 GeV bins as a function of the value
of the 3⌫ CP phase � assumed to calculate the “data”
to which the T-even model is fitted. In addition to the
features mentioned above, we see from Fig. 3 that the
test is sensitive only to � ' 90�, whereas no sensitivity
appears around 270�. This behaviour stems from the en-
hancement of the second oscillation maximum in the lat-
ter case (contrary to its suppression around 90�), which
produces a much more oscillatory-like L-dependence that
can be e↵ectively fitted with an L-even function. See the
appendix for further discussion.

The results for inverted mass ordering (IO) are quali-
tatively similar to the one from normal ordering (for IO

Figure 3. �2
min summed for the energy bins around 0.75

and 0.85 GeV, with perfect (solid) or 10% (dashed) energy
resolution. We show the fit to all 4 experimental baselines
(4L), DUNE + T2HK + T2HKK (3L (HKK)), and DUNE +
T2HK + ESS⌫SB (3L (ESS)). Neutrino data is assumed, with
normal (inverted) mass ordering for the left (right) panel.

we show only the relevant range of � in Fig. 3). Further
details on IO are given in the appendix. If antineutrino
data are assumed (instead of neutrino data) the result
is roughly obtained for � ! 2⇡ � � in Fig. 3, with high-
est sensitivity around � ' 270�. This is to be expected,
since antineutrino oscillation probabilities are obtained
from the neutrino ones by replacing � ! �� (in addition
to the sign-flip of the matter potential). Hence, in order
to cover all T-violating values of �, data for neutrinos
and antineutrinos are necessary.

Summary. We propose a largely model-independent
test to search for T violation in neutrino oscillations by
comparing transition probabilities at the same energy
and di↵erent baselines. The test can be done under
rather general assumptions covering a wide range of new
physics scenarios. Within some modest assumptions, the
test can be performed already with experiments at three
di↵erent baselines plus near detectors. The crucial re-
quirements are su�cient event numbers in the neutrino
energy overlap region between the experiments and good
neutrino energy reconstruction [41, 42]. Our estimates
show that with the planned long-baseline experiments
DUNE, T2HK, and T2HKK, this test can be potentially
carried out. We stress that a detector at the Tokai-
Korea baseline is required in addition to DUNE and
T2HK. Some optimization studies, especially in the low-
energy region of the DUNE and high-energy region of the
T2HKK beams, may be required. The results presented
here warrant more detailed sensitivity studies based on
realistic experiment simulations and statistical analyses,
which we leave for future work.
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