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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

P‹–æ‹— ≠ P‹̄–æ‹̄— Ã J , J = |Im(U–1U
ú
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ú
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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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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 =
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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
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�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
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„Search for CP violation“: main goal of future experiments
16
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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) 

• J-PARC — KNO @ Korea (1100 km): 
T2KK


•ESS (Sweden) (e.g., 540 km)
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the CP asymmetry     


is not a (model-independent) measure for genuine CPV: 

•matter effect induces environmental CP asymmetry 
(can only be taken into account within a model) 

• fluxes & cross sections are different for neutrinos 
and antineutrinos (uncertainties due not cancel) 

P(νμ → νe) − P(ν̄μ → ν̄e)

7

Can we measure CPV model-independently?

J. Hartnell @ Neutrino’22
Appearance Asymmetry: 

# !" − # !̅" / # !" + #(!̅")

Jeff Hartnell, Neutrino 2022 NOvA 20

• Asymmetry consistent 
with zero to 25% 
precision

• Disfavour mass 
ordering-δCP
combinations with 
large asymmetry

NOvA 2020 data
NOvA best fit
T2K 2020 best fit

Min. asym. ($ = &/2, NO)
Max. asym. ($ = &/2, IO)
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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

8

Comments on search for CP violation

The „standard approach“ is highly model dependent:
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• In the presence of new physics, there are additional sources of CPV 
e.g.: sterile neutrinos, non-unitarity, non-standard neutrino interactions,…


• adopt model-dependent parameterization


• perform combined accelerator/reactor fit + energy spectrum


• determine allowed range for relevant CP phases 
CPV  excluding values of 0 and  ⇔ π

9

Comments on search for CP violation

The „standard approach“ is highly model dependent:

many papers, several authors in this room
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In vacuum CPT holds:





 

T corresponds to exchange of initial and final flavour


•matter effect breaks CPT (and CP) but does NOT induce environmental T 
asymmetry for a matter profile symmetric between source and detector  
e.g., Akhmedov, Huber, Lindner, Ohlsson, 01; TS, Segarra, PRD


• BUT exchanging initial and final flavour not feasible in practice

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

10

T violation
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T violation — highly incomplete list of references
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Can we search for fundamental CP or T violation  
in a more model-independent way?
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Can we search for fundamental CP or T violation  
in a more model-independent way?

•assume x ≈ t

•T:   or    or   with  t − ts → td − t x − xs → xd − x L → − L L = xd − xs

with Alejandro Segarra:  
Phys. Rev. Lett. 128 (2022) 091801 [arXiv:2106.16099] 
Phys. Rev. D 105 (2022) 055001 [arXiv:2112.08801] 
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Can we search for fundamental CP or T violation  
in a more model-independent way?

•assume x ≈ t

•T:   or    or   with  t − ts → td − t x − xs → xd − x L → − L L = xd − xs

•measure oscillation probabilities at several distances but at the same energy

• search for a T-odd (L-odd) component of the oscillation probability

with Alejandro Segarra:  
Phys. Rev. Lett. 128 (2022) 091801 [arXiv:2106.16099] 
Phys. Rev. D 105 (2022) 055001 [arXiv:2112.08801] 
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Assumptions:
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• fundamental T-viol equivalent to CP-viol assuming CPT conservation

13
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• assume evolution equation   ( , unitary evolution)i∂t |ψ⟩ = H(Eν) |ψ⟩ H = H†

13

Assumptions:



Th. Schwetz - NuTs 2022

• fundamental T-viol equivalent to CP-viol assuming CPT conservation

• assume evolution equation   ( , unitary evolution)i∂t |ψ⟩ = H(Eν) |ψ⟩ H = H†

•position independent Hamiltonian (approx. constant matter density) 
→ matter effect does not introduce environmental T violation 
→ can diagonalize  and go to energy-eigenbasisH
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• fundamental T-viol equivalent to CP-viol assuming CPT conservation

• assume evolution equation   ( , unitary evolution)i∂t |ψ⟩ = H(Eν) |ψ⟩ H = H†

•position independent Hamiltonian (approx. constant matter density) 
→ matter effect does not introduce environmental T violation 
→ can diagonalize  and go to energy-eigenbasisH

•allow for arbitrary (non-standard) matter effect

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

i

Nprod,det
αi |νi⟩
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• fundamental T-viol equivalent to CP-viol assuming CPT conservation

• assume evolution equation   ( , unitary evolution)i∂t |ψ⟩ = H(Eν) |ψ⟩ H = H†

•position independent Hamiltonian (approx. constant matter density) 
→ matter effect does not introduce environmental T violation 
→ can diagonalize  and go to energy-eigenbasisH

•allow for arbitrary (non-standard) matter effect

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

i

Nprod,det
αi |νi⟩

•allow for arbitrary (sufficiently smooth) energy dependence of new physics

13

Assumptions:
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• general parameterisation of the transition probabilities:

14

Model-independent test of T violation

 are unknown functions of energy,

different for neutrinos and anti-neutrinos
cα

i , ωij
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• general parameterisation of the transition probabilities:

15

Model-independent test of T violation

T-even T-odd

complex phases in  lead to T violation

more sources for TV due to new physics

cα
i



Th. Schwetz - NuTs 2022

• general parameterisation of the transition probabilities:

16

Model-independent test of T-violation

T-even T-odd

if data cannot be fitted only with the -even part,  
fundamental T violation is established model-independently

L
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• general parameterisation of the transition probabilities:

17

T violation in the disappearance channel

T-even T-odd

for  also T violation in the 
disappearance channel! [TS Segarra, PRD]

Ndet
αi ≠ Nprod

αi



Th. Schwetz - NuTs 2022

• Example:  
3-flavour vacuum 
probability for 

 δCP = π/2
Eν = 0.75 GeV

18
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• only 2 independent frequencies are present 
(sterile neutrinos need to be heavy enough to be averaged out 
or light enough of not introducing oscillations) 
 

• deviation from standard 3-flavour is „small“ 
in particular  is close to the SM(Δm2

21)eff

19

Two more assumptions:
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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 (+  prior)!

L

Pμe Pμμ L Eν

ce
1,2,3, cμ

1,2,3, ω21, ω31

Δm2
21

20

Model-independent test of T violation
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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 (+  prior)!

L

Pμe Pμμ L Eν

ce
1,2,3, cμ

1,2,3, ω21, ω31 Eν

Δm2
21

21

Model-independent test of T violation
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• preliminary sensitivity studies [TS Segarra, PRL]


• assume „data“ is generated by standard 3-flavour oscillations with 
maximum CPV


• perform a 8-parameter fit searching for the best-fit  for each 
energy bin


•  take  as rough measure for sensitivity

cα
i , ωij

∑
energy bins

χ2
min

22

Does it work in real life?
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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. [47, 48] (DUNE),
[43] (T2HK), [44] (T2HKK), and [46] (ESS⌫SB).

The frequencies !ij are determined by the e↵ective evo-
lution Hamiltonian, assumption (i), and are independent
of the mixing in Eq. (1). A general parameterization of
the Hamiltonian is provided by the non-standard neu-
trino interaction scenario, see e.g., Ref. [40]. Using the
results of Ref. [40] we estimate the possible deviation to
�21 = 0.1�m̃

2
21, see the appendix for more details. It

turns out that the other independent frequency, !31, is
e↵ectively constrained by the long-baseline data used in
our fit, and therefore it is not necessary to impose an
analogous prior for it. The prior in Eq. (6) acts as an
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) [41, 42],
T2HK in Japan (L = 295 km) [43], with the option
of a second detector in Korea, T2HKK (L = 1100 km,
1.5� o↵ axis) [44], and a long-baseline experiment at the
European Spalation Source in Sweden, ESS⌫SB (L =
540 km) [45, 46].

Expected event numbers are obtained from Design Re-

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.

ports or detailed studies of the physics potential and
are shown for the appearance channel in the case of
3⌫ oscillations and � = 90� in Fig. 1. In practice,
we will see that only the two energy bins between 0.7
and 0.9 GeV provide relevant sensitivity, as data points
with su�cient statistics are needed at 1st and 2nd os-
cillation maxima. We note that the energy spectrum
from the NO⌫A experiment [10] 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 disappearance channel)
to estimate the statistical uncertainties in Eq. (5) as
�br/P

even(Lb, Er) =
p
Sbr +Bbr/Sbr at baseline b and

energy bin r. We take the background events Bbr di-
rectly from the experimental studies and estimate the
number of signal events from the Nbr in the Figure as-
suming 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
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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�. Units of
E are GeV. Columns correspond to di↵erent combinations of
DUNE, T2HK, T2HKK, ESS⌫SB. The values outside (inside)
the brackets show the min(�2) without (with) smearing the
data with a 10% energy resolution.

E w/o HKK w/o DUNE w/o ESS all

0.65 0.07 [0.03] 0.76 [0.65] 0.04 [0.21] 0.79 [0.67]

0.75 0.04 [0.04] 6.95 [4.78] 7.92 [4.82] 8.60 [4.86]

0.85 0.54 [0.53] 0.76 [2.18] 2.75 [2.96] 3.15 [3.06]

0.95 - - 0.42 [0.98] -

Tot. 0.65 [0.60] 8.46 [7.60] 11.13 [8.97] 12.54 [8.59]

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-
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 di↵erent experiment combinations, with and with-
out 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 sensitivity. The strong
impact of the energy resolution is apparent. We also
find that the detector in Korea is essential, whereas both
DUNE and ESS provide little sensitivity but at least one
of them is needed to fix the !ij from disappearance data.

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

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

0.85 GeV, with perfect (solid) or 10% (dashed) energy reso-
lution. We show the fit to all 4 experimental baselines (4L),
DUNE + T2HK + T2HKK (3L (HKK)), and DUNE + T2HK
+ ESS⌫SB (3L (ESS)), as well as the e↵ect in 4L of DUNE
having twice as many events (2xDUNE). Neutrino data is
assumed, with normal (inverted) mass ordering for the left
(right) panel.

features mentioned above, we see from Fig. 3 that the
test is sensitive only to � ' 90�, whereas no sensitiv-
ity appears around 270�. This behaviour stems from the
enhancement of the second oscillation maximum in the
latter case (contrary to its suppression around 90�): only
when the second oscillation maximum is smaller than the
first one does the P

even
µe (L) fail to fit the data. Bins with

E > 1 GeV are not useful in the test because of the
absence of measurements at both maxima. See the ap-
pendix for further discussion. For illustration purpose
we show in Fig. 3 the e↵ect doubling the event numbers
in DUNE. This shows that there is significant potential
to increase the sensitivity of the test by suitable opti-
mizations. The increased sensitivity emerges from the
0.85 GeV bin, since at this energy the DUNE baseline is
close to the 2nd oscillation maximum.
The results for inverted mass ordering (IO) are quali-

tatively similar to the one from normal ordering (for IO
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).

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
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out 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 sensitivity. The strong
impact of the energy resolution is apparent. We also
find that the detector in Korea is essential, whereas both
DUNE and ESS provide little sensitivity but at least one
of them is needed to fix the !ij from disappearance data.

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

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

0.85 GeV, with perfect (solid) or 10% (dashed) energy reso-
lution. We show the fit to all 4 experimental baselines (4L),
DUNE + T2HK + T2HKK (3L (HKK)), and DUNE + T2HK
+ ESS⌫SB (3L (ESS)), as well as the e↵ect in 4L of DUNE
having twice as many events (2xDUNE). Neutrino data is
assumed, with normal (inverted) mass ordering for the left
(right) panel.

features mentioned above, we see from Fig. 3 that the
test is sensitive only to � ' 90�, whereas no sensitiv-
ity appears around 270�. This behaviour stems from the
enhancement of the second oscillation maximum in the
latter case (contrary to its suppression around 90�): only
when the second oscillation maximum is smaller than the
first one does the P

even
µe (L) fail to fit the data. Bins with

E > 1 GeV are not useful in the test because of the
absence of measurements at both maxima. See the ap-
pendix for further discussion. For illustration purpose
we show in Fig. 3 the e↵ect doubling the event numbers
in DUNE. This shows that there is significant potential
to increase the sensitivity of the test by suitable opti-
mizations. The increased sensitivity emerges from the
0.85 GeV bin, since at this energy the DUNE baseline is
close to the 2nd oscillation maximum.
The results for inverted mass ordering (IO) are quali-

tatively similar to the one from normal ordering (for IO
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).

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
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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�. Units of
E are GeV. Columns correspond to di↵erent combinations of
DUNE, T2HK, T2HKK, ESS⌫SB. The values outside (inside)
the brackets show the min(�2) without (with) smearing the
data with a 10% energy resolution.

E w/o HKK w/o DUNE w/o ESS all

0.65 0.07 [0.03] 0.76 [0.65] 0.04 [0.21] 0.79 [0.67]

0.75 0.04 [0.04] 6.95 [4.78] 7.92 [4.82] 8.60 [4.86]

0.85 0.54 [0.53] 0.76 [2.18] 2.75 [2.96] 3.15 [3.06]

0.95 - - 0.42 [0.98] -

Tot. 0.65 [0.60] 8.46 [7.60] 11.13 [8.97] 12.54 [8.59]

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-
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 di↵erent experiment combinations, with and with-
out 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 sensitivity. The strong
impact of the energy resolution is apparent. We also
find that the detector in Korea is essential, whereas both
DUNE and ESS provide little sensitivity but at least one
of them is needed to fix the !ij from disappearance data.

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
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we show in Fig. 3 the e↵ect doubling the event numbers
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to increase the sensitivity of the test by suitable opti-
mizations. The increased sensitivity emerges from the
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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-
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since antineutrino oscillation probabilities are obtained
from the neutrino ones by replacing � ! �� (in addition
to the sign-flip of the matter potential).
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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�. Units of
E are GeV. Columns correspond to di↵erent combinations of
DUNE, T2HK, T2HKK, ESS⌫SB. The values outside (inside)
the brackets show the min(�2) without (with) smearing the
data with a 10% energy resolution.
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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-
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
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be in the oscillation phases !ij . According to assump-
tion (iv) introduced above, we assume that !31 / 1/E,
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that our results are independent of energy smearing of
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for di↵erent experiment combinations, with and with-
out 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 sensitivity. The strong
impact of the energy resolution is apparent. We also
find that the detector in Korea is essential, whereas both
DUNE and ESS provide little sensitivity but at least one
of them is needed to fix the !ij from disappearance data.

In Fig. 3 we show the summed �
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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”
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0.85 GeV, with perfect (solid) or 10% (dashed) energy reso-
lution. We show the fit to all 4 experimental baselines (4L),
DUNE + T2HK + T2HKK (3L (HKK)), and DUNE + T2HK
+ ESS⌫SB (3L (ESS)), as well as the e↵ect in 4L of DUNE
having twice as many events (2xDUNE). Neutrino data is
assumed, with normal (inverted) mass ordering for the left
(right) panel.

features mentioned above, we see from Fig. 3 that the
test is sensitive only to � ' 90�, whereas no sensitiv-
ity appears around 270�. This behaviour stems from the
enhancement of the second oscillation maximum in the
latter case (contrary to its suppression around 90�): only
when the second oscillation maximum is smaller than the
first one does the P

even
µe (L) fail to fit the data. Bins with

E > 1 GeV are not useful in the test because of the
absence of measurements at both maxima. See the ap-
pendix for further discussion. For illustration purpose
we show in Fig. 3 the e↵ect doubling the event numbers
in DUNE. This shows that there is significant potential
to increase the sensitivity of the test by suitable opti-
mizations. The increased sensitivity emerges from the
0.85 GeV bin, since at this energy the DUNE baseline is
close to the 2nd oscillation maximum.
The results for inverted mass ordering (IO) are quali-

tatively similar to the one from normal ordering (for IO
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).

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
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• have to assume: constant matter density, same for all experiments


• assuming new-physics is small correction, effect of non-constant density 
can be taken into account perturbatively

28

Correction due to non-constant matter density
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In the absence of fundamental T violation, with N
s,d
↵i and

Vij real, Isymij and G
k
ij are real as well, and A

(1)

↵� = 0, in
agreement with our results in sec. III.2.

Consider now the disappearance probabilities � = ↵.
In the standard oscillation scenario, the T transforma-
tion becomes trivial, since exchanging initial and final
flavour has no e↵ect. Let us re-consider this case in the
extended new physics scenario. First we assume that
mixing is identical at source and detector N

s
↵i = N

d
↵i.

Then we find that both, A(0)

↵↵ = 0 and A
(1)

↵↵ = 0. The first
follows directly from Eq. (25). The second follows from
Eq. (30) by noting that for N

s
↵i = N

d
↵i and ↵ = � we

have G
k
ij = G

k⇤
ji . Hence, we conclude that for Ns

↵i = N
d
↵i

(which includes also standard mixing) no T asymmetry
can be observed in the disappearance channel. This holds
even in presence of complex phases as well as asymmetric
matter density profiles.

On the contrary, if Ns
↵i 6= N

d
↵i, in the presence of non-

trivial complex phases we obtain A
(0)

↵↵ 6= 0. If Ns
↵i 6= N

d
↵i

but both real, then A
(1)

↵↵ 6= 0 for an asymmetric density
profile.4 We conclude that

• the observation of T violation in a disappearance
channel would be a signal of new physics inducing
di↵erent flavour mixing at source and detector;

• if e↵ects of asymmetric matter densities can be ne-
glected, it requires fundamental T violation (in ad-
dition to N

s
↵i 6= N

d
↵i).

Let us briefly comment on the possible observability
of such an e↵ect, at least in principle. One can follow the
approach of Ref. [1] and imagine measurments of P↵↵(Lb)
at a number of baselines Lb at a fixed energy, and in this
way study the L dependence of the probability. Then one
can check if this shape is consistent with an even func-
tion of L, or if data require the presence of L-odd terms.
However, to map out the L dependence for the disap-
pearance channel, one would need several data points,
covering at least 1st and 2nd oscillation maxima. There-
fore, currently such an analysis seems not feasible with
the proposed long-baseline experiments. The test studied
in Ref. [1] is based on the interplay of disappearance and
appearance channel, and therefore works already with
4 baselines (including the near detector). We leave for
future studies whether the disappearance test could po-
tentially be performed with atmospheric neutrinos.

4
Note, however, that this would be a second order e↵ect, being

suppressed by the small density variations and the new physics

respondsible for Ns
↵i 6= Nd

↵i.

FIG. 1. Matter density along the baseline of the T2HK (top)
T2HKK (middle) and DUNE (bottom) experiments. Data
taken from Refs. [34, 35].

V. ESTIMATION OF NON-CONSTANT
DENSITY CORRECTIONS

In this section we are going to use this formalism to
estimate the impact of a non-constant density for our T
violation test. We will address the following two points:

1. when the average matter densities for di↵erent
baselines are not exactly the same, and

2. an asymmetric density profile at a given baseline.

We consider these two cases using existing density pro-
file studies for the T2HK(K) [34] and DUNE [35] experi-
ments.5 The corresponding density profiles are shown in

5
As shown in Ref. [1], the ESS⌫SB experiment contributes only

very little to the sensitivity of the T violation test. Therefore,

we focus here on the DUNE and T2HK(K) experiments.
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FIG. 2. Relative correction of the standard appearance proba-
bilities as a function of the CP phase � for E = 0.75 GeV. The
upper panel shows the relative error for T2HK and T2HKK
if the constant mean density of 2.85 g/cm3 is assumed in-
stead of the correct ones according to Eq. (32). The lower
panel shows the relative size of the correction due to the non-
constant matter potential V (t).

that at � = 0 and ⇡ relevant for the test, the corrections
are . 0.5% on the appearance probabilities, which them-
selves are only few %. Therefore, with realistic statistical
uncertainties these corrections are negligible.

V.2. Non-constant density

Let us now discuss the e↵ect of a non-constant and
non-symmetric matter profile at a given baseline. We
use the formalism developed section III.2 to calculate
how much this a↵ects the probabilities to be probed in
T2HK(K) and DUNE, assuming the standard neutrino
model (using the same perturbative argument as above).

Within our perturbation theory in V (t), the zeroth-
order result corresponds to the diagonalization of the
Hamiltonian with the constant mean density of the pre-
vious subsection. Therefore, the procedure described
above yields the eigenvalues �b and mixing matrices
N

s
b = N

d
b = Wb for each experiment. As above, we obtain

the mean probabilities from Eq. (8) as P
(0)

↵� = |A(0)

↵� |2.
The first-order correction to the oscillation amplitudes
is then given by Eq. (19) in terms of these parameters
and the matrix elements of the perturbation in the H0

eigenbasis are Vij(t) = WeiW
⇤
ej [v(t)� v̄]. With this we

can calculate the 1st order correction to the probabilities
given in Eq. (11). The relative size of this correction is
shown in the lower panel of Fig. 2 as a function of �. We
observe that for T2HK these corrections are negligible
and not visible on the scale of the plot. For DUNE the
e↵ect is sub-percent for all values of �. For T2HKK it can
become as large as 3.5% for � ' 110�; for � = 0 and ⇡ it is
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ever, considering that these are percent-level correction
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pared to generic fundamental T violation [34, 35].
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