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• T violation:        

• CP violation:    

Pνα→νβ
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Pνα→νβ
≠ Pν̄α→ν̄β
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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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for neutrino oscillations in vacuum:

CP and T violation in neutrino oscillations
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suitable energy
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CP and T violation in neutrino oscillations

how can we observe it? •not practical to „flip“ neutrino 
source and detector 

• difficult to produce a  beam with 
suitable energy

νe

• cross section and fluxes for neutrinos 
and anti-neutrinos are different 

• earth matter effect induces 
environmental CP violationAn observed difference in neutrino and 

anti-neutrino probabilities does not imply 
fundamental CP violation!
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assume: 

•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

5

Adopt a model dependent approach
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: main goal for next generation accelerator neutrino exp.δCP

30

Fig. 21 Resolution in degrees for the DUNE measurement of
�CP, as a function of the true value of �CP, for seven (blue),
ten (orange), and fifteen (green) years of exposure. The width
of the band shows the impact of applying an external con-
straint on ✓13.

many throws of the systematic other oscillation param-
eters, and statistical throws. As seen in Figure 21, the
�CP resolution varies significantly with the true value of
�CP, but for favorable values, resolutions near five de-
grees are possible for large exposure. The DUNE mea-
surement of sin2 2✓13 approaches the precision of reac-
tor experiments for high exposure, allowing a compar-
ison between the two results, which is of interest as a
test of the unitarity of the PMNS matrix.

One of the primary physics goals for DUNE is the
simultaneous measurement of all oscillation parameters
governing long-baseline neutrino oscillation, without a
need for external constraints. Figure 24 shows the 90%
constant ��2 allowed regions in the sin2 2✓13–�CP and
sin2 ✓23–�m2

32
planes for seven, ten, and fifteen years of

running, when no external constraints are applied, com-
pared to the current measurements from world data. An
additional degenerate lobe visible at higher values of
sin2 2✓13 and in the wrong sin2 ✓23 octant is present in
the seven and ten year exposures, but is resolved after
long exposures. The time to resolve the degeneracy with
DUNE data alone depends on the true oscillation pa-
rameter values. For shorter exposures, the degeneracy
observed in Figure 24 can be resolved by introducing an
external constraint on the value of ✓13. Figure 25 shows
two-dimensional 90% constant ��2 allowed regions in
the sin2 ✓23–�CP plane with an external constraint on
✓13 applied. In this case, the degenerate octant solution
has disappeared for all exposures shown.

Fig. 22 Resolution of DUNE measurements of �CP (top) and
sin2 2✓13 (bottom), as a function of exposure in kt-MW-years.
As seen in Figure 21, the �CP resolution has a significant
dependence on the true value of �CP, so curves for �CP =
�⇡/2 (red) and �CP = 0 (green) are shown. For �CP, the
width of the band shows the impact of applying an external
constraint on ✓13. No constraint is applied when calculating
the sin2 2✓13 resolution.

Figure 26 explores the resolution sensitivity that is
expected in the sin2 ✓23–�CP and sin2 ✓23–�m2

32
planes

for various true oscillation parameter values, with an
external constraint on ✓13. The true oscillation param-
eter values used are denoted by stars, and the NuFIT
4.0 best fit values are used as the true value of all those
not explicitly shown. Values of sin2 ✓23 = 0.42, 0.5, 0.58
were used in both planes, and additionally, values of

Long Baseline Physics - !!"
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10° — 20° precision on  in ~10 yrδCP

• T2HK in Japan ( )L ≈ 295 km • DUNE in USA ( )L ≈ 1300 km
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Can we search for fundamental CP or T violation  
in a more model-independent way?

A. Segarra, TS, Phys. Rev. Lett. 128 (2022) 091801 [arXiv:2106.16099] 
A. Segarra, TS, Phys. Rev. D 105 (2022) 055001 [arXiv:2112.08801]  
S. Chatterjee, S. Patra, TS, K. Sharma, JHEP 12 (2024) 200 [arXiv:2408.06419]  
S. Chatterjee, S. Patra, TS, K. Sharma, JHEP 11 (2025) 112 [arXiv:2508.04766] 
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•matter effect breaks CPT and CP and therefore directly induce 
environmental CP violation,  

• but the matter effect 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 
 
                            T violation potentially „cleaner“ observable⇒

8

T violation vs CP violation in presence of matter
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9

T violation in neutrino oscillations — highly incomplete list of references
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A proposal of a T-violating observable

•assume , then   
 
                      

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

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

x ≈ t

T[Pνα→νβ
(L)] = Pνβ→να

(L) = Pνα→νβ
(−L)

impractical experimentally 
(need a -based neutrino factory)μ

A. Segarra, TS, Phys. Rev. Lett. 128 (2022) 091801 [arXiv:2106.16099] 
A. Segarra, TS, Phys. Rev. D 105 (2022) 055001 [arXiv:2112.08801] 
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• general parameterisation of the transition probabilities:

11

Model-independent test of T violation

holds for a broad class of BSM scenarios (non-unitarity mixing, sterile neutrinos with
 or , non-standard interactions in matter, source and detector, general 

EFT (at leading order), light and heavy mediators)   precise assumptions in backup
|Δm2

s1 | ≪ Δm2
21 ≫ |Δm2

31 |
→

 are unknown functions of energy,

different for neutrinos and anti-neutrinos
cα

i , λi
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• general parameterisation of the transition probabilities:

12

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
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• general parameterisation of the transition probabilities:

13

Model-independent test of T violation

T-even  L even→ T-odd  L-odd→

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

L
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•Example:  
3-flavour vacuum 
probability for 

 δCP = π/2
Eν = 0.75 GeV
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• How many data 
points do we need to 
establish that a  
T-odd component is 
present?

14

•Example:  
3-flavour vacuum 
probability for 

 δCP = π/2
Eν = 0.75 GeV
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• consider 
                           
 
                            
 
where  are known functions of  
 

   if      and    

• T has to be violated if  and the -conditions are satisfied.

XT ≡ Peven(L2) − Peven(L1) − δ0 PL=0
even

= c2
2 δ2 + c2

3 δ3 + c2c3 δ23

δi (Δm2
ij)effL1,2/Eν

⇒ XT ≥ 0 δ2, δ3 > 0 δ2
23 < 4δ2δ3

Xobserved
T < 0 δi

15

Chatterjee, Patra, TS, Sharma, 2408.06419 Need just two experiments!

  definitions in backup→
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• where are the conditions  
   and     

satisfied? (both) 

• sweet spot for T2HK and DUNE 
for  GeV

δ2, δ3 > 0 δ2
23 < 4δ2δ3

Eν ≈ 0.86

16

Figure 1: Regions in energy and distance where the conditions eqs. (2.19) and (2.20) are fulfilled. Blue

and red regions correspond to eq. (2.19) and eq. (2.20), respectively, and purple regions to both conditions

simultaneously. In the upper panels we fix L1 to LT2K and LDUNE, respectively, vary L2 on the vertical

axis and show the neutrino energy on the horizontal axis. In the lower panels we show the two distances

L1,2 on the axes for four fixed energies E⌫ = 0.85, 1.0, 1.3, 1.6 GeV in each triangle section of the panels,

respectively. We assume neutrinos and normal mass ordering.

8

 If we can establish experimentally that  at 
 and  is sufficiently small then T has to be violated.

⇒ Pμe(DUNE) < Pμe(T2HK)
Eν ≈ 0.86 Pμe(L = 0)

low probability/

event numbers

Chatterjee, Patra, TS, Sharma, 2408.06419 
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Can it work in real life?

T2HK (607.75 kt.MW.yr)

DUNE (168 kt.MW.yr)

5*DUNE (840 kt.MW.yr)
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Figure 2: Number of ⌫µ ! ⌫e (left) and ⌫̄µ ! ⌫̄e (right) signal events per 0.125 GeV reconstructed neutrino

energy bins. For T2HK we assume an exposure of 607.75 (1823.25) kt MW yr for neutrino (antineutrino)

running. For DUNE we show spectra for a nominal exposure of 168 kt MW yr by green curves, as well as

exposures increased by a factor 5 (10) for neutrinos (antineutrinos) as red curves. Dashed curves indicate

events due to the wrong-sign beam component, i.e., ⌫̄µ ! ⌫̄e for the left panel (hardly visible) and ⌫µ ! ⌫e

for the right panel. The vertical bar indicates the energy bin sensitive to the T-violation test. The insets

show a zoom into the relevant energy range. We assume standard oscillations with the parameters given in

table 1 and �CP = 90
�
(left panel) and �CP = 270

�
(right panel).

40 kt Liquid Argon Time Projection Chamber (LArTPC) as the far detector (current plan-
ning considers a staged approach with up to 4 detector modules of 17 kt each), paired with
a 120 GeV proton beam delivering 1.2 MW of beam power, which translates to 1.1 ⇥ 1021

protons on target (P.O.T) per year. For further details on systematic errors and e�ciencies,
please refer to Ref. [34].

T2HK (Tokai to Hyper-Kamiokande) is an o↵-axis, accelerator-based future superbeam
experiment with a 295 km baseline. To estimate the detector’s physics potential, we ad-
here to the experimental configurations outlined in [24]. This experiment will utilize the
same 30 GeV proton beam from the J-PARC facility, previously used for T2K, to gener-
ate (anti)neutrino fluxes. The Water Cherenkov far detector is expected to have a fiducial
volume of 187 kt, and the total exposure will be 1.3MW ⇥ 10 ⇥ 107 seconds, equivalent to
2.7⇥1022 protons on target (P.O.T). In this simplified scenario, we consider an uncorrelated
5% (3.5%) signal normalization error, a 10% background normalization error, and a 5% en-
ergy calibration error for both ⌫ and ⌫̄ appearance (disappearance) channels.

Figure 2 shows the expected signal spectra for the ⌫µ ! ⌫e appearance channel, assum-
ing standard three-flavour oscillations with parameters given below in table 1 and �CP =
90� (270�) for neutrino (antineutrino) beam mode. In the left panel we consider the neutrino
mode, where for T2HK we have assumed an exposure of 608 kt MW yr, which corresponds
to about 2.5 yr of neutrino beam running with the above mentioned assumptions on detector
mass and beam power. We see from the figure, that the sensitive energy window identified
in eq. (2.22) falls close to the peak of the event spectrum in T2HK with about 180 events.

11

DUNE  
840 kt MW yr

T2HK  
608 kt MW yr

~13 yr   dataν

~2.5 yr   dataν

„sweet spot“  GeV 
is located close to  
1st osc. max. at T2HK 
2nd osc. max at DUNE

Eν ≈ 0.86

Chatterjee, Patra, TS, Sharma, 2408.06419 
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Can it work in real life?
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Figure 4: ��2
T as a function of the DUNE neutrino exposure for true �CP = 90

�
summing the three relevant

energy bins. The T2HK exposure is kept fixed at 608 kt MW yr. Di↵erent curves correspond to di↵erent

assumptions on the neutrino energy resolutions. The green curve represents our default resolution according

to eq. (4.1), for the red (blue) curve the resolutions for both, T2HK and DUNE have been re-scaled by a

factor of 0.2 (0.5), while for the magenta curve only the DUNE resolution has been re-scaled by a factor 2.

discuss in more detail now.
We consider a Gaussian detector resolution with � = ↵E⌫ + �

p
E⌫ + �, where E⌫ is the

neutrino energy in GeV. We adopt the following default configuration (units are GeV)

(↵, �, �) =

8
>><

>>:

(0.12, 0.07, 0.0) T2HK neutrinno
(0.12, 0.0, 0.09) T2HK antineutrino
(0.045, 0.001, 0.048) DUNE neutrino
(0.026, 0.001, 0.085) DUNE antineutrino

(4.1)

For T2HK these numbers have been chosen in order to match the results provided in the
design report [24]; for DUNE we adopt an improved energy resolution based on [36,38]. For
E⌫ = 0.86 GeV, these assumptions imply a neutrino energy resolution of about 19% for T2HK
and 10% for DUNE. Figure 3 shows the sensitivity for this default assumption as green curves
as well as the impact of improved energy resolutions, multiplying the numbers from eq. (4.1)
by a factor 0.5 (blue curves) or 0.2 (red curves). We see that the main impact of improving
the energy resolution is to shift sensitivity from the lower energy bin (sensitivity decreases
with improved resolution) towards the central bin (sensitivity improves with resolution).
This behaviour again supports our analytical arguments, that the sensitivity is dominated
by true neutrino energies corresponding to the central bin from 0.8 to 0.92 GeV.

Let us now study the interplay of energy resolution and exposure. The estimates in
section 3.3 suggest that the statistical uncertainty is dominated by DUNE under our default
assumptions of 608 (840) kt MW yr for T2HK (DUNE), see eq. (3.5). Figure 4 shows
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Figure 2: Number of ⌫µ ! ⌫e (left) and ⌫̄µ ! ⌫̄e (right) signal events per 0.125 GeV reconstructed neutrino

energy bins. For T2HK we assume an exposure of 607.75 (1823.25) kt MW yr for neutrino (antineutrino)

running. For DUNE we show spectra for a nominal exposure of 168 kt MW yr by green curves, as well as

exposures increased by a factor 5 (10) for neutrinos (antineutrinos) as red curves. Dashed curves indicate

events due to the wrong-sign beam component, i.e., ⌫̄µ ! ⌫̄e for the left panel (hardly visible) and ⌫µ ! ⌫e

for the right panel. The vertical bar indicates the energy bin sensitive to the T-violation test. The insets

show a zoom into the relevant energy range. We assume standard oscillations with the parameters given in

table 1 and �CP = 90
�
(left panel) and �CP = 270

�
(right panel).

40 kt Liquid Argon Time Projection Chamber (LArTPC) as the far detector (current plan-
ning considers a staged approach with up to 4 detector modules of 17 kt each), paired with
a 120 GeV proton beam delivering 1.2 MW of beam power, which translates to 1.1 ⇥ 1021

protons on target (P.O.T) per year. For further details on systematic errors and e�ciencies,
please refer to Ref. [34].

T2HK (Tokai to Hyper-Kamiokande) is an o↵-axis, accelerator-based future superbeam
experiment with a 295 km baseline. To estimate the detector’s physics potential, we ad-
here to the experimental configurations outlined in [24]. This experiment will utilize the
same 30 GeV proton beam from the J-PARC facility, previously used for T2K, to gener-
ate (anti)neutrino fluxes. The Water Cherenkov far detector is expected to have a fiducial
volume of 187 kt, and the total exposure will be 1.3MW ⇥ 10 ⇥ 107 seconds, equivalent to
2.7⇥1022 protons on target (P.O.T). In this simplified scenario, we consider an uncorrelated
5% (3.5%) signal normalization error, a 10% background normalization error, and a 5% en-
ergy calibration error for both ⌫ and ⌫̄ appearance (disappearance) channels.

Figure 2 shows the expected signal spectra for the ⌫µ ! ⌫e appearance channel, assum-
ing standard three-flavour oscillations with parameters given below in table 1 and �CP =
90� (270�) for neutrino (antineutrino) beam mode. In the left panel we consider the neutrino
mode, where for T2HK we have assumed an exposure of 608 kt MW yr, which corresponds
to about 2.5 yr of neutrino beam running with the above mentioned assumptions on detector
mass and beam power. We see from the figure, that the sensitive energy window identified
in eq. (2.22) falls close to the peak of the event spectrum in T2HK with about 180 events.
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relaxing model-independence: assume standard 3-flavour scenario
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Figure 4: Sensitivity to T violation as a function of the DUNE exposure in the neutrino beam mode

for ωtrue
CP

= 90→ (270→) for the left (right) panel. The T2HK exposure is kept fixed at 608 kt MW yr. For

reference, our default DUNE exposure of 336 kt MW yr is obtained roughly after 7 years of operation.

We show sensitivities from combining the two energy bins [0.68, 0.8] and [0.8, 0.92] GeV. Di!erent curves

correspond to re-scaling the energy resolution of DUNE by factors of 2, 1, 0.5, 0.3 compared to the default

assumption stated in section 2.2 which corresponds to the blue curves.

Furthermore, an important e!ect comes also from the ω23 octant degeneracy. In our default
analysis we assume a best fit value in the second octant, sin2 ω23 = 0.561, and impose a prior
on sin2 ω23, which does determine the octant and therefore breaks the well-known octant
degeneracy [53]. In the right panel of fig. 3 we study this issue in some detail. For the
red curves we assume a prior on sin2 ω (breaking the degeneracy), whereas for the blue
curves the prior is imposed on sin2 2ω, which is symmetric with respect to the octant. By
comparing the red and blue curves we see that the knowledge of the ω23 octant is rather
important, in particular for the two combinations of true values (ω23 > 45→, εCP → 90→)
and (ω23 < 45→, εCP → 270→). If the octant is known, the sensitivity is somewhat better for
ωtrue
23

< 45→. While fig. 3 emphasizes the important to resolve the octant degeneracy, we note
that the experiments considered here have good sensitivity to indeed lift this degeneracy,
see e.g. [12, 54–56]. Therefore, we adopt the prior on sin2 ω23 as our default assumption,
assuming that the octant is known by the time the data becomes available.

As the considered energy range is in the low-energy tail for DUNE, small event numbers
are expected. Therefore, we study the sensitivity as a function of the DUNE exposure in
fig. 4, together with the assumed energy resolution. We have checked that the results depend
only mildly on both, the exposure and energy resolution in T2HK. For our default assumption
on the energy resolution [45] as quoted in section 2.2 (blue curve), sensitivities above 4ϑ are
obtained for exposures above 250 (400) kt MW yr in the neutrino running mode for a true
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relaxing model-independence: assume standard 3-flavour scenario
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(„T-violation“)

0 45 90 135 180 225 270 315 360
0

10

20

30

40

50

60

δCP (true)

Δ
χ

2
DUNE

Neut. (336 kt.MW.Yr)

Neut.+ Antineut. (112+224 kt.MW.Yr)

0 45 90 135 180 225 270 315 360
0

10

20

30

40

50

60

δCP (true)

Δ
χ

2

T2HK

Neut. (608 kt.MW.Yr)

Neut. (1824 kt.MW.Yr)

Neut.+ Antineut. (608+1216 kt.MW.Yr)

Figure 5: Sensitivity to ωCP →= 0,ε from full spectral analysis for DUNE (left) and T2HK (right), for total

exposures of 336 kt MW yr and 1824 kt MW yr, respectively. We compare the sensitivity obtained from

using the full exposure in neutrino mode only (red) to the one when the exposure is divided into neutrino

and anti-neutrino running with ratio 1:2 (blue). For T2HK we show for comparison also the neutrino-only

sensitivity using 608 kt MW yr.

bins between 0.68 and 0.92 GeV as most sensitive to T violation from the DUNE/T2HK
combination (see section 3) and the two bins between 0.44 and 0.68 GeV as most sensitive to
CP violation in T2HK. In fig. 6 we compare these two setups by studying the accuracy with
which ωCP can be determined. We observe from the figure that the two methods provide
comparable sensitivity to ωCP, therefore allowing two independent determinations of ωCP from
T and CP violating observables, which of course, should lead to consistent results within
statistical uncertainties.

In this sense, the comparison of these independent determinations of ωCP can be inter-
preted as a test of the CPT symmetry. We note however, that the “CP analysis” as performed
here includes both, information from the L-dependence of the probability as well as from
the neutrino + anti-neutrino comparison. In order to extract “pure” CP information, one
would need to establish an observable depending only on the di!erence of the neutrino and
anti-neutrino probabilities, which is, however, obscured due to environmental CP asymmetry
introduced by the matter e!ect as well as by the relatively large neutrino component in the
“anti-neutrino” beam mode. We leave such an investigation for future work.

5 XT test

The method to search for T violation used above is based on the presence of an L-odd
component in the oscillation probability. As a variation of this, in our previous work [29]
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Figure 6: Accuracy of ωtest

CP
at 1, 2, 3ε versus ωtrue

CP
for neutrino-only data DUNE+T2HK (combining

two bins in the range [0.68, 0.92] GeV) and neutrino+anti-neutrino data from T2HK-only (two bins in

[0.44, 0.68] GeV). Exposures are 336 kt MW yr for DUNE in neutrino mode only and 608/1216 kt MW yr

for neutrino/anti-neutrino mode in T2HK. These data can be accumulated in roughly 7 years runtime for

both experiments.

we have introduced a model-independent observable, called XT which is constructed from
the di!erence of oscillation probabilities at two baselines. Here we briefly review this idea,
specializing again to the standard three-flavour scenario and show numerical results.

We depart from the expression for the T-even probability, eq. (2.3). Under the assump-
tion of T-conservation, the coe”cients ci can be taken real and Podd vanishes. With the
abbreviations

ωi = 4 sin2 εi1 (i = 2, 3) ,

ω23 = 8 sinε21 sinε31 cos(ε31 → ε21) ,
(5.1)

the T-even part can be written as

Peven = ω2c
2

2
+ ω23c2c3 + ω3c

2

3
(ci real) . (5.2)

We consider now the di!erence of Peven at two baselines to define the quantity:

Xeven

T ↑ Peven(L2)→ Peven(L1) = ϑ2c
2

2
+ ϑ23c2c3 + ϑ3c

2

3
(5.3)

with

ϑi ↑ ωi(L2)→ ωi(L1) (i = 2, 3, 23) . (5.4)

Without loss of generality we can assume ϑ2 > 0, as we have ε21 < ϖ/2 for T2HK and
DUNE, which implies that ϑ2 > 0 for choosing L2 = LDUNE > L1 = LT2HK. The important
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• standard „search for CP violation“ in neutrino oscillations is intrinsically 
model-dependent: parametric fit for  within the Standard Model  
(or any other specific BSM model)

δCP
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•propose a (largely) model-independent test for T violation:

• search for L-odd terms in the oscillation probability 
measure  at different L but at the same energyP(νμ → νe)
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• standard „search for CP violation“ in neutrino oscillations is intrinsically 
model-dependent: parametric fit for  within the Standard Model  
(or any other specific BSM model)

δCP

•propose a (largely) model-independent test for T violation:

• search for L-odd terms in the oscillation probability 
measure  at different L but at the same energyP(νμ → νe)

• potentially works with baselines available at T2HK and DUNE

• covering 1st and 2nd oscillation max at the same energy

• relies on low-energy tail of DUNE, good energy resolution essential

22
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• (largely) model-independent test for T violation: 
A. Segarra, TS [2106.16099], S. Chatterjee, S. Patra, TS, K. Sharma [2408.06419]  
• search for L-odd terms in the oscillation probability 

measure  at different L but at the same energy  
(allows for „arbitrary“ energy dependence of new physics) 
 

• (slightly less) model-independent test for CP violation: 
Cheng, Kelly, Knobbe, Machado [2610.37744] 
• assume specific energy dependence  

                                

to extract „instrinsic“  from DUNE vs T2HK

P(νμ → νe)

P(L, E) = Pvac(L/E) + ρL gmat(L/E)

Pvac(νμ → νe) − Pvac(ν̄μ → ν̄e)

23

Final remark
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backup
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• assume evolution equation   ( , unitary evolution) 

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

• allow for arbitrary (non-standard) matter effect 

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

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

• 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

i∂t |ψ⟩ = H(Eν) |ψ⟩ H = H†

H

|να⟩ = ∑
i

Nprod,det
αi |νi⟩

(Δm2
21)eff

25

Assumptions:
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Definitions:

For the analytical discussion it is convenient to use the three independent parameters ω, c2, c3
instead of c1, c2, c3. One can split the probability into T-even and T-odd parts:

P = Peven + Podd , (2.7)

with

Peven = |ω|2 + 4Re[c→
2
(c2 → ω)] sin2

ε21 + 4Re[c→
3
(c3 → ω)] sin2

ε31

+ 8Re[c→
2
c3] sinε21 sinε31 cos(ε31 → ε21) (2.8)

Podd = 2Im[ω→c2] sin 2ε21 + 2Im[ω→c3] sin 2ε31

+ 8Im[c→
2
c3] sinε21 sinε31 sin(ε31 → ε21) , (2.9)

where

εij ↑
ϑi → ϑj

2
L . (2.10)

As stated in assumption (iv) above, we assume that new-physics contributions to ϑi are
small, i.e.,

εij ↓
!m

2

ij,e!(Eω)L

4Eω
, (2.11)

where !m
2

ij,e!(Eω) are the e”ective mass-squared di”erences in matter, assuming the stan-
dard matter e”ect. In our numerical work we obtain them by diagonalizing the e”ective
Hamiltonian in matter numerically, assuming the best fit oscillation parameters from [29]
(Nu-Fit 5.3) and an average matter density of ϖ = 2.84 g cm↑3.

2.2 T-violation test for two experiments

Let us consider the T-even part, i.e., we assume that T is conserved by the fundamental
theory. This implies that the parameters ω, c2, c3 are real. We write

Peven = ϱ2c2(c2 → ω) + ϱ3c3(c3 → ω) + ϱ23c2c3 + ω
2 (2.12)

with the abbreviations

ϱi = 4 sin2
εi1 (i = 2, 3) ,

ϱ23 = 8 sinε21 sinε31 cos(ε31 → ε21) .
(2.13)

These coe#cients are functions of neutrino energy and baseline. Following [22], we can
establish that the fundamental theory violates T if data cannot be fitted with the T-even
part alone. Since eq. (2.12) depends on three parameters (c2, c3, ω) one may conclude that
there is always a fit for two experiments plus a near detector, which provide three data
points. In the following we show, that this argument is actually not true and under certain
conditions the quadratic nature of the parameter dependence does not provide a solution for
three data points, even imposing no further condition on c2, c3, ω.

6

Let us consider the di!erence of the appearance probability at two baselines, L1 and L2

but at the same energy:

Peven(L2)→ Peven(L1) = ω2c2(c2 → ε) + ω3c3(c3 → ε) + ω23c2c3 (2.14)

with

ωi = ϑi(L2)→ ϑi(L1) (i = 2, 3, 23) . (2.15)

If ε ↑= 0, a suitable shift of variables can be performed

c2 ↓ c2 + ε
ω3ω23 → 2ω2ω3
ω
2

23
→ 4ω2ω3

, c3 ↓ c3 + ε
ω2ω23 → 2ω2ω3
ω
2

23
→ 4ω2ω3

, (2.16)

such that

XT ↔ Peven(L2)→ Peven(L1)→ ε
2
ω0 = ω2c

2

2
+ ω3c

2

3
+ ω23c2c3 (2.17)

with

ω0 =
ω2 + ω3 → ω23

ω
2

23
/(ω2ω3)→ 4

. (2.18)

In eq. (2.17) we have defined the quantity XT introduced already in eq. (1.3).
Without loss of generality we assume ω2 > 0, which can be achieved by ordering L1 and

L2 accordingly.1 The important observation is now that the right-hand side of eq. (2.17) is
a non-negative function of c2 and c3 i!

ω3 > 0 and ω2 > 0 , and (2.19)

|ω23| < 2
√
ω2ω3 . (2.20)

Using eq. (2.6), we can now consider the observed value of the quantity XT ,

X
obs

T = P
obs

ωµ→ωe(L2)→ P
obs

ωµ→ωe(L1)→ ω0P
ND,obs
ωµ→ωe , (2.21)

and obtain the following test for T violation:

If it can be established within experimental uncertainties that X
obs

T < 0 and the
conditions eqs. (2.19) and (2.20) are fulfilled then T has to be violated in Nature.

In other words, if Xobs

T < 0 and eqs. (2.19) and (2.20) hold, a T-odd component needs
to be present in the transition probability to make XT negative, because eq. (2.17) implies
that the T-even contributions alone have to be non-negative, regardless of the values of the
mixing parameters ci.

Note that the condition XT < 0 is somewhat conservative. We can still use P
ND,obs to

fix ε and P
obs at one of the far positions, let’s say L1, to impose a constraint on c2 and c3.

If P obs(L1) ↑= P
ND,obs then c2 and c3 cannot both be zero, which implies that the right-hand

side of eq. (2.17) is positive. Numerically, however, we find that if no further restriction on
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For the analytical discussion it is convenient to use the three independent parameters ω, c2, c3
instead of c1, c2, c3. One can split the probability into T-even and T-odd parts:

P = Peven + Podd , (2.7)

with

Peven = |ω|2 + 4Re[c→
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(c2 → ω)] sin2

ε21 + 4Re[c→
3
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ε31

+ 8Re[c→
2
c3] sinε21 sinε31 cos(ε31 → ε21) (2.8)
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+ 8Im[c→
2
c3] sinε21 sinε31 sin(ε31 → ε21) , (2.9)

where
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As stated in assumption (iv) above, we assume that new-physics contributions to ϑi are
small, i.e.,

εij ↓
!m

2

ij,e!(Eω)L

4Eω
, (2.11)

where !m
2

ij,e!(Eω) are the e”ective mass-squared di”erences in matter, assuming the stan-
dard matter e”ect. In our numerical work we obtain them by diagonalizing the e”ective
Hamiltonian in matter numerically, assuming the best fit oscillation parameters from [29]
(Nu-Fit 5.3) and an average matter density of ϖ = 2.84 g cm↑3.

2.2 T-violation test for two experiments

Let us consider the T-even part, i.e., we assume that T is conserved by the fundamental
theory. This implies that the parameters ω, c2, c3 are real. We write

Peven = ϱ2c2(c2 → ω) + ϱ3c3(c3 → ω) + ϱ23c2c3 + ω
2 (2.12)

with the abbreviations

ϱi = 4 sin2
εi1 (i = 2, 3) ,

ϱ23 = 8 sinε21 sinε31 cos(ε31 → ε21) .
(2.13)

These coe#cients are functions of neutrino energy and baseline. Following [22], we can
establish that the fundamental theory violates T if data cannot be fitted with the T-even
part alone. Since eq. (2.12) depends on three parameters (c2, c3, ω) one may conclude that
there is always a fit for two experiments plus a near detector, which provide three data
points. In the following we show, that this argument is actually not true and under certain
conditions the quadratic nature of the parameter dependence does not provide a solution for
three data points, even imposing no further condition on c2, c3, ω.
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