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Figure 1: Contour plots of Y MAX
B in the NH case. Y MAX

B is positive or negative in the region with bright

or dark color. In the left or right panel the plot is shown in the δCP-(α21−α31) plane when Reω23 =π/4

or the Reω23-δCP plane when α21 −α31 = π, respectively. The green lines shows the central value of

δCP from the global neutrino oscillation analysis.

shown in Tab. 2, for the sake of simplicity. Under this situation we investigate how YB depends on the

CP phases δC P and αi j and the mixing angle ReωI J of νR ’s.

First, we show the results for the NH case in Fig. 1. We find that Y MAX
B can be large as O (10−6),

which is much larger than the observational BAU in Eq. (1). The left panel represents the contour

plot of Y MAX
B in the Dirac and Majorana phase plane by taking the mixing angle Reω23 = π/4. Notice

that we have shown the results of Y MAX
B by taking ∆M = ∆M∗. This means that the observed value

Y OBS
B in Eq. (1) can be explained in the parameter region Y MAX

B ≥ Y OBS
B by taking ∆M ≥ ∆M∗. The

relevant Majorana phase is the combination, α21 −α31, in the NH case. It can be seen that the yield

of the BAU does depend on both phases significantly. #5 Thus, the experimental information of Dirac

phase, e.g. , from accelerator neutrinos [30, 31] is crucial for determining the sign of the BAU. It should

be noted that the dependence on the CP violating phases is approximately given by

YB ∝ sin
(α21 −α31

2
+δCP

)
, (10)

which is found from the parameter dependence in εαI as well as the strength of the wash-out effects,

i.e. , the structures in the partial decay rates Γ
(
NI → ℓα+Φ

)
. On the other hand, the right panel in

Fig. 1 shows the contour in the mixing angle Reω23 and δCP plane when α21 −α31 = π. It is found

#5The dependence on Imω23 is discussed in Ref. [29].
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Figure 2: Contour plots of Y MAX
B in the IH case. Y MAX

B is larger or smaller in the region with bright or

dark color. In the left or right panel the plot is shown in the δCP-α21 plane when Reω12 = π/4 or the

Reω12-δCP plane when α21 = π, respectively. The green lines shows the central value of δCP from the

global neutrino oscillation analysis.

that Y MAX
B depends on Reω23 and the observed BAU cannot be generated when the mixing of νR ’s

disappears at Reω23 = 0, π/2.

Next, we turn to consider the IH case. It is found from Fig. 2 that Y MAX
B is at most O (10−8), and

hence resonant leptogenesis in the IH case is less effective compared with the NH case. Moreover,

the dependence on the CP phases are different from the NH case. In the left panel of Fig. 2 the con-

tour plot of Y MAX
B is shown in the δCP-α21 plane when Reω21 = π/4. We find that YB depends on the

Majorana phase significantly as in the NH case, however the dependence on the Dirac phase is much

milder than the NH case. This behavior can also be seen in the right panel, which shows the contour

plot of Y MAX
B in the Reω12-δCP plane when α21 =π. It is found that the dependence on the CP phases

are approximately given by

YB ∝ sin
(α12

2

)
. (11)

Note that the subleading effect which disturbs the above dependence is larger than that in the NH

case. The observed BAU cannot be produced for the vanishing mixing between νR ’s at Reω12 = 0, π/2

similar to the NH case. In addition, the sign of the BAU correlates with the sign of Reω12. See also the

below.

As described above, Y MAX
B depends on the Dirac and Majorana phases and the mixing angle of

νR ’s. We then discuss the case with the Dirac phase which is the central value from the global neutrino
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4 Cosmological bounds on the mixings

In this section we present our main results, namely, the bounds on the total and individual
mixings of HNLs with active neutrinos. We describe, how these results were obtained in a
separate section 8.

The value of the BAU can be characterised in different ways. Throughout this work
we use the variable YB = nB/s, where nB is the baryon number density (particles minus
antiparticles) and s is the entropy density. The observed value is Y

obs
B = (8.81 ± 0.28) ·

10�11 [61]. For each set of the model parameters we numerically find the value of YB. We
are interested in the regions of the parameter space where one can reproduce the observed
value Y

obs
B .

Our results for the allowed values of |U |2 are shown in figure 1. In order to indicate
how large can be the effect of the theoretical uncertainties in BAU computation, discussed
in section 6, we show the borders of the regions where one can generate 2 ·Y obs

B , and Y
obs
B /2.

Figure 1. Within the white regions it is possible to reproduced the observed value of the BAU
(black solid curves). The dashed and dotted curves demonstrate how large the possible theoretical
uncertainties could be. Namely, the dashed curves correspond to the condition YB � 2 · Y obs

B
,

whereas the dotted line corresponds to YB � Y
obs

B
/2 accounting for the factor of 2 uncertainty in

the computation of the BAU. The thin grey line shows the see-saw limit, i.e. it is impossible to
obtain the correct masses of active neutrinos below this line. The blue line shows the projected
sensitivity of the SHiP experiment ref. [62] as presented in ref. [63]. Left panel : normal hierarchy,
right panel : inverted hierarchy.

The allowed region of the parameter space is larger than it was previously recognized
(see also the discussion in section 9, in particular, figure 7). The fact that successful
baryogenesis is possible for quite large values of the mixings rises the question about the
upper bounds of sensitivity of the direct detection experiments. To illustrate this point, we
estimate the lifetime of an HNL using expressions for the decay rates of HNLs from ref. [64].
For instance, let us consider an HNL with the mass M = 5 GeV and mixings close to the

3Note that this work was updated recently [63] with new channels added, so our estimate is conservative.
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close to maximal CP violation (Fig. 6). The δCP confidence
intervals at 2σ (95.45%) are (−2.99, −0.59) for normal
ordering and (−1.81, −1.01) for inverted ordering. Both
intervals exclude the CP-conserving values of 0 and π. The
Bayesian credible interval at 95.45% is (−3.02,−0.44),
marginalizing over the mass ordering. The normal ordering
is preferred with a posterior probability of 87%.
Sensitivity studies show that, if the true value of δCP is

−π=2 and the mass ordering is normal, 22% of simulated
experiments exclude δCP ¼ 0 and π at 2σ C.L.
Conclusions.—T2K has constrained the leptonic

CP-violation phase (δCP), sin2 θ23, Δm 2, and the posterior
probability for the mass orderings with additional data
and with an improved event selection efficiency. The 2σ
(95.45%) confidence interval for δCP does not contain the
CP-conserving values of δCP ¼ 0; π for either of the mass
orderings. The current result is predominantly limited by
statistics. T2K will accumulate 2.5 times more data, thereby
improving sensitivity for the relevant oscillation parame-
ters. The data related to the measurement and results
presented in this Letter can be found in Ref. [46].
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constraints are valid only under strong assumptions of
the hierarchy of U2

e , U
2
µ and U2

⌧ . A “combined” approach
was then defined, in which all the heavy neutrino produc-
tion and decay modes (presented in Figure 3) and the ten
di↵erent analysis channels (five for each beam mode) are
considered simultaneously. For a given analysis channel
A, the contribution of a mode i is characterised by:

• the expected number of decays in the detector as-
suming U2

e = U2
µ = U2

⌧ = 1 and 100% selection
e�ciency, denoted �i ;

• the selection e�ciency of these decays in the cur-
rent channel "A,i ;

• the actual values of U2
e , U

2
µ and U2

⌧ via the factor
fi = U2

↵

P
U2
�j

with ↵,�j 2 {e, µ, ⌧} where ↵ is
the flavour involved at the production of the heavy
neutrino and �j are the flavours involved in its de-
cay (only one for charge current modes, several for
neutral current modes).

The expected number of events NA in a channel A
depends on the background in this channel BA and the
sum of the contributions from the di↵erent production
and decay modes:

NA = BA +
X

i

"A,i ⇥ fi(U
2
e , U

2
µ, U

2
⌧ )⇥ �i. (3)

Only a Bayesian method has been considered in this
combined approach. The likelihood is built using a Pois-
son function for the observed number of events nobs

A in
each channel A, with Poisson parameter NA:

L =
Y

A

Poisson
�
nobs
A ,NA

�
. (4)

The uncertainties on the flux and e�ciency are taken
into account in the forms of multivariate Gaussian priors
⇡� and ⇡" respectively. The priors on the background
⇡B are taken to be log-normal with means and standard
deviations given by the expected background and its un-
certainty in Table II. The priors on the mixing elements
U2
↵ are assumed to be flat.
The marginalised posterior probability p is then de-

fined as the product of the likelihood L and the priors,
integrating over all the nuisance parameters (flux, e�-
ciency and background):

p(U2
e , U

2
µ, U

2
⌧ ) =

Z
d� d" dB ⇥ L⇥ ⇡� ⇡" ⇡B ⇡U2 . (5)

A Markov Chain Monte Carlo method has been im-
plemented using PyMC [24] to perform this integration.
The output can then be used to define 90% domains, ei-
ther by profiling or by marginalising over the two other

mixing elements. For instance,

pprof(U
2
e ) = p(U2

e , U
2
µ,maxU

2
⌧,max), (6)

pmarg(U
2
e ) =

Z
p(U2

e , U
2
µ, U

2
⌧ )dU

2
µdU

2
⌧ , (7)

where U2
µ,max and U2

⌧,max are the values maximising the
likelihood.
Limits in 2D/3D parameter space may be obtained as

well. Limits on U2
e can be computed for 140 < MN < 493

MeV/c2, while limits on U2
µ and U2

⌧ can only be computed
for 140 < MN < 388 MeV/c2 due to the kinematic con-
straints presented in Figure 3.

IV. RESULTS

Following the selection from section III B, no events
were observed in any of the di↵erent signal regions, which
is consistent with the background-only hypothesis, allow-
ing upper limits on U2

e , U
2
µ and U2

⌧ to be placed.
An example of results from the single-channel approach

is presented in Figure 5. It shows the comparison of the
three methods (A, B, C), which give similar upper limits
with method A giving slightly more conservative limits
as expected.

]2 [MeV/cNM
150 200 250 300 350 400 450 500

2 e
U

9−10

8−10

7−10

6−10

), analysis Aπ e(e→ eN →K 

), analysis Bπ e(e→ eN →K 

), analysis Cπ e(e→ eN →K 

PS191 (2-body)

PS191 (3-body)

FIG. 5. 90% upper limits on the mixing element U2
e as

a function of heavy neutrino mass using the single-channel
approach, considering only the contribution from K± !
e±N,N ! e±⇡⌥, with the three methods A, B and C. The
limits are compared to the ones of PS191 experiment [6, 7].

The results of the combined approach are shown in
Figure 6. They provide an improvement by a factor of
2-3 with respect to the single-channel approach, thanks
to the increased statistical power of the combination.
The limits are competitive with those of previ-

ous experiments such as PS191 [6, 7], E949 [5] and
CHARM [25], especially in the high-mass region (above
300 MeV/c2). The kinks clearly visible on U2

µ and U2
⌧

limits come from the changes in the contributing pro-
duction and decay modes as presented in Figure 3.

8

]2 [MeV/cNM
150 200 250 300 350 400 450 500

2 e
U

10−10

9−10

8−10

7−10

6−10

T2K

T2K, profiling

PS191 (2-body)

PS191 (3-body)

]2 [MeV/cNM
150 200 250 300 350

2 µ
U

10−10

9−10

8−10

7−10

6−10

T2K

PS191 (2-body)

PS191 (3-body)

E949

]2 [MeV/cNM
150 200 250 300 350

2 τ
U

6−
10

5−
10

4−10

3−
10 T2K

CHARM

FIG. 6. 90% upper limits on the mixing elements U2
e (top), U2

µ

(middle), U2
⌧ (bottom) as a function of heavy neutrino mass,

obtained with the combined approach. The blue solid lines
are obtained after marginalisation over the two other mixing
elements. In the top plot, the additional blue dashed line
corresponds to the case where profiling is used (U2

µ = U2
⌧ = 0).

The limits are compared to the ones of other experiments:
PS191 [6, 7], E949 [5], CHARM [25].

The limits are obtained after marginalisation over the
two other mixing elements. For U2

e , the limits after
profiling (equation 7) are also presented, which e↵ec-
tively corresponds to setting U2

µ = U2
⌧ = 0. Indeed,

for MN > 388MeV/c2, the correlations between U2
e and

U2
µ (as seen in Figure 7) would give limits on U2

e out-
side T2K’s reach. However, profiling leads to a loss in
the sensitivity on U2

e with respect to the marginalisation
as it forcefully suppresses the contributions of the decay
modes involving U2

µ or U2
⌧ .

It is worth mentioning that the limits depend on the
choice of prior on U2

↵. The limits on U2
e and U2

µ are quite
robust with respect to a change of prior as T2K data are
directly sensitive to these mixing elements (e.g. using
⇡U2(U2

↵) = U2
↵ varies the limit by less than 30%), while

the limit on U2
⌧ is strongly a↵ected (more than 50%).

It is also possible to define 2D contours, e.g. in the
U2
e �U2

µ plane, allowing the correlations between the mix-
ing elements to be visualised. Figure 7 presents a set of
such contours for di↵erent heavy neutrino masses. The
change of behaviour at MN = 388MeV/c2 corresponds
to the kinematic cut-o↵ for K± ! µ±N processes as seen
in Figure 3.

]
2

 [
M

eV
/c

N
M
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400

450

2
eU
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FIG. 7. 2D contours in the U2
e � U2

µ plane, after profiling
over U2

⌧ (U2
⌧ = 0). Each line corresponds to a di↵erent heavy

neutrino mass hypothesis.

V. CONCLUSION

A selection of events with two tracks with opposite
charges originating from the ND280 TPC gas volumes
allows heavy neutrino decays to be e�ciently isolated
from expected background coming from standard neu-
trino interactions with matter. No events are observed
in the defined signal regions, which is consistent with the
background-only hypothesis.
Limits on the mixing elements U2

e , U
2
µ and U2

⌧ are ob-
tained using a combined Bayesian approach. Results ap-
ply to any model with heavy neutrinos with masses be-
tween 140MeV/c2 and 493MeV/c2 such as [26], and can,
in particular, be interpreted as constraints on the sum of
N2 and N3 coupling squared as explained in the intro-
duction, for the ⌫MSM.
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4 Cosmological bounds on the mixings

In this section we present our main results, namely, the bounds on the total and individual
mixings of HNLs with active neutrinos. We describe, how these results were obtained in a
separate section 8.

The value of the BAU can be characterised in different ways. Throughout this work
we use the variable YB = nB/s, where nB is the baryon number density (particles minus
antiparticles) and s is the entropy density. The observed value is Y

obs
B = (8.81 ± 0.28) ·

10�11 [61]. For each set of the model parameters we numerically find the value of YB. We
are interested in the regions of the parameter space where one can reproduce the observed
value Y

obs
B .

Our results for the allowed values of |U |2 are shown in figure 1. In order to indicate
how large can be the effect of the theoretical uncertainties in BAU computation, discussed
in section 6, we show the borders of the regions where one can generate 2 ·Y obs

B , and Y
obs
B /2.

Figure 1. Within the white regions it is possible to reproduced the observed value of the BAU
(black solid curves). The dashed and dotted curves demonstrate how large the possible theoretical
uncertainties could be. Namely, the dashed curves correspond to the condition YB � 2 · Y obs

B
,

whereas the dotted line corresponds to YB � Y
obs

B
/2 accounting for the factor of 2 uncertainty in

the computation of the BAU. The thin grey line shows the see-saw limit, i.e. it is impossible to
obtain the correct masses of active neutrinos below this line. The blue line shows the projected
sensitivity of the SHiP experiment ref. [62] as presented in ref. [63]. Left panel : normal hierarchy,
right panel : inverted hierarchy.

The allowed region of the parameter space is larger than it was previously recognized
(see also the discussion in section 9, in particular, figure 7). The fact that successful
baryogenesis is possible for quite large values of the mixings rises the question about the
upper bounds of sensitivity of the direct detection experiments. To illustrate this point, we
estimate the lifetime of an HNL using expressions for the decay rates of HNLs from ref. [64].
For instance, let us consider an HNL with the mass M = 5 GeV and mixings close to the

3Note that this work was updated recently [63] with new channels added, so our estimate is conservative.
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