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Abstract While most of the results of the neutrino oscilla-
tion experiments can be accommodated within the standard
paradigm of three active flavors, there are tantalizing hints
of an eV-scale sterile neutrino from anomalous results of a
few short baseline experiments. This additional light sterile
neutrino is expected to leave an imprint on the physics observ-
ables pertaining to standard unknowns such as determination
of the Dirac-type leptonic C P phase, 813, the question of
neutrino mass hierarchy and the octant of 653. The upcoming
long baseline neutrino experiments such as T2ZHK, DUNE
and P20 will be sensitive to active — sterile mixing. In the
present work, we examine and assess the capability of these
long baseline experiments to probe the sterile neutrino at the
level of probabilities and event rates. We perform a detailed
study by taking into account the values of parameters that
are presently allowed and (a) study the impact on C P viola-
tion by examining the role played by various appearance and
disappearance channels, (b) address the question of disentan-
gling the intrinsic effects from extrinsic effects in the standard
paradigm as well as three active plus one light sterile neu-
trino, and finally (c) assess the ability of these long baseline
experiments to distinguish between the two scenarios. Our
results indicate that for the true values of sterile parameters
and for all values of §;3, the sensitivity of P20 is the low-
est while the sensitivity of T2HK is modest (< 3 ¢) and the
sensitivity of DUNE is > 3 o. For larger values of the sterile
mixing angles, there is an improvement in the sensitivity for
all the three considered experiments.
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1 Introduction

There is compelling evidence in support of neutrino oscilla-
tions (among the three active flavors, v,, v, v;) from various
oscillation experiments. Accommodating the experimental
confirmation of neutrino flavor oscillations requires physics
beyond the Standard Model (SM). Most of the parameters
responsible for oscillations have been measured to a fair
degree of precision (via a global-fit [1-3] of the oscilla-
tion data within the framework of three active neutrinos).
However, some questions still allude us, such as — whether
CP (and T)! is violated, what is the hierarchy of neutrino
masses and what is the correct octant of 6,3. Out of nine fla-
vor parameters in the standard three flavor neutrino mixing
framework, only six? can be accessed via neutrino oscilla-
tion experiments. These are three angles (012, 013, 623), sin-
gle Dirac-type C P phase (613) and two mass-squared dif-
ferences (Am%l, Am%l with Amlzj = ml2 — m?). Of these,
the three angles and the Dirac-type C P phase appear in the
3 x 3 leptonic mixing matrix, commonly referred to as the
Pontecorvo-Maki—Nakagawa—Sakata (PMNS) matrix [4-7].
In vacuum, 813 induces C P and T violation effects and we
shall refer to these as intrinsic effects.’

The goal of current and future oscillation experiments is to
measure the known parameters with improved precision and
to measure the unknown parameters. Some of the upcoming
long baseline experiments at different baselines such as Tokai

1 C P refers to charge-conjugation and parity symmetry, T refers to
time-reversal symmetry.

2 The absolute mass scale and two Majorana phases are not accessible
in oscillation experiments.

3 Matter induces additional C P violating effects (as matter is C P asym-
metric) and this makes it very hard to measure the value of the C P phase
that appears in the mixing matrix [8—10]. These effects are referred to
as extrinsic or fake as these obscure the determination of intrinsic C P
phase (813).
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to Hyper-Kamiokande (T2HK) at 295 km [11], Deep Under-
ground Neutrino Experiment (DUNE) at 1300 km [12-14]
and Protvino to ORCA (P20) at 2595 km [15,16] present
excellent opportunities to resolve the remaining questions in
neutrino oscillation physics.

Although data from various oscillation experiments fits
well within the framework of standard three neutrino paradigm,
there are anomalous results from some of the short base-
line experiments hinting towards the possible existence of
light sterile states (see [17,18] for comprehensive reviews
on the topic). The first hint came from the Liquid Scintilla-
tor Neutrino Detector (LSND) where an excess of v, events
was reported at a significance of 3.8 0 [19].The smaller
version of Booster Neutrino Experiment (BooNE), Mini-
BooNE supported the LSND claim at 4.8 0. The signifi-
cance of combined LSND and MiniBooNE excesses is found
to be 6.1 0 [20]. In recent times, the MicroBooNE experi-
ment reignited the debate on existence of sterile neutrinos as
they claimed no evidence in favour of sterile neutrinos [21].
However, an analysis using electron disappearance chan-
nel supported the idea of active-sterile oscillation [22] (see
also [23]). Additionally, a combined fit of MiniBooNE and
MicroBooNE reveals a preference for oscillation among the
three active neutrino states and one sterile neutrino state with
high confidence [24]. Moreover, the Gallium-based radio-
chemical experiments used to study solar neutrinos such as
SAGE [25], GALLEX [26] and Baskan Experiment to Ster-
ile transition (BEST) [27] have reported a deficit of v, events
at a significance of > 3 o hinting towards existence of light
sterile neutrino. Similar support came from the reactor anti-
neutrino anomaly (RAA) [28,29] and several experiments
have been planned to test this anomaly. In this connection,
the Neutrino-4 experiment supported the active-sterile oscil-
lation hypothesis with Am%11 ~ 7eV? and sin® 2014 ~ 0.36
at 30 C.L. [30]. There is also tension between the appear-
ance (v, — V) and disappearance (v, — v, and v, — V)
data sets and the situation is inconclusive presently [31].

In future, the Short Baseline Neutrino (SBN) program [32]
at Fermilab is expected to clarify the situation regarding the
existence of eV-scale sterile neutrinos. The SBN program
comprises of three detectors : (a) Short-Baseline Near Detec-
tor (SBND) at 110 m from the Booster neutrino beam (BNB)
target and with 112 tons of liquid argon within the active
volume of its detection systems [33], (b) MicroBooNE [21]
located at 470 m from the BNB target. It consists of a
8250-wire TPC and 32 photomultiplier tubes which instru-
ment 80 tons of liquid argon in the active volume, and (c)
Short-Baseline Far Detector (SBFD), the ICARUS T600 [34]
detector located at 600 m from the BNB target and holds
500 tons of liquid argon in the active volumes. Also, JSNS?
(J-PARC Sterile Neutrino Search at J-PARC Spallation Neu-
tron Source) [35] is expected to search for v, — v, oscilla-
tion and directly test the LSND claim.
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Some theoretical and phenomenological consequences of
eV-scale sterile neutrino have been widely explored in liter-
ature [36-47]. For instance, the impact of sterile neutrinos
on CP sensitivity at long baseline experiments [39], reso-
lution of the octant degeneracy [43], impact of active-sterile
mixing in the context of T2ZHK [41] and other long baseline
experiments [46], the role of sterile phases [47], the role of
near and far detector [14] and so on. In the present work,
we (a) study the impact on C P violation by examining the
role played by various appearance and disappearance chan-
nels, (b) address the question of disentangling the intrinsic
effects from extrinsic effects in the standard paradigm as well
as three active plus one light sterile neutrino, and (c) assess
the ability of these long baseline experiments to distinguish
between the two scenarios.

The plan of the article is as follows: In Sect. 2, we pro-
vide the framework used to study the role of eV-scale sterile
neutrino in neutrino oscillations and bring out the differences
between the standard (3 + 0) case and (3 + 1) case in terms
of the C P asymmetries (see Appendix A for the probabil-
ity expressions for the (3 + 1) case). In Sect. 3, we present
numerical analysis and describe the consequences on C P
violation and discuss the role of appearance and disappear-
ance channels. We also address the question of separating
intrinsic versus extrinsic C P effects both for the (34 0) case
and (3 4 1) case. In Sect. 4, we provide all the crucial details
of the experiments (T2HK, DUNE and P20) and fluxes used
in our numerical simulations. We then address the key point
of this article, i.e., if we can distinguish between the (3 4+ 0)
and (3 + 1) case by defining a metric and by performing
detailed numerical simulations at the level of event rates and
x? (see Sect. 4.4). We finally deduce the expected precision
on the active-sterile mixing angles from future long baseline
experiments such as T2HK and DUNE (see Sec. 4.5). We
summarize and conclude in Sect. 5.

2 Impact of eV-scale sterile neutrino at the probability
level

The Hamiltonian for the (3 + 1) case in the flavor basis
describing neutrino evolution governed by standard neutrino
interactions is
H o~ —— U diag (0, Amdy, Am2,, Am2,) UT
=5E g( » Ay y, A3y, m41)
+diag (Vee + Ve, Vnes Vne, 0), (H

where, Voe = V2G rN, is the effective charged-current
(CC) potential (with N, being the electron number den-
sity) and Vyc = —(1 /ﬁ)G rN, is the neutral current
(NC) potential (with N, being the neutron number density).4

4 It may be noted that only v, interact with the background e (as there
are no p or T in normal medium) via CC interactions whereas all active



Eur. Phys. J. C (2025) 85:181

Page 3 0f 23 181

Gp = 1.16 x 107> GeV~2 is the Fermi constant. U is the
4 x 4 unitary mixing matrix which can be parametrized in
various ways [14,17,48,49]. In the present work, we adopt
the following parametrization [49],

U =V (034, 334) O (024)V (014, 014)
0(023)V (013, 613) O (612) (2)

where, V (6;;, 8;;) and O(6;;) are complex and real rotation
matrices in the i—j plane respectively (withi, j = 1, 2, 3, 4).
U depends on six independent angles (012, 013, 623, 014,
024, 634) and three independent phases (613, 814, §34) [50].
The elements of U are as follows:

C12C13C14 C13C14812 Clas13 € 014 gy 0701
U= Ui U Uus C14524
Ur1 Urz Urz C14caas34 €10
Usi Usz Uss C14C24C34
3)
with,

6 s
Upi = (524514131 — c24503513€"13)c12 — 24023512,
—is is
Uz = ci1ae3c4 — s12(s1as24c13¢ 01 + co4513523€' 1),
[ (514—8
Uz = €13¢24523 — c13814524€' C147013),

i(834—014)

i5
U = 612|: — $34514C13€ — s513€'°13 (34023

—534504523€ 1 93) 4 512 (53450402310 C34S23)}

—is
Ury = —cia(c3s0453se¢™ "1 + €34523)
[ (834—5

—S12[624513814S34€’(34 14)

—s13¢"°B (c3e34 — S23S24S34ei534)],

is

U3z = c13(c23¢34 — $23524534€' %)
i (534 —814+3

—C24S13S14S34€l( 34—014+ 13)’

is is
Usi = 612|: — caas14c13€"M 4 513678 (534023 + €34524523)

is
—s12(—c34824C23€' 7 + S34S23):|,

i5
Usy = c12(—c23¢34524 + 523534€' %)

014 034

i
—S12 [6136246348146 — s13¢"°8 (c23534€

+634S23S24)} ,

Footnote 4 continued

neutrino flavors interact with background matter (e, p, n) via NC inter-
actions. For electrically neutral medium, the contributions due to e and
p cancel out and thus only the N,, appears in the NC contribution.

is
Uz = —c13(c3534€' ™ + €34523524)

—cascasizsigel G101

where, s;; = sin6;; and ¢;; = cos6;;. We can readily note
that when 614, 024, 634 vanish, we recover the standard flavor-
flavor mixing matrix in the commonly adopted form [4-7]
(with 813 identified as the Dirac-type C P phase). In the limit
when 613, 014, and 6,4 are small, one gets |Ue3|2 ~ s123,
\Ueal? =~ s34, |Upal* =~ s3,, and |Up4|* = 53, which allows
for a clear physical interpretation of the new angles.

Following the approach given in [49], we compute approx-
imate analytical expressions of probability for the appearance
channels (v, — ve, v, = V¢, Ve — V) and disappearance
channels (ve — ve, vy — vy, v — vg) for (3 + 1) case
(see Appendix A).

2.1 Review of the (3 + 0) case in vacuum

It is known that there is no C P or T violation in two flavor
neutrino oscillations. However, in case of three flavors, there
is a complex phase in the 3 x 3 mixing matrix and that may
be responsible for observable C P and T violation effects in
neutrino oscillations [51,52]. The 3 x 3 mixing matrix in the
PMNS parameterization [4—7] is given by

1213 y e size” 013

U= —s12c23 — c12513523¢'"13 c1o23 — s12813523¢"°13 c13503 |
512823 — c12813¢23¢/°13 —c1ps03 — s12813023¢°13 c13¢23

(4)

where s;; = sin6;;, ¢;j = cosé;; and 83 is the Dirac-
type CP violating phase.” Different parametrizations of
the mixing matrix are possible and the impact of different
parametrizations and interpretations for the C P violating
phase §13 has been discussed (see [53]). Let us define the
following probability differences corresponding to CP, T
and C PT transformations:

APCSQP = Otﬂ — ﬁotﬁa (Sa)
APaTﬂ = Potﬂ — Pﬁa’ (5b)
AP = Pug — P, (5¢)

where Pyg denotes transition probability for v, — vg and
f_’aﬁ denotes transition probability for v, — Vg. A schematic
of these probability differences is depicted in Fig. 1. Let us
look at the consequences of CPT conservation and three
flavor unitarity in the context of three flavor neutrino oscil-
lations in vacuum. From C PT conservation, it follows that,

AP = APl APS] =0=AP],. (6)

> The two Majorana phases appear as a term proportional to Identity

and therefore play no role in neutrino oscillations.

@ Springer
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Fig. 1 Schematic of CP, T and C PT violation effects

Thus, the CP and T violating probability differences are
equal and there is no CP and T violation in survival (dis-
appearance) channel. There are three CP (and T) vio-
lating probability differences in three flavor case in vac-
uum which corresponds to the distinct appearance channels:
APEP, APSP and APSF. Tmposing three flavor unitar-
ity (Y Pop = land Y Pyg = 1) leads to the following
relation among the probability differences in the appearance
channels,

APSP = APSP = —APCP = AP,
AP], = AP/ =—AP] .= AP. )

This implies that the C P and T violation probability differ-
ences are equal. The C P violating probability difference is
given by

AP = —16 7 sin Ajp sin As3 sin A3y, ®)

where A;; = Am%j.L/(4E) (with i, j = 1,2,3). J is
the Jarlskog factor given by J = s13c%3s12c12sz3cz3 sin 813
which is rephasing and parameterization independent mea-
sure of C P violation [54]. Thus, Eq. (8) leads to the following
conditions for observability of non-trivial C P and T violat-
ing effects,

° 813 ;é 0° or 180°
o 0;j #0°or 90°
o Am}; #0.

Turning on matter effect destroys the nice feature of the
equality of probability differences corresponding to C P and
T violation so, Egs. (6) and (7) do not hold. It means that mat-
ter gives rise the effects which are different from the effects
induced by 413 (the so-called intrinsic effect). We will refer to
these matter induced effects as fake/extrinsic effects. When
neutrinos propagate through matter, one must look at C P
(and T') violating effects in different appearance channels as
well as disappearance channels to conclude whether C P (or
T) is violated or conserved in the leptonic sector.

As we are interested in the question of C P violation effects
and in particular the role played by matter, let us take a look

@ Springer

at the analytic expressions for C P violating probability dif-
ferences both in the context of the (3 4 0) case and (3 + 1)
case.

2.2 CP violating probability differences in matter for the
(3 +0) case

The approximate expression for probabilities in constant den-
sity matter (up to the second order in o« = Am%l/ Am%1
and sin#3) are given in [55] (see also [56—-65]). A com-
parison of accuracy and computational efficiency of various
approximate expressions for probabilities is given in [66].
Following [55], we can easily calculate® the expressions for
APO%P(HO) for the different appearance and disappearance
channels.

For the appearance channels we have,

. 2 ~ . 2 A
CPB+0) _ 4.2 2 |SIN7(A—DA sin“(A+ DA

(A—1)2 (A+1)2

. sin AA
—8ar 513512523€12¢23 SIn 813 i

T /ety
x[cosAcotzS]g@, + sin A®+], (9a)

APMCTP(3+O) ~ 2s123 sin% 2653 { sin A cos AA

sin(A + DA sin(A — DA
X — + =
(A+1)? (A—1)?

AA (sinZA sinZA)}
- =
2 A+1 A—1
sin AA

+8w 513512523C12¢23 sin 813 sin A —0O
A

T /ety

1
——a?sin? 2012 sin® 2673
2A

1 o
( ~sin2AA sin2A — Assin 2A>
2A

—2a 513 sin 2012 sin 2653 cos 2623 cos 813 sin A

{A<sinA sinA)
x1A| = — =
A—1 A+1

sin AA [cos(A+ 1A cos(A — 1A
_sin/ ( (A ) n (A ) )} (9b)
A A+1 A—1
CPGL0) 42 2 [SiP(A—DA  sin?(A+ 1A
APy > 4513523 P ST
(A-1) (A+1D

6 Some of these expressions are available in literature (for instance,

in [9,57,61,67]). We provide the expressions for all channels here for
the sake of completeness.
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sin AA

+80r 513512523€12€23 Sin 813

T /et
x[cosAc0t813®, — sin A®+]. (9¢)

For the disappearance channels we have,

sin?(A + DA
(A+1)2

. 2 ~
arrom =a] = a)

(A—1)?
(10a)

1 . .
—,\Ol2 SlIl2 2912 Sln2 2023

)

sin(A — DA

(A—1) }
sin 2A

Arl A-l)

N sin(AA - 1)A>}
(A—1)2

sin AA

CP(3+0) ~
AP, o~

|:1
X =
2A

+dsiss 23[

sinz(/i + 1A
(A +1)?
AA (sin 2A

—2s52, sin 26
S13 23{ )

sin(A + DA
(A+1)?

+ cos A cos AA (

e_

+20as13 sin 2015 sin 2073 cos 813 cos A

+2as13 sin 26013 sin 263 cos 2653 cos §13 sin A
{A<sinA sinA) sin AA
x{ Al —= — —
A—-1

A+1 A
(cos(A + DA N cos(A — 1)A>}
A+1 A—1 ’

APCPBTO ~ 062 sin? 2023{ sin A cos AA

(10b)

(sin(A + 1A sin(A — l)A)
X +

(A+1)2 (A1)

AA (sin 2A sin2A)}
t— = -=

2 \A4+1 A-1
. 2.2

2A

G )
X =

2A
. . sin AA
+8a 513512523C12¢23 sin 813 sin A (G
J/C%z

—2as13 sin 201, sin 2653 cos 2623 cos §13 sin A

{ A< sin A sinA) sin AA
X3 Al —= — — — ~
A—1 A+1 A
<cos(A + DA N cos(A — l)A)}
A+1 A—1

sin2(A — DA sin2(A + DA
+4s735%3 ~ S T T 5
A-1 (A+1)
. sin AA
+8a 513512823¢12¢23 Sin 813
7/6%3
x[cosAcot 8130 _ —sin A®+]. (10c)
Here
2 2
_AmRLo o Amy o A
AE Am3l’ Am%l’
= 2V2GpN,E = 2EVec
Vee = V2GpNe = 7.64 x 10—14[ - ]Y ev,
_ sin(A + DA i sm(A — I)A
A+1 A—-1
Note that N, = NayopYe with Ny, = 6.023 x

10?3 g~ mole™! being the Avogadro’s number, p being the
matter density, Y, being the number of electrons per nucleon,
Y, >~ 0.5. We can deduce the following :

e In case of vacuum, the C P asymmetry was equal and
independent of the particular appearance channel (see
Eq. (7)). Incorporating matter effects destroy this nice
feature of equality among the CP asymmetries (see
Egs. (9a), (9b) and (9¢)) and we have

CP CP CcCP
APSP # APSP # APSE. (11)

e The disappearance channels also depend on the C P phase
813. In general, the 613 term and matter term both appear
in the disappearance probabilities. To the leading order,
the approximate expression for APe€P(3+O) depends only
on the matter potential and is independent of §13 (see
Eq. (10a)) whereas APCP(3+0) and APCP(3+0) depend
on §13 as well as the matter potential (see Egs. (10b) and
(10c)).

2.3 C P violating probability differences in matter for the
(34 1) case

In (3 + 1) case, there are distinct C P violating probability
differences both in appearance and disappearance channels
(in contrast to the case of vacuum where Eq. 7 connects the
probability differences of the appearance channels in vac-
uum) [42,43,68-72]. The form of A PaC/;’ G+ for the differ-
ent channels (using the approximate probability expressions
given in Appendix A) are given below:
For the appearance channels, we have

APELOTD ~ 16As35575 sin® A

+16s13512¢12523¢23 (€ A) sin” A sin S13

@ Springer
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Fig. 2 APmC P as a function of energy in (34 0) case and (3 + 1) case
for §13 = 0°. The three rows correspond to different baselines while the
three columns correspond to the different appearance channels. Propa-

+4514524513523 sin 2A sin(813 — 814) cos A,
CP(3B+1) ~ CP(3+40
APMT(+)_APMT(+)

(12a)

2A
+—= cos(d14 — 813)c23
A2 —1
~+ cos 26h3 |:Q_ cos(A + 613

+w_) + Q4 cos(A — 8§13 + a)+)i|

—sinf;3 I:CD_ sin(A + 613/2 + w-)

+&4 sin(A —813/2 + w+):|

2A .
+A2 1 c08(813 — 814 — 2(A — 1) A)s13523 — 23

X{Q_(A — 1) cos (834 + w_) — 813/2)

+Q4 (A + 1) cos (834 — wy) — 513/2)}
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6 8 10 2 4 6 8 10

E (GeV)

gation in vacuum is depicted by dashed lines and propagation in matter
is depicted by solid lines. We have chosen the sterile parameters as:
Am3 = 1eV2, 014 =5.7°, 024 = 5°, 034 = 20°, 14 = 834 = 0°

—®_(A — 1)sin (834 + w_) — 813/2)

@4 (A + 1)sin (831 — wy) + 813/2),
CPB+D) . 2 2 CP(3+0
APer G+ - cl4c24APer G+0)

(12b)

1
+§C14C24S13 sin 2014 sin 2034

{ 2A
X3 =
A-—1

+c23 (Q cos(814 — 813/2 + w-)

€23 cos(814 — 2813)

+8Q24 cos(814 — 813/2 — w+)>
X <¢’+ sin(814 — 613/2 — w4)

—®_sin(814 — 813/2 + w_)) } (12¢)

Here

_ cos(A £ 613/2)
A+1

_ sin(A £ §13/2)

+ = =
Ax1
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wr = (1 £24)A.
For the disappearance channels, we have
APSPOHD ~ (1 — 252 ) APSPBHO, (13a)

1
APGPOTD o ApCPEHO) 4 2513814824024

{ (cos(514+(A— DA)
x{ — 523

~

A—1
L 0osGis + (A+1)A)
A+1
+25sin(813 + 814) sin 26,3
y (sin(2A + 613) _ sin(2A — 613)

2A .
+ i lsz3 cos(814 + 2AA)

) + 2 sin 363

A+l A—1
cos(2A — §13) cos (814 —3813/2 — a)_)
X( A—1
+cos(2A + 613) cos (814 —813/2 + a)+)>
A+1

+2sin 46,3 cos(814 + 813)

X <cos(2A —613)2_ + cos(2A + 813)§2+> }

1 cos(814 —2A)  cos(814 + 2A)
+ -514513523524C24 = - =
2 A—1 A+1
2A
—cos(814 — 813)| =
A2 —1

+2 cos 26»3 (Q_ cos(814 — A — 613/2)

+Q cos(S1s + A — 313/2)> } (13b)

3
C34513
APCPGHD ~ 4 A pCPG+0) 34
TT 34 T 4(A2 _ 1)
X {6/& cos(814 — 3613)

—2(A + 1) cos(814 — 2813 — 2A) — 2(A — 1)
X cos(814 — 2813 + 2A)

+3(A + 1) cos(814 — 813 — 4A) + 3(A — 1)
X cos(814 — 813 + 4A)

2 cos 623 [3(A — 1) cos(814 + 2(1 — A)A)

+3(A + 1) cos(814 — 2(1 + A)A)
—2A cos(814 — 813 — 2AA)]

+8 cos 26053 [A co82A cos(814—4613) —A cos(814—36813)
4 sin2A sin(814 — 513)]
+2cos 3923[(A — 1D cos(S1a +2(1 — A)A)

+(A + 1) cos(814 — 2(1 + A)A)

+2A cos(814 — 813 — ZAA)] + 4 cos 4653

x (A cos(814 — 3813) + 2¢cos 2A cos(814 — 2813)
+ cos(4A) cos(S14 — 813) + 2sin2A sin(S14 — 2813)

+sin2A sin(814 — 513)>} + 0. (13¢)

We note the following for the (3 + 1) case.

e The sterile sector introduces additional intrinsic sources
of C P violation in addition to matter effects.

e From Egs. (12a), (12b) and (12c), we note that the leading
order contribution to C P violating probability difference
in the appearance channels comes mainly from the (3 +
0) contribution while the sub-leading terms depend on
the active-sterile mixing. A P,f,P G0 and A PecrlD GF0) are
taken from Eqs. (9b) and (9c¢) respectively (such that we
have terms up to O(e?) in the final expression).

e The disappearance channels are sensitive to C P violat-
ing effects (both intrinsic and extrinsic). From Eq. (13a),
we note that APegp(SH) depends on 6014 but not on §13

or the sterile phases. The AP,f,fGH) and AP,CTP(3+1)

(Egs. (13b) and (13c)) also depend on the respective

(3 + 0) terms at leading order while active-sterile contri-

butions appear only at the sub-leading level.

In the next section, we numerically explore the behaviour
of C P violating probability differences and point out the key
distinguishing features in the (3 + 1) case and (3 + 0) case.
The analytical expressions are useful in understanding the
plots.

3 Numerical analysis at the probability level

We explore the behaviour of C P violating differences at
the level of probabilities as a function of energy, base-
line and §13. The simulations have been carried out using
the software General Long Baseline Experiment Simulator
(GLoBES) [73,74] which solves the full three flavor neu-
trino propagation equations numerically using the Prelimi-
nary Reference Earth Model (PREM) [75] density profile of
the Earth.

3.1 C P violation and role of different oscillation channels

Let us first examine the CP probability differences for
appearance (Figs. 2 and 3) as well as disappearance chan-
nels (Fig. 4). Different values of §13 have been considered.
For the appearance channels, APOSSP is plotted as a function
of energy in Figs. 2 and 3 which correspond to §;3 = 0°
and 813 = 90° respectively. The three rows correspond to
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Fig. 3 Same as Fig. 2 but for §;3 = 90°
the different baselines relevant for T2ZHK, DUNE and P20. APMCtP = 0 (dashed steel blue line in Fig. 2) when

813 = 0°. In matter, when §;3 = 0°, there is dis-
cernible difference between (3 4+ 0) and (3 + 1) cases.
For §13 = 90°, we get APMCTP # 0 in vacuum with the
sign being opposite to APlfeP as expected (Eq. (7)). For
S13 = 90°, APIfTP # 0 in matter with the extent of
asymmetry rising with baseline. We also note that some
differences appear for the (3 + 0) and (3 + 1) cases in
matter.

Ve — v; channel:

This channel exhibits similar behaviour as the v, — v,
channel when §;3 = 0° in both vacuum and matter. When
813 = 90°, we can see the difference in the (3 + 0) and
(3 + 1) cases depending upon the baseline and energy.

The three columns correspond to the different appearance
channels. For the disappearance channels, there is no C P
asymmetry in vacuum and hence A PSF in matter is plotted
as a function of energy in Fig. 4 for §;3 = 0° and §13 = 90°.
Below, we give how the particular channel is sensitive to the
C P violation effects.

For the appearance channels,

e v, — V. channel:
For the (3 + 0) case in vacuum, we expect APMCeP =0
(dashed steel blue line in Fig. 2) when 613 = 0°. For
the (3 4+ 1) case in vacuum, again APMCEP = 0 (dashed
orange line in Fig. 2) when 813 = 0°. For the (3 + 0)
case in matter, APIfeP # 0 in general with some energy
dependence and the extent of C P asymmetry increases
as the baseline increases. The (3 4+ 1) case shows similar
behaviour as the (3 + 0) case in matter. When §;3

For the disappearance channels,

e v, — v, channel:

90°, we will have combination of intrinsic and extrinsic
effects. Some differences begin to appear for (3 + 0) and
(3+1) cases in vacuum. The (3 + 1) case shows similar
behaviour as the (3+0) case in matter even for §;3 = 90°.
v, — v; channel:

For the (3 4+ 0) and (3 + 1) case in vacuum, we expect

@ Springer

Fig. 4 shows that A PSP in matter is non-zero and inde-
pendent of §13 in the (3 + 0) case (as expected from
Eq. (10a)). However, at longer baselines A P$” has slight
dependence on ;3 in the (3+ 1) case (see Eq. (13a)). The
extent of the C P asymmetry in this channel increases
with baseline.
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Fig. 4 APSP in matter as a function of energy in (3 + 0) case and
(3 + 1) case. The three rows correspond to different baselines while
the three columns correspond to the different disappearance channels.

e v, — v, channel:
APMCJ’ has a small dependence on §13 at lower energies
as can be seen from Fig. 4 (see Eqgs. (10b) and (13b)).
There is almost no 813 dependence at shorter baselines.
e v; — v; channel:
From Fig. 4, we note that A PS* has a small dependence
on 4813 as expected from Egs. (10c) and (13c).

3.2 Intrinsic versus extrinsic C P violating effects in
(3 + 0) case and (3 + 1) case at the probability level

We can define an observable quantity by taking the difference
of probabilities at §;3 = 0° and 13 = 90° which allows us
to distinguish between intrinsic and extrinsic C P violating
effects [9,10]:

SIAPG 1 = [APS 1613
=90°) — [APS 1813 = 0°),
SIAPGT] = [Pup — Pupl(813 = 90°)

—[Pap — Popl(813 = 0°). (14)

813 = 90° is depicted by dashed lines and §13 = 0° is depicted by
solid lines. We have chosen the sterile parameters as : Amﬁl =1leV?,
014 =5.7°, 024 = 5°, 034 = 20°, 14 = 834 = 0°

In vacuum, the second term on the RHS of Eq. (14) vanishes
and only the first term will contribute due to non-zero §;3
(Eq. (14) reduces to Eq. (8) for this case). However in matter,
there will be both intrinsic (§;3-induced) as well as extrin-
sic/fake contribution to Eq. (14). Under certain conditions
for the v, — v, channel [76], the contribution due to matter
effects becomes independent of the value of §13 and it may be
possible to decouple the intrinsic and extrinsic contributions
near the peak of energy. However, in presence of eV-scale
sterile neutrinos, such a decoupling may not work [10].

4 Experimental details, neutrino fluxes and results

The true values of oscillation parameters are given in Table 1.
For the (3 + 0) scenario, we take the best-fit values and the
allowed 3 o range of oscillation parameters as given in [1]
(seealso[2,3]). These values have been obtained using global
analysis of neutrino oscillation data incorporating up-to-date
experimental details. For the (3+ 1) scenario, we follow [31]
where the authors have presented an updated global analy-
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Table1 Oscillation parameters and corresponding uncertainties used in
our study in the standard (3+40) scenario [1] and (34 1) scenario [31]. If
the 3 o upper and lower limits of a parameter are x,, and x; respectively,

the 1o uncertainty is (x,, — x;)/3(x, + x;)% [13]. For the active-sterile
mixing angles, a conservative 5% uncertainty has been used on sin? 6;4
(i=123)

Parameter True value 30 interval lo uncertainty
012 [°] 343 31.4-37.4 2.9%

613 (NH) [°] 8.53 8.16-8.94 1.5%

613 (TH) [°] 8.58 8.21-8.99 1.5%

63 (NH) [°] 493 41.63-51.32 3.5%

63 (IH) [°] 49.5 41.88-51.30 3.5%

Am3, [x1075 eV?] 7.5 [6.94-8.14] 2.7%

Am%, (NH) [x 1073 eV?] +2.56 [2.46-2.65] 1.2%

Am3, (IH) [x1073 eV?] —2.46 —[2.37-2.55] 1.2%

813 (NH) [°] —165.6 [—180, 0] U [144, 180] *

$13 (IH) [] -75.6 [—154.8, —18] *

Am?, [eV?] 1.0 * *

014 [°] 5.7 0-18.4 o (sin?014) = 5%
624 [°] 5.0 0-6.05 o (sin? 6p4) = 5%
634 [°] 20.0 0-25.8 o (sin? 034) = 5%
814 [°] 0 [—180, 180] s

834 [°] 0 [—180, 180] s

sis of neutrino oscillation data within a (3 + 1) sterile neu-
trino scheme and obtained updated constraints on the allowed
strengths of mixing matrix elements |U,14|2 (¢ =e,u,1).
In what follows, we provide the details of the long base-
line experiments (T2HK, DUNE and P20) considered in our
work.

4.1 Details of the long baseline experiments

T2HK: T2HK is planned neutrino oscillation experiment
that consists of two detectors: a near detector (ND) at
the Japan Proton Accelerator Research Complex (JPARC),
located approximately 280 m downstream from the neutrino
production point, and a far detector (FD) based on water
cherenkov (WC) technique in the Tochibora mines of Japan,
295 km away and about 1.7 km deep, located 8 km from
Super-Kamiokande. T2HK uses 30 GeV proton beam with a
beam power of 1.3 MW, and will run both in v and v-mode.
Combining v and v runs, the experiment will gather a total
exposure of ~ 2.7 x 10*? protons on target (POT) which
corresponds to

POT/year Proton beam power
[2.7 x 1022] [1.3MW]
T [30 GeV]

(15)

X = X
[107 ] E,

We divide the total POT in the ratio of 1 : 3 for v and v-
mode [11]. It corresponds to total runtime of 10 year with
the distribution of 2.5 year in the v-mode and 7.5 year in v-
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mode, i.e., 2.5(v) + 7.5(v). The total exposure comes around
2431 kt. MW .year.

DUNE: DUNE is a upcoming long baseline experiment
consisting of two detectors. The FD will be approximately
1300 km away and 1.5 km deep at the Sanford Underground
Research Facility (SURF) in South Dakota and the ND sys-
tem at baseline 0.570 km with target mass 0.067 kt will be
installed at the Fermi National Accelerator Laboratory (Fer-
milab), in Batavia, Illinois. The experimental design is capa-
ble of using a 120 GeV proton beam with a beam power
1.2 MW which corresponds to

POT/year Proton beam power

=102 [1.2MW]
T [120GeV]

X = X
[107 s] E,

(16)

We assume total run time of 13 year, equally divided in v-
mode and v-mode, i.e., 6.5(v) + 6.5(v) [77]. The total expo-
sure is around 624 kt. MW year.

P20: P20 is a long baseline experiment at a distance of
2595 km from the Protvino accelerator complex, which is
located 100 km south of Moscow to the location of ORCA
(Oscillation Research with Cosmics in the Abyss). This
experimental setup employs a 90 KW proton beam with
energy between 50—70 GeV which corresponds to

POT/year Proton beam power o T
[0.8 x 1020] [90 KW] [107 s]
60 GeV
x M_ (17)
Ep
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Table 2 Details of the different

experiments (T2HK, DUNEand ~ —-Pemiment

Details

P20) considered in this work T2HK

DUNE

P20

E,: 30 GeV

Baseline (L): 295 km

Runtime (year): 2.5v + 7.5V

Target mass (fiducial): 187 kt

Detector type: WC

Number of bins: 95

Bin width: 0.05 GeV

R, = 0.085/VE, R, = 0.085/E

Normalization error: v, = 5% (Sig), v, = 5% (Bckg)
vy =2.5% (Sig), v, = 20% (Bckg)

Ep: 120 GeV

Baseline (L): 1300 km

Runtime (year): 6.5v +6.5v

Target mass (fiducial): 40 kt

Detector type: Liquid Argon Time Projection Chamber (LArTPC)
Number of bins: 64

Bin width: 0.125 GeV

R, =020/VE, R, =0.15/VE

Normalization error: v, = 2% (Sig), v. = 5% (Bckg)
v = 5% (Sig), v, = 5% (Bckg)

E,: 60 GeV

Baseline (L): 2595 km

Runtime (year): 3v +3 ¥

Target mass (fiducial): 4000 kt

Detector type: WC

Number of bins: 10

Bin width: 1 GeV

R, =04/VE, R, =04/VE

Normalization error: v, = 5% (Sig), v, = 10% (Bckg)
vy =5% (Sig), v, = 10% (Bckg)

We assume total run time of 6 year with 3 year in v-mode
and 3 year in v-mode, i.e., 3(v) + 3(v) [15,16]. The total
exposure is around 2160 kt. MW .year.

The details of each experiment including the energy res-
olution and systematic effects are summarized in Table 2.

4.2 Neutrino fluxes

The flux of muon neutrinos (and anti-neutrinos) for the
three different experiments is shown in Fig. 5. The flux files
have been taken from Ref. [11] for T2HK, Ref. [77] for
DUNE and Ref. [15] for P20 respectively. We note (from
left panel of Fig. 5) that the spectrum for T2HK peaks at
E ~ 0.6 GeV which coincides with the first oscillation max-
imum of v, — v, probability for L = 295 km. The uncer-
tainties in the flux arise due to the modeling of hadron produc-
tion in graphite target and surrounding material [78,79]. For

DUNE (see the middle panel of Fig. 5), two different beam
tunes have been used: (i) the standard low energy (LE) beam
tune used in DUNE, Technical Design Report (TDR) [77]
and (ii) the medium energy (ME) beam tune optimized for v,
appearance [80]. The beams are generated from a G4ALBNF
simulation [81,82] of the LBNF beam line using NuMI-style
focusing. These two broad-band beam tunes are consistent
with what could be achieved by the LBNF facility. We have
chosen a design for the ME beam that is nominally com-
patible with the space and infrastructure capabilities of the
LBNF/DUNE beamline and that is based on a real working
beamline design currently deployed in NuMI/NOVA. It may
be noted that the LE flux peaks around E =~ 2.5 GeV (which
coincides with the first oscillation maximum of v, — v,
probability) for L = 1300 km while the ME flux peak is
slightly shifted to around 5 GeV. The flux corresponding to
P20 is shown in the right panel of Fig. 5 assuming zero-
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Fig. 5 Neutrino fluxes corresponding to the three experiments (T2HK, DUNE and P20) considered in the present study. The flux plots have been
adapted from [11,15,77]. For more details, see Ref. [11] for T2HK, Ref. [77] for DUNE and Ref. [15] for P20

off axis angle. The factors like scattering, absorption and
energy loss of hadron have been considered as per the beam-
line design [83]. The flux is peaked at £ ~ 5.1 GeV for
L = 2595 km which coincides with the first oscillation max-
imum of v, — v, probability.

4.3 Intrinsic versus extrinsic C P violating effects in
(34 0) case and (3 + 1) case at the level of event rates

As mentioned in Sect. 3.2, distinguishing between intrinsic
and extrinsic C P violating effects is one of the important
goals of current and future long baseline experiments and
Eq. (14) was proposed as a useful observable in this regard.
Following Eq. (14), we can define a quantity,

SIANGS 1= [ANS 1613 = 90°) — [ANS 1813 = 0°),
(18)

with [AN acﬂp ] given by
[ANS1 = [Nap — Nagl. (19)
Nygp can be expressed as,

Naﬂ (L) = Ntarget

X /@va(E, L) x Pyg(E, L) X 0,,(E) dE,
(20)

where Nyq,ge; 18 the number of target nucleons per kiloton of
detector fiducial volume, Pyg(E, L) is the oscillation prob-
ability in matter. NJ2#K = 6.252 x 103 N/kt, NOUNE =
6.022 x 10°* N /ktand NF20 = 1.337 x 10% N /kt where,
N stands for the number of nucleons. @, (E, L) is the
flux of vy, 0v,(E) is the charged current (CC) cross sec-
tion of vg. For anti-neutrinos, Nyg — Naﬂ, Vg — Vg,

vg — Vg [67,84]. Here 0, (E) is given by,
oy, (E) = 0.67 x 107*(m*/GeV/N) x E,
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for E > 0.5GeV. 21

It may be noted that 0y, =~ 0,, for the energy range consid-
ered. For anti-neutrinos, the cross-section is roughly a factor
of two smaller [11,15,77].

For computing the events for the experiments mentioned
in Sect. 4.1, we use the software GLoBES [73,74] along with
appropriate fluxes (see Sect. 4.2) and cross-section as men-
tioned above (see Eq. (21)). We consider both appearance
(vy —> Ve, vy — V.) and disappearance channels (v, —
Vi, Yy — Vy). The backgrounds include v, — v,./v; and
v, — v, CCinv and v-mode as well as neutral current (NC),
v, /ve — X (NC) for appearance and disappearance chan-
nels (see details in [11,15,77]). In generating event rates, the
systematic uncertainties for each flavor (v, v, v;) has been
incorporated (see Table 2). The signal as well as background
events are tabulated in Table 3 (T2HK), Table 4 (DUNE, LE),
Table 5 (DUNE, ME) and Table 6 (P20) (with the largest
number of events in a given channel depicted in boldface)
for different experimental configurations listed in Table 2.
The event spectra (corresponding to Eq. (18)) are depicted in
Fig. 6 for T2HK, Fig. 7 and Fig. 8 for DUNE and Fig. 9 for
P20.

In Fig. 6, §[AN.] and §[AN,,] are plotted as a func-
tion of energy for T2ZHK. For v;, — v, channel, one may be
able to distinguish the intrinsic and extrinsic contributions
in the lower energy range (below 1.5 GeV). For v, — v,
channel, §[AN,,] is in general much smaller for all ener-
gies considered and it is very hard to distinguish between the
intrinsic and extrinsic contributions. The signal and back-
ground events for T2HK are tabulated in Table 3 for (3 + 0)
and (3 + 1) case respectively.

For DUNE, we use two beam tunes (LE and ME) [77,80].
In Fig. 7, we show 8[AN.] plotted as a function of energy.
The left panel is for (3 + 0) case and right panel is for (3+ 1)
case. It is clear that the spectrum of 5[{AN ] depends on the
flux used both for (34 0) and (3 + 1) case. In Fig. 8, we plot
8[AN,,,, ] as a function of energy. The signal and background
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Table 3 Total neutrino (Nyg) and anti-neutrino (Na,f;) event rate at T2HK corresponding to v, appearance and v, disappearance channels for the

(340)and (3+1) case

T2HK (3+0) case (3+1) case

Niye Nye Nup Nup Nye Nye Nup Nup
Sig+Bckg (813 = 0°) 2574 4222 13581 17349 2616 4306 13332 17188
Bcekg (613 = 0°) 1355 2171 254 238 1336 2135 254 238
Sig+Bckg (813 = 90°) 2297 4465 13673 17460 2293 4404 13456 17334
Bckg (813 = 90°) 1356 2171 254 238 1336 2136 254 238

Table 4 Total neutrino (Nyg) and anti-neutrino (Na,g) event rate at DUNE (LE beam) corresponding to v, appearance and v, disappearance

channels for the (3 4+ 0) and (3 + 1) case

DUNE (LE) (3+0) case (3+1) case

Nye Nye Nup Nup Nye Nye Nup Nup
Sig+Bckg(813 = 0°) 2683 884 13069 6570 2791 927 12664 6496
Bcekg (813 = 0°) 550 314 387 223 540 309 387 223
Sig+Bckg (813 = 90°) 2284 947 13053 6591 2314 978 12676 6527
Bcekg (813 = 90°) 550 314 387 223 541 309 387 223

Table 5 Total neutrino (Nyg) and anti-neutrino (Na,g) event rate at DUNE (ME beam) corresponding to v, appearance and v, disappearance

channels for the (3 4+ 0) and (3 + 1) case

DUNE (ME) (3+0) case (3+1) case

Nye Niye Nup Nup Nye Nye Nup Nup
Sig+Bckg (813 = 0°) 3099 1062 40428 18174 3223 1114 39206 18124
Bcekg (613 = 0°) 939 435 1314 629 930 432 1314 630
Sig+Bckg (813 = 90°) 2662 1092 40619 18246 2805 1097 39373 18219
Bcekg (813 = 90°) 939 435 1314 630 931 432 1314 630

events for DUNE are tabulated in Table 4 and Table 5 for the
(34 0) and (3 + 1) cases.

InFig. 9, §[AN,.] and §[AN,, ] are plotted as a function
of energy for P20. For v, — v, and v, — v,, channels, one
may be able to distinguish between intrinsic and extrinsic
effects at certain values of energy (around 2-8 GeV). The
signal and background events for P20 are tabulated in Table 6
for (3 + 0) and (3 + 1) case respectively.

It is clear that T2HK gives the best possibility to distin-
guish between intrinsic and extrinsic C P violating effects
for (3 4 0) case (see Eq. (18)). For (3 4 1) case, the corre-

sponding quantity defined in Eq. (18) is somewhat smaller.
For longer baselines, the matter contribution complicates the
determination of the intrinsic C P phase and it is expected
that the ability of the other long baseline experiments will be
limited [10].

In what follows, we address the question of distinguishing
the new physics scenario from the standard.

Table 6 Total neutrino (N,g) and anti-neutrino (1\_/0,,3) event rate at P20 corresponding to v, appearance and v,, disappearance channels for the

(340)and (3+1) case

P20 (3+0) case (3+1) case

Niye Npe Nyup Nyup Niye Niye Nyup Nyup
Sig+Bckg (813 = 0°) 870 150 1395 453 871 148 1353 445
Bcekg (813 = 0°) 417 129 296 89 400 124 281 84
Sig+Bckg (813 = 90°) 820 154 1374 454 808 155 1348 448
Bcekg (813 = 90°) 416 129 297 89 403 124 286 84
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Fig. 6 5[AN,.]and §[AN,,] plotted as function of energy for T2HK. Both (3 4 0) and (3 + 1) cases are shown in each plot and the total event
rate is also indicated for each case
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Fig. 7 §[AN,.] plotted as function of energy for DUNE (both LE and ME) and for (3 4+ 0) and (3 + 1) cases. The total event rate is also indicated
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Fig. 11 Same as Fig. 10 but for different choice of sterile parameters. Here, we have taken Amﬁl =1eV2, 04 = 18°, 0y = 6°, 634 = 25°,814 =

834 =0°

4.4 Distinguishing between the (3 + 0) case and (3 + 1)
case

Let us now examine if the experiments considered in the
present work would be able to distinguish between the stan-
dard (3 + 0) case and the (3 + 1) case. In order to assess if
a given experiment would be able to distinguish between the
two scenarios, we first obtain and compare the v, — v, event
spectrum for the (3 + 0) and (3 + 1) cases. In Figs. 10 and
11, we plot the v, — v, event spectrum for the (3 4 0) and
(34 1) cases corresponding to T2ZHK, DUNE and P20. Note
that we use two representative choices of sterile parameters
— (a) using the true values (014 = 5.7°, 64 = 5°, 634 = 20°)
and (b) using the values given by upper limit of the 3 o range
(O1a = 18°, 024 = 6°, 6034 = 25°) given in Table 1. In both
the figures, Amﬁ1 = 1 eV? and the sterile phases are set to
zero (814 = 834 = 0°). If the sterile parameters are close
to their true values, we find that the event spectra overlap
(see Fig. 10) while if larger values are taken as allowed by
the 3 o range, the overlap of the event spectra is reduced
thereby aiding the distinguishability of the two scenarios.
We refer to these two choices as conservative and optimistic
respectively. For the standard (3 4 0) case, the cyan band

@ Springer

corresponds to 613 € [—180°, 180°] for T2HK and P20. In
case of DUNE, we have two beam tunes, and the grey (yel-
low) band corresponds to 813 € [—180°, 180°] for LE (ME)
beam. For the (3 + 1) case, we depict two cases, 613 = 0°
in blue and 613 = 90° in red. As can be seen from Fig. 10,
the two curves lie within the cyan band for T2HK or P20 (or
grey or yellow band for DUNE) for conservative choice of
parameters. There is some distinction possible between the
(3+1) curves and the (3 4+ 0) bands for the optimistic choice
of sterile parameters (see Fig. 11). The events corresponding
to 8§13 = 0° are shown in blue while the events corresponding
to 813 = 90° are shown in red (see Fig. 10).

In order to distinguish between the (3 4+ 0) and (3 + 1)
case, we define a metric’ (see [85])

x> (13(true))
x 2
= min
513([631);;

7 The definition of the x2 in Eq. 22 includes only statistical effects
and facilitates our understanding. The systematic effects are taken into
account in the numerical results.
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|:Ni(3i+1)(613(true)) - Ni<3,+°)(513(zest) € [—180°, 180°])

2
] (22)

NV @13rue))

where, N i€3].+0) and N S* D are the test and true event datasets.
We have marginalised over the parameters, 813, 63 and Am% 1
in the test dataset as these are presently unknown. This x>
was calculated using a set of conservative values of the sterile
parameters (AmfLl =1 eV2, O14 = 5.7°,604 = 5°,034 =
20°, 814 = 834 = 0°). The index i corresponds to energy bins
(i = 1 — x, the number of bins depends on the particular
experiment). For T2HK, there are x = 95 bins of width
0.05 GeV in 0.1-5 GeV [11]. For DUNE, there are x = 62
energy bins each having a width of 0.125 GeV in the energy
range of 0.5-8 GeV and 2 bins of width 1 GeV each in the
range 8—10 GeV [77] and for P20, there are x = 10 bins of
width 1 GeV in 1.5-11.5 GeV) [15]. The index j is summed
over the modes (v and v) respectively.

In Fig. 12, we plot the quantity defined above as a func-
tion of §13 for the three experiments — T2HK, DUNE and
P20. It can be noted that for conservative choice (i.e., values
close to the true values given in Table 1) of sterile parame-
ters, only DUNE (with LE and ME beam tune) will be able to
distinguish between the scenarios with sensitivity above 3 o.
Whereas for the other two experiments (T2HK and P20), the
sensitivity is below 3 o. The reason behind this can be under-
stood as follows. The sensitivity of P20 is limited because
it has poor background rejection capability [15]. If we use
optimistic choice (i.e., upper limit of the 3 ¢ range given
in Table 1) of the sterile parameters, we note that the abil-
ity to distinguish between the scenarios in general improves
for the all the three experiments. For T2HK, the sensitivity
lies above 3 o for all values of §13. For P20, the sensitivity
remains below 3 o for all values of §13. For DUNE (with LE
and ME beam tune), we will be able to distinguish between
the scenarios with sensitivity above 5 o.

4.5 Expected precision of active-sterile mixing angles

In order to address the question of precision attainable at
future long baseline neutrino experiments, we can define the
Ax? as [47]

AX2(ptrue)

mode channel bin

test test true true
=n[2 2 30 3 [t - wirom

N lue (true
true / true lJ ik (P )
+ N (P ) 1 N-te.st(pteSt; 77)
true __ test)Z

2
+Z(p +Z;77;”} (23)

where NUU (N®©) denote the event rates for true (test)
datasets, while p'™° (p's!) represent the set of true (test)
oscillation parameters. The index i is summed over the
energy bins of the experiments. The indices j and k account
for the oscillation channels (v, v, v) including NC chan-
nels and the modes (v and ), respectively. The term (NSt —
N'™®) accounts for the algebraic difference while the loga-
rithmic term enclosed within curly braces quantifies the frac-
tional difference of the two datasets. Together, the summa-
tion over i, j, k within the curly braces forms the statistical
component of the A x? function. The values of the true or
best-fit oscillation parameters and their uncertainties used in
the present analysis are tabulated in Table 1. The prior uncer-
tainty of the /' oscillation parameter, p;, is represented by
0p,- In the last term, o, is the uncertainty on the system-
atic/nuisance parameter 7, and the sum over m takes care
of the systematic part of A x2. This way of treating the sys-
tematics in the Ax? calculation is known as the method of
pulls [86-89].

In Fig. 13, we demonstrate how efficiently a given LBL
experiment will be able to reconstruct the CP phase in correla-
tion with active-sterile mixing angle at 1 o C.L. The two rows
correspond to the expected contours for different experiments
whereas the three columns correspond to the three different
active-sterile mixing angles. For certain choice of parame-
ters we obtain closed contours from which we can deduce
the expected precision on those parameters. In Table 7, we
list the expected precision on active-sterile mixing angles
(014, 624 and 634) for conservative and optimistic choice of
parameters at DUNE and T2HK. For 634, the contours are
not closed for either of the choices, resulting in lower limit
only. For 614, the contours are not closed for the optimistic
choice, resulting in lower limit only. It may be noted that it
is difficult to constrain any of the active-sterile mixing angle
using P20.

5 Conclusion

One of the well-motivated and widely studied new physics
scenarios is that of an eV-scale sterile neutrino mixing with
the three active neutrinos of the standard paradigm (for
instance, see reviews [17,18]). In the present work, we
explore how an eV-scale sterile neutrino impacts the mea-
surements at long baseline experiments. In particular, we
focus on (a) C P violating probability differences for the dif-
ferent appearance and disappearance channels and discuss
the role played by different channels, (b) the question of
cleanly identifying the contribution to C P violation coming
from intrinsic source in presence of matter, and finally (c)
whether long baseline experiments have the ability to distin-
guish between the (3 4+ 0) and (3 + 1) case.
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(LE and ME) and P20 at x? level. We take two sets of values of sterile choice (Amil =

parameters: conservative choice (Am?11 =1eV2 014 = 5.7°, 00 =

150

100

50

-50

test 6,5 [Deg.]
[=)

-100

-150

150

100

Fig. 13 The figure shows the A x? contours to assess the precision of
sterile parameters at 1 o C.L. in the plane of (6;4—§13) wherei = 1,2, 3
for T2HK (upper row) and DUNE (lower row). We take two sets of val-
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5.7°,0p4 = 5°,034 = 20°, 814 = 834 = 0°) shown as solid contours
and optimistic choice (Am3, = 1 eV2, 6014 = 18°, 64 = 6°,034 =
25°, 814 = 834 = 0°) shown as dotted contours

Table 7 Reconstructed range of 0;4 (i = 1, 2, 3) for conservative choice (014 = 5.7°, 64 = 5°, 634 = 20°) and optimistic choice (014 = 18°,
6ha = 6°, O34 = 25°) of sterile parameters for T2HK and DUNE

T2HK
DUNE

T2HK
DUNE

Conservative choice
2.1°<6,, <88°
2.0°<0, <11.5°
Optimistic choice

> 16.0°

> 14.5°

2.6°
1.8°

4.5°
4.0°

<6, <68 -
<6, <88 > 7.0°
<6, <72° > 7.3°
<6, <84° > 15.0°
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We carry out detailed numerical simulations for three
upcoming long baseline experiments which employ differ-
ent detection techniques. T2ZHK and P20 have a WC detector
while DUNE is based on the LArTPC technology. The abil-
ity of T2HK to distinguish between intrinsic and extrinsic
effects in the (3 4+ 0) case and (3 + 1) case is shown in (see
Fig. 6 and Table 3). The shorter baseline allows for a cleaner
separation between intrinsic and extrinsic C P effects.

For the case of DUNE, we consider two beam tunes (LE
and ME) and explore the possibility to distinguish between
intrinsic and extrinsic effects in the (3 + 0) case as well as
the (3 4 1) case (see Figs. 7 and 8, Table 4 and Table 5). The
ME flux almost does not impact the v, — v, channel but
has a role in the v, — v, channel. P20 offers much less
sensitivity as can be seen from Fig. 9 and Table 6.

Finally, in Sect. 4.4, we address the question of separat-
ing between standard (3 4 0) case and new physics (3 + 1)
scenario. For the v, — v, channel, we examine the event
rates for the different experiments to assess if a given exper-
iment can allow us to distinguish between (3 + 0) case and
(3 + 1) case (see Fig. 10 and Fig. 11). Then, we perform a
detailed x? analysis (using all channels) for the considered
experiments (see Fig. 12).

From Fig. 12, it can be seen that DUNE has > 3¢ sen-
sitivity for all values of §13 to distinguish between the two
scenarios even for the conservative choice of sterile param-
eters i.e., when the sterile parameters are taken to be true
values given in Table 1. For optimistic scenario i.e., larger
allowed values of the sterile parameters (given by upper limit
of the 3 o range in Table 1), we note that DUNE has > 5o
sensitivity for all values of §13 to distinguish between the
two scenarios. As far as T2HK is concerned, only for the
optimistic choice of sterile parameters, we obtain > 3 o sen-
sitivity for all values of §13 to distinguish between the two
scenarios. It is clear that P20 will have much less (< 3 0)
sensitivity for all values of §13 to distinguish between the two
scenarios.

Finally, we also deduce the expected precision on the
active-sterile mixing angles at future long baseline experi-
ments such as T2HK and DUNE. Figure 13 and Table 7 sum-
marize our results on the expected precision on active-sterile
mixing for the two choices of sterile parameters considered
in the present work.
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Appendix A: Oscillation probabilities in the (3 + 1) case

For the (34 0) case, we use the expressions obtained in [55].
In this section, we give the approximate expressions for oscil-
lation probabilities in the (3 + 1) scenario. We adopt the
parameterization for the mixing matrix as given in Eq. (2).
Following the procedure laid down in [49], we obtain the
probability expressions in the (3 4 1) case for different
appearance and disappearance channels. In what follows, the
small parameters are identified as follows: 513, s14 and sy4
(which are almost equal) are treated to be O(€) where € is a
small parameter which is O(10~") (for justification, see (3 +
0) global-fitresults [90,91] and (34-1) fitresults [31,48,92]).
The hierarchy parameter, o = Am%l/ Am%l has a value
~ 0.03 and can be taken to be O(e2). The oscillations
induced by Amﬁl ~ 1 eV? have been averaged out.

Appearance channels
341
P;Ee—i_ )

is a sum of three contributions [49],

Pfe—H) ~ (14 ZA)PATM + PIINT + PIIINT, with
PATM ~ 4s§3s123 sin A ,
PIINT ~ 8s13512¢12523¢23 (¢ A) sin A cos(A + 613),

PINT ~ 4514504513503 sin Asin(A + 813 — 814). (A1)

Here, A = Am3L/4E,a = Am3 /Am},
A=A/Am3,, A =2V2GFN.E. PA™ is the O(¢?) con-
tribution from atmospheric sector, PIINT is the O(€) con-
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tribution from the solar-atmospheric interference and PiNT
is the O(e3) contribution from atmospheric-sterile interfer-
ence. For v, — v, transition probability is given by

(3+1) (3+0) INT INT INT .
Pz P + P+ P+ Py, with
I(BTH)) 2~ sin 2923 sin A — ac%z sin® 26,3 Asin2A

+a2c‘1‘2 sin? 2673 A2 cos2A

2 2 .2
+———573 sin” 263
A_1 13

— —Asin2A

sinfA — DA A :|
A—1 2

[sm AcosAA

4 . . . sinAAsin(A — 1)A
42513 sin 26077 sin 26,3 sin §13 sin A i i1

n as13 sin 26017 sin 2673 cos 263 cos §13 sin A

AA

XI:AA sin A — cos(A — I)A]

PIINT ~

-2
2
= 1514S24624C34{ cos(814 — 813)¢23

~+ cos(A — 813/2) cos (614 +6813/2+ w_) cos 263

—sin(d14 — 813/2) sin (A +613/2 +w_) sin 913},

-2
INT 2
Pt~ — 1024s14534634c24

X COS [813 — 814 — 2(/& - 1)A]s13523,

PIIIII] o~ —2S24.§‘34C34C%4 cos(A —813/2)

X cos [834 + w— — §13/2] cos 2623

—sin(A — 813/2) sin [834 + w— — 813/2]. (A.2)

where we have considered terms up to O(e). Here,
cos(A + 813/2) _sin(A £613/2)
A+l A+
ws = (1 £24)A.
In this case, the leading contribution comes from the proba-
bility for the (3 4 0) case with some factors. PIINT, PINT and
PIIII;IT are O(e2), O(e3) and O(€3) contributions respectively
from active-sterile interference.
For v, — v transition, the probability is given by

P(3+1) ~ C2 C24P(3+0)

2
| C14€24C34514534

X { cos(814 — 2813) cos 6r3 + cos(A — 813/2)
X COS (814 —813/2 + a),) c0s 263 — sin(A — §13/2)
x sin (814 — 813/2 + w—)S13},

with

sin? AA

5 sin?(A — A
=~ o2 sin? 2601253 +4she 237

(A—1)?

P(3+0)
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sin AA sin(A — 1)A
A (A-1)

— 213 sin 2617 sin 2623 cos(A — §13)
(A3)

where we have considered terms up to (’)(63). In this case,
the leading contribution comes from the probability for the
(3 + 0) case with some factors.

Disappearance channels

The v, — v, disappearance probability at O(e?) is

PO ~ (1 - 257 PSTY | with

2
AA
P(3+0) ~1—a?sin 2912S1n—
A2
2
sin“(A — l)A

The expression for v, — v, disappearance probability

is [93].
3+1) o 3+0 1 111 :
P[,(L;,L+)_P;,(L/,L+)+PINT+PINT+PINT’ with
P,ﬁfo) ~ 1 — sin? 263 sin® A + ac?, sin® 26,3 A sin 2A

, sin?(A — 1)A 2,

—4s%.s - — — 52, sin? 2053
13523 A_1)y A—113
s1n(A HA A
[smAcosAA — —Asin 2A]
A—1 2
. . sin AA
—2as13 sin 26012 sin 263 cos 13 cos A
sin(A — DA
A-1
2 . . .
+ ) o813 sin 261 sin 263 cos 26,3 cos 813 sin A

~ . sin AA A
X[A sin A — — cos(A — I)A],
Pt >~ —2s124[1 — sin® 263 sin’ A],

PR~
M7 aiA -

x{(—scos(514+(/i—1)A)

$13C24514524

—+ cos (514 +2AA + 513)>S23
—2sin(814 + 813) sin (ZA — 813) sin 203

+2 cos (2A — 813) <cos [814 —w_ — 813/2] sin 36>3

+ cos (A — 813/2) cos(814 + 613) sin4923) },

m o,
PNt Sl4S13523S24624{ cos(814 — 2A)

2(A - 1)
—cos(814 — 813) + 2 cos (A — 813/2)



Eur. Phys. J. C (2025) 85:181

Page 21 of 23 181

X COS (814 — A — 813/2) cos 2923}, (A5)

where, we have considered terms up to (9(63). In this case,
the leading contribution comes from the probability for the
(3 + 0) case with some factors. PIINT, PIIINT and PIIIIFT are
O(€?), O(€®) and O(e3) contributions from active-sterile
interference.

The expression for v; — v, disappearance probability up
to O(e3) is

PEYD ~ 2, PR 4 PINT it
PG = 1= (PG + PG,

3
PINT ~ slf&{mos(am —3813)
16(A — 1)

—4cos(814 —2A —26813) + 6¢cos(814 —4A — 613)
+c08(814 — 3813 — 4023) + cos(814 — 4A — 813 — 4623)
+12cos (814 — 2(1 + A)A)ea3)

—4¢c08(814 — 2AA — 813)ca3 + 8 cos(A — 813)

X c0s(—3814 + wy + 613/2) cos 3023

+4cos> (A — §13/2) cos(814 — 2A — 2813 + 463)
+2c08(814 — 2A — 2813 — 4623)

+16 cos 2623 sin(§14 — 2A — 2813) sin(2A — 513)}.
(A.6)

In this case, the leading contribution comes from the proba-
bility for the (3 4 0) case with some factors. PIINT is O(e)
contribution from active-sterile interference. There are addi-
tional terms up to O(€) at the sub-leading order but their con-
tributions to the overall probability can be neglected safely.
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