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ABSTRACT: Neutrino oscillation experiments provide a unique window in exploring several new
physics scenarios beyond the standard three flavour. One such scenario is quantum decoherence
in neutrino oscillation which tends to destroy the interference pattern of neutrinos reaching
the far detector from the source. In this work, we study the decoherence in neutrino oscillation
in the context of the ESSnuSB experiment. We consider the energy-independent decoherence
parameter and derive the analytical expressions for P, and P, probabilities in vacuum. We
have computed the capability of ESSnuSB to put bounds on the decoherence parameters
namely, I's; and I'so and found that the constraints on I'9; are competitive compared to the
DUNE bounds and better than the most stringent LBL ones from MINOS/MINOS+. We
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have also investigated the impact of decoherence on the ESSnuSB measurement of the Dirac
CP phase dcp and concluded that it remains robust in the presence of new physics.
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1 Introduction

The discovery of atmospheric [1, 2] and solar [3, 4] neutrino oscillations has firmly confirmed
the theory of neutrino oscillation, first proposed by Pontecorvo [5, 6]. It is considered as the
quantum mechanical interference phenomenon governed by the three mixing angles: 63, 613,
012, two independent mass-squared splittings: Am3;, Am32; and the leptonic CP violating
phase dcp. Out of six parameters, the measurement of dcp might help us to solve the problem
of matter-antimatter asymmetry of the Universe [7] that we observe today. So far, there is no
conclusive evidence of the CP symmetry violation (CPV) in neutrino oscillation although hints
for maximal violation are emerging [8]. One of the primary goals of current and forthcoming
oscillation experiments [9-12] is to measure the possible value of dcp with utmost precision.
The European Spallation Source (ESS) neutrino Super-Beam ESSnuSB [13] is a next-to-next
generation accelerator-based long-baseline neutrino oscillation experiments in Sweden which
uses the second oscillation maximum in the appearance probability P, in order to measure
dcp- In this experiment, a high-intensity muon neutrino beam will be produced using a 5 MW
proton beam with the upgraded ESS facility in Lund [14, 15]. These neutrinos, then, will be
detected by a water Cherenkov detector located at a far distance of 360 km at Zinkgruvan
mine (see the conceptual design report (CDR) [15] for more details).

In this work, we study the quantum decoherence effects in neutrino oscillation in the
context of ESSnuSB experiment. According to the neutrino oscillation model, neutrino flavour
states (also known as weak interaction states) are not the same as mass eigenstates (also



known as propagation states), so that a flavour state can be seen as a linear superposition
of different mass eigenstates. During their propagation, the latter evolve coherently with
different frequencies, giving rise to the phenomenon of neutrino flavour conversion. The
relevant point here is that different mass eigenstates maintain their relative phase differences
as they propagate. However, there exist several mechanisms that lead to the destruction
of such interference patterns, and coherence in different neutrino mass eigenstates may get
lost. One such a mechanism is the wave packet separation where the coherence is lost among
different neutrino mass states owing to their different group velocities after traveling over
long distances. This can be described by the usual quantum mechanical framework and
has been studied in detail in refs. [16-25].

There is another general treatment of decoherence effects which considers an open quan-
tum system framework [26] and uses density matrix formalism. In this method, one describes
the neutrinos as a subsystem interacting with the environment, causing the dissipative effects
in the neutrino oscillation phenomenon which have been discussed in a variety of oscillation
experiments [27-49]. The effect of environmentally induced decoherence is to mainly introduce
damping terms in the oscillation probabilities which, in general, can be energy-dependent. In
earlier works, the energy-dependent constraints on decoherence parameters have been obtained
in various experiments that include, among others, IceCube [41], Super-Kamiokande [28, 34],
KamLAND [50], MINOS [37], T2K [48], NOvA [38]. On the other hand, bounds on the
energy-independent decoherence parameters have been obtained from T2K and MINOS [48],
from the future DUNE experiment [45, 51] and from solar [52] and reactor [18, 23] neutri-
nos. The impact of decoherence on the precision measurements at DUNE and T2HK has
been examined in [53]. Quantum decoherence may also be induced by stochastic metric
fluctuations affecting the neutrino oscillations as shown in ref. [54]. In the recent work [55],
the authors delve into the exploration of gravitationally induced decoherence, providing a
comprehensive analysis that includes a comparison with various phenomenological models. It
is worthwhile to note that, in addition to the dissipative characteristics of environmentally
induced decoherence, the open quantum system framework also enables the exchange of
energy between the neutrino sub-system and the environmental field. In this scenario, one
may observe both relaxation and quantum decoherence effects [25], a phenomenon recently
investigated in refs. [48, 56]. However, our primary emphasis here is on the dissipative nature
of decoherence as the main observable.

In the present work, to the best of our knowledge, we study for the first time the effects
of neutrino decoherence in the standard three flavour oscillation picture in the context of the
ESSnuSB experiment and present the bounds on energy-independent decoherence parameters
that such a facility can provide, illustrating the main differences with respect to similar
bounds achievable in DUNE [45, 51]. We also investigate the impact of decoherence on the
dcp measurement of ESSnuSB. Our numerical results are easily understood by means of
simple analytical expressions for oscillation probabilities in the presence of decoherence.

This paper is structured in the following manner. In the next section, we provide a
brief overview of the decoherence formalism in neutrino oscillation, considering the open
quantum-system approach and derive the related analytical formulae. The description of the
ESSnuSB experiment and other simulation details are given in section 3. In section 4, we



compute the transition probabilities and generate the event plots in the presence of decoherence
for ESSnuSB . Finally, the sensitivity of the ESSnuSB experiment to constrain the decoherence
parameters and their impact on the measurement of dcp are illustrated in section 5.

2 Formalism

In addition to the usual Schrodinger wave mechanics method, the neutrino oscillation
formalism can also be understood using the density matrix approach. Considering neutrinos
as an open quantum system interacting with the surroundings, their evolution equation is
given by the Lindblad Master equation [57-59]

Ip(t)

CE = —ilH, p(t)] + Dlp(t). 1)

where p(t) is the density matrix corresponding to the neutrino states and H is the neutrino
(subsystem) Hamiltonian which, in the presence of ambient matter, can be written in the
flavour basis as

, 0 0 0 100
H==|U0Am3 0 U +2EVee |000] |- (2.2)
0 0 Amj 000

In the previous expression, U is the standard Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
mixing matrix in vacuum, and Voo = £v/2G N, is the matter potential term due to the CC
interactions of neutrinos with matter. The neutrino energy is denoted by FE, and N, is the
electron number density. The effect of decoherence is given by the dissipator D which can be
expressed in terms of the Lindblad dissipative operators for N dimension £ as [27, 28, 60]

N2-1

> (1L o)L + [Lin(t), £]]) - (2:3)

=1

Dlp(t)] =

[N

It should be noted that such Lindblad operators £ and hence dissipator D can be expanded
in terms of SU(N) generators [43, 47| involving a large number of free degrees of freedom.
The number of (free) parameters is reduced by imposing several physical constraints on
D such as unitarity, complete positivity, entropy increase and energy conservation (for a
detailed discussion see [27, 28, 51, 59, 61]). Under such assumptions, in the present analysis,
we have used the simplest form of the dissipative matrix D which contains the decoherence
parameters affecting the neutrino oscillation probabilities. This matrix, in the three neutrino
case can be expanded as D = DjipiAj, where )\; are the Gell-Mann matrices and py are
the elements of the neutrino density matrix. By imposing the above-mentioned physical
conditions the dissipator takes the form [37, 51, 62, 63]

Dj = —diag(I'21,I'21,0,T'31,1'31,'32,'32,0) . (2.4)

The net effect of decoherence is to introduce terms similar to damping phenomena of

the form e 14! in the oscillation probability, where L is the baseline for neutrino oscillation

which is 360 km for the ESSnuSB experiment.



It should be noted here that for the sake of simplicity, we only consider energy-independent
decoherence matrix elements;' in such a scenario, only two I';; are independent because
of the relation [51, 63]

31 =T91 + 3o — 2/ To1l'32. (2.5)
In our analysis, we will present all our results in terms of the two independent parameters
I3 and I's; . Note that between these two parameters, if we take '3y to be non-zero and
I'y1 = 0, then it will imply I'so = I's; and if we take I'g; to be non-zero and I'ss = 0 then
it will imply I's; = I's;. Further, if we consider I'sy = I'9; , then it implies I'3; = 0. These

conditions will be crucial for interpreting the results of our analysis.
The neutrino oscillation probability including the decoherence effect considered here

is then given by [51, 64]
P(vg — vg) = dop — 2 ZRe [Uzlﬁglﬁ@ﬁgﬂ {1 — cos (QA,-]) e*F”’L}
i>]
+23 " I (02,005,053 sim (2845) 7T, (2.6)
1>]

AL

where U is the modified PMNS matrix in matter and Aij = , with Amgj being the
mass squared differences in the presence of matter. Our choice of decoherence formalism is
motivated by the fact that it is easy to understand which oscillation frequency is attenuated
by the decoherence parameter I';;. Switching on I'y; exclusively, for instance, we observe the
suppression of the oscillation frequency associated with the solar mass-squared difference
(Am3,) while the oscillation frequency corresponding to the atmospheric mass-squared
difference (Am3;) remains unaffected. This model also facilitates a direct comparison
between the other experimental bounds on I';; and those derived from our present work.
We would like to emphasize that, while the matrix D is conventionally defined in vacuum,
the inclusion of matter effects necessitates a rotation of the decoherence matrix D to the
matter basis [40]. Consequently, D ceases to be a diagonal matrix, thereby modifying eq. (2.6)
accordingly. However, given that matter effects for the ESSnuSB are relatively small compared
to atmospheric and astrophysical neutrinos, the approximate formula (eq. (2.6)) remains valid
and appropriate for our current analysis [61]. Furthermore, the influence of non-diagonal
elements is significant only at large neutrino energies, which is not pertinent to the scope of
our work. For a more detailed discussion about the validity of eq. (2.6) we refer to appendix
B of ref. [51] . In the context of long-baseline (LBL) experiments, the most stringent current
bounds have been obtained by the MINOS/MINOS+ data recent analysis from [61]

I3 =9 < 9.4 x 1072 GeV  [MINOS/MINOS+, (90% C.L.)], (2.7)

while DUNE is expected to reach with its standard neutrino flux [51]
Iy1 < 1.2 x 107% GeV [DUNE, (90% C.L.)] (2.8)
I3y < 4.7 x 10724 GeV [DUNE, (90% C.L.)]. (2.9)

'For the effects of energy-dependent decoherence elements we refer to [41, 61]. We expect that for T';; oc E™,
the ESSnuSB limits on decoherence parameters should improve if n < 0 and worsen for n > 0 due to the
neutrino low energy spectrum. However, this is beyond the scope of the present work and it might be possible
to investigate such scenarios in a future study.



It is worth mentioning that with a high energy flux, DUNE might improve the I'sy bound
up to I'sy < 7.7 x 1072°GeV (90% C.L.) [51].

2.1 Oscillation probability in vacuum

We present here the oscillation probabilities relevant for LBL experiments, namely the electron
neutrino appearance and the muon neutrino disappearance. We write the probabilities as

Pag = PSS + P, (2.10)

where the first term depicts the standard oscillations while the second refers to the decoherence
correction. We expand up to the second order in sin ;3 and in o« = Am3;/Am%, and up
to the first order in the small quantities dependent on the decoherence parameters I's; L
and I'so L. In this analytic approach, we neglect the standard matter effects, since they are
not relevant under ESSnuSB conditions and would make the oscillation probabilities less
readable. In the appearance case, we get:

PEEM =457,52,51n% Az; +20A3) 513510 A 31510201 95102023c08(Sop +Az1 ) +H(Az1c12¢23512)2,

Pﬁ:co:FQlL{2(612623812)2—(204A31812612623)2—2(513612812)2—|—2S§3C?28§3COS(2A31)}
1
+F21L{aAglslgsindcpsin291gsin2923+2slgsin291gsin2923 (COS(&CP +A31)+C0850p0082912)}
+F32L{28%38%3COS(2A31)—CkAglSlgsin((scp+2A31)Sin20128i1’12023}+

1
—5813 \ F21F32L{4813COS(2A31)6%2853+COS(5CP+2A31)Sin291281H2023 }, (211)

where ¢;; and s;; are the cosines and sines of the mixing angles 6;;, respectively and A;; =
Am2. L

%, with Am?j being the mass squared differences in vacuum.  Using appropriate
assumptions, similar expressions can be obtained from ref. [64] where the authors have
considered various damping scenarios. The main feature of the decoherence correction is
that 'z affects the oscillation probability more than I'3s. Retaining all linear terms in I';;,

the appearance probability reads:

Pyieco ~ 2(Tg1 L) (c12023512)° (2.12)
+F32L {28%38%3 COS(2A31) — OAA31 S13 Sin((scp + 2A31) sin 2012 sin 2023}

from which we observe that the first term is not suppressed by any of the small mixing
angles. This eq. (2.12) can then be used to understand the order of magnitude of I'y; and
I'39 for which the decoherence term becomes the leading one. To this aim, we compare the
leading SM probability contribution 45%3533 sin? Az; with the leading term in I'y; and I'sy as
shown in eq. (2.12). In order for the decoherence correction to be larger than the leading
SM term, the decoherence parameters must satisfy, at the oscillation maxima and at the
best-fit values for the mixing angles, the following relations:

2 2 .2

Ty L > 5137238 0.2 (2.13)
C12512C23

T3l > 2. (2.14)



Note that L = 360 km for the ESSnuSB experiment. In particular, the second relation
shows that we go beyond the validity of our perturbative expansion in I'sy; we interpret
this as a sign that, for the decoherence correction to be dominant over the standard one,
I3y > 10722 GeV (while for the other parameter it is enough to fulfill I'y; > 10723 GeV). The
other crucial feature of the appearance probability is that both I's; and I'so may interfere
with the measurement of dop. We will explore the effect of decoherence in the PMNS matrix
CP violating phase measurement at ESSnuSB in section 7.

In the disappearance channel, the oscillation probability reads

Pﬂ” =1—sin?2053sin? Ag; +aAg; sin2A 51 sin 265 (0%2 —2513 cosdsin2912533)
_ (2aA31012023)2 (c§3s§2 +sggcos2A31) + (25138923 sinA31)20052923 ,
P;fffo =Ty L [—2(012312023)2 + (A 31801201555 )? +2513C080523C53(512¢12 —sin3612)
—2(513593C23) 2 (8194 Clo) + 575525 c052A31 (825 + 5% 052093 — 2075535 ) —2¢052A 31 (512523C23)>

+8(513COS5512612823623) 74813 C086C082A31512612533623:|
+2553 T3> L [COSQASl (—c33+2a° A3 c33¢T5+575c052023)
+aAsz1sin2A3; (_20%2C33+813C085Sin2012Sin2923):| (2.15)

+S§3 COS2A31 F21F32L {726%35%2(714*5%3) +S13 (25136%28334»(308581112912 Sin2923)] .

It can be observed that the channel is equally sensitive to both parameters, appearing
not suppressed by any small parameters. In fact, the leading terms of the decoherence
correction read:

Pl‘fffo ~ —2(T91 L) c335% (33, + 535 cOs 2A31) (2.16)

—2(F32L) 653833 COS 2A31.

While one of the I's; correction contains a term which does not depend on the atmospheric
oscillation frequency Agsq, I'3o is proportional to cos 2Ag31, which is &1 at both oscillation
maxima and minima. We can again investigate for which values of the decoherence parameters
the leading correction becomes comparable with the leading term 1 — sin? 2693 sin® Ag;. In
this case, at the oscillation maxima (which correspond to the disappearance probability
minima), namely for Ag; = (2n + 1)7/2, we obtain:

8 x 10720
L(km)
4 x 10721
L(km)

F21 (GEV) Z (2.17)

F32(G€V) 2

which for correspond to I'e; = 2 X 10722 GeV and I'ss > X 10723 GeV at the ESSnuSB baseline
of 360 km. Given these values, along with the ones obtained in the appearance channel,
we can conclude that the appearance channel will dominate the sensitivity to I's; while the
disappearance channel will dominate the sensitivity to I's2, even though both channels will
contribute in constraining the two parameters.



Oscillation parameters (3v) | Normal ordering (NO)
P 33414975
03, 42.2%54
: s
58 p 232738
Am3, (eV?) 7417030 x 107°
Am3; (eV?) +2.50710 055 x 1073

Table 1. The best-fit value of the oscillation parameters in the standard three-flavour scenario. The
values and their 1o uncertainty intervals used in our calculations are taken from ref. [67].

3 ESSnuSB experiment and simulation details

In order to generate the probability, the event spectrum and to perform the sensitivity studies
of ESSnuSB in the presence of decoherence, we make use of publicly available software
GLoBES [65, 66]. We have modified the probability engine to include decoherence as new
physics effects and then performed the numerical computations to obtain the event rates
and 2. All the experimental details of ESSnuSB used in the present analyses are exactly
the same as given in the CDR [15] and have been incorporated in GLoBES. We consider a
water Cherenkov far detector of fiducial volume 538 kt, located at a distance of 360 km at
Zinkgruvan mine from the neutrino source in Lund. A powerful linear accelerator (linac) will
be used to produce 2.7 x 10?3 protons on target per year with a beam power of 5 MW and
proton kinetic energy equal to 2.5 GeV. The updated neutrino fluxes with peak value around
0.25 GeV and event selection in the form of updated migration matrices have been adopted [15].
The energy range [0, 2.5] GeV has been divided into 50 bins for the event calculation. In
our analyses, we include both appearance (v, — v.) and disappearance (v, — v,,) channels
with their CP-conjugate transition, all equipped with the relevant backgrounds. We have
considered a 5% systematic errors for signal and 10% systematic errors for backgrounds,
unless otherwise mentioned. A total exposure of 10 years on the far detector is assumed (5
years run-time for neutrino beam and 5 years for antineutrino beam).

4 Understanding the decoherence at probability and event levels

In this section we first present a discussion on the appearance and disappearance probabilities
to understand the effect of decoherence in neutrino oscillation at ESSnuSB energies. Then we
study the total number of expected events in the presence of decoherence. Unless otherwise
specified, the best-fit values of the standard oscillation parameters are adopted from NuFIT
5.2 (2022) [67], including Super-K atmospheric data and are listed in table 1. Since recent
global fits show a preference towards normal mass ordering (NO) for neutrinos [68-70], we
present all our results considering NO only, i.e., for Am3, > 0. However, we expect similar
results when the neutrino mass ordering is inverted.



4.1 Discussion at the probability level

In figure 1, we show neutrino oscillation probabilities as a function of neutrino energy relevant
for the ESSnuSB experiment in the presence of decoherence. In this case, we consider the
full oscillation probabilities in matter computed numerically. The top (bottom) panel is for
the appearance (disappearance) channels. The left (right) panel depicts the effect of T'y;
(I's2). In each panel, the solid curves refer to the SM probabilities, while the dotted and
dashed curves are computed using two benchmark values of the decoherence parameters.
The representative values of I'y; (I's2) have been fixed at the DUNE 90% C.L. limit [51]
1.2x 1072 GeV (4.7x10724) GeV and, for illustrative purposes for both I'’s, at a second larger
value, 1 x 10722 GeV. Moreover, two extreme values for cp have been chosen, corresponding
to the case of maximal CP violation (dcp = —90°, black curve) and vanishing CP violation
(6cp = 0°, red curve). To show the energy region relevant for the ESSnuSB experiment, in
each figure we also superimpose the ESSnuSB flux multiplied by the charged current (CC)
neutrino cross-section. As already discussed in section 2, the appearance probability P,
mostly depends on I'91; the effect of I'gs is small and can be seen mostly around the first
oscillation maximum. The parameter I's; is responsible for an increase of the probability at
the first and second oscillation maxima as well as at the first oscillation minimum due to
the positive sign of the leading decoherence correction. Moreover, the effect of I's; is larger
when the CP violation is maximum due to the probability terms which include the dcp phase.
The disappearance channel, on the other hand, almost equally depends on both decoherence
parameters, with a slightly bigger sensitivity to the I'ss value. The minus sign in front of
both leading corrections in I'9; and I'sy leads to smaller (larger) oscillation probabilities
when P, is maximum (minimum).
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Figure 1. Appearance (top panel) and disappearance (bottom panel) neutrino oscillation probabilities
as a function of neutrino energy for the baseline L = 360 km. The left (right) panels are for the T'y;
(T's2) case.

4.2 Discussion at the event level

In order to get an initial guess about the limits that ESSnuSB would set on decoherence
parameters, we plot the total number of appearance (and disappearance) events as a function
of the decoherence parameter for 10 years of running, 5 in neutrino and 5 in antineutrino
mode. The results are furnished in figure 2 where black curves depict the case of maximal
CP violation (dcp = —90°) while red curves refer to the case of CP conservation (dcp = 0°).
All the features discussed in section 2 can be appreciated in these plots. Indeed, in each
case we can observe a transition between the SM dominated case and the decoherence
dominated case. The transition begins for the values of I's; and I'ss for which the decoherence
correction overcomes the SM probability. Thus, I's; becomes dominant for smaller values in
the appearance channel than in the disappearance channel; moreover, I'sy does not affect
in a relevant way the appearance channel.

For I'y; in appearance and I'sy in disappearance (case 1), the number of events increases
drastically for both values of dcp as I's get larger. In the other two cases (I'9; in disappearance
and I'sy in appearance, case 2) we have an increment (decrement) of events for large values
of the decoherence parameters when dcp = 0° (dcp = —90°). However, it can be noticed that
for these choices of parameters, the variation of the total number of events (in case 2) when



the decoherence parameters increase is substantially smaller than in case 1 and may also be
affected by matter effects which we have not included in our analytical treatment. Since, as
pointed out in section 2, the main contribution to the I'y; (I's2) sensitivity will come from the
appearance (disappearance) case, we will not discuss any further scenarios related to case 2.

Let us now discuss the behaviour of the number of events in the two most relevant
frameworks, when I's; increases in the appearance channel and when I'sy increases in the
disappearance channel. In order to understand the effect of very large decoherence effects, we
can compute the limit I';; — oo of eq. (2.6). In the electron appearance case, for I'y; — 0o
(notice that I's; also tends to infinity in this case) and I'sy = 0 and expanding up to the
first order in the small o and 613, we obtain:

Pﬁgzlém) = 20?23%2033 (4.1)

1
+§313 sin 2612 sin 26013(cos(6 + 2A31) 4 cos 2612 cos d).

It is clear that this probability is always larger than the SM one (see the first line in eq. (2.11)),
because the leading term is second order in « and #3. Thus, for any value of dcp, we expect
in the decoherence dominated case a larger number of events with respect to the SM case.
In the disappearance channel, taking the limit I'ss — oo (I's; — o0) and I'y; = 0, we
obtain at leading order

1
IN o)
P;Su32_> ) — Z(3 + cos 46s3) , (42)

which does not depend on the atmospheric oscillation frequency As;. Taking the difference
between (4.2) and the leading term of the SM oscillation probability, we get:

1
SM I'sg—o00) _ 22
P - P}Slf? ) = 5 sin 2093 cos 2A37 , (4.3)

which, at the oscillation maxima where cos 2A3; = —1, suggests that the number of events
is larger than in the absence of decoherence and independent, at least at the considered
perturbative order, from the value of dcp.
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Figure 2. Total number of events as a function of the decoherence parameters I'o; and I'3o and for
two choices of dcp, 0° and —90°.

5 Exclusion plots for ESSnuSB

In this section, we want to explore the performances of the ESSnuSB experiment in con-
straining the decoherence parameters. As a first step, we check the correlations among the
decoherence parameters. In particular, we show in figure 3 the 3¢ confidence level (C.L.),
2 degrees of freedom (dof) in the I'sy -I'y; plane. The analysis has been performed using
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a Poissonian y? defined as

n

N 0;
2 _ 0. . U
x“(A,a) = ;:1 2 ((1 +a)T; — O; + O; log iz a)Ti) +

a

2
—5 (5.1)

g

where X is the set of oscillation parameters needed to compute the rates, o, is the normalization
error, n is the number of energy bins, O; are the observed rates and T; are the theoretical
rates used for the fit. The systematic uncertainties are treated with the pull-method [71, 72]
implemented in GLoBES using the nuisance parameter a. In the left panel of figure 3 we set
as true values 'y = I'3o = 0 and then we fit with the decoherence hypothesis, marginalizing
over all not shown oscillation parameters within the uncertainties reported in table 1, except
for the solar ones, which we held fixed to their central values. The CP violating phase dcp
is left free to vary in its [0° — 360°] range. We also show here the effects of systematics on
the I'sa -I'9; correlation using three benchmark values, namely an optimistic 2% (red curve),
the standard ESSnuSB 5% (blue curve) and a pessimist 10% (green curve). It is clear that
the two decoherence parameters are not correlated, the 3o limit on one of the two being
independent of the test value of the other. This is clear from the oscillation probabilities
(egs. (2.11) and (2.15)), where the only correlation comes from the small mixed v/T'21 '35 term.
It is also interesting to notice that the choice of systematics does not affect the analysis in a
relevant way, especially for I'sa. This result mainly comes from the fact that the decoherence
parameters modify the oscillation probabilities exponentially. In the right panel of figure 3, we
show the foreseen precision on the new physics parameters obtained with 5% systematics for
two benchmark true values of I';;; the first one inspired by the relatively large 90% C.L. limits
achieved by T2K+MINOS? [48], namely I'y; = '3y = 6.1 x 10723 GeV (red curve); the second
one taken from the best possible 90% C.L. limits achievable at DUNE, I'y; = 1.2 x 10723 GeV
and T'32 = 7.7 x 1072° GeV (blue curve). Notice that the DUNE limits have been obtained in
ref. [51] using the standard DUNE flux for I'y; and the high energy DUNE flux for I'sy. These
two benchmark choices allow us to observe two interesting results. When both decoherence
parameters are large and lie in a region already excluded (see left panel), ESSnuSB is capable
of obtaining a very precise measurement of the decoherence parameters. Indeed, the allowed
region within the red curve is rather small and does not include the standard oscillation
scenario I'y; = I'3g — 0. On the other hand, when the other benchmark values are taken into
account, it is clear that at 3c ESSnuSB may not be able to exclude the standard oscillation
scenario. However, if we consider only the 1o range, I'o; is measured with a very good
uncertainty, while I'sa does not have a lower bound, exploiting the fact that the DUNE high
energy flux may allow setting a limit on I'sy which is not reachable by ESSnuSB.3

After checking that the correlations between the two decoherence parameters are negligible,
we proceed to consider in figure 4 the sensitivity to I'y; when I'so = 0 (top left panel), to

2Note that the bound for T2K+MINOS is calculated under the assumption I's; = I';; = I's; whereas
in our formalism, I'so = I"o; will imply I's; = 0 (cf. eq. (2.5)). Therefore, though the bound obtained by
T2K+4+MINOS cannot be directly compared within our formalism, we have used their bound as a reference
point to understand the precision of the decoherence parameters in case large decoherence exist in Nature.

3The authors of ref. [51] show that there exists a new matter effects resonance around 10 GeV for DUNE
driven by I'so at DUNE. Thus, a high energy flux may be extremely powerful in constraining this parameter.
Such a resonance is not observable at ESSnuSB since it would require neutrinos with energy of ~ 3 GeV.
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Decoh
CCORCTENCe 36 C.L. (in GeV) 90% C.L. (in GeV)
Parameter
2% syst. 5% syst. 10% syst. 2% syst. 5% syst. 10% syst.
oy (=T
21(=Ts1) 0.94x10723 [ 1.16 x 10723 | 1.44%x 10723 | 5.06 x 10724 | 6.15x 10~24 | 7.45 x 10~ 24
when F32 =0
Tao(=T f
s2(=Ts1) 2.16x10723 [ 2.35x 10723 | 2.53x 10723 | 1.31x 10723 [ 1.50x 1023 | 1.64 x 1023
when I's; =0
1212} - 1:)1‘;2 781 x10724 [ 9.41 x 10724 [ 10.74 x 10724 | 4.23 x 10724 | 4.99 x 10724 | 5.64 x 10~24
31—

Table 2. Constraints on decoherence parameters for 2%, 5% and 10% systematics from ESSnuSB
experiment. We also report the effects of using three different values of systematics.

I'so when I'9; = 0 (top right panel) and in the case I'9; = I'sy (bottom panel). For this
computation, we generate data in the hypothesis of no decoherence and we fit them using the
probabilities in the presence of decoherence. The marginalization has been performed over all
the oscillation parameters but the solar ones, as before. We also checked that marginalization
on the not-shown decoherence parameter in the first two cases does not affect our results
in a relevant way, confirming that the correlation among the parameters at ESSnuSB is
negligible. We also show the results for different values of the normalization systematic
uncertainty, namely 2% (red curves), 5% (blue curves) and 10% (green curves). The 30 and
90% C.L. bounds are summarized in table 2 for the standard 5% systematics case along
with the 2% and 10% systematics cases. The main results are that ESSnuSB in the nominal
conditions (5% systematics) may be able to set the two 90% limits T's; < 6.15 x 1072* GeV
and T'sy < 1.50 x 10723 GeV. With the further constraint I's; = I'sy, ESSnuSB is expected
to set the limit T'y; = I'gy < 4.99 x 10724 GeV. Comparing this result with the existing best
LBL constraint in eq. (2.7), we observe that ESSnuSB performances may allow to overcome
the MINOS/MINOS+ ones by roughly 40%. However, solar and atmospheric neutrinos are
expected to be more powerful in this context, being able to probe higher energy neutrinos
which could encounter new matter resonances driven by decoherence parameters. The next
generation experiment DUNE, on the other hand, is expected to obtain similar limits with
its standard neutrino flux: I'y; < 1.2 x 10723 GeV and I'sy < 4.7 x 10724, The former is less
stringent than the ESSnuSB one, while the latter is 5 times better than the ESSnuSB one,
because of the higher energies reached by DUNE and because of the more pronounced matter
effects. The role of the systematics in ESSnuSB, as already mentioned, is not crucial; however,
if 2% normalization uncertainty will be achieved, the limits I's; < 5.06 x 10724 GeV and
I'sy < 1.31 x 10723 GeV could be obtained, which mark an improvement by about a factor
2 — 3 compared to the nominal case. In conclusion, ESSnuSB should be able to put very
competitive bounds on the decoherence parameters with respect to the current and future LBL
experiments. The complementarity among the limits obtained by accelerator, atmospheric
and solar neutrinos may allow to further reduce the allowed parameter space of this model.
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Figure 3. Left: 30 contour plot (for 2 dof) for the decoherence parameters I'y; and I'sy in ESSnuSB.
Different colours correspond to the different values of systematic uncertainties, as reported in the legend.
Right: the expected precision of ESSnuSB in measuring the decoherence parameters for 5% systematics.
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Figure 4. Constraints on the decoherence parameters namely I'y; and I'so from the ESSnuSB exper-
iment. The upper-left (right) panel gives a sensitivity limit on I'y; (I's2). Different colours correspond
to the different values of systematic uncertainties, as reported in the legend. The dashed horizontal
black lines represent the 90% and 3o levels. In the bottom plot we set I'y; = '3y in the test values.
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6 Correlations

In this section, we will explore the correlations among the decoherence parameters and
the two not-well known standard oscillation parameters for ESSnuSB, namely dcp and 6os.
To perform this analysis, the events spectra have been produced under the assumption of
no-decoherence and employing the best-fit values for the standard oscillation parameters,
table 1. The fit has been obtained by marginalizing over all the not-shown standard oscillation
parameters except the solar ones. In figure 5, we show the 3o allowed regions in the I'o; — 23
(left panel) and I'so — fa3 (right panel) planes for two different choices of the atmospheric
mixing angle true values, one in the lower octant (42.2°) and one in the upper octant (49.1°).
These correspond to the best-fits from [67] with and without SK atmospheric data. In the
absence of decoherence, the ESSnuSB results might not be able to resolve the f3 octant if
the true value is fo3 = 42.2°; indeed, there are always allowed values which lie in the upper
octant. On the other hand, for 63 = 49.1° and I';; — 0, the octant degeneracy appears to be
broken. In the presence of decoherence, we have two opposite behaviours. When I'9; increases,
the octant ambiguity is solved and for both chosen true values of the atmospheric mixing
angle, the 623 octant might be resolved. This is because the leading decoherence correction
in the appearance channel, which is the most sensitive to I'y;, is proportional to cos? 63 (see
eq. (2.12)). On the other hand, when I'sy increases, the octant degeneracy is more pronounced
for O3 = 42.2° and appears also for #y3 = 49.1°. This is clearly understood in eq. (2.17),
where we showed that the I'sy correction is proportional to sin® 26ss3.

In figure 6 we present the results in the I'9; - dcp (left panel) and I'sy - dcp (right
panel) planes for three values of the CP violating phase corresponding to maximal CPV
(0cp = —90°), no CPV (dcp = 0°) and to the best-fit from [67], namely dcp = —128°. In this
case, we observe no relevant correlations between dcp and the two decoherence parameters.
However, the effects of I'sy and I's; on the dcp determination might become important if
the decoherence parameters are large enough to overcome the ESSnuSB sensitivity, i.e. if
their value will be measurable at the experiment. We will explore in details this topic in
the next section.

7 CPYV sensitivity of ESSnuSB in presence of decoherence

In this section, we will exploit the interplay between the decoherence parameters and
the ESSnuSB CP violation sensitivity. This aspect is crucial since the main purpose of
the experiment is the precise dcp measurement and it is essential to understand whether
the presence of new physics could spoil its potential to do so. It has been shown that
ESSnuSB should be capable of reaching 12.5¢ sensitivity for maximal CP violation and reach
at least 5o sensitivity for roughly 75% of the possible phase values [15, 73].This outperforms
the sensitivity of all next-generation LBL oscillation experiments [74]. In the following, we
will show whether the presence of decoherence could destroy such good prospects. In figure 7
we plot the CPV sensitivity in units of v/Ax2, where

Ax? = x?*(deco, CPV) — x?*(deco, dcp = 0,180°). (7.1)

Thus, we fix the same decoherence parameters in both true and fit values of the oscillation
parameters. We show the results for several choices of I'y; and I'so. For reference, we add
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Figure 6. Same as figure 5, but in the I';; — dcp planes.

the red curve which represents the sensitivity without decoherence. It is clear that, for
I' ~ O(10-324) GeV which is the order of magnitude of the ESSnuSB bounds, the effect
on the dcp sensitivity is limited. Even though a mild reduction at the largest of 15% for
the CPV sensitivity at the two maximal values dcp = +90° for I'y; = 2 x 1072 GeV and
I'3o = 2 x 10724 GeV is observed, the ESSnuSB experiment remains extremely powerful in the
context of the dcp measurement even with decoherence. It is interesting to notice that the
sensitivity maxima slightly change their position when decoherence parameters are increased.
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Let us now discuss in more detail the effects of I'o; and I'ss on the dop sensitivity at the
maximal values. In figure 8 we show the ESSnuSB sensitivity for dcp = 90° (solid lines) and
dop = —90° (dashed lines) as a function of I'9; and I'sy, up to 10721 GeV. In this case, in
order to avoid numerical instabilities, in the Ax? computation we fixed 6a3 to its best-fit
value; however, we check that the marginalization procedure over 63 had a negligible impact
on the results. We first discuss the I'g; case (red line). From eq. (2.11) we obtain that the
appearance terms containing dcp reads:

P;jecP = 2ae/A371 813 sin 26053 sin 2619 COS(5 + A31) sin Agy (72)
1
+§F21 L3 sin 2653 sin 2615 (cos(d + Agy) + cos 2615 cos 0)

+2aA315130‘;’2512 sin 2923 sind .

Taking into account only the term proportional to sin §, which drives the sensitivity to the
CP-violation, the maximal CP contribution (sind = £1) is:

|PMC6P_Odd| X ‘2@A31 (FglL - 2sin2 Agl) - FglL sin 2A31‘ . (73)

Thus, for small values of I'91, the decoherence parameter acts here as a correction to the SM
CP-odd term with the opposite sign, thus reducing its absolute value. For this reason, we
expect the CP-violation sensitivity to first slightly decrease. Then, when the decoherence
term becomes dominant, the relevant probability increases along with I'o;, improving the
sensitivity. This behaviour is compatible with the one shown in the red line of figure 8.

When we consider I'so, instead, the situation is different. Indeed, as we already mentioned,
the decoherence correction in the appearance channel is always as suppressed as the leading
terms in the probabilities; thus, the new physics correction becomes dominant only for
extremely large values of I'ss, which break the expansions shown in section 2.1. Thus,
we expect the I'sy effect on the CPV sensitivity to be small. From eq. (2.11), the terms
depending on dcp are the following:

PSSP = 20&A31813 sin 2023 sin 2012 COS(5 + Agl) sin Agl
—I'39Lac/A31 513 sin 26053 sin 2619 sin(5 + 2A31) . (75)

For maximal CPV, we get:
| PS04 oc [TgaL cos 2A31 + 2sin” A, (7.6)

where, clearly, the small decoherence contribution diminishes the probability around the
oscillation maxima (where cos2A3; ~ —1) and therefore the CPV sensitivity when I'sy in-
creases. This behaviour is confirmed by the black line in figure 8. Being I'y; dominant with
respect to I'ss in the appearance channel, the case in which I'so =I'9; resembles the same
feature as the case 'y # 0, I'so = 0.

8 Precision measurement of dcp in presence of decoherence

In this section, we will explore the effect of the decoherence on the uncertainty on the
measurement of dcp that the ESSnuSB experiment will be able to achieve. This is another
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Figure 7. CP violation sensitivity of ESSnuSB for different values of decoherence parameters. Here
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Figure 8. CP violation sensitivity of ESSnuSB as a function of decoherence parameters (I';;).
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crucial point since the aim of ESSnuSB will be not only to discover CPV if the next generation
of LBL experiment will fail (i.e. if the dcp value is not close enough to maximal value) but
also to reduce the uncertainty on this parameter. It has been shown that the choice of a 360
km baseline would be optimal for measuring dcp with a 1o uncertainty smaller than 7.5°
for all the possible values of the phase [15, 73|, considering that the best precision, namely
Adcp = 5° will be achieved for CP conserving values. This is again a result not achievable by
next-generation LBL experiments. In figure 9, we show the foreseen 1o uncertainty on the
dcp measurement for the two CP conserving values (6cp = 0, 180°, left plot) and the maximal
CP violating values (6cp = £90°, right plot), by varying the decoherence parameters up
to 10721 GeV. Even when the decoherence parameter are of the order of magnitude of the
expected experimental sensitivities, the effect of I'so and I'9; is not large enough to weaken
the performances of ESSnuSB in a relevant way. In particular, on the right panel, we observe
that a good Adcp < 7.5° can be obtained, valid for maximal écp values if I' < 5 x 10723 GeV
while, for CP conserving phase, Adcp < 7° in the whole range of I'’s (left panel).

Analytic considerations help in understanding the previous numerical results. Let us
start from the case in which only I's; # 0. Given the number of observed neutrino and
antineutrino events N and N, their uncertainties can be written as:

OPpe
AN ~ K 9

Adcp (8.1)

CP

where AN can be understood as the sum of systematic and statistical uncertainties and
k is a factor that depends on cross section and detector response. Here we have used the
approximation for which, at fixed neutrino energy, the number of events is proportional to
the probability and neglected the uncertainties on the other oscillation parameters. Thus,
eq. (8.1) implies:

-1

Olye | (8.2)

Odcp

A(scp 0.8

which, from eq. (7.3) for dcp = 0,180°, gives:

1

A .
op ’20[A31 (F21L -2 sin2 Agl) - FglL sin 2A31|

(8.3)

This results clearly shows that, for small I's1, the decoherence parameter suppresses the
denominator, thus increasing the uncertainty on dcp while, for large I's1, Adcp — 0. This
behavior matches the solid curve in figure 9, left panel. On the other hand, for maximal
CP violation, we obtain

1

Ad, )
op |T'91 L(cos 2A31 + cos 2012) + 2aAs; sin 2A3 |

(8.4)

In this case, the SM contribution is already very small at the oscillation maxima; indeed, at
LBL experiments, the precision around maximal phase is worse than around CP conserving
values of dcp. Thus, the decoherence contribution simply decreases Adcp, as shown in the
right panel of figure 9 (solid lines).
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Figure 9. 1o precision of dop in ESSnuSB as a function of the decoherence parameter, for three
different scenarios. Decoherence is present in both true and test data. The left (right) plot corresponds
to the true values of §cp = 0 and 180° (£90°).

Finally, we consider the case in which only I'sy is different from zero. From eq. (7.5),
for CP conserving values of the phase we obtain:

1

Ad
cp |04A31P32L COS 2A31 + 205A31 Sil’l2 A31| ’

(8.5)

from which, being cos2A3; ~ —1 around the oscillation maxima, Adcp increases along with
I'so. However, the effect of I'sy on the CP precision around CP conserving values is negligible
because, in order to overcome the SM contribution to the CP precision, we would need a
very large I'3p value, as we can observe in the left panel of figure 9, dashed curves. In the
case of maximal CP, the uncertainty on dcp can be expressed as

1

Adcp x .
cP |04A31(1 — F32L) sin A31|

(8.6)

Here the impact of '3y on the CP precision is evident. Indeed, when the decoherence correction
becomes dominant with respect to the SM probability, Adcp — oo. This behaviour is again
confirmed by dashed lines of figure 9, right panel. However, it is important to mention
that the values of the decoherence parameters for which the dcp precision gets relevantly
influenced by the new physics are well beyond the current limits on I'y; and I'sp. As for CPV
sensitivity, since the appearance probability is more influenced by I'9; than I'so, the case
I'y; = I'so mimics the dcp precision curves obtained with I's; = 0 and I'so = 0.

9 Summary and conclusions

In this work, we have performed a phenomenological study of quantum decoherence in neutrino
oscillation in the context of ESSnuSB, a proposed future neutrino oscillation experiment
with the primary goal of precisely measuring the Dirac CP phase dcp by exploiting the
features of the second oscillation maximum. We studied the capability of ESSnuSB far
detector to constrain the decoherence parameters and also explored the possible effects of
decoherence on the measurement of dcp at ESSnuSB. Considering the neutrino as a subsystem
interacting with the environment, an open quantum system framework can be utilized to
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probe any signature of decoherence in neutrino oscillation experiments. From eq. (2.6)
it appears that the effect of decoherence is to introduce damping-like terms associated
with the neutrino oscillation frequencies. Working with the simplest form of a diagonal
decoherence matrix D and considering energy independent decoherence parameters (I';;, with
['3; = I9y + 39 — 24/T21T32), we have derived the analytical formulae for electron appearance
and muon disappearance oscillation probabilities in vacuum, which is the relevant regime for
the ESSnuSB experiment. Although we neglect the standard matter effect in our analytical
expressions (which is a good approximation for the ESSnuSB baseline and neutrino energy),
our numerical results have been obtained using exact probabilities.

Based on our analytical as well as numerical analysis, we found that the appearance
channel is more sensitive towards constraining the parameter I's;, whilst sensitivity to
I'so mainly comes from the disappearance channel (whose dependence on I's1, on the other
hand, is not completely negligible). The bounds on such parameters have been obtained
by means of a standard x? analysis performed with the help of the GloBES software. We
found that, at the 90% C.L., T'9; < 6.15 x 10724 GeV and I'sy < 1.50 x 10723 GeV. These
bounds are very much competitive with those obtained in DUNE [51], which amounts at
IOUNE < 1.2 x 10723 GeV and TRYVNE < 4.7 x 1072 GeV. Systematic errors at the level of
2% will improve the previous bounds by a factor of 2-3.

Interesting correlations appear among the atmospheric mixing angle 3 and I';;. It is
well known that, in the standard oscillation scenario, ESSnuSB will have a limited capability
to resolve the octant degeneracy; we observe, instead, that for f23 in the lower octant, the
degeneracy is resolved as soon as I'y; is larger than O(10724) GeV, while even larger values
of '3 are not enough to firmly establish 053 smaller than maximal mixing. No relevant
correlations have been observed between the decoherence parameters and dcp.

For the latter parameter, we found that the capability of ESSnuSB measurement of
distinguishing CP violating phase values from dcp = 0, 180° is robust even if decoherence
exists in nature, being \/Ax?2 > 10 for I';; in the range [10724,1072!] GeV. Finally, we have
investigated the precision with which dcp can be measured in the presence of decoherence;
in the case of maximal CP violation, an uncertainty below 10° can be maintained for
['ij 2 10722 GeV, while becoming larger (smaller) for I'y; (T's2) above such a value.
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