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Abstract. In this work, we study the impact of the environmental decoherence
at Protvino to ORCA (P20) experiment which has a substantial baseline of 2595
kilometres. We simulate this experiment assuming different phenomenological
models and considering energy dependency of decoherence parameter, y o« E7.
Here, E, is the neutrino energy and n = 0, =1, +2. We estimate the sensitivity
of P20 experiment to obtain the upper bounds on y parameters in each of these
cases. Additionally, we use these bounds to illustrate the effect of environmental
decoherence on mass hierarchy (MH) and CP violation (CPV) sensitivity of this
experiment.

We have noted that P20 poses the strong bound on y < 1.89 X 107* GeV (90%
CL) for the case of n = 0. Moreover, we observed that while the MH sensitivity
has not changed significantly in all the cases, CP violation sensitivity increased
above the standard case for all true values of d¢p.

1 Introduction

A new era in neutrino physics research has begun after the discovery and experimental veri-
fication of neutrino oscillations. In this captivating phenomenon neutrinos change their iden-
tities during propagation, which is governed by the coherent superposition of massive neutri-
nos. However, the small mass splittings among the massive neutrinos maintain the coherence
over the long distances and the weak interaction of neutrinos with matter lead them to be
stable in a coherent state.

In the standard neutrino propagation we consider neutrino system to be isolated from its
environment i.e., it behaves as a closed system. However, in realistic scenario perfect isola-
tion of quantum system from its environment is infeasible. The presence of environmental
factors (open quantum system approach), such as matter density gradients, space-time fluctu-
ation at the Planck scale (space-time foam) and other astrophysical conditions can introduce
a non-standard effects which alter the coherent evolution of neutrino states and impact their
oscillation patterns. This phenomenon is popularly known as environmental decoherence in
neutrino oscillations. Note that this is different from the neutrino wave-packet decoherence
in which wave packets of neutrino mass states are spatially separated. Our study primarily
focuses on the impact of environmentally induced decoherence on the neutrino oscillations.
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There are numerous studies that discuss neutrino oscillations including environmental de-
coherence. Here we provide some of the interesting references for comprehensive overview
of this effect on various ongoing and upcoming neutrino oscillation experiments. The cur-
rent bounds on y from different experimental data analyses such as accelerator experiments
(MINOS/MINOS+, T2K, NOvVA), reactor experiments (KamLAND, Daya Bay, RENO) and
atmospheric experiments (IceCube/DeepCore) have been presented in refs. [1-8]. Addition-
ally, after simulating upcoming experiments such as JUNO and DUNE the authors have listed
future bounds on v in refs. [8—10].

As we are entering into the precision era there is a significant opportunity to probe new
physics (NP) with high precision upcoming neutrino oscillation experiments. Environmen-
tal decoherence is one such NP effect which alters the standard oscillation probabilities by
introducing a damping term e™?* (y is decoherence parameter and L propagation length of
neutrinos, termed as baseline) with the interference terms in the oscillation probabilities.
Since the damping term depends on L, for a long baseline (L) one could expect observable
decoherence effects. In light of this, we decide to choose Protvino to ORCA (P20) exper-
iment having a substantial baseline of 2595 km in the study of environmental decoherence
effect on the neutrino oscillations.

We have explored the intricacies of environmental decoherence on neutrino oscillation for
different phenomenological models as given in table-1 and analysed in a model-independent
way. We have obtained future bounds on y considering power law dependencies (y o« E”"
with n = 0, =1, £2). Among all four models mentioned in table-1 we have discussed first two
of models in this proceeding (see ref. [11] for detailed discussion of all models).

2 Mathematical background

Neutrino propagation in the framework of open quantum system engendered loss of quantum
coherence due to interaction with the stochastic environment. This loss/dissipation due to
environmental interaction is introduced using Lindblad master equation which is represented
by the density matrix evolution, in the following form [12, 13]

do C’;t(t) = —i[H,pn®)] + D[pn®)] . ey

where p,, is the density matrix of neutrino in the mass basis and H is the Hamiltonian

of the neutrino system. The damping term D|p,,(f)] manifests the details of neutrino system

and environment interaction. We parameterize D|p,,(f)] impoing some generic properties

of density matrix such as complete positivity and preserving trace normalization. Complete
positivity condition gives the Lindblad form of the dissipator as [14]

N>—1
Dlpn®1= 5 3 {1Vaopu Vi1 + Vi Vi1 @
n=1

where N is the dimension of the Hilbert space and “V,, are the interaction operators. Fur-
ther, we impose increase in von Neumann entropy S = —7r(o,, Inp,,) [15, 16] and conser-
vation of average energy Tr(p,,H) of the neutrino system and obtain time evolved density
matrix [10, 11, 17],

p11(0) p12(0) exp —(y21 +iA21)*t  p13(0) exp —(y31 + iA31)"t
pm(t) = | p21(0) exp —(y21 + iAg))t 022(0) 023(0) exp —(y32 + iA3)"t
31(0) exp —(y31 + iA31)t  p32(0) exp —(y32 + iA3)t 033(0)
(3)
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with
1 8
Vi =V = 5 D = ) )
n=1

where, d, ;, d,x are the diagonal elements of V,, operator and j, k take the values 1,2, 3.
Since, we are interested in flavor changing phenomenon, conversion of density matrix
from mass to flavor basis is obtained by

Pa=0Upn 0", S

where U is the matter modified PMNS matrix. The modified mixing parameters due to MSW
effect are taken from ref. [18] .
The neutrino transition probability from initial flavor v, to final flavor vz’ in terms of
density matrix is
Pop(t) = Trlpa(0pp(0)] . (©)

The explicit form of the transition probability assuming ultra-relativistic neutrinos (f = L) is
given by [6, 10, 11]

Am?
N k
Pop(L) = Sop — 2ZR6 UpiUs Uk Upe +22Re Up U,V k)eXp(_mL)COS[ 2EJ L)
Jj>k J>k

Rnt2,
+2 > Im(Up; 0% Uiy ) exp(-y L) sin(z—E’L :

j>k

(7)

Here in eq. (7), v appear in the decoherence term e ?#%, which alters oscillation prob-

ability. We consider a general power law dependency of yj on the neutrino energy given
by

E\"
Yir(Ey) = Yo (E_o) , (8)

where, 7y is constant, £y = 1 GeV (reference energy) and n = 0, £1, £2. Different physical
origins explain the decoherence phenomena leading to different integral power law dependen-
cies [8]. However, from eq. (8) one can note that for E, > E,, decoherence plays significant
role when n > 0, which could yield better constraints on .

Table 1: The decoherence models considered in this work.

Cases | Assumptions on y
Case-l | y21=y31=732#0
Case-Il | y21 =7v31, 32 =0
Case-IIl | y21 =3, ¥31 =0
Case-IV | 31 =y3, 21 =0

3 Simulation details

We simulate P20 experiment using General Long Baseline Experiment Simulator (GLoBES)
software [19, 20]. To simulate P20 experiment we consider the experimental parameters as
reported by the P20 collaboration in refs. [21, 22], given in table-2. Considering the standard
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Table 2: Experimental parameters are used to simulate P20 experiments.

Baseline 2595 km
Detector mass 8 Mton (Water Cherenkov)
Matter density 3.3 gm/cm?

Run time 6 years (3(v) + 3(¥))
Exposure 0.8 x 10?Y POT/year for 90kW
Analysis window 2-12 GeV
Energy resolution ~ 30%

Particle identification factor fig. 99 of ref. [22]
Signal normalization error 5%
Background norm. error 12%

Tilt error 11%

three flavour oscillation picture we have reproduced the event spectra w.r.t the true neutrino
energy that has been reported in ref. [21].

In addition, we have incorporated a new oscillation probability engine into GLoBES con-
sidering open quantum system formalism to introduce effect of decoherence in neutrino os-
cillation. Then we have obtained the simulated data for both 90kW (P20) and 450kW (P20-
upgraded) with 6 years (3 years in v and 3 years in ¥ mode) of run. The neutrino oscillation
parameters and their fit ranges for this analysis are taken from ref. [23], listed in table-3.

4 Analysis routines

For the statistical analysis, the y? function is calculated using Poisson chi-square function
given by

+as+aj, )

NFrue
X2 _ gl}lan Z o) Z [ N;est _ lerue + N}me 10g( leest) s

»@p
channels i

where, Ni*" and N;"° are the number of test and true events (signal + background) in i-th bin,
respectively. a; and @, are the signal and background normalisation errors treated using the
pull method [24, 25]. We consider v, — v, , v, — v, oscillation channels along along with
corresponding anti-neutrinos channels in the energy window of 2 to 12 GeV. We marginalize
over the full range in 6¢p, and 30 ranges in 6,3, (Amgl)NH (NH stands for normal hierarchy)
without assuming any priors.

e To constraint y
A/\/i = Xz()/(true) =0, y(test) # 0) (10)
and marginalized over 6,3 and d¢p, (Amgl)NH.

e To analyze CP violation

A/\/(2) :thrue(d(jP(true)”y * 0) _thesz(5CP = 0,’)/ = 0) )
AYE = X2, (cp(true),y # 0) — x%(6cp = 1,y = 0), (11)
AxEpy = min[Axd, A%,

we marginalized over 6,3, (Am%l) NH-
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e To analyze MH sensitivity
2 _ 2 2 2 _ 2
Axvr = Xouey # 0, Am5; > 0) = xpou(y = 0, Am3, < 0), (12)

here we marginalized over 6,3 and d¢p.

We obtain significance of CPV and MH sensitivity using

OCPV/MH = \’X%PV/MH . (13)

Table 3: True oscillation parameters and fit ranges have been considered in our analysis are
taken from NuFIT [23].

Parameters | True values Fit ranges
sin” 0, 0.304 Fixed
sin” 63 0.0222 Fixed
sin? 03 0.573 [0.405 : 0.620]
Scp 194° [0 : 360°]
L 7.42 Fixed
2
IOALV (NH) 2.515 [2.431 : 2.599]
m2
IOA—V (IH) ~2.498 [-2.584 : —2.413]

5 Results and discussion

In this section, we present our results for case-I and case-II (for other mentioned cases in
table-1 please see ref. [11]). In each case we display v, — v,, v, — v, and v, — v; oscilla-
tion channels. We illustrate the analytical behaviour of P, in presence of . However, for
sensitivity analysis we consider relevant oscillation channels, such as v, appearance, v,, disap-
pearance channels and corresponding antineutrinos channels. Considering event information
from these channels we provide 90% and 30 bounds on 7y j parameters assuming no deco-
herence in nature (true value) and with decoherence in test hypothesis, as defined in eq. (10).
Then we analyse CPV and MH sensitivity in the framework of decoherence present in na-
ture and fitting the data with the standard model (SM). We assume 30" value of y, obtained
from corresponding bounds in the true and follow the A)(% pyyup definitions as mentioned in
eqgs. (11) and (12).

5.1 Casel: Y21 = Y31 = Y32

In this case we assume all y parameters are equal and non-zero. Considering this case, in fig. 1
we show v,-appearance (left), v,-disappearance (middle) and v.-appearance (right) probabil-
ities for energy power law dependency on y (eq. (8)) with n = 0, 1, +2 as mentioned in
the legends. To calculate oscillation probabilities we choose the central values of oscillation
parameters from table 3 and a representative value of yj; = 2.3 X 1072 GeV. Nevertheless,
¥j = 0 leads to the standard model (SM) case. From fig. 1, we observe that all the channels
are affected by the chosen set of v parameters. Additionally, n > 0 show better variation w.r.t
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the SM scenario. It is noteworthy to mention that for £, ~ 10 GeV a bump (dip) arises in the
P, (P,,) channel in presence of decoherence effect. The origin of this bump/dip is illustrated
in ref. [10, 11].

In fig. 2, we present sensitivity plots for case-I with 90 kW beam (upper row) and 450
kW (lower row) beam. In the left panel, we display upper bounds on y with 90% (dashed
line) and 30 (dotted line) confidence level (CL) for power law dependencies n = 0, £1, +2.
We calculate Ay? as per eq. (10) and listed the upper bounds in table-4 (90 kW) and table-5
(450 kW) with 90% and 30" CL. It is noticeable that n > O provide stronger constraints on y

for both 90 kW and 450 kW beam as expected.
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Figure 1: Oscillation probability as a function of neutrino energy for case-I. In the left, middle
and right panel corresponding to v, appearance, v, disappearance and v, appearance channel

respectively.
20 P '. l: T T SF SIM—] T T T T 1_ 12 T T T T T T T
n=-1 . ' n=-2
Qe n=-1
18Rz ] 4af p=go- 1
: H n=2--
N ' : 2 3F ] T
> - ! 1 =
a 10 ! ; 30 bU 5
: ' 2F S0 AN s S s PR
st ] IR
' M 90% CL 1p 1
K ?
0 = ). Al ak 1l O 1 1 1 1 1 1 )
108 102 101  10° 10! 102 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Yo [1023 GeV] &¢p (true) Scp (true)
20 - T T Al T 6 T T T T T T T T T T T T T T
n=-2--, : : SM —
n=-1 ' ! : n=-2
n=g - ; 5F n=-1 1
Ln= - : N =0 e
! B ar e n=2-- 7
N 1 ' g I
> L ! ] 1 =
q o A 1 Ceo.qd 6 10f ]
Lo TN M —
- g n=-
5 ! ' 1 5[ n=-1
’ 1 90% CL 1F ] n=0
7 - n=1 -
o= .y‘.",, n=2 -
0 N 2y’ s © 'l 'l o 1 1 1 1 1 1 1 0 1 1 1 1 1
10 102 101 10° 10! 102 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

o [1023 GeV]

&¢p (true)

Scp (true)

Figure 2: Sensitivity for case-I. Bounds on 7y in the left, CPV sensitivity in the middle and
MH sensitivity in the right panel. Upper (lower) row represents the analysis considering 90

kW (450 kW) beam.

In the middle panel of fig. 2 we show C P-violation sensitivity (ocpy) as a function of true
dcp considering decoherence exist in nature and fitting with the SM (y = 0) paradigm. To
obtain these plots with decoherence we take 30 values of 7y in the frue value (obtained in the
corresponding left plot) and analyse accord with eqgs. (11) and (13) . We observe that CPV
sensitivities are effected significantly (w.r.t SM) in the presence of decoherence. Note that, in
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the presence of decoherence, conserving values of d¢p (= 0, £7) are also show non-zero d¢p
with ~ 20~ CL. This is a consequence of fake CP violation introduced by decoherence when
the decoherence phenomenon exists in nature and we fit the data with SM.

In the right panel of fig. 2, we illustrate mass-hierarchy sensitivity (o yy) W.I.t O¢cp (true)
considering NH as true and IH (inverted hierarchy) in zestz. We calculate the MH sensitivity
for SM which is more than 50 CL for all values of 6cp(true) in both 90kW and 450kW
beam. Then we calculate o374 by taking into account 30~ values of yq (from tables-4 & 5) in
the true value and fitting with the SM as in eqs. (12) & (13) for different n. We notice that
MH sensitivity does not vary significantly w.r.t SM in presence of decoherence in both P20

and P20-upgrade.

5.2 Casell: Y21 = V31, Y32 = 0
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Figure 3: Oscillation probability as a function of neutrino energy for case-II. In the left,
middle and right panel corresponding to v, appearance, v, disappearance and v, appearance

channel respectively.
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Figure 4: Sensitivity for case-II. Bounds on vy in the left, CPV sensitivity in the middle and
MH sensitivity in the right panel. Upper (lower) row represents the analysis considering 90

kW (450 kW) beam.

In this case we consider two of the y parameters are non-zero and equal. We illustrate
oscillation probability and sensitivity correspond to this case in fig. 3 and fig. 4. In fig. 3,
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we present oscillation probability corresponds to v, — v, (left), v, — v, (right) and v, —
v; (right) channels. In each figure we have shown probability for SM and n = 0, +1, £2.
Comparing with the SM, from the left plot we can see P, is hardly affected (for explanation
see ref. [11]) by the non-zero y but P, (middle) and P, (right) are affected significantly.

In fig. 4, the left panel shows the upper bound on y, and The middle (lower) panel rep-
resents CPV (MH) sensitivity for case-II (analysis procedure as discussed in the case-I). The
upper and lower rows are the results for 90 kW and 450 kW proton beam at P20O. The upper
bounds on 7y, analysing this case for different power law dependencies, are listed in table-4
(90 kW) and table-5 (450 kW). From the middle panel we observe the conserving values of
Ocp are also show non-zero CPV. From the right panel we see that MH sensitivity do not vary
significantly w.r.t SM for all power law and even if we increase the beam power.

Table 4: Bounds obtained in different cases for 90 kW beam power.

N CL Case-1 Case-II Case-III Case-1V
Y21 = Y31 = V32 Y21 = Y31 Y21 = Y32 Y31 = Y32
I 90% 8.06 x 107 6.0x 1077 1.008 x 1072? 8.0x 1073
30 1.15x 10722 1.11x 10722 | 1.56 x 107% 1.15x 10722
n=—1 90% 1.8x107% 1.36 x 10723 | 2.19x 1077 1.75 % 10723
30 2.55x 1073 246x 1072 | 337x107% 2.53x 1072
n=0 90% 3.76 x 107% 276 x 1072 | 4.26x 107 3.76 x 107%
30 53x 10724 518x 1074 | 6.7x1072* | 523x 1074
I 90% 7.4 %1072 54x107% 731 x107% 7.3 x107%
30 1.04 x 107%* 1.02x1072* | 1.23x 107> | 1.008 x 107
n=2 90% 1.24 x 107> 9.07 x 107%° | 1.007 x 10> 1.2x 107>
30 1.79 x 1072 1.87 x 1072 1.95x 1072 1.74 x 1072

Table 5: Bounds obtained in different cases for 450 kW beam power.

n CL Case-1 Case-II Case-II1 Case-1V
Y21 = Y31 = Y32 Y21 = V31 Y21 = Y32 Y31 = Y32
n= -2 90% 6.4x 1077 391075 | 65%x10°% | 64x107%3
30 9.0x 10723 7.6%x1072 | 1.1x10722 | 93x 1073
L1 | 9% | 14x107 85x107* | 1.5x 107 | 1.46x 107>
30 2.1x107% 1751073 | 25%x 1073 | 2.0x 1073
n=0 90% 3.1x 107 1.89x107%* | 25%x107%* | 3.1x107*
30 42 %107 40%x107* | 5.0x 107 | 47x107%
P 90% 6.2x 1077 3.6 107 | 42x107% | 63x107%
30 8.5x107%» 77%x107% | 85%x 1073 | 8.1x107%
=2 90% 7.8 x 107%° 587x107%° | 6.0x 107 | 7.5x107%°
30 1.5x107% 1.4x107% | 1.1 x107% 1.3x107%

However, in this proceeding we have described first two cases mentioned in the table-1.
Nevertheless, in table-4 and table-5 we have presented expected upper bounds on decoher-
ence parameters for all four cases. We refer [11] for complete description of all four cases.
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6 Conclusions

In a model-independent approach we obtain the upper bounds on y considering power law
dependency (y « E", n = 0, £1, +2) for future P20 experiment. We observe that, n > 0 show
comparatively better constraints on y parameter for both P20 and upgrade-P20. Specifically,
for case-1I (I';; = I'31, I'sp = 0) poses strong constraints forn = Qon I < 2.76 X 107%* GeV
for P20 and " < 1.89x1072* GeV for P20-upgrade, which are stronger than the upper bounds
obtained in ref. [8] (n = O column in table 3) and competitive with the bounds obtained in
ref. [7] from IceCube data.

We also present CPV and MH sensitivity in presence of decoherence. Considering non-
zero decoherence in the frue and no decoherence hypothesis in the test, we notice that, CP
conserving values (0cp = 0, £m) are also give non-zero dcp. Which indicates decoherence
could introduce a fake CP phase and mislead the CP-violation. However, using similar hy-
pothesis we observe marginal impact of decoherence on MH sensitivity.
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