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ABSTRACT: In this article we consider the presence of neutrino non-standard interactions
(NSI) in the production and detection processes of reactor antineutrinos at the Daya Bay
experiment. We report for the first time, the new constraints on the flavor non-universal
and flavor universal charged-current NSI parameters, estimated using the currently released
621 days of Daya Bay data. New limits are placed assuming that the new physics effects
are just inverse of each other in the production and detection processes. With this special
choice of the NSI parameters, we observe a shift in the oscillation amplitude without
distorting the L/FE pattern of the oscillation probability. This shift in the depth of the
oscillation dip can be caused by the NSI parameters as well as by 013, making it quite
difficult to disentangle the NSI effects from the standard oscillations. We explore the
correlations between the NSI parameters and 613 that may lead to significant deviations
in the reported value of the reactor mixing angle with the help of iso-probability surface
plots. Finally, we present the limits on electron, muon/tau, and flavor universal (FU) NSI
couplings with and without considering the uncertainty in the normalization of the total
event rates. Assuming a perfect knowledge of the event rates normalization, we find strong
upper bounds ~ 0.1% for the electron and FU cases improving the present limits by one
order of magnitude. However, for a conservative error of 5% in the total normalization,

these constraints are relaxed by almost one order of magnitude.
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1 Introduction

The recent discovery of the smallest neutrino mixing angle 613 by the modern reactor an-
tineutrino experiments Daya Bay [1-3] and RENO [4] has firmly established the three-flavor
neutrino paradigm [5—7] and signifies an important development towards our understanding
of the structure of the neutrino mass matrix, whose precise reconstruction would shed light
on the underlying new physics that gives rise to neutrino mass and mixing [8-10]. Another
reactor electron antineutrino disappearance experiment: Double Chooz [11, 12], and the
two accelerator electron (anti-)neutrino appearance experiments: MINOS [13] (completed)
and T2K [14, 15] (presently running) have also confirmed the non-zero and moderately
large value of 013 in the standard three-flavor oscillation scenario. It is quite remarkable
to see that with 621 days of data taking and using the merit of identical multi-detector
setup, the Daya Bay experiment reveals a non-zero value of 613 at more than 160 and
suggests a best-fit value of sin? 2013 = 0.084 + 0.005 [3]. This data provides a relative 1o



precision of 6% on sin? 2613 which is already better than the precision achieved on sin? 63.
Undoubtedly, this high precision measurement of the 1-3 mixing angle has speeded up the
search for the neutrino mass ordering and the possible presence of a CP-violating phase in
current and future neutrino oscillation experiments [16-20].

To explain the presence of small neutrino masses and relatively large neutrino mixings
as indicated by neutrino oscillation data, various neutrino mass models have been proposed.
These neutrino mass models come in various categories such as the cases where neutrinos
acquire mass via the popular seesaw mechanism [21-31]. We find also models where neu-
trinos get mass radiatively due to the presence of extra Higgs bosons [32-34] or low energy
supersymmetric hybrid models with spontaneous or bilinear breaking of R-parity [35, 36].
The structure of the standard electroweak neutral and charged currents gets affected by the
presence of these mechanisms responsible for the neutrino mass generation [25]. In most of
the cases, in the low energy regime, these effects are known as non-standard interactions
(NSI). Various extensions of the Standard Model (SM), such as left-right symmetric models
and supersymmetric models with R-parity violation, predict NSI of neutrinos with other
fermions [37-45]. The NSI in these models are usually generated via the exchange of new
massive particles at low energies.

Neutrino NSI may be of charged-current (CC) or neutral-current (NC) type, and they
can be classified in two main categories: flavor-changing NSI, when the flavor of the leptonic
current involved in the process is changed, or flavor-conserving non-universal NSI, when
the lepton flavor is not changed in the process but the strength of the interaction depends
on it, violating the weak universality. In the low energy regime, these new interactions
may be parameterized in the form of effective four-fermion Lagrangians:

Loonst = f/g ST [y (1 = )] [P £2)f] (L1)
£

Lnc-NsT = i;/g ZEZEH (767" (1 =" va] [Frp(L£4°)f] (1.2)
f

where Gr is the Fermi constant, o and /3 are neutrino or lepton flavor indices, f and f’
label light SM fermions, and the dimensionless coefficients € parametrize the strength of the

d.ff’

interaction. Here we denote the CC-NSI couplings as €, 5 " since they affect in general the

source (s) and detector (d) interactions at neutrino experiments, while sgbéf ! refers to the
NC-NSI couplings generally affecting the neutrino propagation in matter (m). Note that in
egs. (1.1) and (1.2) we have assumed for the new interactions the same Lorentz structure as
for the SM weak interactions, (V£A). Even though more general expressions are possible
within a generic structure of operators, as shown in ref. [46], these are the dominant
contributions for reactor experiments, where we will focus our attention in this work.

NSI effects may appear at three different stages in a given neutrino experiment, namely
neutrino production, neutrino propagation from the source to the detector, and neutrino
detection. In a short-baseline reactor experiment, the effects on the neutrino propagation
are negligible since it happens mainly in vacuum. Therefore, the new generation of short-

baseline reactor experiments, such as Daya Bay, offers an excellent scenario to probe the



presence of NSI at the neutrino production and detection, free of any degeneracy with
NSI propagation effects. Actually, some work has already been done in the context of
NSI at short-baseline reactor experiments. In particular, forecasts for the sensitivity of
Daya Bay to NSI have been published, for instance, in ref. [47]. More recently, another
article presented constraints on neutrino NSI using the previous Daya Bay data set [48].
The results derived there are in general agreement with some of the cases we discuss in
section 4. Nevertheless, our paper also studies the phenomenology of some other interesting
cases not considered in ref. [48], and provides a detailed description of the effect of NSI in
the neutrino survival probability. Finally, we also discuss the fragility of the bounds on the
NSI couplings derived using Daya Bay data against the presence of an uncertainty on the
total event rate normalization in the statistical analysis of reactor data.

Given the production and detection neutrino processes involved in short-baseline re-

actor neutrino experiments (8-decay and inverse [-decay), the NSI parameters relevant
ud

e’

for these experiments are €24, i.e., the CC-NSI couplings between up and down quarks,
positrons and antineutrinos of flavor . In the literature we can find the following 90%

C.L. bounds on these parameters [49]:

eudV] < 0.041, |est"] <0.026, |ethF| < 0.037, (1.3)

coming from unitarity constraints on the CKM matrix as well as from the non-observation
of neutrino oscillations in the NOMAD experiment. Here the couplings with different
chirality are related by:! ngg’v = E(%”,L + 8££7R. Other constraints on neutrino NSI
couplings using solar and reactor neutrinos have been given in [50-55]. On the other hand,
NSI have also been studied in the context of laboratory experiments with accelerators in
refs. [53, 56-58], while bounds from atmospheric neutrino data have been presented in
refs. [59, 60]. Recently a forecast for the sensitivity to NSI of the future PINGU detector
has been presented in [61]. Future medium-baseline reactor experiments like JUNO can
also serve as test bed to look for NSI [62].

This paper is organized as follows. In section 2, we describe the procedure for imple-
menting the NSI effect in the modern reactor experiments. There, we derive the effective
antineutrino survival probability expressions which we use later to analyze the Daya Bay
data. We also give plots to discuss in detail the impact of the NSI parameters on the
effective probability considering a special case where £;, = 55‘5’;. We also show the possible
correlations between the NSI parameters and 613 with the help of iso-probability surface
plots. Section 3 describes the numerical methods adopted to analyze the reactor data.
Apart from this, a brief description of the Daya Bay experiment and the important fea-
tures of its present data set which are relevant for the fit are also given in this section.
Section 4 presents the constraints on the NSI parameters imposed by the current Daya Bay
data assuming a perfect knowledge of the event rates normalization. Next we derive the
bounds on the NSI parameters taking into account the uncertainty in the normalization of

event rates with a prior of 5% in section 5. In section 6, we compare the constraints on

!The NSI parameters probed in our analysis get contributions from the (V£A) operators in eq. (1.1)

and therefore they can be generally expressed as EZ‘;’ViA or equivalently EZ‘;,’L:ER. However, for simplicity,

we have dropped the chirality indices all over the paper.



the NSI parameters obtained with the current 621 days of Daya Bay data with the limits
derived using the previously released 217 days of Daya Bay data. Finally, we summarize
and draw our conclusions in section 7. In appendix A, we give the effective antineutrino
survival probability expressions for the physical situations where ez, # 5%’;

2 Implementing NSI in modern reactor experiments

According to the usual procedure followed in the non-standard analyses of reactor data [47,
63], we start by re-defining the neutrino flavour states in the presence of NSI in the source
and detection processes. For the initial (at source) and final (at detector) neutrino flavor
states, we have [64-67]:

1 1
va) = N (IVa) + ;537’V7>> . {vhl= Nd ((Vﬁl + Zn:€fl;ﬁ<Vn|> ) (2.1)

while the redefinition of the antineutrino flavor states is given by:

%>N4%+26M>,%MéK%HZ%%J (22)

The normalization factors required to obtain an orthonormal basis can be expressed as:

Ny =0+ e) 0t eM]an, NE =/l (1 + ) (23)

and the neutrino mixing between flavor and mass eigenstates is given by the usual expres-

|Va) Z selvk)s 1Pa) = Uaklin) - (2.4)
k

The correct normalization of the neutrino states in presence of NSI is a very important

sions:

point, required to obtain a total neutrino transition probability normalized to 1. How-
ever, one has to consider that when dealing with a non-orthonormal neutrino basis, the
normalization of neutrino states will affect not only the neutrino survival probability but
also the calculation of the produced neutrino fluxes and detection cross sections. In this
case, as shown in ref. [68], all the normalization terms coming from N} and Ng will cancel
while convoluting the neutrino oscillation probabilities, cross sections, and neutrino fluxes
to estimate the number of events in a given experiment such as Daya Bay. This is due to
the fact that the SM cross sections and neutrino fluxes used in our simulation have been
theoretically derived assuming an orthonormal neutrino basis and therefore they need to be
corrected. Then, from here we can consider the following effective redefinition of neutrino
and antineutrino states:

Vadett = [Va) + Z Eary V7)) (Vhler = (vgl + Y engluml, (2.5)
"

4% ) + Za 17,), (Thler = (D] + Y _ (], (2.6)
n



where we have dropped the normalization factors that will cancel in the Monte Carlo
simulation of Daya Bay data. From these effective neutrino states we will calculate an
effective neutrino oscillation probability, that will be used all along our analysis. Note that
when we will discuss the features of the probability prior to the simulation of a particular
experiment, we will always refer to the effective probability, that might be greater than one.

2.1 Effective antineutrino survival probability in reactor experiments
The effective antineutrino transition probability from flavor « to 8 after traversing a dis-

tance L from source to detector is defined as:

Va

Pye ot = |0 exp (—i H L)|73)2 (2.7)

In terms of the neutrino mass differences and mixing angles, this transition probability in
vacuum may be written as:

. Amsz
Pyt = S VI YE -4 R{YI,VI5} sin <4JE>
j’k

i>k

(2.8)
2y T{vl vk A, L
+ Z { } sin T y
>k
where Am?k = m? — m% In the case of standard oscillations, Yo{,e is defined as:
Y]B = Uj,Usy- (2.9)

In presence of NSI, however, according to the definition of neutrino states in eq. (2.2), this
expression is modified as follows [63]:

* S* _d* *
Yaﬁ_UﬁjUa]—i—ZE UBJUWJrZs U Uaj +Zewanﬁ (2.10)

To obtain the 7, survival probability in a reactor experiment, where an electron antineutrino
is produced at the source and a positron is detected inside the detector, one has to replace
a and f by e in eq. (2.8). For the NSI parameters, we adopt the following parametrization
by splitting the new couplings into its absolute value and its phase:

Eoy = lE04] ¢'%er and Ef; = \ggel el¥ne (2.11)

Now expanding the various terms of the general transition probability as given in eq. (2.8)
and using the parametrization above, we obtain the effective 7, survival probability:

SM NSI NSI NSI
Pﬂg—H?d PZ/ —Ve Pnon -0SC Posc atm Posc solar (212)
Am3, L Am2, L\? Am3, L
O 3 3 2 2 21 21 2 21
+ €7,513,€ 513,€513,E513 2 € 2 »y 513 2F )

where the Standard Model (SM) contribution is given by

PSM

oM . =1 —sin® 2015 (cfy sin® Agy + 57y sin® Agy) — 3 sin® 2019 sin® Ay, (2.13)



with s;; = sinf;;, ¢;; = cost;;, and A;; = Am?jL/élE. The various NSI terms of the
effective survival probability in eq. (2.12) can be written as:

P e = 2 (Jete] cos o + |eel cos 92, ) + lele 2 4 et 4 2]et, |eze | cos(6 — 02) (2.14)

2fel 22| cos(6+ i) + 21, |eie] cos(5, )+ 2lel et cos(d, +62)
PN 0 = 2 {s1gs0s [ le2, ] sin(0 — 6,) = |efil sin(8 + g )|

+ 103 ||e%,] sin(6 — 02,) — || sin(0 + 6]

— sascas [|edul el sin(6, + 02) + 23|Il sin(@2, + )]

— Galel, NIl sin 63, + o) — shylel,llefel sin(@l, + o) b sin 2441)

—4 {313523 [legu\ cos(d — ¢z,) + \Ezel cos(d + ¢Ze)}

+ 519023 |5, cos(8 — 95,) + el cos(8 + 62, )|

+ 5203 |20 cos(9, + 0%) + e | cos(0, + o]

+ Galed-lletel cos(6, + o) + shleullef] cos(0%, + 6fhe) f sin® (Aq1), (2.15)

P;\slg-lsolar = 2sin 2012A21 {_C23(|€zu| sin Qiu + ’Eie| sin ¢Ze)

+ sag(JeL, | sin 0, + |ete| sin @) | (2.16)

The linear coefficients of the terms of order || in egs. (2.14), (2.15), (2.16) are the same
as given in ref. [46], with a good agreement between the calculated probabilities here and
there. However, as it can be seen in the expressions above, here we also include new
terms up to second order in |e| in the effective neutrino probability. The relevance of these
corrections will be discussed later in the paper. In eq. (2.15), note the presence of a term
linear in the sine of Am2,L/2F which therefore depends on the choice of neutrino mass
ordering. This term does not appear in the standard v, — 7, oscillation expression and it
can affect the L/E dependence of the probability in the presence of neutrino NSI.

. . _ d
2.2 Special case of NSI: r-:z_y = E,Y’;

In this work? we assume that, likewise the mechanisms responsible for production (via

B-decay) and detection (via inverse (-decay) of reactor antineutrinos are just inverse of

each other, this is also true for the associated NSI [46, 47]. This assumption allows us to

write €5 = sz* = |e,|e!®" where we drop the universal e index for simplicity. With these

assumptions, eq. (2.12) takes the form (keeping the terms up-to the second order in small

2In the appendix, we have given the effective probability expressions for the physical situations where
€y F 612. In such cases, the spectral analysis of the reactor data becomes inevitable since the NSI
parameters not only cause a shift in 613 i.e. the change of the depth of the first oscillation maximum but
also modify the L/FE pattern of the oscillation probability due to the shift in its energy. A detailed analysis
of the Daya Bay data under such scenarios will be performed in [69].



quantities):

12

1 — sin® 2013 (6%2 sin? Agy + 5%2 sin? Agg) — 0%3 sin? 2015 sin® Aoy

Standard ﬁodel terms
+4lec|cospe + 4lee|? + 2lee|? cos 2¢e + 2], + 2]er|?

non—oscillatory NSI terms

—4{s33lenl® + sler|® + 2s23c3lepller[cos(dy — ¢r)} sin® Agy

oscillatory NSI terms
—4{2s13(s03]€,| cOS (6 — ) + ca3ler| cos(8 — ¢r)]} sin® Agy. (2.17)

oscillatory NSI terms

For this special case of NSI parameters, there is no linear sine-dependent term in eq. (2.17)
and two striking features are emerging from the effective probability expression which are
responsible for a change in the oscillation amplitude. First we can see the presence of some
non-oscillatory NSI terms which are independent of L and F and are given by

1+ 4lec| cos ge + 4lee|? + 2|ee|? cos 2 + 2|e,|* + 2er|?, (2.18)

and, second, there is a shift in the effective 1-3 mixing angle due to oscillatory NSI terms
which can be written as

iy — sig+ 3%3|5u|2 + chsle-|* + 2s93c23le,||er| cos(¢y — &r)

+2513 [s23]e | cos(6 — @p) + casler| cos(6 — ¢-)] - (2.19)

These two features, which are brought about by the NSI parameters, are responsible for
a shift in the oscillation amplitude without distorting the L/E pattern of the oscillation
probability as can be clearly seen from figure 1 and figure 2 that we will discuss in the next
section. Eq. (2.19) suggests that it will be quite challenging to discriminate the effect of
true 613 and NSI parameters in the modern reactor experiments. It is also interesting to
note that there are some CP conserving terms in eq. (2.19) which come into the picture
due to the presence of NSI parameters. One of the most important consequences of the
new non-oscillatory NSI terms (see eq. (2.18)) is that they can cause a flavor transition at
the source (L = 0) even before neutrinos start to oscillate. In the literature, this feature
is known as “zero-distance” effect [46, 70]. In modern reactor experiments, this effect can
be probed using the near detectors which are placed quite close to the source.

For definiteness, in this work we have restricted our analysis to the following choices
of the NSI parameters:

e Lepton number conserving non-universal NSI parameters which depend on the flavor
characterizing the violation of weak universality. Under this category, we study the
following two cases:

1. Considering only the NSI parameters |e.| and ¢, which are associated with 7. In
the presence of these flavor conserving NSI parameters, eq. (2.17) takes the form:

pNSLke . pSM + 4|66‘COS¢6 + 4|Ee|2 + 2|€e|2 oS 2¢e. (2'20)

s —d Ve—rle



At first order in |e.| and neglecting the effect of the solar mass splitting, the
new non-oscillatory NSI terms appearing at the survival probability produce a
total shift in the effective #;3 mixing angle given by:

2 2 ‘Ee’COSQSe

S13 ~ S13 Sin2 A31 . (221)

This expression will be very useful to discuss the behavior of the effective prob-
ability as well as the correlations between 613 and the NSI parameters in the
next subsections.

2. Considering only the NSI parameters |e,| and ¢, which are associated with 7,.
In the presence of these flavor wviolating NSI parameters, eq. (2.17) takes the
form:

Pt ~ PN +2leu]? — 4{s3sle,l” + 2513503le,] cos(8— ¢,) } sin” Agr. (2.22)
Note that, for the NSI parameters |e-| and ¢, which are associated with 7,
the effective survival probability will be exactly the same as eq. (2.22) with the
replacements |e,| — |e-| and ¢, — ¢, provided that the 2-3 mixing angle is
maximal i.e., sin®fa3 = 0.5. As before, the new non-standard oscillatory terms
in the neutrino transition probability may be interpreted as a global redefinition
of the effective #13 mixing angle:

813 ~ 513+ 2s13823]€,| cos (0 — ). (2.23)

e Lepton number conserving universal NSI parameters which do not depend on flavor.
In this case, we have |e.| = |e,| = |e-| = |e| and ¢e = ¢, = ¢» = ¢ and the probability
in eq. (2.17) takes the form:

PI%S_{'% ~ Pl-il\iﬂe + 4e|cosd + 2|e]? (4 + cos 2¢)

—4{|€|2 + 2823623|6|2 + 2813|6| COS(5 - ¢)(823 + 623)} sin? Agy. (2.24)

In this case, the effective mixing angle in the presence of oscillatory and non-
oscillatory NSI terms will be given by:

cos¢

52, ~ 57, — e — 2513(s23 + c23) cos (0 — @) | . (2.25)

As stated above, the expressions given in this subsection to illustrate the shift in the
effective reactor angle in the presence of NSI, egs. (2.21), (2.23) and (2.25), contain only
first order corrections in the NSI couplings. Note, however, that terms of second order
in |e| have been included in all the numerical results shown along the paper. Here we
will briefly discuss the relevance of second order corrections in our analysis. Clearly, these
corrections to the effective neutrino probability are only significant in the cases where first
order corrections are very small or totally cancelled. This happens for ¢, = +90° in the
case of electron-NSI couplings, for (0 — ¢, ) = £90° in the case of muon/tau-NSI couplings



Parameter | sin? 5 | sin? a3 | sin® 615 | Am3,(eV?) | Am2,(eV?) | §

Value 0.32 0.5 0.023 7.6 x 1075 | 2.55 x 1073 | 0-27

Table 1. Benchmark values of the neutrino oscillation parameters used in this work, taken from
refs. [5, 71].
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Figure 1. Effective 75 — p¢ survival probability as a function of neutrino energy in the presence
of NSI with L = 1.58 km. The band in the left panel has been generated by varying |e.| in the
range [0, 0.04] and ¢, over the range [-180°, 180°] simultaneously. The simultaneous variation of
lew,~| in the range [0, 0.04] and (6 — ¢,,,~) over the range [-180°, 180°] is responsible for the band in
the right panel. In both the panels, the solid black lines depict the probability without new physics
involved (SM case).

and for (§ =0, ¢ = £90°) in the flavour-universal case. From egs. (2.20), (2.22) and (2.24),
it is straightforward to evaluate the size of the second order terms for the three cases under
study. Taking into account the baselines and neutrino energies probed at the Daya Bay
experiment, we find that second order corrections (for vahishing first order corrections) are
approximately given by: 0.5|e.|* (electron-NSI case), 0.05|¢,,-|? (muon/tau-NSI case) and
0.4]¢|? (flavour-universal-NSI case). The small size of the corrections in the muon/tau-NSI,
one order of magnitude smaller than for the two other cases, comes from the smallness of
the coefficient responsible for second order corrections in the expression of the effective
reactor angle, m — s§3>, very close to zero for the energies and baselines studied
in Daya Bay. This result can be observed in the correlation plots in figures 3 and 4 (see
dashed blue line) in section 2.4. There, one sees that second order corrections are small but
visible for electron-NSI and flavour-universal case, while they are almost negligible for the
muon/tau-NSI case. The impact of the second order corrections over the results presented

in this work is discussed in section 7.



2.3 Impact of the NSI parameters on the effective probability

Now we will study the possible impact of the NSI parameters at the effective probability
level. Table 1 depicts the benchmark values of the various oscillation parameters that are
considered to generate the oscillation probability plots. These choices of the oscillation
parameters are in close agreement with the best-fit values that have been obtained in the
recent global fits of the world neutrino oscillation data [5-7]. Here we would like to mention
that for the 2-3 mixing angle, we have taken the maximal value i.e. sin? fy3 = 0.5, though
in the global fit studies, there is a slight hint for a non-maximal value of f23. We have also
assumed normal mass ordering, i.e., Am%l positive. In figure 1, we present the standard
and the NSI-modified three-flavor oscillation effective probability as a function of the elec-
tron antineutrino energy with a source-detector distance of 1.58 km. In the left panel of
figure 1, the band shows how the probability changes if we vary |e.| in the range [0, 0.04]
and ¢, over the range [-180°, 180°] simultaneously. For the NSI parameters which are only
associated with 7., the probability is independent of the CP phase ¢ (see eq. (2.13) and
eq. (2.20)). The solid black line shows the standard oscillation probability without the NSI
terms (see eq. (2.13)). The other four lines have been drawn considering particular choices
of |e¢| and ¢, which are mentioned in the figure legends. If ¢, = 180°, then the oscillation
probability is less compared to the standard value because the contribution from the non-
oscillatory NSI terms takes the form —4|e.| + 6|e.|?> which always gives an overall negative
contribution to the full probability if |e.| < 0.66. On the other hand, if we consider ¢. = 0°,
then the oscillation probability is above the standard value because the contribution from
the non-oscillatory terms takes the form 4|e.|+6|e.|> which always gives an overall positive
contribution to the full probability for any choice of |e.|. We can also see that even for a
small value of |e.| of 0.02, the effective oscillation probability can be more than unity for
most of the energies of interest. This is the sign of the non-unitarity effects [68, 72-75],
caused by the presence of neutrino NSI at the source and detector of reactor experiments.
In the right panel of figure 1, the band shows the changes in the effective probability after
varying |e, -| in the range [0, 0.04] and (6 — ¢, ) over the range [-180°, 180°] simultane-
ously. Note that in eq. (2.22), the phases appear in the form of cosine of (§ — ¢, ) and also
the NSI terms have a non-trivial L/FE dependency. The standard oscillation probability
without the NSI terms is shown by the solid black line and the other four lines have been
drawn considering particular choices of |e,, ;| and (6 — ¢, -) which are mentioned in the
figure legends. If (6 — ¢, ) = 0° (180°), then the effective oscillation probability is less
(more) compared to the standard value for almost all the choices of neutrino energy as
opposed to the case of the NSI parameters associated with 7.

Figure 2 shows the impact of the NSI parameters at the probability level with L = 1.58
km for the flavor-universal NSI case where we consider |e.| = |e,| = |e;]| = |¢| and ¢, =
¢, = ¢7 = ¢. In this plot, the dark salmon region has been generated by varying the NSI
parameter |¢| in the range [0, 0.05] and ¢ in the range [-180°, 180°] simultaneously, keeping
the CP phase § fixed to 0°. Next, we vary 4 in its entire range from -180° to 180° along with
the NSI parameters |¢| and ¢ and obtain the extended probability band in the form of the
light grey region. In figure 2, the solid black line depicts the standard probability without
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Figure 2. Effective 75 — ¢ survival probability as a function of neutrino energy with L = 1.58
km for the flavor-universal NSI case (see section 2.2 for details). The dark salmon region shows the
combined effect of the variation of the new physics parameters |e| and ¢ with § = 0°. The extended
probability band in light grey has been obtained by varying the CP phase 0 in the range [-180°,
180°] along with the other two parameters |¢| and ¢. The solid black line displays the probability
without new physics involved (SM case).

considering the NSI parameters. The other four lines in this plot display the effective oscil-
lation probability for particular combinations of |¢| and ¢ with § = 0° which are mentioned
in the figure legends. It is quite clear from eq. (2.24) that the non-oscillatory terms domi-
nate over the oscillatory terms in the flavor-universal NSI case. Therefore, the dark salmon
region of figure 2 closely resembles the left panel of figure 1 where we consider the NSI
parameters which are only associated with 7., namely |e.| and ¢.. Next, we discuss the pos-
sible correlations between the NSI parameters and 613 with the help of iso-probability plots.

2.4 Correlations between NSI parameters and 6,3: iso-probability plots

We consider the neutrino energy E = 4 MeV and the source-detector distance L = 1.58 km
to draw the iso-probability surface plots. Left panel of figure 3 shows the iso-probability
surface contours in the (sin? #;3-|e.|) plane for four different choices of ¢, considering sin? 613
= 0.023 and |e.| = 0 as best-fit choices. Our best-fit choices correspond to the standard
oscillation probability without considering the NSI parameters as given by eq. (2.13). Now
as we consider the finite value of |e.| with ¢. = 0° (see the solid red line), the NSI terms
increase the overall probability (see eq. (2.20)). Then, we need to increase the value of
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Figure 3. Left panel shows the iso-probability surface contours in the (sin®#;3-|e.|) plane for
different choices of ¢, as mentioned in the figure legends. Here we consider sin® 615 = 0.023 and lee]
= 0 as benchmark choices. Right panel displays the same in the (sin2 013-|e,,~|) plane for different
choices of (6 — ¢,,,-) considering sin® 613 = 0.023 and |¢,, -| = 0 as true choices. For both the panels,
we consider a fixed neutrino energy £ = 4 MeV and the baseline L = 1.58 km.

sin? A3 to reduce the SM probability in order to compensate the enhancement due to the
NSI contribution. For ¢, = 180° case (see the dot-dashed magenta line), a finite value of
|ee| decreases the overall probability demanding a lower value of sin #;3 so as to enhance
the contribution from the standard probability. In the cases with ¢. = 90° or -90° (see the
dashed blue line), the non-oscillatory NSI term which is linear in |e.| drops out from the
probability expression and the remaining NSI contribution is 2|e.|? (see eq. (2.20)). Due to
this weak quadratic dependence on |e.|, a very large value of |e| is needed to compensate
)
plane for different choices of (§ — ¢,,.-). Here sin® 615 = 0.023 and |¢,, ;| = 0 are considered
as true choices. In this panel, the combination of phases (0 — ¢, ) shows opposite features

even a very small increment in sin? ;3. Right panel displays the same in the (sin? 013-|ep,r

for 0° and 180° as compared to ¢, in the left panel. Note that the impact of |e, | on
sin? 013 is weaker compared to |.|. If we examine the terms which are linear in |e.| (see
eq. (2.20)) and |e, 7| (see eq. (2.22)) then we can see that the contribution coming from
|leu,r| is sin 613 suppressed even if we work at the first oscillation maximum. For (6 — ¢, )
= 90° or -90°, the |, ;|-dependent terms completely disappear from eq. (2.22) if sin? fg3 =
0.5 and sin? Ag; = 1. Therefore, we do not see any correlation between sin® 613 and lew, 7]
for (6 — ¢u,-) = 90° or -90° in the right panel of figure 3.

In figure 4, we show the correlation between sin? #;3 and || for the flavor-universal NSI
case with the help of iso-probability surface contours. In the left panel, we consider four
different choices of the CP phase § keeping ¢ fixed to 0°. In the right panel, we take five
different choices of ¢ assuming § = 0°. In both panels, the iso-probability surface contours
are the same for 90° and -90° choices of phases (see the dashed blue lines) because the phases
appear in the form of cosines in eq. (2.24). For the ¢ = 0° case (left panel), the contribution
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Figure 4. Left panel shows the iso-probability surface contours for the flavor-universal NSI case
in the (sin®#;3-|¢|) plane for different choices of the CP phase ¢ with ¢ = 0°. Here we consider
sin? 613 = 0.023 and le] = 0 as benchmark choices. Right panel displays the same for various
choices of ¢ assuming § = 0°. For both the panels, we take a fixed neutrino energy E = 4 MeV
and the baseline L = 1.58 km.

from the non-oscillatory NSI terms is maximum and takes the form 4|¢| + 10[e|2. Thus,
it enhances the overall oscillation probability to a great extent even for a small value of
le|]. Now to compensate this enhancement, we need to increase the value of sin? 613 to
reduce the contribution coming from the standard survival oscillation probability. Right
panel of figure 4 (§ = 0° case) closely resembles the left panel of figure 3 because for the
flavor-universal NSI case, the contribution from the non-oscillatory NSI terms dominates
which is also true for the NSI parameters associated with 7, and also these NSI parameters
are ¢ independent. In the right panel, we present a special case of ¢ = 108° to explain the
features emerging from the extreme right panel of figure 7 (see later in section 4) where
we have displayed the allowed region in (sin?#;3-|¢|) plane using the current data from the
Daya Bay experiment allowing the flavor-universal NSI phase ¢ to vary in the entire range
of [-180°, 180°] with the CP phase d to be fixed to 0°. Eq. (2.24) suggests that we can always
choose some values of ¢ such that the non-oscillatory terms are canceled. This happens,
for instance, for ¢ = 108° and |e| = 0.206. In this case, the dominant oscillatory NSI terms
give a negative contribution to the neutrino survival probability that, to be compensated,
requires an enhancement of the standard survival probability by reducing the value of
sin? #13 by the same quantity. This is exactly the feature that we can see for ¢ = 108° case.

3 Data analysis of modern reactor experiments

Reactor antineutrinos are produced by the fission of the isotopes 23°U, 239Pu, 24'Pu and
28U contributing to the neutrino flux with a certain fission fraction f;. Reactor antineu-
trinos are detected via inverse 3-decay process (IBD), 7. +p — e +n. The technique used
is a delayed coincidence between two gamma rays: one coming from the positron (prompt
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signal) and the other coming from the neutron capture in the innermost part of the antineu-
trino detector (AD), containing gadolinium-doped liquid scintillator. The light created is
collected by the photo-multipliers (PMTs) located in the outermost mineral oil-region. The
antineutrino energy Ej is reconstructed from the positron prompt energy Eprompt following
the relation: Ey = Eprompt + E,+0.78 MeV, where £, is the average neutron recoil energy.
The expected number of IBD events at the d-th detector, Ty, can be estimated summing
up the contributions of all reactors to the detector:

Ty = ZTrd =
'

N,
- Z:Ede?d Zk fk ) ka/ dE ®4(E) 018p(E)Pee(E, Lya),  (3.1)

where N, is the number of protons in the target volume, P}, is the reactor thermal power,
€4 denotes the efficiency of the detector and (F) is the energy release per fission for a given
isotope k taken from ref. [76]. The neutrino survival probability P, depends also on the
distance from r-th reactor to d-th detector, L,.4. For the antineutrino flux prediction @ (E)
we use the parameterization given in ref. [77] as well as the new normalization for reactor
antineutrino fluxes updated in ref. [78]. The inverse beta decay cross section opp(E,) is
taken from ref. [79].

Daya Bay experiment

Daya Bay is a reactor neutrino experiment with several antineutrino detectors (ADs),
arranged in three experimental halls (EHs). Electron antineutrinos are generated in six
reactor cores, distributed in pairs, with equal thermal power (P}, =2.9 GWy;,) and detected
in the EHs. The effective baselines are 512 m and 561 m for the near halls EH1 and EH2
and 1579 m for the far hall EH3 [2]. With this near-far technology Daya Bay has minimized
the systematic errors coming from the ADs and thus provided until now the most precise
determination of the reactor mixing angle. In the last Neutrino conference, Daya Bay has
reported its preliminary results considering 621 days of data taking combining their results
for two different experimental setups [3]: one with six ADs as it was published in ref. [2]
and the other after the installation of two more detectors, eight ADs in total. This new
combined data set has four times more statistics in comparison with the previous Daya
Bay results. Thus, the precision in the determination of the reactor mixing angle has been
improved, and it is now of the order of 6%.

In this work we will consider the most recent data release by the Daya Bay Collabora-
tion described above and we will concentrate on the total observed rates at each detector,

that will be analyzed using the following x? expression:

X2 _ 28: [Md — Ty (1 =+ Gnorm + Zr Wf»lar + é}z) + 5d]2

d=1 Ma+ Ba
6 2 8
a &, B
+> <+ <d+d>+ = (3.2)
Lata\atd)
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Here T, corresponds to the theoretical prediction in eq. (3.1), My is the measured number
of events at the d-th AD with its backgrounds (By) subtracted and w? is the fractional
contribution of the r-th reactor to the d-th AD number of events, determined by the
baselines L,q and the total thermal power of each reactor. The pull parameters, used to
include the systematical errors in the analysis, are given by the set (., &4, 84) representing
the reactor, detector and background uncertainties with the corresponding set of errors
(0r,04,0p). Uncertainties in the reactor related quantities are included in o, (0.8%) while
the uncorrelated combined uncertainties in the ADs are included in o4 (0.2%). op is
the quadratic sum of the background uncertainties taken from ref. [3]. Finally, we also
consider an absolute normalization factor anerm to account for the uncertainty in the total
normalization of events at the ADs, given by o,, and coming for instance from uncertainties
in the normalization of reactor antineutrino fluxes. In our analysis we will follow two
different approaches concerning this parameter. In section 4 we will take it equal to zero,
assuming perfect knowledge of the events normalization. This hypothesis will be relaxed in
section 5, where we will allow for a non-zero normalization factor in the statistical analysis,
being determined from the fit to the Daya Bay data. As we will see, the results obtained
in our analysis are strongly correlated with the treatment of the total normalization of
reactor neutrino events in the statistical analysis of Daya Bay data and therefore it is of
crucial importance to do a proper treatment of this factor.

4 Bounds on NSI from Daya Bay without normalization error

In this section we will present the bounds on the NSI couplings we have obtained using
current Daya Bay reactor data. In all the results, we have assumed maximal 2-3 mixing
and we have marginalized over atmospheric splitting with a prior of 3%. For definiteness
we will start considering only the couplings relative to electron neutrino: (|e|,¢.), for what
we will switch all the other NSI parameters to zero. Next we will do the same for (|e,|,¢,)
and (le|,¢7), that are equivalent for maximal value of #33. Finally, we will consider the
possibility of having all NSI couplings with the same value: e, = €, = &; = €. In all cases we
will discuss the bounds arising from Daya Bay data in comparison with existing bounds. We
will also consider the robustness of the 613 measurement by Daya Bay in the presence of NSI.

4.1 Constraints on electron-NSI couplings

According to the expression in eq. (2.20), the effective survival probability in the case
when only NSI with electron antineutrinos are considered is independent of the standard
CP phase 0. Therefore, in our analysis we consider only two cases, one with the only
relevant phase ¢, set to zero, and a second case where we allow this phase to vary freely.
Our results are presented in figure 5. From the left panel in this figure, we can confirm
the behaviors shown by the iso-probability curves in the section 2.4, namely, the presence
of a non-zero ¢, coupling has to be compensated with a slightly larger value of the reactor
mixing angle #13. In this panel one also sees how current Daya Bay data constrain very
strongly the magnitude of the NSI coupling |e¢|, improving the current bound in eq. (1.3)
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Figure 5. Allowed region in the sin® 63 - lee| plane. Left panel is obtained by setting the phase
¢e to zero, while in the right panel ¢, is marginalized, varying freely between -180° and 180°. The
regions correspond to 68% (black dashed line), 90% (green line) and 99% C.L. (red line) for 2 d.o.f.

by one order of magnitude:
leel £1.2x 1072 (90%C.L.). (4.1)

However, the situation changes dramatically when the phase ¢, is allowed to vary freely,
as shown in the right panel of figure 5. In this case, the strong bound on |e.| disappears
due to the presence of a correlation bewteen |e.| and cos ¢, in the |e.|-linear term in the
neutrino survival probability (see eq. (2.20)). The presence of second order terms in |e.| is
not enough to break this degeneracy and, therefore, the sensitivity to |e.| disappears and
no bound can be obtained from reactor data.

Concerning the determination of the reactor mixing angle, the presence of the NSI-
coupling with electron antineutrinos results in the following allowed range for 6;3:

0.020 < sin? 013 < 0.024  (90% C.L.). (4.2)

The same interval is obtained for the two panels at figure 5 and it also coincides exactly
with the allowed range in absence of NSI. In consequence, we can say that the reactor angle
determination by Daya Bay is robust in this specific case.

4.2 Constraints on muon/tau-NSI couplings

In this subsection we present the results obtained considering only the NSI parameters
associated with muon and tau neutrinos. As we have discussed in section 2.2, in this case,
the phases ¢ and ¢, ; do not appear separately in the expression of the survival probability,
see eq. (2.22). Therefore, it is enough to consider in our calculations the effective phase
(5 - ¢M,T)'

The results corresponding to this particular case are shown in figure 6. Here again we
can see how the regions presented in the left panel of the figure agree with the behavior
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Figure 6. Allowed region in the sin? 6,3 - les,r| plane. Left panel is obtained setting the relevant
phase (0 - ¢,,.) to zero, while in the right panel (6 - ¢, ) is marginalized, varying freely between
-180° and 180°. The regions correspond to 68% (black dashed line), 90% (green line), and 99%
C.L. (red line) for 2 d.o.f.

shown in the iso-probability plots (right panel of figure 3) where there is an anticorrela-
tion between the reactor angle and the NSI coupling |e, -|. Thus, an increase in |, | is
compensated by a shift of the preferred value of the reactor mixing angle toward smaller
values, differently to what happens with the NSI coupling |e.| in figure 5. The allowed
interval for #13 in this case is given by:

0.013 < sin?#13 < 0.024 (90% C.L.), (4.3)
while the obtained bound for the NSI coupling is the following
lepr| <51x107%  (90%C.L.). (4.4)

In this case reactor data can not improve the present constraints on the NSI couplings at
eq. (1.3), and we get a limit of the same order of magnitude of the ones derived at ref. [49)].
However, in both cases the limits have been derived using different data and assumptions,
and therefore, they can be regarded as complementary bounds coming from different data
sets.

In the right panel of figure 6 we show the results obtained when the phase (6 — ¢, -)
is allowed to vary. In this case, a wider range in the reactor mixing angle is allowed:

0.013 < sin? 13 < 0.036  (90% C.L.). (4.5)

The reason is that, in addition to the anticorrelation shown in the left panel, a correlation
between the reactor angle and |e, -| is also possible when the cosine function in eq. (2.23)
is negative. Note, however, that both correlations are not symmetric, what results in
the asymmetric behaviour of the allowed sin® ;3 region with a bigger enlargement in the
direction of increasing 613. This can be explained by the presence of a linear term in sin 613
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Figure 7. Allowed region in the sin? #;3 - |¢| plane for different assumptions concerning the phases
6 and ¢. The left panel is obtained switching all phases to zero, whereas in the middle panel ¢ = 0
and ¢ is left free. In the right panel § is taken equal to zero while ¢ has been marginalized. The
conventions for the lines is the same as in figure 5

in the redefinition of the effective reactor angle in the presence of NSI given in eq. (2.23).
Nevertheless, even though there is a wider allowed region in the reactor angle, the bound
on the |e, | NSI coupling is nearly the same as the one obtained when the phase (6 — ¢, )

is set to zero, namely:
lepr| <5.2x107%  (90%C.L.). (4.6)

4.3 Constraints for the flavor-universal NSI case

Here we present the results obtained under the hypothesis of flavor-universal NSI, that
is, we assume all NSI couplings are present and they take the same value. Therefore, we
consider only two NSI parameters: |¢| and ¢, in addition to the standard model parameters
entering in the calculations. In this case, the effective survival probability is given by the
expression in eq. (2.24), with separate dependence on the phases § and ¢. Therefore we
have considered four different cases in our analysis: one with all the phases set to zero, two
cases varying only one of the phases with the other set to zero and a last case varying the
two phases simultaneously. Our results are presented at figure 7.

The left panel in figure 7 shows the tight constraint obtained for the magnitude of the
flavor-universal NSI coupling |e| when the phases are set to zero:

le] €1.2x 1072 (90%C.L.). (4.7)

This result follows directly from the tendency already observed for |e.| at figure 5. This hap-
pens because, even though the NSI couplings |, -| are also present in the flavor-universal
case, the dominant contribution comes from the non-oscillatory term depending on |e.|.
The same behavior is also present in the middle panel of figure 7, where the Dirac phase
0 is allowed to freely vary. In this case, the effect of the Dirac phase is just a scaling in
the last term in eq. (2.25), driven by cosd, but again the total effect on 613 is dominated
by the non-oscillatory term in eq. (2.25). Under this assumption, we obtain the following
bound on the magnitude of the flavor-universal coupling:

le] <1.3x 1072 (90%C.L.). (4.8)
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Note that in the two former cases the allowed range for the mixing angle 613 is very close to
the one obtained in the standard case, and therefore the Daya Bay determination is barely
affected by the presence of NSI. However, when § = 0 and the NSI phase ¢ is allowed to take
different values, a completely different behavior results, as it is shown in the right panel of
figure 7. In this case, in the fit of Daya Bay data, the phase ¢ takes a value such that the
non-oscillatory term in eq. (2.24) is cancelled up to order |¢[*. Most importantly, with a
preferred value of cos ¢ ~ —1.5|¢|, new terms of second order in |e| appear at eq. (2.24) and
therefore the first order expression in eq. (2.25) can not satisfactory explain the degeneracy
between 6013 and |e|. Actually, the shift in the effective reactor angle is given now by this
other expression (up to order |¢|?):

2y~ 52 1 |2)? (2 - 3\6513,) . (4.9)

Then, it is possible to see that, even with s13 = 0, one can reproduce the measured value
of 013 in Daya Bay with || ~ 0.11, as shown in the corresponding plot. As a consequence
of the degeneracy in the plane s?; - |¢|, this specific case is not very restrictive and we get
a loose bound on [e[:

le] <1.1x 107" (90%C.L.). (4.10)

and only an upper bound on 6;3:
sin? 613 < 0.024  (90%C.L.). (4.11)

As commented above, the presence of flavor universal NSI implies that the reactor mixing
angle may be compatible with zero. Nevertheless, the degeneracy between the mixing angle
and the new physics parameter |e| observed here may be lifted by a combined analysis
with accelerator long-baseline neutrino experiments. A global analysis of neutrino data
assuming the simultaneous presence of NSI in reactor and accelerator neutrino data would
be very useful for this purpose. Besides solving the degeneracy, the combined analysis
might provide further constraints on the NSI couplings as well as improve the agreement
between the preferred 03 value from reactors and long-baseline experiments, as discussed
in ref. [80-82]. However, since the production, detection and propagation of neutrinos is
quite different in both kind of experiments, a global analysis would require a very detailed
study with many new physics parameters involved, besides the consideration of a specific
model for NSI. In any case, this point is out of the scope of the present analysis and it will
be considered elsewhere.

Finally, let us comment that we have also considered the case of flavor-universal NSI
with all the phases different from zero. However, we have not presented the results obtained
for this setup because, in this case, the confusion between 613 and |e| is complete, and
therefore no information on any of the parameters can be extracted from the analysis of
Daya Bay data. All the results obtained in this section are summarized in table 2. Needless
to mention, to obtain all the limits on sin? #;3 presented along this section as well as in the
table, we have marginalized over the NSI couplings over a wide range. Similarly, to place
bounds on the NSI parameters, sin? f3 has also been allowed to float over a wide range.
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phases sin? 013 le]

electron-type NSI coupling
$e =0 0.020 < sin? f13 < 0.024 | |e.| < 0.0012
¢ free 0.020 < sin 3 < 0.024 | |e.| unbound

muon or tau-type NSI couplings
(6 — ¢pur) =0 | 0.013 < sin® 13 < 0.024 | |e, - < 0.051
(6 — dp.r) free | 0.013 < sin? 13 < 0.036 | |e,-| < 0.052

universal NSI couplings

§=¢=0 0.020 < sin? 3 < 0.024 | |e| < 0.0012
§ free, g =0 | 0.020 < sin?6y3 < 0.025 | |e] < 0.0013
0 =0, ¢ free sin® 013 < 0.024 le] <0.110

Table 2. 90% C.L. bounds (1 d.o.f) on sin? §;3 and the NSI couplings from current Daya Bay data
without considering any uncertainty in the normalization of reactor event rates in the statistical
analysis (@porm = 0).

5 Bounds on NSI from Daya Bay with 5% normalization error

In the previous section, we have not considered any normalization error in the statistical
analysis of Daya Bay reactor data. This means that we have assumed a perfect knowledge of
the event normalization at the experiment, disregarding the presence of uncertainties in the
flux reactor normalization or in the detection cross section, among others. This procedure
has been followed in most of the previous phenomenological analyses of Daya Bay data in
presence of NSI, see for instance ref. [47]. In the more recent work at ref. [48], the authors
have considered small uncertainties in the reactor flux and in the detector properties,
although they did not take into account an uncertainty in the overall normalization of the
event rates. Needless to say that a more detailed analysis of reactor data can not ignore the
presence of such normalization errors. Therefore, in this section we present a x? analysis
of Daya Bay data using the expression defined at eq. (3.2), where a free normalization
factor is considered in order to account for the uncertainties in the total event number
normalization. This point is very relevant in the study of NSI with reactor experiments,
since the uncertainty in the event normalization presents a degeneracy with the zero-
distance effect due to NSI. In consequence, the far over near technique exploited by Daya
Bay in order to reduce the dependence upon total normalization does not work equally
fine in the presence of NSI, where the non-oscillatory zero-distance effect, simultaneously
present at near and far detectors, does not totally cancel. Actually, in the standard model
case without NSI, the number of events expected at the near detector is given by:

N ~ N(1 + anorm ) PSM(L = 0) = N(1 + anorm) » (5.1)

—90 —



while, in the presence of NSI, the event number at the near detector is calculated as follows:

NRSE ~ N(1 4 anorm) PYSYL = 0) = N(1 4 anorm ) (1 + f(€))
~ N(1+ f(&) + anorm) - (5.2)

Here aporm controls the normalization of far and near detector events in the fit and, together
with the NSI couplings ¢, it fixes the total zero-distance effect. As a result, if we set dnorm
to zero, we artificially increase the power of Daya Bay data to constrain the zero-distance
effect due to NSI, getting non-realistic strong bounds on the NSI couplings. On the other
hand, we can not leave the factor ayom, totally free in our statistical analysis, as it is usually
done in the standard Daya Bay analysis, where the factor is kept small thanks to the far
over near technique. Actually, we have found that leaving the normalization factor totally
free, and due to the degeneracy with the NSI couplings, it could achieve very large values,
of the order of 10-20%. For this reason it is necessary the use of a prior on this magnitude.
Recent reevaluations of the reactor antineutrino flux indicate an uncertainty on the total
flux of about 3% [77, 83]. However, an independent analysis in ref. [84] claims that this
uncertainty may have been underestimated due to the treatment of forbidden transitions
in the antineutrino flux evaluation, and proposes a total uncertainty of 4%. Since the total
normalization errors may also include uncertainties coming from other sources, we follow
the conservative approach of taking a total uncertainty on the reactor event normalization
of 5%. This is the value we have assumed for o, in eq. (3.2).

To illustrate the differences with respect to the results obtained in the previous section,
assuming no uncertainties in the event rate normalization, here we have considered only
the cases where all phases are set to zero.> The results obtained with these assumptions
are presented in figure 8 and table 3. In the left panel of figure 8 we present the allowed
region in the plane sin? 63 - |e.| when only NSI with electron antineutrinos are present. In
this case, the range for the reactor mixing angle is rather similar to the one shown in the
left panel of figure 5:

0.020 < sin?#13 < 0.025 (90% C.L.), (5.3)

while the bound on |e.|, however, is much weaker than the one given at eq. (4.1) (although
still slightly better than the one at eq. (1.3)):

lee] <1.5x 1072 (90%C.L.). (5.4)

The same bound is also obtained in the flavor-universal case for the NSI parameter ||, see
the right panel of figure 8. In this case, the allowed range for the reactor mixing angle is
a bit enlarged with respect to the previous one:

0.017 < sin?#13 < 0.024  (90% C.L.), (5.5)

due to the presence of NSI oscillation terms driven by the new physics couplings with muon
and tau antineutrinos. As commented above, the loss of sensitivity to the NSI couplings is

%Note that, in this case, the correction terms to the effective reactor angle at first order in |¢| dominate
and, therefore, second order corrections are not relevant.
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Figure 8. Allowed regions in the sin”#3 - NSI coupling plane for the different cases considered:
lee| (left panel), |, -| (middle panel) and |e| (right panel) setting all the phases equal to zero and
assuming 5% uncertainty on the total event rate normalization of Daya Bay events. The conventions
for the lines is the same as in figure 5.

Case sin? 013 le]

¢ =0 0.020 < sin?f13 < 0.025 | |ec| < 0.015
(6 — dpur) =0 sin” 013 < 0.024 lepr| <0.176
§=¢=0 0.017 < sin? 613 < 0.024 | |¢] <0.015

Table 3. 90% C.L. bounds (1 d.o.f) on sin? §;5 and the NSI couplings using current Daya Bay data
with a 5% uncertainty on the total event normalization.

due to the degeneracy between the normalization uncertainty and the zero-distance terms
induced by the presence of NSI. In this way, a larger value of the NSI parameters can
be compensated with a non-zero normalization factor anerm, without spoiling the good
agreement with experimental reactor data.

Finally, the middle panel of figure 8 shows the results obtained when only NSI with
muon or tau antineutrinos are considered. In this case, the cancellation between the nor-
malization term and the zero-distance effect due to terms of second order in e, | results
in an extended region in the sin® 63 - lew,r| plane with an upper bound of:

sin? 613 < 0.024  (90%C.L.). (5.6)
The bound on the NSI coupling is given by:

leur] <0176 (90%C.L.). (5.7)

6 Comparing NSI constraints from 217 and 621 days of Daya Bay run

The new high-precision data from Daya Bay with 621 days of running time [3] has improved
the measurement of sin? 26,3 dramatically with a relative 1o precision of ~ 6% as compared
to ~ 11% obtained using the previously published 217 days of data [2]. This clearly shows
the impact of the four time more statistics that the Daya Bay experiment has accumulated
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Figure 9. Left panel shows the allowed parameter space in sin” #;3-|e.| plane at 90% C.L. (2 d.o.f).
Right panel depicts the same in sin® 013-le,.,-| plane. Here the solid (dashed) lines correspond to
the new (old) 621 (217) days of Daya Bay data. Here all the phases are considered to be zero and
the normalization of events is fixed in the statistical analysis with anorm = O.

with the help of eight ADs in comparison with the previously released Daya Bay data set
with six ADs. Now it would be quite interesting to see how much we can further constrain
the allowed ranges for these NSI parameters under consideration using the new 621 days of
Daya Bay data in comparison with the old 217 days of Daya Bay run. In figure 9, we com-
pare the performance of the current and the previous data sets of Daya Bay in constraining
the allowed regions in sin? 6;3-|e.| plane (left panel) and in sin® 613-|¢,, ;| plane (right panel).
In both the panels, the solid (dashed) lines portray the results with the new (old) 621 (217)
days of Daya Bay data. For the sake of illustration, we have only chosen the cases of NSI
parameters which are associated with 7. (left panel) and 7, (right panel) assuming all the
phases to be zero. In particular, we have focused on the situations which are presented in
sections 4.1 and 4.2, where we do not consider the normalization uncertainty on the reactor
events and set anorm = 0 in the statistical analysis. As compared to the old data set, with
the current data, the improvement in constraining the allowed parameter space between
sin? f13 and the NSI parameters is quite significant as can be readily seen from figure 9.
In table 4, we present the 90% C.L. (1 d.o.f) constraints on sin?f;3 and the NSI
parameters using the previous (current) 217 (621) days of Daya Bay data. Here all the
phases are considered to be zero. We do not consider the normalization uncertainty on the
reactor events and take anorm = 0 in the statistical analysis. We can see from table 4 that
in case of electron-type and universal NSI parameters, the bounds on |e.| and |¢| are the
same while analyzing 621 days of Daya Bay data. This feature is also there in the case
of 217 days of Daya Bay run. The constraints on |e.| and |e| get improved by factor of
two when we consider the current 621 days of Daya Bay data compared to its previous
217 days of data. We also get better bounds on |e, | using the current Daya Bay data as
compared to the old data set. These results suggest that the future data from the Daya Bay
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Daya Bay data sin? 013 €]
electron-type NSI parameters
Current (621 days) | 0.020 < sin? 613 < 0.024 | |e.| < 0.0012
Previous (217 days) | 0.019 < sin? 613 < 0.027 | |e.| < 0.0024
muon or tau-type NSI parameters
Current (621 days) | 0.013 < sin? 613 < 0.024 | |e, | < 0.051
Previous (217 days) | 0.011 < sin? 633 < 0.026 | |e,-| < 0.070
universal NSI parameters
Current (621 days) | 0.020 < sin?613 < 0.024 | || < 0.0012
Previous (217 days) | 0.019 < sin?6;3 < 0.026 | |¢| < 0.0024

Table 4. 90% C.L. (1 d.o.f) bounds on sin?#;3 and the NSI parameters using the old (new) 217
(621) days of Daya Bay data. Here all the phases are considered to be zero. We also do not consider
the uncertainty on the normalization of reactor events and set ayorm = 0 in the statistical analysis.

Daya Bay data sin? 03 le]

electron-type NSI parameters [¢. free]

Current (621 days)
Previous (217 days)

0.020 < sin? 6135 < 0.024
0.019 < sin? 015 < 0.027

|ee| unbound

lee| unbound

muon or tau-ty

pe NSI parameters [(§ — ¢, 7) free]

Current (621 days)
Previous (217 days)

0.013 < sin? 6135 < 0.036
0.011 < sin? 15 < 0.045

€| < 0.052
€| < 0.070

universal NSI parameters [0 free, ¢ = 0]

Current (621 days)
Previous (217 days)

0.020 < sin? 6135 < 0.025
0.019 < sin? 65 < 0.028

le| < 0.0013
le| < 0.0024

universal NSI parameters [0 = 0, ¢ free]

Current (621 days)
Previous (217 days)

sin” 015 < 0.024
sin® 013 < 0.026

le| <0.110
e <0.116

Table 5. 90% C.L. (1 d.o.f) bounds on sin?#;3 and the NSI parameters using the old (new) 217
(621) days of Daya Bay data. Here we allow the phases or their certain combinations to vary freely.
We do not consider the uncertainty on the normalization of reactor events and set anorm = 0 in the
statistical analysis.

experiment with more statistics is going to play an important role to further constrain the
allowed parameter space for the NSI parameters. There are also marginal improvements
on the bounds to sin? ;3 with the current 621 days of Daya Bay data.

Finally in table 5, we compare the the 90% C.L. (1 d.o.f) limits on sin? 613 and the NSI
parameters obtained using the old 217 days and new 621 days of Daya Bay data allowing
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the phases or their certain combinations to vary freely as we consider in table 2 in section 4.
Like in table 4, here also we do not take into account the normalization uncertainty on
the reactor events and consider ano;m = 0 in the statistical analysis. Table 5 depicts that
even if we allow the phases to vary freely, we obtain better limits on the NSI parameters
with the new data set as compared to the previous 217 days of Daya Bay data, except
for the case of |e.| which remains unbounded. Table 5 indicates that the new data set of
Daya Bay also reduces the allowed ranges for sin® 613 in the presence of NSI parameters as
compared to the old data. This improvement is quite significant in the case of |e, ;| even
if the effective phase (0 — ¢, ) is allowed to vary freely in the fit.

7 Summary and conclusions

The success of the currently running Daya Bay, RENO, and Double Chooz reactor an-
tineutrino experiments in measuring the smallest lepton mixing angle 613 with impressive
accuracy signifies an important advancement in the field of modern neutrino physics with
nonzero mass and three-flavor mixing. With this remarkable discovery, the neutrino oscil-
lation physics has entered into a high-precision era opening up the possibility of observing
sub-dominant effects due to possible new physics beyond the Standard Model of particle
physics. At present, undoubtedly the Daya Bay experiment in China is playing a leading
and an important role in this direction. The recent high-precision and unprecedentedly
copious data from the Daya Bay experiment has provided us an opportunity to probe the
existence of the non-standard interaction effects which might crop up at the production
point or at the detection stage of the reactor antineutrinos.

In this paper for the first time, we have reported the new constraints on the flavor non-
universal and also flavor universal NSI parameters obtained using the currently released
621 days of Daya Bay data. While placing the bounds on these NSI parameters, we have

assumed that the new physics effects are just inverse of each other in the production and

S
ey
special case, we have discussed in detail the impact of the NSI parameters on the effective

detection processes of the reactor antineutrino experiment ,i.e., €5 = siiy’g. Considering this
antineutrino survival probability expressions which we ultimately use to analyze the Daya
Bay data. With this special choice of the NSI parameters, we have observed a shift in the
oscillation amplitude without altering the L/E pattern of the oscillation probability. This
shift in the depth of the oscillation dip can be caused due to the NSI parameters and as well
as 13, making it quite difficult to disentangle the NSI effects from the standard oscillations.
Before presenting the final results, we have studied the correlations between the NSI param-
eters and 013 with the help of iso-probability surface plots in section 2. This study has been
quite useful to understand the final bounds on the NSI parameters that we have obtained
from the fit. Since the shape of the oscillation probability is not distorted with the special
choice of the NSI parameters considered in this paper, an analysis based on the total event
rate at the Daya Bay experiment is sufficient to obtain the limits on the NSI parameters.

As far as the flavor non-universal NSI parameters are concerned, first we have consid-
ered the NSI parameters |e.| and ¢, which are associated with 7. Assuming ¢. = 0° and
a perfect knowledge of the normalization of the event rates, the current Daya Bay data
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places a strong constrain on |g.| < 1.2 x 1073 (90% C.L.) improving the present bound on
lee| by one order of magnitude. Now if we consider the uncertainty in the normalization of
event rates with a prior of 5%, then this limit changes to 15 x 1073, diluting the constraint
by almost one order of magnitude. No limits can be placed on |e¢| if we allow ¢ to vary
freely in the fit. We have also observed that the determination of the 1-3 mixing angle is
quite robust in this specific case and it is almost independent of the issue of uncertainty in
the normalization of event rates and the choice of ¢.. In fact, the allowed range of sin® ;3
coincides exactly with the allowed range in absence of NSI. Next we turn our attention to
the NSI parameters |e,,| and ¢, which are associated with 7,,. With (§—¢,,) = 0° and a per-
fect knowledge of the event rates normalization, the current Daya Bay data sets a limit of
e <5.1x1072 (90% C.L.) which is comparable and complementary to the existing bound
obtained using a different data set under different assumptions. This limit on |e,| becomes
17.6 x 10~2 once we consider the uncertainty in the normalization of event rates with a prior
of 5%. These limits on |e,| remain almost unchanged even if we allow (6 —¢,,) to vary freely
in the fit. This is not true while placing the constraint on sin? #13. For an example, in the
case when we do not consider any uncertainty in the normalization of event rates, the upper
bound on sin? ;3 increases from 2.4 x 1072 to 3.6 x 10~2 due to freely varying (0—¢u) in the
fit instead of setting it to zero. We cannot place a lower bound on sin? ;3 when we consider
the uncertainty in the normalization of event rates with a prior of 5% even if (0—¢,,) is taken
to be zero in the fit. The above mentioned limits on |¢,| and sin? f;3 are also valid for the
NSI parameters |e,| and ¢, as long as the 2-3 mixing angle is maximal ,i.e., sin? a3 = 0.5.

In the case of flavor universal NSI parameters, we have placed limits on |¢| and sin? 013
under certain assumptions on ¢ and ¢. With § = ¢ = 0° and perfect knowledge of the
normalization of the event rates, the upper bound on |e| at 90% C.L. (1 d.o.f) is 1.2 x 1073,
Though this limit does not change much when we marginalize over ¢ in the fit, it deteriorates
by almost ninety times when we allow ¢ to vary freely in the fit providing a limit of
le] < 110 x 1072 (90% C.L.). With a 5% uncertainty in the normalization of total event
rates and § = ¢ = 0°, the constraint on |¢| becomes < 15x 1072 at 90% C.L. With the same
assumptions, we can restrict f;3 within a range of 0.017 < sin?f;3 < 0.024 (90% C.L.).

One of the novelties of this work is the inclusion of correction terms of second order in
the NSI couplings |¢| in the effective neutrino probability in eq. (2.17). The role of these
second order corrections at the effective probability level has been analyzed in section 2.2
as well as in the discussion of the probability and correlation plots in section 2.3 and
section 2.4. The impact of second order terms on the determination of sin? 63 is specially
relevant for the flavour-universal-NSI case, as commented in section 4.3.

One of the interesting studies that we have performed in this paper is the comparison
of the constraints on the NSI parameters placed with the current 621 days of Daya Bay data
with the limits obtained using the previously released 217 days of Daya Bay run. In this
analysis, all the phases are considered to be zero and the normalization of events is also kept
fixed in the statistical analysis with anom = 0. We have observed that the constraints on
lee| and |e| get improved by factor of two when we analyze the current 621 days of Daya Bay
data compared to its previous 217 days data. This comparative study reveals the merit of
the huge statistics that Daya Bay has already accumulated. It also suggests that the future
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high-precision data from the Daya Bay experiment with enhanced statistics is inevitable
to further probe the sub-leading effects in neutrino flavor conversion due to the presence
of the possible NSI parameters beyond the standard three-flavor oscillation paradigm.
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A Effective survival probability with the NSI parameters: &7 # sfiy:

In this appendix, we present the effective probability expressions for the physical scenarios
where ez, # 5%. In such cases, the spectral study of the reactor data plays an important
role since the NSI parameters are not only responsible for a shift in 613 i.e. the change of the
depth of the first oscillation maximum but they also modify the L/E pattern of the prob-
ability due to the shift in its energy. We have already mentioned that a detailed analysis
of the Daya Bay data considering such interesting physical cases will be performed in [69].

A.1 Presence of the NSI parameters only at the production stage

Here we assume that the NSI parameters only affect the production mechanism of the
antineutrinos in the reactor experiment. It allows us to write (dropping the universal
e-index):

e, = ENEa ,amdafY =0. (A1)

With this assumption, we get the effective neutrino survival probability as follows:

Prs pa ~ Ppsgl\ipg + ‘56’2 + 2[ee| cos de
+2s13 [823|6H‘ sin((S — Qﬁ#) + 623|€T’ Sin((s — ng)] sin (2A31)
—4513 [s23]e ] cOS(8 — Pp) + cazler| cos(d — ¢7)] sin? (As1)
+5in 2019 [—cas|e,| sin ¢, + sa3ler|sin 7] sin (2A97) . (A.2)
A.2 NSI at the source and detector with the same magnitude and different
phases

In this case, we assume that the magnitude of the NSI parameters is the same at the
production and detection level, but the phases associated with the NSI parameters are
different at the source and detector. Under this situation, we can write:

e, = e, |93 ,andf—:g = |5,Y|ei¢i . (A.3)
Under this assumption, the effective neutrino survival probability takes the form:

P. ~ PSM + PNSI—IIb + PNSI—IIb + PNSI—IIb (A4)

124 %Déi Ve—rUe non-osc osc-atm osc-solar »
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where the non-standard terms are given by:

PSR — 2 {|e | (cos o + cos &) + |ecl? |1+ cos(o — 62) + cos(6! + 67)]

+ Jeul? cos(9f, + 6) + |er 2 cos(s3 + ) } (A.5)

pRSHIb o {813823’6#’ [Sin(5—¢2)—sin(5+q§z)} +s13¢23ler| {sin(5—¢i)—sin(5 + ¢ﬁ)}

—shslenl” sin(g5, + ¢) — chsler | sin(g5 + ¢F)

— co3593/epller] [Siﬂ(Qﬁ + ¢) + sin(¢) + @fﬁ)} } sin (2A31)

— {51528l [cos(0 - 65) +cos(0+ 1) +eagssler | [cos(6 - 6) +cos(d-+ 62|
+sslenl” cos(¢5, + &) + caler | cos(6F + @)

+ cassaalenller | [cos(65 + 0) + cos(0f, + )] } sin® (Ag) | (A.6)

PNSHIIb - i1 20,5 [—023]5#|(sin ¢y, + sin ¢z) + so3ler|(sin @3 + sin (ﬁﬁ)} sin (2A921) . (A7)

osc-solar
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