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Neutrino-electron scatterings are purely leptonic processes with robust standard model (SM) predic-
tions. Their measurements can therefore provide constraints to physics beyond SM. The 7, — e data taken
at the Kuo-Sheng Reactor Neutrino Laboratory were used to probe two scenarios: nonstandard neutrino
interactions (NSI) and unparticle physics. New constraints were placed on the NSI parameters (S, SR

eer ~ee /»

(8, &R), and (egk, £€¥) for the nonuniversal and flavor-changing channels, respectively, as well as to the

eu’

coupling constants for scalar (Ay) and vector (A;) unparticles to the neutrinos and electrons.
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L. INTRODUCTION

The compelling evidence of neutrino oscillations from
the solar and atmospheric as well as long baseline accel-
erator and reactor neutrino measurements implies finite
neutrino masses and mixings [1]. Their physical origin
and experimental consequences have not been fully under-
stood yet. Experimental studies on the neutrino properties
and interactions are crucial because they can shed light on
these fundamental questions and may provide hints or
constraints to models on new physics. The reactor neutrino
is an excellent neutrino source to address many of the
issues, because of its high flux and availability. The reactor
v, spectra is understood and known, while reactor ON/OFF
comparison provides model-independent means of back-
ground subtraction.

Neutrino-electron scatterings are purely leptonic pro-
cesses with robust standard model (SM) predictions [2].
Experiments on v.(7,.) scattering [3] have played impor-
tant roles in testing SM, and in the studies of neutrino
intrinsic properties and oscillation. We report in this paper
experimental constraints on neutrino nonstandard interac-
tions (NSI) and on neutrino unparticle physics (UP) cou-
plings derived from published results [4—6] from 7, — e
scattering experiments at the Kuo-Sheng Nuclear Power
Station in Taiwan.
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II. ELECTRON ANTINEUTRINO-ELECTRON
SCATTERING

A. Standard model

The SM cross section at the laboratory frame v, (7,) —
e elastic scattering, where only neutral current is involved,
is given by [2,3]

do r_ Gzm, _
(G (ho] =222 oy = 5 + (v 7 )

29
T \2 m,T
X<1_&) - (&7~ ) ] (1)

where G is the Fermi coupling constant, 7 is the kinetic
energy of the recoil electron, E, is the incident neutrino
energy, and gy, g4 are the vector and axial vector coupling
constants, respectively. The upper (lower) sign refers to the
interactions with »,(7,). The SM assignments to the
coupling constants are g, = —1+ 2sin’fy and g, =
— 1, where sin?@yy is the weak mixing angle.

The v.(P.) — e interaction is among the few SM pro-
cesses which proceed via both charged and neutral cur-
rents, in addition to their interference effects [7]. The cross
section can be obtained by making the replacement of
gva — (gya + 1) in Eq. (1). In the case of 7, — e, which
is relevant for reactor neutrinos,
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By defining chiral couplings g; and gg,

1 .
g =58y +8a) = 5t sinfy  and

2
| 3)
8r = E(gv — ga) = sin’fy,
Eq. (2) can be expressed as
do 2Gim, [ , 5 T \2
="l e + (g + -
B R (R
m,T
—grlgr + 1)?] 4)

B. Nonstandard neutrino interactions

NSI of neutrinos were introduced in the early work on
neutrino matter effects via alternative mechanisms [8].
Models on massive neutrinos generally give rise to NSL
Examples [9] include seesaw-type models, low energy
supersymmetry (SUSY) with R-parity breaking, models
acquiring mass radiatively due to the presence of extra
Higgs boson, and unified SUSY models as a renormaliza-
tion effect. Constraints or evidence of NSI are relevant to
the interpretations of subleading contributions in the forth-
coming precision neutrino oscillation experiments [1,10]
and have consequences in astrophysics [11], such as the
understanding of supernova explosion.

Phenomenology of NSI has been explored with a variety
of neutrino sources and interaction channels [11-16]. This
can be studied with short-baseline experiments where the
neutrino fluxes are high and the oscillation effects can be
neglected. A model-independent approach is to incorporate
new NSI couplings in the neutrino sector to the SM elec-
troweak parameters, as illustrated schematically in
Fig. 1(a). The NSI of 7, — e scattering is described by
an effective Lagrangian:

Lo = —e2N2Gp(p,y,Lvg) @y Pe),  (5)

where ai’; describes the coupling strength with respect to
Gr. The helicity states are denoted by P ( = L, R), and
(a, B) stand for the lepton flavor (e, w, or 7). The cases
where @« = B and @ # B correspond to nonuniversal (NU)
and flavor-changing (FC) NSI, respectively.

For reactor neutrinos, a = e, and six parameters are

involved—the NU &R as well as the FC seLR and

e-R The cross-section formula including both SM and

NSI interactions for ¥, + e — ¥, + e is given by [13,14]

PHYSICAL REVIEW D 82, 033004 (2010)

FIG. 1. (a) NSI of neutrinos, generically described as four-
Fermi interaction with new couplings. (b) Interactions of neu-
trino with electron via exchange of virtual scalar U s and vector
‘U, unparticle.

do 2G2m [( )
_ = € 52 + |8eR 2)
[dT]SM+NSI ™ oge
T\2
+1 2 + eL 2)( _)
<( ) gels EV
m,T
(e + 0+ T letletl) e |
aFe EV

(6)

where g, = g, + &l and gz = gz + k.

The measurable recoil spectra at a typical reactor flux of
é(,) = 103 cm™2s~! are displayed in Fig. 2(a), at NSI
parameters in both NU and FC channels relevant to this
work. The SM spectrum is superimposed. The NSI con-
tributions give rise to similar spectral shapes as the SM
one. Accordingly, the appropriate strategy to study NSI is
to focus at the MeV energy range where the SM effects
were measured with good accuracy [4].

The strong experimental limits on the branching ratio of
pm — 3e in accelerator experiments provided stringent
bounds on Isgh’Rl <5 X 107* [13], which is highly sensi-
tive to loop processes. Model-independent analysis after
taking gauge invariance into account gave rise to weaker
bounds on Ise | < 0.1 [15]. We present results on the FC
parameters e5; " and e5-® as well as the NU parameters

sglgR in this analysis, with reactor 7, data.

C. Unparticle physics

A scale invariant sector can be described by Banks-Zaks
(BZ) fields, which are related to gauge theories with non-
integer numbers of fermions [17]. BZ fields have their own
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FIG. 2 (color online). Differential cross section as function of
the recoil energy T with typical reactor 7, spectra. (a) NSI at
coupling parameters relevant to this work using CsI(T1) as target.
(b) scalar UP, at two values of (dg, Ay) and vector UP, at a value
of (d+,, A;) for both FV and FC cases, using Ge as target. The
SM contributions are also superimposed. The relevant energy
ranges of the three data sets used in the present analysis are also
shown.

gauge group and do not couple to the SM fields, which
have definite masses. It has been proposed [18] that both
the SM and BZ fields may coexist in a high energy scale.
Below an energy scale Aq;, BZ operators turn into unpar-
ticle operators O¢; with a noninteger scaling dimension,
denoted by dg and d~, for the scalar and vector cases,
respectively.

Unparticle effects can be studied in accelerator experi-
ments [19] through their direct production, the signatures
of which are missing energy in the detectors. An alternative
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method is to probe the virtual effects of unparticles which
act as mediators in the interactions [18,19]. This approach
was adopted in the present analysis using reactor neutrinos
as probes. The interaction Lagrangians for », + e —
vg + e via virtual scalar and vector unparticle exchange
as depicted in Fig. 1(b) are given, respectively, by [19-22]

)‘Oe - gf -
LJ:O = Fee@u + WVCVVB@U (7)
and
A AP
Ly = ﬁ eOf, + Ay — 5 VYO (8)

u u

where A;, and A;’f are the corresponding coupling con-
stants with J = 0, 1 denoting scalar and vector unparticle
interactions, respectively.

The cross section of ¥, — e scattering with scalar un-
particle exchange is given by

(i7)u. - i(%f"g) L T 2, )
where
A5y Ao
folds) = m Ao(ds) (10)
and the normalization constant Ay(ds) is given by
Ag(ds) 1672 T'(dg + 1/2) an

(2m)*%s T(ds — DI'(2ds)

The interference effects with SM are negligible due to
suppression by factors of m,/Aq. Therefore, it is not
necessary to differentiate flavor-conserving (FC) and -vio-
lating (FV) scalar UP interactions.

The cross section of 7, — e scattering via vector UP
exchange is

d_"' 1 fl(dV) 92dy=5,,2dv=30d~, —4
T ), 7TA4dy 4 e
T \2 T
<[r+(1-5) -2 ) (12)

where f(d~,) follows a similar expression as Eq. (10),
making the replacement Af)'f Aoe — )\ff A and Ay(ds) —
A, (d~). Unlike the scalar UP case, the interference effects
with SM also contribute in the vector UP interactions:

(d_a) _V2Gy fildy)
dT )., -sm T AT

T\2
X [gR + (gL + 1)<1 - E_V)

(gt egrt 1) meT]
2 E2

Q2m, T "*m,

(13)
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The FV and FC cross sections for vector UP are therefore
given by Eq. (12) and the sum of Eqgs. (12) and (13),
respectively.

The differential cross sections of the UP interactions
using Ge as target are displayed in Fig. 2(b), with the SM
contributions superimposed for comparison. The sawtooth
structures for 7 =< 1 keV are due to suppression by the
atomic binding energy [23].

Three sets of parameters characterize the unparticle
interactions and can be probed experimentally:
(i) unparticle mass dimensions ds and d~,, (ii) coupling

constants Ay = \//\gf Aoe and A = \/)\ff A, for the scalar

and vector UP interactions, respectively, and
(iii) unparticle energy scale A;. The UP energy scale is
taken to be A¢; ~ 1 TeV in most recent work [21,22,24].
Unitarity requirement placed constraints on the dimension
[25] to be within 1 < dg < 2 in the scalar case, but only
provides lower bound d~, = 3 for vector UP exchange.
The spectral shape of Fig. 2(b) and the 7" dependence of
Eq. (9) indicate that measurements with low energy thresh-
olds are expected to provide better sensitivities at dg <
3/2. On the other hand, high energy experiments are
preferred to probe UP due to the large values of dg and d~,.

III. EXPERIMENTAL CONSTRAINTS

A. Merits of reactor neutrinos

Several features make short-baseline reactor neutrino
experiments optimal for probing physics beyond SM
[12]. Reactor neutrinos are pure 7., which simplifies inter-
pretations of the results. Atmospheric and solar neutrinos
have different eigenstate compositions at the detectors. The
constraints from these experiments therefore are not iden-
tical to those at reactors, analogous to the studies of neu-
trino magnetic moments [26].

Experimental reactors produce high 7, fluxes compared
to other sources. The reactor OFF periods provide model-
independent means of background subtraction. It was re-
cently recognized [4] that the studies of reactor 7, —e
provide better sensitivities to the SM electroweak parame-
ters sin’fy, and (gy, g4) at the same experimental accura-
cies as those from v, —e measurements. The lower
neutrino energy at the MeV range also favors applications
where sensitivities can be enhanced at low detector
thresholds.

B. Input data

Data adopted for this analysis were taken at the Kuo-
Sheng Neutrino Laboratory (KSNL), located at a distance
of 28 m from the reactor core. The nominal thermal power
output was 2.9 GW, producing an average 7, flux of
¢(p,) ~ 6.4 X 10'? cm™2s™! [5]. Detectors were placed
inside a shielding structure where ambient radioactivity
was suppressed by 50 tons of passive materials.
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Three independent data sets were adopted, each having a
different energy range as depicted in Fig. 2.

DSI1-CsI(Tl).—Data with 29 882 /7369 kg day of reactor
ON/OFF exposure of a CsI(TI) crystal scintillator array [4]
with a total mass of 187 kg. Analysis range is 3-8 MeV.
From the excess of events in the ON — OFF residual
spectrum, the SM electroweak angle was measured to be
sin’fy = 0.251 = 0.031(stat) = 0.024(syst), which im-
proved over previous results from 7, — e scattering and
was comparable to those from 7, — e experiments.

DS2-HPGe.—Data with 570.7/127.8 kg day of reactor
ON/OFF exposure taken with a high-purity germanium
(HPGe) detector with a target mass of 1.06 kg. Analysis
threshold of 10 keV with a background level of
~1 kg 'keV~'day! was achieved. The low threshold
allowed sensitive limits on neutrino magnetic moments to
be derived from the ON — OFF residual spectrum.

DS3-ULEGe.—Data with 0.338 kgdays of reactor ON
exposure taken with an ultra-low-energy germanium
(ULEGe) detector array [6] with a total mass of 20 g and
a threshold of 220 = 10 eV. The sub-keV threshold
opened a window of studying weakly interacting massive
particle (WIMP) dark matter with mass less than 10 GeV.

The three data sets (DS1-3) are displayed in
Figs. 3(a)-3(c), respectively. Their respective energy
ranges are depicted in Fig. 2. The SM contributions from
P, — e are superimposed in (a) and (b), and are out of range
at ~1073 kg~ 'keV~!day ! in (c). The NSI or UP scenar-
ios where the data sets would be optimal to provide sensi-
tive bounds were selected. The observable spectra of an
excluded and an allowed parameter space were superim-
posed as illustrations.

The observed event rates (R.yp,) of the various data sets,
in units of kg~ 'keV~!day~!, were compared to the ex-
pected rates (Ry) evaluated for the different interaction
channels X (X = SM, NSI, UP), via

_ do\ d¢(v,)
Ry = pej;[EV(d—T)X dE, dE,dT, (14)

where p, is the electron number density per kg of target
mass, and d¢(7.)/dE, corresponds to the neutrino spec-
trum. Constraints were then derived.

Different analysis algorithms were necessary for the
three data sets. A minimum-y? fit was performed for
DS1-CsI(Tl) and DS2-HPGe, with

_ Rex t(l) - [RSM(I) + RX(Z)] 2
-3 Bl ]

where Rqy(i) and Ry (i) are the expected event rates on the
ith data bin due to the SM and X(= NSI or UP) contribu-
tions, respectively, while A, (7) is the corresponding un-
certainty of the measurement. For DS3-ULEGe, there was
no corresponding reactor OFF data so that the conventional
reactor ON — OFF background subtraction and a best-fit
analysis were not possible. Instead, the “binned Poisson™

i=1
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FIG. 3 (color online). The three data sets adopted for this
analysis. Observable NSI or UP spectra at allowed and excluded
parameter space are superimposed. (a) DSI1-CsI(TI) reactor
ON — OFF [5], showing SM + NSI with NSI at (s}, &) =
(0.1,0.1) and (0.05, —0.05). (b) DS2-HPGe reactor ON — OFF
[4], showing SM + UP with A, = 4 X 107° versus 3 X 107°

ds = 1.01. (c) DS3-ULEGe reactor ON only [6], showing SM +
UP with Ay = 1.2 X 1073 versus 6.5 X 1076 at dg = 1.01. The
SM contributions from 7, — e are displayed in (a) and (b) as
comparison, and are out of range at ~1072 kg ' keV ! day ! in

(c).

method developed for dark matter searches [27] was
adopted. No background assumption was made, such that
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upper bounds were placed on NSI- or UP-induced contri-
butions since they could not be larger than the observed
signals.

C. Nonstandard neutrino interaction

The NSI parameters are constrained by the accuracy of
the SM cross-section measurements. Accordingly, DS1-
CsI(T1) was adopted for analysis. The NSI parameters of
Eq. (6) were the fitting variables in the minimum-y?
analysis.

Results from one-dimensional analysis are presented in
Table I. It can be inferred from Eq. (6) that the sensitivities

for NU and FC couplings vary as st and [eS}]?
eL,LR eLLR d

([eLRT), respectively. New limits on &g, &¢i, an
e-R were derived. The results on sglﬁR and LR are
identical since their roles are symmetrical such that one-
dimensional analysis cannot differentiate their effects. The
projected sensitivities due to a realistically achievable 2%
measurement of the SM 7, — e cross section with reactor
neutrinos [4] are shown. As comparison, we also list the
constraints from LSND », —e measurement [13] and
those from a combined analysis with data from LEP,
CHARM, LSND, and previous reactor experiments [14],
as well as a model-independent analysis on seLR.

The allowed region at 90% confidence level (C L.) from
two-parameter analysis were displayed in Figs. 4(a) and
4(b) in the (g2, eR) and (&8, £R) space, respectively, in
which the bounds from LSND [13] were overlaid. The
complementarity between the constraints due to 7, — e
and v, — e scatterings can be readily seen. The constraints
in the (&5, &R ) plane are the same as those of (egF, £&F) in
Fig. 4(b).

As comparison and for completeness, we also note the
bounds on NSI NU and FC couplings in the quark sector
due to accelerator ¥N scattering experiments are le4?| <
0.3-1 and |e?f| <0.5-1.6, respectively [13], where P
denotes the helicity state R/L while ¢ = u or d quarks.
Projected sensitivities due to future experiments on
neutrino-nucleus coherent scatterings [28] are |8‘3£ +

2% < 0.001 and |82 + £2%| < 0.02 [16].

D. Unparticle physics parameters

Since different ranges of the ds(dy,) give different
sensitivities to the cross section, all three data sets were
used in the UP analysis for their complementarity. The
threshold value of DS2-HPGe was previously used to
probe UP phenomenology in Ref. [21]. A different cross
section formula was used and discussed in a later work
[22].

Constraints on A at different dg for scalar UP exchange
was derived at Aq; = 1 TeV. The results are shown in
Fig. 5(a), with bounds from the Borexino [24] and
MUNU [22] experiments superimposed. The upper bounds
for Ay at different energy scale Aq; are shown in Fig. 5(b).
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TABLE I.
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Constraints at 90% C.L. due to one-parameter fits on the NSI couplings. The results are presented as

“best-fit = statistical error = systematic error.” Bounds from LSND [13] and combined data [14] as well as from a model-
independent analysis [15] are compared with those of this work. The projected statistical sensitivities correspond to a potential

measurement of the SM cross section at 2% accuracy [4].

TEXONO (this work) LSND [13] Combined [14]  Ref. [15]
NSI parameters Measurement best fit x2/d.of. Bounds Projected Bounds
at 90% C.L. sensitivities at 90% C.L.
el gL =003+026+0.17 89/9 —1.53<el  +0015 —007<el —003<el & <0.06
NU <0.38 <0.11 <0.08
R gR=002+004+002 87/9 —007<eR  *0002 -1.0<eR 0.004<eR |eR]|<0.14
<0.08 <0.5 <0.151
2 2
ek, gl (e£) = 0.05 89/9 ekl <0.84  *0.052 . leh] <013 |egh| <0.1
el +0.27 + 0.24 let| <0.84  *0.052 |l <04  |esk| <033 ek < 0.4
FC eR eR (eX) = 0.008 87/9 leR]<0.19  *0.007 - leR| <0.13  [eR]<0.1
R +0.015 = 0.012 [eR] <0.19  *0.007 l[eR] <0.7  0.05<[eR| [eR]<0.27
<0.28
(@) The data of DS2-HPGe provided better sensitivities at
T TEXONO ds < 1.3, while DS1-CsI(Tl) gave rise to more stringent
(This Work) limits at larger dg.
0 Constraints on vector UP couplings A; as a function of
d~; are displayed in Fig. 6(a). Both FC and FV couplings
i give similar bounds in this parameter space. The variations
05 | of A, for the two cases are depicted in Figs. 6(b) and 6(c) as
-
OwQ
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FIG. 4 (color online). The allowed region at 90% C.L. for
(a) NU NSI parameters of L' and eR. (b) FC NSI parameters
of £¢& and &R from DS1-CsI(TIl) on 7, — e. The allowed regions
from the LSND experiment on v, — e are superimposed. The
constraints in the (sgh, sgﬁ) plane are the same as those of
(eSk, &R) in (b).

Ay(TeV)

FIG. 5 (color online). Constraints on UP with scalar ex-
change—(a) The coupling A, versus mass dimension dg at
Aq; = 1 TeV. (b) Upper bounds on A, at different energy scales
A . Parameter space above the lines is excluded.
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FIG. 6 (color online).

Constraints on UP with vector exchange—(a) The coupling A; versus d~, at Ay = 1 TeV. The bounds apply

for both FV and FC cases. (b) and (c) Upper bounds on A, at different energy scales A, for FV and FC couplings, respectively, at two

values of d-,. Parameter space above the lines is excluded.

function of the energy scale A ;. The DS1-CsI(T1) data set
consistently provided more severe constraints for vector
UP exchanges, since the couplings were enhanced at high
energy, as indicated in Fig. 2(b).

Since (do/dT)y, > Ay and (do/dT)y,, = A} from
Eqgs. (9) and (12), respectively, the potential of placing
more severe constraints on the coupling constants due to
improved experimental sensitivities is only modest. When
DS1-CsI(Tl) data would improve to provide a 2% mea-
surement of the SM cross section, an improvement by a
factor of 2 to the sensitivities of Ay and A; can be expected.
Similarly, the benchmark goals of sub-keV ULEGe detec-
tors for studying neutrino-nucleus coherent scattering with

reactor neutrinos are to achieve a background level of
~1 kg 'keV~!day ! and ON — OFF subtraction of 1%
[28]. If these are achieved, the sensitivities of Ay and A
would enhance by a factor of 2 at dg < 1.3.
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