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Short-baseline electron neutrino disappearance at a neutrino factory
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We discuss short-baseline and very-short-baseline v, disappearance at a neutrino factory. We take into
account geometric effects, such as from averaging over the decay straights, and the uncertainties of the
cross sections. We follow an approach similar to reactor experiments with two detectors: we use two sets
of near detectors at different distances to cancel systematics. We demonstrate that such a setup is very
robust with respect to systematics, and can have excellent sensitivities to the effective mixing angle and
squared-mass splitting. In addition, we allow for CPT invariance violation, which can be tested (depend-

ing on the parameters) up to a 0.1% level.
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I. INTRODUCTION

Neutrino oscillation experiments have shown that neu-
trinos are massive particles with at least two squared-mass
differences: Ami, =8 X 1075 eV?, measured in solar
and very-long-baseline reactor neutrino experiments, and
Am3py =2 X 1073 eV, measured in atmospheric and
long-baseline neutrino experiments (see Refs. [1-10]).
These two Am?’s are perfectly accommodated in the
framework of three-neutrino mixing, where there are two
independent squared-mass differences. However, there are
experimental anomalies which may indicate the existence
of short-baseline (SBL) or very-short-baseline (VSBL)
oscillations generated by a third Am? which is much larger
than the other two: Amig = 107! eV? or Amigy =
10 eV?2. Among these anomalies, the most well known is
the LSND signal in favor of SBL 7, — v, oscillations
[11], which has not been confirmed by other experiments
and is currently disfavored by the negative results of
KARMEN [12] and MiniBooNE [13]. Less well known
are the Gallium radioactive source experiments anomaly
[14] and the MiniBooNE low-energy anomaly [13], which
could be explained by SBL [15,16] or VSBL [17,18] »,
disappearance.

The existence of a third Am? requires the existence of at
least a fourth massive neutrino which corresponds, in the
flavor basis, to the existence of a sterile neutrino vy, i.e., a
fermion which is a singlet under the standard model sym-
metries. Hence it is electrically neutral and does not take
part in weak interactions. If the three active neutrinos v,,
Vs and v, are mixed with the sterile neutrino, neutrino
oscillation experiments can observe the disappearance of
active neutrinos into v,.
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In light of the above-mentioned anomalies, it is interest-
ing to investigate the possibility of (V)SBL v, disappear-
ance with future high-precision experiments. In general, it
is important to investigate the possibility of v, disappear-
ance generated by a Am? different from Ami, and
Am3 ;) in order to constrain schemes with mixing of
four (see Refs. [1,4,6,8]) or more [19,20] massive neutri-
nos. These schemes have been studied mostly in connec-
tion with the LSND anomaly, but the latest global fits of the
experimental data, including the LSND signal, are not
good [4,8]. However, the schemes with mixing of more
than three neutrinos may be realized in nature indepen-
dently of the LSND signal. Hence, it is important to
investigate the phenomenology of sterile neutrinos with
an open mind, not only through neutrino oscillations [21—
29], but also by studying their effects in astrophysics [30—
35] and cosmology [36-38].

If there is (V)SBL electron neutrino disappearance, it
must be mainly into sterile neutrinos, because the mixing
of the three active neutrinos with the fourth massive neu-
trino must be small in order to fit the data on v, — v
oscillations generated by Amj,; and the data on v,
oscillations generated by Amiqy. In the 3 + 1 four-
neutrino schemes (see Refs. [1,4,6,8]) with Am%V)SBL =

[Am3, | > Amiy = |Am3,| > Am3o; = |Am3, |, where

Amg; = mi — mj, the mixing matrix U must be such that

|Uesl, 1U 44l |U 4l << 1 and |Uy| = 1. Therefore, the am-
plitudes of the (V)SBL oscillation channels, A,z =
4 U 41U g4|? for e # B, are such that A, < A, for a,
b=e, u, .

In this paper we study the sensitivity of neutrino factory
experiments to (V)SBL v, and », disappearance, which in
practice has been investigated so far mainly through SBL
reactor neutrino experiments (¥, disappearance).

We will first study, in Sec. 1V, (V)SBL v, and 7,
disappearance at a neutrino factory assuming exact CPT

wT
— v,
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symmetry, which implies P,, = P;; (see Ref. [7]), con-
sidering the simplest case of effective two-neutrino mixing
with

Am?L
P = Pec =1 =siCoyin(1E). ()

where, from now on, Am? = Am? This is the case of

(V)SBL"
four-neutrino mixing schemes with Am? = |[Am3,| >
Amipy = |Am3 | > Amdy, = |Am%|. In the 3 +1
schemes, the amplitude of the oscillations is related to
the U,, element of the mixing matrix by sin?(26) =
4 U 41?(1 — U 4]?) (see Refs. [1,4,6,8]).

The CPT symmetry is widely believed to be exact,
because it is a fundamental symmetry of local relativistic
quantum field theory (see Ref. [39]). However, in recent
years studies of extensions of the standard model have
shown that it is possible to have violations of the Lorentz
and CPT symmetries (see Refs. [40—42]), and several
phenomenological studies of neutrino oscillations with
different masses and mixing for neutrinos and antineutri-
nos appeared in the literature [43-54]. We will consider
this scenario in the simplest case of effective two-neutrino
mixing with

Am2L
P =1— sin2(20 2(—) 2
ee sin*(26,)sin 1B (2)
P,, =1 — sin2(20 )sin2<Am’27L) 3)
ee v 4E .

This kind of CPT violation in a four-neutrino mixing
scheme could reconcile the LSND signal with the other
neutrino oscillation data [50] and/or could explain the
Gallium radioactive source experiments anomaly and the
MiniBooNE low-energy anomaly together with the ab-
sence of 7, disappearance in reactor neutrino experiments
[18]. Let us emphasize that the reconciliation of the LSND
anomaly with the results of other neutrino oscillation ex-
periments is not possible in three-neutrino mixing schemes
even if CPT violation is allowed [8,52].

Another hint in favor of a possible CPT violation comes
from the recent measurement of v, and 7, disappearance
in the MINOS experiment [55], which indicates different
best-fit values of the oscillation parameters of v, and 7,,:
Amynos =2 X 1072 eV? and sin?fyynos = 0.6 for 7,’s,
whereas Amgnos = 2.4 X 1073 eV? and sin®fyos = |
for v,’s. The best-fit values and allowed region of the v,
oscillation parameters are in agreement with atmospheric
v, — v, oscillations. Since the 90% C.L. allowed region
of the v, oscillation parameters has a marginal overlap
with the much smaller 90% C.L. of the v, oscillation
parameters (see the figure on page 11 of Ref. [55]), the
MINOS hint in favor of CPT violation is rather specula-
tive. Nevertheless, it is interesting to notice that a global
separate analysis of neutrino and antineutrino data in the
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framework of three-neutrino mixing with CPT violation
leads to different best-fit values of the oscillation parame-
ters of neutrinos and antineutrinos with Amiy =
Amdnos and sin? apy = sin?fynos, Whereas Amipy, =
AmZunos and sin?64ry = sin’Oynos [56]. However, in
this paper we do not consider the MINOS hint in favor of
CPT violation. We concentrate our study on possible CPT
violations in (V)SBL v, and 7, disappearance due to
squared-mass differences larger than about 0.1 eV?2.

Besides those in Egs. (2) and (3), it is possible to con-
sider other, more complicated, expressions for P,, and P; 5,
with additional energy-dependent terms in the oscillation
phases which could be generated by modified dispersion
relations that are different for neutrinos and antineutrinos
(see, for example, Refs. [57-62]). However, the introduc-
tion of more unknown parameters would make the analysis
too cumbersome, without much additional information on
the potentiality of a neutrino factory experiment to test
CPT invariance. In fact, it is plausible that the additional
energy-dependent terms in the oscillation phases generate
spectral distortions which would make the identification of
new physics even easier than in the simplest case that we
consider.

In order to test CPT invariance (or small deviations from
it) explicitly, it is convenient to define the averaged neu-
trino oscillation parameters

=50, + 6,), Am? =Y Ami + Am?), 4

together with the CPT asymmetries

01/_017

Am? — Am?2
dcpr = —-,
cPT= g

Mepr = 5 T~ 2
Am? + Am3’

(&)

which are constrained in the range between —1 and 1. Then
we have

0, = (1 + acpr)9, (6)
0; = (1 = acpr)0, (7)
Amg, = (1 + mcpr)Am?, 3
Am2 = (1 — mepr)Am?, )

The limit of CPT invariance [Eq. (1)] corresponds to
acpr = mcpr = 0. In Sec. V we discuss the potentiality
of neutrino factory experiments to discover acpy # 0 and/
or mepr # 0.

The plan of the paper is as follows: in Sec. I we define
an “‘ideal detector” for the measurement of (V)SBL v, and
v, disappearance at a neutrino factory, and we describe our
treatment of geometric effects; in Sec. III we discuss the
requirements for systematics; in Sec. IV we discuss the
sensitivity to (V)SBL v, and 7, disappearance assuming
CPT invariance, with the survival probability in Eq. (1); in
Sec. V we discuss the sensitivity to CPT violation consid-

073005-2



SHORT-BASELINE ELECTRON NEUTRINO ...

Decay straight

PHYSICAL REVIEW D 80, 073005 (2009)

SUOBd0[ ANEBUIAY
@

Circumference: 1609 m

=)

*19p IBON

19p I8
280 pIepur)S

I s=600 m

| d=2000 m

‘ d=50 m

‘ 755 m

FIG. 1 (color online).

Geometry of the decay ring (not to scale). Two possible detector locations are shown at d = 50 m and d =

2000 m, where d is the distance to the end of the decay straight. The baseline L is the distance between the production point and the

detector.

ering the survival probabilities in Eqs. (2) and (3); con-
clusions are presented in Sec. VI.

II. IDEAL DETECTOR AND GEOMETRIC
EFFECTS

Our neutrino factory geometry is based on the
International Design Study for the Neutrino Factory base-
line setup [63], with the geometry illustrated in Fig. 1. We
consider 2.5 X 10%° useful muon decays per polarity and
year, with muon energy E, = 25 GeV. For the total run-
ning time, we consider ten years.

In order to test SBL v, disappearance, we add detectors
in front of the decay straights as illustrated in Fig. 1. Here
“near” and “‘far” detectors refer to SBL v, disappearance
only, whereas the detectors for standard oscillations are
much farther away and not relevant for our problem. The
straight sections are anticipated to be about s = 600 m
long. The distance d is the distance between the end of
the decay straight and the near detector. The baseline L is
the distance between the production point and the near
detector, i.e., d =L < d + s. Since the u* and u~ are
assumed to circulate in different directions in the ring, we
need pairs of detectors in front of the straights because we
want to test CPT invariance.'

Since there are no specifications for near detectors at a
neutrino factory yet (see Ref. [64] for a generic discus-
sion), we turn the argument around and formulate the
requirements for the detectors for this measurement. Our
detectors are assumed to measure the total charged current
rates with a 100% detection efficiency; a lower efficiency
will simply lead to a rescaling of statistics and can be easily
compensated by a larger detector mass. The energy thresh-
old is chosen to be 500 MeV, similar to a totally active
scintillator detector or an iron calorimeter, and the energy
resolution is taken as

'"Without a CPT invariance test, detectors in front of one
straight are sufficient. The detectors in front of the other straight
only increase statistics then.

E
AE = ¢ :
Ey

(10)

with € = 0.55 GeV and E, = 1 GeV, which is a conser-
vative estimate for a magnetized iron calorimeter [63].
Similarly, we assume that the neutral current level can be
controlled at the level of 1073 from all neutrinos in the
beam (see, e.g., Refs. [65,66] in the context of a low-
energy neutrino factory). However, we have tested that
the results do not strongly depend on these three quantities.
We require an excellent flavor identification (at the level of
1073 for the misidentification, as we will see later). Charge
identification is also desirable in order to reduce the con-
tamination of the v, (or 7,) signal by 7, (or v,) generated
by possible (V)SBL »,, — v, (or v,, — v,) oscillations.
However, we do not consider the backgrounds from charge
misidentification explicitly.” For the binning, we use 17
bins between 0.5 and 25 GeV with a bin size of 0.5 GeV
(1 bin)—1 GeV (9 bins)—2 GeV (5 bins)—2.5 GeV
(2 bins). As the main obstacles for the physics potential,
we have identified the extension of the decay straights and
the impact of systematics. We discuss the first issue below,
and the second issue in the next section. Thereby, we define
our ‘“‘ideal detectors” as detectors with the above proper-
ties, but no backgrounds or systematics.

Our geometric treatment of the near detectors is based
on Ref. [67], which discusses the flux at near detectors in
detail. Here we start from the differential event rate from a
point source dNpg/dE without oscillations. Taking into
account the extension of the straight and the geometry of
the2 detector, the averaged differential event rate is given
by"

The level of contamination depends on the oscillation model.
Even for large mixing angles driving these oscillations of the
potential background, a charge misidentification level of about
1073 would be sufficient.

*Note that as a peculiarity compared to Ref. [67], dNps/dE
uses the unoscillated event rate, because the oscillation proba-
bility has to be integrated over.
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ANy _ 1 fd+s dN

dE s Ja E
d+s
=l'[ MS(L,E)P“(L,E)CZL. (11)
s Ja dE

Here (L, E) = At/ Ape parametrizes the integration over
the detector geometry for a fixed baseline L and a given
energy E (Ap, is the surface area of the detector and A is
the effective surface area which takes into account the
angular dependence of the neutrino flux). Since
dNps/dE o« 1/L?, we can rewrite this as

Doy il )y (0650,
dE dE Ky d L
dNps(Legt, E) 4
=——— " P(F), 12
L) pi 1

with the average efficiency ratio times probability®

L2 ]d+s e(L, E)

P(E) =
(E) s i

P, (L E)AL,  (13)

and the effective baseline

chf = ‘Vd(d + S), (14)

such that P(E) = 1 for (L, E) = P,,(L, E) = 1. We as-
sume €(L, E) = 1 (far distance approximation), which, to a
good approximation, is satisfied for ND4 of Ref. [67] (see
Fig. 4 therein) for d = 50 m. This detector is very small
(200 kg), but it has a sufficient event rate. At a neutrino
factory, the active volume of near detectors is probably
going to be rather small, because high granularity and good
track reconstruction will be more important than the active
volume size [64]. Our “ideal’ test detectors therefore have
200 kg fiducial volume at very short distances. One can, for
longer baselines, upscale the detector mass as

d X (d + 600 m)
50m X 650 m

Mpet = 0.2t (15)
without strong geometric effects from the effective area of
the detector (i.e., one still operates in the far distance limit).
However, one may choose a different technology for these
larger detectors.

For our simulation, we use the GLOBES software [68,69].
We define the exclusion limit as a function of sin?26 and
Am? as the excluded region obtained in a y? analysis
assuming a vanishing true value of 6 (i.e., no oscillations).
In Fig. 2, we show this exclusion limit for several near
detector distances including the effects of averaging over
the decay straight (dashed curves) and without averaging

“Note that Eq. (12) implies that in GLOBES a point source
spectrum at the effective baseline L.¢ can be used, which has to
be corrected by Eq. (13). We perform Eq. (13) directly in the
probability engine.
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FIG. 2 (color online). Exclusion limit for several near detector
distances d and our ideal near detectors (CPT invariance as-
sumed; 90% C.L., 2 d.o.f.; two near detectors in front of
straights). The dashed curves illustrate the effect of including
the averaging over the decay straight, whereas the solid curves
are without this averaging. The fiducial detector masses are fixed
to 200 kg. Note that there are no systematics included in this
figure.

(solid curves). This figure is based on our ideal detectors,
without taking into account systematics yet. Obviously, the
optimal detector locations depend on the region of sensi-
tivity of Am? which is of interest: the smaller Am?, the
longer the baseline. For instance, for Am? =~ 1 eV?, the
best sensitivity is obtained for d =~ 20 km, whereas for
Am? =100 eV2, a distance of the order d = 100 m is
optimal. For short distances d up to a few hundred meters,
there is clearly an effect of the averaging over the decay
straight. However, note that because of the 1/L? weighting
in Eq. (12), the effect becomes negligible for d = 1 km.
Compared to a classical beam dump experiment, one
cannot get arbitrarily close to the source without losing
information. In the next section, we will discuss the re-
quirements for systematics.

We have also tested a low-energy neutrino factory for
this measurement, with similar success. However, in the
absence of official numbers for the storage ring geometry
and systematics, we will not discuss it in greater detail. In
addition, note that the absolute performance is not a priori
better than for a higher-energy neutrino factory. For in-
stance, assume that the distance d is fixed for geometric
reasons. Then the oscillation effect is, to a first approxi-
mation, proportional to 1/E? (with E the peak energy of
the spectrum), but the statistics roughly increases as E> (E?
from the beam collimation and E from the cross sections),
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which means that the net effect is proportional to E,. We
observed this behavior in our simulation.

III. REQUIREMENTS FOR SYSTEMATICS

As far as systematics is concerned, it is well known from
reactor experiments, such as Double Chooz [70] and Daya-
Bay [71], that electron neutrino disappearance is most
affected by the signal normalization uncertainty (see,
e.g., Refs. [72,73]). We expect the same for our measure-
ment. However, compared to reactor experiments, our
signal normalization error does not mainly come from
the knowledge on the flux, which we may know to the
level of 0.1% using various mean monitoring devices [64],
but from the knowledge of the cross sections. Because our
neutrino energies span the cross section regimes from
quasielastic scattering, over resonant pion production, to
deep inelastic scattering, it is not a priori simple to esti-
mate the accuracy of the knowledge of the cross sections at
the time of the measurement. For reactor experiments, on
the other hand, the inverse beta decay cross sections are
well known. Note that Ref. [29] also uses this well-
understood detection reaction for a low-gamma beta
beam, whereas we will use a completely orthogonal
strategy.

Let us, first of all, illustrate what the main requirements
for systematics are. As indicated above, we have tested in
Fig. 3 the impact of a signal normalization error and an
additional tilt error (tilting the shape of the spectrum).
Although the errors are assumed to be rather optimistic
(2.5%), there is a significant impact on the sensitivities at
all baselines, as we expected. Off the oscillation maxima,
as visible in the right panel at large values of Am? where
P,, =~ 0.5sin’20, the signal normalization error oyop, di-
rectly limits the sensitivity to sin?26 = 24230 N0 =
0.076 at 1o (2.3 is the Ax? corresponding to 1o for 2

d=50 m
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degrees of freedom). The tilt error tilts the spectrum line-
arly, and is a first order approximation for a shape error. It
is especially important when the spectral information leads
to a good sensitivity, in particular, for the shorter baselines
(left panel). However, note that this (linear) tilt error cannot
fully take into account the uncertainties in the cross sec-
tions, because the actual deviation may be nonlinear. We
have also tested the impact of backgrounds, energy reso-
lution, and energy threshold. The most important of these
three systematics is the background, where the sensitivity
is basically limited by the product of background level and
background uncertainty. Even for large uncertainties of the
background, such as 20%, this product limits the sensitivity
to about 0.001 X 20% =~ 10~4, which is beyond our expec-
tations in the presence of a normalization uncertainty.

In summary, the signal normalization and shape have to
be either very well known, or very well measured. The first
requirement means that one needs very refined theoretical
models for the cross sections; the second possibility means
that one needs to measure the cross sections very well. We
follow the second approach by considering a setup with
two sets of detectors (cf. Fig. 1):

(1) Near detectors at d = 50 m with mp, = 200 kg.

(2) Far detectors at d = 2000 m with mp, = 32 t.

The signal measured with the near detectors fixes the
normalization and shape of the unoscillated signal (for
small enough Am?). The far detectors are upscaled ver-
sions of the near detectors following Eq. (15), which means
that geometric effects are almost negligible. The near
detectors have optimal sensitivity at a few hundred eV?
(VSBL), whereas the far detectors have optimal sensitivity
at a few eV? (SBL). Note that longer baselines may be even
better for the far detectors, but then the depth difference
between the storage ring and the detectors may become
unrealistically large. On the other hand, for distances much

d=17.7 km

— — No systematics
—— Signal norm.

== Signal norm.
and tilt

Am?

GLoBES 2009

Am?

— — No systematics
—— Signal norm.

«==_Signal norm.
and tilt

N/ N~ -

GLOBES 2009

107° 1072 107"

sin®2¢

107° 107

FIG. 3 (color online).

107° 1072 107" 10°

sin?2¢

107

The effect of different (hypothetical) systematical errors: A signal normalization error of 2.5% and an

additional spectral tilt error of 2.5% have been applied to the exclusion limit for two different detector distances d (90% C.L., 2 d.o.f.).
The dashed curves refer to our ideal detectors; the solid curves include systematics. Here the fiducial mass is fixed to 200 kg; the effect
of averaging over the decay straight is taken into account. Here CPT invariance is assumed.
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shorter than 2 km, one significantly loses sensitivity for
small Am?.

For systematics, we adopt the most conservative point of
view; i.e., we assume that we hardly know anything about
the cross sections, neither the normalization nor the shape,
but that the cross sections are fully correlated among all
detectors measuring the cross sections. Such an error is
often called the “‘shape error” and is uncorrelated among
all bins. In summary, we include the following systematical
errors, similar to the reactor experiments in Ref. [73], and
we have tested their impact (we have switched off system-
atical errors to test their impact):

Shape errors.—uncorrelated among bins and v-7, but
fully correlated among the detectors. These errors include
cross section errors, scintillator or detector material prop-
erties, etc. In addition, flux errors can be included here (the
detectors only measure the product of flux and cross sec-
tion for the disappearance channel). We estimate this error
to be 10%. However, even a larger error does not matter if
both near and far detectors are present, but only errors
considerably smaller than 10~ improve the result signifi-
cantly (which is absolutely unrealistic for this type of
systematics).

Normalization errors.—uncorrelated between the near
and far detectors. These relative normalization errors come
from the knowledge on fiducial mass, detector normaliza-
tion, and analysis cuts (uncorrelated between the detec-
tors). They are typically small if similar detectors are used.
For reactor experiments (Double Chooz [70]), this error is
about 0.6%, which we use as an estimate. We have tested
that there is little dependence on this error unless it can be
reduced to the level of 10™# (then there is a small improve-
ment), if the other systematics is present.

Energy calibration errors.—uncorrelated between the
near and far detectors of the order 0.5% (similar to the
reactor experiments). As we have tested, they are of sec-
ondary importance if all the other systematics are present.

d=50 m
0 FAF s>
— Am?=1eV?
-0.02 R 5
Am“ =10 eV’
- Am?=100 eV?
-0.04 - Am?=1000 eV?

-0.06

Relative effect on bin rate

-0.08

GLoBES 2009

-0.1

0 5 10 15

Bin center energy (GeV)

20 25

FIG. 4 (color online).

Relative effect on bin rate
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Backgrounds.—at the level of 10~3 from neutral current
events etc., known to the level of 20% (a somewhat con-
servative estimate from a neutrino factory). If all the other
errors are present, backgrounds hardly matter.

The effect of electron neutrino disappearance on the
event rates of the individual bins is illustrated in Fig. 4
for the near (left panel) and far (right panel) detectors for
several values of Am?. For relatively small Am?> ~ 1 eV?
(diamond curves), the near-far combination will perform
similar to the reactor experiments with two detectors,
where the near detector measures the shape and the far
detector the oscillation effect. For Am? > 1000 eV? (cf.
triangle curves for comparison), the oscillations average
out in both detectors, and sin%26 can only be constrained to
the level of the shape errors (whereas Am? cannot be
measured). For Am? ~ 100 eV? (box curves), the oscilla-
tion effect will mainly take place in the near detector,
whereas the far detector measures the shape (after averag-
ing). For Am? ~ 10 eV? (star curves), the situation is
the most complicated: there are oscillation effects in both
detectors, which can lead to intricate parameter
correlations.

IV. RESULTS FOR CPT INVARIANCE

All results presented in this section are based on our two-
baseline setup without a refined systematics treatment,
assuming CPT invariance, i.e., the equal electron neutrino
and antineutrino survival probabilities in Eq. (1).

Figure 5 shows the performance of our near-far model
(thick curve), where the effect of using only one set of
detectors (near or far) is shown separately as thin curves. If
only one set of detectors is used, the result will be limited
by the 10% shape errors; i.e., it depends on the assumptions
used. However, if the two sets of detectors are used, the
impact of systematics cancels and the result is very robust
with respect to the assumptions. From the above discus-

d=2 km

-+ Am?=1 eV?

-0.02 Am? =10 eV?
- Am?=100 eV?
—a 2_ 2

0.0 Am®=1000 eV’

-0.06

-0.08

GLoBES 2009

-0.1

0 5 10 15

Bin center energy (GeV)

20 25

Relative effect on the binned (neutrino) event rates for several values of Am?, and sin>26 = 0.1, in the near

(left panel) and far (right panel) detectors. For each energy bin we plotted (R — R,)/R,, where R and R, are the expected rates with

and without oscillations.
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FIG. 5 (color online). Exclusion limit in the sin?20-Am? plane
for our default configuration including systematics (thick solid
curve, 90% C.L., 2 d.o.f.). The thick dashed curve refers to our
ideal detectors (no systematics), with near detectors (ND) and far
detectors (FD) combined. The thin solid curves illustrate the
results for the near (50 m) and far (2 km) detectors if operated
separately, but with full systematics. The effects of averaging
over the decay straights are taken into account. The thin dashed
curve corresponds to the default beta beam setup from Ref. [29]
for comparison. The thin gray/cyan curve is the current limit
from Bugey [74] and CHOOZ [75] (taken from Ref. [16]).

sion, it should be clear that the results in this case do not
depend very much on the actual numbers for the system-
atical errors. Nevertheless, there is a considerable deviation
from the no-systematics case (dashed curve). The improve-
ment towards this hypothetical sensitivity requires a very
good understanding of the cross sections at the level of
sin?26 sensitivity. We have also checked that the perform-
ance cannot even be significantly improved with consid-
erably larger detectors, because of the systematics
limitation (even without the geometric effect of the beam
included).

Figure 5 shows that the sensitivity of a neutrino factory
experiment to (V)SBL », disappearance represents a dra-
matic improvement with respect to the sensitivity of reac-
tor experiments, which is at the level of sin26 ~ 10! at
large values of Am? (cf. thin gray/cyan curve). Moreover,
the neutrino factory measurement with the near-far detec-
tor setup discussed in Sec. III is model independent,
whereas reactor measurements of P;, depend on the cal-
culated flux of 7,’s produced in a reactor. Reactor neutrino
experiments cannot take advantage of the near-far detector
approach to get a model-independent result for (V)SBL v,
disappearance, because for a typical reactor neutrino en-
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ergy of 1 MeV, the oscillation length corresponding to
Am? = 10% eV? is of the order of 1 cm.

It is interesting to note that the near-far detector setup
that we have chosen is sensitive to v, disappearance with
small mixing (sin’20 = 2 X 1073) for values of Am? as
large as 103 eV. The condition for the observation of a
spectral distortion caused by neutrino oscillations is that
the uncertainty of the phase of the oscillations due to the
energy resolution in Eq. (10) is smaller than about 77/2.
One can easily find that this happens for neutrino energies

2
E= [Lm 1L/§ff]2/3y (16)
2mE,

where we have considered the effective baseline in
Eq. (14). Since for the near detector L. =~ 180 m, if
Am? = 10° eV the condition (16) is satisfied for E =
18 GeV. Since for the assumed E,, = 25 GeV the neutrino
energy spectrum extends up to 25 GeV, as shown by the
curve in Fig. 1 of Ref. [67] with off-axis angle § = 0°, the
oscillations are not completely averaged out in the highest-
energy bins. This is illustrated in the left panel of Fig. 4, in
which the line corresponding to Am? = 10° eV has the
constant averaged value 0.5sin’26 — 1 = —0.05 (for the
assumed sin?26 = 0.1) only for E < 10 GeV. Other
curves illustrate the distortion of the event rate spectrum
for smaller values of Am?. One can see that the lower limit
of the sensitivity to Am? of the near detector is about
1 eV?, which instead produces a strong spectral distortion
in the far detector (right panel of Fig. 4).

We also show in Fig. 5 a comparison with the default
setup in Ref. [29] (thin dashed curve). This setup uses a
low-gamma (y = 30) beta beam with inverse beta decay as
a detection interaction, which means that it is not surpris-
ing that our result is about an order of magnitude better.
Compared to Ref. [29], which uses only one detector and
therefore runs in the systematics limitation in the larger
Am? range, we also have very good sensitivity for large
Am?. While both approaches rely on near detectors receiv-
ing neutrinos from a storage ring, they are conceptually
very different: Ref. [29] uses the fact that the inverse beta
decay reaction is well known to control systematics,
whereas we control the shape error with two sets of detec-
tors in the fashion of the new generation of reactor
experiments.

It is interesting to examine not only the sensitivity of our
experimental setup to (V)SBL v, disappearance, which
corresponds to a negative result producing an exclusion
curve as in Fig. 5, but also what the results could be if a
signal is observed, i.e., if v, and 7, disappear.

In Fig. 6, we show three qualitatively different possible
results for the test values of the neutrino oscillation pa-
rameters marked by the diamonds. In the left panel, no
degenerate solutions are present, and the parameters can be
very well measured. There is hardly any effect of the
averaging over the decay straights, as one can read off
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FIG. 6 (color online).

Fits in the sin?26-Am?> plane for three chosen test points marked by the diamonds (1o, 20, 30, 2 d.o.f.). Here

CPT invariance is assumed. Near (50 m) and far (2 km) detectors are used with our systematics model; the effects of averaging over
the decay straights are taken into account. The unshaded contours show the result without averaging over the straights. They are too

small to be visible in the middle panel.

from the differences between the shaded and unshaded
contours, because the far detectors dominate the sensitivity
and oscillations have not yet developed at the near detec-
tors. In the middle panel, we still have an excellent mea-
surement dominated by the near detectors. In this case,
however, the averaging effects over the straights are very
important, and the contours without averaging are hardly
visible. In particular, a degenerate solution appears at a
smaller Am?. In the right panel, we show an even more
extreme case, where only at the 20 confidence level can
sin’26 = 0 be excluded.

V. CPT VIOLATION

In this section we discuss the potentiality of the experi-
mental setup described in Fig. 1, with two pairs of near-far
detectors, to reveal a violation of CPT symmetry, consid-
ering the different electron neutrino and antineutrino sur-
vival probabilities in Egs. (2) and (3) as functions of the
CPT asymmetries in Eq. (5).

Since there are four independent parameters, given by
Egs. (6)—(9), for simplicity we consider three test points
inspired by Refs. [16—18]:

T1: sin226 = 0.05, Am? = 1.8¢eV?, (17)
T2: sin?26 = 0.1, Am? =20 eV?, (18)
T3: sin?26 = 0.1, Am? = 330 eV?, (19)

and acpr = mcpr = 0. We fit the corresponding simulated
data, allowing for nonzero values of acpy and mcpy in
order to explore the sensitivity to the measurement of these
parameters.

Test point T1 is motivated by the best fit of the data of
the Bugey SBL reactor experiment [74], which is compat-

ible with the data of the Chooz reactor experiment [75] and
the neutrino oscillation explanation of the Gallium anom-
aly [16]. Test points T2 and T3 are motivated by a possible
explanation of the MiniBooNE low-energy anomaly
through VSBL v, disappearance, which is compatible
with the neutrino oscillation explanation of the Gallium
anomaly [17,18]. Even if values of Am? larger than about
1 eV? are incompatible with the existing standard cosmo-
logical bound on the sum of neutrino masses [9,76], we
think that it is wise to test such bounds in laboratory
experiments. A violation of the bound may lead to the
discovery of fundamental new physics related to nonstan-
dard cosmological effects.

The best-fit regions for the three test points are shown in
Fig. 7. The dashed curves represent the results without
taking into account the averaging over the decay straights.
Test point T1 (upper row), with a relatively small Am?, is
dominated by the far detectors, whereas in the near detec-
tors (almost) no oscillations are present. Therefore, the
cross sections can be directly reconstructed from the near
detectors, and the fits are very clean. The effects of aver-
aging over the straights are small because the signal is in
the far detectors, which sees a point source. The oscillation
parameters can be measured at the level of 2% (10), and
the CPT invariance can be constrained at the same level.

Test point T3 (lower row of Fig. 7) is dominated by the
short baseline, which means that the averaging effects over
the straights are very important. The longer baseline mea-
sures the product of cross sections and 1 — 0.5sin’26,
which means that Am? can, before the averaging over the
straights (dashed curves), be very well measured compared
to the mixing angle since it remains as a net effect between
the two detectors. Only after the averaging effects can both
oscillation parameters be measured at the level of 1% (10),
and the CPT invariance can be constrained at a similar
level.
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30, 2 d.o.f.). Note that different baselines were chosen for the test points. The dashed curves represent the results without taking into

account the averaging over the decay straights.

Test point T2 (middle row of Fig. 7) shows a compli-
cated case with an intricate interplay between systematics
and oscillation parameter correlations. Since there is an
oscillation effect in both baselines, this case does not
correspond to a classical near-far detector combination.
The a priori excellent precisions for the oscillation pa-
rameters are spoilt by some complicated correlations.
Nevertheless, percent level precisions are possible.

Instead of constraining CPT invariance, we can also
discuss the discovery reach for CPT violation. In this

case, we assume that nature has implemented a small
(positive) acpr or mcpr, and we fit the simulated data
with the fixed parameters acpr = mcpr = 0 (correspond-
ing to CPT invariance), while we marginalize over the
oscillation parameters sin’26 and Am?. We show in
Fig. 8 the discovery reach for CPT violation from acpr
(left panel) or mcpy (right panel) as a function of the true
sin?26 and true Am?. The different contours indicate for
how small (true) values of acpr > 0 (left panel) or mcpy >
0 (right panel) CPT violation will be discovered at the 3o
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True value of sin® 20

Discovery reach for CPT violation from acpy (left panel) or mqpr (right panel) as a function of the true sin’26

and true Am?. The different contours indicate for how small (true) values of acpr > 0 (left panel) or mepy > 0 (right panel) CPT
violation will be discovered at the 3o confidence level, as labeled at the contours. The dashed curves show the result if the averaging

over the decay straights is not taken into account.

confidence level, as labeled at the contours. The dashed
curves show the result if the averaging over the decay
straights is not taken into account.

From Fig. 8, CPT violation may be discovered even if it
is as small as 1073, provided that sin?26 is large enough.
However, even for very small sin’26, a CPT violation of
order unity is testable with our setup. Note that for larger
Am? and especially for mcpr, the averaging over the decay
straights strongly reduces the performance (by about 1
order of magnitude).

In Ref. [18], a difference of AT =P, —P,, =
—0.17+239 at 90% C.L. was identified as the asymmetry
between the electron neutrino and antineutrino VSBL dis-
appearance probabilities, which can explain the Gallium
radioactive source experiments anomaly [14] and the
MiniBooNE low-energy anomaly [13] without conflicting
with the absence of 7, disappearance in reactor neutrino
experiments (see Ref. [77]). It is interesting to investigate if
such CPT violation can be measured in a neutrino factory
experiment with the near-far pairs of detectors that we have
considered so far.

Since in Ref. [18] Am? was considered to be large, in the
range

20 eV2 < Am? < 330 eV?, (20)
the neutrino and antineutrino survival probabilities were
assumed to be averaged, leading to ASST = 0.5(sin?26; —
sin®26,). In this case, the asymmetry acpy is given by

1 —2ACPT
acpr = — arcsin( i ) (21)

460 sin4@

Since |acpr| = 1, the mixing angle has a lower limit which

depends on the value of ASF”. Moreover, since | sin46| < 1

and 0 < 7/2, |lacpr| also has a lower limit, plotted in
Fig. 9 for ASPT < —0.08, which is the 95% C.L. limit
found in Ref. [18]. One can see that the bound on AS/”
implies that sin’20 =4 X 1072 and |acpr| = 0.10.
Confronting these values with the left panel in Fig. 8,
and taking into account the fact that we consider the large
values of Am? in the range (20), it is clear that the CPT
violation required by ASPT < —0.08 will be easily discov-
ered in a neutrino factory experiment with the near-far
pairs of detectors that we have considered.

lacer]

1

0.0

107" 1
sin®20

FIG. 9. Lower limit for |acpy| obtained from Eq. (21) with
ASPT < —(.08, which is the 95% C.L. limit found in Ref. [18].
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VI. SUMMARY AND CONCLUSIONS

In this work we have discussed the potentiality of testing
SBL (with 107! = Am?; =< 10 eV?) and VSBL (with
10 < Am3qp =< 10° eV?) electron neutrino disappear-
ance in a neutrino factory experiment, based on the current
setup of the International Design Study for the Neutrino
Factory [63]. Since this setup uses both muon and anti-
muon decays, a possible difference between the neutrino
and antineutrino disappearance can be studied, which
could constitute a revolutionary discovery of CPT
violation.

We showed that for these purposes the ideal configura-
tion would be two pairs of near-far detectors (shown in
Fig. 1), in a similar fashion to reactor experiments with
near and far detectors (Double Chooz [70], Daya-Bay [71],
etc.), to cancel systematics. The near detectors are chosen
to be at a distance of about 50 m from the muon storage
ring, in order to be sensitive to oscillations due to a Am? as
large as about 103 eV?. For the far detectors an appropriate
distance from the muon storage ring is about 2 km, which
gives a good sensitivity to oscillations generated by a Am?
as small as about 10~! eV?2. In this way, it is possible to
explore (V)SBL v, and », disappearance with effective
oscillation amplitude sin?26 as small as about 1073 for
Am? = 1 eV? (see Fig. 5), taking advantage of the com-
parison of the event rates measured in the near and far
detectors, which reduces dramatically the systematic un-
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certainties due to insufficient knowledge of the cross sec-
tions (see the discussion in Sec. III).

‘We have also shown, in Sec. V, that the chosen detector
setup provides a good sensitivity to the measurement of a
difference of the rates of v, and 7, disappearance which
would be a signal of CPT violation. For instance, our setup
is sensitive to an asymmetry between the neutrino and
antineutrino mass squared differences at the level of up
to 1073, depending on the value of the mixing angle. Let us
emphasize that a discovery of CPT violation would repre-
sent a revolution in our knowledge of fundamental physics,
because the CPT symmetry is a fundamental symmetry of
local relativistic quantum field theory. Therefore, pursuing
this line of investigation is of fundamental importance.
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