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Lorentz violation
• Lorentz violation CPT violation はプランクスケールの物理で起こること
が予測されている

• ひも理論、余剰次元、etc

• 測定したいけど、難しい
• プランクスケール : O(~1e19GeV)の物理

• 超高エネルギーの加速器の建設→難しい
• 宇宙物理ならいけそうな気がする
• 我々のエネルギー領域(~GeV)では、1e19程度抑制

• 超精密測定→十分期待できる
• なるべく、Standard Modelに準ずる枠組みで解析したい

• Spontaneous Lorentz violation (SLSB), Standard Model Extension (SME)
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Figure 1: Spontaneous symmetry violation. In conventional electromagnetism
(1), the lowest-energy state is attained for zero !E and !B fields. The vacuum
remains essentially field free. For the Higgs-type field (2), interactions lead to
an energy density V (φ) that forces a non-vanishing value of φ in the ground
state. The vacuum is filled with a scalar condensate shown in gray. CPT
and Lorentz invariance still hold (other, internal symmetries may be violated
though). Vector fields occurring, for example, in string theory (3) can exhibit
interactions similar to those of the Higgs requiring a nonzero field value in the
lowest-energy state. The VEV of a vector field selects a preferred direction in
the vacuum, which violates Lorentz and possibly CPT symmetry.
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Spontaneous Lorentz Symmetry Breaking (SLSB)

• Lorentz violationをなるべく自然に導入→Spontaneous Symmetry 

Breaking (SSB)をベース

Spontaneous Symmetry Breaking (SSB)

Electromagnetic field

基底状態: E=B=0 

→ 真空期待値=0

Higgle field (Higgs scalar Φ) メキシカンハット型ポテンシャル
→ 自発的対称性の破れ

真空期待値<Φ>=±λ (scalar)

Spontaneous CPT and Lorentz breaking. The mechanism of spon-

taneous symmetry violation is well established in various subfields of physics,

such as the physics of elastic media, condensed-matter physics, and elementary-

particle theory. From a theoretical viewpoint, this mechanism is very attractive

because the invariance is essentially violated through a non-trivial ground-state

solution. The underlying dynamics of the system, which is governed by the

hamiltonian, remains completely invariant under the symmetry. To gain in-

tuition about spontaneous Lorentz and CPT violation, we will consider three

sample systems, whose features will gradually lead us to a better understanding

of the effect. Figure 1 contains an illustration supporting these three examples.

We first look at classical electrodynamics. Any electromagnetic-field con-

figuration is associated with an energy density V ( !E, !B), which is given by

V ( !E, !B) = 1
2

(

!E2 + !B2
)

. (2)

Here, we have employed natural units, and !E and !B denote the electric and

magnetic fields, respectively. Equation (2) determines the field energy of any

given solution of the Maxwell equations. Note that if the electric field, or the

magnetic field, or both are nonzero in some spacetime region, the energy stored

in these fields will be strictly positive. The field energy can only vanish when

both !E and !B are zero everywhere. The ground state (or vacuum) is usually

identified with the lowest-energy configuration of a system. We see that in

conventional electromagnetism the configuration with the lowest energy is the

field-free one, so that the Maxwell vacuum is empty (disregarding Lorentz- and

CPT-symmetric quantum fluctuations).

Second, let us consider the Higgs field, which is part of the phenomeno-

logically very successful Standard Model of particle physics. As opposed to

the electromagnetic field, the Higgs field is a scalar. In what follows, we may

adopt some simplifications without distorting the features important in the

present context. The expression for the energy density of our Higgs scalar φ in

situations with spacetime independence is given by

V (φ) = (φ2 − λ2)2 . (3)

Here, λ is a constant. As in the electrodynamics case discussed above, the

lowest possible field energy is zero. Note, however, that this configuration

requires φ to be non-vanishing: φ = ±λ. It therefore follows that the vacuum
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• プランクスケールでは、スカラー場でなく、ベクトル場に依存する
ポテンシャル (例: ひも理論はスカラーではなく、ベクトル場から構成)

Figure 1: Spontaneous symmetry violation. In conventional electromagnetism
(1), the lowest-energy state is attained for zero !E and !B fields. The vacuum
remains essentially field free. For the Higgs-type field (2), interactions lead to
an energy density V (φ) that forces a non-vanishing value of φ in the ground
state. The vacuum is filled with a scalar condensate shown in gray. CPT
and Lorentz invariance still hold (other, internal symmetries may be violated
though). Vector fields occurring, for example, in string theory (3) can exhibit
interactions similar to those of the Higgs requiring a nonzero field value in the
lowest-energy state. The VEV of a vector field selects a preferred direction in
the vacuum, which violates Lorentz and possibly CPT symmetry.

for a system containing a Higgs-type field is not empty; it contains, in fact,

a constant scalar field φvac ≡ 〈φ〉 = ±λ. In quantum physics, the quantity

〈φ〉 is called the vacuum expectation value (VEV) of φ. One of the physical

effects caused by the VEV of the Standard-Model Higgs is to give masses to

many elementary particles. We remark that 〈φ〉 is a scalar and does not select

a preferred direction in spacetime.

We finally take a look at a vector field #C (the relativistic generalization

is straightforward) not contained in the Standard-Model. Clearly, there is no

observational evidence for such a field at the present time, but fields like #C

frequently arise in approaches to more fundamental physics. In analogy to the

Higgs case, we take its expression for energy density in cases with constant #C

to be

V (#C) = (#C2 − λ2)2 . (4)

Just as in the previous two examples, the lowest-possible energy is exactly

zero. As for the Higgs, this lowest energy configuration requires a nonzero #C.

More specifically, we must demand #Cvac ≡ 〈#C〉 = #λ, where #λ is any constant

vector satisfying #λ2 = λ2. Again, the vacuum does not remain empty, but

it contains the VEV of our vector field. Because we have only considered

constant solutions #C, 〈#C〉 is also spacetime independent (x dependence would

lead to positive definite derivative terms in Eq. (4) raising the energy density).

The true vacuum in the above model therefore contains an intrinsic direction

determined by 〈#C〉 violating rotation invariance and thus Lorentz symmetry.

We remark that interactions leading to energy densities like those in Eq. (4)

are absent in conventional renormalizable gauge theories, but can be found in

the context of strings, for example.

Spacetime-dependent scalars. A varying scalar, regardless of the

mechanism driving the variation, typically implies the breaking of spacetime-

translation invariance. 5) In Sec. 2 we have argued that translations and Lorentz

transformations are closely linked in the Poincaré group, so that translation-

symmetry violation typically leads to Lorentz breakdown. In the remainder of

this section, we will focus on an explicit example for this effect.

Consider a system with a varying coupling ξ(x) and scalar fields φ and Φ,

such that the lagrangian L contains a term ξ(x) ∂µφ∂µΦ. We may integrate the

action for this system by parts (e.g., with respect to the first partial derivative

in the above term) without affecting the equations of motion. An equivalent

基底状態
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symmetry violation typically leads to Lorentz breakdown. In the remainder of

this section, we will focus on an explicit example for this effect.

Consider a system with a varying coupling ξ(x) and scalar fields φ and Φ,

such that the lagrangian L contains a term ξ(x) ∂µφ∂µΦ. We may integrate the

action for this system by parts (e.g., with respect to the first partial derivative

in the above term) without affecting the equations of motion. An equivalent

for a system containing a Higgs-type field is not empty; it contains, in fact,

a constant scalar field φvac ≡ 〈φ〉 = ±λ. In quantum physics, the quantity

〈φ〉 is called the vacuum expectation value (VEV) of φ. One of the physical

effects caused by the VEV of the Standard-Model Higgs is to give masses to

many elementary particles. We remark that 〈φ〉 is a scalar and does not select

a preferred direction in spacetime.

We finally take a look at a vector field #C (the relativistic generalization

is straightforward) not contained in the Standard-Model. Clearly, there is no

observational evidence for such a field at the present time, but fields like #C

frequently arise in approaches to more fundamental physics. In analogy to the

Higgs case, we take its expression for energy density in cases with constant #C

to be

V (#C) = (#C2 − λ2)2 . (4)

Just as in the previous two examples, the lowest-possible energy is exactly

zero. As for the Higgs, this lowest energy configuration requires a nonzero #C.

More specifically, we must demand #Cvac ≡ 〈#C〉 = #λ, where #λ is any constant

vector satisfying #λ2 = λ2. Again, the vacuum does not remain empty, but

it contains the VEV of our vector field. Because we have only considered

constant solutions #C, 〈#C〉 is also spacetime independent (x dependence would

lead to positive definite derivative terms in Eq. (4) raising the energy density).

The true vacuum in the above model therefore contains an intrinsic direction

determined by 〈#C〉 violating rotation invariance and thus Lorentz symmetry.

We remark that interactions leading to energy densities like those in Eq. (4)

are absent in conventional renormalizable gauge theories, but can be found in

the context of strings, for example.

Spacetime-dependent scalars. A varying scalar, regardless of the

mechanism driving the variation, typically implies the breaking of spacetime-

translation invariance. 5) In Sec. 2 we have argued that translations and Lorentz

transformations are closely linked in the Poincaré group, so that translation-
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Figure 2: Lorentz violation through varying scalars. The background shade of
gray corresponds to the value of the scalar: the lighter regions are associated
with smaller values of the scalar. The gradient represented by the black arrows
picks a preferred direction in the vacuum. It follows that Lorentz invariance is
violated.

lagrangian L′ would then be

L′ ⊃ −Kµφ∂µΦ . (5)

Here, Kµ ≡ ∂µξ is an external nondynamical 4-vector, which selects a preferred

direction in spacetime violating Lorentz symmetry. Note that for variations of ξ

on cosmological scales, Kµ is constant locally to an excellent approximation—

say on solar-system scales.

Intuitively, the violation of Lorentz symmetry in the presence of a vary-

ing scalar can be understood as follows. The 4-gradient of the scalar must be

nonzero in some spacetime regions. This 4-gradient then selects a preferred

direction in such regions (see Fig. 2). Consider, for instance, a particle that

interacts with the scalar. Its propagation properties might be different in the

directions parallel and perpendicular to the gradient. But physically inequiv-

alent directions imply the violation of rotation invariance. Since rotations are

contained in the Lorentz group, Lorentz symmetry must be broken.

4 The Standard-Model Extension

To determine general low-energy manifestations of CPT and Lorentz viola-

tion and to identify specific experimental signatures for these effects, a suitable

test model is needed. Many Lorentz tests are motivated and analyzed in purely

kinematical frameworks allowing for small violations of Lorentz invariance. Ex-

SpaceTime dependent Scalar の例 : スカラー場に濃淡をつける

4次元の傾き(淡→濃) = 好まれる方向
粒子がこのスカラー場と相互作用する際、
この方向に垂直か平行かで変わってくる

(実際の理論(宇宙の成り立ち)では、SLSB → SSB の順番で起こるらしい)

Spontaneous Lorentz Symmetry Breaking (SLSB)

(Constant)

- Varying coupling ξ(x), scalar field φ and Φ
- Lagrangian contains “ξ(x)∂µφ∂µΦ”
→(部分積分) : “∂µξ(x)φ∂µΦ”
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• 宇宙を満たす真空ベクトル場と粒子(SM particle)の相互作用をチェック

• 物理観測量の地球の自転周期に対する依存性を調べる
• 地球自転周期 = 恒星時間(Sidereal time)周期 = 23h56m4.1s (<24h)

PM 6:00 
 
AM 6:00 

Scientific American (Sept. 2004) 

例) 朝(AM 6:00)と夕方(± 6:00)に測定した
(超精密な)物理量(例: 原子の超微細構造)

が異なっているかもしれない。

→ 宇宙の指向性、Lorentz violationに繋がる

Spontaneous Lorentz Symmetry Breaking (SLSB)
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2 T. Katori

arise from the spontaneous symmetry breaking (SSB) triggered by a Higgs field
with a nonzero vacuum expectation value. In this way, mass terms are dynamically
generated and they do not exist before SSB. Consequently, the SM does not have
to violate gauge symmetry where mass terms would necessarily do so.

Figure 1 illustrates this situation.3 The theory starts from perfect symmetry and
the vacuum is true null space (Fig. 1a). After the SSB, the vacuum is saturated by a
scalar Higgs field φ, and the particles obtain mass terms (Fig. 1b). This idea can be
extended to a vector field (Fig. 1c). The ultra-high-energy theories, such as Planck-
scale physics theories, have many Lorentz vector fields (or, more generally, Lorentz
tensor fields). When the universe cools, if any of them acquire nonzero vacuum
expectation values, then the vacuum can be saturated with vector fields. (Fig. 1d).
Note that, theoretically, SLSB is conceived to occur earlier than the SSB of the SM,
unlike this cartoon. Such vector fields are the background fields of the universe, and
they are fixed in space; couplings with the SM fields generate interaction terms in
the vacuum.

!L = iψγµ∂
µψ̄ +mψψ̄ + ψγµa

µψ̄ + ψγµc
µν∂ν ψ̄ + · · · .

In this expression, the coefficients aµ and cµν represent vacuum expectation
values of vector and tensor fields, and they correspond to background fields that fill
the universe. The crucial observation is that, since these Lorentz tensors are fixed
in space and time, they cause direction-dependent physics. In particular, rotation
of the Earth (period 86164.1 sec) causes sidereal time dependent physics for any
terrestrial measurement if the SM fields couple with Lorentz-violating background
fields. Therefore, the smoking gun of Lorentz violation is to find a sidereal time
dependence in any physics observable.

2. What is Lorentz and CPT violation?

We introduce Lorentz violation as coupling terms between ordinary SM fields and
background fields in the universe. They are Lorentz scalars of the coordinate trans-
formation; however since background fields are fixed in space, motion of the SM
particles generates coordinate-dependent physics.

The situation is illustrated in Figure 2. The top cartoon (Fig. 2a) shows our
setting: a SM particle is moving in two-dimensional space, from bottom to top, as
seen by the local observer (Einstein). The space is filled with a hypothetical Lorentz-
violating background field, aµ (depicted by arrows). There are two ways to move
this particle from left to right for the local observer: Particle Lorentz transformation
and Observer Lorentz transformation.

2.1. Particle Lorentz transformation

The first one is Particle Lorentz transformation, where the motion of a SM particle
is actively transformed in the fixed coordinate system (Fig. 2b). Since the back-

真空ベクトル場
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Lorentz trans. under vacuum vector field
• 宇宙の真空に指向性があると、Lorentz transformationはどうなるか

y 

x 

y 

x 

y 

x 

SM particle 
(moving)

Background 
vector field (in 

fixed coordinate)

Observer

(1) 粒子を変換(Particle Lorentz trans.)

ベクトル場との関係
性が変化
→ Particle 
Lorentz violation

(2) 観測者の系を変換(Observer Lorentz trans.)

ベクトル場との
関係性は不変
→ Lorentz 
symmetry
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Standard Model Extension
• Standard Modelに真空”ベクトル場”との相互作用(Particle Lorentz 

violation)の摂動項を追加したもの

ニュートリノ物理に関する最小限のSMEラグランジアン

August 14, 2012 0:36 WSPC/INSTRUCTION FILE LV˙review˙v6

Tests of Lorentz and CPT violation with MiniBooNE neutrino oscillation excesses 7

ited to the renormalizable sector, called the minimal SME. For example, under the
minimal SME, the effective Lagrangian for neutrinos can be written as,9

L =
1

2
iψ̄AΓµ

AB

↔

Dµ ψB − ψ̄AMABψB + h.c., (1)

Γν
AB ≡ γνδAB + cµνABγµ + dµνABγ5γµ + eνAB + ifν

ABγ5 +
1

2
gλµνAB σλµ, (2)

MAB ≡ mAB + im5ABγ5 + aµABγµ + bµAB +
1

2
Hµν

ABσµν . (3)

Here, the AB subscripts represent Majorana basis flavor space (6 × 6 for con-
vention). The first term of Eq. 2 and the first and second terms of Eq. 3 are the
only nonzero terms in the SM, and the rest of the terms are from the SME. As we
see, these SME coefficients can be classified into two groups (Sec. 2.3), namely eµAB,
fµ
AB, g

µνλ
AB , aµAB, and bµAB which are CPT-odd SME coefficients, and cµνAB, d

µν
AB, and

Hµν
AB which are CPT-even SME coefficients.

3.3. Lorentz-violating neutrino oscillations

Once we have a suitable formalism, such as the SME, we are ready to write down
physical observables. The effective Hamiltonian relevant for the ν − ν oscillations
can be written, 9

(heff)ab ∼
1

|&p|
[(aL)

µpµ − (cL)
µνpµpν ]ab (4)

Here, (aL)
µ
ab ≡ (a+ b)µab and (cL)

µν
ab ≡ (c+d)µνab . Note that we drop the neutrino

mass term since the standard neutrino mass term is negligible for short baseline
neutrino oscillation experiments, such as MiniBooNE.

Solutions of this Hamiltonian have very rich physics, but for our purpose, we
restrict ourselves to short-baseline νµ − νe (ν̄µ − ν̄e) oscillation phenomena. By
assuming the baseline is short enough compared to the oscillation length, the νµ−νe
oscillation probability can be written as follows, 16

Pνµ→νe %
L2

(!c)2
| (C)eµ + (As)eµ sinω⊕T⊕ + (Ac)eµ cosω⊕T⊕

+(Bs)eµ sin 2ω⊕T⊕ + (Bc)eµ cos 2ω⊕T⊕ |2. (5)

Here, ω⊕ stands for the sidereal time angular frequency (ω⊕ = 2π
86164.1 rad/s),

as opposed to the solar time angular frequency (ω$ = 2π
86400.0 rad/s). The neutrino

oscillation is described by the function of the sidereal time T⊕, with the sidereal time
independent amplitude (C)eµ, and the sidereal time dependent amplitudes, (As)eµ,
(Ac)eµ, (Bs)eµ, and (Bc)eµ. Therefore, an analysis of Lorentz and CPT violation in
neutrino oscillation data involves fitting the data with Eq. 5 to find nonzero sidereal
time dependent amplitudes.

A,B : Majorana basis 
flavor space (6×6)

Nonzero term in SM Additional SME term

August 14, 2012 0:36 WSPC/INSTRUCTION FILE LV˙review˙v6

Tests of Lorentz and CPT violation with MiniBooNE neutrino oscillation excesses 7

ited to the renormalizable sector, called the minimal SME. For example, under the
minimal SME, the effective Lagrangian for neutrinos can be written as,9

L =
1

2
iψ̄AΓµ

AB

↔

Dµ ψB − ψ̄AMABψB + h.c., (1)

Γν
AB ≡ γνδAB + cµνABγµ + dµνABγ5γµ + eνAB + ifν

ABγ5 +
1

2
gλµνAB σλµ, (2)

MAB ≡ mAB + im5ABγ5 + aµABγµ + bµAB +
1

2
Hµν

ABσµν . (3)

Here, the AB subscripts represent Majorana basis flavor space (6 × 6 for con-
vention). The first term of Eq. 2 and the first and second terms of Eq. 3 are the
only nonzero terms in the SM, and the rest of the terms are from the SME. As we
see, these SME coefficients can be classified into two groups (Sec. 2.3), namely eµAB,
fµ
AB, g

µνλ
AB , aµAB, and bµAB which are CPT-odd SME coefficients, and cµνAB, d

µν
AB, and

Hµν
AB which are CPT-even SME coefficients.

3.3. Lorentz-violating neutrino oscillations

Once we have a suitable formalism, such as the SME, we are ready to write down
physical observables. The effective Hamiltonian relevant for the ν − ν oscillations
can be written, 9

(heff)ab ∼
1

|&p|
[(aL)

µpµ − (cL)
µνpµpν ]ab (4)

Here, (aL)
µ
ab ≡ (a+ b)µab and (cL)

µν
ab ≡ (c+d)µνab . Note that we drop the neutrino

mass term since the standard neutrino mass term is negligible for short baseline
neutrino oscillation experiments, such as MiniBooNE.

Solutions of this Hamiltonian have very rich physics, but for our purpose, we
restrict ourselves to short-baseline νµ − νe (ν̄µ − ν̄e) oscillation phenomena. By
assuming the baseline is short enough compared to the oscillation length, the νµ−νe
oscillation probability can be written as follows, 16

Pνµ→νe %
L2

(!c)2
| (C)eµ + (As)eµ sinω⊕T⊕ + (Ac)eµ cosω⊕T⊕

+(Bs)eµ sin 2ω⊕T⊕ + (Bc)eµ cos 2ω⊕T⊕ |2. (5)

Here, ω⊕ stands for the sidereal time angular frequency (ω⊕ = 2π
86164.1 rad/s),

as opposed to the solar time angular frequency (ω$ = 2π
86400.0 rad/s). The neutrino

oscillation is described by the function of the sidereal time T⊕, with the sidereal time
independent amplitude (C)eµ, and the sidereal time dependent amplitudes, (As)eµ,
(Ac)eµ, (Bs)eµ, and (Bc)eµ. Therefore, an analysis of Lorentz and CPT violation in
neutrino oscillation data involves fitting the data with Eq. 5 to find nonzero sidereal
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SME coefficient (a,b,c,d,e,f,g) symmetry
- CPT-odd & Lorentz-violation : a, b, e, f, g (vector)
- CPT-even & Lorentz-violation : c,d, H (tensor)

場の理論で、一般的に“CPT violationがあると、Lorentz violationが起こる (CPT 

violationはLorentz violationの十分条件)” (O. W. Greenberg)と矛盾しない
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スリット光源 干渉模様

Lorentz violationとニュートリノ振動
• Lorentz violationに対して高い感度の実験が期待できる

(乱暴ですが)ニュートリノ振動を二重スリットの干渉として考える
ニュートリノ振動でフレーバーが変わる
のをを二重スリットの干渉の結果として
解釈する

元々のνμのν1とν2の干渉具合が、何らか
の相互作用(ν1とν2の郡速度が変化)によ
って変わり、新しい混ざり具合νeになる

地球の自転位置によって真空ベクトル場の向きが変わるので、
恒星時間によって、ニュートリノ振動の位相が変わる

位相差 ~ Δm2 / Energy ~ 1e-21 GeV (@1GeV neutrino)

→ プランクスケールの物理に感度あり！

(厳密には郡速度の違いで
は振動は起きない)

912年10月9日火曜日



Lorentz violation測定: 座標系
• 座標系：太陽中心座標系 (この業界では一般的)
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Z軸: 地球の自転軸
X軸: 秋分点の方向
Y軸: 右手系座標になるように選択

真空ベクトル場は太陽系内で均一と仮定
理由: 

真空スカラー場は地球でも遠方の星でも不変
(星の燃焼メカニズム)

→真空ベクトル場も同程度で均一といっても
おかしくない

MiniBooNE  

MI12  

Fermilab Google© map  

541m 

MiniBooNE beamline 

Neutrino beam line is described in 
Sun-centered coordinate
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Lorentz violation測定:ニュートリノ振動
• Effective Hamiltonian for νa→νb w/ SME coefficient (aL, cL)

- p : momentum
- (For anti-neutrino, 
CPT-odd aL → -aL)

• “Neutrino oscillation” probability (ex:shot-baseline → neutrino mass term negligible)

sidereal frequency 
 
sidereal time  

ω⊕ =
2π

23h56m4.1s
T⊕

Solar time : 24h 00m 0.0s
Sidereal time : 23h 56m 4.1s
→ 3m55.9s diff.
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Tests of Lorentz and CPT violation with MiniBooNE neutrino oscillation excesses 7

ited to the renormalizable sector, called the minimal SME. For example, under the
minimal SME, the effective Lagrangian for neutrinos can be written as,9

L =
1

2
iψ̄AΓµ

AB

↔

Dµ ψB − ψ̄AMABψB + h.c., (1)

Γν
AB ≡ γνδAB + cµνABγµ + dµνABγ5γµ + eνAB + ifν

ABγ5 +
1

2
gλµνAB σλµ, (2)

MAB ≡ mAB + im5ABγ5 + aµABγµ + bµAB +
1

2
Hµν

ABσµν . (3)

Here, the AB subscripts represent Majorana basis flavor space (6 × 6 for con-
vention). The first term of Eq. 2 and the first and second terms of Eq. 3 are the
only nonzero terms in the SM, and the rest of the terms are from the SME. As we
see, these SME coefficients can be classified into two groups (Sec. 2.3), namely eµAB,
fµ
AB, g

µνλ
AB , aµAB, and bµAB which are CPT-odd SME coefficients, and cµνAB, d

µν
AB, and

Hµν
AB which are CPT-even SME coefficients.

3.3. Lorentz-violating neutrino oscillations

Once we have a suitable formalism, such as the SME, we are ready to write down
physical observables. The effective Hamiltonian relevant for the ν − ν oscillations
can be written, 9

(heff)ab ∼
1

|&p|
[(aL)

µpµ − (cL)
µνpµpν ]ab (4)

Here, (aL)
µ
ab ≡ (a+ b)µab and (cL)

µν
ab ≡ (c+d)µνab . Note that we drop the neutrino

mass term since the standard neutrino mass term is negligible for short baseline
neutrino oscillation experiments, such as MiniBooNE.

Solutions of this Hamiltonian have very rich physics, but for our purpose, we
restrict ourselves to short-baseline νµ − νe (ν̄µ − ν̄e) oscillation phenomena. By
assuming the baseline is short enough compared to the oscillation length, the νµ−νe
oscillation probability can be written as follows, 16

Pνµ→νe %
L2

(!c)2
| (C)eµ + (As)eµ sinω⊕T⊕ + (Ac)eµ cosω⊕T⊕

+(Bs)eµ sin 2ω⊕T⊕ + (Bc)eµ cos 2ω⊕T⊕ |2. (5)

Here, ω⊕ stands for the sidereal time angular frequency (ω⊕ = 2π
86164.1 rad/s),

as opposed to the solar time angular frequency (ω$ = 2π
86400.0 rad/s). The neutrino

oscillation is described by the function of the sidereal time T⊕, with the sidereal time
independent amplitude (C)eµ, and the sidereal time dependent amplitudes, (As)eµ,
(Ac)eµ, (Bs)eµ, and (Bc)eµ. Therefore, an analysis of Lorentz and CPT violation in
neutrino oscillation data involves fitting the data with Eq. 5 to find nonzero sidereal
time dependent amplitudes.

“Sidereal time independent param.” と “time 

dependent param.” の計5つをフィットして求める

August 14, 2012 0:36 WSPC/INSTRUCTION FILE LV˙review˙v6

8 T. Katori

In terms of the coefficients for Lorentz violation, these amplitudes are explicitly
given by,

(C)eµ = (C(0))eµ + E(C(1))eµ

(As)eµ = (A(0)
s )eµ + E(A(1)

s )eµ

(Ac)eµ = (A(0)
c )eµ + E(A(1)

c )eµ (6)

(Bs)eµ = E(B(1)
s )eµ

(Bc)eµ = E(B(1)
c )eµ

(C(0))eµ = (aL)
T
eµ + N̂Z(aL)

Z
eµ

(C(1))eµ = −
1

2
(3− N̂ZN̂Z)(cL)

TT
eµ + 2N̂Z(cL)

TZ
eµ +

1

2
(1 − 3N̂ZN̂Z)(cL)

ZZ
eµ

(A(0)
s )eµ = N̂Y (aL)

X
eµ + N̂X(aL)

Y
eµ

(A(1)
s )eµ = −2N̂Y (cL)

TX
eµ + 2N̂X(cL)

TY
eµ + 2N̂Y N̂Z(cL)

XZ
eµ − 2N̂XN̂Z(cL)

Y Z
eµ

(A(0)
c )eµ = −N̂X(aL)

X
eµ + N̂Y (aL)

Y
eµ (7)

(A(1)
c )eµ = 2N̂X(cL)

TX
eµ + 2N̂Y (cL)

TY
eµ − 2N̂XN̂Z(cL)

XZ
eµ − 2N̂Y N̂Z(cL)

Y Z
eµ

(B(1)
s )eµ = N̂XN̂Y ((cL)

XX
eµ − (cL)

Y Y
eµ )− (N̂XN̂X − N̂Y N̂Y )(cL)

XY
eµ

(B(1)
c )eµ = −

1

2
(N̂XN̂X − N̂Y N̂Y )((cL)

XX
eµ − (cL)

Y Y
eµ )− 2N̂XN̂Y (cL)

XY
eµ

Here, the N̂X , N̂Y , and N̂Z are the direction vectors of the neutrino beam
in the Sun-centered coordinates (Sec. 3.1). The components are described with a
co-latitude χ of detector location in the Earth-centered system (Fig. 3b), and the
zenith and azimuthal angles θ and φ of the local beam system. (Fig. 3c):







N̂X

N̂Y

N̂Z






=





cosχ sin θ cosφ+ sinχ cos θ
sin θ sinφ

− sinχ sin θ cosφ+ cosχ cos θ



 (8)

For the antineutrino oscillation analysis, one needs to switch the sign of aL
according to CPT-odd nature of CPT-odd coefficients (aL → −aL).

In the reality of the analysis, fitting five parameters using Eq. 5 is not easy.
Therefore, we also consider the following three-parameter model, by setting (Bs)eµ
and (Bc)eµ to be zero by hand. This model, Eq. 9, can be motivated, for example,
by assuming nature only has CPT-odd SME coefficients.

Pνµ→νe #
L2

(!c)2
|(C)eµ + (As)eµ sinω⊕T⊕ + (Ac)eµ cosω⊕T⊕|2. (9)実際には簡単な右式の3

パラメータの場合も使う → Assuming nature only has CPT-odd SME coefficients

A~C : aL, cL combination

!A" t;x! #!! d3p
"2$#3

!A" t;p! #eip•! x! ,

!A" t;p! #!bA" t;p! #uL"p! #""Cd #A" t;p! #uR"p! #

""Cb #A*" t;#p! #vR"#p! #

"dA*" t;#p! #vL"#p! #. "10#

This is chosen to satisfy explicitly the charge-conjugation
condition !A

C!CAB!B . The spinor basis %uL(p! ),uR(p! ),
vR(#p! ),vL(#p! )& obeys the usual relations for massless fer-
mions, with vR ,L(p! )!Cu L ,R

T (p! ). It has eigenvalues of the
helicity operator '5'

0'! •p! /"p! " given by %# ," ,# ,"& and
eigenvalues of the chirality operator '5 given by %# ," ," ,
#&. For simplicity, we normalize with u(

†u)!v(
†v)!*()

for ( ,)!L ,R . The definition "10# implies that the ampli-
tudes be ,+ ,, may be approximately identified with active neu-
trinos and de ,+ ,, with active antineutrinos. The remaining
amplitudes beC,+C,,C and deC,+C,,C cover the space of sterile
right-handed neutrinos, but a simple identification with fla-
vor neutrinos and antineutrinos would be inappropriate in
view of their large mass.
In the mass-diagonal Majorana basis, we restrict attention

to the propagating states consisting of the light neutrinos.
Taking the Hamiltonian in this basis

Ha!b!"p! #!'0"'! •p! "m (a!)#*a!b!"*Ha!b!"p! #, "11#

and applying it to !b!(t;p! )!Ub!B!B(t;p! ) yields the equa-

tions of motion in terms of the amplitudes b and d. The result
takes the form of the matrix equation

- i*a!b!.0#Ha!b!"p! #/# bb!" t;p! #

db!" t;p! #

bb!
* " t;#p! #

db!
* " t;#p! #

$ !0, "12#

where for convenience we have defined bb!!Vb!BbB and
db!!Vb!B

* dB , and where Ha!b! is the spinor-decomposed
form of Ha!b! .
The propagation of kinematically allowed states is com-

pletely determined by the amplitudes ba! and da! . However,
for purposes of comparison with experiment it is convenient
to express the result using the amplitudes associated with
active neutrinos, be ,+ ,, and de ,+ ,, . The relevant calculation
is somewhat lengthy and is deferred to Appendix A. It as-
sumes that the submatrix Va!a is unitary, and it neglects
terms that enter as small masses m (a!) multiplied by coeffi-
cients for Lorentz violation, since these are typically sup-
pressed. The calculation reveals that the time evolution of the
active-neutrino amplitudes is given by the equation

# ba" t;p! #

da" t;p! #
$ !exp"#ihefft #ab# bb"0;p! #

db"0;p! #
$ , "13#

where heff is the effective Hamiltonian describing flavor neu-
trino propagation. To leading order, it is given by

"heff#ab!"p! "*ab# 1 0
0 1 $ "

1
2"p! "# "m̃2#ab 0

0 "m̃2#ab*
$

"
1

"p! "
# -"aL#+p+#"cL#+0p+p0/ab #i!2p+"1"#0-"g+02p2#H+0#C/ab

i!2p+"1"#0*-"g+02p2"H+0#C/ab* -#"aL#+p+#"cL#+0p+p0/ab*
$ , "14#

where we have defined (cL)ab
+03(c"d)ab

+0 and (aL)ab
+ 3(a

"b)ab
+ for reasons explained below. The approximate four

momentum p+ may be taken as p+!("p! ";#p! ) at leading
order. The Lorentz-conserving mass term results from the
usual seesaw mechanism with m̃23mlml

† , where ml is the
light-mass matrix ml!L#DR#1DT. The complex vector
(1")+ satisfies the conditions

p+"1"#0#p0"1"#+!i1+042p4"1"#2 ,

"1"#0"1"#0*!#1. "15#

A suitable choice is (1")0!(1/!2)(0; 1̂1"i 1̂2), where
1̂1 , 1̂2 are real and %p! /"p! ", 1̂1 , 1̂2& form a right-handed ortho-
normal triad. Note that (1")0 and (1#)03(1")0* is analo-

gous to the usual photon helicity basis. The appearance of
these vectors reflects the near-definite helicity of active neu-
trinos. The vectors 1̂1 and 1̂2 can be arbitrarily set by rota-
tions or equivalently by multiplying (1")0 by a phase, which
turns out to be equivalent to changing the relative phase
between the basis spinors uL and uR .
Only the diagonal kinetic term in heff arises in the mini-

mal SM. The term involving (m̃2)ab encompasses the usual
massive-neutrino case without sterile neutrinos. The leading-
order Lorentz-violating contributions to neutrino-neutrino
mixing are controlled by the coefficient combinations (a
"b)ab

+ and (c"d)ab
+0 . These combinations conserve the

usual SU(3)$SU(2)$U(1) gauge symmetry and corre-
spond to the coefficients (aL)ab

+ and (cL)ab
+0 in the minimal

SME. Note that the orthogonal combinations (a#b)ab
+ and

V. ALAN KOSTELECKY AND MATTHEW MEWES PHYSICAL REVIEW D 69, 016005 "2004#

016005-4

Lorentz violationAugust 14, 2012 0:36 WSPC/INSTRUCTION FILE LV˙review˙v6

8 T. Katori

In terms of the coefficients for Lorentz violation, these amplitudes are explicitly
given by,

(C)eµ = (C(0))eµ + E(C(1))eµ

(As)eµ = (A(0)
s )eµ + E(A(1)

s )eµ

(Ac)eµ = (A(0)
c )eµ + E(A(1)

c )eµ (6)

(Bs)eµ = E(B(1)
s )eµ

(Bc)eµ = E(B(1)
c )eµ

(C(0))eµ = (aL)
T
eµ + N̂Z(aL)

Z
eµ

(C(1))eµ = −
1

2
(3− N̂ZN̂Z)(cL)

TT
eµ + 2N̂Z(cL)

TZ
eµ +

1

2
(1 − 3N̂ZN̂Z)(cL)

ZZ
eµ

(A(0)
s )eµ = N̂Y (aL)

X
eµ + N̂X(aL)

Y
eµ

(A(1)
s )eµ = −2N̂Y (cL)

TX
eµ + 2N̂X(cL)

TY
eµ + 2N̂Y N̂Z(cL)

XZ
eµ − 2N̂XN̂Z(cL)

Y Z
eµ

(A(0)
c )eµ = −N̂X(aL)

X
eµ + N̂Y (aL)

Y
eµ (7)

(A(1)
c )eµ = 2N̂X(cL)

TX
eµ + 2N̂Y (cL)

TY
eµ − 2N̂XN̂Z(cL)

XZ
eµ − 2N̂Y N̂Z(cL)

Y Z
eµ

(B(1)
s )eµ = N̂XN̂Y ((cL)

XX
eµ − (cL)

Y Y
eµ )− (N̂XN̂X − N̂Y N̂Y )(cL)

XY
eµ

(B(1)
c )eµ = −

1

2
(N̂XN̂X − N̂Y N̂Y )((cL)

XX
eµ − (cL)

Y Y
eµ )− 2N̂XN̂Y (cL)

XY
eµ

Here, the N̂X , N̂Y , and N̂Z are the direction vectors of the neutrino beam
in the Sun-centered coordinates (Sec. 3.1). The components are described with a
co-latitude χ of detector location in the Earth-centered system (Fig. 3b), and the
zenith and azimuthal angles θ and φ of the local beam system. (Fig. 3c):







N̂X

N̂Y

N̂Z






=





cosχ sin θ cosφ+ sinχ cos θ
sin θ sinφ

− sinχ sin θ cosφ+ cosχ cos θ



 (8)

For the antineutrino oscillation analysis, one needs to switch the sign of aL
according to CPT-odd nature of CPT-odd coefficients (aL → −aL).

In the reality of the analysis, fitting five parameters using Eq. 5 is not easy.
Therefore, we also consider the following three-parameter model, by setting (Bs)eµ
and (Bc)eµ to be zero by hand. This model, Eq. 9, can be motivated, for example,
by assuming nature only has CPT-odd SME coefficients.

Pνµ→νe #
L2

(!c)2
|(C)eµ + (As)eµ sinω⊕T⊕ + (Ac)eµ cosω⊕T⊕|2. (9)
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In the reality of the analysis, fitting five parameters using Eq. 5 is not easy.
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LSND experiment
LSND is a short-baseline neutrino oscillation experiment at Los Alamos. 
 
 
 
 
LSND saw the 3.8σ excess of electron antineutrinos from muon antineutrino beam; since this 
excess is not understood by neutrino Standard Model, it might be new physics  

L/E~30m/30MeV~1 
LSND detector 

LSND collaboration, 
PRD72(2005)076004 

γ

νν µ

+→+

+→+$$$ →$ +

dpn

nepe
noscillatio

1212年10月9日火曜日



LSND experiment
LSND is a short-baseline neutrino oscillation experiment at Los Alamos. 
 
 
 
 
LSND saw the 3.8σ excess of electron antineutrinos from muon antineutrino beam; since this 
excess is not understood by neutrino Standard Model, it might be new physics  
  
Data is consistent with flat solution, but sidereal time solution is not excluded. 
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LSND oscillation candidate sidereal time distribution 

data 
flat solution 
3-parameter fit 
5-parameter fit 

Small Lorentz violation could be the 
solution of LSND excess 

LSND collaboration, 
PRD72(2005)076004 
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MiniBooNE
• Short base line neutrino oscillation experiment @ Fermi lab (2002-2012)

• Primary goal : νµ → νe appearance search

• Change Horn current direction → Neutrino / Anti-Neutrino mode

• Oscillation peak ~ 800 MeV (for neutrino) / ~600MeV (for anti-neutrino)
FNAL Booster  Magnetic focusing horn 

primary beam! tertiary beam!secondary beam!
(8 GeV protons)! (2 GeV pions)! (700 MeV neutrinos)!

MiniBooNE detector 

~520m 

August 14, 2012 0:36 WSPC/INSTRUCTION FILE LV˙review˙v6

10 T. Katori

Fig. 5. An overview of the MiniBooNE experiment. The top left picture shows the Fermilab site,
including the Booster. The top right picture is the tank of the MiniBooNE detector. The bottom
cartoon shows the sketch of the Booster Neutrino Beamline (BNB).

els are consistent with current data,a but outside of these energy ranges they have
completely different dependencies. These alternative models are interesting because
they have a chance to reproduce short-baseline anomalies, such as the MiniBooNE
oscillation signals,24,25 which we discuss in the next sections.

4. The MiniBooNE experiment

The MiniBooNE experiment is a short-baseline neutrino oscillation experiment at
Fermilab, USA (2002-2012). Its primary goal is to find νµ → νe (ν̄µ → ν̄e) oscil-
lations with an ∼800 (600) MeV neutrino (antineutrino) beam with an ∼500 m
baseline. Figure 5 shows the overview of the MiniBooNE experiment.26

4.1. Booster neutrino beamline (BNB)

MiniBooNE uses neutrinos (antineutrinos) from the Booster neutrino beamline
(BNB),27 which is illustrated in Figure 5, bottom. The 8 GeV protons, the “pri-

aRecent reactor neutrino disappearance oscillation results do not support Puma model 21,22,23
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MiniBooNE oscillation analysis
• Single Cherenkov ring, Electron-like
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Fig. 6. The particle type and characteristics. From left to right, interaction types, characteristics
of tracks and Cherenkov rings, and event displays of candidate events.

It is interesting to note that many of the neutrino interaction cross sections
measured by MiniBooNE are at a higher rate and harder spectrum than historically
known values and disagree with interaction models tuned with electron scattering
data.36 This fact triggered the development of a new class of neutrino interaction
models,37,38,39,40,41,42,43 mostly by including nucleon correlations. These new models
even question how to reconstruct neutrino energy44,45 with the QE assumption,
traditionally done in all Cherenkov-type detectors. Therefore, similar to other fields
(e.g., cosmology), the further study of neutrino physics just increases the number
of mysteries!

4.4. Oscillation analysis

The signature of the νµ → νe (ν̄µ → ν̄e) oscillation is the single, isolated electron-like
Cherenkov ring produced by the CCQE interaction.

νµ
oscillation−→ νe + n → e− + p ,

ν̄µ
oscillation−→ ν̄e + p → e+ + n .

Note, since MiniBooNE was not magnetized, electrons and positrons were not

• Intrinsic beam νe

• Contamination<0.5% ~ appearance contribution=0.5%

• νµ(anti-νµ) rateを測定し、simulationに入れる

• SciBooNEの測定から不定性(Kaon production)を抑える
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distinguished. Thus, the analysis of neutrino mode and antineutrino mode is rea-
sonably parallel, except for some differences in handling backgrounds.

There are two backgrounds which contribute equally to our signals. The first
class is the “misID”, and this is dominated by a single gamma ray from the neutral
current channels, such as radiative ∆ decay and π◦ production, where only one
gamma ray is detected. It is essential to constrain our misID background predictions
on those channels using measurements of controlled samples. For this purpose, we
measured the neutral current π◦ production rate in situ, and the result is used to
tune π◦ kinematics in our simulation. We also used the measured π◦ production
uncertainty in our simulation.46

Another major background is the intrinsic background, namely νe (ν̄e) as beam
contamination. Although they can be predicted by the beamline simulation, and
are expected to be <0.5%, this is a critical background for the ∼0.5% appearance
oscillation search carried out by experiments, such as MiniBooNE. Again, in situ

measurements largely help to reduce errors in the simulation. For example, the
majority of νe (ν̄e) are from µ-decay in the beamline but one can constrain their
variations from the measured νµ (ν̄µ) rate, where both νe and νµ (ν̄e and ν̄µ) are
related through the π+ (π−) decay (for π+, π+ → νµµ+ , µ+ → ν̄µνee+). Another
major source of νe (ν̄e) is kaon decay. MiniBooNE utilizes SciBooNE experiment
data to constrain it.47 SciBooNE is a tracker for the neutrino cross section mea-
surement, located upstream of MiniBooNE, and their precise track measurement
is sensitive to primary mesons in the beamline. More specifically, K-decay origin
neutrinos are higher energy, and tend to make multiple tracks in the SciBooNE
detector. This information provides the constraint on the errors on predictions of
νe (ν̄e) from K-decay in MiniBooNE.

After the evaluation of all backgrounds, MiniBooNE finds a signal-to-background
ratio of roughly one to three, with expected oscillation parameters.

4.5. MiniBooNE neutrino mode oscillation result

For neutrino mode data analysis,24 we use 6.46×1020 protons on target (POT) data.
After all cuts, an excess of νe candidate events in the “low-energy” region (200<
EQE

ν (MeV)<475) was observed (Fig. 7). A total of 544 events are observed in this
region, as compared to the predicted 409.8± 23.3(stat.)±38.3(syst.). Interestingly,
this excess does not show the expected L/E energy dependence of a simple two
massive neutrino oscillation model. Therefore, this excess might be new physics.

4.6. MiniBooNE antineutrino mode oscillation result

For the antineutrino mode analysis,25 we use 5.66 × 1020 POT data. Here, Mini-
BooNE not only observed an excess in the low energy region, an excess in the
“high-energy” region (475< EQE

ν (MeV)<1300) was also observed (Fig. 8). There-
fore, in the “combined” region (200< EQE

ν (MeV)<1300), MiniBooNE observed 241
ν̄e candidate events as compared to the predicted 200.7 ± 15.5(stat.)±14.3(syst.).

→ νe appearance Signal / all background ~ 1/3 at oscillation

• Main Back ground

• NCπ0からのgammaの一つをelectron

とmisIDする

• 測定したNCπ0 production rate を
simulationに入れる
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mary” beam, are extracted from the Booster and steered to collide with the beryl-
lium target in the magnetic focusing horn. The collision of protons and the target
makes a shower of mesons, the “secondary” beam; and the toroidal field created by
the horn focuses π+ (π−) for neutrino (antineutrino) mode. At the same time it
defocuses π− (π+), which create backgrounds. The decay-in-flight of π+ (π−) create
νµ (ν̄µ), the “tertiary beam”. The consequent muon neutrinos (muon antineutrinos)
are a wideband beams peaked in around 800 (600) MeV.

4.2. MiniBooNE detector

The MiniBooNE detector is located 541 m to the north of the target.28 The detec-
tor is a 12.2 m diameter spherical Cherenkov detector, filled with mineral oil. An
optically separated inner black region is covered with 1,280 8-inch PMTs, and an
outer white region has 240 8-inch PMTs which act as a veto (Fig. 5, top right). The
black inner cover helps to reduce reflections, so that one can reconstruct particles
from the Cherenkov light more precisely; the outer white cover helps to enhance
reflections, so that a smaller number of veto PMTs can cover a larger area.

4.3. Events in detector

The time and charge information of the Cherenkov ring from the charged particle is
used to estimate particle type, energy, and direction.29 For example, an electron-like
track is characterized by a fuzzy-edged Cherenkov ring, compared with a sharp-
edged muon-like Cherenkov ring. Based on particle type hypothesis, the track fit-
ter estimates a particle energy and direction. Figure 6 shows typical particles and
their characteristic tracks, Cherenkov rings, and event candidates from the event
display.26

A variety of track fitters are developed to measure the kinematics of specific types
of interactions. 30,31,32,33 Among them, the most important reaction for the oscilla-
tion analysis is the charged current quasielastic (CCQE) interaction,34,35 which is
characterized by one outgoing charged lepton (at the BNB energy, protons seldom
exceed a Cherenkov threshold of ∼350 MeV kinetic energy). If a charged lepton
is detected from the CCQE interaction, one can reconstruct the neutrino energy,
EQE

ν , by assuming the target nucleon is at rest and the interaction type is truly
CCQE34 (QE assumption).

EQE
ν =

2(Mn −B)Eµ − ((Mn −B)2 +m2
µ −M2

p )

2 · [(Mn −B)− Eµ +
√

E2
µ −m2

µ cos θµ]
. (10)

Here, Mn, Mp, and mµ are the neutron, proton, and muon masses, Eµ is the
total muon energy, θµ is the muon scattering angle, and B is the binding energy of
carbon. Ability to reconstruct neutrino energy is essential for neutrino oscillation
physics, since neutrino oscillations are function of neutrino energy.

MiniBooNE collaboration, 
ArXiv:1109.3480 
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MiniBooNE oscillation analysis
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Fig. 7. MiniBooNE neutrino mode νe appearance search result. The data points with errors are
shown together with predicted backgrounds.

Fig. 8. MiniBooNE antineutrino mode ν̄e appearance search result. The data points with errors
are shown together with predicted backgrounds.

Again, the νSM does not predict this excess, which therefore has the potential to
be new physics.

5. Lorentz-violating neutrino oscillation analysis in MiniBooNE

In this section we follow the procedure described in Sec. 3.

5.1. The coordinate system

First, we make the time distribution of neutrino events from a standard GPS time
stamp. The analysis is based on the sidereal time distribution, but we also use
the local solar time to check time-dependent systematics. The coordinate system is
described in Fig. 3. The local coordinates of the BNB are specified by three angles,

Neutrino mode result (νe appearance search)
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Fig. 7. MiniBooNE neutrino mode νe appearance search result. The data points with errors are
shown together with predicted backgrounds.

Fig. 8. MiniBooNE antineutrino mode ν̄e appearance search result. The data points with errors
are shown together with predicted backgrounds.

Again, the νSM does not predict this excess, which therefore has the potential to
be new physics.

5. Lorentz-violating neutrino oscillation analysis in MiniBooNE

In this section we follow the procedure described in Sec. 3.

5.1. The coordinate system

First, we make the time distribution of neutrino events from a standard GPS time
stamp. The analysis is based on the sidereal time distribution, but we also use
the local solar time to check time-dependent systematics. The coordinate system is
described in Fig. 3. The local coordinates of the BNB are specified by three angles,

Anti-neutrino mode result (anti-νe appearance search)

Excess in low-E & high-E (475~1300MeV)

Pick up Excess of νe at low-E (<475MeV)
→ νe app. candidate
- Obs. : 544 events / 6.46e20 POT
- Exp. : 409.8 ± 23.3(stat.) ± 38.3(syst.)

Not predicted by neutrino Standard 
Model (νSM)
→ New physics ?

Combine both region
→ anti-νe app. candidate
- Obs. : 241 events / 5.66e20 POT
- Exp. : 200.7 ± 15.5(stat.) ± 14.3(syst.)

MiniBooNE collaboration, 
ArXiv:1109.3480 
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Time-dependent systematics
時間情報:GPS time stamp (local solar time) → Solar time/sidereal timeの変換に注意
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Fig. 11. The top histogram shows the νµCCQE local solar time distribution, with the arbitrary
normalized fit curve extracted from the POT local solar time distribution in the same time period
(solid curve). The bottom plot shows the same events after correcting for variations in POT. The
χ2 of this distribution with a flat hypothesis is 53.9/49 (29.3% compatibility).

N, the number of observed candidate events
µs, the predicted number of signal events, the function of fitting parameters
µb, the predicted number of background events, floating within 1σ range
Fs, the PDF for the signal, the function of sidereal time and fitting parameters
Fb, the PDF for the background, not the function of the sidereal time
σb, the 1σ error on the predicted background
µ̄b, the central value of the predicted total background events

This method is suitable because it has the highest statistical power for a low-
statistics sample. The computation is performed to maximize this function. But in
the reality, we maximize the log likelihood function. The maximum log likelihood
(MLL) point provide the best fit (BF) parameter set. Then the constant surface of
log likelihood function provide the errors. Neither the neutrino nor the antineutrino
mode data allow us to extract errors if we fit all five parameters at once (Eq. 5),
due to the high correlation of parameters. Therefore, we focus on three-parameter
fit (Eq. 9) to discuss errors and limits. Since the five-parameter fit is quantitatively
similar to the three-parameter fit, we will focus the discussion of these results on
the three-parameter fit.

6. Results

This section describes the results of the fits.

High Stat νµ CCQE sample to check all of these effect

Flat POT normalized distribution
→ ふらつきは主にビーム運転状況
(夜:Maximum POT → 昼:減少)

Check Time dependent systematics (day-night effects) (ex: electronics noise)

POT Sine curve
データ取得が1年間を通して均一でないと、
24h周期のふらつきが恒星時間の関数
(23h56m4.1s)で現れる
→ 最大3%の24h周期の揺らぎ < Stat fluctuation

→ Flat Background time distribution を仮定

Solar Time

0:00 24:00

上下にふらつく

POT time distribution : 不安定

24 hour
Time

Sidereal Time

0:00 23:56:4.1

上下左右に
ふらつく

MiniBooNE collaboration, 
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Sidereal time oscillation
Maximize Unbinned likelihood using PDF based on sidereal time oscillation 
probability

At 5 params fitting, fit errors are big due to the strong correlations of params
→ Do fitting w/ 3 params (remove Bs and Bc)
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Fig. 12. The fit results for the neutrino mode low energy region. The plot shows the curves
corresponding to the flat solution (dotted), three-parameter fit (solid), and five-parameter fit (dash-
dotted), together with binned data (solid marker). Here the fitted background is shown as a dashed
line, however the best fit for the background is 1.00 (the default prediction).

6.1. Fit result of neutrino mode data

Figure 12 shows the neutrino mode low energy region fit results.1 The solid and
dash-dotted lines are the best fit curves from three- and five-parameter fit. The
dotted line is the flat solution. Since the fit is dominated by the (C)eµ parameter
(sidereal time-independent amplitude), both three- and five-parameter fit solutions
have small time-dependent amplitudes and look like the flat solution. The details of
the fit results were tested by using a fake data set. We constructed a fake data set
with signal to evaluate errors of fit parameters of three-parameter fit ((C)eµ, (As)eµ,
and (Ac)eµ). Then we constructed a fake data set without signal, to evaluate the
compatibility with flat solution over three parameter fit solution by ∆χ2 method.
It turns out data is compatible with flat solution over a 26.9%, and it concludes νe
candidate data is consistent with flat.

6.2. Fit result of antineutrino mode data

Figure 13 shows the fit result for combined energy region in antineutrino mode,
which is analogous with Figure 12.1 For antineutrino mode, the combined region is
more interesting due to lower statistics. The fit result is more curious in antineutrino
mode, because now the (C)eµ parameter no longer significantly deviates from zero,
but the fit favors a nonzero solution for the (As)eµ and (Ac)eµ parameters. The
fit solutions look more different from the flat distribution. We again constructed
a fake data set to find the significance of this solution, and it turns out that the
compatibility with the flat solution is now only 3.0%. Although this is interesting,
however the significance is not high enough to claim discovery.
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Fig. 13. The fit results for the antineutrino mode combined region. Notations are the same as
Fig. 12. The fitted background is shown as a dashed line, and the best fit for the background is
0.97 (3% lower than the default prediction).

6.3. Summary of the fit

In this analysis, three parameters, (C)eµ, (As)eµ, and (Ac)eµ for neutrino and an-
tineutrino mode are obtained by fits. Fits provide the BF values of above three
parameters, as well as 1σ errors and 2σ limits. The expressions of these parameters
are found in Eqs. 6, 7, and 8. From the 2σ limits we obtain we estimate the limit of
each SME coefficient by setting all but one of SME coefficient as nonzero. Table 1
is the result. As you see, the limits of the SME coefficients from the MiniBooNE
data are of the order of 10−20 GeV (CPT-odd), and 10−20 to 10−19 (CPT-even).
Similar analysis have been done for the LSND data.49 However, these limits exclude
any SME coefficients needed to explain the LSND data. Therefore, a simple picture
using Lorentz violation to explain both LSND and MiniBooNE leaves some tension,
and a mechanism to cancel the Lorentz-violating effect at high energy17,18,19,20 is
needed.

Conclusion

Lorentz and CPT violation is a predicted signal at the Planck scale, and there
are worldwide efforts to search for it. Neutrino oscillation is a natural interfer-
ometer, and the sensitivity to Lorentz violation is comparable with precise opti-
cal experiments. The MiniBooNE short-baseline neutrino oscillation experiment at
Fermilab observed a νe (ν̄e) candidate event excess from a νµ (ν̄µ) beam. These
excesses are not understood by νSM; therefore, they might be the first signal of
new physics. Since Lorentz-violation-motivated phenomenological neutrino oscilla-
tion models, such as the Puma model, predict an oscillation signal for the Mini-
BooNE, it is interesting to check the sidereal variation of MiniBooNE oscillation
candidate data. The analysis found that neutrino mode data prefer a sidereal time
independent solution, and the data is compatible with a flat distribution over 26.9%.
The antineutrino mode prefers a sidereal time dependent solution, and the data is

Neutrino mode

Anti-Neutrino mode

Error : Stat + Syst

Neutrino mode:  
- Flat distribution is best

- C(time-independent) is dominant
- 26.9% compatibility assuming flat distribution

Anti-Neutrino mode:  
- Fit solutions look more different from the flat

- Non-zero (As)eμ and (Ac)eμ solution
- Only 3% compatibility assuming flat distribution

Error : Stat + Syst *Anti-Neutrino解析は全体の半分
のデータしか入っていない
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Limits for SME coefficiency
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Table 1. List of SME coefficient limits, derived from 2σ limits of fitting parameters, setting
all but one of the SME coefficients to be zero.

Coefficient eµ (ν mode low energy region) eµ (ν̄ mode combined region)
Re(aL)T or Im(aL)T 4.2×10−20 GeV 2.6×10−20 GeV
Re(aL)X or Im(aL)X 6.0×10−20 GeV 5.6×10−20 GeV
Re(aL)Y or Im(aL)Y 5.0×10−20 GeV 5.9×10−20 GeV
Re(aL)Z or Im(aL)Z 5.6×10−20 GeV 3.5×10−20 GeV
Re(cL)XY or Im(cL)XY — —
Re(cL)XZ or Im(cL)XZ 1.1×10−19 6.2×10−20

Re(cL)Y Z or Im(cL)Y Z 9.2×10−20 6.5×10−20

Re(cL)XX or Im(cL)XX — —
Re(cL)Y Y or Im(cL)Y Y — —
Re(cL)ZZ or Im(cL)ZZ 3.4×10−19 1.3×10−19

Re(cL)TT or Im(cL)TT 9.6×10−20 3.6×10−20

Re(cL)TX or Im(cL)TX 8.4×10−20 4.6×10−20

Re(cL)TY or Im(cL)TY 6.9×10−20 4.9×10−20

Re(cL)TZ or Im(cL)TZ 7.8×10−20 2.9×10−20

compatible with a flat solution only 3.0%, making this solution very interesting;
however, the statistical significance is not high enough to claim as evidence. Since
the data set we used for this analysis is about ∼50% of the total antineutrino mode
data set, reanalysis including full data set may increase the significance. Finally,
from the fits, we extract limits of each minimal SME coefficient. The results from
MiniBooNE leave tension with LSND under the simple Lorentz violation motivated
model.
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Double Chooz
• Reactor neutrino oscillation experiment in France

• anti-νe disappearance

• Used data in Lorentz violation : 2011 4/13 ~ 2012 5/15 (227.9 live days)

• Same used for latest result : sin22θ13=0.109 ± 0.03(stat) ± 0.025(syst)

Near 10m3 

overbdn 45m 
Far 10m3 

overbdn 45m 

1050m 

400m 

 2

3 Double Chooz実験の概要 
 

3.1 原子炉ニュートリノ振動実験 
Double Chooz実験[4]は約 150名(8ヵ国)からなる国際共
同実験であり，フランス Chooz 原子力発電所で行われる。
2008年には神戸大学がホストになって Double Chooz実験
共同研究者会議が行われた(図 1)。Chooz 原子力発電所は
熱出力 . GW� � の 2基の原子炉からなる。原子炉からは核分
裂に伴い膨大な量の反電子ニュートリノが放出されるため，
ライネスとコーワンによるニュートリノの発見以降，ニュー
トリノ源として様々な実験に用いられてきた。 
  

  

図 1 Double Chooz実験共同研究者(2008年，神戸大学にて) 
   

Double Chooz実験では原子炉ニュートリノによる逆ベー
タ崩壊反応を遅延同時計測法により同定する。反電子ニュー
トリノはターゲットである液体シンチレータ中の陽子と反
応し、陽電子と中性子を放出する。 
 

e
p e n� �� � �  

 

このうち，陽電子が初期信号として観測される。陽電子の
エ ネ ル ギ ー は ニ ュ ー ト リ ノ の エ ネ ル ギ ー と

. MeV
e
E E�� �� � の関係を持つ。初期信号のエネルギーは
これに対消滅から生じる . MeV� �� を足したものになる。
ニュートリノ振動の確率はエネルギーに依存するため，エ
ネルギースペクトルを解析に用いることにより測定感度が
向上する。一方，中性子は弾性散乱により熱中性子化した
後，平均 s��� 後に Gdに吸収され，計 MeV� のガンマ線を
放出する。この信号を後発信号と呼ぶ。後発信号のエネル
ギーは自然界に存在する同位体による放射線のエネルギー
よりも十分大きいため，バックグラウンドの影響を受けに
くい。これら二つの連続信号を要求することにより，バッ
クグラウンドを大幅に削減することができる。 

 
3.2 Double Chooz検出器 
後置検出器の設置場所として，Chooz 実験で用いられた
実験室を拡張して利用した。原子炉からの距離は . km� �� で
あり，約 MeV� で振動確率が最大になる計算である。前置
検出器は原子炉から m��� の距離に新しく地下実験室を作
り，設置する。前置検出器については実験室の掘削が始まっ
たところで，2012年の完成予定である。 
 

  

図 2 Double Chooz検出器概略図 
   

 Double Chooz検出器の概略図を図 2に載せる。検出器は
4層の円筒形タンクからなる。内側から順番に説明する。 
 

(1) ニュートリノ標的層 ( . m )
��� �  

Gdを含む液体シンチレータで満たされる。この領域内
でニュートリノ反応が起きた場合，Gdによる中性子捕
獲に起因する計 MeV� のガンマ線信号が観測される。
ニュートリノ標的の体積はCHOOZ検出器に比べて約 2

倍に拡大されている。 
 

(2) ガンマ線捕獲層 ( m )
���  

Gdを含まない液体シンチレータで満たされる。ニュー
トリノ標的層から漏れ出たガンマ線のエネルギーを測定
する 

 

(3) バッファー層 ( m )
����  

パラフィンオイルからなる不感領域であり，光電子増倍
管や環境からのガンマ線を遮蔽する。バッファー層は
CHOOZ検出器にはなかったものであり，Double Chooz

検出器での改良のひとつである。Double Chooz実験で
は環境放射線バックグラウンドが十分小さいため，測定
のエネルギーしきい値をニュートリノ反応のしきい値よ
りも低く設定することができ，検出効率に対する系統誤
差を抑えることができる。 

 

(4) 内部ミューオン検出器 ( m )
���  

液体シンチレータで満たされ，宇宙線ミューオンの veto

カウンターとして用いられる。また、周辺の岩盤からの
高速中性子を遮蔽する役割もある。 

 

 (1)-(2)-(3)は合わせてニュートリノ検出器と呼ばれる。
ニュートリノ検出器と内部ミューオン検出器は光学的に分
離され，ニュートリノ検出器には inch�� 光電子増倍管が390

本，内部ミューオン検出器には inch� 光電子増倍管が 78本
設置される。 

 arXiv:1209.5810v1
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Double Chooz oscillation analysis
• Select anti-νe + P → e+ + n (inverse 

beta decay: IBD)

• Delayed double coincidence → 8249 
events

Detection of Reactor Neutrino
 Delayed coincidence Method

2007/12/20 9

逆ベータ崩壊
ν  e  +  p  →  n  +  e + 

e+ + e - →  2γ
(E ν−  0.8MeV  )

n  +Gd  →  Gd'+γs
(Σ  E  =  8MeV)

and SM can be used to estimate their rate. The observed
prompt energy spectrum is consistent with a flat continuum
between 12 and 30 MeV, which extrapolated to the IBD
selection window provides a first estimation of the corre-
lated background rate of ! 0:75 events/day. The accuracy
of this estimate depends on the validity of the extrapolation
of the spectral shape. Next we describe a measurement of
the FN and SM spectral shapes including the IBD region,
obtained by using the IV and OV to tag samples of FN
and SM.

The DAQ reads out the IV upon any ID trigger, lowering
the IV detection threshold to"1 MeV, and making the IV
sensitive to FN via the detection of proton recoils and
captures on H. The IV tagging is implemented by demand-
ing at least 2 IV PMT hits leading to (33# 5)% tagging
efficiency with no contribution by single PMT energy
depositions. There is a very low probability of accidental
IV tagging due to any IV energy deposition in the 256 ns
coincident readout window.

The OV tagging, when available, is especially sensitive
to SMs since the muon is often detected. ð41# 23Þ% of the
FN and SM candidates in the 12-to-30-MeV window are
tagged by the OV, of which ð74# 12Þ% are SM. OV
tagging has an accidental rate ¼ 0:06% of the neutrino
sample and can be used to veto events caused by muons.

Several FN and SM analyses were performed using
different combinations of IV and OV tagging. The main
analysis for the FN estimation relies on IV tagging of the
prompt triggers with OV veto applied for the IBD selec-
tion. Two sources of backgrounds on the tagged FN sample
were identified and rejected. The first source is the combi-
nation of natural radioactivity in the IV in an accidental
coincidence with a genuine IBD, and was reduced to 12%
by imposing a time coincidence between the ID and IV
energy depositions. The second source, a Compton scat-
tering in both the IV and ID in an accidental coincidence
with a Gd-capture, was reduced to 2% by imposing a cut on
the spatial distance between the prompt and delayed can-
didate in the ID. The purity of the IV-tagged FN sample
was 86%. The remaining background was measured in an
off-time window and subtracted, thus minimizing distor-
tions to the energy spectrum. The FN spectral shape was
found to be in agreement with a linear model with a
small positive slope. The measured total FN rate was
(0:30# 0:14) events/day, including systematic uncertain-
ties from the !T-based FN-SM separation, the IV-tagging
efficiency, and background subtractions.

Since there is no correlation between the SM prompt
energy and the delayed energy deposit of the Michel
electron, a pure sample of SM was obtained by selecting
20 MeV ' Edelayed ' 60 MeV. The spectral shape of SM

prompt energy was found to be in agreement with a linear
model with a small negative slope. The total SM rate was
measured to be (0:34# 0:18) events/day, including sys-
tematic uncertainties.

Since the spectral shapes for both FN and SM are linear,
a combined analysis was performed to obtain the total
spectrum shown in Fig. 11 and the total rate estimation
(0:67# 0:20) events/day summarized in Table V.
Consistent results were obtained from different analysis
techniques, which included IV and OV tagging without
OV vetoing. The OV veto reduces the rate of correlated
backgrounds by about 30%.

E. Background measurements

There are four ways that can be utilized to estimate
backgrounds. Each independent background component
can be measured by isolating samples and subtracting
possible correlations. This is described for each component
in Secs. IVD, VC, and VD. Second, we can measure each
independent background component including spectral in-
formation when fitting for !13 oscillations as is done in
Sec. VI. Third, the total background rate is measured by
comparing the observed and expected rates as a function of
reactor power. Fourth, we can use the both-reactor-off data
to measure both the rate and spectrum.

FIG. 11 (color online). FN and SM combined spectral model
best fit (solid red) with #1" (dashed red), energy distribution
of tagged FN and SM population (gray histogram) and IBD
spectrum.

TABLE V. Summary of observed IBD candidates, with corre-
sponding signal and background predictions for each integration
period, before any oscillation fit results have been applied.

Reactors One Reactor

Both On Pth < 20% Total

Livetime [days] 139.27 88.66 227.93
IBD candidates 6088 2161 8249
# reactor B1 2910.9 774.6 3685.5
# reactor B2 3422.4 1331.7 4754.1
Cosmogenic isotope 174.1 110.8 284.9
Correlated FN & SM 93.3 59.4 152.7
Accidentals 36.4 23.1 59.5
Total prediction 6637.1 2299.7 8936.8
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signal and background, with corrections made to
Monte Carlo only when necessary to match detector per-
formance metrics.

The oscillation analysis begins by separating the data
into 18 variably sized bins between 0.7 and 12.2 MeV. Two
integration periods are used in the fit to help separate
background and signal flux. One set contains data periods
where one reactor is operating at less than 20% of its
nominal thermal power, according to power data provided
by EDF, while the other set contains data from all other
times, typically when both reactors are running. All data
end up in one of the two integration periods. Here, we
denote the number of observed IBD candidates in each
of the bins asNi, where i runs over the combined 36 bins of
both integration periods. The use of multiple periods of
data integration takes advantage of the different signal/
background ratios in each period, as the signal rate varies
with reactor power while the backgrounds remain constant
in time. This technique adds information about background
behavior to the fit. The distribution of IBD candidates
between the two integration periods is given in Table V.

A prediction of the observed number of signal and
background events is constructed for each energy bin,
following the same integration period division as the data:

Npred
i ¼

XReactors

R¼1;2

N!;R
i þ

XBkgnds:

b

Nb
i ; (13)

where N!;R
i ¼ Pð !!e ! !!eÞNexp;R

i ; P !!e! !!e
is the neutrino

survival probability from the well-known oscillation for-
mula and Nexp;R

i is given by Eq. (4). The index b runs over
the three backgrounds: cosmogenic isotope; correlated;
and accidental. The index R runs over the two reactors,
Chooz B1 and B2.

Background populations were calculated based on the
measured rates and the livetime of the detector during each
integration period. Details on the signal prediction normal-
ization can be found in Sec. III D. Predicted populations
for both null-oscillation signal and backgrounds may be
found in Table V.

Systematic and statistical uncertainties are propagated to
the fit by the use of a covariance matrix Mij in order to
properly account for correlations between energy bins. The
sources of uncertainty A are listed in Table VI:

Mij ¼ Msig
ij þMdet

ij þMstat
ij þMeff

ij þ
XBkgnds

b

Mb
ij: (14)

Each term MA
ij ¼ covðNpred

i ; Npred
j ÞA on the right-hand side

of Eq. (14) represents the covariance ofNpred
i andNpred

j due

to uncertainty A. The normalization uncertainty associated
with each of the matrix contributions may be found
from the sum of each matrix: these are summarized in
Table VI. Many sources of uncertainty contain spectral
shape components which do not directly contribute to the

normalization error, but do provide for correlated uncer-
tainties between the energy bins. The signal covariance

matrix Msig
ij is calculated taking into account knowledge

about the predicted neutrino spectra. The 9Li matrix con-
tribution contains spectral shape uncertainties estimated
using different Monte Carlo event generation parameters,
as described in Sec. III E. The slope of the FN/SM spec-
trum is allowed to vary from a nearly flat spectrum
following the measurements described in Sec. VD. Since
accidental background uncertainties are measured to a high
precision from many off-time windows, they are included
as a diagonal covariance matrix.
The elements of the covariance matrix contributions are

recalculated as a function of the oscillation and other
parameters (see below) at each step of the minimization.
This maintains the fractional systematic uncertainties as
the bin populations vary from the changes in the oscillation
and fit parameters.
A fit of the binned signal and background data to a

two-neutrino oscillation hypothesis was performed by
minimizing a standard "2 function:

"2 ¼
X36

i;j

ðNi % Npred
i Þ & ðMijÞ%1ðNj % Npred

j ÞT

þ ð#FN=SM % 1Þ2
$2

FN=SM

þ
ð#9Li % 1Þ2

$2
9Li

þ ð%E % 1Þ2
$2

%E

þ ð"m2
31 % ð"m2

31ÞMINOSÞ2
$2

MINOS

: (15)

The use of energy spectrum information in this analysis
allows additional information on background rates to be
gained from the fit, in particular, because of the small
number of IBD events between 8 and 12 MeV. The two
fit parameters #FN=SM and #9Li are allowed to vary as part of

the fit, and they scale the rates of the two backgrounds
(correlated and cosmogenic isotope). The rate of acciden-
tals is not allowed to vary since its initial uncertainty is
precisely determined by the measurement method de-
scribed in Sec. VB. The energy scale for predicted signal
and 9Li events is allowed to vary linearly according to the

TABLE VI. Summary of signal and background normalization
uncertainties in this analysis relative to the total prediction.

Source Uncertainty [%]

Reactor flux 1.67%
Detector response 0.32%
Statistics 1.06%
Efficiency 0.95%
Cosmogenic isotope background 1.38%
FN/SM 0.51%
Accidental background 0.01%
Total 2.66%
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Background time dependency
Total background in oscillation analysis = 497 events
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‣0~23.934 hours (1 sidereal day)を24binsに分割
‣MC normalization はDAQ time stampに基づく各ランの測定時間に応じて

run-by-runに計算 (Nominal anti-νe spectrum normalized by Bugey 4)

‣Human activities (cores turned on/off, detector calibration, etc)によるday-night 

effect を MC prediction に well-accounted

‣Correlated uncertainties associated human activities are included a covariance 
matrix (include all stat & syst errors)

Event rate Time-dependency3

target. Surrounding this is the “gamma catcher,” de-
signed to detect gamma-rays escaping the target volume.
The gamma catcher volume is then enveloped by a non-
scintillating oil buffer in which 390 10 inch PMTs are
immersed. The inner detector is surrounded by a steel
vessel that forms an optically isolated outer cylinder filled
with scintillator. This “inner veto”, along with an “outer
veto” mounted above it and 15 cm of shielding steel, is
used to reject cosmic ray events.
The antineutrino sample and event selection criteria

are identical to those used for the disappearance analy-
sis reported in Ref. [2]. The data consist of 8249 IBD
candidates, collected with 227.9 live days and 33.7 GW-
ton-years exposure. There are 497 background events
expected in this sample. The background is mainly com-
posed of (1) cosmogenic radioisotopes, such as 8He and
9Li, which decay via the emission of βn, (2) cosmogenic
stopping muons as well as fast neutrons that interact
multiple times in the inner detector, and (3) acciden-
tal coincidence of a radioactivity-induced prompt signal
followed by a neutron-like event. Background event rate
as a function of sidereal time is treated as a constant. As
the dominant background contributions to the Double
Chooz analyses arise as the result of cosmic ray muons,
we study the time dependence of muon veto rate in order
to justify this assumption. The maximum variation in
muon veto rate as a function of sidereal time is about
0.5%. A background variation in time at this level would
create a maximum variation in disappearance probability
of ∼0.03%.
The background-subtracted IBD candidate sample is

directly compared to the Monte Carlo (MC) expectation
in order to probe a possible sidereal time dependence.
The unoscillated MC expectation is based on the IBD
cross section, the reactor flux prediction, the detector
response, and the number of protons in the detection
volume. The expectation is formed from each of these
variables on a run-by-run basis, with each physics run
lasting approximately one hour. We note that the ther-
mal power of each core is estimated in <1 minute time
intervals and the uncertainty on the total power is 0.5%.
The reactor flux prediction uses extensive input from the
Chooz reactor facility and Électricité de France (EDF).
The quality of the code has been benchmarked [10] and
compared to EDF assembly simulations. The ν̄e spec-
trum is taken directly from Refs. [11, 12] and is normal-
ized to the Bugey4 rate measurement [13]. The analysis
input information, shown in Fig. 1, is assigned to one of
24 bins between 0 and 23.934 hours (one sidereal day).
A MC expectation event weight is split up between the
relevant time bins based on the time and length of the
run while a data event is placed in a bin based on its
DAQ timestamp.
A number of sources of systematic uncertainty are con-

sidered. These include those associated with the back-
ground prediction, the detector and detector response,
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FIG. 1. The background subtracted data and MC expecta-
tion IBD event rates as a function of sidereal time. The MC
expectation assumes no antineutrino disappearance. Total er-
rors (statistical and systematic) are shown on the data points.

and the reactor flux (normalization and shape). The re-
actor flux and detector operations are both weak func-
tions of solar time due to human activity as the cores
turned on/off multiple times during the run and detec-
tor calibrations are generally done during the daylight
hours. Day-night effects are well accounted for in the MC
prediction and correlated uncertainties associated with
these are included in a covariance matrix, fully describ-
ing the predicted statistical and systematic errors. The
3.93 minute/day difference between sidereal and solar
time, compounded over the ∼1 year physics run, largely
removes any potential for an unaccounted modulation
in sidereal time associated with small modulations re-
lated to solar dependence. The detector and background
prediction uncertainties are considered uncorrelated with
each other and fully correlated in sidereal time. A thor-
ough explanation of the various uncertainties and their
determination can be found in Ref. [2], noting that cor-
relations in time (as opposed to antineutrino energy in
the reference) are most important here. The total frac-
tional uncertainty with respect to the MC expectation is
2.9%. The statistical uncertainty contributes at the level
of 1.1% and systematic uncertainties are led by the reac-
tor flux and detector response (1.7%) and the background
prediction (1.7%).
In the three active flavor neutrino oscillation frame-

work, the ν̄e → ν̄e probability can be written as a
function of ν̄e → ν̄µ and ν̄e → ν̄τ (Pν̄e→ν̄e = 1 −
Pν̄e→ν̄µ−Pν̄e→ν̄τ ). Under the SME, both Pν̄e→ν̄µ and
Pν̄e→ν̄τ are written as functions of five free parame-
ters [14]:

P ν̄e→ν̄e $ 1−
|(heff)ēµ̄|2L2

(!c)2
−

|(heff)ēτ̄ |2L2

(!c)2

= 1−
L2

(!c)2
[ | (C)ēµ̄ + (As)ēµ̄ sinω⊕T⊕ + (Ac)ēµ̄ cosω⊕T⊕

+ (Bs)ēµ̄ sin 2ω⊕T⊕ + (Bc)ēµ̄ cos 2ω⊕T⊕|
2

+ | (C)ēτ̄ + (As)ēτ̄ sinω⊕T⊕ + (Ac)ēτ̄ cosω⊕T⊕

+ (Bs)ēτ̄ sin 2ω⊕T⊕ + (Bc)ēτ̄ cos 2ω⊕T⊕ |2 ] (2)

(Non osc.)

(Err = Stat + Syst)

Background-subtracted IBD event rate

Thermal core operation
- Time interval < 1min
- Power uncertainty ~ 0.5% of total

- Physics run(1時間)毎では安定
- MC expectation (IBD cross-section, flux, 
detector response, etc) varied run-by-run 
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Neutrino oscillation from Lorentz violation
In 3 active flavor neutrino oscillation framework

3

target. Surrounding this is the “gamma catcher,” de-
signed to detect gamma-rays escaping the target volume.
The gamma catcher volume is then enveloped by a non-
scintillating oil buffer in which 390 10 inch PMTs are
immersed. The inner detector is surrounded by a steel
vessel that forms an optically isolated outer cylinder filled
with scintillator. This “inner veto”, along with an “outer
veto” mounted above it and 15 cm of shielding steel, is
used to reject cosmic ray events.
The antineutrino sample and event selection criteria

are identical to those used for the disappearance analy-
sis reported in Ref. [2]. The data consist of 8249 IBD
candidates, collected with 227.9 live days and 33.7 GW-
ton-years exposure. There are 497 background events
expected in this sample. The background is mainly com-
posed of (1) cosmogenic radioisotopes, such as 8He and
9Li, which decay via the emission of βn, (2) cosmogenic
stopping muons as well as fast neutrons that interact
multiple times in the inner detector, and (3) acciden-
tal coincidence of a radioactivity-induced prompt signal
followed by a neutron-like event. Background event rate
as a function of sidereal time is treated as a constant. As
the dominant background contributions to the Double
Chooz analyses arise as the result of cosmic ray muons,
we study the time dependence of muon veto rate in order
to justify this assumption. The maximum variation in
muon veto rate as a function of sidereal time is about
0.5%. A background variation in time at this level would
create a maximum variation in disappearance probability
of ∼0.03%.
The background-subtracted IBD candidate sample is

directly compared to the Monte Carlo (MC) expectation
in order to probe a possible sidereal time dependence.
The unoscillated MC expectation is based on the IBD
cross section, the reactor flux prediction, the detector
response, and the number of protons in the detection
volume. The expectation is formed from each of these
variables on a run-by-run basis, with each physics run
lasting approximately one hour. We note that the ther-
mal power of each core is estimated in <1 minute time
intervals and the uncertainty on the total power is 0.5%.
The reactor flux prediction uses extensive input from the
Chooz reactor facility and Électricité de France (EDF).
The quality of the code has been benchmarked [10] and
compared to EDF assembly simulations. The ν̄e spec-
trum is taken directly from Refs. [11, 12] and is normal-
ized to the Bugey4 rate measurement [13]. The analysis
input information, shown in Fig. 1, is assigned to one of
24 bins between 0 and 23.934 hours (one sidereal day).
A MC expectation event weight is split up between the
relevant time bins based on the time and length of the
run while a data event is placed in a bin based on its
DAQ timestamp.
A number of sources of systematic uncertainty are con-

sidered. These include those associated with the back-
ground prediction, the detector and detector response,
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FIG. 1. The background subtracted data and MC expecta-
tion IBD event rates as a function of sidereal time. The MC
expectation assumes no antineutrino disappearance. Total er-
rors (statistical and systematic) are shown on the data points.

and the reactor flux (normalization and shape). The re-
actor flux and detector operations are both weak func-
tions of solar time due to human activity as the cores
turned on/off multiple times during the run and detec-
tor calibrations are generally done during the daylight
hours. Day-night effects are well accounted for in the MC
prediction and correlated uncertainties associated with
these are included in a covariance matrix, fully describ-
ing the predicted statistical and systematic errors. The
3.93 minute/day difference between sidereal and solar
time, compounded over the ∼1 year physics run, largely
removes any potential for an unaccounted modulation
in sidereal time associated with small modulations re-
lated to solar dependence. The detector and background
prediction uncertainties are considered uncorrelated with
each other and fully correlated in sidereal time. A thor-
ough explanation of the various uncertainties and their
determination can be found in Ref. [2], noting that cor-
relations in time (as opposed to antineutrino energy in
the reference) are most important here. The total frac-
tional uncertainty with respect to the MC expectation is
2.9%. The statistical uncertainty contributes at the level
of 1.1% and systematic uncertainties are led by the reac-
tor flux and detector response (1.7%) and the background
prediction (1.7%).
In the three active flavor neutrino oscillation frame-

work, the ν̄e → ν̄e probability can be written as a
function of ν̄e → ν̄µ and ν̄e → ν̄τ (Pν̄e→ν̄e = 1 −
Pν̄e→ν̄µ−Pν̄e→ν̄τ ). Under the SME, both Pν̄e→ν̄µ and
Pν̄e→ν̄τ are written as functions of five free parame-
ters [14]:

P ν̄e→ν̄e $ 1−
|(heff)ēµ̄|2L2

(!c)2
−

|(heff)ēτ̄ |2L2

(!c)2

= 1−
L2

(!c)2
[ | (C)ēµ̄ + (As)ēµ̄ sinω⊕T⊕ + (Ac)ēµ̄ cosω⊕T⊕

+ (Bs)ēµ̄ sin 2ω⊕T⊕ + (Bc)ēµ̄ cos 2ω⊕T⊕|
2

+ | (C)ēτ̄ + (As)ēτ̄ sinω⊕T⊕ + (Ac)ēτ̄ cosω⊕T⊕

+ (Bs)ēτ̄ sin 2ω⊕T⊕ + (Bc)ēτ̄ cos 2ω⊕T⊕ |2 ] (2)

10 amplitude 
5 free parameters
→ Too much & complicated

Prob(anti-νe → anti-νµ)

Prob(anti-νe → anti-ντ)

“e-τ fit” : assumption P(→anti-νµ)=0

4

The disappearance probability is a function of sidereal
time T⊕, sidereal frequency ω⊕ [2π/86164.1 rad

s ], base-
line L, and ten amplitudes (parameters). The param-
eters themselves are composed of the Lorentz violating
coefficients introduced in Eq. 1, antineutrino energy, and
the antineutrino-source-to-detector vector. We aim to re-
duce this equation since there are too many parameters
for a realistic fit and measurement extraction. Ideally,
this reduction proceeds without any assumptions, in a
model independent way.
Double Chooz’s maximum sensitivity to the CPT-

odd and CPT-even SME coefficients is on the order of
∼10−20 GeV and ∼10−18, respectively, determined by
considering the maximum oscillation condition in the ef-
fective Hamiltonian (Eq. 1). The MINOS near detec-
tor [4] and MiniBooNE [7] measurements both place sig-
nificantly better limits on all CPT-even coefficients, at
the level of ∼10−21 and ∼10−20, respectively. The ten
relevant SME coefficients are therefore set to zero, corre-
sponding to the removal of two parameters, (Bs)ēµ̄ and
(Bc)ēµ̄, from Eq. 2. It is now difficult to remove more
parameters in a model independent way and we cannot
reduce Eq. 2 further using existing measurements. We
therefore study two different sets of assumptions.
The assumption that all Lorentz violating oscillations

occur in electron antineutrino to tau antineutrino transi-
tions (Pν̄e→ν̄µ = 0, Pν̄e→ν̄τ "= 0) is studied with the “e−τ
fit”:

Pν̄e→ν̄e $ 1−
L2

(!c)2
[ | (C)ēτ̄ + (As)ēτ̄ sinω⊕T⊕

+(Ac)ēτ̄ cosω⊕T⊕ + (Bs)ēτ̄ sin 2ω⊕T⊕

+(Bc)ēτ̄ cos 2ω⊕T⊕ |2 ] (3)

The five free parameters [(C)ēτ̄ , (As)ēτ̄ , (Ac)ēτ̄ , (Bs)ēτ̄ ,
and (Bc)ēτ̄ ] themselves contain fourteen of the e−τ sector
SME coefficients introduced in Eq. 1.
The second model is based on the assumption that

all Lorentz violating oscillations occur in electron an-
tineutrino to muon antineutrino transitions (Pν̄e→ν̄µ "= 0,
Pν̄e→ν̄τ = 0) and is referred to as the “e− µ fit”:

Pν̄e→ν̄e $ 1−
L2

(!c)2
[ | (C)ēµ̄ + (As)ēµ̄ sinω⊕T⊕

+(Ac)ēµ̄ cosω⊕T⊕ |2 ] (4)

This equation has only three free parameters [(C)ēµ̄,
(As)ēµ̄, and (Ac)ēµ̄], as the MINOS and MiniBooNE
constraints have removed the CPT-even coefficients, and
contains four e − µ sector SME coefficients. The C pa-
rameter in Eqs. 3 and 4 contains sidereal time indepen-
dent SME coefficients. This term can affect both shape
and normalization. We note that each of these two mod-
els considers disappearance in only one channel while
the complete formula (Eq. 2) contains contributions from
both. However, the limits reported tend to be more con-
servative than if both channels were considered simulta-
neously.

The SME parameters in Eqs. 3 and 4 are extracted
using the MC expectation and background subtracted
data (Fig. 1), the total error matrix including statisti-
cal and correlated systematic contributions, and a least
squares fitting technique. The least squares estimator is
minimized in order to find the best fit (BF) among the
parameter combinations.
The e− τ and e−µ BF sidereal time results are shown

in Fig. 2. The BF results for both fits are dominated
by the sidereal time independent terms, (C)ēτ̄ and (C)ēµ̄.
We examine the significance of the results below.
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FIG. 2. The electron antineutrino disappearance probability
as a function of sidereal time, overlaid with the best fit e− µ
(χ2/ndf = 28.8/21) and e − τ (χ2/ndf = 27.7/19) curves. A
one parameter flat fit to the distribution yields a best fit with
χ2/ndf = 30.6/23.

The flatness of the sidereal time distribution is ana-
lyzed using a frequentist approach. A large sample of
randomized pseudoexperiments, based on the MC expec-
tation and the total error matrix and with an injected
sidereal time independent (“flat”) disappearance, is gen-
erated in order to determine the fraction of samples that
present a more or less flat solution than the one found
here. We introduce a normalization factor of 91.8%, con-
sistent with the counting-only disappearance probability,
in order to ensure that we are testing the null hypothesis
that there is no sidereal time dependence rather than the
null hypothesis that there is no antineutrino disappear-
ance. The ∆χ2 is defined as the minimum χ2 from the
flat hypothesis minus the minimum χ2 from each e − τ
or e − µ fit. This frequentist study shows that 60.0%
(41.8%) of pseudoexperiments have a larger ∆χ2 than
the real data and that the e−τ (e−µ) results are consis-
tent with sidereal time independent oscillations. In the
absence of a sidereal dependence, we proceed to set limits
on the relevant time dependent SME coefficients.
Limits on the SME coefficients and uncertainties asso-

ciated with the BF parameters are determined by con-
structing a five and three dimensional parameter space,
corresponding to the e−τ and e−µ fits, respectively. By
assuming the minimum of the least squares fit estimator
follows a χ2 distribution, a 1σ (2σ) hyper-volume can be
defined as the region enclosed by the constant χ2 hyper-
surface with minimum χ2 plus 5.9 (11.3) for the e− τ fit,

4

The disappearance probability is a function of sidereal
time T⊕, sidereal frequency ω⊕ [2π/86164.1 rad

s ], base-
line L, and ten amplitudes (parameters). The param-
eters themselves are composed of the Lorentz violating
coefficients introduced in Eq. 1, antineutrino energy, and
the antineutrino-source-to-detector vector. We aim to re-
duce this equation since there are too many parameters
for a realistic fit and measurement extraction. Ideally,
this reduction proceeds without any assumptions, in a
model independent way.
Double Chooz’s maximum sensitivity to the CPT-

odd and CPT-even SME coefficients is on the order of
∼10−20 GeV and ∼10−18, respectively, determined by
considering the maximum oscillation condition in the ef-
fective Hamiltonian (Eq. 1). The MINOS near detec-
tor [4] and MiniBooNE [7] measurements both place sig-
nificantly better limits on all CPT-even coefficients, at
the level of ∼10−21 and ∼10−20, respectively. The ten
relevant SME coefficients are therefore set to zero, corre-
sponding to the removal of two parameters, (Bs)ēµ̄ and
(Bc)ēµ̄, from Eq. 2. It is now difficult to remove more
parameters in a model independent way and we cannot
reduce Eq. 2 further using existing measurements. We
therefore study two different sets of assumptions.
The assumption that all Lorentz violating oscillations

occur in electron antineutrino to tau antineutrino transi-
tions (Pν̄e→ν̄µ = 0, Pν̄e→ν̄τ "= 0) is studied with the “e−τ
fit”:

Pν̄e→ν̄e $ 1−
L2

(!c)2
[ | (C)ēτ̄ + (As)ēτ̄ sinω⊕T⊕

+(Ac)ēτ̄ cosω⊕T⊕ + (Bs)ēτ̄ sin 2ω⊕T⊕

+(Bc)ēτ̄ cos 2ω⊕T⊕ |2 ] (3)

The five free parameters [(C)ēτ̄ , (As)ēτ̄ , (Ac)ēτ̄ , (Bs)ēτ̄ ,
and (Bc)ēτ̄ ] themselves contain fourteen of the e−τ sector
SME coefficients introduced in Eq. 1.
The second model is based on the assumption that

all Lorentz violating oscillations occur in electron an-
tineutrino to muon antineutrino transitions (Pν̄e→ν̄µ "= 0,
Pν̄e→ν̄τ = 0) and is referred to as the “e− µ fit”:

Pν̄e→ν̄e $ 1−
L2

(!c)2
[ | (C)ēµ̄ + (As)ēµ̄ sinω⊕T⊕

+(Ac)ēµ̄ cosω⊕T⊕ |2 ] (4)

This equation has only three free parameters [(C)ēµ̄,
(As)ēµ̄, and (Ac)ēµ̄], as the MINOS and MiniBooNE
constraints have removed the CPT-even coefficients, and
contains four e − µ sector SME coefficients. The C pa-
rameter in Eqs. 3 and 4 contains sidereal time indepen-
dent SME coefficients. This term can affect both shape
and normalization. We note that each of these two mod-
els considers disappearance in only one channel while
the complete formula (Eq. 2) contains contributions from
both. However, the limits reported tend to be more con-
servative than if both channels were considered simulta-
neously.

The SME parameters in Eqs. 3 and 4 are extracted
using the MC expectation and background subtracted
data (Fig. 1), the total error matrix including statisti-
cal and correlated systematic contributions, and a least
squares fitting technique. The least squares estimator is
minimized in order to find the best fit (BF) among the
parameter combinations.
The e− τ and e−µ BF sidereal time results are shown

in Fig. 2. The BF results for both fits are dominated
by the sidereal time independent terms, (C)ēτ̄ and (C)ēµ̄.
We examine the significance of the results below.
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FIG. 2. The electron antineutrino disappearance probability
as a function of sidereal time, overlaid with the best fit e− µ
(χ2/ndf = 28.8/21) and e − τ (χ2/ndf = 27.7/19) curves. A
one parameter flat fit to the distribution yields a best fit with
χ2/ndf = 30.6/23.

The flatness of the sidereal time distribution is ana-
lyzed using a frequentist approach. A large sample of
randomized pseudoexperiments, based on the MC expec-
tation and the total error matrix and with an injected
sidereal time independent (“flat”) disappearance, is gen-
erated in order to determine the fraction of samples that
present a more or less flat solution than the one found
here. We introduce a normalization factor of 91.8%, con-
sistent with the counting-only disappearance probability,
in order to ensure that we are testing the null hypothesis
that there is no sidereal time dependence rather than the
null hypothesis that there is no antineutrino disappear-
ance. The ∆χ2 is defined as the minimum χ2 from the
flat hypothesis minus the minimum χ2 from each e − τ
or e − µ fit. This frequentist study shows that 60.0%
(41.8%) of pseudoexperiments have a larger ∆χ2 than
the real data and that the e−τ (e−µ) results are consis-
tent with sidereal time independent oscillations. In the
absence of a sidereal dependence, we proceed to set limits
on the relevant time dependent SME coefficients.
Limits on the SME coefficients and uncertainties asso-

ciated with the BF parameters are determined by con-
structing a five and three dimensional parameter space,
corresponding to the e−τ and e−µ fits, respectively. By
assuming the minimum of the least squares fit estimator
follows a χ2 distribution, a 1σ (2σ) hyper-volume can be
defined as the region enclosed by the constant χ2 hyper-
surface with minimum χ2 plus 5.9 (11.3) for the e− τ fit,

“e-µ fit” : assumption P(→anti-ντ)=0,

(remove CPT-even coefficients 
as MINOS, MiniBooNE)

Double Choozの最大感度を考える
と、同時にフィットしても、あまり
得はしない
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• Least square fitting w/ total error matrix (stat + correlated syst) 
for BG-subtracted data

Lorentz-violating analysis result

4

The disappearance probability is a function of sidereal
time T⊕, sidereal frequency ω⊕ [2π/86164.1 rad

s ], base-
line L, and ten amplitudes (parameters). The param-
eters themselves are composed of the Lorentz violating
coefficients introduced in Eq. 1, antineutrino energy, and
the antineutrino-source-to-detector vector. We aim to re-
duce this equation since there are too many parameters
for a realistic fit and measurement extraction. Ideally,
this reduction proceeds without any assumptions, in a
model independent way.
Double Chooz’s maximum sensitivity to the CPT-

odd and CPT-even SME coefficients is on the order of
∼10−20 GeV and ∼10−18, respectively, determined by
considering the maximum oscillation condition in the ef-
fective Hamiltonian (Eq. 1). The MINOS near detec-
tor [4] and MiniBooNE [7] measurements both place sig-
nificantly better limits on all CPT-even coefficients, at
the level of ∼10−21 and ∼10−20, respectively. The ten
relevant SME coefficients are therefore set to zero, corre-
sponding to the removal of two parameters, (Bs)ēµ̄ and
(Bc)ēµ̄, from Eq. 2. It is now difficult to remove more
parameters in a model independent way and we cannot
reduce Eq. 2 further using existing measurements. We
therefore study two different sets of assumptions.
The assumption that all Lorentz violating oscillations

occur in electron antineutrino to tau antineutrino transi-
tions (Pν̄e→ν̄µ = 0, Pν̄e→ν̄τ "= 0) is studied with the “e−τ
fit”:

Pν̄e→ν̄e $ 1−
L2

(!c)2
[ | (C)ēτ̄ + (As)ēτ̄ sinω⊕T⊕

+(Ac)ēτ̄ cosω⊕T⊕ + (Bs)ēτ̄ sin 2ω⊕T⊕

+(Bc)ēτ̄ cos 2ω⊕T⊕ |2 ] (3)

The five free parameters [(C)ēτ̄ , (As)ēτ̄ , (Ac)ēτ̄ , (Bs)ēτ̄ ,
and (Bc)ēτ̄ ] themselves contain fourteen of the e−τ sector
SME coefficients introduced in Eq. 1.
The second model is based on the assumption that

all Lorentz violating oscillations occur in electron an-
tineutrino to muon antineutrino transitions (Pν̄e→ν̄µ "= 0,
Pν̄e→ν̄τ = 0) and is referred to as the “e− µ fit”:

Pν̄e→ν̄e $ 1−
L2

(!c)2
[ | (C)ēµ̄ + (As)ēµ̄ sinω⊕T⊕

+(Ac)ēµ̄ cosω⊕T⊕ |2 ] (4)

This equation has only three free parameters [(C)ēµ̄,
(As)ēµ̄, and (Ac)ēµ̄], as the MINOS and MiniBooNE
constraints have removed the CPT-even coefficients, and
contains four e − µ sector SME coefficients. The C pa-
rameter in Eqs. 3 and 4 contains sidereal time indepen-
dent SME coefficients. This term can affect both shape
and normalization. We note that each of these two mod-
els considers disappearance in only one channel while
the complete formula (Eq. 2) contains contributions from
both. However, the limits reported tend to be more con-
servative than if both channels were considered simulta-
neously.

The SME parameters in Eqs. 3 and 4 are extracted
using the MC expectation and background subtracted
data (Fig. 1), the total error matrix including statisti-
cal and correlated systematic contributions, and a least
squares fitting technique. The least squares estimator is
minimized in order to find the best fit (BF) among the
parameter combinations.
The e− τ and e−µ BF sidereal time results are shown

in Fig. 2. The BF results for both fits are dominated
by the sidereal time independent terms, (C)ēτ̄ and (C)ēµ̄.
We examine the significance of the results below.
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FIG. 2. The electron antineutrino disappearance probability
as a function of sidereal time, overlaid with the best fit e− µ
(χ2/ndf = 28.8/21) and e − τ (χ2/ndf = 27.7/19) curves. A
one parameter flat fit to the distribution yields a best fit with
χ2/ndf = 30.6/23.

The flatness of the sidereal time distribution is ana-
lyzed using a frequentist approach. A large sample of
randomized pseudoexperiments, based on the MC expec-
tation and the total error matrix and with an injected
sidereal time independent (“flat”) disappearance, is gen-
erated in order to determine the fraction of samples that
present a more or less flat solution than the one found
here. We introduce a normalization factor of 91.8%, con-
sistent with the counting-only disappearance probability,
in order to ensure that we are testing the null hypothesis
that there is no sidereal time dependence rather than the
null hypothesis that there is no antineutrino disappear-
ance. The ∆χ2 is defined as the minimum χ2 from the
flat hypothesis minus the minimum χ2 from each e − τ
or e − µ fit. This frequentist study shows that 60.0%
(41.8%) of pseudoexperiments have a larger ∆χ2 than
the real data and that the e−τ (e−µ) results are consis-
tent with sidereal time independent oscillations. In the
absence of a sidereal dependence, we proceed to set limits
on the relevant time dependent SME coefficients.
Limits on the SME coefficients and uncertainties asso-

ciated with the BF parameters are determined by con-
structing a five and three dimensional parameter space,
corresponding to the e−τ and e−µ fits, respectively. By
assuming the minimum of the least squares fit estimator
follows a χ2 distribution, a 1σ (2σ) hyper-volume can be
defined as the region enclosed by the constant χ2 hyper-
surface with minimum χ2 plus 5.9 (11.3) for the e− τ fit,

χ2/ndf
e-µ fit : 28.8/21
e-τ fit : 27.7/19
flat fit : 30.6/23

For both fit, time 
independent C is 
dominated

Δχ2 = χ2(flat hypothesis) - χ2(min)
→ Δχ2(data) < Δχ2(pesudo-exp)

- e-µ fit : 41.8%
- e-τ fit : 60.0% 5

BF parameter 2σ limit SME coefficients combination
(10−20 GeV)

(C)ēτ̄ 5.8 7.8 [−(aL)Teτ − 0.29(aL)Zeτ ] +E[−1.46(cL)TT
eτ − 0.57(cL)TZ

eτ + 0.38(cL)ZZ
eτ ]

(As)ēτ̄ −0.4 6.6 [−0.91(aL)Xeτ + 0.29(aL)Yeτ ] +E[−1.83(cL)TX
eτ + 0.58(cL)TY

eτ − 0.52(cL)XZ
eτ + 0.16(cL)Y Z

eτ ]
(Ac)ēτ̄ 0.4 7.0 [0.29(aL)Xeτ + 0.91(aL)Yeτ ] +E[0.58(cL)TX

eτ + 1.83(cL)TY
eτ + 0.16(cL)XZ

eτ + 0.52(cL)Y Z
eτ ]

(Bs)ēτ̄ 0.0 5.4 E[0.26((cL)XX
eτ − (cL)Y Y

eτ ) + 0.75(cL)XY
eτ ]

(Bc)ēτ̄ 0.5 5.4 E[0.38((cL)XX
eτ − (cL)Y Y

eτ )− 0.53(cL)XY
eτ ]

(C)ēµ̄ 5.8± 1.7 — [−(aL)Teµ − 0.29(aL)Zeµ]
(As)ēµ̄ −0.4± 0.7 1.9 [−0.91(aL)Xeµ + 0.29(aL)Yeµ]
(Ac)ēµ̄ 0.5± 0.8 5.5 [0.29(aL)Xeµ + 0.91(aL)Yeµ]

TABLE I. A summary of the e− τ and e−µ Lorentz violation measurements in terms of the best fit (BF) parameters and the
corresponding combinations of Standard-Model Extension coefficients. The average antineutrino energy “E” is 4.2×10−3 GeV.
Note that the e− τ and e− µ fit functions are not linear with the fit parameters and 1σ errors do not scale to the 2σ ones.

and 3.5 (8.0) for the e − µ fit. These criteria are tested
by using a sample of pseudoexperiments with an injected
signal based on the BF. That is, each pseudoexperiment
sample is convolved with the BF oscillation probability
equation. A new fit is then performed and the BF param-
eters are tallied. We find that the above choices for 1σ
and 2σ hyper-surfaces enclose 70.1% (68.8%) and 94.5%
(94.7%) of BF points for the e−τ (e−µ) fits and that our
allowed regions are valid. Note that we have considered
only half of the parameter space in this procedure and
that the sign reversed BF parameters are equally valid.

The results are summarized in Table I. The BF val-
ues from both the e − τ and e − µ fits are shown along
with 1σ errors and 2σ upper limits, when applicable. The
BF errors are generally asymmetric; however, the larger
of the two-sided error bar is reported. Correlations be-
tween parameters and multiple connected solutions make
it impossible to extract meaningful 1σ errors on the BF
e − τ parameters. The combination of SME coefficients
associated with each measured parameter is also shown
in the table. All e − τ parameter limits as well as the
sidereal time dependent e − µ limits are on the order of
∼10−20 GeV for CPT-odd coefficients and ∼10−17 for
CPT-even coefficients.

Although every measured sidereal time dependent pa-
rameter is consistent with zero, the time independent
parameter (C)ēµ̄ is non-zero at the 2.1σ level. We note

that a normalization-only fit [Pν̄e→ν̄e # 1− L2

(!c)2 ((C)
2
ēτ̄ +

(C)2ēµ̄)] yields (C)
2
ēτ̄ +(C)2ēµ̄ = (34.2± 9.2)× 10−40 GeV2.

This disappearance is consistent with the rate-only θ13
measurement in Ref. [2]. With current precision, time
independent Lorentz violating effects cannot be distin-
guished from mass and θ13 induced oscillations. Sepa-
rating the two effects may be possible with future high
statistics data and spectral information, however. The
disappearance observed can generally be interpreted as
due to neutrino mass and θ13 in the three flavor neutrino
oscillation framework.

There are a number of alternative neutrino oscillation
models motivated by Lorentz violation [15–19]. These

models neglect sidereal modulations by assuming that
any such variations are averaged out or that the probabil-
ity of oscillation is governed by time independent terms
only. The models focus on reproducing the global ob-
served energy and baseline dependence of neutrino os-
cillations. Interestingly, however, none of the models
predict the observed antineutrino oscillations at Double
Chooz’s energy (〈E〉=4.2 MeV) and baseline (1050 m).
That is, the measured disappearance conflicts with these
models. This may be an additional reason to interpret
the time independent disappearance observed as due to
neutrino mass and non-zero θ13, rather than time inde-
pendent Lorentz violation.

We have analyzed the sidereal time dependence of Dou-
ble Chooz’s electron antineutrino candidates as a probe
of Lorentz violation. With no observed modulation, we
set the first limits on fourteen of the SME coefficients in
the e− τ sector, and set competitive limits on two e− µ
sector coefficients. Competitive limits may also be pro-
vided by other reactor antineutrino experiments in the
future [20, 21], although Double Chooz features a com-
paratively simple antineutrino-source-to-detector vector.
With the addition of this work amongst the world’s data,
sidereal variation tests with neutrino oscillation exper-
iments have been performed with all active oscillation
channels. In the future, astrophysical neutrinos [22] may
improve sensitivity to Lorentz violation by many orders
of magnitude compared to what is possible for terrestrial-
based neutrino experiments.
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European fund FEDER; the Région de Champagne Ar-
denne; the Département des Ardennes; and the Com-
munauté des Communes Ardennes Rives de Meuse. We
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computer center CCIN2P3, and LabEx UnivEarthS in
France; the Ministry of Education, Culture, Sports, Sci-
ence and Technology of Japan (MEXT) and the Japan
Society for the Promotion of Science (JSPS); the Depart-
ment of Energy and the National Science Foundation of
the United States; the Ministerio de Ciencia e Innova-
cion (MICINN) of Spain; the Max Planck Gesellschaft,

No time dependent indication

Limits on SME coefficients by constant χ2
Ex: 1σ (2σ) limit w/ constant Δχ2 = 5.9 (11.3) for 
e-τ fit (5 params)

“Norm-fit w/ only C” = “Rate-only θ13 analysis” 
→ 今の測定精度では Lorentz violation と (mass, 

θ13) oscillation の結果が区別できない
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Summary
• Standard Model を拡張することで、我々の現在のエネルギー領域でもLorentz 

violationの測定ができる(かも)

• すでに多くの実験でLorentz violationの解析がされているが、兆候はまだ見つかっ
ていない

• LSNDやMiniBooNE(anti-neutrino mode)でSidereal modulationっぽいものが見えて
いるが、両者の結果は矛盾する

• 各振動モードでの現在のパラメータ制限

• νe ⇔ νµ : <1e-20 GeV (LSND, MiniBooNE, MINOS)

• νµ ⇔ ντ : <1e-23 GeV (MINOS, IceCube)

• νe ⇔ ντ : <1e-21 GeV (Double Chooz)

• MiniBooNE anti-neutrinoのフルデータ解析や、別の解析アプローチ、宇宙物理から
の制限など、まだやることはある(と思う)

2612年10月9日火曜日



The last meeting of Lorentz and CPT 
violation was in summer 2010. 
Next meeting will be in summer 2013 
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          physical effects at the level of the Standard Model, General Relativity, and beyond 
          origins and mechanisms for violations 
          classical and quantum issues in field theory, particle physics, gravity, and strings  
 

http://www.physics.indiana.edu/~kostelec/faq.html 
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Sidereal time (恒星時間)
• 春分点の見かけの日周運動によって計られる時間
恒星時は春分点の時角として定義される（あるいは、その時に真南に見える星の赤経
としても定義できる）。春分点が子午線を通過する時、すなわち赤経0時の線がちょ
うど頭上にある時にその場所の地方恒星時は00:00である。グリニッジ恒星時はイギ
リス・グリニッジでの子午線（本初子午線）上で測った春分点の時角である。

まず、日本標準時(JST)から9時間を引き、世界時(UT)を求める。
世界時(UT) = 日本標準時(JST) - 9時
UTの現在のグレゴリオ暦での年をY、月をM、日をD、時間をh、分をm、秒をsとする。ただし、1月と2月
はそれぞれ前年（Yの値を-1する）の13月、14月として代入する（例: 2010年1月1日の場合、Y=2009, M=13, 

D=1）。このときユリウス通日(JD)は、次の式で求められる。

[]の記号は小数点以下を切り捨て整数だけをとる意味とする。次に、TJD (Truncated Julian Day - NASAが導
入した世界時1968年3月24日0時からの日数) を次の式で求める。

平均春分点に準拠するグリニッジ恒星時（歳差のみを考慮に入れた平均恒星時）は、次の式で求めること
ができる（hは時間の単位。度数法で表記された角度を15で割ったものと同じ）。
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Sidereal time (恒星時間)
Solar time (24h) と Sidereal time 

(23h56m04s)の違い
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CPT symmetry is the invariance under CPT transformation 
 
 
CPT is the perfect symmetry of the Standard Model, due to CPT theorem 
 
 

  

€ 

L CPT" → " " ΘLΘ−1 = & L = L, Θ = CPT

2. What is CPT violation?  

Teppei Katori, MIT 

CPT-even CPT-odd 

CPT-odd Lorentz violating coefficients (odd number Lorentz indices, ex., aµ , gλµν ) 
CPT-even Lorentz violating coefficients (even number Lorentz indices, ex., cµν , καβµν ) 

QED 

Weak 

QCD Lorentz violation 
ψγ

µ
�µψψγ

µ
�µν∂

ν
ψ
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L-E diagram
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Tests of Lorentz and CPT violation with MiniBooNE neutrino oscillation excesses 9

Fig. 4. L-E diagram with the νSM (two straight dotted lines) and the Puma model (two dashed
and solid curves).

3.4. Lorentz violation as an alternative neutrino oscillation model

Because of the unconventional energy dependence of Lorentz-violating terms in the
Hamiltonian (E0 and E1), naively, its energy dependence on neutrino oscillations
is different from one expected from the three massive neutrino model (so-called
νSM). However, it is also possible to “mimic” neutrino mass-like energy dependence
(E−1) using Lorentz violating terms only.17,18,19,20 There is a chance that such
types of models could be correct, because we currently have some tensions in the
world neutrino oscillation data. For this purpose, it would be helpful to show the
phase space of neutrino oscillations in a model-independent way. The L-E diagram
(Fig. 4) shows world’s neutrino oscillation experiments mapped with their energy
and baseline.19

The curves in Figure 4 represent the oscillation length. For example, massive
neutrino oscillation solutions (=L/E oscillatory dependence) are represented by
the line L ∝ E. Here, data are consistent with two L/E neutrino oscillations, the
ν̄e disappearance measurement at the KamLAND experiment (2 to 8 MeV), and
the νµ and ν̄µ disappearance measurements at the long-baseline and atmospheric
neutrino experiments (0.3 to 10 GeV). Therefore, we know there are at least two

segments with L ∝ E on the L-E diagram. Nevertheless, our knowledge outside of
these segments is limited. There are proposed models, such as the Puma model,19,20

which have L/E oscillatory dependencies in these energy ranges. So, here, the mod-
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MiniBooNE Unbined likelihood
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Fig. 10. Time distribution of the MiniBooNE excess in antineutrino mode. The keys are same
with Figure 9.

human behavior over several years make a nice sinusoidal curve in POT, and in
neutrino rate! After correcting POT, νµCCQE event shows flat (Fig. 11, bottom).

Then, the question is how much the solar time variation of the POT actually
shows up in the oscillation candidate sidereal variation. We found that a small
variation persists in the νµCCQE sidereal distribution. We evaluated the impact of
this on our analysis by correcting the POT variation event by event in νe candidate
data. It turned out that, because of the low statistics of oscillation candidate events
and the smearing effect from solar time distribution to sidereal time distribution,
the correction only had a negligible effect. Thus, we decided to use uncorrected
events in later analysis.

Similar study is needed for the antineutrino mode, but the conclusion is likely
to be the same due to lower statistics of ν̄e sample.

5.3. Unbinned likelihood fit

To find best-fit (BF) parameters to describe MiniBooNE νe (ν̄e) candidate data with
Lorentz violation, we employed an unbinned likelihood fit. The likelihood function
Λ has following expression with two probability density functions (PDFs).

Λ =
e−(µs+µb)

N !

N
∏

i=1

(µsF i
s + µbF i

b)×
1√

2πσb2
exp

(

−
(µ̄b − µb)

2

2σb2

)

(11)
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Fig. 11. The top histogram shows the νµCCQE local solar time distribution, with the arbitrary
normalized fit curve extracted from the POT local solar time distribution in the same time period
(solid curve). The bottom plot shows the same events after correcting for variations in POT. The
χ2 of this distribution with a flat hypothesis is 53.9/49 (29.3% compatibility).

N, the number of observed candidate events
µs, the predicted number of signal events, the function of fitting parameters
µb, the predicted number of background events, floating within 1σ range
Fs, the PDF for the signal, the function of sidereal time and fitting parameters
Fb, the PDF for the background, not the function of the sidereal time
σb, the 1σ error on the predicted background
µ̄b, the central value of the predicted total background events

This method is suitable because it has the highest statistical power for a low-
statistics sample. The computation is performed to maximize this function. But in
the reality, we maximize the log likelihood function. The maximum log likelihood
(MLL) point provide the best fit (BF) parameter set. Then the constant surface of
log likelihood function provide the errors. Neither the neutrino nor the antineutrino
mode data allow us to extract errors if we fit all five parameters at once (Eq. 5),
due to the high correlation of parameters. Therefore, we focus on three-parameter
fit (Eq. 9) to discuss errors and limits. Since the five-parameter fit is quantitatively
similar to the three-parameter fit, we will focus the discussion of these results on
the three-parameter fit.

6. Results

This section describes the results of the fits.
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