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Tests of Lorentz and CPT violation with Neutrinos
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1. Spontaneous symmetry breaking

Every fundamental symmetry needs to be tested, including Lorentz symmetry.

Atfter the recognition of theoretical processes that create Lorentz violation, testing Lorentz
invariance becomes very exciting

Lorentz and CPT violation has been shown to occur in Planck scale theories, including:

- string theory
- noncommutative field theory

- quantum loop gravity
- extra dimensions
- etc

However, it is very difficult to build a self-consistent theory with Lorentz violation...
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Atfter the recognition of theoretical processes that create Lorentz violation, testing Lorentz
invariance becomes very exciting

Lorentz and CPT violation has been shown to occur in Planck scale theories, including:
- string theory

- noncommutative field theory

- quantum loop gravity

- extra dimensions

- etc

However, it is very difficult to build a self-consistent theory with Lorentz violation...

Spontaneous
Symmetry Breaking
(SSB)! '

: Y. Nambu

(Nobel prize winner 2008},

picture taken from CPT04 at

Bloomington, IN
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1. Spontaneous Lorentz symmetry breaking (SLSB)

vacuum Lagrangian for fermion L = iTﬁgu oty ‘

e.g.) SSB of scalar field in Standard Model (SM)
- If the scalar field has Mexican hat potential

1 P N 1 . 5 oSB
L=—1(9 ) ~— — ek
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M(p)=u’ <0
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1. Spontaneous Lorentz symmetry breaking (SLSB)

vacuum Lagrangian for fermion L = iTﬁgu M —mPP ‘
e.g.) SSB of scalar field in Standard Model (SM)
- If the scalar field has Mexican hat potential ¢

1 P N 1 . 5 oSB

L=—0,9) - =1 (@'9)-~M¢'¢)
SO - @O~ AME G
M(p)=u’ <0
¢

Particle acquires
mass term!

Teppei Katarl, MIT



Kostelecky and Samuel
PRD39(1989)683

1. Spontaneous Lorentz symmetry breaking (SLSB)

vacuum Lagrangian for fermion L = iTﬁgu M —mPP ‘

e.g.) SSB of scalar field in Standard Model (SM)
- If the scalar field has Mexican hat potential
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M(p)=u’ <0

e.9.) SLSB in string field theory
- There are many Lorentz vector fields
- If any of vector field has Mexican hat potential

M(a*)=u"<0

SSB ¢

SLSB ¢
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1. Spontaneous Lorentz symmetry breaking (SLSB)

vacuum Lagrangian for fermion L = Wy, o'W -mP¥ +Py, "W ‘

e.g.) SSB of scalar field in Standard Model (SM)
- If the scalar field has Mexican hat potential ¢

1 , 1, . 1 . 5 oSB
L=—(9 -— -—4A
2( W) 5 (¢ 9) y (@ @)
M(p)=pu <0
e.g.) SLSB in string field theory ¢'

- There are many Lorentz vector fields
- If any of vector field has Mexican hat potential

M(a")=p" <0 SLSB S AJ
' AAN

Lorentz symmetry
is spontaneously

broken!
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1. Spontaneous Lorentz symmetry breaking

Test of Lorentz violation: Find the coupling of these background fields and ordinary fields
(electrons, muons, neutrinos etc). Do these quantities depend on rotation of the earth?

background field
of the universe

vacuum Lagrangian for fermion
TTT TIT ITT - TTT v
L = Wy, " - mPW + Wy a1 +w-;',iavw_ N

Scientific American (Sept. 2004)

R of ot ateon —

SPECIAL
ISSUE

For-a century=hisiileas have reshaped the world.
Bul discopesinis "siﬂ_s_l_s are now venturing

PM 6:00 Toward a Theory DIEUEH

AM 8:00 Energy That Expa

Diferent F



1. Spontaneous Lorentz symmetry breaking

Test of Lorentz violation: Find the coupling of these background fields and ordinary fields
(electrons, muons, neutrinos etc). Do these quantities depend on rotation of the earth?

background field
of the universe

vacuum Lagrangian for fermion ﬁ,ﬂ”f

L = Wy, 8"¥ - mPP + Wy 2" + Ty,

ct

Sidereal time dependence

Y

oV

v

The smoking gun of Lorentz violation is the sidereal time dependence of the observables.

Solar time: 24h 00m 00.0s
sidereal time: 23h 56m 04.1s

Sidereal time dependent physics is often smeared out in solar time distribution
- Maybe we have some evidence of Lorentz violation but we just didn’t notice?!

Target scale

Since it is Planck scale physics, either >10'°GeV or <10-°GeV is the interesting region.
>1019GeV is not possible (LHC is 104GeV), but <10-'°GeV is possible.
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2. What is Lorentz violation?

W(x)y,a" W(x)

020613 Teppei Katori, MIT



2. What is Lorentz violation?

W(x)y,a" WP (x)

hypothetical background ; _
vector field moving particle

Einstein
(observer)




2. What is Lorentz violation?

Under the particle Lorentz transformation:

U®(x)y,a" B(x)u~!
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2. What is Lorentz violation?

Under the particle Lorentz transformation:

T(x)y, " P(x) = U[F(x)y,a" W)™
= W(AX)y, a" W(AX)

Lorentz violation is observable
when a particle is moving in the

fixed coordinate space

Y

Lorentz violation!

&

02/06/13 Teppei Katarl, MIT



2. What is Lorentz violation?
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= W(AX)y, a" W(AX)

Lorentz violation is observable
when a particle is moving in the

fixed coordinate space
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2. What is Lorentz violation?

Under the particle Lorentz transformation:

T(x)y, " P(x) = U[F(x)y,a" W)™
# ¢(A}()ﬁgua”@(ﬁx)
Lorentz violation is observable

when a particle is moving in the
fixed coordinate space

Y

Under the observer Lorentz transformation:

W)y, 8 W(X)—2 > WA Xy, 8" W(AX)

Lorentz violation cannot be generated
by observers motion (coordinate
transformation is unbroken)

all observers agree for all observations




Bluhm, Kostelecky, Lane, Russell PRL 2002
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3. Neutrinos

Neutrinos in the standard model
The standard model describes 6 quarks and 6 leptons and 3 types of force carriers.

Neutrinos are special because,

1. they only interact with weak nuclear force.

! v
M W " M
d Charged Current u u Meutral Current u
(CC) interaction (MC) interaction
“WWhboson exchange” "Z-boson exchange”

2. interaction eigenstate is not Hamiltonian
eigenstate (propagation eigenstate). Thus
propagation of neutrinos changes their species,
called neutrino oscillation.




3. Neutrino oscillations, natural interferometers

Neutrino oscillation is an interference experiment (cf. double slit experiment)

-

light source screen

ulened
aouUalapalul

For double slit experiment, if path v, and path v, have different length, they have different
phase rotations and it causes interference.



3. Neutrino oscillations, natural interferometers

Neutrino oscillation is an interference experiment (cf. double slit experiment)
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If 2 neutrino Hamiltonian eigenstates, v, and v,, have different phase rotation, they cause
gquantum interference.




3. Neutrino oscillations, natural interferometers

Neutrino oscillation is an interference experiment (cf. double slit experiment)

If 2 neutrino Hamiltonian eigenstates, v, and v,, have different phase rotation, they cause
gquantum interference.

If v, and v,, have different mass, they have different velocity, so thus different phase
rotation.

AT



3. Neutrino oscillations, natural interferometers

Neutrino oscillation is an interference experiment (cf. double slit experiment)

If 2 neutrino Hamiltonian eigenstates, v, and v,, have different phase rotation, they cause
gquantum interference.

If v, and v,, have different mass, they have different velocity, so thus different phase

rotation.

The detection may be different flavor (neutrino oscillations).



3. Neutrino oscillations

2 neutrino mixing
The neutrino weak eigenstate is described by neutrino Hamiltonian eigenstates, v, and

v, and their mixing matrix elements.

I v#> =U , I'v1>+ U I ’v2>

The time evolution of neutrino weak eigenstate is written by Hamiltonian mixing matrix
elements and eigenvalues of v, and v, .

I v#(r)> = Ume‘ml’ I 1/1>+ Upze‘”““ I 1/2>

Then the transition probability from weak eigenstate v to v, is,

P . ()=[(v.] «I,»M(r))I2 = —-4U U, U, U,, sin’ ( A ;A'z r)



3. Neutrino oscillations

In the vacuum, 2 neutrino effective Hamiltonian has a mass term,

2 m m
e e 1 O
.| 2B 2E |_| cos@ -sin@ 2E cosf  sing
ol m> m’ sin@ cosf m- —sin cos#h
B MM [ —
2E 2E 2E

Therefore, 2 massive neutrino oscillation model is

L(m)
E(MeV)

P_.(L/E)=sin"20sin° (1 27 Am*(eV”)

Qscillation maximum is described

L — i =
2 54 Am?

LxE straight line is the signature of neutrino mass




3. Lorentz violation with neutrino oscillation

Neutrino oscillation is an interference experiment (cf. double slit experiment)

v I
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If 2 neutrino Hamiltonian eigenstates, v, and v,, have different phase rotation, they cause
gquantum interference.




3. Lorentz violation with neutrino oscillation

Neutrino oscillation is an interference experiment (cf. double slit experiment)

If 2 neutrino Hamiltonian eigenstates, v, and v,, have different phase rotation, they cause
gquantum interference.

If v, and v,, have different coupling with Lorentz violating field, interference fringe
(oscillation pattern) depend on the sidereal motion. The measured scale of neutrino
eigenvalue difference is comparable the target scale of Lorentz violation (<10-1°GeV).



3. Lorentz violation with neutrino oscillation

Neutrino oscillation is an interference experiment (cf. double slit experiment)

Vi
—»
JANS
If 2 neutrino Hamiltonian eigenstates, v, and v,, have different phase rotation, they cause
gquantum interference.

If v, and v,, have different coupling with Lorentz violating field, interference fringe
(oscillation pattern) depend on the sidereal motion. The measured scale of neutrino
eigenvalue difference is comparable the target scale of Lorentz violation (<10-1°GeV).

If neutrino oscillation is caused by Lorentz violation, it may have sidereal time dependence

(NI ET = ) g ool e o L g
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3. Lorentz violation with neutrino oscillation

In the vacuum, arbitrary 2 neutrino effective Hamiltonian,

et

. h (B h B UE U,E) || »E O
o i U.E U,E

h (€ h (E) U () U_(E) 0 %,

My u2

{ UE) U,E

Therefore, 2 neutrino oscillation formula is

PH_}E LEy==4 [UE1U92UH1UH2 ](E) - sin’ [}\‘1 E) ;}\-2 E) L]

Qscillation maximum is described

L _ T
A (E)—2 (E)

The solution of neutrino oscillation is arbitrary function of E.
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3. Neutrino standard Model (vSM)

R

L

This is the world data of neutrino oscillation

It looks majority of region is either accepted
(positive sighals) or excluded 10_3

But this is model dependent diagram, because it —
assumes neutrino mass as phase, and mass f;*'\,
mixing matrix elements as amplitude of neutrino o
oscillations NE

<]

What is model independent diagram look like?

VoY
é X
A T L)

L T
L e w CERRR

Vo=
e i

- Al lirmats are at 90%CL
unless otherwize noted
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Kostelecky and Mewes
PRD69{2004)016005

3. Lorentz violation with neutrino oscillation

Model independent neutrino oscillation data is the function of neutrino energy and baseline.

1022 Solar Potential LBNE
T2K__ MINOS/ /1 S 106
KamLAND :
- ——s KZR ‘
< I =
% 1030 — _ : 104 é
@) Dava Ba DAESALUS
S =) NL-E77 CCFR/NuTeV
-~ DoubielChooz, | MiniBooNE BNL-E776
Palo Verde. | = _ NOMAD /CHORUS
] 0 18 RENO MINERVA




Kostelecky and Mewes
PRD69{2004)016005

3. Lorentz violation with neutrino oscillation

Model independent neutrino oscillation data is the function of neutrino energy and baseline.
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3. Lorentz violation with neutrino oscillation

Kostelecky and Mewes
PRD69(2004)016005

Model independent neutrino oscillation data is the function of neutrino energy and baseline.
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3. Lorentz violation with neutrino oscillation
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Kostelecky and Mewes
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Model independent neutrino oscillation data is the function ojneutrmo energy and baseline.
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3. Lorentz violation with neutrino oscillation

Model independent neutrino oscillation data is the function of neutrino energy and baseline.
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How about model like this?

This solution satisfies all observation
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3. Puma model

Diaz and Kostelecky

PLB700{2011)25

Puma model has only 3 parameters, and perfectly describe all neutrino oscillation signal,
including MiniBooNE low energy excess (neutrino mode only!)
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3. Puma model

Diaz and Kostelecky
PLB700(2011)25

Puma model has only 3 parameters, and perfectly describe all neutrino oscillation signal,
including MiniBooNE low energy excess (neutrino mode only!)

X
i i ; atm
1032 - Solar Potential Bl i
KamLAND. ~ This class of models predict non-zero signal for
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MiniBooNE collaboration,
PRD79(2009)072002

4. MiniBooNE experiment
MiniBooNE neutrino oscillation experiment at Fermilab is looking for v, to v, oscillation

oscillation .
i Ve e (electron-like Cherenkov)

W
n P

Signature of v, event is the single isolated electron like events

Booster Neutrino Beamline (BN B) creates ~800(600)MeV neutrino{anti-neutrino) by pion
decay-in-flight from 8GeV Booster protons on Be-target in the magnetic focusing horn.

FNAL Booster target and horn decay region absorber dirt detector
Booster
primary beam secondary beam tertiary beam

i B
(protons) (mesons) (MEUtnnos)



MiniBooNE collaboration,
NIM.A599(2009)28

4. MiniBooNE experiment

MiniBooNE detector is the spherical Cherenkov detector
- v-baseline is ~520m

- filled with 800t mineral oil

-1280 of 8" PMT in inner detector
- 240 veto PMT in outer region

Hta

FNAL Booster

N\

Booster

dirt detector

primary beam secondary beam tertiary beam
i

i
(protons) (mesons) (MEUtnnos)




MiniBooNE collaboration,
NIM.AS99(2009)28

4. MiniBooNE experiment

Muons

-Sharp, clear rings

-Long, straight tracks

*Electrons

-Scattered rings

Mulitiple scattering

-Radiafive processes




MiniBooNE collaboration,
. _ NIM.A599(2009)28
4. MiniBooNE experiment
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MiniBooNE collaboration,

PRL102(2009)101802,
4. MiniBooNE oscillation analysis result PRL105(2010;181801
Neutrino mode low energy excess Antineutrino mode excess
MiniBooNE see the excess at low MiniBooNE see the excess at
energy region. combined region.
MiniBooNE low E v, excess }MiﬂiBQQNE anti-v, excess
> = = [ T T RS B I 7
! o Da = 06 F - 1'II:.'r:ala:IE_:ls_ltajLa»rr_} =
S asf  475MeV — 8 e =y, femu
£ 2! = v, flom K’ 2 o5k € — B i =
& H 1E - ;‘ﬁm{:::: 2 | :|::.__, Ny
. A—» Ny 04 B8 = g::cr
15 * B dnt + Constr. Syst. Error
[ other 0.3
1 Total Background
0.2
0.5
'y 0.1 :
02 04 0. 08 1 1.2 14 15 a 0.0 = :" 3 S e———
. EEEtﬁn\FI 0.2 0.8 1.0 1.2 1.I:E1-E?IE (Ga‘jjﬂ
low energy | high energy lwanaroy | Hidk e

These excesses are not predicted by neutrino Standard Model (vSM).
Oscillation candidate events may have sidereal time dependence.

All backgrounds are measured in other data sample and their errors are constrained
02/06/13 Teppel Katar, MIT
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5. Lorentz violation with MiniBooNE

Test for Lorentz violation in MiniBooNE data;

(1) fix the coordinate system

(2) write down Lagrangian including Lorentz violating terms under the formalism
(3) write down the observables using this Lagrangian

- Booster neutrino beamline is described in Sun-centred coordinates

D2/08/13

Teppel Kator, MiTx

a) sun centred system

b Earth centred system

c) FMAL local coordinate

d) definition of sidereal ime
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Kostelecky and Mewes
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5. Lorentz violation with MiniBooNE

Test for Lorentz violation in MiniBooNE data;

(1) fix the coordinate system

(2) write down Lagrangian including Lorentz violating terms under the formalism
(3) write down the observables using this Lagrangian

- Booster neutrino beamline is described in Sun-centred coordinates

- Standard Model Extension (SME)

Maodified Dirac Equation (MDE) of neutrinos

(Tagd, =Mag)vg =0
SME parameters

Tag =¥ 0pp "'CAB'}’H +dAB"fﬁ5 +€ap +ifagys + gAB Onp

|
Mag = Mag +iMsagys +a@hgy, +Pagysy, +- 7 HiEo

LRV



Kostelecky and Mewes
PRD69{2004)016005

5. Lorentz violation with MiniBooNE

Test for Lorentz violation in MiniBooNE data;

(1) fix the coordinate system

(2) write down Lagrangian including Lorentz violating terms under the formalism
(3) write down the observables using this Lagrangian

- Booster neutrino beamline is described in Sun-centred coordinates
- Standard Model Extension (SME)

Maodified Dirac Equation (MDE) of neutrinos

CPT odd
TV SEE]S
b |
SME parameters /r / " \\H
,» 1 N
Tag =¥ 0pp +CE\ETH +Hd '}’u)lﬁ ‘+e g4 Iaglvs "'59 MULH
1
Mag =Mup + ImiAB%\"' gy, + bAB‘f’ﬁ'}’u +§ HiEO
/_/-/7
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Kostelecky and Mewes
PRD70{2004)076002

5. Lorentz violation with MiniBooNE

Test for Lorentz violation in MiniBooNE data;

(1) fix the coordinate system
(2) write down Lagrangian including Lorentz violating terms under the formalism

(3) write down the observables using this Lagrangian

- Booster neutrino beamline is described in Sun-centred coordinates
- Standard Model Extension (SME)
- Sidereal time dependent oscillation probability

Lorentz violating oscillation probability for MiniBooNE |sidereal frequencyWg, = 2
P el e sidereal time T
R (hcy
2
L :
={—1| {C} +{(A ) sinw T +{A ) cosw T
_hc Bu s¥ep & @ ciep & @

+B) sin2w T +(B} cos2w T |
57 ap & @ Cep & @
Sidereal variation analysis for MiniBooNE is 5 parameter fitting problem



5. Lorentz violation with MiniBooNE neutrino data

Unbinned extended maximum likelihood fit

; 27
sidereal frequency wg = 23h56m4 . 1s

- It has the maximum statistic power
- Best fit parameters are extracted

sidereal time T

5 parameter fit

L.
P ==
\-"E vl-l ﬁ(_‘;
- Due to high correlation of parameters, we focus on 3 parameter fit for error evaluation
- Contours are evaluated from fake data study

T el
ve—bvu HG

2

2
‘(C)EM +(AE)E“ sin w@T@ +(AD)E“ Cos w@T@ +(BS)EH sin2w@T@ +(BD)EM Ccas 2w@T@

2

3 parameter fit 5
‘(C) +A) sinw T +(A) cosw T
B 5 au @ @ =7} & @




MiniBooNE collaboration,
PLB718(2013)1303

5. MiniBooNE Lorentz violation analysis results

Neutrino mode result, low energy region

T T | i3 el 3 231 5 5 5 3 1 2 3 g1 23 4 5 3
0 10000 20000 30000 40000 50000 60000 70000 80000
sidereal time (sec)
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The neutrino mode low  § 0
energy excess is 2 80 g
consistent with no % ket
sidereal variation. © -
T 0
S 30
26.9% C.L. with flat (¥ B —eo-data 0 e flat solution
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MiniBooNE collaboration,
PLB718(2013)1303

5. MiniBooNE Lorentz violation analysis results

Neutrino mode result, low energy region

T T | i3 el 3 231 5 5 5 3 1 2 3 g1 23 4 5 3
0 10000 20000 30000 40000 50000 60000 70000 80000
sidereal time (sec)

2 80
The neutrino mode low  §
energy excess is 2 o -
consistent with no % ket
sidereal variation. © P
©
S 30
26.9% C.L. with flat (¥ B —eo-data 0 e flat solution
; 20— -0 POT d —_—
hypothesis by fake data E 10E- = Eﬂkﬁm" data g ":EEEEF
4

Ay? study

Anti-neutrino mode result, combined energy region

The anti-neutrino mode 40,
combined energy region E 355—
excess prefer sidereal g 30fF-
time dependent solution @ 25F
-E 20 g,. Rty (I . N7 W, D o S
3.0% C.L. with flat R + _
hypothesis by fake data § 10 E— 4#* -o- data - flat solution
Ay? study g 5E- 5 la E&;&r{ﬁﬁtﬂl Eada g Eﬁﬁig it
2 0 70000 20000 30000 40000 'ﬁbt:'m §0000 70000 80000

...but not statistically

- sidereal time (sec)
significant level. Teppei Katari, MIT



9. Summary of results

Neutrino result summary
- The low energy excess data fit prefer sidereal time independent solution.
- 26.9% C.L. with flat hypothesis

Anti-neutrino result summary
- The fit for combined region excess data prefers sidereal time dependent solution.
- 3.0% C.L. flat hypothesis

SME coefficients

- The combinations of SME coefficients are extracted

- 20 limits are set

- First time constrained time independent SME coefficients for e-1 sector

r—made BF 2 hmit F—mode BF 20 lumit SME coefficients combination (unit 1029 GeV)
|(Clep| 310609 <42 012£08+£01 <26 =£[(ar)l, +0.75(ar)Z,]- < E > [1.22(cr,)ET + 1.50(e,)TZ 4 0.34(ey, )27
[(As)eu] 06+09+03 <33 24413405 <39 +[0.66( uL;r."'_,,] < E > [1.33(cf I._r_,f +0.99 *-‘Lf'L.’_f'
(Ac)e| 04209404 <40 214124104 <37 +[0.66({ar)a]— < E > [1.33(cp )" +0.99(cr)27]

02/06/13 Teppel Katar, MIT



LSND collaboration,
PRD72(2005)076004

5. Summary of results

LSND experiment
LSND is a short-baseline neutrino oscillation experiment at Los Alamos.

,‘7 oscillation >17 +p ee+ +n
U e

n+p—=>d+y

LSND saw the 3.8c0 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.
LSND oscillation candidate sidereal time distribution

* CT T T T | T T T | T T T T T T O
800 MeV proton beam from 5 i il
LANSCE accelerator

L/E~30m/30MeV~1 5 o o w 'R .

‘ Water target E 10F 1T ’ o *e .

1 ¢ . . . .
<@ Copper beamstop = i ., Rl i B (P M i
lbﬁ{! ; - ‘-. L 2* P 'y ' n_.‘ al
t A LSND Detector ',;5'1 l vh, o9l * N
N -’ ke ~'\. - o T -

e eellecmcme e - 3 .". --.-‘- P L L L L r S - '-‘ ——i—
e 1 4
| —@— data X
flat solution

I 3-parameter fit I
| — - - S-parameter fit l I |

-/l .

e 0 20000 40000 60000 80000
~10-1 GeV CPT-0dd or ~10-'7 CPT-even Lorentz | Sidereal ime (secs)
violation could be the solution of LSND excess

02/06/13




TK,
MPLAZ27(2012)1230024

9. Summary of results

Since we find no evidence of Lorentz violation from MiniBooNE analysis, we set limits on the
SME coefficients.

These limits exclude SME values to explain LSND data, therefore there is no simple Lorentz
violation motivated scenario to accommodate LSND and MiniBooNE results simultaneously

Coefficient ep (v mode low energy region) ep (7 mode combined region)
Re(ar)’ or Im(az)* 4.2x10~%" GeV 2.6x10~4 GeV
Re(ar, }*1"— or lm{u.;_)x 6.0x10~2 GeV 56x10~% GeV
Re(az,)Y or Im(ag,)¥ 5.0x10-20 GeV 59x10~20 GeV
Re(az)? or Im(ar)? 5.6x10~2 GeV 3.5x10~20 GeV
R(‘[_PL}IY or IIH(EL_}‘T}.

Re(er )4 or Im(eg)A % 1.1x10~—19 6.2x10~%
Re(er)Y# or Im(eg, )Y 2 0.2x10—20 6.5x10~20

Re(e )™ or Im(eg )¥ 4

Re(er )Y or Im(ep)¥Y

Re(er)%Z or Im(cp)%% 3.4x10~19 1.3%10—9
Re(er )™ or Im(eg )™ 9.6x10~2 3.6x10~%0
Re(ep )™ or Im(e)™* 8.4x10~%0 4.6x10~20
Re(er)™Y or Im(eg)™Y 6.9x10~2 4.9%x10~%
Re(er)T2 or Im(eg )74 7.8x10~2 2.9%x10~%

02/06/13 Teppel Katar, MIT



1. Spontaneous Lorentz symmetry breaking

2. What is Lorentz and CPT violation?

3. Lorentz violation with neutrino oscillation

4. MiniBooNE experiment

5. Test for Lorentz violation with MiniBooNE data

6. Test for Lorentz violation with Double Chooz data
7. Future of neutrino physics

8. Conclusion

D2/06/13 Teppel katar, MIT



Double Chooz collaboration
PRL108({2012)131801

6. Double Chooz experiment

Reactor electron antineutrino disappearance experiment
- The first result shows small anti-v, disappearancel

Double Chooz reactor neutrino candidate

< 700~ —T | | — —
E —%— Nanhi2 Chooa? Daka
L. . == Mo Oriliatlon = :
% g el I.-_:-I:T!li%_“;;l'.:igﬁw MNear HF:‘:_t Far 8.5
g Wy | '_-“-' _ Senmnnesl I;‘MZI:U_I'II-IJI”H rsc;n msel ove rt]crl 4:““' L™ . .h. — l_'-'l.an!rh[-:ﬂ 1 ‘”:”TI
! -3 T Lenumg = )
TITTET] Festnoand Stopping b aij:ﬂ * 1050m &
AU S| pecidentals -& \

in
=

(Dt - Pradiotecj (0.6 NiaV)
=]

3

02/06/13 Teppel Katar, MIT



. Double Chooz experiment

Reactor electron antineutrino disappearance experiment
- The first result shows small anti-v, disappearancel

Double Chooz collaboration
PRL108(2012)131801
arXiv:1207.6632

DayaBay collaboration
PRL108(2012)171803
RENO collaboration
PRL108(2012)191802

- The second result reaches 3.1 signal
- DayaBay and RENO experiments saw disappearance signals, too
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Double Chooz reactor neutrino candidate
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6. Double Chooz experiment

Reactor electron antineutrino disappearance experiment
- The first result shows small anti-v, disappearancel

- The second result reaches 3.1 signal

- DayaBay and RENO experiments saw disappearance signals, too

Double Chooz reactor neutrino candidate
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6. Double Chooz experiment

Reactor electron antineutrino disappearance experiment

- The first result shows small anti-v, disappearancel

- The second result reaches 3.1 signal

- DayaBay and RENO experiments saw disappearance signals, too
- This small disappearance may have sidereal time dependence

Double Chooz reactor neutrino candidate
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6. Double Chooz experiment

So far, we have set limits on

1. voe>v, channel: LSND, MiniBooNE, MINOS (<10 GeV)
2. v,<>v_channel: MINOS, IceCube (<10% GeV)
The last untested channel is v <v_

It is possible to limit v_<»v_channel from reactor v, disappearance experiment

Plvesrvg) = 1- Plvgesv ) - Plvgev) ~ 1 = Plvgeev))

The Big Bang Theory (CES)

Leonard: What do you think about the latest Double Chooz result?
czioei2 ) Sheldon: | think this is Lorentz violation..., check sidereal time dependence




Double Chooz collaboration,
PRD86(2012)112009

6. Double Chooz experiment

So far, we have set limits on

1. voe>v, channel: LSND, MiniBooNE, MINOS (<10 GeV)
2. v,<>v_channel: MINOS, IceCube (<10% GeV)
The last untested channel is v <v_

It is possible to limit v_<»v_channel from reactor v, disappearance experiment
Plvesrvg) = 1- Plvgesv ) - Plvgev) ~ 1 = Plvgeev))

Double Chooz reactor neutrino data/prediction ratio

We set limits in the e~t ) rl\ ‘ o
sector for the first time:

’ | = sl bes
VoV, ({10—19 GeV) 0.8 e-11 best fit + +

1.1

Small disappearance
sighal prefers sidereal time
independent solution (flat)

— e-T best fit

0.7

| 1 L |. | ] L I. i 1 1 L ‘ 4 1 1 L I 4 1 L L IJ 1 Lk j 1 1 L i ]J | J 1 L
0 10000 20000 30000 40000 50000 60000 70000 80000
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6. Double Chooz experiment

Kostelecky and Russel
Rev.Mod. Phys.83(2011) 11
ArXiv:0801.0287v6

MiniBooNE Double Chooz IlceCube
By this work, Lorentz violation is M|N05\ND MINOS FD
tested with all neutrino channels
Chance to see the Lorentz = et e i T il
violation in terrestrial experiments Re(ar)T 10720 CeV| 10719 CeV -
will be very small Re(az)X 10720 GeV| 1071 GeV [10722 GeV
Re(ar)Y 1072 GeV| 1071% GeV 102 GeV
Re(az)?  107!9 GeV| 1071% GeV -
d=4 Coefficient ef eT [Tk
Re (c)*Y 102! Trigey 10723
Re (¢ )X % 9=+ [y gt 19
Re (¢ )Y 2 10+ 10739 1023
Re (CL ]XI 10—21 1016 1023
Re (cp)¥Y 10~2 10716 1028
Re (cr )24 1= i1y gale -
Re (e, )TT 10~ 10~ -
Re ()T 10-22 Trigey 10~%7
e Re (er)TY 10-22 10-17 10—%7
S Re (¢ )72 1020 1016 =




Kostelecky and Russel
Rev.Mod. Phys.83(2011) 11

6. Double Chooz experiment ArXiv:0801.0287v6

T2K KamLAND
MiniBooNE Double Chooz lceCube
By this work, Lorentz violation is MINOS ND MINOS FD
tested with all neutrino channels
d=3 Coefficient -
Chance to see the Lorentz - i T il
violation in terrestrial experiments Re(ar)T 10720 CeV| 10719 CeV -
will be very small Re(az)X 10720 GeV| 1071 GeV [10-23 GeV
Possible i s f Re(az)Y 102! GeV|] 10719 GeV |10~22 GeV
ORes IIpIEvement-rom Re(ap)? 1079 GeV| 10~ '° GeV -
existing data:
-T2K d=4 Coefficient ef eT [Tk
V<>V param eters, order 2 ; 3 =
- KamLAND Re (c)*Y 103 10717 1023
v <>v_parameters, order 2 Re {CL}% s 107%! 1071 10~
Re (¢ )Y 2 10+ 10739 1023
Super-K/Hyper-K Re (e ) XX 102! 10-16 1023
- ?al?ch:t negtrmrﬂs .(—-‘I Mpc) . Re ()Y Y 10-2! 10-16 10-23
order least order 10 improvemen Re (cy )27 10—19 10~18 B
Re (e, )TT 10~ 10~ -
Re ()T 10-22 Trigey 10~%7
S Re (er)TY 10-22 10-17 10—%7
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1. Spontaneous Lorentz symmetry breaking

2. What is Lorentz and CPT violation?

3. Lorentz violation with neutrino oscillation

4. MiniBooNE experiment

5. Test for Lorentz violation with MiniBooNE data

6. Test for Lorentz violation with Double Chooz data
7. Future of neutrino physics

8. Conclusion

D2/06/13 Teppel katar, MIT



/. Superluminal neutrinos

What about..., OPERA result?

D2/08/13 Teppel kKatar, MIT



OPERA collaboration,
JHEP1210(2012)093

/. Superluminal neutrinos

OPERA

vineutrino) = ¢ + (2.37+0.32) x 10%¢
=¢c +(16+£2) x 103 mph

It is fascinating result, but...

- time of flight is kinematic test (less sensitive than neutrino oscillations)

- ho indication of Lorentz violation from any neutrino oscillation experiments
- etc

It is very difficult to interpret superluminal neutrinos at OPERA by Lorentz violation...

D2/06/13




7. Sup

Ehe New fjork
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Two Technical Prohlems Leave Neutrinos’' Speed in

Ouestion
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erluminal neutrinos
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By Jason Palmer
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OPERA collaboration,
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/. Future of neutrino physics
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Neutrino Standard Model (vSM)

3 active massive neutrino model is quite successful, and
we came into the “precision measurement era”

- The next generation oscillation experiments, including
T2K, allow very small cross section errors.

- 1 GeV neutrino cross section is tricky because of the
interplay of CC quasi-elastic (CCQE), meson exchange
current (MEC), CC resonance pion production (CC1mx),
and final state interaction (FSI).

Teppel katar, MIT



Formaggio and Zeller,
Rev.Mod.Phys.84(2012)1307

7. CCQE world data

G. Zeller
= 2.5 1
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Formaggio and Zeller,
Rev.Mod.Phys.84(2012)1307

7. Neutrino cross sections

Neutrino cross section measurement

{ (“i&i APTR  - l/ 1 There is a world-wide effort to understand neutrino cross
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Do et | - Our understanding is not ready for future high
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precision measurement
- There are tons of cross section work for near future
- hadronic simulation of MEC, CC1x, transition region
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/. Future of neutrino physics

Beyond neutrino Standard Model (BvSM)
L-E plot shows the model independent phase space of neutrino oscillation physics.

- The L-E phase space is sparse, unlike Am?- space.

- Extra galactic neutrinos and TeV neutrinos have the highest potential to discover the new
physics, including Lorentz violation.
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/. Future of neutrino physics

Beyond BvSM
Super-KfHyper-K itself is a multi purpose detector and sensitive to unexpected physics



Pospelov et al.,
PRL110(2013)021803

/. Future of neutrino physics

Beyond BvSM
Super-KfHyper-K itself is a multi purpose detector and sensitive to unexpected physics

Domain Wall crossing
Domain wall crossing the detector may cause temperature fluctuation on the photo-cathode

of PMTs which might be detectable as a correlated noise like events

Maote: estimated temperature fluctuation
i 10" K or 10" T and not detectable




Gninenko,
ArXiv:0802.1315

/. Future of neutrino physics

Beyond BvSM
Super-KfHyper-K itself is a multi purpose detector and sensitive to unexpected physics

Hidden sector photon
Hidden sector photon to real photon conversion may contribute additional noise of PMTs

Phntosens:itiue area
~500 mm




/. Future of neutrino physics

Beyond BvSM
Super-KfHyper-K itself is a multi purpose detector and sensitive to unexpected physics

Clever analysis ideas provide potential discovery of new physics!
(Super-K is not a neutrino detector, but large array of PMTs in a large water tank)



/. Future of neutrino physics

Beyond BvSM
Super-KfHyper-K itself is a multi purpose detector and sensitive to unexpected physics

Clever analysis ideas provide potential discovery of new physics!
(Super-K is not a neutrino detector, but large array of PMTs in a large water tank)

Kamiokande
Kamioka Nucleon Decay Experiment



/. Future of neutrino physics

Beyond BvSM
Super-KfHyper-K itself is a multi purpose detector and sensitive to unexpected physics

Clever analysis ideas provide potential discovery of new physics!
(Super-K is not a neutrino detector, but large array of PMTs in a large water tank)

Kamiokande
Kamioka Nucleon Decay Experiment

Super-Kamiokande
Super-Kamioka Neutrino Detection Experiment



/. Future of neutrino physics

Beyond BvSM
Super-KfHyper-K itself is a multi purpose detector and sensitive to unexpected physics

Clever analysis ideas provide potential discovery of new physics!
(Super-K is not a neutrino detector, but large array of PMTs in a large water tank)

Kamiokande
Kamioka Nucleon Decay Experiment

Super-Kamiokande
Super-Kamioka Neutrino Detection Experiment

Hyper-Kamiokande
Hyper-Kamioka Nobody can preDict what will happen in this Experiment

(=we need to invent more physics)



/. Future of neutrino physics

o

Super-K/Hyper-K+JPARC neutrino programs

KARMENZ

10°

They have a good position to contribute both
vSM and BvSM and BBvSM physics
- neutrino cross sections

- exotics
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Conclusion

Larentz and CPT violation has been shown to occur in' Planck scale physics.

: There are world wide effort for the- test of Lorentz violation using various type of
state-of-art technologies. ’

LSND and MiniBooNE data suggest Lorentz violation.is an'interesting solution of
neutrino oscillation. ' '

I‘u’linquDNE-neutrino mode data prefer sidereal time independent solution. On the
other hand, anti-neutrino mode data prefer siderea! time dependent solution,
although statistical significance is not high enough. ‘

Double Chooz reactor neutrino disappearénce sign'al prefers tirﬁé-independent
solution. By this work, Lorentz violation is tested with all gscillation channels.

rConstraintsr from LSN D, I‘u’liquooNE, MINOS,'IceCubE, and Double Chooz set
stringent limits on Lorentz violation in neutrino sector in terrestrial level.

Thank you for your atter_ltion!

']
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/. Future of neutrino physics

J-PARC MLF kaon decay-at-rest neutrino measurement _ _
- MLF 3GeV neutron source Candidate locations of the detector

- 250L liquid argon TPC detector
- muon neutrinos from KDAR
- ~200 events/yr after cut

These mono-energetic neutrinos are useful for number
of new studies

- test neutrino energy reconstruction

- full kinematics reconstruction (~e-scattering)

- etc

Lol is being prepared

02/06/13 Teppel katar, MIT



2. Comment: Is there preferred frame??

As we see, all observers are related with observer's Lorentz transformation, so there is no
special “preferred” frame (all observer’s are consistent)

But there is a frame where universe looks isotropic even with a Lorentz violating vector field.
You may call that is the “preferred frame”, and people often speculate the frame where CMB
looks isotropic is such a frame (called “CMB frame”).

However, we are not on CMB frame (e.g., dipole term of WMAP is nonzero), so we expect
anisotropy by lab experiments even CMB frame is the preferred frame.



2. What is CPT violation?

CPT symmetry is the invariance under the CPT transformation

L—="T soLo!=L'= = CPT

//
et

/ P: parity transformation T time reversal

C: charge conjugation

=

R AT I,

D206 3 Teppei Katarl, MIT



Jost, Helv.Phys Acta.30(1957)409

2. What is CPT violation?

CPT symmetry is the invariance under the CPT transformation
L—"»@LO ' =L"=l, ©=CPT
CPT is the perfect symmetry of the Standard Model, due to CPT theorem

CPT theorem
If the relativistic transformation law and the weak microcausality holds in a
real neighbourhood of a Jost point, the CPT condition holds everywhere.

number of Lorentz indices
I - always even number

CPT phase = (-1)"



2. What is CPT violation?

CPT symmetry is the invariance under the CPT transformation
L—"@LO ' =L"=l, ©=CPT
CPT is the perfect symmetry of the Standard Model, due to CPT theorem

CPT-even CPT-odd

Lorentz violation
Py 67 Py @'y

CPT-odd Lorentz violating coefficients (odd number Lorentz indices, e.g., a* , g'+v)
CPT-even Lorentz violating coefficients (even number Lorentz indices, e.g., cvv , k%P )

02/06/13 Teppel katar, MIT



Greenberg, PRL(2002)231602

2. CPT violation implies Lorentz violation

Lorentz Lorentz invariance of
Invariance » CPT * quantum field theory

CPT violation implies Lorentz violation in interactive quantum field theory.

ta t
Lorentz Lorentz

<« / causality

=y
b
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5. Lorentz violation with neutrino oscillation

The examples of model independent features that represent characteristic signals of
Lorentz violation for neutrino oscillation

(1) Spectral anomalies

(2) L-E conflict
(3) Sidereal variation MS diagram of neutrino oscillation signal

(4) Compass asymmetries cf'“‘ ok 0 02 i
() neutrino-antineutrino mixing E = [LSND
(6) classic CPT test & 48
g 1k gy -_t,vl-l_}vﬂ |
1 - iﬁr.r:;—%fh_}:?:- "
Any signals cannot be mapped on Am?- = F T‘Ef:@{
sin?28 plane (MS-diagram) could be T ]
Lorentz violation, since under the Lorentz 10 Lk Atinownhiers 3
violation, MS diagram is no longer useful i v’p_w |
way to classify neutrino oscillations ol 1 X
LSEND is the example of this class of signal. w{_ Solar MSW “_;
: ViV, _
'Iﬂ-j-l IIIIII 1 1 1 II,, 1 1 1 IIIII
0 107" 107" 1



The latest meeting was in summer 2010,
(next meeting will be June 2013)

3. Modern tests of Lorentz violation

http:.’:‘ww.physics.indiana.eduf~kustelecffaq.html

CPT'10

Fifth Meeting on

CPT AND LORENTZ SYMMETRY
June 28-July 2, 2010

MEETING

LINKS
The Fifthh Meerting on CPT and Lorentz Synumerry will be held in the Physics Depastment, Indiana

Un:versity in Bloomington, Indiana, U.5.A. on June 28-July 2, 2010. The meeting will focus on tests of
these fundamental symmetries and on related theoretical issues, including scenerios for possible
violations.

Meeting Home
Registration
Program
Proceedings
Travel
Accommuodations

|
|
|
|
|
I
|
|
Indiana University, Bloomington
|
|
I
|
|
I
I
|

Topics include:

« sgarches for CPT and Lorentz violations involving
o birefringence and disoersion from cosmological sources
¢ clock-comparison measurements

LOCAL
LINKS

IU Physics
[U Astronomy
IU Bloomington
Bloomington area

o CMB polarizat.on
¢ collider experiments

o electromagnetic resonant cavities

o equivalence principle
e gauge and Higes particles

o hiph-energy astrophysical chservaticns
o laboratory and gravimetric tests of gravity




3. Modern tests of Lorentz violation

http ./f'www.physics.indiana.edu/~kostelec/faq.html

Topics:

" searches for CPT and Lorentz violations involving
birefringence and dispersion from cosmological sources
clock-comparison measurements
CMB polarization
collider experiments
electromagnetic resonant cavities
equivalence principle
gauge and Higgs particles
high-energy astrophysical observations
laboratory and gravimetric tests of gravity
matter interferometry
neutrino oscillations
oscillations and decays of K, B, D mesons
particle-antiparticle comparisons
post-newtonian gravity in the solar system and beyond
second- and third-generation particles
space-based missions
spectroscopy of hydrogen and antihydrogen
spin-polarized matter

* theoretical studies of CPT and Lorentz violation involving
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



Ato T:cl}':tf:fs:%"? eter Tevatron and LEP GRB vacuum birefringence

7' <i-4/8c."0<1. 210!

Double gas maser
b,,{rotatlon):ﬂ 0-3GeV

Arwaw b g

-
Thi‘d Mgnting o Fuurth Meeting on Finih I'.leatlng an
CHEAanI Lareriz Symmztey CFT and Loromz Symmetty CP'F and Lorentz Symumilry
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5. Lorentz violation with neutrino oscillation

The examples of model independent features that represent characteristic signals of
Lorentz violation for neutrino oscillation

(1) Spectral anomalies

(2) L-E conflict

(3) Sidereal variation

(4) Compass asymmetries

(5) neutrino-antineutrino mixing
(6) classic CPT test

MiniBooNE low E v_ excess

® Cad -expected cackjround
---- best-ftto “ul range
— S2e)=0.004, Amf=1.0 eV*

— Srf20'=0.2 Am’=C1 eV*
Any signals do not have L/E oscillatory

dependence could be Lorentz
violation. Lorentz violating neutrino - & t —
oscillation can have various type of 0.0f | }
energy dependences.

excess events / MeV

300 B0 o0 1200 4500 3000
raconstructed E, (MeaV)

o i ' MiniBooNE collaboration
MiniBooNE has appearance mgngl in sffaitive Herriltaiian PRLIB(2007)231801
the low energy region, but any naive sErgitrnn selletion
nEL_ltrlno mass models (either sterile or bsual term (3X3) | lsddiional terme (3% |
active) cannot make the energy g > < >

dependence right.

l , %
(heﬁ)ab = E(m )ab +3d,, +CabE+"'
MiniBooNE signal falls into this class.
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5. Lorentz violation with neutrino oscillation

The examples of model independent features that represent characteristic signals of

Lorentz violation for neutrino oscillation

(1) Spectral anomalies

(2) L-E conflict

(3) Periodic variation

(4) Compass asymmetries

(5) neutrino-antineutrino mixing
(6) classic CPT test

sidereal variation of the neutrino
oscillation signal is the signal of
Lorentz violation

This signal is the exclusive smoking
gun of Lorentz violation.

LR T
AR

o
™

o
N

% probability

example of sidereal variation for LSND signal

=
n

i P, O
10 15 20
15 (hours)
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5. Lorentz violation with neutrino oscillation

The examples of model independent features that represent characteristic signals of
Lorentz violation for neutrino oscillation

(1) Spectral anomalies

(2) L-E conflict

(3) Periodic variation

(4) Compass asymmetries

(5) neutrino-antineutrino mixing
(6) classic CPT test

Even if sidereal time dependence is erased
out, effect of preferred direction may remain
and it could affect neutrino oscillation signal
(time independent rotation symmetry
violation)
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5. Lorentz violation with neutrino oscillation

The examples of model independent features that represent characteristic signals of
Lorentz violation for neutrino oscillation

(1) Spectral anomalies

(2) L-E conflict

(3) Periodic variation

(4) Compass asymmetries

(5) neutrino-antineutrino mixing
(6) classic CPT test

V V
heutrino-antineutrino oscillation is
forbidden by helicity conservation. But

some Lorentz violating fields violate
conservation of angular momentum

formalism also contain neutrino-
antineutrino oscillation
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5. Lorentz violation with neutrino oscillation

The examples of model independent features that represent characteristic signals of
Lorentz violation for neutrino oscillation

(1) Spectral anomalies

(2) L-E conflict

(3) Periodic variation

(4) Compass asymmetries

(5) neutrino-antineutrino mixing
(6) classic CPT test

CPT violation itself is the signal of Lorentz violation, so any
difference between neutrino and anti-neutrino mode could be
Lorentz violation

eX) Lorentz violating Hamiltonian for neutrlno

> 1 v
(Neit)ab =[P0 + T *|(m ek +|E l[(aL)“ P, = (€L PuPy Lt

eX) Lorentz violating Hamiltonian for anti-neutrino

| g
(Nett)ap = PO +—=(M")'ab +— L a )Py = (€ PPy las
2|p] 1P|



5. Oscillation analysis background summary
475 MeV - 1250 MeV

— . g K 94
Oscillation analysis summary 9 i 132
- Oscillation analysis uses 475MeV<E<1250MeV -I-l-ue 62

dirt 17
Stacked backgrounds: A—=N 4 20
2 . g ' other 33
— total 358
o . R LSND best-fit v, ,—v, 126
=14 dirt events
= B A Ny
% - other
==+« LSND best-fit signal
S 0a) Am?=1.28v* —
sirF{28)=0.003 oscillation ::""‘“'e +n — p_I_E

oscillation ::?e_kpﬁ_ n+

ann 1000 120
reconstrucied E  (MeV)

02/06/13 Teppei Katarl, MIT




5. Oscillation analysis background summary

Oscillation analysis summary a4 &
- Oscillation analysis uses 475MeV<E<125{

18

Stacked I

|6 TR W v Pelax 100 6

=14

i e -

-%‘ B other v, from p decay is
2 --++ LSND best-it signal constrained from

1
s s o . Am’=1.2 av?
i sin*(2a)=0.003

v“CCQE measurement

ann 1000 1200
reconstrucied E  (MeV)

02/06/13 Teppel Katar, MIT



5. Oscillation analysis background summan:

% ; W v, Flux

= 10 B v Tlux
Oscillation analysis summary 2 N > E—
- Oscillation analysis uses 475MeV<E<1250MeV 5 I

KLYy,

v events
Stacked backgrounds| 0 Dominated
o b
o s y Kaon
I IEN T
B 4 decay
----- - T[U 10 1l (4 51 1 5 3 2 3
| ESL 1A
> 14 dirt events A
=12 Bl 2 Ny
-%‘ B other v, from p decay is
2 e ---+ LSND best-fit signal constrained from

s s o . Am’=1.2 av?
i sin*(2a)=0.003

v“CCQE measurement

€— v fromKdecayis
800 1000 1200 .
reconstrucied E, (MeV) constrained from

high energy v, event
measurement

02/06/13 Teppel Katar, MIT



— LE0a0
3 )
1 1 1 = 1RGO
5. Oscillation analysis background summaryfz L L Raw Meme Cato
:E_,.]E[IZIIZI_— P IR
*Eﬁ LEIIIID_
o _ e = Measured
Oscillation analysis summary g ?E:E" +  NCn® rate
- Oscillation analysis uses 475MeV<E<1250MeV 1 ’[I;D:_ 3
: : 2y
A resonance rate is constrained from measured CCx® rate 2hat! .
\\ Dﬂ_ I Jud |'::I|5 |=!=—i_|_|_|_|_l'.:I
. Stacked backgrounds: 2 ' GVl
~2 - \'E 7 Momentum

- - |

Asymmetric

riniBooME collaboration
. FLEGEGA(2005 1

€— v fromKdecayis
constrained from

ann 1000 120
reconstrucied E  (MeV)

Asymmetric n° decay is constrained from measured CCx® rate (°—y) high energy v, event
measurement

02/06/13 Teppel katar, MIT



5. Oscillation analysis background summary

Oscillation analysis summary
- Oscillation analysis uses 475MeV<E<1

Stack
2
N i
: 1.8
dirt rate is =
measured 1-CQM [
from dirt % 14 T T EvETTS
data = 45t B A Ny
sample _%1 B otrer v, from p decay is
2 -=++ LSND best-it signal constrained from
- , Am?=12 aV?

; v CCCQE measurement
sirF{28)=0.003 H

€— v fromK decayis
1000 1200

600 800 :
/ reconstrucled E, (MeV) cpnstralned from
Asymmetric n° decay is constrained from measured CCx” rate (x®—vy) high energy v, event

measurement

02/06/13 Teppel Katar, MIT



5. Oscillation analysis background summary
475 MeV - 1250 MeV

Ak - 70 94
Oscillation analysis summary y M 132
- Oscillation analysis uses 475MeV<E<1250MeV -I-l-ue 67
A resonance rate is constrained from measured CCx® rate dirt 17
\\\ A—N Y 20
¢ 3 Stacked backgrounds: other 33
. B v
ditrate is ' ° | total 358
:ﬁn-:as;sa.Jrs}ci & B L§ND best-fit v ,—v 126
'3.‘:.‘{?-!“.'5 dirt - > 1.{ dirt events
sample .%‘ N B other v, from p decay is
. = ---+ LSND best-fit signal constrained from
= Am’=12 eV v, CCQE measurement
0. - sim{2H)=0003

| S from K decay is
80D 100D 120 e Vg . y
reconstrucied E, (MeV) constrained from

Asymmetric n° decay is constrained from measured CCx® rate (°—y) high energy v, event
measurement

All backgrounds are measured in other data
sample and their errot§'aré ¢onstrained!

D2/06/13




MiniBooNE collaboration,

PLB718(2013)1303
9. Lorentz violation with MiniBooNE neutrino data
Neutrino mode result, low energy region
Only C-parameter is §4 :?954 gj
nonzero, but this is 51 51 L
sidereal independent S X S o
parameter. 2 <o x ¥ g0 ¥ ¥
. 2 ABF points 2 2
26.9% C.L. with flat 3 1o af af
hypothesis by fake A oo BT AT
data Ay? study (C)w (107 Gev) (C)ep (107 Gev) ST (As),, (107 GeV)
80 —e— data

---------- flat solution

70 ---- background

60
50

The neutrino mode low
energy excess is
consistent with no

v=-0sc candidate events

40
sidereal variation. T bbbt
20 %_ — 3 parameter fit
= e 5 parameter fit
L S T T T T T S D T
0 10000 20000 30000 40000 50000 60000 70000 80000

sidereal time (sec)

02/06/13 Teppei Katori, MIT



MiniBooNE collaboration,
PLB718(2013)1303

5. Lorentz violation with MiniBooNE anti-neutrino data

Anti-neutrino mode result, combined energy region

As and Ac-parameters
are nonzero, which are
sidereal dependent
parameters.

3.0% C.L. with flat
hypothesis by fake
data Ay? study

The anti-neutrino
mode combined
energy region excess
prefer sidereal time
dependent solution,
but not statistically
significant level.

02/06/13
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3f 1-c 3f i
af 2o 4f :
F F 1
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v=-0sc candidate events
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A b N L o
x
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40 —
= —e— data
3= flat solution
30 B ---- background
25 ——
20 g2y _
15—
10 5— —— 3 parameter fit
SEE e 5 parameter fit
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Teppei Katori, MIT
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6. Lorentz violation with MiniBooNE neutrino data

Time distribution of MiniBooNE neutrino mode low energy region

MiniBooNE data 5350 i f 3 oof
taking is reasonably E“’“f— ' : f Mg
u_nlform, SO _:«:lll_da},r- 2,0F % 2004 ] 2007 2
night effect is likelyto ¢ 2005 3 e
be washed out in - & 20
sidereal time sl S 15E-
distribution. 100} 1 . 10F-
| sof |
solar local time b spcili ol v el B B —
24h00mO0s (86400s) 4000 6000 €000 600 12000 14200 76000 15000 {6040 29000 30000 4000 50000 £0000 T00T0" §000C
sidereal time lowE MB run number lowE MB local time (sec)
23h56m04s (86164s)
o anr—=
§ 80000 :
£ 70000 Clig
5 60000 25f
Esnnnn m;_
= 40000F- '« o 4 2
w 16—
& 30000
20000 mz_
10000 i
05 ~{o0do 20000 30000 40000 51007 60000 70000 80000, O {300 2000¢ 30100 40000 49000 0900 70000 530D

o oy
T | T
I HF -

T |
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6. Null hypothesis test

Unbinned Kolomogorov-Smirnov test (K-S test)

The flathness hypothesis is tested by K-S test. K-S test has 3 advantages;
1. unbinned, so it has the maximum statistical power

2. no argument with bin choice
3. sensitive with systematic shift of the distribution (e.g., sinusoidal)

Non of tests shows any statistically significant results.
All data sets are compatible with flat hypothesis.

low energy high energy combined

solar sidereal solar sidereal solar sidereal

Neutrino mode
< bk, > 0.36 GeV .82 GeV 0.71 GeV
Frovt 544 420 064
P(KS) 0.42 0.13 0.81 0.64 0.64 0.14

Anti-neutrino mode
< Ez; > 034 GeV 0.78 GeV 0.60 GeV
F#evt 119 122 241
P(KS) 062 015 079 039 069 | 008

i A e [Pt 1T
02/06{13 eppel Katan, M
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6. Lorentz violation with MiniBooNE

Sidereal variation of neutrino oscillation probability for MiniBooNE (5 parameters)

2
=[L] ‘{C) +(A) sinw T +(A) cosw T +(B ) sin2w T +(B ) cos2w T
c—wu he an s5ap LR =TT R =TT chen

Z

Expression of 5 observables (14 SME parameters)

©),, =(a), -N(a); +E

=

-—{3 N"N?)(c )T + 2N ()17 +— {1 3NN?)(c, )2 ]

(A), =N"(a ) -N“@a)" +E[ N (o )+ 2N (e )Y +2N“’Nz(c PE ~ INNZ(c )Y ]
(A,),, = N@)" -N'(a)" +E[m><{c) +2NY(c, )T“’ NN (o, )% — 2NN {GL)eu]
®,),, - E_NXN*‘ ({cL)ﬁ( - ) (NN - YNY){GL]EH]

clen

(B ) =E—%{N"N" VN‘“)({G) -(c,). ) 2NKNV{GJ::]

OB ENBESY S SIN C0sY coordinate dependent direction vector
sin@sing (depends on the latitude of FNAL, location

_siny sinB coso — cosy cos B of BNB and MiniBooNE detector)



7. Lorentz violation with MiniBooNE anti-neutrino data

Time distribution of MiniBooNE antineutrino mode oscillation region

MiniBooNE data

taking is reasonably 2 st zm; ‘_f "

uniform, so all day- %, _F ’.‘ ; ;

night effect is likelyto ¢ 2007 2008

be washed out in F i J / 200

sidereal time " f o N

distribution. ik : T
50— f
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3000 4000 8000 {6066 7000 1810 1800020000 21000 22060
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23h56m04s (86164s)

toltE MB sideraal time (sec)

02/06/13
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/. Superluminal neutrinos

Wow, 15 miles That's a violation
over speed of of law of Lorentz

| light! gl W\ invariance, baby

What about..., OPERA result?



6. Time dependent systematics

MiniBooNE CCQE data day-night distribution

- Beam and detector day night effect is evaluated from high statistics v, CCQE sample

- v CCQE events show +6% day-night variation
- Furthermore, neutrinos know when the weekend is!

CCQE events distribution, Monday to Friday v,CCQE events distribution, Saturday and Sunday

gt
g
t rann — %
; / $
z200
y s
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o = &
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1900 —
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6. Time dependent systematics

MiniBooNE CCQE data day-night distribution

- Beam and detector day night effect is evaluated from high statistics v, CCQE sample
- v, CCQE events show +6% day-night variation

- Furthermore, neutrinos know when the weekend is!

- day-night variation of protons on target (POT)

v, CCQE events distribution, Monday to Friday v,CCQE events distribution, Saturday and Sunday
£ am J £ 400 =
E 2200~ % J_L
g 21|:IIIZ ________________________________________________________ é
== 200 — '::__

local saolar time {sec)

EXI 000 [TEiTiTH] BOOQ0 S LN N ]
o 10000 ZQo00 30000 40000 SO00D  BO0OD 70000 BOOOD
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POT distribution, Monday to Friday POT distribution, Saturday and Sunday




6. Time dependent systematics

MiniBooNE CCQE data day-night distribution

- Beam and detector day night effect is evaluated from high statistics v, CCQE sample
- v, CCQE events show +6% day-night variation

- Furthermore, neutrinos know when the weekend is!

- day-night variation of protons on target (POT)

- After correcting this, VHCCQE events exhibit flat

v, CCQE events day-night distribution
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6. Time dependent systematics

MiniBooNE CCQE data day-night distribution

- Beam and detector day night effect is evaluated from high statistics v, CCQE sample
- v, CCQE events show +6% day-night variation

- Furthermore, neutrinos know when the weekend is!

- day-night variation of protons on target (POT)

- After correcting this, VHCCQE events exhibit flat.

We made event weight to correct this effect

- turns out negligible effect for oscillation candidates
- 6% day-night effect > 3% sidereal time effect
- statistical error, ~15%

VWe can safely ignore POT variation

Same study is repeated to MiniBooNE anti-v CCQE data
- smaller day-night effect (3%)

- larger statistical error (20%)

- POT variation is negligible

Therefore, we don't use an event weight to correct this in further analysis.
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