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1. Spontaneous Lorentz symmetry breaking (SLSB)

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

After 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

- efc

However, it is very difficult to build a self-consistent theory with Lorentz violation...
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1. Spontaneous Lorentz symmetry breaking (SLSB)

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

After 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),
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1. Spontaneous Lorentz symmetry breaking (SLSB)

vacuum Lagrangian for fermion L = i%Wy, "W

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

1 A 1 . SSB

- (9 __ ——A

2(,,50) Zu(cw) 1 (@ @)
M(p)=u’<0
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1. Spontaneous Lorentz symmetry breaking (SLSB)

vacuum Lagrangian for fermion L = i%Wy, "W -myPy

e.g.) SSB of scalar field in Standard Model (SM)

- If the scalar field has Mexican hat potential (i)
Lo -Lewo-Lager SO0
> WP 2M Y@ 4 Y@
M(p)=pu’ <0 \ ’
—

Particle acquires
mass term!
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Kostelecky and Samuel
PRD39(1989)683

1. Spontaneous Lorentz symmetry breaking (SLSB)

vacuum Lagrangian for fermion L = i%Wy, "W -myPy

e.g.) SSB of scalar field in Standard Model (SM)

- If the scalar field has Mexican hat potential (i)
- L 0,0 -~ @ P -~ A ) S8 1
2 2 4

M(gp)=u’ <0 \ ’
e.g.) SLSBiin string field theory )
- There are many Lorentz vector fields UF\()/
- If any of vector field has Mexican hat potential

M@a")=u’<0 SLSB ¢
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Kostelecky and Samuel

PRD39(1989)683
1. Spontaneous Lorentz symmetry breaking (SLSB)
vacuum Lagrangian for fermion L = iWy o'W -mPW¥ +Wy a"¥
e.g.) SSB of scalar field in Standard Model (SM)
- If the scalar field has Mexican hat potential (I)
L=100,0) -1 (¢'0) -~ Mg p)’ S8 1
2 2 4
M(gp)=u’ <0 \ ’
e.g.) SLSBiin string field theory )
- There are many Lorentz vector fields \jr\()/
- If any of vector field has Mexican hat potential
M(a")=p* <0 SLSB YA

AAX

Lorentz symmetry \ ’
IS spontaneously

» alt
broken! W
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1. Spontaneous Lorentz symmetry breaking

Test of Lorentz violation is to find the coupling of these background fields and ordinary
fields (electrons, muons, neutrinos, etc); then the physical quantities may depend on the
rotation of the earth (sidereal time dependence).

background fields
pf the universe

vacuum Lagrangian for fermion j \

L = Py, "W - mPW + Wy ja" ¥ + Wy [c™o, ...

A%

Scientific American (Sept. 2004)

Axis of rot ation ——
SPECIAL
ISSUE

For a century; hisideas have reshaped the world.

Butmscﬁr' Sicists are now venturing
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1. Spontaneous Lorentz symmetry breaking

Test of Lorentz violation is to find the coupling of these background fields and ordinary
fields (electrons, muons, neutrinos, etc); then the physical quantities may depend on the
rotation of the earth (sidereal time dependence).

background fields
pf the universe

vacuum Lagrangian for fermion j \

L = Py, "W - mPW + Wy ja" ¥ + Wy [c™o, ...

A%

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

Solartime: 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
Sinceiit is Planck scale physics, either >1019GeV or <10-1°GeV is the interesting region.
>1019GeV is not possible (LHC is 10*GeV), but <10-19GeV is possible.
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2. What is Lorentz violation?

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

W(x)y,a" W(x)
hypothetical background moving particle
vector field
Einstein
(observer)
y
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2. What is Lorentz violation?

Under the particle Lorentz transformation:

UP(x)y,a"¥(x)u!
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2. What is Lorentz violation?

Under the particle Lorentz transformation:

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

Lorentz violation is observable
when a particle is moving in the
fixed coordinate space

y

Lorentz violation!
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2. What is Lorentz violation?

Under the particle Lorentz transformation:

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

Lorentz violation is observable
when a particle is moving in the
fixed coordinate space

y

Under the observer Lorentz transformation:

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

Under the particle Lorentz transformation: Under the observer Lorentz transformation:
T(x)y,a"W(x) = U[¥(x)y,a" P(x)U™" P(x)y,a" W(x)
= W(AX)YMHM‘P(AX) X — A x

Lorentz violation is observable
when a particle is moving in the
fixed coordinate space

y
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2. What is Lorentz violation?

Under the particle Lorentz transformation: Under the observer Lorentz transformation:

W(x)y,a"W(x) = U@ (x)y,a" W)U | P(x)y,a"W(x) A WA Xy, a W (ATX)

= P(AX)y, a" P(AX
(AX)v,, (AX) Lorentz violation cannot be generated

by observers motion (coordinate

Lorentz violation is observable .
transformation is unbroken)

when a particle is moving in the

fixed coordinate space :
all observers agree for all observations

/ , \ 9
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2. What is CPT violation?

CPT symmetry is the invariance under the CPT transformation
L—"seLe!'=L'=L, ©=CPT

C: charge conjugation 4// \

P: parity transformation T. time reversal ‘

N

O

1—1
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Jost, Helv.Phys.Acta.30(1957)409

2. What is CPT violation?

CPT symmetry is the invariance under the CPT transformation
L—"seLe!'=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.
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Jost, Helv.Phys.Acta.30(1957)409

2. What is CPT violation?

CPT symmetry is the invariance under the CPT transformation
L—"seLe!'=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
/9 always even number

CPT phase = (-1)"

e
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2. What is CPT violation? CPT phase = (-1)"
n = # Lorentz indices

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

CPT-even CPT-odd
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2. What is CPT violation? CPT phase = (-1)"
n = # Lorentz indices

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

CPT-even CPT-odd

Lorentz violation
Py €79 Py @'y

CPT-odd Lorentz violating coefficients (odd number Lorentz indices, e.g., a*, g"*)
T-even L eptz violating coefficients (even number Lorentz indices, e.g., ¢, koW )
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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.

Lorentz

Lorentz
< invariance

< invariance

causality

X\

X
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3. Test of Lorentz violation

Lorentz violation is realized as a coupling of particle fields and background fields, so the basic
strategy to find Lorentz violationis:

(1) choose the coordinate system
(2) write down the Lagrangian, including Lorentz-violating terms under the formalism
(3) write down the observables using this Lagrangian

+
\&Qal Queen Mary Teppei Katori, Queen Mary University of London 16/04/05 28

University of London



3. Test of Lorentz violation

Lorentz violation is realized as a coupling of particle fields and background fields, so the basic
strategy to find Lorentz violationis:

(1) choose the coordinate system
(2) write down the Lagrangian, including Lorentz-violating terms under the formalism
(3) write down the observables using this Lagrangian

- Neutrino beamline is described in Sun-centred coordinates

Fermilab Google© map

Winter

Summer
solstice

Autumn equinox

- o, DPOT0GGO3] Imagery 2010 Diial ot gy ‘-Tsrmio!U::e eorta
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Kostelecky and Mewes
PRD69(2004)016005

3. Test of Lorentz violation

Lorentz violation is realized as a coupling of particle fields and background fields, so the basic
strategy to find Lorentz violationiis:

(1) choose the coordinate system
(2) write down the Lagrangian, including Lorentz-violating terms under the formalism
(3) write down the observables using this Lagrangian

Standard Model Extension (SME) is the standard formalism for the general search for Lorentz
violation. SME is a minimum extension of QF T with Particle Lorentz violation

SME Lagrangian in neutrino sector
l.— _
L= ElwArZBava - M Y, Yy +hoc.

SME coefficients

v 1% 1% v 1% s VvV 1 v
s =7 044 +CZBVM +d§BVMV5 +e,p +1f u5Ys +§gjg O

1

_ - u u WL
M 5 =m, g +ims, 75 + AppVy T bABySVM + EHABGMV
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3. Test of Lorentz violation

Lorentz violation is realized as a coupling of particle fields and background fields, so the basic
strategy to find Lorentz violationiis:

(1) choose the coordinate system
(2) write down the Lagrangian, including Lorentz-violating terms under the formalism
(3) write down the observables using this Lagrangian

Standard Model Extension (SME) is the standard formalism for the general search for Lorentz
violation. SME is a minimum extension of QF T with Particle Lorentz violation

SME Lagrangian in neutrino sector

= %il/—}ArZBava - MABZ/—jAwB +h.c. CPT odd

7N

gin O-/W...

SME coefficients

= / \ uv ce
M 5 =m g +ims Y5 VsVt < ,HABU,W

e
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Kostelecky and Mewes
PRD70(2004)076002

3. Test of Lorentz violation

Lorentz violation is realized as a coupling of particle fields and background fields, so the basic
strategy to find Lorentz violationis:

(1) choose the coordinate system
(2) write down the Lagrangian, including Lorentz-violating terms under the formalism
(3) write down the observables using this Lagrangian

Various physics are predicted under SME, but among them, the smoking gun of Lorentz
violation is the sidereal time dependence of the observables

27
- . sidereal frequency @ =
solarime: ~ 24h 00m 00.0s q y We 23h56md 1s
sidereal time: 23h 56m 04.1s . .
sidereal time T®

Lorentz-violating neutrino oscillation probability for short-baseline experiments

2
P _ = (hi) ‘(C)eu +(A)),, sinwg Ty +(A,),, coswy Ty +(B,),, sin2w, T, +(B.),, cos2w4 T, i
‘ C

Vu
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3. Test of Lorentz violation

Lorentz violation is realized as a coupling of particle fields and background fields, so the basic
strategy to find Lorentz violationis:

(1) choose the coordinate system
(2) write down the Lagrangian, including Lorentz-violating terms under the formalism
(3) write down the observables using this Lagrangian

Various physics are predicted under SME, but among them, the smoking gun of Lorentz
violation is the sidereal time dependence of the observables

27
Lo sidereal frequency @, =
splar tlmg. 24h 00m 00.0s g y Yo 23h56m4 . 1s
sidereal time: 23h 56m 04.1s : :
sidereal time T,
Lorentz-violating neutrino oscillation probability for short-baseline experiments
time independent amplitude sidereal time dependent amplitude

— & ™

Ly v \ 2
P, ., = (%) sin W1 coswg 1 +sin g1, +cos g1,

Sidereal variation analysis for short baseline neutrino oscillation is 5-parameter fitting problem
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3. Modern tests of Lorentz violation  The latest meeting was in June 2013
(The next meeting is June 2016)

http://www.physics.indiana.edu/~kostelec/fag.html

Sixth Meeting on

CPT'13

CPT AND LORENTZ SYMMETRY
June 17-21, 2013

Indiana University, Bloomington

MEETING

LINKS
The Sixth Meeting on CPT and Lorentz Symmetry will be held in the Physics Department, Indiana

University in Bloomington, Indiana, U.S.A. on June 17-21, 2013. The meeting will focus on tests of
these fundamental symmetries and on related theoretical issues, including scenarios for possible

Meeting Home

Registration P
violations.
Program
Proceedings Topics include:
Travel
Accommodations « experimental and observational searches for CPT and Lorentz violation involving

o accelerator and collider experiments

atomic, nuclear, and particle decays

birefringence, dispersion, and anisotropy in cosmological sources
clock-comparison measurements

CMB polarization

electromagnetic resonant cavities and lasers

tests of the equivalence principle

gauge and Higgs particles

high-energy astrophysical observations

laboratory and gravimetric tests of gravity

matter interferometry

neutrino oscillations and propagation, neutrino-antineutrino mixing

LOCAL
LINKS

IUCSS
IU Physics
IU Astronomy
IU Bloomington
Bloomington area

0O 0 00 0 0 0 0 0 O O



Atomic Interferometer
(a,c)mre <1 O'6

: Steven Chu

PRL106(2011)151102

CERN Antiproton Decelera
(M,-M))/M,<108

Spin torsion pendulum
b.<10-3° GeV

5.8x1012

Neutrino TOF
(v c)/c <1 0 -

Nature41 9(2002)456

W

KTeV/KLOE (strange)
Aay<10-22 GeV
FOCUS (charm)
Aap<10-16 GeV
BaBar/Belle (bottom)
Amg/mg<10-14

Limits from all these

7 experiments >60 page tables!
Rev.Mod.Phys.83(2011)11
ArXiv:0801.0287v9

IaBoratowue;nd grevirlnetrictests of gr:

4

0 PRD76(2007)O72005

JHEP11(2012)049

Tevatron and LEP
4/3¢.90<1.2x10-1|

PRL102(2009)170402

matter interferometry
neutrino oscillations and propagation, neutrino-antineutrino mixing
*oscnlatlons and decays of K B, D mesons

GRB vacuum birefringence
Kot K. <1037

PRL97(2006)140401

{ PRL100(2008)13180

oz : [
Test of Lorentz invariance with neutrino oscillation is very interesting,

MINOS ND

PRD72(2005)076004 PRL101(2008)151601 PRL105(2010)151601 PRD82(2010)112003 PLB718(2013)1303 P

uble gas maser
tation)<10-33GeV
= because neutrinos are the least known standard model particles! I)oost)<1027GeV
—— | indicki 1 3 m
LSND IceCube MiniBooNE Super-Kamiokande

MINOS FD

assicaland quantuumiield the

e

Double Chooz
=Y Far 8.6t
- P, ¥ overbdn 110r

. mathematical foundations, Fin PRL99(2007)050401

(2013)1 12009PR (1)02003 |
PRL105(2010)151604
PRL107(2010)171604
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4. 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.

u Y,
M W " M
d Charged Current u u Neutral Current u
(CC) interaction (NC) interaction
“W-boson exchange” “Z-boson exchange”

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

e
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4. Neutrino oscillations, natural interferometers

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

light source screen

uiayned
aoualaolul

For double slit experiment, if path v, and path v, have different length, they have different
phase rotations and it causes interference.
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4. 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
quantum interference.
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4. 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
quantum interference.

If v4 and v,, have different mass, they have different velocity, so thus different phase
rotation.
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4. 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
quantum interference.

If v4 and v,, have different mass, they have different velocity, so thus different phase
rotation.

The detection may be different flavor (neutrino oscillations).
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4. 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
quantum interference.
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4. 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
quantum interference.

If v4 and v,, have different coupling with Lorentz violating field, neutrinos also oscillate.
The sensitivity of neutrino oscillation is comparable the target scale of Lorentz violation

(<1019GeV).
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4. Lorentz violation with neutrino oscillation

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

Vi, Ve
Vu
Vi Ve
V), Ve
VL . VL M
NN

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

If v4 and v,, have different coupling with Lorentz violating field, neutrinos also oscillate.
The sensitivity of neutrino oscillation is comparable the target scale of Lorentz violation
(<10-19GeV).
If neutrino oscillation is caused by Lorentz violation, interference pattern (oscillation
+ probability) may have sidereal time dependence.
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MiniBooNE collaboration,

PRD79(2009)072002
5. MiniBooNE experiment NIM.AS99(2009)28
MiniBooNE is a short-baseline neutrino oscillation experiment at Fermilab.
v, oscillation __ V. +n—>e +p
Vu oscillation 176 +p— et +n

Booster Neutrino Beamline (BNB) creates ~800(600)MeV neutrino(anti-neutrino) by pion
decay-in-flight. Cherenkov radiation from the charged leptons are observed by MiniBooNE
Cherenkov detector to reconstruct neutrino energy.

FNAL Booster MiniBooNE detector

Magnetic focusing horn
. ' o

primary beam o secndary beam tertiary beam

I n

(8 GeV protons) (1-2 GeV pions) " (800 MeV v, , 600 MeV anti-v,)

v



MiniBooNE collaboration,

PRL102(2009)101802,
5. MiniBooNE experlment PRL105(2010)181801
MiniBooNE is a short-baseline neutrino oscillation experiment at Fermilab.
,VM oscillation >Ve +n—e + p
,‘7‘u oscillation >,‘7€ +p— €+ +7

MiniBooNE observed unexplained excess of events

MiniBooNE low E v, excess
3

e Data
475MeV — v, fromu
/1 v, fromK®
{ = v, from K"
EE =° mieid
CJA—=Ny
$ B dint
=1 other
1 Total Background

25

Events/ MeV

lllllllllll
——
U

2

15

0.5

0.2 04 O.§ 08 1 1.2 14 15 3

low energy | high energy L (G

These excesses are not predicted by neutrino Standard Model (vSM), therefor it might
sterile neutrino or other new physics, such as Lorentz violation
—> Oscillation candidate events may have sidereal time dependence!



MiniBooNE collaboration,
PLB718(2013)1303

5. Lorentz violation with MiniBooNE neutrino data

MiniBooNE is a short-baseline neutrino oscillation experiment at Fermilab.

oscillation -
> —
VM Ve +n e +p
— oscillation — +
> —
VM Ve + p e +n
7] = .
t %E Neutrino mode
S 70
[ }] -
. . 60 F-
Electron neutrino candidate data 2 oFE . +
prefer sidereal time independent g a0[= R
solution (flat) =] S
(3] = -o-data @000 e flat solution
o 20 -O- POT corrected data —; rameter fit
g 10E- ««=-backgroond = ---- grameter t
L 0 10000 20000 30000 40000 50000 60000 70000 80000

sidereal time (sec)
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MiniBooNE collaboration,
PLB718(2013)1303

5. Lorentz violation with MiniBooNE neutrino data

MiniBooNE is a short-baseline neutrino oscillation experiment at Fermilab.
oscillation _ -
v, >V, +n—=e +p

— oscillation — +
v, >V, +p—>¢€ +n

Neutrino mode

IIIIIIIIIIIIIIIII

+

Electron neutrino candidate data
prefer sidereal time independent
solution (flat)

]

& POT corrected data er it
. correc a _—
background ----- % Bg::g‘lgte: g

e IIIIIIIIHIII

v-0sc candidate events
283888838
- I%
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Electron antineutrino candidate data
prefer sidereal time dependent
solution, however statistical
significance is marginal

Antineutrino mode
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e
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We find no evidenceof Lorentz 8 1B —— ' o 4. T flat solution
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MiniBooNE collaboration,
PLB718(2013)1303

5. Lorentz violation with MiniBooNE neutrino data

MiniBooNE is a short-baseline neutrino oscillation experiment at Fermilab.
oscillation

v, >V, +n—=e +p
— oscillation — +
v, >V, +p—>¢ +n
Since we find no evidence of Lorentz violation, we set limits on the combination SME
coefficients.
v-mode BF 20 limit v-mode BF 20 limit
|(C)eu| 3.1+0.6+0.9 <472 0.1 +0.8+0.1 < 2.6
I(As)eul 0.6+09+0.3 <33 244+13+0.5 <39
|(-Ac)e;1| 04+09+04 <40 2.1+1.2+04 < 3.7
SME coefficients combination (unit 10~2° GeV)
1(C)epl +[(ar)g, +0.75(a1)&, 1 — (E)[1.22(cp)g ), + 1.50(cr)¢ s +0.34(cr)Ef ]
[(As)eul +[0.66(ar )y, ] — (E)[1.33(cr)g,s +0.99(cr); 7]
o 1(AQepl +[0.66(ar )3, 1 — (E)[1.33(cp)gjr +0.99(cr)57 ]
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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 —s e+ +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

:{Z - T T T | T T T | T T | T T | |8
800 MeV proton beam from 5 i _
LANSCE accelerator
\ L/E~30m/30MeV~1 5 @ o o LK -
‘ Water target g 10 H 1T 4 o L R o -
<@ Copper beamstop = i ,' o ., - R i O I 7]
I g I I .. LA i
h LSND Detector = ',.;i‘l l ““ Y o -
[ I S NG % I R I A e N Sty
s 1 4
1 —®— data .
1 flat solution
1B 3-parameter fit .
] . ' / 0 _. i : 5_.par.ame.ter..ﬁt 1 l 1 1 1 l 1 1 1 | 1
w. s g
v Re® £ 0 20000 40000 60000 80000
4 > Time side: ime
\‘QSI Queeﬂ Ma ~10-1° GeV CPT-odd or ~10-7 CPT-even Lorentz idereal time (secs)
(OO violation could be the solution of LSND excess P4/05 52
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TK,
MPLA27(2012)1230024

5. 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 ept (v mode low energy region) ep (7 mode combined region)
Re(ar)! or Im(ag)? 4.2x10~%0 GeV 2.6x10~20 GeV
Re(ar)™ or Im(ar)* 6.0x1072 GeV 5.6x1072 GeV
Re(aL)’ or Im(ar)Y 5.0x10~20 GeV 5.9x10~20 GeV
Re(ar)? or Im(ay,)? 5.6x10720 GeV 3.5x10720 GeV
Re(er )XY or Im(cp )XY — —
Re(cL)‘Z or Im(er)*? 1.1x1071° 6.2x10~2
Re(er)Y# or Im(cg)¥4 9.2x10~%0 6.5x10~%
Re(cL) X or Im(cp )X
Re(er)YY or Im(cp)YY — —
Re(cL)Z or Im(ep,)%4% 3.4x10~19 1.3x10~19
Re(er )™ or Im(cp)TT 9.6x10~20 3.6x10~%
Re(er )™ or Im(ep)™ 8.4x10720 4.6x1072
Re(er)™ or Im(cp)TY 6.9%x 1020 4.9%x10~20

W * Re(er) or Im(ep)T# 7.8x1072 2.9%x10~%

Oy XAt avica y Ieppel Katorl, Wueen viary University or Lonaon 10/U4/UD 53
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7.

8.

. Spontaneous Lorentz symmetry breaking

. What is Lorentz and CPT violation?

. Modern test of Lorentz violation

. Lorentz violating neutrino oscillation

. Test for Lorentz violation with MiniBooNE data

. Test for Lorentz violation with Double Chooz data

Extra-terrestrial ultra-high energy neutrinos

Conclusion
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Double Chooz collaboration, PRL108(2012)131801
DayaBay collaboration, PRL108(2012)171803
RENO collaboration, PRL108(2012)191802

Double Chooz experiment

Reactor electron antineutrino disappearance
- Double Chooz, DayaBay and RENO experiments observed disappearance signals

BREAKTHROUGH Hang Wang nd e

Daya Bay Collaboration
\7
PRIZI

DayaBay collaboration won
Breakthrough prize 2016

Kam-Biu Luk and the
Daya Bay Collaboration

Double Chooz reactor neutrino candidate
; 1400 T T | T T T I T T T I T T T | T T T [ T T T

—&—— Double Chooz 2012 Total Data
---------- No Ogcillation, Best-fit Backgrounds
— BeetFit: sin®(26_) =0.109
at Amj, = 0.00232eV* (y%/d.o f. = 42.1/35)
from fit to two integration periods.
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. Double Chooz experiment

Reactor electron antineutrino disappearance

- Double Chooz, DayaBay and RENO experiments observed disappe:

Double Chooz reactor neutrino candidate

71 r v r 1 1 11 111 1 1717 L

"
g

| I

—0— Double Chooz 2012 Total Data

------  No Ogcillation, Best-fit Backgrounds
————— Best F'lt =inf(26_) =0.109
at Amj, = 0.00232 eV* (y%/d.o f. = 42.1/35)
from fit to two integration
Summed Backgrounds (zee inssta)
Lithium-9
| Fastn and Stopping u
| _Accidentals

:

Events/{0.5 Me
11

(Data/Predicted)

ll'lll II lll_lllllllllllllllllllll

(0.5 MeV)

(Data - Predicted)

0 ¥
Energy [MeV]

The Big Bang Theory (CBS)

, Queen Mary University of London
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. Double Chooz experiment

Reactor electron antineutrino disappearance
- Double Chooz, DayaBay and RENO experiments observed disappe:

This small disappearance may have sidereal time dependence?

Double Chooz reactor neutrino candidate
;1400 T T [ T T T | T T T ] T T T | T T T | T T T

—0— Double Chooz 2012 Total Data
------  No Ogcillation, Best-fit Backgrounds
 — Best Fit: 8 inf(26 ) =0.109
nh* 0.0023 oV* (¥/d.o . = 42.1735)
from to two integration
Summed Backgrounds (zee inssta)
Lithium-9
| ! | Fastn and Stopping u
~ 1 Accidentals

| I

The Big Bang Theory (CBS)

L1

:LI.L II lll_llllllllllllllll-lllll

(Data/Predicted)
5 &
‘[‘I‘IT|'I'IT|TIII IIIIIIIIIIIIIIIIIIIIIIII
e ' e

g r !
§§ s Leonard: What do you think about the latest Double Chooz result?
g[S 100 | Sheldon: | think this is Lorentz violation..., check sidereal time dependence 57
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6. Double Chooz experiment

So far, we have set limits on

1. ve © v, channel: LSND, MiniBooNE, MINOS (<1020 GeV)
2.v, v, channel: MINOS, IceCube (<10-2 GeV)
The last untested channel is v, & v,

It is possible to limit v, & v, channel from reactor v, disappearance experiment

P(ve ©ve) =1 - P(ve HVM) -Pve ©v;) ~1-P(ve ©v;)

The Big Bang Theory (CBS)

& :
Leonard: What do you think about the latest Double Chooz result?
RQf QU

Sheldon: | think this is Lorentz violation..., check sidereal time dependence

58
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Double Chooz collaboration,
PRD86(2012)112009

6. Double Chooz experiment

So far, we have set limits on

1. ve © v, channel: LSND, MiniBooNE, MINOS (<1020 GeV)
2.v, v, channel: MINOS, IceCube (<10-2 GeV)
The last untested channel is v, & v,

It is possible to limit v, & v, channel from reactor v, disappearance experiment

P(ve ©ve) =1 - P(ve Hvu) -Pve ©v;) ~1-P(ve ©v;)

Double Chooz reactor neutrino data/prediction ratio

Small disappearance signal 1.1

prefers sidereal time independent
solution (flat) ~\~ +

We set limits in the e-t sector for
the first time; ve« v, (<1020 GeV)

0.8 — - e-1L best fit + +
— e-T best fit
e b e b by by oy by oy by by by
0 10000 20000 30000 40000 50000 60000 70000 80000
Sidereal time (seconds)
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6. Double Chooz experiment

By this work, Lorentz violation is
tested with all neutrino channels

Kostelecky and Russel
Rev.Mod.Phys.83(2011)11
ArXiv:0801.0287v9

Chance to see the Lorentz violation

in terrestrial neutrino experiments
will be very small

Recently, Super-Kamiokande collaboration
published significantly better limits
PRD91(2015)052003

-
\@ Queen Mary TeppeiKi

MiniBooNE Double Chooz IceCube
MINOS ND MINOS FD
VL
= Coefficient (Xt et uv;
Re(ar)t 10720 GeV| 107! GeV -
Re(ar)® 10720 GeV| 107'? GeV 10722 GeV
Re(ar)Y 1072 GeV| 1079 GeV [1072% GeV
Re (az)? 10712 GeV | 10719 GeV -
d=14 Coefficient el et UT
Re (e )XY 10~ 10~17 10~23
Re (e )X? 10~2 10~17 10~23
Re(cp)Y? 10~21 1016 10~23
Re (e )*XX 10~ 10~16 10~23
Re (cp)YY 10~ 10~16 10~23
Re (c)?% 10~19 10~16 -
Re (e )T 10~19 10~17 -
Re (e )TX 10~22 10~ 17 10~27
Re (ep)TY 10~22 10~17 10~27 -
Re (e )% 10~20 10~ 16 -

University of London




7.

8.

. Spontaneous Lorentz symmetry breaking

. What is Lorentz and CPT violation?

. Modern test of Lorentz violation

. Lorentz violating neutrino oscillation

. Test for Lorentz violation with MiniBooNE data

. Test for Lorentz violation with Double Chooz data

Extra-terrestrial ultra-high energy neutrinos

Conclusion

e
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/. Neutrino standard Model (vSM)

This is the world data of neutrino oscillation

It looks majority of region is either accepted

(positive signals) or excluded

But this is model dependent diagram, because it
assumes neutrino mass as phase, and mass
mixing matrix elements as amplitude of neutrino

oscillations

What is model independent diagram look like?

+
\(:':_Q_f)l Queen Mary Teppei Katori, Queen Mary |

University of London

10~

N ~.(§34 i_#g;: \\ i, ;\
G, 3> CHORUS 3¢
Y N g TNOMAD
o BalPastisoy,, Ly 8
10 / oy, \\: —— \‘\:‘::::::::ZZZ:::-.::-_:-_:(::z‘::ﬁ'-::;"__,—”

~  All limits are at 90%CL 7
unless otherwise noted
12 1 |
1074 16~ 102

http://hitoshi.berkeley.edu/neutrino



Kostelecky and Mewes, PRD69(2004)016005
Aruguelles, INVISIBLE2015

/. Lorentz violation with neutrino oscillation
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Kostelecky and Mewes, PRD69(2004)016005
Aruguelles, INVISIBLE2015

/. Lorentz violation with neutrino oscillation
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Kostelecky and Mewes, PRD69(2004)016005
Aruguelles, INVISIBLE2015

/. Lorentz violation with neutrino oscillation

23
10 10’

Solar Potential AmZ2g

1 022 ,/ ]
R 10
a1 KamI ANW AM2 44,
long baseline P 1 05
reactor neutrino , _
iy 20 P long baseline
10 ’ accelerator neutrino
r 10* g
short baseline DAESALUS i
E reactor signal a Bay e 3 -
- BNL-E776 FR/NuTeV
~ s ~ooz MiniBooNE 10
18 NOMAD/CHORUS
10 MINERZA 5
OscSNS CDHS 10
1 O 17 - LSND
KARMEN 10 1

10'°
10° 10~ 10° 10 10 10 10

E,|GeV]



Kostelecky and Mewes, PRD69(2004)016005
Aruguelles, INVISIBLE2015

/. Lorentz violation with neutrino oscillation
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7. LorentZ violation with neutrino os
extra galactic
neutrino potential
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“Extraordinary discovery requires
extraordinary evidence”
- Carl Sagan




b
Extraordinary discovery requires !
extraordinary evidence” '
- Carl Sagan

!

“Extraordinary discovery requires
extraordinary evidence from

extraordinary particles with ‘
extraordinary energy and extraordinary e
scale” =
- Teppei s reinterpretation of Carl Sagan §.

Astrophysical Ultra-High-Energy Neutrinos!



Diaz, Kostelecky, Mewes, PRD85(2013)096005;89(2014)043005

/. Lorentz violation with extra-terrestrial neutrinos

Combination of longer baseline and higher energy makes extra-terrestrial neutrino to be the
most sensitive source of fundamental physics.

Vacuum Cherenkov radiation can limit new physics of neutrino up to 10-20

UHE«v

Teppei Katori, Queen Mary University of London 16/04/05 71




Diaz, Kostelecky, Mewes, PRD85(2013)096005;89(2014)043005
Aruguelles, TK, Salvado,PRL115(2015)161303

/. Lorentz violation with extra-terrestrial neutrinos

Combination of longer baseline and higher energy makes extra-terrestrial neutrino to be the
most sensitive source of fundamental physics.

Vacuum Cherenkov radiation can limit new physics of neutrino up to 10-20

However, the neutrino mixing properties of UHE neutrinos can push this limit further (~10-34).
It is the most sensitive test of new physics (including Lorentz violation) with neutrinos.

New physics

UHE=~v \

i Lonee

Teppei Katori, Queen Mary University of London 16/04/05 72




Aruguelles, TK, Salvado, PRL115(2015)161303

/. Neutrino flavour with new physics

Any new physics can end up in the effective Hamiltonian

UoU =VAV

n n n

1
h,=—UMU+
T 2E E

£
Al’l

neutrino oscillation formula

pi"aj

sk k . A k % .
P_,(L)=1- 42 Re(V,,V,V, V, )sin® ( 2“ L) + 221m(vmvﬁiva V)sin(A,L)
i>j i>j

neutrino mixing formula

P, y(L—0)~1-2YRe(V,V,V, V,)= Y|V,

i>j

2

2
v,

Information of small contamination of new physics appears on neutrino flavours

At high energy, neutrino mass term is suppressed
- (probably) mixing properties of the UHE neutrinos are the most sensitive method to look

for new physics within particle physics

e
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Aruguelles, TK, Salvado, PRL115(2015)161303

/. Standard flavour triangle diagram

There are 3 UHE neutrino production models
i. pion decay dominant model, 1:2:0
ii. electron neutrino dominant model, 1:0:0
iii. muon neutrino dominant model, 0:1:0
iv. tau neutrino dominant model, 0:0:1

Initial flavour ratio is modified on the Earth
due to neutrino mixing

IceCube collaboration
PRL114(2015)171102

IceCube flavour triangle diagram

A 10
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0.2
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A i B

= 0.00 TeppeiKatori,QueenMaryUniversityo@n n 16/04/05
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Aruguelles, TK, Salvado, PRL115(2015)161303

/. Standard flavour triangle diagram

There are 3 UHE neutrino production models
i. pion decay dominant model, 1:2:0 0.
ii. electron neutrino dominant model, 1:0:0
iii. muon neutrino dominant model, 0:1:0

®(1—z:x:0)

all possible

iv. tau neutrino dominant model, 0:0:1 0.2 0.8 rophvsical del
. . astrophysical models

Initial flavour ratio is modified on the Earth
due to neutrino mixing

IceCube collaboration
PRL114(2015)171102

IceCube flavour triangle diagram
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Aruguelles, TK, Salvado, PRL115(2015)161303

/. Neutrino flavour ratio with new physics

Any new physics can end up in the effective Hamiltonian
- neutrino mixing depends on energy
- there is strong initial flavour ratio dependency

An example Hamiltonian with new physics term
(~10-%6 GeV CPT odd Lorentz violation)

2 2 2
i ee me,u mer 0 0 0
2% 2 2
== M, m,, m, +E-1 0O O Cor
2FE
2% 2% 2
et mm’ mn’ 0 CMT CTT

+
\a‘_Q_ﬁl Queen Mary Teppei Katori, Queen Mary Univers

University of London
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Aruguelles, TK, Salvado, PRL115(2015)161303

/. Neutrino flavour ratio with new physics

Any new physics can end up in the effective Hamiltonian
- neutrino mixing depends on energy
- there is strong initial flavour ratio dependency

Flavor triangle diagram is a convenient way to show these
models.
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Aruguelles, TK, Salvado, PRL115(2015)161303 Haba, Murayama,
PRD63(2001)053010

/. Flavour triangle histogram

However, we don’t observe flavour ratio with function of energy
- neutrino flux model (~E-?) is convoluted

Also, there are many possible models
—> flavour triangle histogram

We follow the anarchic sampling scheme to choose the new physics model, and the model
density is shown as a histogram on the triangle diagram.

dU = ds’, ndc}, ndsi, ndS

Large Lorentz violation - observed flavour ratio can be many option
Small Lorentz violation - only tiny deviation from the standard value is possible

e
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Aruguelles, TK, Salvado, PRL115(2015)161303

7. Flavour triangle histogram
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Aruguelles, TK, Salvado, PRL115(2015)161303

/. Flavour triangle histogram

2 2 2
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Exotic models can make variety of 1 . ) , .
flavour ratios, but not every flavour o= 5F Mg, M, M, |+E ¢, ¢, C,
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P mer mur mn’ Cer Cm' Cm’

Dimension-4 operator new physics
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The flavour ratio is the most powerful tool to

) Teppei Katori, Queen Mar ) . ) .
explore any new physics within particle physics




IceCube collaboration, PRL114(2015)171102, Astro.J.809:98(2015)
Palomares-Ruizetal PRD91(2015)103008

7. Flavour triangle by lceCube

Flavor ratio is sensitive with analysis method...

There is very shallow x2 min from v,-dominant to v.-dominant solutions. Assumption of
primary flux change the interpretation of data (absence of “Glashow resonance” events >
cascade events are dominated by v.? etc)

OO 100 [Ve:v, v, at source o
1.00 ! 90 » 0:1:0 2 1.00
80 o 1:2:0 o ' lceCube
4 70 A 1:0:0 : . .
1 0.83 Best fit point
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©
o
\]
]
W
o

fr® ?% fu,® 4 30
20
lceCube 10
Best fit point 0
(0.0:0.2:0.8)
0.17 ............................................ R 0]_7
(0 \,/0 —
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IceCube-Gen2 collaboration
arXiv:1412.5106

7. lceCube-Gen2

Gen2

DeepCore

Bigger and denser
DeepCore can push their
physics

Gen2
Larger string separations to
cover larger area

PINGU

Smaller string separation to
achieve lowerenergy
threshold for neutrino mass
hierarchy measurement

The proposal will be submitted to
NSF (UK members: Manchester,
Oxford, Queen Mary)

Y ‘ Teppei Katori, Queen Mary University of London 16/04/05



Conclusmn

- Lorentz and CPT V|olat|on has been shown to occur- in Planck scale .
,theones '

There is‘a wor1d wide effort to test Lorent%wolatlon with varlous state-of-
the-art technologles

MiniBooNE, MINOS, Ice'C'ube,, Double Chooz,"and Super-Kamiokande set
stringent limits on Lorentz violation in neutrino $ector in terrestrial level. |

Extra-terrestrial neutrinds from ICeCube are ‘one of ‘the most sensitive tool
to test fundamental physics, such as Lorentz violation.

Thank you for your attention!S
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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 noton CMB frame (e.g., dipole term of WMAP is nonzero), so we expect
anisotropy by lab experiments even CMB frame is the preferred frame.

WO Queen Mary

University of London



MiniBooNE collaboration,

PRL102(2009)101802,
5. MiniBooNE experlment PRL105(2010)181801
MiniBooNE is a short-baseline neutrino oscillation experiment at Fermilab.
,VM oscillation >Ve +1— e +p
,‘7” oscillation >,‘7€ +p— €+ +7

Neutrino mode analysis: MiniBooNE saw the 3.00 excess at low energy region
Antineutrino mode analysis: MiniBooNE saw the 1.4c excess at low and high energy region

MiniBooNE low E v, excess MiniBooNE anti-v, excess
> 3 > L L L L L e e e DL L B
g - L - - Data (stat err.)

- e Data = 06 - 7]
~ 25 475MeV — v, fromp o 2 FL £ v, fromu ]
g 2] = v.fomK’ [intrinsic 5 osEL [475MeV -l':': from K* [-intrinsic
> a2 {  I— from K® w | — mlhsllyd
w ——  — * mizid I— i

ANy . 0.4 D dirt ]‘m'S'D -

15 * [ dirt misID @3 other ]
- ] other 0.3 | Constr. Syst. Error ]
1 Total Background .
0.2 — f | ] - —:

0.5 —1_ 1 ]
0.1 ] L ]

I ]

0.2 = 04 0. . 0s 1 1.2 14 15 3. 0.0 —_— :
@% E% (GeV) 02 04| 06 08 10 12 14 3.0
low energy | high energy EJE (GeV)

low energy | high energy

Intrinsic background errors are constraint from MiniBooNE data
Data driven corrections are applied to MisID backgrounds

\‘Qﬁl Queen lVIary Teppei Katori, Queen Mary University of London 16/04/05 86

University of London



MiniBooNE collaboration,

PRL102(2009)101802,
5. MiniBooNE experlment PRL105(2010)181801
MiniBooNE is a short-baseline neutrino oscillation experiment at Fermilab.
,VM oscillation >Ve +1— e +p
,‘7” oscillation >,‘7€ +p— €+ +7

Neutrino mode analysis: MiniBooNE saw the 3.00 excess at low energy region
Antineutrino mode analysis: MiniBooNE saw the 1.4c excess at low and high energy region

MiniBooNE low E v, excess MiniBooNE anti-v, excess

> 3 > -7 LN | LI AL LA | LA L L LI L L} &
g - Da % 0.6 - e Data (stat err.) 1
= . 1a - - .
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> of { = v, fromK (T § D «° misid ]
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15 * 2 dirt [ other ]
- other 0.3 | Constr. Syst. Error ]
1 Total Background .
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I ]

0.2 = 04 0. . 0s 1 1.2 14 15 3 0.0 —— -
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low energy | high energy

These excesses are not predicted by neutrino Standard Model (vSM), therefor it might
+ | sterile neutrino or other new physics, such as Lorentz violation

‘E,Q - Oscillation candidate events may have sidereal time dependence!
University of London




Kostelecky and Mewes
PRD70(2004)076002

6. Lorentz violation with MiniBooNE

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

P —
Ve VM hC

2

‘(C) +(A), sinw_ T +(A)_cosw T +(B) sin2w T +(B,), cos2w T,

2

Expression of 5 observables (14 SME parameters)

(©),,

= (aL):M — NZ(aL)i +E

Ta- 3NZNZ)(CL)ZZ]
2 on

-%(3 ~NN?)(c )T +2N*(c ) +

(A),, =N"(@)%, -N*(a,)), +E[-2N"(c )T + 2N*(c )I¥ + 2N"N?(c, )2 - 2NN*(c, ) 7]
(A,),, =N*(@), -N"(a))}, +E[2N"(c )7 +2N"(c )Y - 2N"N*(c, ) - 2N"N*(c, )7 |
®,),, =E[N'N" ((cL)eu ~ (e ) - ("N =N"N") (e, ]
1
B,),, =E|-, (VN -NN) () = (e )1 ) - 2NXNY(CL):I]
N* COS SinBcos ¢ - siny cos o coordinate dependent direction vector
NY |= sinfsing (depends on the latitude of FNAL, location
N* —siny sindcos ¢ — cos, cos0 of BNB and MiniBooNE detector)
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Diaz, Kostelecky, Mewes
PRD80(2009)076007

/. Massive Lorentz-violating model

Double Chooz oscillation signal has no sidereal time dependence.

By assuming main source of neutrino oscillation is neutrino mass, we can study
perturbation terms to find secondary effect to cause oscillations.

massive neutrino oscillation Lorentz violating neutrino oscillation

~ /\.\

P(v, =v )= Po(v ev)+P(v %v)+P2(v — V)

In this way, we can access to different types of Lorentz violation

e
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Diaz, Kostelecky, Mewes
PRD80(2009)076007

/. Anomalous energy spectrum

Sidereal variation is one of many predicted phenomena of Lorentz violating neutrino
oscillations.

Lorentz violation predicts unexpected energy dependence of neutrino oscillations from
standard neutrino mass oscillations.

massive neutrino oscillation Lorentz violating neutrino oscillation
Effective Hamiltonian for \ ‘///
neutrino oscillation
= — + a+cE +-

This is very useful to differentiate 2 effects:
- massive neutrino oscillation
- sidereal time independent Lorentz violating neutrino oscillation

Double Chooz released its energy spectrum (with full error matrix). We use this to test time
independent Lorentz violating neutrino oscillation.
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Diaz, TK, Spitz, Conrad
PLB727(2013)412

/. Double Chooz spectrum fit

Neutrino-Antineutrino oscillation
- Most of neutrino-neutrino oscillation channels are constraint from past analyses
- Here, we focus to test neutrino-antineutrino oscillation

ex) anti-v,=>v, oscillation fit with Double Chooz data
50

data-prediction
0.5 MeV

-1001— Data (stat. only error)
" —t— Best fit, w/ LV coeffs
50 | e sin’20,,=0.109, w/o LV coeffs
; l ' 1l 1l l 1l 1l ' l 1l 1l 1l l 2 ' ' l 1l 1l 1l l '
2 4 6 8 10 12
E. (MeV)

These fits provide first limits on neutrino-antineutrino time independent
Lorentz V|olat|ng coefficients
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Arguelles, INVISIBLE2015

/. Sterile neutrino oscillation
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Futurama (Comedy Central)

8. Superluminal neuatrinos

Wow, 15 miles That's a violation
over speed of : of law of Lorentz
light! __gf W invariance, baby

What about..., OPERA result?



OPERA collaboration,
ArXiv:1109.4897

8. Superluminal neutrinos

OPERA

v(neutrino) = ¢ + (2.37+0.32) * 10°c
= ¢ + (16+2) " 103 mph

It is fascinating result, but...

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

- no indication of Lorentz violation from any neutrino oscillation experiments

- superluminal neutrino is unstable (vacuum Cherenkov radiation) ArXiv:1109.6562

- pion phase space is limited to create such neutrinos ArXiv:1109.6630

- SN1987A neutrinos provide severe limit to superluminal neutrinos PRL58(1987)1490
- etfc...

It is very difficult to interpret superluminal neutrinos at OPERA by Lorentz violation
within field theory approach.
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