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1. Spontaneous Lorentz symmetry breaking
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1. Spontaneous symmetry breaking

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...



1. Spontaneous symmetry breaking

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),
picture taken from CPT04 at
Bloomington, IN
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1. Spontaneous Lorentz symmetry breaking

vacuum Lagrangian for fermion L = iWy o"W

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

1 2 1 2 * 1 * 2
L==0 @) -— -y}
2(u€0) zu(qw) 1 (¥ @)

SSB 4
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1. Spontaneous Lorentz symmetry breaking

vacuum Lagrangian for fermion L = iWy o"W

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

1 2 1 2 * 1 * 2
L=—(d -— -—A
2(u€0) zu(qw) 1 (¥ @)
M(p)=u’<0

SSB

|
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1. Spontaneous Lorentz symmetry breaking

vacuum Lagrangian for fermion L = iWy ¢"W -m¥P¥

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

¢
Lo or-Lewo-tawer SSB4
L—2(8Mc0) zu(qw) 41(«;040)
M(p)=u’ <0 \
V/ Wi

Particle acquires
mass term!
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Kostelecky and Samuel

PRD39(1989)683
1. Spontaneous Lorentz symmetry breaking
vacuum Lagrangian for fermion L = iWy ¢"W -m¥P¥
e.g.) SSB of scalar field in Standard Model (SM)
- If the scalar field has Mexican hat potential (i)
1 2 1 2 % 1 * o) SSB *
L=—0,0) --u (9 e)-—Me @)
2 2 4
M(p)=u’<0 \ ’
e.g.) SLSB in string field theory >
- There are many Lorentz vector fields W
- If any of vector field has Mexican hat potential
SLSB ¢
aYk
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Kostelecky and Samuel

PRD39(1989)683
1. Spontaneous Lorentz symmetry breaking
vacuum Lagrangian for fermion L = iWy ¢"W -m¥P¥
e.g.) SSB of scalar field in Standard Model (SM)
- If the scalar field has Mexican hat potential (i)
1 2 1 2 % 1 * o) SSB *
L=—0,0) --u (9 e)-—Me @)
2 2 4
M(p)=u’<0 \ ’
e.g.) SLSB in string field theory >
- There are many Lorentz vector fields W
- If any of vector field has Mexican hat potential
M(a")=p <0 SLSB ®
I N
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Kostelecky and Samuel
PRD39(1989)683

1. Spontaneous Lorentz symmetry breaking

vacuum Lagrangian for fermion L = i®y "W —myPY +‘T’yua“‘P

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

- If the scalar field has Mexican hat potential (i)

1 2 1 2 * 1 * N2 SSB

L=—0,p) ——u (g @)-—AMe p) 1
2 2 4
M(p)=u’<0 \ ’

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

M(a")=p" <0 SLSB 4 (tAAm
.y AA7

Lorentz symmetry
IS spontaneously

broken! w >al
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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 physical quantities may depend on the
rotation of the earth.

background field
of the universe

vacuum Lagrangian for fermion j \

L = Wy, "W - mPW + Wy a" W + WPy, c™o, ...

A%

Scientific American (Sept. 2004)

Axis of rotation ———

SPECIAL
ISSUE

Fora centurfg_,_ﬁ,llivsf_ideas have reshaped the world.
Butniscw smsts are now venturing

13

PM 6:00 TowardaTheorgii -yerything =

“'('m'ﬂﬂ”””i

AM 6:00 Energy That Expaml;th 5.-,==»"




1. Spontaneous Lorentz symmetry breaking

2. What is Lorentz and CPT violation?

3. Test for Lorentz violation with MiniBooNE data

4. Conclusion
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2. What is Lorentz violation?

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

P(x)y,a"¥(x)

hypothetical background ex) moving particle
vector field

Einstein
(observer)
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2. What is Lorentz violation?

Under the particle Lorentz Transformation;

UW(x)y,a"®(x)U™!
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2. What is Lorentz violation?

Under the particle Lorentz Transformation;

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

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

Yy

Lorentz violation!

p
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2. What is Lorentz violation?

Under the particle Lorentz Transformation; Under the observer Lorentz Transformation;
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2. What is Lorentz violation?

Under the particle Lorentz Transformation; Under the observer Lorentz Transformation;
P(x)y,a"W(x) = U[¥(x)y,a" P(x)U™" T(x)y,a" ¥(x)
= WU(AX)y,a" W(AX) X — A'x

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

y -L-L-L—P—k
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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[F(x)y,a" P | Px)ra"P(x) A WA Xy, W(A'X)

= W(AX)y,a" W(Ax) o
Lorentz violation cannot be seen by
L tz violation is ob bl observers motion (coordinate
orentz vioiation 1S observanie transformation is unbroken)
when particle is moving in the
fixed coordinate space .
any observers agree for all observations

Yy
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3. Test for Lorentz violation with MiniBooNE data
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MiniBooNE collaboration,
PRD79(2009)072002

3. MiniBooNE experiment NIM.A599(2009)28

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

- Booster Neutrino Beamline (BNB) creates:
~800 MeV muon neutrino beam by t* decay-in-flight
~600 MeV muon anti-neutrino beam by x- decay-in-flight

- MiniBooNE detector identifies particles from Cherenkov ring profiles
muon like event electron like event neutral pion like event

Signature of v, event is the single electron like events

oscillation i
Vu Ve e (electron-like Cherenkov)

W
n P




3. MiniBooNE oscillation analysis results

Events/ MeV

Neutrino mode low energy excess
MiniBooNE see the excess at low
energy region.

MinsiBooNE low E v, excess

E e Damna
2sf-  475MeV — v, fromp
- * /1 v, fromK®
oF { = v, from K"
- B =° misid
CJA—Ny
15 ¢ E dirt
3 other
1 Total Background
0.5
PR B r
0.2 0.4 0. 0.8 1 1.2 14
PLINL
low energy | high energy

15 3
E% (GeV)

MiniBooNE collaboration,
PRL102(2009)101802,
PRL105(2010)181801

Antineutrino mode excess
MiniBooNE see the excess at
combined region.

MiniBooNE anti-v, excess

> n 7 Tt i
L - - Data (stat err.) 7
= 06¢p == v. fromp°" ]
= S B ( ] v, from K™~ .
§ 05 E 475MeV —3 v, from K° .
w C D =° misid ]
| C—JA—- Ny ]
0.4 N dirt -
@@ other ]
Constr. Syst. Error ]
0.3 | -
0.2 t | l —:
p— -
=1 ]
0.1 I =H+|—1—. E
0.0 ——
0.2 0.4 0.6 0.8 1.0 1.2 1.4 3.0
ESE (GeV)
low energy | high energy

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

06/05/12
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3. Test of Lorentz violation with neutrino oscillation experiments

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

(1) fix the coordinate system

(2) write down Lagrangian including Lorentz violating terms under the formalism
(3) write down the observables using this Lagrangian
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3. Test of Lorentz violation with neutrino oscillation experiments

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

(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

ll Fermilab Google© map

/
\ { i
\ =
\ N\

y4 7Vemal equinox

Winter
solstice

i

Summer
solstice

Autumn equinox

X
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Kostelecky and Mewes
PRD69(2004)016005

3. Test of Lorentz violation with neutrino oscillation experiments

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

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

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

Modified Dirac Equation (MDE) of neutrinos
(Tagdy —Mag)ve =0

SME coefficients

. | Y
Y uv uv v % uv
Lag =7 0ag + CagYy + dagYyuYs +€ag +ifagYys + EgAB O

. 1
_ u u v
Mpg = Mpg +iMsagYs + AagYy t bABYSYu + EHABOW
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Kostelecky and Mewes
PRD70(2004)076002

3. Test of Lorentz violation with neutrino oscillation experiments

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

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

Various physics is predicted under SME, but among them, the smoking gun of Lorentz violation
is the sidereal time dependence of the observables. 5
T

23h56m4.1s

Solar time:  24h 00m 00.0s sidereal frequencyWg, =

sidereal time: 23h 56m 04.1s sidereal time T
@

Lorentz violating neutrino oscillation probability for short baseline experiments

S
Ve\/u hC

Sidereal variation analysis for MiniBooNE is 5 parameter fitting problem

2
2

‘(C) +(A) sinw T +(A) cosw T +(B) sin2w T +(B) cos2w T
eu s’eu ® @ c’eu ® @ s’eun @ @ c’eu ® @
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Kostelecky and Mewes
PRD70(2004)076002

3. Test of Lorentz violation with neutrino oscillation experiments

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

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

Various physics is predicted under SME, but among them, the smoking gun of Lorentz violation
is the sidereal time dependence of the observables. 5
T

23h56m4.1s

Solar time:  24h 00m 00.0s sidereal frequencyWg, =

sidereal time: 23h 56m 04.1s sidereal time T
@

Lorentz violating neutrino oscillation probability for short baseline experiments

o[t
Ve VP— hC

Sidereal variation analysis for MiniBooNE is 5 parameter fitting problem

2
2

‘(C)eu + (As)eM sinw_T_+ (AC)eM cosw_T_

In the fit, high correlation of parameters expand contours too much, so we focus on 3 parameter
fit for error evaluation (contours are evaluated from fake data)
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MiniBooNE collaboration,
ArXiv:1109.3480

3. Lorentz violation with MiniBooNE neutrino data

Neutrino mode result, low energy region

- 5 - 5r - 5r
Only C-parameter is 3 3 34
nonzero, but this is L LA Lo
. . - 2f - 2f < 2f
sidereal independent i ¥ i o ey X
- (T o .E
parameter. 5:5 ¥ 5:5 ¥ s:; ¥
. 2 MBF points 2 2
26.9% C.L. with flat 3 1 3f 3
hypothesis by fake I oo I AT
2 5-4321012345 5-4321012345 5 4 3 2 -1 0 1 2 3 4 5
data Ay“ study (©),, (107 GeV) (©), (10™ GeV) (As),, (107 Gev)
N
. - 80 —e— data
The neutrino mode low $ 0 e flat solution
energy excess is ® & "==- background
consistent with no % 50
sidereal variation. 2 4
©
= 1
O 20E — 3 parameter fit
Q = 5
] = parameter fit
Q 10:_..|....|.'..|....|....|....|....|....|...
32 0 10000 20000 30000 40000 50000 60000 70000 80000

sidereal time (sec)
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MiniBooNE collaboration,
ArXiv:1109.3480

3. 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.

06/05/12
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3. Summary of results

SME coefficients combination
- The combinations of SME coefficients are extracted
- First time constrained time independent SME coefficients for e-u sector

v—mode BF 20 limit

v—mode BF 2o limit

SME coefficients combination (umt 10720 GeV)

(C)e| 31£06+09 <42 01+08+01 <26 =[(ar)], +0.75(aL)%,

[(As)ep| 060903 <33 24x+13+£05 <39
[(Ac)ep| 040904 <40 21x12+04 <37

— < E > [1.22(c.)IT + 1.50(cL) L7 + 0.34(cL)57

£[0.66(ay,) “]— < E > [1.33(cy, )T‘ +0.99(cp,) Y 7]
£[0.66(ar)X,]— < E > [1.33(cL )T" +0.99(cr) 27

SME coefficient limit
20 limit of each SME
coefficient

Are they consistent with

other experiments?
such as LSND.

06/05/12

Coefficient

ept (v mode low energy region)

eyt (7 mode combined region)

Re(az)" or Im(az)"
Re(ar )™ or Im(ar)*
Re(aL) or Im(ar)Y

Re(a L)Z or Im(ay, z
Re(cr )XY or Im(er)
Re(cr )% or Im(er )
Re(er,)*“ or Im(er,)

X XY

X XZ

YZ Z
Re CL)\ or Im(cL)

YY

Z

Y
XX

Re(cr)YY or Im(cp)Y?

Re(cr)4Z or Im(cp)%%
Re(cr)™T or Im(eL)TT
Re(cr)™ or Im(ep )™
Re(cp)™Y or Im(ep)™Y
Re(er )% or Im(er)™#

4.2x10720 GeV
6.0x10~20 GeV
5.0x10~20 GeV
5.6x10720 GeV

1.1x10~19
02x10~20

3.4x10-19
9.6x1020
8.4x10~20
6.9x10~20
7.8x10720

2.6x10~20 GeV
5.6x10720 GeV
5.9%x10~20 GeV
3.5x10720 GeV

6.2x10~20
6.5%x10~20

1.3x10-19
3.6x10~20
4.6x10~20
49%x10~%
2.9%x10~20
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LSND collaboration,
PRD72(2005)076004

3. LSND experiment

Consistency with LSND
- Similar analysis was done with LSND data, prior of MiniBooNE analysis
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I
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LSND data is explained by nonzero SME coefficients
- SME limit from MiniBooNE data exclude SME coefficient extracted from LSND
- Simple scenario cannot accommodate LSND and MiniBooNE result under minimal SME

06/05/12 Teppei Katori, MIT



Conclusion -

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

, There are world W|de effort for the test of Lorentz violation usmg various type of
state of-art technologles ' . »

LSND and MInIBOONE data suggest Lorentz V|Qlat|on.Js an mterestmg solutlon of
neutrino oscillation.

MiniBo'o,NE‘neutr‘ino mode data prefer sidereal time'independent solution. On the
other hand, anti-neutrino mode data prefer sidereal time depgndent solution,
although statistical significance is not high enough. ’

Thank you for your attentlon'
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2. What is CPT violation?

CPT symmetry is the invariance under the CPT transformation
L—T 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 symmetry is the invariance under the CPT transformation
L—T seLe!=L'=L, ©=CPT
CPT is the perfect symmetry of the Standard Model, due to CPT theorem

CPT-even CPT-odd

Lorentz violation
Py €9 Py @'y

CPT-odd Lorentz violating coefficients (odd number Lorentz indices, ex., a*, gMv )
CPT-even Lorentz violating coefficients (even number Lorentz indices, ex., ¢V, k*fw)
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5. Oscillation analysis background summary

475 MeV - 1250 MeV

_ . 94
Oscillation analysis summary 132
- Oscillation analysis uses 475MeV<E<1250MeV 62
A resonance rate is constrained from measured CCanp° rate 17
A—
Stacked backgrounds: Ny 20
- other 33
— e
dirt rate is .. 358
measured 1-6QmM M LSND best-fit v ,— v, 126
from dirt > 1.4 dirt events
data g 1.2— ""'E - A—> N’Y
sample 2 BN ’ B other v, from w decay is
> = ---- LSND best-fit signal constrained from
T Am?=1.2 eV® v, CCQE measurement
= sin?(26)=0.003 u

800 1000 120
reconstructed E, (MeV)

Asymmetric nt°® decay is constrained from measured CCn° rate (°—y)

All backgrounds are measured in other data
sample and their errors are constrained!

<— v fromKdecayis

constrained from
high energy v, event
measurement



