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1. Why Lorentz violation is interesting in short baseline neutrino oscillations?

Model independent neutrino oscillation data is the function of neutrino energy and baseline
- Addition of Lorentz violation offers rich energy dependence on oscillation length

ccelerator
neutrino

1022 Solar Potential
reactor neutrino

KamLAND—

,
10~
Daya Bay excesses
Doubiel Chooz Mini BNL-E776 CCFR/NuTeV
Palo Verde. | R — NOMAD/CHORUS
1018 RENO | MINERVA
OscSNS LSND signal CDHS
—a -SND
| KARMEN
1016 aaaal A2 2 asaaal A a s s aaaal a2 s aaaal a2 s aaaal A a aaaaaal A A i A4
. 9 5
s 0= 10 1 10 107

05/13/2011 E t;@@\r) 3



Diaz and Kostelecky
ArXiv:1012.5985

1. Why Lorentz violation is interesting in short baseline neutrino oscillations?

Model independent neutrino oscillation data is the function of neutrino energy and baseline
- Addition of Lorentz violation offers rich energy dependence on oscillation length
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1. Why Lorentz violation is interesting in short baseline neutrino oscillations?

Model independent neutrino oscillation data is the function of neutrino energy and baseline
- Addition of Lorentz violation offers rich energy dependence on oscillation length
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1. Why Lorentz violation is interesting in short baseline neutrino oscillations?

Model independent neutrino oscillation data is the function of neutrino energy and baseline
- Addition of Lorentz violation offers rich energy dependence on oscillation length
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2. Test of Lorentz violation with neutrino oscillations

How to detect Lorentz violation?

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) choose the coordinate system to compare the experimental result

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

Scientific American (Sept. 2004)

Axis of rotation ——
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2. Test of Lorentz violation with neutrino oscillations

How to detect Lorentz violation?

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) choose the coordinate system to compare the experimental result

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

The standard choice of the coordinate is Sun-centred celestial equatorial coordinates

Z 4 Vernal equinox PPl Fcrmilab Google© map

Winter
solstice

Summer
solstice

Autumn equinox
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2. Test of Lorentz violation with neutrino oscillations

How to detect Lorentz violation?

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) choose the coordinate system to compare the experimental result
(2) write down Lagrangian including Lorentz violating terms under the formalism
(3) write down the observables using this Lagrangian

As a standard formalism for the general search of Lorentz violation, Standard Model
Extension (SME) is widely used in the community. SME is self-consistent low-energy
effective theory with Lorentz and CPT violation within conventional QM (minimum
extension of QFT with Particle Lorentz violation)

Modified Dirac Equation (MDE) for neutrinos

i(TArd, —Mug)vg =0
(Fagdy AB)Ve wv <+ 4X4 Lorentz indices
SME parameters CaB ) 6X6 flavor indices

| 1 —
v v Y Y v v Y
Tag =7 0p +CapYy + dagYyYs +€ng +iTagYs + 5948 Oru Lorear:fzsgde%PLYIZitvlag term

_ m m Y Lorentz violating term
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2. Test of Lorentz violation with neutrino oscillations

How to detect Lorentz violation?

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) choose the coordinate system to compare the experimental result
(2) write down Lagrangian including Lorentz violating terms under the formalism
(3) write down the observables using this Lagrangian

The observables can be, energy spectrum, frequency of atomic transition, neutrino
oscillation probability, etc. Among the non standard phenomena predicted by Lorentz
violation, the smoking gun is the sidereal time dependence of the observables.

. - - . . 27
ex) Sidereal variation of MiniBooNE signal sidereal frequencyW® — o
her) |2 2 23h56m4.1s
=) - | (hest eu sidereal time
Ve —>V 7 T@
" (7ic)
L 2
. H 2

- (hc) | (Cley +(As)ey SINWg Tg +(Ag)ey COS W Tg + (Bg )y SIN2Wg T + (B ey COS2We T |

Sidereal variation analysis for MiniBooNE is 5 parameter fitting problem
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LSND Collaboration,
PRD64(2001)112007

. Lorentz violation with LSND

Neutrino mode low energy excess
LSND experiment at Los Alamos observed excess of anti-electron neutrino events in the anti-

muon neutrino beam.

87.9+224+6.0 (3.8.0)
This is not predicted by neutrino standard model (vSM), so it is interesting to test Lorentz
violation with LSND data.
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3. Lorentz violation with LSND

Data taking period
- if data taking is uniform with time, all day-night effect would
be smeared out (not the case for LSND)

Solar time distribution
- to check day-night effect

Flatness test
- to test the consistency with no sidereal variation

Flat hypothesis (solar time)
P(K-S)=0.39

Flat hypothesis (sidereal time)
P(K-S)=0.23

Neutrino mode excess is compatible with flat hypothesis.

05/13/2011 Teppei Katori, MIT
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LSND Collaboration,

PRD72(2005)076004
3. Lorentz violation with LSND ) | I
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MiniBooNE collaboration,
_ _ _ o _ PRL102(2009)101802
4. Lorentz violation with MiniBooNE neutrino data

Neutrino mode low energy excess

MiniBooNE didn't see the signal at the region where LSND data suggested under the
assumption of standard 2 massive neutrino oscillation model, but MiniBooNE did see
the excess where neutrino standard model doesn't predict the signal.

MinaiBooNE low E v, excess
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The energy dependence of MiniBooNE is
reproducible by Lorentz violation
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(next talk).
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The low energy excess may have

sidereal time dependence. 0.2 0.4 og R 12 14 15 3.
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All backgrounds are measured in other data
sample and their errors are constrained
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MiniBooNE collaboration,

. . . Lo ] PRL102(2009)101802
4. Lorentz violation with MiniBooNE neutrino data
Proton on target day-night variation
CCQE events day-night distribution T o.uzrm—l
\ o 006464 - 0.19607
" AN82: 14019
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4. Lorentz violation with MiniBooNE neutrino data

Flatness test : S0F-
E 505_
The flatness hypothesis is tested in 2 ways, :
Pearson’s 2 test (x? test) and unbinned o
Kolmogorov-Smirnov test (K-S test). 305_
Flat hypothesis (solar time) 205_
P(K-S)=0.64 -
10:_
Flat hypothesis (sidereal time) OE..........................................
P(K-S)=O14 0 10000 20000 30000 40000 50000 60000 70000 80000
solar local time, 24h00mO00s (86400s)
5 oo
Neutrino mode excess is compatible with flat hypothesis. .
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4. Lorentz violation with MiniBooNE neutrino data

2
L : 2
P. . = () \(C)éﬁ +(Ag)ep SINWg Tg +(Ag)e COSWg Tg

Unbinned loglikelihood method hc

This method utilizes the highest statistical power

: S : S
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4. Lorentz violation with MiniBooNE neutrino data

For neutrino mode, P(K-S)=14% before fit, so
_ L data is consistent with no sidereal variation
Unbinned loglikelihood method hypothesis. After fit, P(K-S)=98%, however,
the best fit point has strong signal on C-term
This method utilizes the highest statistical power (not sidereal time dependent)
: SE : S5E
g g
Flat hypothesis (solar time) ~ If N3
P(K-S)=0.64 "3 £
OE— * ¥ oz— * *
Flat hypothesis (sidereal time) “'F i3
P(K-S)=0.14 j‘ j:
4 4
After fit (sidereal time) 55 B B S R R RS R R R 55 R B T R R A B
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C-parameter is s »
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value, but this is sidereal 3E G 120
independent parameter. 21: 2.6
o 3 ¥
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5. Lorentz violation with MiniBooNE anti-neutrino data



MiniBooNE collaboration,
_ _ _ o _ _ PRL105(2010)181801
5. Lorentz violation with MiniBooNE anti-neutrino data

Anti-neutrino mode low energy excess
MiniBooNE did see the signal at the region where LSND data suggested under the
assumption of standard two massive neutrino oscillation model.

MiniBooNE low E v, excess
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5. Lorentz violation with MiniBooNE anti-neutrino data

Flatness test % "E
§ 14:_
The flatness hypothesis is tested in 2 ways, b
Pearson’s 2 test (x? test) and unbinned 10
Kolmogorov-Smirnov test (K-S test). s
Flat hypothesis (solar time) 6—
P(K-S)=0.69 af
2
Flat hypothesis (sidereal time) A T T TN TR T TR TN T
P(K-S)=OO8 0 10000 20000 30000 40000 50000 60000 70000 80000
solar local time, 24h00mO00s (86400s)
é

Neutrino mode excess is compatible with flat hypothesis.
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5. Lorentz violation with MiniBooNE anti-neutrino data

Vo>V

2
2
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This method utilizes the highest statistical power
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5. Lorentz violation with MiniBooNE anti-neutrino data

Unbinned loglikelihood method

This method utilizes the highest statistical power

(As),

Flat hypothesis (solar time)
P(K-S)=0.69

Flat hypothesis (sidereal time)
P(K-S)=0.08

After fit (sidereal time)
P(K-S)=0.63

Large As- and Ac- terms
are preferred within 1-o
(sidereal time dependent
solution).

{Ac),

2-o contour encloses large
C-term (sidereal time
independent solution).

For anti-neutrino mode, P(K-S)=8% before fit,
so data is consistent with no sidereal variation
hypothesis. After fit, P(K-S)=63%, also, the
best fit point has signal on As- and Ac-term
(sidereal time dependent)

i A L AN LN e e w oA owm
BRI LRI LRI LR R IR R n R a s tar e e n n TRy

dn A b AN LA e N w Ao
LRI RARLALRI R IR R a n e a R n i a e n e e

X
X
R R R R R R R
(C)e.
% BFP
1-0
¥ 2-0

Event

{Ac),

5
af

3E

13 ¥

1E

of

A

-2k

B ¥

"3

_5: aal g | o1 2l 1 e 1 el 1

-5 ) 3 -2 -1 0 1 2 3 4 5

(C)e,,

40-
s Anti-neutrino data #evt=241

e
25f
20Eeye v T

15F

i

SE

S I I IS PP PP I I

0 10000 20000 30000 40000 50000 60000 70000 50000
totE MB sidereal time (sec)



5. Lorentz violation with MiniBooNE anti-neutrino data

For anti-neutrino mode, P(K-S)=8% before fit,
so data is consistent with no sidereal variation

Unbinned loglikelihood method hypothesis. After fit, P(K-S)=63%, also, the
best fit point has signal on As- and Ac-term
This method utilizes the highest statistical power (sidereal time dependent)

Fake data Ay? study says there is 3% chance this signal

Flat hypothesis (solar time) is by random fluctuation

P(K-S)=0.69

87499 in-1-sigma volume

Fake data distribution
(without signal) overlaid
on data with 1-o volume

Flat hypothesis (sidereal time)
P(K-S)=0.08

BA LR Ao anw s

After fit (sidereal time)
P(K-S)=0.63

Large As- and Ac- terms
are preferred within 1-o
(sidereal time dependent

solution).
) Fake data distribution

(with signal) overlaid on j:
data with 1-o volume

2-o contour encloses large
C-term (sidereal time
independent solution).



6. Conclusions

.Loréntz and CPT vioIation hvas been shoy'vnto occur in Planqk Scale physics.
] e <

LSND and MiniBooNE data suggest Lorentz V|olat|on is an interesting s'olutlon of neutnno

oscillation. ' ; ' s

P(K-S) 14% before fit, so data IS consistent W|th b S|defeal varlatlon hypothe3|s After fit,
P(K-8)=98%, however, the best fit point-has etrong S|gnal folg C term (not sidereal time* -

dependent) ' S | . A

’ ’

.+ P(K-S)=8% before'fit;.so data is,cohsistent with no sidereal variation hyeothesis. After fit,
P(K-S)=63%, also the bgst fit pomt has strong S|gnal oh As- angd Ac- ferm (sidereal time
dependent) : Al Y gl

. Exttaction of SME doeﬁici‘entsﬁ undergoing. .
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Kostelecky and Mewes
PRD69(2004)076002

2. Test of Lorentz violation with neutrino oscillations

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

2
P v, = (;l‘) ‘(C)éﬁ +(As)s en sinwg Tg + (A )eu COsSWg g +(Bg )eu sin2wg Tg +(Be)eu cosZw@T@
C

Expression of 5 observables (14 SME parameters)

(Clex: = @) ~N* (@G +E|- | (3-NNP)(e ) + 2N (o )ﬁ+;(1—3NZNZ><cL>§ﬁ]

(A)en =NY(@L)5: ~N (@ )ay +E|-2N" (e )en +2N" (e )ay + 2NN (c )35 - 2N*N“(c, )gg]

(Aode: = -N* (@)% ~N" (a8, +E[2N (0B +2NY (e ) - 2NN (e85 - 2NN (e ) |

Bs e = EINNY((c0)8 - (e | - WNX -NNY (e )Y |

(Bc)eM=E_—2(NXNX—NYNY>(< DS = (e0)% )~ 2NN (e

X . .
N COSXSIHGCOSq) B SIanOSG coordinate dependent direction vector

NY = sindsin ) (depends on the latitude of FNAL, location
of BNB and MiniBooNE detector)

N4 —siny sinBcos ¢ — cosy cosO



5. Lorentz violation with MiniBooNE neutrino data

Unbinned extended maximum likelihood fit

- It has the maximum statistic power
- Assuming low energy excess is Lorentz violation, extract Lorentz violation parameters
(SME parameters) from unbinned likelihood fit.

likelihood function e—(Hs+np) N 1

— ] v (I*lz; _ /-l'b)2
A = N H(#'sf: + iy Fp) X Tab?eXp (‘ 9052 (22)

i=1
N total number of event
its predicted signal event number, function of fitting parameters
iy predicted background event number
Fs probability distribution of signal, function of sidereal time and fitting parameters
Jp probability distribution of background, not function of sidereal time
o, the 1 — o error of predicted the background
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5. Lorentz violation with MiniBooNE neutrino data

Time distribution of MiniBooNE neutrino mode low energy region
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5. Lorentz violation with MiniBooNE neutrino data

Null hypothesis test

The flatness hypothesis is tested in 2 ways, Pearson’s %2 test (x2 test) and unbinned Kolmogorov-
Smirnov test (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 sign change, called “run”

Non of tests shows any statistically significant results.
All data sets are compatible with flat hypothesis, but none of them are excluded either.

Preliminary

null hypothesis tests for neutrino mode

low energy oscillation energy total
solar | sidereal | solar | sidereal solar | sidereal

# of events 544 420 964
Pearson’s y*:
Nyos 107 107 83 82 191 191
x> 107.6 106.0 69.6 76.2 179.6 | 164.5
P(x?) 0.47 0.51 0.85 0.66 0.71 0.92
Kolmogorov-Smirnov:

osnazor] P(KS) 0.42 0.13 woofi )81 0.64 0.64 0.14




6. Lorentz violation with MiniBooNE anti-neutrino data

Time distribution of MiniBooNE antineutrino mode oscillation region
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6. Lorentz violation with MiniBooNE anti-neutrino data

Null hypothesis test

The flatness hypothesis is tested in 2 ways, Pearson’s 2 test (2 test) and unbinned
Kolmogorov-Smirnov test (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 sign change, called “run”

Non of tests shows any statistically significant results.
All data sets are compatible with flat hypothesis, but none of them are excluded either.

Prelimin ary null hypothesis tests for anti-neutrino mode
low energy oscillation energy total
solar | sidereal | solar | sidereal solar | sidereal

# of events 119 122 241
Pearson’s y?:
Ndof 21 22 23 23 47 46
x> 18.3 234 13.0 18.9 46.4 58.5
P(x'z) 0.63 0.38 0.95 0.71 0.50 0.10
Kolmogorov-Smirnov:

os/|+:A2 (KS) 0.62 0.15 |79  0.39 0.69 0.08




