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Motivation to Lorentz Invariant Violation
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Lorentz Symmetry Breaking

&
Standard Model Extension



Spontaneous Lorentz Symmetry Breaking
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Weak Interaction in SM

|
New Interaction induced due to LIV |



Spontaneous Lorentz Symmetry Breaking

(TYPT (i0) ¢ + hec., k=

CPT violation and the standard model
Don Colladay and V. Alan Kostelecky
Phys. Rev. D 55, 6760 - Published 1 June 1997
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Spontaneous Lorentz Symmetry Breaking

r---------1 Dimension- less Quantity |

...............

= L D == (TP (i0)" 1P+ hec, k=01

............................................... eooeeoeeenreeeibericenireoceennny. possible Lorentz bases |
Planck Mass ~ 1o GeV |
e
-neutrino fleld |

Non-zero Tensor VEVs
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Spontaneous Lorentz Symmetry Breaking

:>[,E£()—£/

4 ; (TP T (i0)" ¢ + h.c., E=0,1

iﬁlg

k=0, (T) ~ (m—Q), (leads to CPT — violating LIV)

k=1, (T) ~m; (leads to CPT — conserving LIV)

L= = (a7 + buhysy" ) — icu py" 9" — id,hysy 0] + hec.



Spontaneous Lorentz Symmetry Breaking

1 4--— |= = b e —
| ) | I . v . S
-l Hbubysy" — i 97" 0" — idyuiysy 0" ¢ + hc.
A\~ == \.__/\\ //\.__/
ECan’t Measure Individuallyi :ff‘r_l”f l\/l_e_a‘f‘flle_ I_n_d_“_’lfillf_ﬂ_lX :
ar =a+b LT cr, =c+d
Interference Effect L
ap =a—>b [ - cp=c—d
AR — —af, CrR = CL
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| Hamiltonian in Standard Model Extension |

2

Hij = Edij + o= + = (aLpu — ¢ pup)

P = (Ev —Eﬁ)
1, 7 — flavour indices

1, T — space time indices

m,?j — mass squared splitting in flavour indices



Choice of Inertial Frame of Reference









Brief Discussion on LIV studies using
Atmospheric Neutrinos



Results From Super-K with Atmospheric Neutrino

0 a/elu/ a/eT 4 O Ce,u CeT
* *
* * * *
aeT aMT 0 eT cw' 0
LV Parameter  Limit at 95% C.L. Best Fit No LV Ayx? Previous Limit
Re (a”) 1.8x107% GeV 1.0x107* GeV
¢ (aT) e S 1.4 42 x 10720 GeV [58]
Im(a”) 1.8x 1077 GeV 4.6 x 107** GeV
ef
Re (¢"") 8.0x10°* 1.0 x 1072
¢ (CTT) N N 0.0 9.6 x 102 58]
Im (¢"*)  8.0x 10" 1.0 x 10~
Re (a”) 4.1x107% GeV 22x107** GeV
e(a) o o 0.0 7.8 x 10720 GeV  [59]
Im(a’) 2.8x107% GeV 1.0x107% GeV
ET
Re (¢"") 9.3x 107 1.0 x 107%®
¢ (CTT) 3 e 0.3 1.3 % 1077 [59)
Im (¢"") 1.0x 10" 3.5 x 107
Re(a”) 6.5x107* GeV 3.2x107** GeV
0.9 -
Im (a”)  51x107% GeV 1.0x107*® GeV
-
"7 Re (™) 4.4 %107 1.0 x 1078 01
Im (™) 4.2x107%7 7.5 x 10778 '

[Phys. Rev. D 91, 052 003]
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Test of LIV with Atmospheric Neutrino @ IceCube

nature

physics

ARTICLES

https://doi.org/10.1038/541567-018-0172-2.

T T

[ = 1035 Gev2| 4
9] = 10737 Gev—2
[e9)] = 10710 Gev—2 i

1.6 Mt ¥ Data O
NoLV

Systematic Uncertainties

Neutrino interferometry for high-precision tests s

of Lorentz symmetry with IceCube

The IceCube Collaboration*

L itz of particle physics and general
relativity. This be the same by all inertial However,
unified theories, such as sh'h‘ theory, allow for violation of this symmetry by inducing new spacetime structure at the quan-
tum gravity scale. Thus, the discovery of Lorentz symmetry violation could be the first hint of these theories in nature. Here
we report the results of the most precise test of spacetime symmetry in the neutrino sector to date. We use high-energy atmo-
spheric neutrinos observed at the lceCube Neutrino Observatory to search for anomalous neutrine oscillations as signals of

symmetry both th

Lommﬁdatlmw«;lhdmwuenm for such phenomena. This allows us to constrain the size of the dimens| r operator
in th dard-model extension f "10‘“hve|lndhsetlh-‘k higher-dimensional op eratorsin this
ﬁnmmﬂﬁmmlmﬂnmﬁﬂrmmlmnsmm t by any physical J

tion (LV), are allowed in many ultrahigh-energy theorics,

including string theory', non-commutative field theory’ and
supersymmetry’. The discovery of LV could be the first indication
of such new physics. Worldwide efforts are therefore underway to
search for evidence of LV. The standard-model extension (SME)
is an effective-field-theory fr K to study LV
The SME includes all possible types of LV that respect other sym-
metries of the standard model such as energy-momentum conser-
vation and coordinate independence. Thus, the SME can provide
a framework to compare results of LV searches from many differ-
ent fields such as photons™, nucleons™", charged leptons™>* and

5, Recently, neutrino experiments have performed searches
for LV'*"", So far, all searches have obtained null results. The full list
of existing limits from all sectors and a brief overview of the field are
available elsewhere!®. Our focus here is to present the most precise
test of LV in the neutrino sector

\/ery small violations of Lorentz symmetry, or Lorentz viola-

That is, H=_% U'diaglm.m?, mf)U’:;L;, where m, are the neu-
trino masses and U is the Pontecorvo-Maki-Nakagawa-Sakata
‘matrix that diagonalizes the mass matrix m (ref. 7).

A of the flavour is that a neutrino
beam that is produced purely of one flavour will evolve o produce
other flavours. Experiments measure the number of neutrinos
of different flavours, observed as a function of the reconstructed
<ncrgy of the neutrine, £, and the distance the beam has travelled,
L. 'The microscopic newtrino masses are directly ftied to the macro-
scopic neutrino oscillation length. In this sens¢, neutrino oscilla-
‘tions are similar to photon interference experiments in their ability
o probe very small scales in nature.

Lorentz-violating neutrino oscillations

Here, we use neutrino oscill as a natural with
a size equal to the diameter of Earth. We look for anomalous fla-
vour-changing efects caused by LV that would madify the observed

‘The fact that neutrinos have mass has been i by a
series of ex] . The field has i these results
into the neutrino standard model (uSM)—the standard model
with three massive neutrinos. Although the 15M parameters are
not yet fully determined”’, the model is rigorous enough to be
brought to bear on the question of LV. In the Methods, we briefly
review the history of neutrino oscillation physics and tests of LV
with neutrinos.

To date, neutrino masses have proved to be too small to be
measured kinematically, but the mass differences are known
via neutrino oscillations. This phenomenon arises from the fact
that production and detection of neutrinos involves the fla-
vour states, while the is given by the Hamil
eigenstates. Thus, a neutrino with flavowr i) can be writ-
ten as a superposition of Hamiltonian eigenstates [i;); that is,
[t} = > V,(E)lz). where V is the unitary matrix that diago-
nalizes the Hamiltonian and, in general, is a fanction of neutrino
energy E. When the neutrino travels in vacuum without new phys-
ics, the Hamiltonian depends only on the neutrino masses, and
the Hamiltonian eigenstates coincide with the mass eigenstates.

energy angle of at muon neutri-
nos observed in the IceCube Neutrino Observatory® (see Fig. 1),
Beyond flavour change due to small neutrino masses, any hypo-
thetical LV fields could contribute to muon neutrino flavour con-
vemcm ‘We therefore look for distortion of the expecned muon
lysis does not di h between

amuon neutrino () and its antineutrino (7}, when the word ‘neu-
trind is used, we are referring to by

Past searches for LV have mainly focused on the directional
effect in the Sun-centred celestial-equatorial frame'* by look-
ing only at the time dependence of physics cbservables as direc-
tion-dependent physics appears as a function of Earth's rotation.
However, in our case, we assume no time dependence, and instead
look at the energy distribution distortions caused by direction- an
time-independent isotropic LV. Isotropic LV may be a factor ~1C
larger than di d dent LV in the d celestial
equatorial frame if we assume that the new physics is isotropic ©
the cosmic microwave background frame®. It would be mast opti
‘mal to simultaneously look for both effects, but our limited statis
tics do not allow for this.

*A fulllist of authors and affiliations appears in the arline version of this paper.
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Exploring LIV at INO-ICAL



1 0 0 0 dee Aey  Aer N, O
H=_—U|0 Am%, 0 Ut £ | ab, au, au +vV2Gr| 0 0
2k 0 0 Am3 ar_ a’_ a 0 O
B 31 | “er Ut T 100 »
» CPT-Violating parameter “a” with isotropic components
« “+” sign is assigned for neutrino and “-” sign for antineutrino

 /2G i N, is standard matter interaction potential of neutrino and antineutrino

Benchmark Oscillation Parameters

o O O

sin® 2615

SiIl2 923

sin” 2613

Amgﬁ (eV?)

Am3, (eV?)

dcp

Mass Ordering

0.899

0.5

0.0875

2.49 x 10~°

7.4 x 107°

0

Normal (NO)




Effect of a. = +1.0 x 10 GeV on Muon Survival Channel

P(v, = V), NO, a, =+1.0 x 10> GeV

P(v, — V), NO, SI
25

.=-1.0 x 10> GeV

25

i

P(v, — v, NO, a

_1 —0_8 _0_6 _0-4 _0-2 0
cos0,

P(VH —> Vu), NO’ aut =+1.0 % 10—23 GeV

L N R R

—1 -0.8 06 -04 -02 0 —1 -0.8 06 -04 -0.2 0
cos0,, cos0,

P, = V). NO,a,_=-1.0x 10 GeV

PV, — V,), NO, SI
Rt

> > >

L (D) ()

O, O, O,
g (10

0 1 -08 -06 04 -02 0 1 -08 -06 -04 -02 o0
c:oseV



Effect of a, = +2.5 x 102 GeV on Muon Survival Channel

P(vy = V), NO, a_  =+2.5x 1023 GeV

P(v, — v, NO, SI
25 ‘ T T

25

P(v, = v, NO,a, =-2.5x 1022 GeV

: >
- O,
1110

0 —1 -0.8 —0.6 0.4 0.2 0
cos0,

PV, — V), NO, SI
‘ T T T

_1 _0.8 —0_6 _0_4 _0_2
cos0,,

=-25%x102 GeVv

L I R R

PE, — V,).NO, a_,




Effect of a__ = +2.5 x 10* GeV on Muon Survival Channel

P(v, — v, NO,a_=+2.5x 107 GeV

P(v, — V), NO, SI

25

2.5 %102 GeV
— 25

—1 -0.8 06 -04 02 o
cos0,

PF, — V,),NO,a_=+2.5x 10" GeV

—1 -0.8 06 -04 -0.2 0
cos0,

PV, — V,), NO, SI
Rt

—1 -0.8 06 -04 -02 0
cos0,,

5% 102 GeV
s

P, — V,),NO, a_ = -2.

= > =
3 3 3
= e oF
o 10 88| e 10
-1 -08 -06 04 -02 O - 06 04 -02 O
COS -



INO-ICAL : INO-ICAL Experiment

Current coils
generating B field

/\ Central module
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50 kt Magnetized Iron Calorimeter (ICAL) of Field strength ~ 1.3 Tesla, enables to
distinguish atmospheric neutrino and antineutrino events, separately.

* It has ~10% resolution of muon momentum ranging 1-25 GeV and ~1" zenith angle
resolution over 15-12800 km range of baselines
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INO-ICAL :

* NUANCE MC Generator using Neutrino Flux (Honda) at INO site
* Three-Flavour Oscillation Framework; PREM profile; 500 kt-yr (10 yr)

* Migration matrices from ICAL-Geant4 simulation [arXiv:1304.5115, 1405.7243]

Observable Range Bin width | Total bins
[1,11] 1 10 )

Erec (GeV) 11, 21] 5 2 513
21, 25] 4 1
[—1.0,0.0] 0.1 10 )

cos 0] 0.0,1.0] 0.2 5 (1
0, 2] 1 2 )

B (GeV) | [2,4] 2 1 %4
4, 25] 21 1

27




Impact of non-zero a,. (1 d.o.t) on Events



Impact of non-zero (a ) on Event Distribution :

50_ T T | | | T T T | T T I 30 T T | | | T T T | T T
- —SI 500 kt.yr, NO i - —SI 500 kt.yr, NO -
- —SI+a, = +107°GeV - | —SI+a, = +107° GeV ]
4ol — SI+ay = .10 GeV E, € [5,11]1GeV - | —SI+a, = -10% GeV E.e [5 11]GeV |
- i 20— —
301~ ] 5 : | -
= — I i + ~ | N
= F |__|_: 1 3L : . 1
201 5 : -
- i 10— —
10 1 —
0_ . L L L L ] 0_ . L L L L . |
—1 -0.8 -0.6 04 -0.2 0 —1 -0.8 -0.6 0.4 -0.2 0

cos@u- cosEiILL+

ICAL unique capability of Charged Identification (CID) helps to probe the properties of a "

via observing p and p* events separately




Impact of non-zero (a ) on Event Distribution :

50_ T T | | | T T T | T T i 30 T T | | | T T T | T T
- —SI 500 kt.yr, NO | - —SI 500 kt.yr, NO .
- —SI+a, = +107°GeV : | —SI+a, = +107° GeV |
4ol — SI+ay = 10 Gev  Ey € [11,25] GeV . —SI+a, =-10% Gev  E,. € [11,25]GeV |
i i 20— —
30— - - -
L ] + B m
i 1 = L |
201 - i ]
B | i 10— : _
i N ] B n
101 ™ - —1_ |—J -
: : ] | | : = ] : |—J | |
: e g ] - L | T |
0 | | | | | | | | | | | | | | 0 | | | | | | | | | | | | | |
~1 0.8 -0.6 0.4 0.2 0 ~1 0.8 -0.6 0.4 0.2 0
cos@u- cosEiILL+

ICAL unique capability of Charged Identification (CID) helps to probe the properties of a
via observing p and p* events separately
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Method of Y~ Analysis:

NEh d ,U'_ cos@lu -
_ t eory
L DIV [k
1=1 j 1 k=1
NEh dN ,u‘|‘ NCOSHM
theory
dmmn 33 Y 2 (N3
theory z :
N?,jk ij 1 =+ Trzgkgl
2 _
X = X_ T X+
2 2 2
AX® = Xstd+liv — Xatd

1

1

data
— N, ik

data data
Njk — N; 1k

data
— N ik

1

i (S
1(N'_

1

Flux Normalization Error = 20%
Interaction Cross-section Error = 10%
Tilt Error = 5%

Zenith Error = 5%

Overall Systematic Error = 5%

arXiv:1406.3689v1 (Moon Moon Devi, Tarak Thakore, Sanjib Kumar Agarwalla, Amol Dighe)




Ax? [GeV'sr] distribution :

Axi [GeV!sr1]

AY? [GeV ™' sr]
500 kt.yr, NO ’ 500 kt.yr, NO
i 2 | » Fixed-Parameter case

Data :[SI]
’ Theory :[S[Hm:-m'“ GeV]

Theory : [SI+a, = -10™ GeV] E

* Data :[SI]
Theory : [SI + a,=+10x10%GeV]

[ ]
* Without pull penalty term ({?)
08 06 04 02 0 ° 08 06 04 202 0 °
Irec rec
COSGM— cosew
A’ [GeV!sr] AYZ [GeV!sr 1]
500 kt.yr, NO 500 kt.yr, NO '
Data :[SI] Data :[SI]
Theory :[Sl+v..m=+1u'” GeV] Theory :[Sl+v..m=+m'” GeV] .
E Observation
> v .
E 3 * Ax? contribution from p- is more
- ‘ than the p*
2 _ L]
E o Ax*for (- a ) is greater than (+a )
0 08 06 04 02 0 °

-0.8 -0.6 -0.4 -0.2 0
cosf)ifjC

IeC
cosew




Constraining CPT-Violating LIV parameters
(one-at-a-time)



Improvement of Bounds of CPT-Violating par. (1dof) due to Hadron Information:

95% C.L.

05 02 01 8 o4 02 03 O T
a,. X 107 [GeV] (fit) a, X 107 [GeV] (fit) a.. x 10 [GeV] (fit)
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Improvement of Bounds of CPT-Violating par. (1dof) due to CID :

_l T I T T T I T T T ‘ T T ‘ T T T I I_ T 1T 17T T T T T 1T 17T T
5_ 500 kt.yr —— W/ CID . 5_
- Ax? (S, cosy”, B —e— w/o CID/ i
S 9sCL. | . R osecL. | ] 95% C.L.
N 3_ N 3_
2 [ =2 [
<t 1< 1
2t 2
1 1
O_ll\llllll\ I‘III‘II\'I_ O:III\‘\Illl\\\IllllvIlll\\lllll\\lll_
Y06 04 02 0 02 04 06 4 3 -2 1 0 1 2 3

a,. X 107 [GeV] (fit) a, X 107 [GeV] (fit) a.. x 10 [GeV] (fit)
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Constraints on CPT-violating LIV parameters

Experiments a,r[107%% GeV] e, |107%° GeV] Uer [1072% GeV]
IceCube (99% C.L.) IEEEZZ:;} 2 8 ;g - —
Super-K (95% C.L) fmlar) < 0.51 (o) < 1 i) < 25
ICAL (9% C.L) |0 O |95 < R <038 1. 3? S ol 13| 2805 Rele ) T




Impact of non-zero CPT-Violating LIV
parameters on M.O. determination



Cases | NO (true) | IO (true)
AXioar_mo | Deterioration | Axicar_mo | Deterioration
SI 7.95 — 7.48 -
SI + a,r 6.27 16.8 % 6.34 15.2 %
SI + aey, 5.08 32.7 % 3.90 47.9 %
SI + ae, 5.23 30.7 % 4.24 15.2 %




Impact of non-zero (a.,, a,:) on Events



Impact of non-zero (a ) on Event Distribution :

30 | | | i T T T | I [ T T
_ E, €[11,25] GeV 500 kt.yr 7
L —sI NO
- —SI+(a,)=-10%GeV |
20‘ —SI+ (acp, am) =(-5.0 x 10%, _10—23) GeV 4
Ii : :
10 i
== [ |
0 l A I R R N R T T l
-1 -08 -06 -04 02
cos(6,)

cos(

0,.)

30 T T T | T T T | f | T '
. E,.e[11.25] GeV 500 kt.yr
g NO
- —SI+(a,)=-10"GeV

20‘ —SI+(a,,a,)=(-5.0 10%,-10%) Gev

=L
B |
10— !
i |
T
i iy .
0 1 1 | 1 1 1 | 1 | 1 1 | 1
-1 -0.8 -0.6 -0.4 -0.2




Impact of non-zero (a ) on Event Distribution :

cos(6,)

30 T T T | T T T | T | T T
i E“- €[11,25] GeV 500 kt.yr _
L —sI NO
- —SI+(a,)=+107GeV 1
| ST+ (e, a,) = (+5.0 X 107, +10%) GeV i
20 | -
: | |
= | _
10| | s
Ian —+
0 I B TR N I I I |
—1 -08 -06 -04 02

30 T T | | | T | | f | ' '
_ E, e[11,25]GeV 500 kt.yr
g NO
- ST+ (a) =+107 GeV

20‘ —SI+(a,,a,) = (+5.0 X 107, +10™) GeV

3 L
10—
L ——1
= | ]
0 N I T T B I I
—1 -08 -06 -04 02
cos(6,.)




Constraining CPT-Violating LIV parameters
(two-at-a-time)



a,. X 107 [GeV] (fit)

| NO (true)

L * true
—Fix. 95% C.L. (2d.0.f)
[— Marg. 95% C.L. (2 d.o.f)

105 [GeV] (fit)

|
e
—h

|I\\Illl\Illl\\?lll\lllllllllll

e X

4 -3 -2 -1 0 1 2
a,, % 107 [GeV] (fit)

|
©
(&)

0.3

0.2

0.1

©
A

+|I\\I|II\I|II\\|III\|IIII|IIII|+

5 4 -3 -2 -1 0 1
a., % 107 [GeV] (fit)

o]

Crrrrryrrrryprrrry rrr T rrr T r T T T T

T‘\\II‘\\\I|\\\I|\\\\l\\\\ll\l\ll\\\‘l\\7

-5 -4 -3 -2 -1 0 1 2
a.. X 107 [GeV] (fit)




Summary & Remark



e The upcoming magnetised ICAL detector at INO can play a crucial role to
establish three-flavour neutrino oscillation framework by observing
atmospheric neutrino and antineutrino separately, in the multi-GeV energy
range over a wide range of baselines.

e The prime goals of ICAL are to determine M.O. and precise measurement of
oscillation parameter at 2-3 sector.

e Using its excellent muon detection sensitivity, for an exposure of 500 ktyr we
place stringent limits on CPT-violating LIV parameters (a .a, ,a ) one-at-a-time

at 95% C.L. (1 d.o.f), which is slightly better than the current Super-K limits.

 For the first time, we constraint the region of CPT-violating LIV parameters
(two-at-a-time) at 95% C.L. (2 d.o.f).

« We also study the effect of non-zero CPT-violating LIV parameters on the M.O.

determination. \-
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Impact of sin”6_, on LIV CPT-Violating bounds :

5K S 50 s‘nn‘ kt‘.y;, N(‘) (‘tl'l‘le)‘ - S‘ﬁnie‘u;é’-i (true)
L - ; —8— 5in"0,, = 0.5 (true) /[
r i AP (B, - E,, cosB)) —e— 5in0,, = 0.6 (true)/ A
N - Y A0 A o RSO TR S okt S " oo
o~ 37 -
= |
1<
o _
1 1 E
G: 1 | 1 | | 1 ‘ | 1 | e 1 | | | | 1 : G: | | | | | 1 1 | ‘ | 1 1 1 | | | 1 Se; | | | | | \: G: 1 | ‘ | | 1 1 ‘ | | | J-f I | | ‘ | 1 1 | ‘ | |
—2 —1 ” 0 1 —4 -3 —2 —1 0 1 -0.2 -0.1 »3 0 0.1 0.2
a,, % 107 [GeV] (fit) ., X 107 [GeV] (fit) a,; X 107 [GeV] (fit)

Observation:
. . . 2
» Fora, and a_, Ay [Marg.] is proportional to sin*6,,

» Fora Ay’ [Marg.]is proportional to sin’26,,




Impact of LIV CPT-Violation on Precision Measurement of (Am?

c 2
5, » SIN 923)

1/ 107 (eV?)

2
32

A m

2.7

o
D

N
o

N
~

In Data :

(aeu, a_, am) =0,

sin® 923 = 0.5, Am’ =249 x 107 eV?

In Theory :

sin?6,, € [0.3, 0.7],

Am’® € [2.3,2.7] x 107%eV?
(ST+a):a, [-2.0,15]x 10%GeV
(SI+a_):a_[-2.8,1.6]x10*GeV
(SI + aw) ra_[-2.3,2.3] x10*GeV

HT

04 0.45 0.5 0.55 0.6
81112923
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