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1. Atmospheric neutrinos, natural laboratories of new physics

Atmospheric neutrinos cover ~100MeV - 20 TeV (conventional) coming from all direction
(diffuse). However, direction is related to the propagation distance.

- They are the highest energy particles (~20 TeV) with the longest baseline (12700km)
propagating the high density material (~13g/cm3) on Earth.
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Super-Kamiokande, PRD94(2016)052001

1. Atmospheric neutrinos, natural laboratories of new physics

Atmospheric neutrinos cover ~100MeV - 20 TeV (conventional) coming from all direction
(diffuse). However, direction is related to the propagation distance.

- They are the highest energy particles (~20 TeV) with the longest baseline (12700km)
propagating the high density material (~13g/cm3) on Earth.
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1. Atmospheric neutrinos, natural laboratories of new physics

Atmospheric neutrinos cover ~100MeV - 20 TeV (conventional) coming from all direction
(diffuse). However, direction is related to the propagation distance.

- They are the highest energy particles (~20 TeV) with the longest baseline (12700km)
propagating the high density material (~13g/cm3) on Earth.
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IceCube, PRD97(2018)072009

1. Atmospheric neutrinos, natural laboratories of new physics

Atmospheric neutrinos cover ~100MeV - 20 TeV (conventional) coming from all direction
(diffuse). However, direction is related to the propagation distance.

- They are the highest energy particles (~20 TeV) with the longest baseline (12700km)
propagating the high density material (~13g/cm3) on Earth.
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Neutrino oscillation

- quantum interference

- macroscopic phase shift (=count of
neutrinos) by microscopic effects

cf) The highest precision hydrogen 1S-2S transition (PRL107(2011)203001)
Fractional frequency uncertainty ~ 4x10-1° < new physics sensitivity ~1023 GeV
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1. Atmospheric neutrinos, natural laboratories of new physics

Atmospheric neutrinos cover ~100MeV - 20 TeV (conventional) coming from all direction
(diffuse). However, direction is related to the propagation distance.

- They are the highest energy particles (~20 TeV) with the longest baseline (12700km)
propagating the high density material (~13g/cm3) on Earth.

High energy + high density 1 )

- 1eV sterile neutrino MSW resonance hepr~ozM*+Vee, Pap = |(va|UCherr, O)]vg)]
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- Open quantum system

- Neutrino wave decoherence
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High energy + long baseline
- Effective field theory
—> Lorentz violation (LV)

High energy + long baseline + high density
- Effective field theory
- Non-standard interaction (NSI)

ING'S
College Teppei Katori 19/09/27 7

LONDON



1. Atmospheric neutrinos, natural laboratories of new physics

Atmospheric neutrinos cover ~100MeV - 20 TeV (conventional) coming from all direction
(diffuse). However, direction is related to the propagation distance.

- They are the highest energy particles (~20 TeV) with the longest baseline (12700km)
propagating the high density material (~13g/cm3) on Earth.
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1. Atmospheric neutrinos, natural laboratories of new physics

Atmospheric neutrinos cover ~100MeV - 20 TeV (conventional) coming from all direction
(diffuse). However, direction is related to the propagation distance.

- They are the highest energy particles (~20 TeV) with the longest baseline (12700km)
propagating the high density material (~13g/cm3) on Earth.
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1. Atmospheric neutrinos, natural laboratories of new physics

Atmospheric neutrinos cover ~100MeV - 20 TeV (conventional) coming from all direction
(diffuse). However, direction is related to the propagation distance.

- They are the highest energy particles (~20 TeV) with the longest baseline (12700km)
propagating the high density material (~13g/cm3) on Earth.
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1. Atmospheric neutrinos, natural laboratories of new physics

Atmospheric neutrinos cover ~100MeV - 20 TeV (conventional) coming from all direction
(diffuse). However, direction is related to the propagation distance.

- They are the highest energy particles (~20 TeV) with the longest baseline (12700km)
propagating the high density material (~13g/cm3) on Earth.
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IceCube, Nature Physics14,961(2018), PRD97(2018)072009, Salvado et al., JHEP01(2017)141, Coloma et al.,EPJC(2018)78:614
Super-Kamiokande, PRD91(2015)052003, PRD84(2011)113008,

1. New physics search with neutrino interferometry

New physics sensitivity with atmospheric neutrino is limited by Am2,,,. In order to
discover BSM physics, scale of BSM physics needs to be order ~ Am?2,/4E

New physics operators without energy dependence

Decoherence and LV in IceCube (~20 TeV)
- Naive sensitivity ~ 1026 GeV E "
- Decoherence limit, "0 ~ 1024 GeV Vi = Vij - (W)
> LV limit, a® ~ 1024 GeV

Damping term (decoherence)

: Effective LV new operator
Decoherence and NSI in DeepCore (~50 GeV) 2@ -Ed‘f

- naive sensitivity ~ 1023 GeV
- Decoherence limit, yo"*% ~ 1023 GeV
> NSI limit, & ~ 102 (Ve ~ 1024 GeV)

Due to suppression of mass term,
higher energy neutrinos often have
higher sensitivity to new physics
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IceCube, Nature Physics14,961(2018), PRD97(2018)072009, Salvado et al., JHEP01(2017)141, Coloma et al.,EPJC(2018)78:614
Super-Kamiokande, PRD91(2015)052003, PRD84(2011)113008,

1. New physics search with neutrino interferometry

New physics sensitivity with atmospheric neutrino is limited by Am2,,,. In order to
discover BSM physics, scale of BSM physics needs to be order ~ Am?2,/4E

New physics operators with energy dependence
Decoherence with n=2 in IceCube (~20 TeV)

- Naive sensitivity ~ 1034 GeV E "
- Decoherence limit, "2 ~ 10-33 GeV Vi = Vij - (W)

Damping term (decoherence)

LV with dimension-6 operator in IceCube (~20 TeV) _

. e _ ] Effective LV new operator
- naive sensitivity ~ 1039 GeV2 L) . pa-3
- LV limit, c® ~ 1036 GeV2

Due to suppression of mass term, Some new physics may show up only at high-energy,
higher energy neutrinos often have and IceCube is good at find them (=high-energy)

higher sensitivity to new physics
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MiniBooNE,PRL121(2018)221801
Diaz et al., ArXiv:1906.00045

2. 1eV sterile neutrino

3

Short-baseline anomalies |

. mmV,
- LSND excess

.. h Am_2~0.1-100 eV?
- MiniBooNE excess é %
- Gallium anomaly Vv, E vs
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- Reactor anomaly

MiniBooNE data excess
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IceCube, PRL117(2016)071801
Hignight, NuFact 2019

2. 1eV sterile neutrino

1eV sterile neutrino MSW resonance
- TeV neutrinos undergo resonance

Through going muon sample

- pure v, up-going muon

- up to 20 TeV

- Data-MC agree well, set limit
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IceCube, PRL117(2016)071801

Hignight, NuFact 2019 * 10 I

2. 1eV sterile neutrino I B = 0,02 L V‘””"W'yww“w
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IceCube, PRL117(2016)071801
Hignight, NuFact 2019
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Asaka and Watanabe, JHEP07(2012)112
Richard (SuperK), Neutrino 2014

2. Heavy neutrino decay

vMSM
- MeV sterile neutrinos are theoretically
motivated.

Trident event search in SuperK
-N-oet+e +v

Ay 102

103

10"

Invariant mass and zenith angle distributions

are used for the fit.

10°

Atmospheric neutrinos look not competitive(?)

compared with beam experiments.
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IceCube, PRD97(2018)072009, Super-K, PRD84(2011)113008, Salvado et al., JHEP01(2017)141 1
_ _ heff~EM2 + Vee + NSI
3. Non-standard interaction (NSI)
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lceCube, PRD97(2018)072009, Super-K, PRD84(2011)113008, Salvado et al., JHEP01(2017)141 1

Blot, TAUP2019 . . heff °F —M? + Vee + NSI
3. Non-standard interaction (NSI) , ) ,
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New DeepCore analysis (Thomas Ehrhardt, JGU Mainz)

- 10 times more statistics
- Limits on all complex parameters
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Ellis, Mavromatos, Nanopoulos, MPLA12(1997)1759:1773

4. Neutrino decoherence

Space-time foam

Quantum gravity motivated quantum fluctuation of space-time.
- Planck scale black hole background

- D-brane fluctuation

Propagating particles lose coherence with interactions with these background
- New damping terms in oscillation

Toy model (Tom Stuttard, NBI)
_— - Space-time foam baseline variation
damp oscillations.

- Flavor basis interaction with Space-
time foam may randomize flavor basis

I /

Different physics collapse wave

0-21 — vunperuene Vweakinteraction functions differently.
Vrandomised flavor *®* ' Upaseline _ 0
0.0 1 === Vrandomised phase * **  Vproduction distance 9_20
0 10 20 30 40 50

Propagation distance [arb. units]
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Ellis, Mavromatos, Nanopoulos, MPLA12(1997)1759:1773
Farzan, Schwetz, Smirnov, JHEP07(2008)067

4. Neutrino decoherence

Open quantum system

2
Poi = Trlpa(t)pp(0)]
- Model independent search of decoherence
- Density matrix formalism and decoherence term

dp 0 P12Y12  P31Y31
e —i[heff» p] —Dlpl, Dlp] =| pP12Y12 0 P23Y23
P31Y31 P23Y23 0

Damping term

— .,0 E "
Yij =Vij - (m)
- Analysis can be designed to find nonzero v;°.
- Experimental sensitivity is many order far away than expected Planck scale physics region?

(naturalness: decoherence length of neutrino with E~Mp,. is Planck length)
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Coloma et al, EPJC(2018)78:614

1 10—17
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Kostelecky and Samuel, PRD39(1989)683
Kostelecky and Mewes, PRD69(2004)016005;70(2004)076002

5. Lorentz violation

Particle Lorentz violation

Quantum gravity motivated physics could generate vacuum expectation values with
Lorentz indices (spontaneous Lorentz symmetry violation)

nonrenormalizable

el

Standard Model Extension (SME) SMElagrangan
Effective field theory to study Lorentz violation L=ty 0 —mp + Yyia,y +uylan 07y -
- Sidereal time variation
- Spectrum distortion

- CPT violation, etc

SME motivated effective Hamiltonian for neutrinos

1
heff~ﬁM2 +Vee +a® + Ec® + E2a® + E3¢® ...

|—> nonrenormalizable

.tauneutrino 14 T L B B R | T T T T LI |
’vlL 1 1
1.2 F , _
=
=
2 —_¢ T
]
08k |
& — Y =10%GeV2 --- NoLV
—% horizontal = no exotic oscillation | ¢ | ©) L . b b Data | |
vertiai vertical = exotic oscillation ' —  |epr| =107 GeV ata
19| = 10740 Gev—2
JIN[EN) 0.4 b0 , :
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Kostelecky and Samuel, PRD39(1989)683
Kostelecky and Mewes, PRD69(2004)016005;70(2004)076002

5. Lorentz violation

Particle Lorentz violation

Quantum gravity motivated physics could generate vacuum expectation values with

Lorentz indices (spontaneous Lorentz symmetry violation) ronrenormalizable
—

Standard Model Extension (SME) SME Légra“nagian e,
Effective field theory to study Lorentz violation L= ipyR o, b —mpp + yFa, "y + iyt 7Y -
- Sidereal time variation SME motivated effective Hamiltonian for neutrinos

- Spectrum distortion 1
pectrum ¢ heff~2—M2 +Vee +a® + Ec® + E2a® + E3¢© ...
- CPT V|O|at|0n, etc E |—> nonrenormalizable

-

‘In a sense it is beyond the SM, but | would rather say it is
beyond the leading terms — the renormalisable, unsuppressed
part of the SM,” says Weinberg. “But hell — so is gravity! The
symmetries of general relativity don’t allow any renormalisable

WZ particles called gravitons.”

Steve Weinberg 5
(CERN Courier, Nov 2017) ~
u‘ X
% horizontal = no exotic oscillation '
vertical vertical = exotic oscillation
ING'S Higher-dimension operator search is interesting,

College

LONDON and IceCube is good at that (=high energy)




lceCube,PRL115(2015)081102;117(2016)071801
Fedynitch et al,EPJ.Web.Conf.99(2015)08001

5. Analysis method

We use 2yrs northern sky muon data to look for spectrum distortion due to Lorentz violation.

400 GeV<E<18 TeV (“conventional’) Vaim IS complicated from ~20 TeV

Angle, -1<cos0<0 (“through up-going”) - Prompt atmospheric neutrinos (=charm)
- Astrophysical neutrinos

Simulation - Earth absorption becomes significant

- atmospheric neutrinos from MCEq https:/github.com/afedynitch/MCEq

conventional < astrophysical
[ | 1

104 = T T LI T T T TTTT T T ,l T TTTT T T T Illll 1 Conventional H prompt
§ .v..l.'. ! Experimeﬁtal data L] E 10 AT T TTOm  T T T T 1 Ty T T T LT 1 T rrm
- e Sum of predictions . r m— total ™
3 . y N Astrophysical mss 10° &
10° . Prompt atmospheric mmmm 3§ 7 = wen total conv, — K
2 *le,_Conventional atmospheric mmm—m 3 = . ) = = total prompt D*.D°
B ] © u — = other conv, D,
3 E I Vo e other prompt
2t v UE
& - £ -3 L
a2 s 10 e
- S 10
- — () L
3 3 9 5 [
- = G 107 =
e ERRE LA
‘2: Lol 1 Ll Ll 1 |||||: 10-7— 2 3 4 5 6 7 8 9
10 3 2 5 6 10 10 10 10 10 10 10 10
10 10 10 10 E [GeV]
Muon Energy Proxy (arb. units)
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lceCube,PRL115(2015)081102;117(2016)071801
Fedynitch et al,EPJ.Web.Conf.99(2015)08001

5. Analysis method

We use 2yrs northern sky muon data to look for spectrum distortion due to Lorentz violation.

400 GeV<E<18 TeV (“conventional”)
Angle, -1<cos0<0 (“through up-going”)

Simulation

- atmospheric neutrinos from MCEQq https:/github.com/afedynitch/MCEq

- simple power law astrophysical neutrinos (=background)

- DIS cross section from Cooper-Sarkar-Sarkar (CSS) paper Cooper-Sarkar and Sarkar, JHEP01(2008)075
- Analytic oscillation formula to test exotic v,-v; oscillation Gonzalez-Garcia et al., PRD71(2005)093010

Systematics (6 nuisance parameters)

- normalization of flux : conventional (40%), prompt (free), and astrophysical (free)
- spectrum index : primary cosmic ray (2%) and astrophysical neutrinos (25%)

- /K ratio for conventional flux (10%)

- lce model : negligible

- DOM efficiency : constrained

Fit methods Foreman-Mackey et al.,Publ.Astron.Soc.Pac.125(2013)306
- Frequentist Wilk’s theorem (main results)
- Bayesian Markov Chain Monte Carlo (MCMC) nhttp:/dan.iel.fm/emcee/current/

ING'S
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IceCube, Nature Physics 14 (2018) 961

5. Results

We don’t find Lorentz violation

- we set new limits on Lorentz violation

7~ ﬁ S Le® _p.e@ g2 o) _ g3 ... 1y - demonstrate the potential of neutrino interferometry
dim. method type sector limits ref.
3 CMB polarization astrophysical photon ~ 10~%* GeV 6]
He-Xe comagnetometer tabletop  neutron ~ 10~ GeV [10]
torsion pendulum tabletop  electron ~ 10~ GeV [12]
muon g-2 accelerator  muon ~10—2% GeV [13]
. _— . . 0(3) 8(3)y <2.9x 10—24 GeV (99% C.L.) .
neutrino oscillation atmospheric neutrino |Re(a,;)|,|Im(a,;)] < 2.0 x 1024 GeV (90% C.L.) this work
4 GRB vacuum birefringence astrophysical photon ~ 10—3% (7]
Laser interferometer LIGO photon ~ 10—22 (8]
Sapphire cavity oscillator tabletop photon ~ 10718 [5]
Ne-Rb-K comagnetometer tabletop  neutron ~ 10~%° [11]
trapped Ca™ ion tabletop  electron ~ 1019 [14]
—28
neutrino oscillation atmospheric neutrino |Re (&52)], Im (&53)) : gg : 18—28 Egg;(: gi; this work
5 GRB vacuum birefringence astrophysical photon ~ 107%% GeV—1 (7]
ultra-high-energy cosmic ray  astrophysical proton ~ 10722 to 10—18 GeV -1 9]
. I . (5) o(5)y, < 2.3x10732 GeV—1! (99% C.L.) .
neutrino oscillation atmospheric neutrino |Re (@ )|, |Im (.7 )| < 1.5 x 10-32 GeV—! (00% C.L.) this work
6 GRB vacuum birefringene astrophysical photon ~ 10— GeV—* (7]
ultra-high-energy cosmic ray  astrophysical proton ~ 10=%2 to 10—3% GeV—2 9]
gravitational Cherenkov radiation astrophysical gravity ~ 10—31 GeV—2 [15]
. I . 2(6) a(6)y <1.5x 10—36 GeV—2 (99% C.L.) ,.
neutrino oscillation atmospheric neutrino |Re(c,;)|,|Im(c,;)| < 9.1 x 10-37 GeV—2 (90% C.L.) this work
7 GRB vacuum birefringence  astrophysical photon ~ 10%®% GeV—* (7]
—41 -3
neutrino oscillation atmospheric neutrino |Re (a,(z,-))| |Im (°(7))| 2 :8;2 : 18_41 ggx_g Egg;‘: glﬂ; this work
8 gravitational Cherenkov radiation astrophysical gravity ~ 10— GeV—* [15]
—45 —-1
neutrino oscillation atmospheric neutrino |Re(c (8))| |Im (°(8))| <5.2x10 GeV—* (99% C.L.) this work

< 1.4 x 1045 GeV—* (90% C.L.)

TABLE I: Comparison of attainable best limits of SME coefficients in various fields.



IceCube, Nature Physics 14 (2018) 961
Atomic physics results dominate LV tests with

5. Results renormalizable operators (effective field theory approach)
m2
~ 1 8B _ .4 2.006) _g3.86) ...
H 5 +a E-cY+FE°-a E°-¢ . (1)
dim. method type sector limits ref.
3 CMB polarization astrophysical photon ~ 10~%* GeV 6]
He-Xe gomagnetometer tabletop  neutron ~ 10~ GeV [10]
torsipn pendulu tabletop  electron ~ 10~ GeV [12]
uon g-2 accelerator  muon ~10—2% GeV [13]
A _— . . 0(3) 0(3)y, < 2.9 x 10~24 GeV (99% C.L.) .
neutripo oscillation atmospheric neutrino |Re(a,;)|,|Im(a,;)] < 2.0 x 1024 GeV (90% C.L.) this work
4 GRB vaculim birefringence astrophysical photon ~ 10—3% (7]
Laser iffterferometer photon ~ 10—22 (8]
Sapphire davity oscillator ~ 10718 [5]
Ne-Rb-K ¢ magnetome}far ~ 10~%° [11]
trapped Ca™ ion ~ 1019 [14]
—28
neutrino|oscillation )| : gg : 18_28 Egg;‘: gi; this work
5 GRB vacuun]| birefringerjce astrophysical photon 2 GeV—H LIGO
. -1
astrophyNjcal proton V 4 22
Double gas maser _ o(B) <L (¢ c4<10
b,<10-34GeV atmospher; neutrino |Re(ay7 )|, |Im (a3 L5 % 10-32 GeV-1
6 c,<10-2° astrophysical \ photon o 10G QOY‘Z
] TR as| Spin torsion pendulum Crystal oscillator
gray '%—- ast be<10-30 GeV Ac/c<10-18 ! (g
at .))|,|In 2 (4
| PLB761(2016)1
7 ast —
P (99% C.L.) ..
at| | -))|,|In ) 290%‘: C.L.; this work
8 gral asf [15]
. !
o - J ) (99% CL) -
=l | | at 2|, |In this work
PRL107(2011)171604 | _ | (90% C.L.)
PRL112(2014)110801 PRL97(2006)021603
TABLE IT COMPpAriso of SN Nature.Comm.6(2015)8174 |ids.




IceCube, Nature Physics 14 (2018) 961
Astrophysical observations dominate LV test with non-

5. Results renormalizable operators (quantum gravity motivated models)
UHECR i) — E* 0. (1) GRB vacuum birefringence
c®<1042 GeV? . 1 <1037
s8<1046 GeV+ type sector i} — ef.
: [tion astrophysical photon ~ 107 6]
pmeter tabletop  neutron ~ 107 10]
flum tabletop  electron ~ 107 12]
accelerator  muon ~ 107 13]
htion atmospheric neutrino |Re (ﬁfﬁ.))| |Tm (°(3))| < work
1 JCAP0904(2009)022 (o — AT photon PRL110(2013)201601 [T —
PLB749(2015)551 | cter LICO 8]
Sapphire cgvity oscillator tabletop [5]
e-Rb-K cpmagnetometer tabletop [11]
trappg¢d Ca™ ion [14]
. N 0 < 3.9 x 10728 (99% C.L. ,
neutripno oscillation |Re (c,(ﬁ-))|, IIm (gerf)| < 2.7 x 10-28 %90‘72 C.L.; this work
5 GRB vaguum birefringencé ~ 10=°% GeV—1 (7]
tra-higli-energy cosmic ray proton ~ 10722 to 10—18 GeV -1 9]

< 2.3 x 10722 GeV—1! (99% C.L.)

. I . . 5) a(5) .
neufrino oscillation Ospheric neutrino auzr )|, [Im(a.7)| < 1.5 x 10-32 GeV—! (90% C.L.) this work

6 GRB gacuum birefringene&” astrophysical ~ 10— GeV—* (7]
ultra-high-energy cosmic ray  astrophysical ~ 10=%2 to 10—3% GeV—2 [9]
gravitational Cherenkov radiation astrophysical gravity ~ 10—31 GeV—2 [15]
. I . 2(6) 2(6)y < 1.5x 10—36 GeV—2 (99% C.L.) ,.
neutrino oscillation ospheric neutrino |Re(c,.;)|,|Im(c,;)| < 9.1 x 10-37 GeV—2 (90% C.L.) this work
7 GRB vacuum birefringence astrophysical photon ~107%® GeV—? (7]
41 -3
‘l' neutrino oscillation atmospheric neutrino |Re (8,(‘71-))| |Im (0(7) )| : :8; g z 18_41 SEX 3 833; 8 ILJ ; this work

8 gravitational Cherenkov radiation astrophysical gravity ~ 10— GeV—* [15]
< 5.2 x 10~45 GeV—* (99% C.L.)

neutrino oscillation atmospheric neutrino |Re(c (8))| |Im(°(8))| < 1.4 x 1045 GeV—4 (90% C.L.)

this work

TABLE I: Comparison of attainable best limits of SME coefficients in various fields.



IceCube, Nature Physics 14 (2018) 961
5 R It This analysis set the strongest limits for any operators in the neutrino sector.
. RESUILS Limits are also among the strongest from atomic experiments to cosmology.
_ Next step:
dim. methl _ 3 flavor full analysis :
3 CMB polal .
HeXe comad - SiMultaneous fit using upgoing muon + cascade
torsion pe|l - Sidereal time dependence (test rotation symmetry violation)
muon g== TECCCTCTIIUOT TTTTICTT e ey Bl
. Tiots o(3) 3(3)y <2.9x 10—24 GeV (99% C.L.) .
neutrino oscillation atmospheric neutrino |Re(a,;)|,|Im(a,;)] < 2.0 x 10-24 GeV (90% C.L.) this work
4 GRB vacuum birefringence astrophysical photon ~ 10—3% (7]
Laser interferometer LIGO photon ~ 10—22 (8]
Sapphire cavity oscillator tabletop photon ~ 10718 [5]
Ne-Rb-K comagnetometer tabletop  neutron ~ 10~%° [11]
trapped Ca™ ion tabletop  electron ~ 10"19 [14]
—28
neutrino oscillation atmospheric neutrino |Re (8,(,41-))| |Tm (0(4))| z g?, : 18_28 83;2 gi% this work
5 GRB vacuum birefringence astrophysical photon ~ 1079 GeV—1 (7]
ultra-high-energy cosmic ray  astrophysical proton ~ 10—22 to 10— 18 GeV -1 [9]
. _— (5) o(5)y, < 2.3x107°2 GeV—1! (99% C.L.) ,.
neutrino oscillation atmospheric neutrino |Re (a,“-)| |Im (a,+)| < 1.5 x 10~22 GeV—! (00% C.L.) this work
6 GRB vacuum birefringene astrophysical photon ~ 10— GeV—* (7]
~ 10=42 to 1035 GeV—2 [9]

ultra-high-energy cosmic ray  astrophysical proton
gravitational Cherenkov radiation astrophysical gravity ~ 10—31 GeV—2 _ _
< 1.5 x 107°° GeV—2 (99% C.L.)

neutrino oscillation atmospheric neutrino |Re(°(6))| |Im(°(6))| < 9'1 « 10~37 CeV—2 (00% C.L. this work
~ 10~2% QeV—2 [7]

[15]

7 GRB vacuum birefringence astrophysical photon
: I o(7) o(7)y, <83x10~* GeV— (99% C.L.) .
neutrino oscillation atmospheric neutrino |Re(a.7)|,|Im (a.~+)| < 3.6 x 10—41 GeV—2 (90% C.L.) this work
8 gravitational Cherenkov radiation astrophysical gravity ~ 10— GeV—* [15]
<5.2x 107 GeV—7 (99% C.L.) this work

neutrino oscillation atmospheric neutrino |Re(c (8))| |Im (¢,

< 1.4 x 10~45 GeV—* (90% C.L.)

TABLE I: Comparison of attainable best limits of SME coefficients in various fields.




TK, Arglelles, Farrag, Mandalia, ArXiv:1906.09204

5. New physics search with neutrino interferometry

Quantum Gravity-motivated new physics operator search
Sensitivity is normalized with Planck mass (Mpjanc~101° GeV)

New physics limits and projected sensitivity

New physics sensitivity of = 15 ]
atmospheric neutrinos is =
competitive to astrophysical 5 101 non-renormalizable
sources o

g 5} *®

It looks sensitivity exceed naive
expectation of Planck scale

- dim-5 ~ 1/MP|aan ~ 1019 GeV1 5 .‘.". l
- dim-6 ~ 1/MP|aan2 ~1038 GeV2 o

10 m—= [ceCube v,
------ IceCube v, potential
-15¢} —— GRB pol. (photon)
‘ ——— Grav. Cherenkov (gravity)
A UHECR (proton)
—-20}~
Vi |
4 8

Dimension of new physics operators

renormalize sector operator
(dimension-3 and -4) have
many very strong limits
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Conclusion

Atmospheric neutrinos offers unique laboratories of new physics.
- Highest energy particles (~20 TeV)

- Longest baseline (12700km)

- Traveling through high density material (~13g/cm3)

Neutrinos make natural quantum system (neutrino interferometry) and sensitive to small effect.
- Sterile neutrinos

- Non-standard interaction

- Quantum decoherence

- Lorentz violation

strophysical neutrino s'ystem has even.higher sensitivity.
’ ! I T o

n | | \
-"'5 bl

neutrino system has one of the highest sensitivity to quanfr gravity motivated

A |

@nk you for your attention!

Teppel Katori




1. Atmospheric neutrinos, natural laboratories of new physics

Atmospheric neutrinos cover ~100MeV - 20 TeV (conventional) coming from all direction
(diffuse). However, direction is related to the propagation distance.

- They are the highest energy particles (~20 TeV) with the longest baseline (12700km)
propagating the highest density material (~13g/cm3) on Earth.

In order to discover BSM physics, scale of BSM physics needs to be ~ Am2,,,/4E ~ 10-26 GeV

~20TeV) = Sensitivity limit of energy independent new physics LT — .
Lo-2 = = 90% CL .
’ == 90% CI
10— 12 - —  90% CL Super-K .
1020 ; 7=70(E/GeV) . ]0\ —  90% CI Salvado et al i
$ = g
<1075 2 . ] j L i
8 [] ° 0AY31=Y32 D S L
Z 10726} o 1 eAY21=Y31 ! /
& 'y 4L _
10729 | eaY21=Y32
2 L -
,32 i
’ -2 -1 0 1 2 W e 0 0 [010 —h 0 (;&)/0(;05 0 (;1 0
o(3 —0. . . . A
Re(af,f) ) (GeV) €ur
Decoherence limit Lorentz violation limit Non-standard interaction limit
Yo ~ 1024 GeV a® ~ 102 GeV V.Xe ~ 1071° GeV
Coloma et al.,EPJC(2018)78:614 IceCube,Nature Physics14,961(2018) IceCube,PRD97(2018)072009

Super-Kamiokande, PRD91(2015)052003 Super-Kamiokande, PRD84(2011)113008
Salvado et al., JHEP01(2017)141
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1. Atmospheric neutrinos, natural laboratories of new physics

Phase space of atmospheric neutrinos are largely unexplored.

10%° ¢ ;
- Solar Potential ]. O
22
10 E Atmospheric neutrinos 1 06
E - energy frontier
1 02 1 -E %D - long-baseline frontier .
10
— 20 [
10 —
= 10* E
o8] DAESALUS —
,9, 1 O 19 Daya Bay 'q
= mooz MiniBooNE s e 10°
18 NOMAD/CHORUS
10 MINERVA ?
OscSNS CDHS 10
LSND
pot7 [ D - 1
KARMEN 10
16
10 - - - 0
10 10 10 10 10 10 10
E, [GeV]
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Formaggio and Zeller, Rev.Mod.Phys.,84 (2012) 1307

1. Atmospheric neutrinos, natural laboratories of new physics

Atmospheric neutrinos cover ~100MeV - 20 TeV (conventional) coming from all direction
(diffuse). However, direction is related to the propagation distance.

- They are the highest energy particles (~20 TeV) with the longest baseline (12700km)
propagating the highest density material (~13g/cm3) on Earth.

10"
10° Extra-Galactic
107 Galactic
107 Accelerator
E Atmospheric
= 10" SuperNova
o
'§ 10"
@ 9
1
@ 10
2
O 10%
10% Atmospheric Earth is not
e neutrinos transparent
10°
L N ¢ B IR Y Y HY HY Y Y Y Y Y R Y I
10° 10? 1 10> 10* 10° 10° 10 102 10" 10" T 10"
ING'S Neutrino Energy (eV
College gy (eV) Vs = 14TeV 40
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1. Atmospheric neutrinos, natural laboratories of new physics

Neutrino A Neutrino
Astronomy I | Flavor Ratio Oscillations | | Tau Appearance
Multimessenger
Astronomy P

Sterile Neutrinos
Supernova

Explosions

Cosmic
Accelerators

Heavy Quark
Production

ASTROPHYSICS NEUTRINO
PHYSICS

Non-standard
Interactions

Gamma Ray
Astronomy

Cosmic Ray BEYOND Neutrino Decay
Physics STANDARD
MODEL

Glaciology

Solar Physics

DARK FUNDAMENTAL
MATTER SYMMETRIES Earth
Tomography

Atmospheric

Strangelets Sciences

Monopole H Axions
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Kostelecky and Mewes, PRD85(2012)096005

5. Neutrino flavour with Lorentz violation

We start from isotropic model of nonminimal SME

1
hegs~ 77z UTMPU + agy — Ecgg + E?agy — E3cp + E*agy — EScgy) -~
dim-6 isotropic SME (d=6)
scale O(1) diagonal element
6 6 6
1 (0 9 o
£3,©6 _ p3 ©)Y) _ g3 @ 6 (6 |_p3.07Ft0.7
Cap Var (Caﬁ )00 Cew  Cup Cur ¢ ,6\6 '6\
(6)x (6)x (6) — :
Cre Cut Crr mixing matrix

and so on...

We test dim-3 to dim-8 operators one by one to find nonzero scale (or set limit on scale)

1
~—Utm2U — E3¢9 = vt(E)AV(E)

heff 2F af
Ve1(E)  Vea(E)  Vez(E) A (E) 0 0
V(E) = VuE) Vie@E) Vie@E) |, A= 0 E) 0
Via(E)  Via(E)  Viz(E) 0 0 A3(E)
ING'S
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5. Test of Lorentz violation with neutrinos

Test of Lorentz violation with neutrinos can be classified to 2 groups.
- We test spectral distortion of atmospheric neutrino spectrum due to Lorentz violation.

Spectral distortion
. tau neutrino

WV m

VS.

3 §

PRD98(20

lceCube

Nature Physics 4"@

14(2018)961
Super-Kamiokande | <=l [ AMANDA
PRD91(2015)052003 PRD79(2009)102005

ING’S
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LONDON

Sidereal variation
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8)092013 PRD72(2005)076004  PRD82(2010)112003 PRD95(2017)111101

Double Chooz

PRD86(2013)112009
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lceCube,PRL115(2015)081102;117(2016)071801, Nature551(2017)596

5. Analysis method

We use 2yrs northern sky muon data to look for spectrum distortion due to Lorentz violation.

400 GeV<E<18 TeV (“conventional”) Vatm is complicated from ~20 TeV
Angle, -1<cos0<0 (“through up-going”) - Prompt at_mospherl_c neutrinos (=charm)
- Astrophysical neutrinos
- 2016 sterile v analysis sample - Earth absorption becomes significant
conventional < astrophysical 180
[ | A
4 __ - S e e 0.90
b Ed.ﬂ‘ﬂ., : Experimeﬁtal data e 170
.J[. e, Sum of predictions
3 L‘ﬂ.] Astrophysical s 160 0.75
10 Loﬂq Prompt atmospheric :
L’ﬂ Conventional atmospheric — 150
10 FJ ko 10.60
2 140
2 ©
g 10' £ 130 10.45
w ®
1 ¥ 110
10 0.15
100
10° B ””“|4 ””'Is ' 6 90
» 0
10 10 10 10 5 3 4 5 6 7 8
Muon Energy Proxy (arb. units) 10 L L , L by 10 10
Neutrino energy (GeV)
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Fedynitch et al,EPJ.Web.Conf.99(2015)08001

5. Analysis method

We use 2yrs northern sky muon data to look for spectrum distortion due to Lorentz violation.

400 GeV<E<18 TeV (“conventional”)
Angle, -1<cos0<0 (“through up-going”)

Simulation
- atmospheric neutrinos from MCEQq https:/github.com/afedynitch/MCEq

. . =1
COﬂventhna| o aStrOphyS|Ca| "I‘ 10 TT T T T T T T T T Ty T T T T TrTm
10 AT T T T T Ty T T T i) T T T T 1 rrm ; — GST 3-gen
N m— total ™ v H3
10° O 2 —_— a
il o = total conv, — K \u—’ 10 | t
% 10 L = = total prompt D* D° n poly-gonato
G = — = other conv. D, = TG
o 102 other prompt  — A, S 107
E 1oL 2
Y T 10%
P -4 [
2 10 = . 9
o [ - e
g 10° =7 R
‘;a - 'e? 10‘5 1|n|m] 31 nnu] 41 nnm] 51 AN 3 3 3 °
& 100 L 10° 10° 10* 10° 10° 10" 10°® 10
10'7 Gl v vl vl ol vl TN SR byﬂ [GeVl

2 3 4 5 6 7 8 9
10 10 10 10 10 10 10 10 Figure 3. Primary model dependence of the atmospheric
E, [GeV] conventional + prompt neutrino flux. The model abbreviations
are described in the caption of Fig. 2.
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Vincent et al,PRD94(2016)023009
IceCube,PRL115(2015)081102

5. Analysis method

We use 2yrs northern sky muon data to look for spectrum distortion due to Lorentz violation.

400 GeV<E<18 TeV (“conventional”)
Angle, -1<cos6<0 (“through up-going”)

Simulation
- atmospheric neutrinos from MCEQ https:/github.com/afedynitch/MCEq
- simple power law astrophysical neutrinos

) . Muon Best Fit O
This moment, we don’t have a consistent Muon Best Fit EZ O
’ Starting Events (HE) ¢
Starting Events (LE 1) v [L__j__
Starting Events (LE2) & = | =

flux model for astrophysical neutrinos.
Spectrum index is highly correlated with
normalization of the flux.

- in this analysis, y=2 (®~E) is used.
We found in this analysis dependence on
spectrum index is weak.

Astrophysical normalization

i6 1.8 2 22 24 26 28 3
ING’S Power law index
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Cooper-Sarkar and Sarkar, JHEP01(2008)075
Gonzalez-Garcia et al., PRD71(2005)093010

5. Analysis method

We use 2yrs northern sky muon data to look for spectrum distortion due to Lorentz violation.

400 GeV<E<18 TeV (“conventional”)
Angle, -1<cos0<0 (“through up-going”)

Simulation

- atmospheric neutrinos from MCEq https:/github.com/afedynitch/MCEq
- simple power law astrophysical neutrinos

- DIS cross section from Cooper-Sarkar-Sarkar (CSS) paper

- Analytic oscillation formula

Systematics (6 nuisance parameters)

- normalization of flux : conventional (40%), prompt (free), and astrophysical (free)
- spectrum index : primary cosmic ray (2%) and astrophysical neutrinos (25%)

- /K ratio for conventional flux (10%)

- lce model : negligible

- DOM efficiency : constrained
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Foreman-Mackey et al.,Publ.Astron.Soc.Pac.125(2013)306

5. Analysis method

We use 2yrs northern sky muon data to look for spectrum distortion due to Lorentz violation.

400 GeV<E<18 TeV (“conventional”)
Angle, -1<cos0<0 (“through up-going”)

Simulation

- atmospheric neutrinos from MCEq https:/github.com/afedynitch/MCEq
- simple power law astrophysical neutrinos

- DIS cross section from Cooper-Sarkar-Sarkar (CSS) paper

- Analytic oscillation formula

Systematics (6 nuisance parameters)
- normalization of flux : conventional (40%), prompt (free), and astrophysical (free)

- spectrum index : primary cosmic ray (2%) and astrophysical neutrinos (25%)
- /K ratio for conventional flux (10%)

- Ice model : negligible '\: .
- DOM efficiency : constrained Lan
L. aAan
Fit methods —aaE
- Frequentist Wilk’s theorem (main results) F i}i; H'
- Bayesian Markov Chain Monte Carlo (MCMC) .
: http://dan.iel.fm/emcee/current/ emcee: The MCMC Hammer
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Eqg. 2: An example of Lorentz H~ ﬁ+a E- +E%-a —E7-c e (1)
5 . Resu ItS violation operator matrix Make these 0 by hand Appendix 2: MCMC result
We performed fits for 3 LV parameters for each dimension 0 & [
LV operator = no LV, draw 99% exclusion contours = o )
CIJ.T . ~O b 0.0 Excluded
- additionally, we set all parameters=0 but one to match community standard
—> we report these as our main results
Appendix 4: Contour on off-diagonal LV parameter space Vg 0n/GeV)
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1. Neutrino oscillation as a probe of new physics

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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1. Neutrino oscillation as a probe of new physics

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

Interaction with
new physics

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

If v4 and v,, have different coupling with new physics field, neutrinos also oscillate. The
sensitivity of “neutrino interferometer” can beyond precise atomic/optical interferometers.
- Longer propagation length (LIGO = 4km, Atmospheric neutrino = 12700 km)

- Higher energy (Gamma ray ~ 100 GeV, Astrophysical neutrino ~ 1 PeV)
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Neutrino oscillation is an interference experiment (cf. double slit experiment)
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new physics
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If 2 neutrino Hamiltonian eigenstates, v, and v,, have different phase rotation, they cause
quantum interference.

If v4 and v,, have different coupling with new physics field, neutrinos also oscillate. The
sensitivity of “neutrino interferometer” can beyond precise atomic/optical interferometers.
- Longer propagation length (LIGO = 4km, Atmospheric neutrino = 12700 km)

- Higher energy (Gamma ray ~ 100 GeV, Astrophysical neutrino ~ 1 PeV)
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