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Introduction

® So far, no convincing evidence/confirmation of
physics beyond the standard three neutrino
flavor framework

® It is interesting to probe/constrain some new
physics beyond the standard framework

® As one of the examples of such new physics, in
this talk, we consider (non-standard) quantum
decoherence in neutrino oscillation

® It is important to test the paradigm of the
standard three flavor framework



Introduction

@® Neutrino oscillations occur due to quantum
interference

® 'Coherence” is needed to that happen

® Oscillation is suppressed due to “decoherence”
effect, for example, by

separation of the wave packets

matter density fluctuation
finite energy and/or spatial resolution (uncertainty)

® we consider non-standard decoherence effect
which may come from some new physics (which
may be related to quantum gravity) assuming a
phenomenological model
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Quantum Decoherence: density matrix formalism

d—p = —i|H, p] @

H: Hamiltonian
0 describes decoherence

assuming positivity

Dlp] = [{p,DmD},} — 2DpD},]
m (Lindbald form)
Hermicity D,,, = DI (to avoid unitarity violation)

(Energy Conservation |H, D,,| =0 )

(or small enough to be neglected)



Neutrino propagation in uniform matter
H = Udia,g {;Ll,ilg,;l,g} UvT — UHdUT
D,, =Udiag{d’ ,d2,d3 YU = UDZU?

'y 1
T = [%:j = ZAhij] Pijs

dt
where
p = ﬁTpU ﬁ : mixXing matrix in matter
Yij = ) (dim — )" =73 >0

™.

pig(£) = iy (0) e~ Rle



For constant matter density
Po,g = P(vy — v3) = Zﬁmﬁgj pii(t)

1,7
- 3Ol O el

In a more Famlllar way,

Pag =0ag —2) Re [ UpiUag UBJ] ( GCOS Ay )
_in Im [ ngUaJUﬁj] sin Aij,

1<J

_ AmZ.L
Azg — s
2F
A'rh;?j = s — ’fh? : effective mass squared difference in matter

Yij : decoherence parameters (see next slide)



Assumptions on the Decoherence Parameters

Following the previous works, we assume
power-law energy dependence

to have sizable effect of decoherence,
we can roughly estimate that

ENTRL B TR
19
Vi ~ 1.7-107 (km) (GeV) GeV

(but not enough condition)




For 1 layer of constant matter density

Pyg = P(vg — vg) = Z UsiUj; pij(t)
%9

B Z UziUpiUa; Ugje_[%'j —iAhijt
@]

For multi layers of constant matter densities

_ iB A
Popg = ZAﬁévﬁAdaav for 2 layers
0,
_ iC B A
Pop = Z ABs5yA5047Abaad for 3 layers
63’739!¢

M _Z TM T MM T M —|vii—i(AmM)2 /2E| ALy
Aa,B’y5: UaZUZ U’YJU5] € [ 4 J ]

t,J



E (GeV)

3 layer approximation of the Earth matter

density profile (mantle - core - mantle)
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We consider the following 3 distinct cases
(A) Atmospheric limit: Y21 = 0 (Y32 = Y31 )

(B) Solar limit I: Y32=0(Yz1= Y3;)

(C) Solar limit II: Y31=0 (Y21= Y32)



Some examples of oscillation probabilities
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We consider the following 3 distinct cases
(A) AmeSPhel"iC limit: Yzl =0 (Y32 = Y31 )

(B) Solar limit I: Ys2=0 (Y21 = Y31)
(C) Solar limit II: Y31=0 (Y21= Y32)

there are following approximated correspondences

N

rNO of (A) «<— 10 of (C) Y21, D21 ¢ Y31, Az
NO of (B) +—— IO of (A) V32, Asz > Y21, Aoy
kNO of (C) +— 10 of (B) V31, Az < Y32, Az

,

NO (I0): Normal (Inverted) mass Ordering



For higher energy (> 15 GeV) neutrinos,

for normal mass ordering

1 »
Plljuo 2 ] — 5 sin? 2043 (1 — e 214 ¢os Azl) for v

1 5
Pgﬁo ~ 1 — 5 SiIl2 2923 (1 — 6_732[' COS A32) for v

for inverted mass ordering

1 25
P;S ~ 1 — 5 Sil’l2 2923 (1 = 6_731[’ COS Agl) fOI' Y4

1 25
PIO ~ 1 - sin® 2055 (1 I > Agl) for 7



To see the effect more globally v oscillogram is useful
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Analysis Procedure
IceCube: Poissonian log-likelihood analysis

DeepCore: Gaussian Maximum likelihood analysis

For each analysis, simultaneous fit on the
parameters of

Am§2, 923 and inj

was performed



Analysis Procedure

For IceCube, we consider the data presented in
PhD thesis by B.J.P. Jones, available at
http://hdl.handle.net/1721.1/101327

from 400 GeV to 20 TeV, from cos 0 ,= -1.02 to 0.24

systematic errors for IceCube data

Source of uncertainty Value
Flux - normalization Free
Flux - 7w /K ratio 10%
Flux - energy dependence as (FE/FEy)" An = 0.05
Flux - v/v 2.5%
DOM efficiency 5%
Photon scattering 10%

Photon absorption 10%




Analysis Procedure

Expected event distribution for IceCube
with and w/o decoherence
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Analysis Procedure

For DeepCore we consider the data presented in
Aartsen et al., PRL117, 071801 (2016)

from ~10 GeV to ~1 TeV, 8 bins below cos 0 ,=0

systematic errors for DeepCore data

Source of uncertainty Value
Flux - normalization Free
Flux - energy dependence as (E/Ey)" An = 0.05
Flux - (v, + v.)/ (v, + 7,) ratio 20%
Background - normalization Free
DOM efficiency 10%

Optical properties of the ice 1%




Analysis Procedure

Expected event distribution for DeepCore
with and w/o decoherence
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Bounds from IceCube and DeepCore
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r 2
roughly, | In(vo/GeV) ~ constant — nIn(Ey/GeV)
Eqy ~ 2.5 TeV(30GeV) for IceCube (DeepCore)
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Summary of Bounds we obtained

IceCube (this work)
Atmospheric (731 = v32) | 2.8-1071% 4.2.1072! 4.0-1072¢ 1.0-10727 1.0-1073!
Solar I (731 = 721) 6.8-107 1.2-1072! 1.3-107%* 3.5-10728 1.9.1032
Solar I (y32 = 7y21) | 5.2-107Y¥ 9.2.10722 9.7-107% 2.4-10728 9.0-1073
DeepCore (this work)
Atmospheric (731 = v32) |4.3-10720 2.0-1072! 82-1072% 3.0-107* 1.1.-1072
Solar T (731 = 7o1) 1.2-10720 54.10722 2.1-107% 6.6-107% 2.0-107%
Solar II (y32 = vy21) | 7.5-10721 3.5.10722 14-1072% 4.2.107% 1.1-10°%

Normal Ordering

IceCube (this work)
Atmospheric (731 = v32) | 6.8-10719 1.2.107% 1.3.10724 3.5.1072% 1.9.1032
Solar T (y31 = 721) 52-1071 9.2.10722 98.107% 24.1072% 9.0-107%
Solar IT (32 = 721) 2.8-107%® 4.2.1072! 4.1.-1072¢ 1.0-10727 1.0-1073!
DeepCore (this work)
Atmospheric (731 = v32) |1.4-10720 58.107%2 22.1072% 75.107% 2.3.1072
Solar I (y31 = 7o1) 83-10721 3.6-1072%2 1.4-107% 4.7-107% 1.3.10726
Solar IT (y32 = 21) [5.0-10720 23.1072! 94.107% 3.3.107%* 1.2.107%

Inverted Ordering

Previous Bounds

SK (two families) [7] 2.4-1072 4.2.10723 1.1-10727
MINOS (y31,732) [32] 25-10722 1.1-10722 2.107%
KamLAND (y21) [15] 3.7-10724 6.8-10722 1.5.107%




Summary of Bounds we obtained

IceCube (this work)
Atmospheric (y31 = 732) | 2.8- 107 421072 4.0-1072* 1.0-107?" 1.0- 1073 | «— ()
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Conclusions

® We revisit the quantum decoherence in the context
neutrino oscillation with full 3 flavor framework

® We found that the bounds and/or sensitivities depend

strongly on the neutrino mass ordering and matter
effect is important

@ For neutrinos, the decoherence effect is mainly driven by
Y21 (Y31) for normal (inverted) mass ordering

® For antineutrinos, the decoherence effect is mainly driven
by Y32 (Ya1) for normal (inverted) mass ordering

@® 3 flavor analysis is required fo interpret correctly the
bounds on the decoherence parameters

® We obtained better (improved) bounds for most of the
cases except for n = -1



Thank you very much
for your attention!
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Neutrino propagation in non-uniform matter: adiabatic regime

relevant for solar 8B neutrinos

P.s = (|0 (1) |vs) Zﬁﬁj‘) ~li—ithislt g 5ol £y (5ol ),

~ Z TSP Upil? +2) " Re |05 U025 U, | e cos A,
1<J
2> Im O UpUYU,| e 7 sin Ay,
1<J

after averaging out, finally we have

Peg = Y U2 |Usil?
7



cos 2013 — a/Am?,
\/ (cos 2013 — a/Am?2,)? + sin? 20,5

cos 2019 — a' | Am3,

\/(COS 2015 — a'/Am2,)? + sin? 2615 cos?(h13 — 613)

cos 2013 =

cos 2015 =

)

Am21 — Amgl \/(COS 2(912 — &//Am%1)2 -+ SiIl2 2812 COS2(9~13 — (913),
3

N L ..
Amz) = Am§1 + (a — 5@’) T §(Am§1 — Am§1)a

Amz, = Amgl Am21

where
Am?2, = cos? 0195AmZ; +sin” 0;,Am2,

o' = acos® i3 + Amge sin2(913 — 013)

Denton, Minakata, Parke, arXiv:1801.06514



Results of More general analysis varying 2 decoherence
parameters Ys; and Yz, freely
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