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Based on 1311.4496(PRD), 1407.3736(JCAP), 1502.02503(JHEP), 1510.00666

Leaving cake: Next Friday



Outline

Vacuum Osc: .
i' ot \

Vacuum Osc: Triangle games in IceCube
Matter effect in T2K:

— Why are you using Freund’s formula?

Matter effect in IceCube+Sterile:

— Whoops! matter effect disappears....
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How does 2-nu system oscillate?

o Am*L
AE

5 Am?L

Pyyoswy = 1= Asin® =

How does 3-nu system oscillate?
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How does 2-nu system oscillate?

o Am*L

Pyyosv, = Asin® —=: P,

How does 3-nu system oscillate?

P, v, = U Uen |? + |Us2Upr2|* + |UpsUprs)?

Am32, L
n Gere:21)

+2|Ug2UyroUp1 Upry | cos(

PDG
p237

Am3, L
2F
Am3, L
2F

+2|U£3U£’3Ufg(]ﬁf2| COS( - GSE’E;BQ)

+2|U63U613U31 Ugr1| COS(
Qbf"f;jk — arg(UgijE‘jngUgik)

— Our:31)




How does 3-nu system oscillate?

Probability = |[AB|?
Am?L/E o« ZAOO'
dm?L/E x ZBPO'
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{ What is that triangle? ]

Answer: Unitarity Triangle (UT)




Let’'s plota UT J

|U£1U£f1\2 + \U£2U£f2|2 + \UE?,UﬁfS\g

Am3, L
5 Gere:21)
Am3, L
2K

Hmm...seems Frems
amplitudes = side lengths +2|Ug2UproaUp1 Ugr1 | cos(

+2|UQ3U£I3U32UEQ| COS(

But..

How to about this? +2|UssUp3Un U1 | cos(
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Geroje = arg(Ue;Ug;UnUpy)




¢€’f;jk — arg(Ug:jUg*jngUEik)
[ How to about this? ]

4 )
Ans: They are angles of the UT.

3 ¢’s=/ABC, /BCA, /CAB
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Angles of UT = phase-shifts of Osc

Side lengths of UT = amplitudes of Osc
Am?L/(2E) = phases of Osc

/
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Now the complicated formula
becomes much simpler...

P, ., = a*+b" + ¢ — 2abcos(2A,, £ 7)
—2bccos(2A55 + ) — 2cacos(2A4, £+ 3).

[ | love pictures more than eqgs ]

P,  , =4absin(Ay £ v)sin Ay,
+4bc Siﬂ(ﬁg;; + E}.“) sin Aog
—}—4[1(3 Siﬂ(ﬂ.;.}l + [3) sin &31 .
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[ Depends on A rather than U ]
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P

¥ —

o = 4absin(Ayg £ v)sin Ay,
+4be Siﬂ(ﬁz;; + (1’) sin Aos
+4dac Siﬂ(&:;l + JB) sin &31 .

/ Some implications \

(1). Directly measure UT from Nu Osc

(2). 4 parameters — 3

\ (3). CP violation, if phase-shift can be observed./




Can any triangles be a UT?
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....Sometimes impossible.
An obvious example: what if
one side larger than one?
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UT can NOT be arbitrarily large ! ] { Can be arbitrarily small ?

4

What is the condition for a triangle to be a UT ?

Answer: a triangle can be a UT
if and only if ...

a,b.c < a+b+c <.

Why?

Because

[ Everyone knows: ] P<1

\

‘a—l—b};ﬂ} at+c=b, b+c

Detailed proof in arXiv:1407.3736



http://arxiv.org/abs/arXiv:1407.3736�

Atriangle can be a UT
If and only if ...
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[Werner: ...applied to IceCube?]

()

{XJ: ....what is IceCube ’7]

Confidence Level Exclusion

4 N

XJ: Hmm... seems IceCube is
very hot. Let me point out an
Interesting region in this
triangle.
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1407.3736, with Werner and Hong



http://arxiv.org/abs/arXiv:1407.3736�

Flavor ratio of Astrophysical neutrinos

Very high energy 10TeV-PeV(IceCube). Maybe new physics.
Very far sources. LAm3, /(4E) >>1

4 )

Initial ratio: Final ratio:
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((I)e{]: (Dp.oa (I)TU) ((I)B? (:DPH (I)T)

(U )




i
Side length=1/2
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{A good exercise: assume (a, b, ¢) is in the tetrahedron, then ]

a’ + b® + ¢? <?
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Side length=1/2
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Physical meaning:
The transition probability of astrophysical neutrinos < 50%.




Assume Pion Sources...

Neutrinos are produced by pions

T > put+v, »et+v,+2v,

\ Ignore diff between particles
and anti-particles

7]

Initial ratio (Peo : Puo = Pro) =(1:2:0)

Finalratio (@, ®,, ®,)" oc P (P, P9, P,)"

TR
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Sowe have T = l(2-2Xx-2), §=1(1-Y+Z).

Question: 7 < S §7 )22/,231/2




Assume Pion Sources...

T =1(2-2X-2), S=21(1-Y+2).

X,Y,Z <1/2
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O. Mena, et al, PRL. (2014)
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Ternary plot by’Min-Shan Zheng

%CL exclusion

Confidence Level Exclusion (%)


http://arxiv.org/abs/arXiv:1407.3736�

Other possible sources:

Muon Damped Sources (muDS)

uDS

u DS
(0:1:0)

<
Clonfidence Level Exclusion (%)
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Other possible sources:

Neutron Beam Sources (nBS)

IceCube

Confidence Level Exclusion (%)
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Ternary plot by Min-Shan Zheng




Outline

Vacuum Osc: .
i' ot \

Vacuum Osc: Triangle games in IceCube
Matter effect in T2K:

— Why are you using Freund’s formula?

Matter effect in IceCube Sterile:

— Whoops! matter effect disappears....
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About T2K experiment

Energy: 0.1-1.2 GeV, peaked at 0.6 GeV

It can’t be treated as:

[ 2-nu Osc J x [Vacuum Osc J x

Some_timgs N Low energy, close to solar
Contribution o solar mixing >50%  resonance, solar mixing is

(shown later) affected drastically by matter eff
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that describe matter interaction® [31].

Pl—'—"l-'=

e =TA= 1)Zsinzzmgsingﬁﬂsinz[[ﬁ —1A]

_ (+]ﬁcnsﬂl3sin2ﬁzsin2333 sin26, 5

X sindcpsinAsinAAsin[(1 —A)A]+ -

A(l —A)
X cosfl381n260 ;51n2605751n 2604

X cospcosAsinAAsin[(1 —A)A]

2
+ %cnszﬂgjsiHEZSESinzA&. (2)

Am? ;"un o E,
or 1, A=22and A = 2V2GN, g

where N, 1s the electron density of Earth’s crust. In the

T2K PRD 2013

Here oo =

4 N\

This formula is so
accurate that T2K
doesn’t need to

use any packages

to compute P
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M.Freund PRD 2001

VIL CONCLUSIONS

The purpose of this work was to find approximate analytic
expressions for the neutrino mixing parameters ana oscilla-
tion probabilities in the presence of matter. It was stated that
being interested n approximate solutions 1t 15 difficult to
describe both the solar and the atmospheric resonance at the
same time. Therefore, this work 15 restricted to energles
above the solar resonance according to

Am3, ] ('?_,_s gfcmi']

|A|=|a| = E,=045 Gev( -
1074 ev?,

(45)

For this regime, the complete parameter mapping [Eqgs. (27)]
was given as series expansion in the small mass hierarchy

parameter ee=Am3,/Am3, . It was shown, that the change of

the CP phase & in matter 1s triple suppressed by the mass
hierarchy, the mixing angle #,; and by #,; being close to
maximal. Furthermore, 1t was shown that in order
ﬁm%.fﬁmi , the relevant contribution to the parameter map-

ot m AR RN ALLEEEE i L

terms [Eqs. {33 ] contributing to P(v,—v,):

T e

. sin®28; 5
Py=sin"fy; —*;m[[A—I Al,
(A—1

sin dcos #3522 #1552 835 2 #s5

A(1-4)

Pons— o
% sin(A)sin{ AA)sin[(1—-4)A],

cos dcos #;sm2 8,52 8382 fhy
A(1-4)

P s=a
% cos(A)sin(AA)sin[(1—A4)A

cos By sint28, ..
Py=a" — sin-{AA),
A_
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What does PDG say?

PDG 2014, p242

sin” 2813 Sin?[(A — 1)A]
0?2612 n2(A4), (14.46
(sin AA) (sin[(1 — A)A)) , (14.47 .I'I
2 (cosA) (sin AA) (sin[(1 — A)A]) ,  (14.48)

y %
iy L - z 2E |
il_ A= .2GpNMman s (14.49) |
llfﬁl \

and cotd = .}'..I."(-{f" aUZs f'..;-'"..l. Jop = Im(U,aULU, ._.|"}}_,'|.
The analytic expression for Py ™ (y, — ) given above is |
valid for [\l] neutrino path lengths in the mmnl {f < 10660 km) |
sa lL f\u;_,L ll)u(_‘ll) kt E[GeV] (7.6x10 5 av2 1.3 \] and energies I-I
E >0.34 Ge -V (Arr 7.6 x 10~> eV2) (1.4 cm—3N,/ \ """" ). The

('\Ir“-.ll frtl‘r —-1.1»{1[[11111] hhs\til obtained




EXACT

a—expansion

0.15 020 0.30 0.70
EiGeV)
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{Which curve should we use ? ] [What if we take min(1, sin)? }

[To get an accurate result, we’'d better use the wrong curve ]
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Eigenvalues as functions of A, «

—ii 5 -

(10K 4

the singularity ...only small

[Expansion far away from }
curvature.... OK
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How about near the
singularity ?
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Problem solved in 1502.02503(JHEP)

It can be proven that the singularity
originates from branch cut singularity.

« P, depends on A1, Ae, but

ad
)
o
3|
[« 9
Z
et
4
[~
=
!
W
s
)
|;|
Z
S
5
-~
<X
-
<

Both are free from branch cut singularity.

Exchanging two eigenvalues doesn’t matter.
N J




A mistake in 1302.6773

Agarwalla, Kao and Takeuchi, JHEP

L=8770 km, 6=0. Normal Hierarchy
——- Exact

— This work

-—— Cervera et al.
- Asano-Minakata
g - Freund

L—— Akhmedov et al.
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A better formula

eTHA _ 2AA — 9igaei(A+a)A Siﬂ(*_’iﬂ) 2
1—A N A

L=295km (T2K)

1. More accurate

2. Higher speed
(in x3-fit)
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E(GeV)
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I\/Iatter effect In lceCube-Sterile

Atmospheric neutrino oscillation for IC

/
The energy is so high that...

Nu osc only at Am? > 0.1eV?
\ /

[Constant density solution ]

v(L)) = e~ w(0))
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{ S-matrix ]

S e—iHL

/

o

Approximation

Uss =0 and Am3, = Am32, =0

)

e AL (A —1)2 — Ae™ (2 4 it — A(1 + it))

Sup =1— (1 —e") 3 +

(A—1)°

4
€y)

{What a lengthy formula ! } [ ~0O(1)

Thanks to Mathematica.
None of us did the calculation.

|

\4

/Matter effect

A is matter eff parameter.
Whatif A — 1 ?

suppressed by
\64 = Ue4

Thanks to my singularity work....

\




Matter effect decou

Nu Anti-nu e B
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s N0 Sterile neutrinos, a=1.7%

best fit f;4.24=(10°,8%), Am?=0.014eV?2, a=1.8%
benchmark )4.24=(10°,15°), Am?=0.5¢V2, a=14%
benchmark 6,4 ,4=(10°,15°), Am?>=0.5¢V?, a=0
data
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Our result

-1.0

Log,,sin"26,,

-1.0

I.Ug H,Sill_zﬁy

Yellow, Giunti
Purple, Kopp
White, Conrad




Summary

{I wish they would be}

a, B,~ = phase-shift easy to remember.

a+b+c<1,a,b,c<1/2
Py o >1/3, Pyp < 1/2 for astro nu

e Some part in the flavor ratio of IC impossible

Sometimes, Earth = vacuum, for TeV sterile OSC.

« matter eff will not enhance the sensitivity of IC unless large 3-4 mixing angle
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is excluded.
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