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Standard high energy atm oscillation

v The standard oscillation of neutrinos disappear with the increase
of energy

For ve (although the osc. length converges to the refraction
length ~ Earth’s radius):

1
sin® 26, o > 0

(2\/§GFE,/TL€)2

For vy, and v; the mixing angle is unsuppressed, but the osc. length
increases with energy and becomes much larger than the Earth's
diameter.

* For energies >~ 100 GeV, no standard oscillation
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Non-standard neutrino interactions

Any oscillation at energies >~ 100 GeV
can testify NSI (generally new physics)

< Oscillation in the presence of NSI (for anti-nu: V -> -V and U -> U*)
Vee

/ 0 0 0 V2Grn, 0 0
Hs, = UpMNS 0 Am%l 0 UliMNS + 0 0 O + Z Viey
2B, 0O O

0 0 Am3, 0

E‘f E‘f E‘f

ee e
where Vi =V2Gpny and e = | €* e, €

R

eiﬁ quantifies vV, + f — Vg + f
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Non-standard neutrino interactions

" Normalizing by the d-quark density

T
€ — —fEf
g
f
nq
ZVfEf = 3eVc (— ~ 3)
f e
| 0 0 0 V2Gprn, 0 0
Hay = oF Upnns | 0 Am3, 0 UE’MNS—'— 0 0 0 | +3Vcce
v 0 0 Am3, 0 0 0
Cee Ee,u Cer
sk
where e=| €, €up €ur and we assume:  €qB = €,
EZT 6;7' €rr
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Non-standard neutrino interactions

J~ Two-neutrino approximation:

for €ee, €epy €er K 1 and Ev> Eresis (>~ 20 GeV)

U3 = Ve and D1y ™ Vs

* The two-neutrino approximation can be used

2
Amiz,

= 00 f Cpup  Cpr
o= A0 (89 Yt v ()
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Non-standard neutrino interactions

Am3, 0 0

_ t €Cpp  Epr
HQV — QEV U((ggg)( O 1 )U(HQS) —|—Vd< Elm- € )

Oscillation is completely

2
At the very high energy Amg, < Vyeap *

2F, matter dominated
sin 25 _ 26/17‘ mixing cmgle
2 /2
\/46M + e\)g- P

Diagonalizing:

AHpy = Vst = Vd\/4€,2” + €2 level splitting

V4L
Osc. Prob. P(v, — v;) = sin® 2¢ sin” (% \/4637 + 6/2>

¢matt
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Non-standard neutrino interactions

5 L
mate = 35 )\ /1e, + e
Pmatt <5.5gcm3) (2R@) Cur €

v With the decrease of € the potential Vnst and the matter phase decrease.

When @ natt << 1

P, — v;) =~ (€, VaL)? Akhmedov 2001

J No dependence on €' : With the high energy neutrinos we can just constrain €,

« No dependence on the sign of &,.. The same result for anti-neutrinos.

1
Estimating the sensitivity to & Cur = 7 1 Py, — vy
d
restricted sensitivity:
10% accuracy of P -> gy ~ 5x1073 quadratic dependence

1% accuracy of P -> g,r ~ 2x1073
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Non-standard neutrino interactions

" Inthe general case:

_ O

~ Amg, 0
Hay = oF, [U(923)< 0

Juew)t+ U@ (g ] )U©

2E, VNSt
Am3,

2F, relative strength of matter
Am%l and vacuum contributions

where Ry = = \/§Gpnd\/4€/2”_ + €2

p L,
Ry =10.5 42 2
the value 0 (5.5 . Cm_3> (Gev) \/ €.+ €

Am%l
2F,

AH,, = R where R’= [Ro =+ COS 2(923 — f)]z + sin” 2(‘923 — f)
Diagonalizing:

1
sin” 20,, = 2 (sin 2023 + R sin 25)2
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Non-standard neutrino interactions

" Inthe general case:

Am3, 0
Hoy = 2F, [U(923)( 0

)

Jue)+ rov©) (o ) )veer]

_— 2
Oscillation o — A”Hm£ _ (Am31L
half-phase 2 1k,

B 2Ry
* (I)m — (¢V&C + ¢matt)\/1 Bl (1 1 R0)2 [1 _ C052(923 T g)]

) [1 -+ R% -+ 2R0 COS 2((923 — f)} t/2

. : A 2 L
Oscullairl.on P(v, — v,) = 1 — sin? 20,, sin’ < ms3q R>
probability 1k,
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Non-standard neutrino interactions

" Inthe general case:

Am3,L
Osc. pr'ob, Py, —v,) =1- sin” 20, sin? ( ;'17231 R)

sin® 20,,, = 1 (sin 2095 + Rpsin2¢)” & R? = [Ro 4 cos 2(0a3 — &)]* + sin® 2(Aaz — &)

=
s £~ ¢
* €08 2(Bas — £) — — 03 2(fys + €)

=
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Non-standard neutrino interactions

" Inthe general case:

Am3,L
Osc. pr'ob, Py, —v,) =1- sin” 20, sin? ( Zg)l R)

sin? 20,,, = % (sin 2653 + Ry sin 2.5)2 & R?= [Ro + cos 2(6a3 — f)]2 + sin? 2(023 — §)

minimum value of
resonance factor

=

Resonance condition

Ry = —cos2(f33 — &)

MSW resonance

Resonance Ams Cap =107
Er =— 51 cos 2(0a3 — &)
energy 2V, \/462 + €'?

Er ~ 100 GeV
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Non-standard neutrino interactions

" Inthe general case:

Am3,L
Osc. pr'ob, Py, —v,) =1- sin” 20, sin? ( ;'17231 R)

sin? 20,,, = % (sin 2653 + Ry sin 2.5)2 & R?= [Ro + cos 2(6a3 — f)]Z + sin? 2(023 — §)

What happens in the Resonance?

In the resonance: R? =sin*2(fy3 — &) =1 — R3 * sin” 20,,, = cos? 2¢

The two limits: (E=n/4 — sin” 20,, = 0) & (£E=0— sin? 20,, = 1)
matter dominated MSW

Osc. phase in o _AMLL € > () == anti-neutrino
the Resonance m= " oW (023 =€) e <0 outrin
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Non-standard neutrino interactions

" Inthe general case:

Am3,L
Osc. pr'ob, Py, —v,) =1- sin” 20, sin? ( Z;?l R)

sin? 20,,, = % (sin 2653 + Ry sin 2.5)2 & R?= [Ro + cos 2(6a3 — f)]2 + sin? 2(023 — §)

What happens in the Resonance?

Maximal interplay between

vacuum and NST ) L~FEr or  Ry=-1
Intherange E ~ Ep - The probability depends
linearly on ¢
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Non-standard neutrino interactions

" Inthe general case:

Am3,L
Osc. pr'ob, Py, —v,) =1- sin” 20, sin? ( ;'17231 R)

sin? 20,,, = % (sin 2653 + Ry sin 2.5)2 & R?= [Ro + cos 2(6a3 — f)]2 + sin? 2(023 — §)

Ro quantifies the relative effect of NSI
R() — 0

Low energies

Ams Am2.I  vacuum osc.
* sin” 20,, = sin 2053, AH,, — m317 D, — m31 m
2k, 4k, recovers

-) E—0 and R—1

R() — OO
High energies -> It — Ko
* sin 20,,, — sin2¢,  AH,, — VNsi matter dominated
OSC. recovers
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Non-standard neutrino interactions

" Inthe general case:

Am3,L
Osc. pr'ob, Py, —v,) =1- sin” 20, sin? ( ;'17231 R)

sin? 20,,, = % (sin 2653 + Ry sin 2.5)2 & R?= [Ro + cos 2(6a3 — f)]Z + sin? 2(023 — §)

With the decrease of € the energy where the NSI

effect becomes dominating increases

At very small € the oscillation length becomes
Also: [, oc 1/AH,, ~ 1/¢ ’ ’
much larger than the Earth's diameter

Am§1L>2

In this case: Py, — v,) =1 — (sin 2033 + R sin 2@2 ' ( AE

For ¢ = O the "vacuum mimicking” result can be
obtained (Akhmedov 2001)
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Non-standard neutrino interactions

" Flavor off-diagonal NSI (Universal NSI)  €ur #0 , € =¢err — €4, =0

. . . 1 converges to maximal
In this case sin 2§ = 1, and: sin?20,, = : J
: 1 + cos? 2023(Rg + sin 2053) 2 for large Ro
The resonance factor becomes R? = Ry + sin 2923]2 + cos® 26055
Am3, L
In the resonance -] o, = Z;’l cos 2023

2 2
Far from the resonance # D, ~ Dyvac + Omatt = Am,L(1 + Fo) — Amg, L + VyLe,;
4F), 4F,
modification of the phase

is energy independent

In the high energy the

p L
. 1gi matt = (0 T
vacuum ’re‘r,;ln}:i;:neghglble, Prmatt (5.5 . cm—3> <2R@ ) €L
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Non-standard neutrino interactions

" Flavor off-diagonal NSI (Universal NSI)  €ur #0 , € =¢err — €4, =0

For cos 6, = -1 # ¢matt — 62€'u7-

¢matt _ 7T/2 * minimum of muon * €r = 925 % 102

survival prob.
cos 6; = -1

For ¢, > 2.5 x 1072 the minimum of probability occurs at cos 6, > -1

J In asymptotic, i.e. high energies or very small &,r, we have: P = ¢?natt.

Avman (f]smai[i | - | | P ANE 2018 @ ICTP - - 29/’}/}7ay/—2;18



Non-standard neutrino interactions

Flavor off-diagonal NST (Universal NSI)  €ur #0 , € = €77 — €4 =0

Equivalent to negative &,

1.0 cos 0, = —1 1.0 e
0.8 o8\ /S S T/w~__
3 0.6 Ll = 0.6
| = ] o
=04 = 04" cos 6, = —1
A I [aW i
02: €ur= € =0 * 02* — €Eur= € =0 |
J ’ g F ’ b
0.0} Se_» === €,,=001,€e=0 7 0.0 7 === €,,=001,€e=0 7
100 20 50 100 200 500 1000 10 20 50 100 200 500 1000

E, (GeV) E, (GeV)

For Ey < 100 GeV, the NSI leads to shift of the oscillatory pattern to lower (neutrino) and
higher (anti-neutrino) energies for €, >0 .

A small change in the depth of minimum, due to the change in mixing angle.

In the resonance, Er ~ 60 GeV, the mixing is zero, sin On = 0 —> no osc. for anti-neutrino.

With the increase of energy, both nu and anti-nu oscillation probabilities converge to the
same asymptotic value, P = ¢®matt.
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Non-standard neutrino interactions

/
€ur 70 , € =€ — €, =0

 Flavor of f-diagonal NSI (Universal NST)

(A2D)

(A2D)

‘q

‘q

cos &,

cos &,
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Non-standard neutrino interactions

" Flavor off-diagonal NSI (Universal NSI) € #0 , € =€ —€,, =0

Equivalent to anti-nu ,
P(v, = v,) matter dominated

oscillation

10°

=

o

-

10*

(=)

E, (GeV)
Gr
E, (GeV)

NS

10°

i

o

.
=

0 102

10
-1.0 -0.8 =0 -0.4 -0.2 0.0 1.0 -0.8 -0.6 .
cos @, cos &,

resonance (sin” 20,, = 0)
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 Flavor off-diagonal NSI (Universal NSI)  €ur #0 , € = ¢err

E, (GeV)

€ur =107 P(v, = v,)

Non-standard neutrino interactions

Ev,min = 18 GeV
depth decreases

N

~
Evlmin = 38 GeV

Equivalent
to anfli-nu

PP (v, = v,) — P(v, — vy {€ur, ¢ =0})

the difference change sign

(nu+anti-nu) decreases the
sensitivity

Energy integration decreases
the sensitivity
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Non-standard neutrino interactions
Flavor conserving NSI (non-Universal NSI) €, =0 , € =€rr — €y #0

In this case sin 2¢ = O, and the mixing and mass-splitting formulas can be obtained from the
usual MSW formulas with the potential Vst = Vg €.

in” 26 Amz 1/2

. 22@m _ S11 23 d AHm _ 31 Ry -+ 20 2_|_ . 229

sin (Ro + cos 2032 + sin® 203 an oK [( 0 + cos 2033)° 4 sin 23]
p(6) Ly /

Ry =0.5
Where | (5.5 g cm—?’) (GeV) ‘
iti 5.9 =3 20
resonance condition - Ern =2 GeV _g cIm COS 2023
Ro = -cos 2023 p(6.) e/

For small €' = 5x10°, Er ~ 10 GeV for mantle crossing trajectories. However, the resonance

enhancement of oscillation is very weak because the mixing angle is already large. The main
effect of NSI is the suppression of oscillation at E, > Er.
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Non-standard neutrino interactions

J Flavor conserving NSI (non-Universal NSI) €, =0 , € =€rr— €y, #0

For the core-crossing neutrinos (cos 6; = -1), approximately:

GeV E E, \” small in high
P, = 38 1 20 € +0.25 [ == 2 .
< E, ) \/ 005202 (GeV> “F (GeV) ‘ energies

Sil’l2 2(923

Gev) € +0.25 (5%)

sin? 20,,, = .
6/2

1 + cos 2053 (

approximating the sensitivity to €' : the effect is linear in € with a coefficient given by:

2¢’ cos 20532 F,V

0 = 2cos 2023R0 — Am%l

For maximal 2-3 mixing the linear term is
zero and the effect is very small (£°¢)

=
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Non-standard neutrino interactions

J Flavor conserving NSI (non-Universal NSI) €, =0 , € =€rr— €y, #0

In the linear approximation of 6, AP ~ 9 (— Sin? Pyac + Pvac SN Oyac COS (bvac)

=

Am%l
2F,Vy

—1

e~ AP (_ SIn? Gyae + rvac SIN Gyac COS qbvac) sensitivity

10% accuracy of P and E, = 30 GeV -> £' ~ 2x10¢
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Non-standard neutrino interactions

./ Flavor conserving NSI (non-Universal NSI) €, =0 | € =é€rr— €y, #0

€ =25x1072 € =25x1072

E, (GeV)
W
S

10 -08 -06 -04 -02 00 00 08  -06 -04 02 00

cos 0, cos 0.

P(VM — VM) PP, —v,) — P(v, — vy {e,r, € = 0})
The important energy range (20 — 40) GeV

Stronger effect for positive €
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-3

10 10

J SuperKamiokande, p-T sector skela skl t
w4 . 410
1 GeV < Ey < 30 GeV (lower and higher also :
included)
1072
99% C.L. :
90% C.L.
68% C.L.
107
SK collaboration, 2011
<10 10°
3 | SK-I + SK-II
NER B
<
__1 0-2
99% C.L. ¥
90% C.L.
68% C.L. ]
_-_10-1
10_3 I | . . o . i .‘CO
0.7 0.8 09 ginpg)] 107 10‘_2 .
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IC-79 dataset + DeepCore data, y-1 sector
(100 GeV - 10 TeV) + (20 GeV - 100 GeV)

Considering both ve -> v, and v, -> v,
A.E., Alexei Smirnov, 2013

0.1 I I I I I I I ‘ I I I I I I I I I ‘ I I I
I — 1C-79,90% C.L.

N - o IC—40, 90% C.L.
Marginalized 1-D limits (90% C.L.): i --  SK,90% C.L.

—6.1x107°% < ¢,, < 5.6 x 1077

—36x107%2 <€ <3.1x10°

X b.f., IC-79
b.f., IC-40
i i | % b.f., SK |
— | | | | | | | | | | | | ‘ | | | | | | | | | | | |
see also Salvado et al., 2016 0. —0.01 0 0.01
€7
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 IC-79 dataset + DeepCore data, p-T sector

A.E., Alexei Smirnov, 2013
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IceCube collaboration results (1 NSI parameter analysis, €yr):

Three years DeepCore data IceCube collaboration, 2017
| 0 ] I |

14} I = 00% CL I —
I ] == 90%CI '

12} : i _
I —  90% CL Super-K I
I ——  90% CI Salvado et al I

m 10 I ] —
= I I

'q 8 - I I _
4 i [
S I I
| 6 i i
i I

4L i I _
i I

2F i I -
i I

0 | | l |
—0.010 —0.005 0.000 0.005 0.010
E,LLT
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IceCube collaboration results (1 NSI parameter analysis, €yr):

Three years DeepCore data IceCube collaboration, 2017
I l z i I
14 — 90% CL i -
= = 90% CI ; :
121 —  90% CL Super-K ! 7
——  90% CI Salvado et al I
an 10 I -
.q wwanns 90% CL, A.E., A. Yu. Smirnov )
— S| : _
< :
S ot -
I
4 - ~
I
2 . _
f, I
0 | | | i |
—0.010 —0.005 0.000 0.005 0.010
€,

Avman (f]smai[i | - - | P ANE 2018 @ ICTP - B 29/7/}7ay/—2;18



3 years of DeepCore data (future reach)

01 A.E., Alexei Smirnov, 2013
. ‘ I I I I I I I I ‘ I T

- —  DC,90% C.L. -
- == JC-79,90% C.L. -
i m—-- SK , 90% C.L. -
i QO" -------------- ebLL L To% "'------ ............ ..’l |
n “\ - . ”" _
B *." / N 1 "o’ 4
L ‘Q"“l‘ ,' ’"'0 B
i }“ '," |
i ¥y X L, -
*

i "o' ] \ ”0" |
B ’4"0 l\ e j< \‘ ”~Q” _
I "”o -~ - \\~-/ 9“‘ |
- X b.f.,IC-79 -
- %k b.f., SK -

_0.1 | | ‘ | | | | | | | | | | ‘ |

—0.01 0 0.01

€ur
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Disentangling between NSI and eV-scale sterile neutrino

A.E., Alexei Smirnov, 2013

L — o
13 —Sterile, AmZ, =1 eV?, 5in?26,,=0.1
. . . 12 NSI, €,,=0.005 , €=0
In the energy bin containing the minimum _ = ’ E
: " . S 11 ]
of v, survival probability, the NSI shifts = —t—
. 1.0 —1 -
the minimum. S A A
0.9" - E,€[20,40] GeV
0.8: ‘ | ‘ | ‘ | ‘ | ! | ! : \\\\\\\
-1.0 -0.8 -0.6 -04 -0.2 0.0
cos 0,
Ld :
13 — Sterile, Am2,=1 eV, 5in?26,,=0.1 |
In the energy bin containing the MSW 1? NSI, €,=0.005 , €'=0
resonance v, -> Vs, there is a strong g, T
. . e . i ; \ i_!_l\ | E
suppression of signal compared to the NSI 09 T
effect. o8 S
07— Eel2560,5120] GeV
06l L I R
-1.0 -0.8 -0.6 -04 -0.2 0.0
cos 0,
man Exmail  PANS s @ ICTP 29,/ Mlag /2018



/ Future sensitivity (PINGU, 3 years)

S. Choubey, T. Ohlsson, 2014
0.1 I T T T

0.05}

ErT
-

-0.057 -

Normal Hierarchy

_0.1 | | I
-0.02 -0.01 0 0.01 0.02 0.03

Eur
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J Opening up the e-tau sector: A. Friedland, C. Lunardini, 2004
A. Friedland, C. Lunardini, M. Maltoni, 2005

- |667‘2

B 1+ €.

Crr

11 | I I | I I I | I I | N I | L 1]

—1 -0.5 0 0.5 1

Cet
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 Opening up the e-tau sector:

4. 1 B
&t
o 1 B
A. Friedland, C. Lunardini, 2004 2
0= A |
A. Fr'iedland, C. Lunar'dini, M. MaH‘oni, 2005 | | | | R 1 | | | |

9
_ |667‘
1+ €ce

Crr
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 Opening up the e-tau sector:

PRL 110, 151105 (2013)

PHYSICAL REVIEW LETTERS

week ending
12 APRIL 2013

S

Measurement of the Atmospheric », Flux in IceCube

M. G. Aartsen,” R. Abbasi,?’ Y. Abdou,”? M. Ackermann,*' J. Adams,'® J. A. Aguilar,”! M. Ahlers,?” D. Altmann,’
J. Auffenberg,?’ X. Bai,”""* M. Baker,”’ S. W. Barwick,”® V. Baum,”® R. Bay,’ K. Beattie,® J.J. Beatty,'”'* S. Bechet,'?
J. Becker Tjus,lO K.-H. Bcckcr,40 M. Bc:ll,38 M.L. Benabdc:rrahmanc,41 S. Banvi,27 J. Bcrdcrmann,41 P. Bcrghaus,‘"
D. Berley,'® E. Bernardini,*' A. Bernhard,”” D. Bertrand,'? D. Z. Besson,”” D. Bindig,*” M. Bissok,! E. Blaufuss,'®

J. Blumcnt_l}al,l D.]J. B‘o‘c:rsrna,g“)'l S._Bohaichuk,z‘_)nc. Bohm,** D. Bose,!”? S. Boser,!! O. Botner,”” L;__Brayc:ur,13

B
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J~ More general analysis:

|. Esteban, M. C. Gonzalez-Garcia, M. Maltoni, |I. Martinez-Soler, J. Salvado; arXiv:1805.04530
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IceCube sensitivity to sterile neutrinos
(muon-track events)

J~ We analyzed the zenith distribution of muon-track events

1.06
104 —— Am2, =05eV? ]
I SiIl2 2924 =0.04
1.02 ——  Amj, =1eV? :
ke : uncertainty 24% ~
=100 - {Uncertan
N,(024) o— E 7 f.
_ 098 uncertainty 4% ~# ,, ]
N, (024 = 0) | C
0.96 —r— :
094 — L T ’
-1.0 -0.8 -0.6 -04 -0.2 0.0
cos 6,
9 2 . B {Nz(924 m— O) — Ck[l + 5(05 + (COS 9z)z>]Nz((924)}2 (1 — 04)2 5_2
2 (Am2,, 045 0, ) = Z T et
Avman Esmaili | P ANE 2018 @ ICTP 29/ Way/—QZIS 77



