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Standard high energy atm oscillation

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

For ! ¢ (although the osc. length converges to the refraction
length ~ EarthOs radius):

| 1
sinf2l,, | —" # 0
(2 2Gg Eing)?

For !, and !+ the mixing angle Is unsuppressed, but the osc. length
increases with energy and becomes much larger than the EarthOs
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*)
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Non-standard neutrino interactions

[ Normalizing by the d-quark density
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where I = !;eu !Hu e ¥ andweassume: 1 = e
Iel !il! L)
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Non-standard neutrino interactions

[ Two-neutrino approximation:

for l ee; l e s I el I 1 and E > Ees,]_?, (>~ 20 GeV)

3m! !e and !@lm! be

* The two-neutrino approximation can be used

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



Non-standard neutrino interactions

U(ly3) + Vg M W
R

2 L
[ At the very high energy N E LVl * Oscillation is C(?mpletely
2E matter dominated

2" mixing angle

4"2' + 1ny9 )

sin2l = |

Diagonalizing:

! Hm = Wnsi = Vo 415 + "2 Jevel splitting
. 5 Vgl ”
Osc. Prob. P(y,! !/)=sin®2" sin’ % A, + H2

| matt
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Non-standard neutrino interactions

p L7

— 35 =
Gmat 5.5¢cm' 3 2R

4€i! + €#

[ With the decrease of $@he potential V nsi and the matter phase decrease.

When /> mat << 1

P(! " 11, ) " ("H! VdL)2 Akhmedov 2001

[ No dependence on $@ : With the high energy neutrinos we can just constrain ~ $@

[ No dependence on the sign of $@ The same result for anti-neutrinos.

=
— P 11 ! 11
V4l Ch )

restricted sensitivity:
10% accuracy of P -> $@~ 5x10°3 quadratic dependence

Estimating the sensitivity to ~ $@ o =

1% accuracy of P -> $@~ 2x10°3
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Non-standard neutrino interactions

In the general case:

Am3, 0 0 0 0 i
Mo = 25!31 U(2s) , ; Ul2a)"+RoU(") | U()
2E:Ws1 . = ‘ 5 ” 2E, relative strength of matter
where Ro ! mgl = 2Gpng 4l + b ! m:29,1 and vacuum contributions
' ] - E, "
R —_ 05 o 4||2" + ||"2
the value 0 55 g cni 3 GeV U
— ! m%l 2 ny\i2 - 2 "
' Hm = oL, R where R“=[Rg+cos2(l,3! ")]“+sin“2(l,3! ")

Diagonalizing:

. 1 . .
sin°2! ., = @(sm 2l 55 + R sin2")?
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Non-standard neutrino interactions

[ In the general case:

Amg, 0 0 00 ., .
Ha = 22!31 U(tzs) o 5 Ulze)f+RoU() o U

Oscillation . L  "m5L # 5 T

l'm="Hmnh== 1+ Rg+2Rgpcos2( 3!
half-phase " M2 AE, 0 0 (3t ")

| 2R

* 'm=('vac * ' mat) 1! (1+ F\?o)z [1! cos2( 23! #)]
Oscillation PO, 1 1)=1" sin?2 Sinzl " m%,L =
probability B - 4E,
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Non-standard neutrino interactions

[ In the general case:

Toon 2
— n - 2 - 2 m31|_
Osc. prob. P(!y! I'y)=1" sin®2! y, sin 4E, R

. 1 . - 1 1] !
sin®2! o, = o (Sin 2! 55 + Rosin2')® & RZ=[Rg+cos2(l,3! ")]?+sin?2(! 53!

* cos2(,3! ")"! cos2(3+ ")

=

Ro!" R

anti-neutrinos
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Non-standard neutrino interactions

[ In the general case:

" on m%lL R

Osc. prob. P(y! !'))=1" sin“2  sin®

sin®2! o, = o (Sin 2! 55 + Rosin2')® & RZ=[Rg+cos2(l3! "> +sin?2(,3! ")

minimum value of
resonance factor

=

Resonance condition

Ro="! cos2(y3! ")

| =0 MSW resonance
o = 10' 2
| m2 |
Resonance Er = ! - M3 Cos2( 23! #) ‘
energy 2Vg  Alg, + 12
Er ! 100 GeV
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Non-standard neutrino interactions

[ In the general case:

" on 2
ms, L

Osc. prob. P(y! !'))=1" sin“2  sin® R

sin®2! o, = o (Sin 2! 55 + Rosin2')® & RZ=[Rg+cos2(l3! "> +sin?2(,3! ")

What happens in the Resonance?

In the resonance: R*=sin?2(ly3! ")=1! R; # sin® 2! ., = cos® 2!

The two limits: (1 ="/41 sin®2 , =0) & (1=0"! sin°2 , =1)
matter dominated MSW
. ) | > (0 == anti-neutrino
Osc. phase In o m3, L Sin 201551 ")
the Resonance - AE e | < O ==b neutrino

Awman Eamaili N | PANE 2018 @ ICTP T o e 2o



Non-standard neutrino interactions

[ In the general case:

ML

Osc. prob. P(y! !'))=1" sin“2  sin®

sin2! ,, = % (sin2! 53 + Rpsin 2')2 & R?= [Ro + cos2(! 53! ")]2 + sin 2 2(1o31 ")
What happens in the Resonance?

Maximal interplay between
vacuum and NSI T E! ER or Rg="1

The probability depends
* P y dep

In the range E I ER |inear|y on $J
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Non-standard neutrino interactions

[ In the general case:

" on 2
ms,; L

Osc. prob. P(y! !'))=1" sin“2  sin® R

sin®2! o, = o (Sin 2! 55 + Rosin2')® & RZ=[Rg+cos2(l3! "> +sin?2(,3! ")

Ro quantifies the relative effect of NSl

Ro! Q

Low energies

n 2 n 2
. . m ms. L vacuum OScC.
* sin2! ,, =sin2l,3, " Hpy! 3L 4| 31
2E 4E, recovers

RO!II

High energies

- - " matter dominated
* sin2 m! sin2, "Hm! Vs
OSC. recovers
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Non-standard neutrino interactions

[ In the general case:

m3, L
4E,

Osc. prob. P(y! !'))=1" sin“2  sin® R

sin®2! o, = o (Sin 2! 55 + Rosin2')® & RZ=[Rg+cos2(l3! "> +sin?2(,3! ")

With the decrease of $@he energy where the NSI

effect becomes dominating increases

At very small $@&he oscillation length becomes
AlsO: Iy ! /1 Hp " /! ysmall 8 °

much larger than the EarthOs diameter

CAmZ L °

4E,

In this case: P('y! 'y)=1" (sin2',3+ Rpsin 2#)2 a

For # = 0 the Ovacuum mimickingO result can be
obtained (Akhmedov 2001)
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Non-standard neutrino interactions

[ Flavor off-diagonal NSI (Universal NSI) lw EO , =1, " 1, =0
. . . 1 converges to maximal
In this case sin 2# =1, and: SIN®2! , = :
! m 1 + cos? 2! 23(R0 +S|n2!23)! 2 for Iarge R o
The resonance factor becomes R’ = | Rg +sin 2! 23]2 + c0S? 2! 53
n m%lL
In the resonance -] |y = cos 2 o3
4E,
n 2 + n 2
Far from the resonance > o e+ D nae = m32|;,|(51 Ro) _ Aran32L + VgL" e
| |

modification of the phase
IS energy independent

In the high energy the ‘b ' L

s neglioi | matt = 70 .
vacuum te\r/vn;]illzlnegllglble, matt 55gom? 2R !
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Non-standard neutrino interactions

[ Flavor off-diagonal NSI (Universal NSI) lw EO , =1y " 1y =0

Forcos $,=-1 # ' matt — 62"l1!

!matt - "/D # minimum of muon # !u! =2 5] 10' 2

survival prob.

For !y ! 25! 10 ¢ the minimum of probability occurs atcos $ ;> -1

[ In asymptotic, i.e. high energies or very small  $& we have: P =! %
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Non-standard neutrino interactions

Flavor off-diagonal NSI (Universal NSI) lw EO , =1y " 1y =0

Equivalent to negative $@

1.0- cos!,"#1

0.8- - osf\\ S Tl ]
:50 =O\o -----
& 06 "——”_—_1 *79‘ N
2 - ) 2
& 0.4 ] B "#1
a a

0.2 W10 7 T

o.o’ ~_. —=- "9 0.01,)" 0 ] | : —=- "¢ 0.01,)" 0 ]

10 20 50 100 200 500 100C 10 20 50 100 200 500 100C
Es |GeV! Eq |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, E r~ 60 GeV, the mixing is zero, sin % m =0 N> no osc. for anti-neutrino.

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

[ Flavor off-diagonal NSI (Universal NSI)

cos &,

~ (A2D) ‘T

P(l, !

cos &,

(A2D) “q
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Non-standard neutrino interactions

[ Flavor off-diagonal NSI (Universal NSI) lEQ , I'=1, " lip =0
Equivalent to anti-nu _
P('w! ) matter dominated
oscillation

=

o

-

(=)

n

E, (GeV)
) NN

o

.
=

. -0.8 -0.6 -0.4
cos &,

resonance (Sin° 2! ,, = 0)
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[ Flavor off-diagonal NSI (Universal NSI) lw EO , 1

E, (GeV)

€r = 1072

Non-standard neutrino interactions

P('y! 1)
Ev,min - 18 GeV

depth decreases

N\

€ur

=-10"2

w =0

Equivalent
to anti-nu

)
Evmin = 38 GeV
1.0
0_8 PSP, 1)) POyt (" " =0}

the difference change sign

(nu+anti-nu) decreases the
sensitivity

Energy integration decreases
the sensitivity

cos 0,
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Non-standard neutrino interactions
Flavor conserving NSI (non-Universal NSI) lw =0, =1, 11, =0

In this case sin 2# = 0, and the mixing and mass-splitting formulas can be obtained from the
usual MSW formulas with the potential V' nsi = Vg $9.

. 2 2 ' 1"
. sin“ 2! | m35, . 1/ 2
SIT 2! m = (Ro + cos 2! 23)22i sin? 2! 53 and ' HAm = 2E31 (Ro + 052 23)" +5in* 2! 23
) n ) E i}
Where Ro=0.5 «"7) ! #

55gcm 3 Ge

iti "55gcm 3 cos?
resonance condition - Er =2 GeV g 23

Ro = -cos 2% 3 7 #

For small $@ = 5x16, 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 NSl is the suppression of oscillation at E v> ER.
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Non-standard neutrino interactions

[ Flavor conserving NSI (non-Universal NSI) lw =0, =1y L, =0

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

GeV " E, " E, 2 __ smallin high
l'm =38 —— 1+ cos? —— "'+0.25 — "2 .
m E, > GeVv GeV energies
-2
. sin© 2!
Sin? 21 o = L B
1+cos2y o "+0.25 o "2

approximating the sensitivity to ~ $@ : the effect is linear in  $@vith a coefficient given by:

2# c0s 2'»32E, Vy4

I 1 =
'l 2cos2-,3Rg | m%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
[ Flavor conserving NSI (non-Universal NSI) lw =0, =1y L, =0

In the linear approximationof ", ! P 1 1 " sin®'

=

"vac T " vac SIN" yac COS" yac

!mgl!.. . 2

I 1] 11 - [ 1] 1] ! 1 Y -
I SIN® " vac + " vac SIN" yac COS" yac sensitivity
2B V4

10% accuracy of P and E, = 30 GeV ->$@ 2x10
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Non-standard neutrino interactions

. . _ | _
[ Flavor conserving NSI (non-Universal NSI) ly =0, =1y 1, =0
€ =2.5x1072 € =2.5x1072
ool 10
ol
60 0.6
S50F 04
~ 40 02
>
€ 30 0
J |02
20 -04
-0.6
-08
10 - | 1 1 1 1 1 1 1 -10
-10 -08 -06 -04 -02 00
cos &,
STD " T nl _

The important energy range (20 N 40) GeV

Stronger effect for positive $O
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10 10

[ SuperKamiokande, p-" sector SK—l + SK_Il ' i
_ 410~
[ 1 GeV < kE < 30 GeV (lower and higher also 1
iIncluded)
41072
99% C.L. ]
90% C.L.
68% C.L.
107
SK collaboration, 2011
&\10-2 -1 0_3
= | SK-I+ SK-II
NER B
<
__1 0-2
99% C.L. x
90% C.L.
68% C.L. .
_-_10-1
102 | | o | ._hw
0.7 0.8 09 in2g ] 10 10‘_2 .
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|IC-79 dataset + DeepCore data, y-" sector

(100 GeV - 10 TeV) + (20 GeV - 100 GeV)

Considering both v ¢-> v, and vy, -> vy

A.E., Alexel Smirnov, 2013

0-1 I T T

Marginalized 1-D limits (90% C.L.):

1 6.1" 10 ° <! < 56" 10 °

I I I I I I I ‘ I I I I I I I I
— 1C$79,90 C.L.
IC$40 .90 C.L.
—-  SK,90 C.L

=) 0

| 3.6" 10 °<! < 31" 10 %

H b.f., IC$79
b.f., IC$40
I ! b.f., SK
$O.1 T R R R [ B N Lo
see also Salvado et al., 2016 $0.01 0 0.01
%
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sector

|IC-79 dataset + DeepCore data, py-"

A.E., Alexei Smirnov, 2013
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lceCube collaboration results (1 NSI parameter analysis, ).

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

141 i = 90% CL i —
: = = 90% CI :

121- I —  90% CL Super-K I B
: —  90% CI Salvado et al l

m 10 I ] —
s i i

'q 8 - I I _
4 i I
~ i 0
| 6 i i
i I

41 i I _
i I

2 I i T
i I

0 | l l |
—0.010 —0.005 0.000 0.005 0.010
E,LLT

;4’zman gsmai[i - | P ANE 2018 @ ICTP o 29/77//%/_2018 ,



lceCube collaboration results (1 NSI parameter analysis, ).

Three years DeepCore data IceCube collaboration, 2017

| | z 1 |
14 = 00% CL i -
= = 90% CI ; :
121 —  90% CL Super-K I _
——  90% CI Salvado et al | |i I
m 10 ! i -
.q s 90% CL, A.E., A. YUu. Smirnov I
— 8| g : _
<] |
: I
T o o
I
41 : -
I
2t . i
i 1
0 | | | i |
—0.010 —0.005 0.000 0.005 0.010
€,
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3 years of DeepCore data (future reach)

0.1

#0.1

A.E., Alexel Smirnov, 2013

Avman (fsmai[i

‘ I I I I I I I I ‘ I
— DC,9Q C.L.
-=- [C#79,9QqQ C.L.
e SK,9q C.L.
“"-‘ I’ e i -~ -~ - - gm N‘ ""’0'
Q"” l ' '0
A | ]
}“ ',"
O
n’ " ““
’«" : " ‘\ .
"«" \-_———-5\\-_) ”’0\‘
! b.f., IC£79
" b.f., SK
| | ‘ | | | | | | | | | | ‘ | |
#0.01 0 0.01
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Disentangling between NSI and eV-scale sterile neutrino

A.E., Alexel Smirnov, 2013

1.4— | ‘ | ‘ | ‘
1.3 Sterile,* m3,( 1 eV?, Sirf2$eg( 0.1
. . . 1.2 NSI, % ( 0.005 % O
In the energy bin containing the minimum  _ :
: oy : = 1.1
of v, survival probability, the NSI shifts e
- 1.0F |——+_* s ——
the minimum. s
0.9 E"120,40 GeV
08 .
#1.0 #0.8 #0.6 #04 #0.2 0.0
cos$,
1.4: ‘ ‘ ‘ —]
13 Sterile,* m2,( 1 €V?, sirf2$es( 0.1
i .. 1.2¢ ]
In the energy bin containing the MSW - NSI, % ( 0.005 % 0 ]
resonance v, -> Vs, there is a strong £ ;, S T R T SR o
. . g o — — —
suppression of signal compared to the NSI 0.9 =
effect. o8 o
o.7—  E"12560,5120GeV
%P0 #08  #06 #04 #02 0.0
cos$,
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[ Future sensitivity (PINGU, 3 years)

S. Choubey, T. Ohlsson, 2014
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0.05}

ErT
-

-0.057

Normal Hierarchy

-0.1
-0.02

-0.01

0) 0.01
Eur

0.02

0.03

Avman (f)smai[i

" PANE 2018 @ ICTP



[ Opening up the e-tau sector: A. Friedland, C. Lunardini, 2004

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

4 1 _
&t
2L 4 -
A. Friedland, C. Lunardini, 2004
0= - |
A. Friedland, C. Lunardini, M. Maltoni, 2005 | 1 1 1 ! | 1 | |

2
I'er |

1+ lee
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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
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[ More general analysis:

|. Esteban, M. C. Gonzalez-Garcia, M. Maltoni, I. Martinez-Soler, J. Salvado; arXiv:1805.04530
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Thank you !
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Constraining sterile neutrino with IC-40 data

N = T(2!)- AL (E,,cos",)!
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lceCube sensitivity to sterile neutrinos
(muon-track events )

We analyzed the zenith distribution of muon-track events
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