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lceCube / Deep Core

5320 optical modules on
86 strings ( + IceTop)

detects ~220 neutrinos
and 1.7x108 muons per
day

threshold 10 GeV
angular resolution
< 1 degree

Digital Optical Module (DOM)

IceTop
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Flavoring at IceCube
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Measuring the atmospheric "background”
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Measuring the atmospheric "background”
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Measurement of Atmospheric Neutrino Oscillations with IceCube
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20 GeV - 100 GeV

100 GeV - 10 TeV

high-energy sample

non-oscillation case, norm uncertainties
non-oscillation case, shape uncertainties

world average oscillations, norm uncertainties

world average oscillations, shape uncertainties
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Measuring the atmospheric "background”

Phys. Rev. Lett. 111 (2013)

@0

o
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Measuring the atmospheric "background”

& Phys. Rev. Lett. 111 (2013)
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Measurement of Atmospheric Neutrino Oscillations with IceCube
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Measuring the atmospheric "background”
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Measurement of the Atmospheric », Flux in IceCube
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Outline

Constraining sterile neutrinos with the IC-40 data

Prospect of IceCube sensitivity to sterile neutrinos

Other "New Physics"” searches

Conclusions
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Standard picture of neutrino sector
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Standard picture of neutrino sector

NUFIT 1.1 (2013)

Free Fluxes + RSBL

Huber Fluxes, no RSBL

bfp £1o 30 range bfp 1o 30 range
sin? 612 0.30670015 0.271 — 0.346 0.31379:015 0.277 — 0.355
012/° 33.5710 71 31.38 — 36.01 34.0310-31 31.78 — 36.56
0.75 0.77
sin? @3 0.43770051 0.357 — 0.654 0.43670 055 0.356 — 0.653
023 /° 41.4135 36.7 — 54.0 41.372 7 36.6 — 53.9
sin? 613 0.0231790925  0.0161 — 0.0299 | 0.0252700055  0.0181 — 0.0320
013/° 8.7510%2 7.29 — 9.96 9.1310:49 7.73 — 10.31
dcp/° 341158 0 — 360 345177 0 — 360
Am%l A5+0.19 +0.19
05 e 7.451919 6.98 — 8.05 7.507512 7.03 — 8.08
2
mA";”‘—S{/Q (N) | +2.42110922 49948 5 12612 | +2.42970029 12956 — +2.635
2 e
Arms, I 2.41019-062 2 2.22 2.42279-001 2.61 2.2
m() —2.410175962 9603 — —2.226 | —2.42210-0%1 2618 — —2.239

THEP 12 (2012) 123

www.nu-fit.org
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Standard picture of neutrino sector

NUFIT 1.1 (2013)

Free Fluxes + RSBL Huber Fluxes, no RSBL
bfp £1o 30 range bfp 1o 30 range
sin? 012 0.306759%2 0.271 — 0.346 0.313759%3 0.277 — 0.355
9y, fo—————— e 2z ins _ "
«4  3-neutrino framework givesa |,
*»| consistent interpretation of data |
sin? . . 320
s but few anomalies remain (!) .
el which hint on the presence of
A . .
E sterile neutrino(s) :
Am?=. I o
+2.248 — +2.612 | +2.42975929 12256 — +2.635
Thomas Schwetz talk
10-5 a2 ‘ — Co0o0s3 —2.603 — —2.226 | —2.42270000 2,618 — —2.239

THEP 12 (2012) 123 @

www.nu-fit.org
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3+1 scheme -
Sterile «<——>» No SM Interaction

4
Voo = 5 UaiVi =€, U, T,sS
1=1

Uy

Ui Up Uz Upng Arn?

atm\ m2
U U U U 4
sl s2 s3 s4 Am301< mi

. . 3+1 scheme
Existence of a sterile

neutrino is NOT a small
perturbation to SM

—————— = S——

Fogli, Lisi and A. Marrone, Phys. Rev. D 63 (2001); O. L. G.
Peres and A. Y. Smirnov, Nucl. Phys. B 599 (2001); Grimus and
Schwetz, Eur. Phys. J. C 20 (2001); M. C. Gonzalez-Garcia, M.
Maltoni and C. Pena-Garay, Phys. Rev. D 64 (2001); M.
Maltoni, T. Schwetz and J. W. F. Valle, Phys. Lett. B 518
(2001); A. Strumia, Phys. Lett. B 539 (2002); G. Karagiorgi, Z.
Djurcic, J. M. Conrad, M. H. Shaevitz and M. Sorel, Phys. Rev.
D 80 (2009); A. Palazzo, Phys. Rev. D 83 (2011); C. Giunti and
M. Laveder, Phys. Rev. D 84 (2011), ...
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Existence of sterile neutrinos is NOT a small
perturbation to SM

Existence of sterile neutrinos have far-reaching consequences in
neutrino physics, particle physics and DM detection.

On neutrino model building side, the discrete symmetry considerations
ShOLlld be modified (TBM, BM, €'|'C...) Barry, Rodejohann and Zhang, JHEP 2011

From particle physics point of view, light sterile neutrino should

be incorporated in SeeSaw, etc... Zhang, PLB 2012
Blennow and Fernandez-Martinez, PLB 2011

Mohapatra, Nasri and Yu, PRD 2005

Existence of sterile neutrinos affect the indirect DM detection in

neutrino telescopes , o i 6| G peres 7cAP 2012 Arguelies and Kopp, JCAP 2012

Existence of sterile neutrinos drastically affect SN neutrino flux

(wr‘ong mass hier'ar-chy mimicking) A.E., O. Peres, P. D. Serpico, arXiv:1402.1453
Tamborra, Raffelt, Hudepohl and Janka, JCAP (2012)

Choubey, Harries and Ross, PRD (2007)
4/‘/)7;2/7 £5Ma/“//‘ 7 . T;\/p4 /S IDM ~Amsterdam | 22/ j&(ne/ 270714/




Existence of sterile neutrinos is NOT a small
perturbation to SM

Existence of sterile neutrinos have far-reaching conseauences in
neutrino physics, particle physics and DM detection.  Lamblin talk

On neutrinc To name some. siderations
should be m STEREO, Neutrino-4, ICARUS- | Zhang, JHEP 2011

From partic NESSIE, nUSTORM, POSS@idOn, hould

be incorporc DANSS, Prospect, SOLID, Nucifer,
Hanaro, BEST, SOX, LENS, SCRAAM, =Mertinez. PLE 201

Yu, PRD 2005
OscSNS MlcroBooNE IsoDAR

EXIS.rence Cl of | wl V1w A A" I} 11 IWod VA | W 10 1IN D o | [ 4 | o’ vctlon ln
neutrino telescopes , o 16| ¢ peres sap 2012 Arguelles and Kopp, TCAP 2012

Existence of sterile neutrinos drastically affect SN neutrino flux

(wr‘ong mass hier-ar-chy mimicking) A.E., O. Peres, P. D. Serpico, arXiv:1402.1453
Tamborra, Raffelt, Hudepohl and Janka, JCAP (2012)

Choubey, Harries and Ross PRD (2007)
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A note on parametrization

Uet Uer Ue Uy
U,ul U,u2 U,u?) U,u4 3 hew mixing angles

Uri Ura Urg Usg 2 new CP-violating phases
Usl U32 Us3 US4

Uy =R (034) R5* (024) R5" (014) R*%(023) R5> (613) R (612)

hew mixing parameters
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A note on parametrization

Uet Uer Ue Uy
U,ul U,u2 U,u?) U,u4 3 hew mixing angles

Uri Ura Urg Usg 2 new CP-violating phases
Usl U32 Us3 US4

Uy =R (034) R5* (024) R5" (014) R*%(023) R5> (613) R (612)

hew mixing parameters

Reactor anomaly 014 # 0
/J/'/y 7 LSND/MiniBooNE anomaly 014 70 & 094 #0
Ur - Us mixing 034 # 0

weakly constrained
up to now
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Impact of sterile neutrinos on atm v flux

4/‘/)762/7 Esmanli ‘ TeVPA/ IDM ~Arsterdar | 27/ Jetne/ .;OIA/L



Impact of sterile neutrinos on atm v flux
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Impact of sterile neutrinos on atm v flux

Liu, Mikheyev and Smirnov, Phys. Lett. (1998)
For Amé ~ 1eV?

Er'es ~ 2 TeV

/ Nunokawa, Peres, Zukanovich-Funchal, PLB (2003)
LS awd) 21 o2

Er'es ~4 TeV
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Impact of sterile neutrinos on atm v flux

Liu, Mikheyev and Smirnov, Phys. Lett. (1998) Nunokawa, Peres, Zukanovich-Funchal, PLB (2003)
For Am? ~ 1 eV? l Y For Am2 ~ 1 eV?
Er'es 2 TeV ‘ N Er'es ~4 TeV

> oL
- 3
>
< 3
s\
s

A.E., F. Halzenand O. L. G: ﬂ
JCAP (2012)

4
N

N
\y

A.E., F. Halzen and O. L. G. Peres;

JCAP (2013) | _— 4\‘ S. Choubey, JHEP (2007)
A. E. and Alexei Yu. Smirnov, P~ * 7e \“3\ " Razzaque and Smirnov, JHEP (2011)
JHEP (2013) - i l
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Impact of sterile neutrinos on atm v flux

For Am?5> 0

014 # 0
024 # 0

034 # 0

914#0 and (924#0
014 % 0 and O34 # O
024 # 0 and O34 #£ O

VQ%VS C(nd Euﬁps

VQ%VS and ﬂT %ES
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Impact of sterile neutrinos on atm v flux

A. E. and Alexei Yu. Smirnov,

JHEP 1312, 014 (2013) ,
core crossin

sin® 26054 = 0.04

p—
-}

1.0 5 2 aassihafalenssia S5 R E K KB AT TR = = = = = = =
08 -
_ - === 3vscheme 7
= g6l = sin?20y =0 *
+ 06— SN 2034 = -
|>3' e SiIl22934 =0.1 _
A 04 —— 5in%203, =02 .
- —— sin%2603, =023 . 7
02+ . cosf,=—-1
- —— sin%203, =0.5 ¢ .
00 L ! ! ! Lo ! ! ! ! ]

0.1 0.2 0.5 1 2 5
E, (TeV)
i I I I ‘ I I ]
1.0
0.8 -
—== 3y scheme .
7 06 1 — sin“203, =0 |
SIS H — sin?205, =01
04 —— sin%263, =02 —
N . | —— §in*263, =03
02+ Cos 0, = — —
i ¢ — sin%203, =05 -
OO L ! ! ! L] ! ! L ]
0.1 0.2 0.5 1 2 5
E, (TeV)

mantle crossing

08 :
- 3v scheme ]
06 = sin’203, =0 -
—— sin26, = 0.1 1% L
04~ —— 5in*203, =02 p
C —— §in®265,=03 -
02 G265, =05 086 =08 -
01 02 051 2 510
E, (TeV)
10 ‘ = ‘ 7
0.8 :
q === 3y scheme B
0.6 14 — sin2u=0
- M — sin?263, =01 -
0.4:— —— sin%263, = 0.2 {
- —— sin’263, =03
02~ cos 0, =-0.8 —— §in®2605, =05 -
091 o 05 > 510
E, (TeV)

/4 rrman €S Md/‘/ /

TeVPA/) ITDM-Apsterdar

22/ June/ ;014/



Impact of sterile neutrinos on atm v flux

A. E. and Alexei Yu. Smirnov,
JHEP 1312, 014 (2013)
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Impact of sterile neutrinos on atm v flux

A. E. and Alexei Yu. Smirnov,
JHEP 1312, 014 (2013)
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Impact of sterile neutrinos on atm v flux

A. E. and Alexei Yu. Smirnov,
JHEP 1312, 014 (2013)

2 2 . 2 . 9
Amy, =1eV sin” 2054 = 0.04 sin® 2034 = 0.2
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0.8 i
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1 067 — 524=O . — 0 O6j — 524:0 —
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The weakest limit on sterile
heutrinos is for ©32 = 024 = 0

details in A. E. and Alexei Yu. Smirnov, JHEP 1312 (2013)
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Constraining sterile neutrino with IC-40 data

atm flux (Honda+Volkova)
/
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IceCube—-40 v, effective ar& IceCube—-40 v, effective area

102?7773777737\7\7\75\7774:7\77\4:»7\7\7\%\7\\7‘7377Jiii\ii\illi\i\l!‘iii f 102?7775777757\7\7\757\774:7\77\4:»7\7\7\%\7\\7‘73777\737\77\737\7\7\!777}777;
0F [ B R o e
B e S S S B | o o IR S
S S S S S S S S A R B
~10't [ . —  -0l=cos,<0 | —10' 0 = - = -0lscosh.<0 _
< e . — -02=<cosf,<-0.1 ° o e . — -02=cosh,<-0.1 °
10_2;7”1”7”” .., = -03=cosf,<-02 | 10_2;”1””‘”7 .., = —03=cosf,<-02 |
£ l l l . — —04=cosf, <-03 £ ‘ l l . — —04=cosf, <03 -
10‘3;————————‘————3———7:———i———:r — 05 =cosf. <04 ] 10—3;”‘7Wﬁfﬂiﬁflfﬁi”fi — 05 =cosf. <04 ]
10_4 : | \\‘I\‘ : | \: | | \:\\\‘ : | : | | : \\\\i : ] 10_4 : | \\‘I\‘ : | \: | | \:\\\‘ : | : | | : \\\\i : 1

10? 103 10* 107 10° 10° 10* 103

Ey (GeV) A. E. F.Halzen and O. L. G. Peres, Ey (GeV)

IceCube—40 v, effective area J CA P 1 2 11 (2 O 1 2) 041 IceCube—40 v, effective area
102?7775777757\7\7\757\774:7\77\4:»7\7\7\%\7\\7‘73777\737\77\737\7\7\!‘777%777% 102?7775777757\7\7\757\774:7\77\4:»7\7\7\%\7\\7‘73777\737\77\737\7\7\!‘777%777%
10L - - m o e - ——— [ e etk EEEE TR B S S e oy,

B = ] B o]
S e T T I
=10'v = | — -06=cosf,<-05 _ =10t 1 - — —06=cost,<-05
< e = —07=cost.<-06 ° = Eo | — —0.7=<cosh,<—-06 -

w2l . — -08=cosh,<-07 _ w2l = = — -08=cosf,<-07 |
= . = —09=cosh,<-08 - S . — ~09=cosf; <08 :
10_3;”””J””l””lf”ji”li —  -l=cosf,<-09 - 10-3L - — —l=scos#.<-09 -
10—47 L ‘I\\\‘I\‘ :\ \:\\\:\H‘: \:\ \:\\Hi : 1 10—47 L ‘I\\\‘I\‘ :\ \:\\\:\H‘: \:\ \:\\Hi : 1
10? 10° 10* 107 10? 10° 10* 10°
E, (GeV) E, (GeV)

/4rman Esmalli | 7 779\/?4 ) IDM—Amsterdan ” 22/ J'L(ne; .%0!4/



IceCube sensitivity to sterile neutrinos
(muon-track events)

<~ We analyzed the zenith distribution of muon-track events
1.06 —

104 —— Am =05¢eV?2

I SiIl2 2924 =0.04 ]
1020 —— Amj, =1leV’ :
1500 ]

NM(924) Ve I 1
N'u(6)24 — O) 0.98 ____—=|=|:

096 —— [
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094 ‘ ‘ ‘ ‘ : : : ‘ : ! ‘ \ w ! w \ ‘ ‘ ]
-1.0 -0.8 -0.6 -04 -0.2 0.0

cos 6,
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IceCube sensitivity to sterile neutrinos
(muon-track events)

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

1.06
104~ ——  Am2, =05eV?
; sin® 26,4 = 0.04
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TceCube-40 + AMANDA limit

10

Amj,; (eV?)

— low energy ATM
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IceCube-40 + AMANDA limit

10,

best-fit from
global analysis

Am7, (eV?)
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— low energy ATM
—_ disappearance (30)
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TceCube-40 + AMANDA limit
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. A.E., F. Halzenand O. L. G. Peres,
global analysis
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IceCube sensitivity to sterile neutrinos

 The key point is the energy binning A. E. and Alexei Yu. Smirnov,
JHEP 1312 (2013)
105 pecpiodTey 105 pepioqTey
— E, €[0.4,1.8] TeV : : S— E, c[0.4,1.8] TeV
_— E, € [1.8,10] TeV ] ﬁ — E, €[1.8,10] TeV

100~ oo _ 070 e

1‘1
L
n

095 | 0.95

: [ Am3, = 1eV? ,sin’ 264 = 0.04 ] - Am?, = 0.5 eV? | sin” 26,4 = 0.04
0907 T T T S S S S S R ] 090 i S S S S SO R R R
-1.0 —-0.8 -0.6 -04 -0.2 0.0 -1.0 -0.8 -0.6 -04 -0.2 0.0
cos 6, cos 6,
However,

 Energy resolution
events should be smeared in energy bins

width of smearing can reach ~ 0.3 x Log (E/GeV)

as a conservative assumption we assume o = E
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IceCube sensitivity to sterile neutrinos
3 x IceCube-79 data (available now)

A. E., A. Yu. Smirnov,

JHEP 1312 (2013) uncorrelated sys. error
10 10,
— LI ~ 1
Nér i Né" B
< 3
107 107!
1072 1072
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IceCube sensitivity to sterile neutrinos
3 x IceCube-79 data (available now)
A. E., A. Yu. Smirnov,

THEP 1312 (2013)
10 ‘ —

F=10%.--"

- 99%

With the already collected data
the bound |U,4|?< 0.01 (99% C.L.)
can be established

Amj, (eV?)

Mixing required by
LSND/MiniBooNE can be
excluded at (4-6) o

sin’26,4
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Cascade events

Cascade events originate from NC interaction of all flavors and CC
interaction of electron/tau neutrinos

v

advantages disadvantages

lower statistics with respect to

better energy resolution b muon-track events
zenith resolution is moderate
sensitivity all the new mixing - oor T — - :
-9 50l Quantile |
angles: B14 , B24 and B34 i o 0.8
|3 40 — 05[]
‘ T I MINMNNNRNRS [P 0.3|
e . . a,_) i -- 0.21]4
i | sensitivity to 634 due to an effective|} {52
2 . _ IR AT N ez inrr e T T N e ks e e g e g 4 T s
enhancements of Uy — U £ —
< —— Sl
. Mean deposnted energy [TeV] s L-"':

Flgur'e from Whl‘rehor'ns ’ralk
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Cascade events

number of cascade events

NC CC, CC,
Ncas:N _|_Nca,s 6_I_‘]Vcaus !
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100 ‘
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Sensitivity to 3+1 parameters form cascades

J sensitivity to 814

10

promising result for low Am?

not competitive for high Am?

KATRIN

A.E.and O. L. G. Peres,
PRD85 (2012)
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A.E., F. Halzenand O. L. G. Peres,
JCAP 1307, 048 (2013)
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Sensitivity to 3+1 parameters form cascades

J sensitivity to 024

not comparable to muon-track limit
10 | | -

i 1 II K _
i IC—40 u—tracks | (N |
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A. E., F. Halzen and O. L. G. Per'es, i — pes , 3 Hz—bins .6 yr
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Sensitivity to O34

0.4 + 0 and O34 # 0 : leads to an effective enhancement of

4 anti-v, — anti-v; oscillation
A. E., F. Halzen and O. L. G. Peres,

JCAP 1307 (2013)

sin? 2054 = sin® 205, = 0.1 sin 20y, = sin® 26034 = 0.3

Il ’ Il
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10*

2
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Cos 0. "y 'y Cos 0,
P(v, — ;)
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Sensitivity to 3+1 parameters form cascades

A.E., F. Halzenand O. L. G. Peres,

pe current upper CAP 1307 (2013
J sensitivity to O34 o J 7 (2013)
limit
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J limits depend on 024 value

J at least a factor of few stronger than the present limit
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Sensitivity To 634

A.E., F. Halzen and O. L. G. Peres,

a clear signature of 634 JCAP 1307 (2013)
N — T T T - |
1.3~ [ L— — sin%205,=0. |
Amj; = 0.1 eV? — §in2 265 = 0. I — sin® 2634 = 0.02
.2 .2 . 2
1.1~ sin” 26,4 = 0.1 = sin” 2034, =0.02 1.2 sin” 26034 = 0.05
cos 6, € [-0.7 0] sin® 2634 = 0.05 ;r — s§in*263, =01
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o - .2 . 9 11 — —
= == sin~ 2634 = 0.3 =
s s N — : ]
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for a set of ©24 and B34 , the distribution mimics the 3-nu distribution

by increasing the value of 634 , number of cascade events increases
with respect to 3-nu case

the increase in the number of cascade events comes from the effective
anti-v, — anti-v; oscillation
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other "New Physics"” searches

J constraining Non-standard Neutrino Interactions A.E.and A. Yu. Smirnov,
JHEP 1306 (2013)

NSI 0-1 T T T T T T T T T T T T ‘ T T T T T T T T
I — 1C=79.90% C.L.
r-JH ceee 1C—=40.90% C.L.
i SK . 90% C.L.

1 0 VCC €ee Cep Cer
H = ok U Amgl U+ 0 + rVeco EZM €up  Epr
v Amgl 0 6:7' ;,kLT €rr

—6.1 x 107% < ¢,r < 5.6 x 107°

o)

at 90% C.L.

—36x102 <€ <3.1x102 v 0

one order of magnitude
stronger than the current limit
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other "New Physics"” searches

J constraining Non-standard Neutrino Interactions A.E.and A. Yu. Smirnov,
JHEP 1306 (2013)
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1 0 VCC €ee Cep Cer
H = ok U Amgl U+ 0 + rVeco EZM €up  Epr
v Am3, 0 €or  €ur  Err

—6.1 x 107% < ¢,r < 5.6 x 107°

at 90% C.L.

—36x102 <€ <3.1x102 v 0

one order of magnitude
stronger than the current limit
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constraining Violation of Equivalence
Principle

~ four orders of magnitude
stronger than the current limit

A. E., D. Gratieri, M. Guzzo, P. de Holanda, O. Peres
and 6. Valdiviesso, PRD (2014)
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conhclusions

The background in the searches of astrophysical neutrinos is not
J useless! Neutrino telescopes are perfect atmospheric neutrino
detectors (mass hierarchy, CP-violation)

4 Several new physics scenarios can be probed by neutrino telescopes,
such as sterile neutrinos, NSI, VEP, LED, ...

Existence of sterile neutrinos hinted by reactor, Gallium, LSND and
4 MiniBooNE anomalies lead to distortions in the zenith and energy

distributions of high energy atmospheric neutrinos. IceCube can

resolve the sterile neutrino anomalies decisively (4-6)o and for freel

Also, IceCube is sensitive to parts of the parameter space of 3+1
< model which is untouchable by the other experiments. With the
cascade events it is possible o constrain 034 uniquely.
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