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NSI C General Neutrino Interactions g

» if SM is effective low-energy theory, with new physics at high energy scale A:

Os O
ﬁeff:£SM+W+ﬁ+"'+h.C.
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NSI C General Neutrino Interactions m

» if SM is effective low-energy theory, with new physics at high energy scale A:

O @)
Lefr = Lsm A]S - —Aé’ +---+hec
after EWSB: Majorana Weinberg (1979)

neutrino mass
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https://inspirehep.net/record/144673

NSI C General Neutrino Interactions g

» if SM is effective low-energy theory, with new physics at high energy scale A:

22 +---+Hhe.

» d > 6 operators can give rise fo general neutrino interactions

» strongest low-energy effects typically expected for d = 6 Pischer. Rodejohann (2019)

» 10 possible operators for both NC and CC interactions; 2 usually considered as NSI

propagation production, detection

(TavuPrvg) (Fy"PLRf) NSI (LavuPrvg) (G PLRA)

» neutrino propagation only sensitive to vector-type interactions

Bergmann, Grossmann, Nardi (1999)
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https://inspirehep.net/record/1735810
https://inspirehep.net/record/497477

Why consider NC (propagation) NSI? J6lu

IcECuBe

» in principle:

gauge invariance

strong constraints on NC NSI from non-observation of charged lepton
ﬂCIVOUI' V|O|OT|0n Gavela, Hernandez, Ota, Winter (2009),
» but: Antusch, Baumann, Ferndndez-Martinez (2009)

models with neutral light new mediators able to avoid these bounds

/V' (’)( 10 MeV) \ Farzan, Tértola (2018)
v oscillations: effective reloxed limits from
approach still valid (incoherent) v scattering
» also: experiments

NC NSI from CC NSl via Fierz transformation

X

difficult fo obtain large NSI
IceCube NSI Searches | PPNT, Uppsala, 08.10.2019 w pl’OdUCTIOh, defection)

Bischer, Rodejohann, Xu (2018)
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https://inspirehep.net/record/797126
https://inspirehep.net/record/790070
https://inspirehep.net/record/1632454
https://inspirehep.net/record/1683424

Neutrino propagation in standard matter g

» flavour-asymmetric matter = flavour-dependent index of refraction in coherent

neutrino scattering
- Ve Vi, Vz Ve Vou, V

z *  interaction Hamiltonian:
V4

_ P
- - Hy = H7 + H + HZ + Hy,

- ) )
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Neutrino propagation in standard matter g

» flavour-asymmetric matter = flavour-dependent index of refraction in coherent
neutrino scattering

- v ey v ) V< Ve) v ) v . - - .
Ve KE 8 z "7 interaction Hamiltonian:
w V4
H = HY + H? + HS +HE
_ . A A A
cee) ° (NC) =0
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Neutrino propagation in standard matter g

» flavour-asymmetric matter = flavour-dependent index of refraction in coherent
neutrino scattering

V] e Ve Vi, Vz Ve Vo, Vr . . . .
° K z interaction Hamiltonian:
w V4
H, = H? +HS
- y e, N e, N ! N Z, w
(ce) < (NC) unobservable
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Neutrino propagation in standard matter g

» flavour-asymmetric matter = flavour-dependent index of refraction in coherent

neutrino scattering
- Ve Vi, Vz Ve Vou, V

z *  interaction Hamiltonian:
V4
o - H=Hy= diag(V2G¢N, 0, 0)

- ) )
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Neutrino propagation in standard matter g

» flavour-asymmetric matter = flavour-dependent index of refraction in coherent

neutrino scaﬂering
Ve Vo, Vz Vo Vo,

i *  interaction Hamiltonian:
= HS, = diag(vV2G¢Ne, 0,0)
< oy ¢ (NC)

» NSl introduce additional potential  Hysi(X) = V26 Z N,(x)egﬁ

f=e,n,p

1+(eee €)(X) g (%) er(X)

Hanat (X) = V2G£Ne(x) (%) 0 ir (X)
eeT(X) €ir (X) (€2 =€) (%)

> in Earth, €2, can be taken as constant: €Qs(x) = ey = €5+ €05+ 1.051€7
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https://inspirehep.net/record/1672932

Physics with atmospheric v’s in IceCube DeepCore JGlu

1. atmospheric neutrino 2. neutrino oscillation
Gosnic production q V2 baselines
- d (VD between 20km
Tax I = <U Tohd +Hm"‘t(x)> ) and 12700km

3. neutrino detection

» 8 dedicated densely
instrumented
DeepCore strings

Honda, et al: i

T T T
SPL all direction average

> sensitivity to O(10GeV)

v+

» rich physics potential

(“Conventional flux” )

il A il L
' P 00 0P 100 0t

— vy, + v, disappearance

f o \ ICECUBE ' — vy + Dy Qppearance
(ve) > 2 — standard & nonstandard
Ve

O(v)/®(ve) =2 ®(vu)/® matter effects — decoherence
lceCube NSI Searches | PPNT, Uppsala, 08.10.2019 —s sterile neutrinos 1




NSI in atmospheric neutrino oscillations ﬁ'

. conftributions
» here: effects of NSI couplings on v, ox Ams, /A
survival probability
» (observed: superposition of RN
Ve,u = Ve,u,r & Ve, — De,pu,r) d
i:
_ s _w s Kopp, Lindner, Ota, Sato (2008)
3 o0 T iz e flavour-diagonal
o L 4w ©°2<  couplings
s N
: e > o (note the different NS
coupling magnitudes)
cos, cos8,
~ oa ~ |Z,f. ) ~ oa
g o0 T ] o T 3 o T flavour-changing
4 ' o o o o2 couplings
-0.6 -0.6 -0.6
-08 -0.8 -0.8
Lo 08 06 04 02 00 ° o 05 06 04 02 00 ° Lo o5 06 04 02 00 O
cosd, cos8, cosd,
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https://inspirehep.net/record/757247

First low-energy DeepCore NSI search: physics g

Esmaiili, Smirnov (2013)

» assumption: » 2v system of v, = v, approximately

1 0 0 realised for egp < 1, E, 2 20GeV
Hmat(X) = V2GeNe(x) [0 0 3¢ » solely ¢, determines high-energy
0 39 0o behaviour of 2u system

» assuming NSI universality (e, = €,,,,)
= sfrongest constraints on e,

v, survival probability

10* 0%
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https://inspirehep.net/record/1624684
https://inspirehep.net/record/1226815

First low-energy DeepCore NSI search: sample & results g

» 3-year sample of ~ 5k upgoing events

145 e 50% L :
. . — || == 90%cCI !
» high purity of v, + 7, CC: ~70% 12 || — oo cLsuperx :
10 \ : —  90% CI Salvado et al :
» atm. p background < 1% level = : '
3 8F '
3N\ | :
:. Er € (63,831GeV ‘.!, B € (53, 109jGeV | : : /
) ) 4k N ' 4
o _‘“—‘—‘——-—._h_,_ ® _H—H_,_‘__‘______ g I/
‘ opoee TSEIETETPIPIRI TR / ..... - |
— 180 v 5 150 o 2 [ 1
S 1 0 I :\ |_/| : |
T g U M e aaay -0.010 ~0.005 0.000 0.005 0.010

= TR P S b SR @ 90 % C.L. (Wilks):

R SR —6.7x 1073 < ?_ < 8.1x10°3
SRR TR g e e & —21x1072 < e® <24 %1072
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https://inspirehep.net/record/1624684

All-flavour low-energy search for NSI with DeepCore g

medium-statistics osc. three years,

sample extended 10 Ereco max = 100 GeV 2012-2015 = 45k atm. v's + 0's

. cf. PRD99 032007 (2019)
» 5 one-at-a-time (model-dependent) searches:

> 2 searches for non-universal interactions: eg, — e, and €7, — ¢,
» 3 searches for flavour-changing interactions:
iSe, _ iSor _ 18,07
ef—:‘Bp, = |€gu‘el . ega'r - |6Qea7'|el ’ Eﬂa‘r - ‘6;?T|el *
» the 6th fit allows for more freedom in the NSI flavour structure:

Himat(X) = Ria(-2)Ria(1:)V2GeNe(x)diag(c ,0,0)RIy(~ )R, ( 1)

Esteban et al.
(2018)
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https://inspirehep.net/record/1714067
https://inspirehep.net/record/1672932
https://inspirehep.net/record/1672932

All-flavour low-energy search for NSI with DeepCore g

» rather weak deviations between the seven fits (including no NSI)

- goodness of fit (trials) approx. 20 % in all cases

— noNSI —— €&
— g —
10000 F — €~ € 3d -
" ) data .
E " o
g [ .
= ¢ .
5000 o . . r o
‘e o
hd .
IceCube preliminary
ok L P L
O 1.05 [ ratio to 3d best fit I ratio to 3d best fit
=
=
o R 4 4 b el .
+= 1.00 T + ! + + ? T ? —
2 4
E 0.95 MC uncertainty [ +

6 10 2030 50 100-1.0 —0.5 0.0 0.5 1.0
Ereco (GQV) COs 79reco
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All-flavour low-energy search for NSI with DeepCore IGlU

IcECuBe

» rather weak deviations between the seven fits (including no NSI)
- goodness of fit (trials) approx. 20 % in all cases

— noNSI —

10000

360

g . . 0 = 68.3% M 90%
= s} o . e T . 107 ¢ IceCube preliminary 270
180
g ey ; 90
2 e
: e 0

50 100-1.0 =05 0.0 05 1.0
Frueo (GeV) €08 Dreco

> @90% C.L. (Wilks):

all fits compatible with either
flavour-universal NSI or no NSI
normal ordering (NO) assumed €ce — €y Err — €

68.3% (90 %) allowed region

el lecrl Tl
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G B
DeepCore NSl search: e, — €7, i

» NSI e — . non-universality rescales
Wolfenstein’s SM matter
potential:

» degenerate with mass ordering
(lacking sensitivity t0 615 & dcp):

Coloma, Schwetz (2016)
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https://inspirehep.net/record/1449899

DeepCore NSI search: €&, — €® §;

o

_ —uni i 10 -
> NSl e K noln Un|VerSO||Ty reSCC“eS [ 39 _ mmm observed WL 68.3% range - M. 90 % range ——=a
Wolfenstein’s SM matter gl | leeGube
pOTehTi al: v preliminary
T 6 vacuum-like
‘Nﬁ oscillations
. . < 4
» degenerate with mass ordering
(lacking sensitivity t0 615 & dcp): 2
0
—4 -2 0 2 4
2 52}
€ee ™ Cup
Coloma, Schwefz (2016) 90% C.L.: [—2.26, —1.27] & [-0.74,0.32]
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https://inspirehep.net/record/1449899

DeepCore NSI search:  flavour-changing NSI
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» correlated effects of magnitudes and complex phases
» complex phases unconstrained

IceCube NSI Searches | PPNT, Uppsala, 08.10.2019

JGlu

IcECuBe

90 % limits:
|€® | <0.023

> Jeg | <0.17

20



DeepCore NSI search: flavour structure g

projection of 3d profile onto (12, ¢13), i.e., minimised over eg

» O(10°) points tested; refined
projections onto subdimensions

mod
mod

2
ot

Ax

Ax

OO
2

IceCube
preliminary

at 90% C.L., data pins down both
matter potential’s strength (eg) and
flavour projection angles (p12. ©13)

(for two degenerate matter-potential eigenvalues,

AN

/—:\
T
1
i

[N CP-conserving NSI, cf. Esteban et al. (2018))
. ”é\\ » not shown:
SH5-3-15 0 15 30 450 5 @ 90%: e € [-1.2,—0.3] ©[0.2, 1.4]

P12 (O) AX;Zn(J(I
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DeepCore NSI search: flavour structure JGlu

IcECuBe

projection of 3d profile onto (12, ¢13), i.e., minimised over eg

[ \ 69) /
90 %

1o, 1

mod
mod

2
ot

Ax

OO
2

Ax

13 =0:

IceCube
preliminary

= no flavour-changing = NSI

i /—:\
T
1
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% 06 /

—45 5=
—45 =30 =15 0 15 30 45 0 5
° 2
P12 ( ) AX]H(J(]
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DeepCore NSI search: flavour structure JGlu

IcECuBe

projection of 3d profile onto (12, ¢13), i.e., minimised over eg

[ \ [~Iﬁ] /
90 %
\-i/

4 IceCube
preliminary

mod
mod
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= no flavour-changing p NSI
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DeepCore NSI search: limit comparison JGlu

IcECuBe

Super-K 2011 (2d) NN global 2018 (w/ correl.) References:
= MINOS 2013 = IC 2018
B IC high-E 2017 = IC 2019
B COHERENT 2018 (e, = €4) -
-"IC 2019": this work
360

fIceCube preliminary 270

=
@) | — o o
2 ) 180 dap = 0°,180
o 90
T 0 ' ' » most common assumption:
2 8 (°) 6er ) ur () RUSEE
= real NS
« (= no new sources of CPV)
IS
o
D
e — €, e — €, €, e e
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https://inspirehep.net/record/927006
https://inspirehep.net/record/1224803
https://inspirehep.net/record/1486262
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Toward the next IceCube NSI search g

» broad NSl impact on atmospheric neutrinos
» signals in all oscillation channels & across wide range of energies: from GeV to TeV

cost = —0.75 cosd = —0.75
10

= promising search strategy:

» use standard matter effects > look for incompatibility » also reduce summation
at few GeV as "anchor" with high-energy data overv+u
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Toward the next IceCube NSI search §;

» broad NSI impact on atmospheric neutrinos
» signals in all oscillation channels & across wide range of energies: from GeV to TeV

= need unified low- (DeepCore) + high-energy (IceCube) event sample

» technically challenging, but generally beneficial to BSM searches

» active topic within IceCube

EEEEE TIVANE RN O VA .

E, (GeV

it
i

= promising search strategy:

» use standard matter effects » |ook for incompatibility » also reduce summation
at few GeV as "anchor" with high-energy data overv+u
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JGlu
» IceCube offers wide range of possibilities to search for new neutrino interactions
. well-motivated constraints
» focus so far on propagation (matter effects) theoretically independent of
new-physics scale

DeepCore 2nd generation NSI analysis performed
10x statistics increase — extended energy range — all neutrino flavours

= set limits on all effective NSI couplings for Earth matter

+ tested NSI flavour structure in three-dim. parameter space

» work toward next-generation IceCube & DeepCore NSI analyses ongoing

» model assumptions » statistical approach » eventselection » systematics
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Summary g

» |ceCube offers wide range of possibilities to search for new neutrino interactions
. well-motivated constraints
» focus so far on propagation (matter effects) theorefically independent of
new-physics scale

DeepCore 2nd generation NS o alysis performed
10x statistics increase — extend s¢" energy range — all neutrino flavours

= set limits on all effective NSI coupl ngs for Earth matter

+ tested NSI flavour structure in three-c'in . parameter space

*
» work toward next-generation IceCube & DeepCore NSI analyses ongoing

» model assumptions » statistical approach » eventselection » systematics
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JGlu

IcECuBe

backup
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Generating NSI ) §

» O common approach: invoke scalar extensions of the SM

; 2 2
after integrating out new valid for M >> @

(heavy) scalar boson ¢ analogous to Fermi

4-point interaction

» BSM theories yield effective coupling parameters:

o,pb=8eu,T

5 = —2v26rel o€ (varvs) (FruPef’) f, fc -e.ud

» in the following: NC-like: f = f'
62“3 - Eff?v N Fff?L N foﬁ ' @ = 0in coherent forward

(vector interaction) scattering = sensitivity

independent of new physics

scale
IceCube NS| Searches (backup) | PPNT, Uppsala, 08.10.2019 31



. @ ®
DeepCore NSl search: € — €, j6lu

IcECuBe

15 -
e observed ~E 68.3% range H 90 % range

IceCube
preliminary

0
—0.10 —0.05 0.00 0.05 0.10
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DeepCore NSI search: €, 16lu

IcECuBe
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DeepCore NSI search: nuisance parameters

parameter prior
neutrino flux and cross sections:

ve/v, ratio 1.04+0.05
v/ ratio (o) 0.0+1.0
Ay, 0.0+0.1
effective livetime (years) ...
MECSE(GeV) 0.99%2%8
M (GeV) 1.12+0.22
NC normalisation 1.0+0.2
oscillation:

023

Ams,

detector:

Optical Eff., Overall (%) 100+ 10
Optical Eff., Lateral (o) 00+1.0
Optical Eff., Head-on ...
Bulk ice, scattering (%) 100+ 10
Bulk ice, absorption (%) 100+ 10
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JGlu

cf. PRD99 032007 (2019)
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https://inspirehep.net/record/1714067

Previous NSI searches with IceCube s J

2018 » DeepCore 3 year study using upgoing "golden” v, CC only

low-energy = test only €,
—6.7x 1073 < Gﬁr <8.1x10°3(90% C.L) Phys.Rev. D97 (2018) no.7, 072009

» external study using 1 year dataset of high-energy
2017 through-going muon tracks (0.3 TeV-20TeV)

high-energy  _ it on €.+ Marginalised over e, — €,,,.:

—6x107% <€ <54x1073(90% C.l.) JHEP 1701 (2017) 141

» external study using combination of 1 year high-energy (0.1TeV-10TeV)
2013 and 1 year low-energy (20 GeV-100 GeV) muon neutrinos

high-energy+ = constrain both €, and e, — !
low-energy 6.1 x 1073 < ¢d < 5.6 x 1073 (90% C.I.)
—36x1072<e? — €%, <31x1072(90% C.l)  JHEP 1306 (2013) 026
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https://inspirehep.net/record/1624684
https://inspirehep.net/record/1486262
https://inspirehep.net/record/1226815

Literature on high-energy NSI searches with IceCube s J

UHE resonance in v, e ("Zee burst")

M+ & myy =100 GeV Bl Zee Model + SM + Atm BG

SM + Atm BG

Atm BG
® 1C7.5 year data

total vN cross section of
I high-energy astrophysical neutrinos

from contained showers

Events per 2635 days

6L£20°806L-AIXIO

(6-year HESE)
il nepositedl-:nerglyo(GeV) aﬁ\;\.‘é‘[ S O,Zt;\t[,cas _ USE,IC _ UZ}/\;\?,SM

10 LHC Q
5 x
=
. IC =
w 050 8
-~
0.10 o
005 d
(o]
001 ©

1 5 10 50 100 500 1000

my (GeV)
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