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NSI: Moftivation

e NSI appear in models of neutrino masses

¢ NSI may affect oscillation parameters,

= precision measurements at current experiments
= sensitivity reach of upcoming experiments

(degeneracies and ambiguities)

e Information about the size of NSI could be very useful
for neutrino model building



NSI: Notation

Loc_ns1 = —2V2GF EZ;J;IX (Pa¥"Prlg) (f'vuPx f)

= may affect neutrino production and defection

efw (source) Eiﬁ (detector)

Lnc-nst = —2V2GF €. (Zay"Prvg) (FruPx f)

Cogi U — NSI violate lepton flavor (FC-NSI)

€aa — €338 7 0 — NSI violate LF universality (NU-NSI)
= mainly affecting neutrino propagation in matter: €,

(but also detection, e.qg., Super-K and Borexino)



NSI: Notation

NSI in neutrino propagation in matter:

el =ell + el (NS ot detectiot e/, €l7 )

In ordinary matter (e, p, n) — (e, u ,d)
eV | Nu uV | Nd
Eaﬁ T E(Xﬁ | N 045 |

& &

with Vst o €q3Ne

Factor 3 difference!!

Sun: Nu/N.>~2Ng/N, ~1 Earth: NVu/Ne >~ Ng/Ne =3
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NSI in the solar sector

LMA-II -

LMA-I : .
<> degenerate solution

LMA-0 o LN\A—DGFK,

f A with 012> /4
Standard NSI

- Solar + KamLAND + Solar + KamLAND

Miranda et al, JHEP 2006



NSI in the solar sector
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Gonzalez-Garcia et al, JHEP 2013

How to probe LMA-Dark?

= combination with neutrino scattering experiments: CHARM, NuTeV
Escrihuela et al, PRD 2009, Coloma et al, JHEP 2017

= combination with coherent neutrino-nucleus scattering
Coloma et al, PRD 2017



NSI in the solar sector: impact
of COHERENT results

oscillations

ef:V'| [0.028,0.60] | [0.030,0.55]

el2V | [—0.088,0.37] | [-0.075,0.33]
£TV [ —0.090,0.38] | [—0.075,0.33]
[—0.07,0.04]

[ 015 013] [—0.13,0.12]

(—0.01,0.009] |[—0.009, 0.008]

Tl ;0.8 06 -04 -02 O 02 04 06 0.8

caveats

- mediator lighter than 50 MeV

90% CL oscillation + COHERENT

Coloma et al, PRD 2017
- degeneracies in (&4, Eu)
Liao & Marfatia, PLB 2017



NSI in the solar sector

solar + KamLAND analysis prefer non-zero NSI

Friedland et al, Miranda et al,
Palazzo, Gonzalez-Garcia et al.

Maltoni & Smirnov, EPJ 2015



NSI in the solar sector

solar + KamLAND analysis prefer non-zero NSI

Friedland et al, Miranda et al,
Palazzo, Gonzalez-Garcia et al.

Borexino (BB)
Super-K T
SNO '

—— Standard —— NSI-up
—— Sterile NSI-dw

Maltoni & Smirnov, EPJ 2015



NSI in solar neutrino detection

e neutrino-electron cross section in presence of NSI:

Berezhiani et al, NPB 2002

o 6eL 6eR
95%C.L.(2d0.) Phase |l without Kr-pe?\falety ce ee
Phase |l with Kr-penalty -~
Borexino Super-K
Phase 11
Agarwalla, Bolanos et al,

2017 - Solar+KamKAl;lD PRD 2009
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NSI in the atmospheric sector

e From Super-K I & II phase data (2v approx):  Mifsuka et al, 2011

€27] < 0.011, b, —e2V| < 0.049 (90%C.L.)

= bounds relaxed in a 3-neutrino analysis Friedland et al 2004, 2005

* Three-neutrino analysis of Super-K data  Gonzalez-Garcia et al, 2011

€57 ] < 0.035,]e2Y — €5/ | <0.11 (90%C.L.)

e IceCube data can also constrain NSI couplings Esmaili & Smirnov, 2013

—0.006 < €Y < 0.0054 (90%C.L.)  Salvado et al, 2017

= best limit in ut sector, obtained assuming €4 = 0



NSI in reactor experiments

* CC-like NSI at the production / detection processes in Daya Bay may
affect the robustness of the recent 0,3 determination

P,

_d ~J
vE—vgE —

1 — sin® 26,3 (¢}, sin® Agy + 57,80 Agy) — €5 sin® 205 sin? Ay

Standard Model terms
+ 4|ee|cospe + 4|ee|? + 2|ee|? cos 2de + 2|eu|? + 2|er |2
N —————————————._———————————————————————

non—oscillatory NSI terms

T 4{3%3|€p I2 + C%3|57|2 + 2323¢23|Ep ||€T|COS(¢# - ‘D‘r)} SiI12 ABI
e ————————

oscillatory NSI terms

— 4{2s13[s03]e,| cO8 (6 — @) + cosler| cos(6 — ¢, )]} sin® Agy.
R EER—

oscillatory NSI terms

Sty — 815+ s33leu|® + c33ler |* + 2523023, |e- | cOS(By — @r)

shift in 03: Leitner et al, JHEP 2011

+ 2513 [s23leu| cos(6 — @) + cazler| cos(d — ¢, )]

existing bounds: |, | < 0.041, |e,| < 0.026, (90% C.L.)
Biggio et al, JHEP 2009

— study robustness of 63 measurement
— derive bounds on NSI couplings with Daya Bay data



NSI in Daya Bay

Agarwalla et al, JHEP 2015 Agarwalla et al, in progress

0.0 0.02 0.03 0.04
001  0.02 0.03  0.04

. 2 . 2
621 days rate sin~ O 1230 days spect _ SIN" 0
5% uncert on flux 2% uncert on flux
.| < 0.015 (90% C.L.) e.| < 0.007 (90% C.L.)

See also Girardi & Meloni and Girardi et al, 2014



NSI in long-baseline experiments

+ MINOS —0.20 < €57 < 0.07 (90% C.L.) Adamson et al, PRD 2013

V] < 3.0(90%C.L.) Adamson et al, PRD 2017

e Explanation for the tension in 023 between T2K and NOVA
Liao et al, PLB 2017

e NSI in LBL experiments may
affect sensitivity to 8c¢p

= confusion between NSI and CPv
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SM, cp=firee
— — — |&}=0.3, ¢=frec, Scp=x

GLoBES 2016 I‘-:l“o-}- o"frx. 6( ’-0

Forero & HUber, PRL 2016 ' 0 60 8 100 126

Neutrino rate




NSI in non-oscillation neutrino experiments

e neutrino-electron scattering e neufrino-nucleus scattering

Barranco et al, PRD 2007 Davidson et al, JHEP 2003
TEXONO  Deniz et al, PRD 2010 Escrihuela et al, PRD 2011
* coherent neutrino-nucleus scattering Akimov et al, Science 2017

= NSI bounds Coloma et al, Liao&Marfatia, Papoulias&Kosmas, 2017



NSI with quarks

(—0.3,0.3] CHARM
(~0.6,0.5] CHARM
[0.030,0.55]  oscillation data + COHERENT
[0.028,0.60]  oscillation data + COHERENT
o) [—0.042,0.042] atmospheric + accelerator
9 O /o C. L g [—0.044,0.044] atmospheric + accelerator
[—0.072,0.057] atmospheric + accelerator
(—0.094, 0.14] atmospheric + accelerator

b O u n d S O n [(—0.075,0.33] oscillation data + COHERENT

(—0.09,0.38]  oscillation data + COHERENT

N U N S I [—0.037,0.037] atmospheric

[—0.021,0.052] solar + KamLAND
fP (—0.07,0.08] TEXONO
6 (—0.03,0.03] reactor + accelerator
0487

(—0.12, 0.06] solar + KamLAND

(—0.98,0.23] solar + KamLAND and Borexino
-0.25, 0.43] reactor + accelerator

(—0.11,0.11] atmospheric




NSI with quarks

[—0.023,0.023]
[—0.036, 0.036]
[—0.073,0.044]

o (—0.07,0.04]
9 O /O C. L . (—0.5, 0.5]
(—0.15,0.13]
_ (—0.13,0.12]
bounds on e,
(—0.036, 0.036]

FC-NSI [t

[—0.039, 0.039)]

accelerator
accelerator
oscillation data + COHERENT
oscillation data + COHEREN'T
CHARM
oscillation data + COHERENT
oscillation data + COHERENT
accelerator
accelerator

IceCube

atmospheric + accelerator

NSI with electrons

[—0.13,0.13]
f P - (—0.33,0.33]

€ —0.28, —0.05] & [0.05,0.28
&6 ’ | | [-0.19], 0.1[9] 028

(—0.10, 0.10]
[—0.018,0.016]

reactor + accelerator
reactor + accelerator

reactor + accelerator
TEXONO

reactor + accelerator
I[ceCube




90% C.L.
bounds on
CC-NSI

ff P pnel peR
€ae 3 €a

/B el p.eR

€ag 1 €ap

(—0.015, 0.015]
[—0.026, 0.026]
[—0.037, 0.037]
[—0.087, 0.087]
(—0.12, 0.12]
(—0.013,0.013]
[—0.018, 0.018]

[—0.025, 0.025]
(—0.030, 0.030]

semileptonic NSI

Daya Bay
NOMAD
NOMAD
NOMAD
NOMAD
NOMAD
NOMAD

purely leptonic NSI

KARMEN

kinematic G




NSI prospects at
upcoming experiments



NSI at future atmospheric
experiments

e PINGU: 3 years of data, 2-100 GeV:

(90% CL)
—0.0043 < €5, < 0.0047

000 = et < 0.017
Choubey & Ohlsson, PLB 2014

Normal Hierarchy

e INO: 10 years of dCl'I'Cl, NH: ' 0 _ 00l 0.02 0.03
—0.119 < €2} < 0.102

(90% CL) - i 1.
—0A27 < e o <01 NH determination sensitive to

—0.015 < €57 < 0.015
— 0,073 = e M

Ceps Cer

Choubey et al, JHEP 2015



NSI at future reactor experiments

e JUNO and RENO-50 can test LMA-Dark solution with 06,2 >1i/4

RENO50
JUNO
JUNO+RENO50

Bakhti & Farzan et al, JHEP 2014

30 contour levels for:
- 3% E-resolution

- 5 years of data

= 0;2 octant determination

for a given mass ordering

However

— RENO50
—JUNO
= JUNO+RENO50

= degenerate solution
(912 = 7T/2 o 912
Am%l — —Am?)l + Am3,

Coloma & Schwetz, PRD 2016




NSI at future LBL experiments

Degeneracies in determination of 0,3 octant in DUNE

= LLO=NH ( SM)

w HO=NH ( SM)

== LO-IH ( SM)

v HO=1H ( SM)

. LO-NH ( SM + NSI)
HO=NH ( SM + NSI)
LO~IH ( SM + NSI)

. HO-1IH ( SM + NSI)

'« Appearance Events
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Agarwalla et al, PLB 2016

v, Appearance Events

= interference term in ¢pex can mimic swap in the octant



NSI at future LBL experiments

Degeneracies in determination of 0,3 octant in DUNE

e -

040 045 05 055 06 040 045 05 055 06 040 045 05 055 06
sin® 6,5 (true) sin® 6,5 (true) sin® 6,5 (true)

Agarwalla et al, PLB 2016

= interference term in ¢pex can mimic swap in the octant



NSI at future LBL experiments

DUNE
= = NSI w/priors

NSI no priors

DUNE+T2HK
-=-= NSI w/priors

Gouvea and Kelly, NPB 2016 Coloma, JHEP 2016



NSI at future LBL experiments

= it may affect CP-violation sensitivity

90% credible regions

DUNE - no priors
= = DUNE - w/priors
= T2HK+DUNE - w/priors

- = = With NSI (a)
With NSI (b)

a)

P A5 5, — —130°
Coloma, JHEP 2016 b) N _900’ T 17 P 0257 que — 100°



NSI at future LBL experiments

NSI significantly spoil sensitivity fo CP violation in DUNE

DUNE (5+5) .
===+ NSI(true @, = @, =0)

NSI (true @,,, @, € [-11: 11])

|€cul, |€ex], |€ee| =0.01,0.01,0.1 |€ul, |€exl, |€ce| =0.04,0.04,0.4 |€eul, |€exl, |&ee| =0.07,0.07,0.7

aA

& / i (true) & / m (true) & / m (true)

0 0.5 : 0 0.5

Masud and Mehta, PRD 2016



NSI at future LBL experiments

NSI significantly spoil sensitivity fo mass ordering in DUNE

DUNE (5+5) — Sl NSI (true @ep, @oc € [-11: 1]; &, < 0)
====  NSI(true @, = Qs = 0; &, > 0) NSI (true @, Qo € [-I1: 11]; & > 0)

|€cul, |€exl, € =0.01,0.01, 0.1 l€ul, |€<], €. =0.04,0.04, 0.4 |€ul, |€etl, Eee=007,0.07,0.7

0 05 | . | . | . 0
8/ m (true) 8 / mt (true)

Masud and Mehta, PRD 2016



NSI at future LBL experiments

NSI can jeopardize determination of mass ordering in DUNE

DUNE[10+0], NH-IH, Tr: 8= - /2

= degeneracies in appearance probability: Eoo="1

€ge= 1, i€g:=0.5, °et='900 r:

NH IH !
P,ue (6667 0, €crs ¢€7‘) o P,ue (623@7 0, 6/37-7 ¢6’7’) ,'

strongly affect the sensitivity to the
mass hierarchy

(less relevant for small values of NSI)

Deepthi et al, PRD 2016



Summary

e NSI can give signals in different neutrino oscillation and non-
oscillation experiments

e No evidence for NSI reported so far, but only upper bounds on
Its magnifude.

e We have reviewed existing direct bounds on NSI, from neutrino
production, detection and propagation in matter.

e NSI will also be probed at future neutrino experiments,
improving current bounds.

® The presence of degeneracies due to NSI may severely affect
future sensitivity to 3, mass hierarchy or 623 octant.



