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» In SM, neutrinos are massless.
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Nobel Lecture, Rev. Mod. Phys. 88,
030501

» The experiments established that neutrinos are
massive particles.
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Motivation: Neutrino Non-Standard Interactions

SM can be considered as a low energy effective model.

Li— La—
=5 | kd=6

Lejy = Lsn + A e

+ .-

» For d = 5. Weinberg operator.

» For d = 6. NSI
Coconsi=—22Gr 32 4" (" Puls) (FuPd)
£.f P,

Lyc-nsi = =2V2Gr Y €f (vay"Prvg) (FruPf)
fiPa,



Motivation: Neutrino Non-Standard Interactions

SM can be considered as a low energy effective model.

ﬁd:S + Ld:6

Lesr =Lsm + A Az

+ e
» For d = 5. Weinberg operator.
» For d = 6. NSI

» We will focus

Lyc-_nst = —2V2Gr Z Eig (D" PLvg) (f_’Yqu)
fiPa,B



Motivation: NSI-NC

Described by effective four-fermion operators

Lnc-nsr = —2V2GF Z 555 (Day" Prug) (f%LPf)
fiP,o,B

» Not gauge invariant
» Charged lepton flavour violation (CLFV) processes impose tight
constraints

[Phys. Rev. D79 (2009) 013007, Nucl. Phys. B810 (2009) 369-388, Phys. Rev. D90 (2014)

053005]

How we can avoid the constraints?



Motivation: NSI-NC

Described by effective four-fermion operators

Lnc-nsi = —2V2Gr Z 621; (Do Pryg) (J?'Yupf)
f,P,a,B

» Not gauge invariant
» Charged lepton flavour violation (CLFV) processes impose tight
constraints

[Phys. Rev. D79 (2009) 013007, Nucl. Phys. B810 (2009) 369-388, Phys. Rev. D90 (2014)

053005]
How we can avoid the constraints?

» NSI generated well below the EW scale [phys.Rev.D70 (2004) 055007,

Phys.Lett.B748 (2015) 311-315, JHEP 1712 (2017) 096]




Motivation: NSI-NC

» NSI-NC modify the forward -coherent scattering in regions with matter

» The matter potential can be generalized

1+ €ce €ep  €er
Vinat = \/§GFN5(ZE) €op €up Erp
€er E;T €rr
Ny (z)
Ne(z)

€ap(T) =
f=e,u,d

L R
(Eiﬁ + Egﬁ )



Motivation: NSI-NC

14 €ce €cp  €er

Vinat = ﬁGFNe(m) €op €up Erp

*
EeT EHT €rr

» Oscillation experiments are sensitive to e{; — eﬁu and e.fT — qu

» We restrict to NSI with quarks.

» Assuming neutral matter
€ap(r) = €qp + Yn(z)eap Yo = Nn(z)/Ne(x)

> For the Earth, Y,, = 1.137 (core) and Y;, = 1.012 (mantle)
> For the Sun Y, € [1/2,1/6]




Motivation: NSI-NC

The results are obtained under the approximation

Ny(x
o) = Y T
f=e,u,d €

> € 5 is a common factor to all the couplings of all the fermions;

» the relative value between the different ¢/ is parametrized in term of
an angle 7;

» the couplings with protons and neutrons are given by

eb 5 = VBell ; cosn cap = VBel 5 sinn

Vo af




Neutrino evolution in the presence of NSI

Neutrino evolution is described by the Schrédinger equation

dv 1
i = | U'Diag(0, Am3,, Am3\)U + Viar |7 7= (Vevjvs)"
dt 2F
Evolution in vacuum Evolution throught the matter

14 €ee €ep  €er
Vinat = V2Gp N () Gy Cun

*
€er €ur €rr



Neutrino evolution in the presence of NSI

Neutrino evolution is described by the Schrédinger equation

dv 1 . R

= 5p [UTDmg(O, Amgl,Amgl)U + Vmat] v
1 0 0 C13 0 513671601’ C12 512 0
U= 0 C23 S23 0 1 0 —s12 c12 O
0 —s23 co3 —s13€ 0 c13 0 0 1

» Depends on:
> three mixing angles (012, 013, 623) and a complex phase (d¢p);
> two mass splittings (Am3; ~ 107%eV? and Am2; ~ 1073eV?)
> ¢cop: five real parameters and three phases.

normal inverted
v, v,
Two possible mass hierarchies Y

increasing mass

v, 5 I



CPT symmetry

» In vacuum the hamiltonian is degenerate under the transformation
Hil;ac — _(H'Ll//ac)*
Am%l — —Am§2
012 — 7(/2 — 012

Ocp — T—dcp

» The degeneracy is broken in matter.

JHEP 0610 (2006) 008
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CPT symmetry

> In the presence of NSI, we can recover the same degeneracy in matter
fece(@) — uu(@)] = — [ece() — euu(@)] — 2
[err(2) —€uu(@)] —  —lerr (@) — €un()]

cap(z) = —€ap(a) (a#p)

v

HY — —(H")"
The degeneracy is exact for e,p indenpendent of x
LMA-D solution.

v

v



What is our current knowledge of €,57



Backup:Solar neutrinos and KamLAND in the presence of NSI

» In the presence of NSI, P2 ¥ is obtained by solving the effective

hamiltonian
Heff _ Am%l — COS 20912‘ sin 29126”61)
vac 4F — sin 20150 ¢r cos 2012
Ay 0 —€h  €X
Hylh = V2GrNe(a) [ HE+Ya@)E (P W
0 0 €N €D

» NSI effects are described by the effective parameters €}, and €7,
» Shows a high dependence of 7.

» We assume real NSI

)
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Solar and KamLAND

> €7 and €}, are linear
combination of €] 5.

» Strong dependence with 7.
» Forn=0—¢€,3=0
» Forn=490° — ¢, ;=0

>€£521

JHEP 1808 (2018) 180



Solar and KamLAND

» Forn=0— ey =0

» The degeneracy is exact.
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Solar and KamLAND

» For —70° < n < —60° the
contribution of the NSI to the
solar matter potential cancel.

n cap(®) = eqp(@) + Yneas(z) = 0
> leasl/leasl ~ 2
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Solar and KamLAND
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H :Il,' v --- LMA-D / .

. I nl ’?' — LMA ! 1

» NSI improves the agreement berween H n { ,/ 1
solar and KamLAND. 5 W -

> The tension in Am%l is reduced in [ :' llll / I’i

the whole n range (~ 2.50).
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Solar and KamLAND

20 1] T | L L ]
— solar + kamland |
» LMA provides a better fit than —  +atm+1Ibl+rea/ -
LMA-D in the whole range of n. 15 —— + coherent __
» LMA-D is disfavored at more than N % y
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Terrestrial experiments Cosmic ray

Atmospheric neutrinos.

» Created in the collisions of cosmic rays with the

atmosphere.

T o+ vu(T) 10°F
K* =™ + (%) 10
+ + — — 104

pe —=e” Fve(ve) + vu(i)
S 10%
@ 100]
> Super-K (E, € [~ 0.5,~ 10] GeV) o

» DeepCore (E, € [6,56] GeV) 10¢
> [ceCube (E, €[ 0.1, 20] TeV) LRSS
10-1-:

-1 —08 -06 -04 -02 00
cosf, -0




Terrestrial experiments

Long-baseline accelerators

> v./U. and v, /U, with E, € [0.6 — 7] GeV
(T2K:~ 0.6 GeV, NOvA: ~ 2 GeV,
MINOS: ~ 3 GeV)

» The baseline is ~ 100 km
(T2K:~ 295 km, NOvA: ~ 810 kn
MINOS: ~ 735 km)

E, (GeV)

> v, — v, (T2K, NOvA, MINOS),
v, — ve (MINOS)

1.0

0.8

0.6

0.4

0.2
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Terrestrial experiments

Phys. Rev. D95, 072006 (2017)
|

Reactor experiments 10
P&hq .
10! —: [OSOS TaUee |
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» T, emitted from fission reactions;

g 00
> the energy spectrum expand from %E 0.0 R J'r‘L —
9% ¥ I —
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& 0997 2 1 r,T l 8 10 12
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NSI formalism in the Earth

We parametrize the matter potential as

14 €ce €ep

€er
* 1 T
Vmat - \/iGFNe(x) eip, 6/::# €rp = QrelUmatDmat matQ'Pel
€er €ur €77

> Dot = \/EGFNe(x)diag(e@, e'@,O).

> Umat = R(¢12) R(¢13) R(¢23,0ns).
> Qrel = diag(eml,emQ,e_i(al"'oQ)).



NSI formalism in the Earth

We parametrize the matter potential as

1+ €e €cp  Eer
*
mat fGFN ( ) 66/,1. (Sm €rp = Qrel UmatDmatU;,atQiel
* *
€er E/,LT €rr

In order to simplify the analysis:

» We impose eg = 0 (weak constraints)

Dinat \fGFN ( )diag(e@v 0, O)

> If €5 = 0, Uma: is independent of 123 and dns

Umat = R(¢12)R(¢13)

» We assume real NSI, a; = a2 =0



Results from the global analysis
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Results from the global analysis

» No bounds over eg due to the lack
of matter effect on the v, sector.

» No bounds on the (p12, p13) plane.

» The main sensitivity for
leg| ~ 0.1 — 1 comes from IceCube
data

de (QV)G@
2

P, ~ 1—sin® 2¢p,,,, sin® (

. 2 .2 2
sin” ¢, = sin” 12 cos” p13

19 /38



Results from the global analysis

The results rely on the complementarity and synergies between the different

data sets.
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Coherent Elastic Scattering

» COHERENT report the observation of coherent
neutrino-nucleus scattering at 6.70 [1].

» Neutrino flux created by pion decay at rest
(= 1)
> Monocromatic v, flux with E, ~ 30 MeV

> Continous spectrum of 7, and ve from ,u+
decay

» Stablish additional bounds on NSI-NC to
oscillation experiments.

scattered

neutrino
K
4
B Z nuclear
0S0N \ recoil

&

/ " @»
o

M8’ secondary
y  recoils

scintillation

glﬂ Science 357 (2017) no.6356,
23-1126

N
N}



COHERENT data analysis

» The number of events

Nnsi =7 [fre Qe + (fu, + fup) Q]

» Q2 encode the coupling with NSI

Qo ~ [(0Y + Ve a) 4 et] 4 3 (e)?
B

» COHERENT data set independent bounds on the diagonal NSI
couplings (€aa)-



COHERENT curtail the LMA-D solution

Phys.Rev. D96 (2017) no.11, 115007

» Oscillation experiments shows a
degeneracy in the €., — €c. plane;

» COHERENT constraints the NSI
couplings accordings to e 4 02 0 02 04 0853

Qha ~ [(9) +Vimgl) + et ] 43 (ex)?
B#a
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Combined analysis of oscillation and COHERENT

» LMA-D solution is strongly disfavor when COHERENT is included.
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Combined analysis of oscillation and COHERENT

» Non-diagonal couplings are also reduced.
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Conclusions

» We present an updated constraints over the size and the flavor
structure of NSI-NC.

> In the analysis we combine the information of a global oscillation
analysis with the recent results of COHERENT.

v

LMA-D is allowed at 30 for —38° < n < 14°.

v

letal ~ 2 and |€f 5] ~ 0.8



Thank you!



Backup: matter potential in the Sun and for KamLAND

Relation between the solar effective parameters and € s

el = ci13s13 Re(823 €dy + C23 527) - (1 + 5%3) €23523 Re(sZT)
6%3 n n 533 _ 3%3633 n n
s ey e B o))

n o _ n n 2 _m 2 _f,Vx n n
EN C13 (023 Eep, — S23 667—) +4 S13 [523 EHT — Ca3 5;/,7' + C23823 (ETT — gﬂ#) .



Backup: solar and KamLAND

For —70° < n < —60° NSI
contribution to the matter potential
in the Sun almost vanish.
> Small constraint from solar data to
NSI in that n range.
> NSI parameters can take higher
values.

NSI can modify the neutrino
propagation in KamLAND and so
the determination of AmZ,.

> The best agreement between
KamLAND and the solar
determination of Am?2; is found for
n = —64°
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0sc +COHERENT
LMA LMA ® LMA-D LMA LMA & LMA-D
v e [-0.008,+0.618] [—0.008,-+0.618]
el —et, [-0.020,40.456] ©[-1.192,-0.802] | *
o ., [-0.111,40.402] [—0.111,+0.402]
e —et, [-0.005,40.130]  [-0.152,4-0.130]
€% [-0.110,40.404] [—0.110,-+0.404]
e, [<0.060,40.049]  [~0.060, +0.067] | €%, [—0.060,+0.049] [—0.060,+0.049]
ex [-0.292,40.119]  [-0.292,+0.336] | e [—0.248,+0.116] [—0.248,+0.116]
e [<0.013,40.010]  [~0.013,+0.014] | €% [—0.012,+0.009] [—0.012,+0.009]
P e?, [-0.012,40.565] [—0.012,+0.565]
ed, —ed, [-0.027,+0.474] ©[-1.232,—1.111] e [-0.103,+0.361] [~0.103,+0.361]
el — el [~0.005,+0.095]  [0.013,-0.095] E‘;“ o 102’+0 361 [0 102’+0 361]
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ed, [-0.012,+0.009]  [-0.012,+0.009] | & [—0.011,+0.009] [—0.011,+0.009]
P [-0.010,+2.039] [-0.010,+2.039
ele —ehu [-0.041,+1.312] &[-3.327,-1.958] | . ! ! ]
b b, [-0.364,+1.387] [—0.364,+1.387]
e — el [-0.015,40.426)  [—0.424,40.426] |
el [<0.350,4+1.400] [—0.350, +1.400]
by [-0.178,4-0.147]  [-0.178,+0.178] | €2, [~0.179,+0.146] [—0.179,+0.146]
b, [-0.954,40.356]  [—-0.954,+0.949] | £, [—0.860,+0.350] [—0.860,+0.350]
ehr [-0.035,4-0.027]  [0.035,+0.035] | e [—0.035,+0.028] [—0.035,+0.028]
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Dark Octant

Light Octant

Backup: Combined analysis

of oscillation

and COHERENT
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Backup:Results from the global analysis

» No bounds on the (p12, p13) plane.

» Bounds on (@12, p13) after
considering solar and KamLAND

> Introduce sensitivity to ve

60

-90 -60 -30 O 30 60 90
P12
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Backup: Tension in Am3,

M.P. Decowski, Nucl.Phys. B908
(2016) 52-61

KamLAND r
=
z osf
é L
. £ 6l
» Long-baseline reactor £ O°F
experiment; i
£ 04l
3 K + R
> V. are emited with energies 021~
| = 3-v best-fit oscillation —&— Data - BG - Geo ¥,
between 1.8 and 8 MeV; OT T TR P P S T NN I
20 30 40 S0 60 70 80 90 100

. Ly/E, (km/MeV
» baseline ~ 180 km; oE;, (km/MeV)

» matter effects are very tiny.
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Backup: Tension in Am2,

(100 kev')]

2 1
Flux [cm™ s

Solar neutrinos

Measurement of the low-energy ®B neutrino spectrum.

Observations indicates:

> P.e ~ 30% at high energy

8
(°B, hep).
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Phys. Rev. D 98, 030001 (2018)

» P.. ~ 60% at low energy (pp, 'Be, CNO

8
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Eur.Phys.J. A52 (2016) no.4, 87



Backup: Tension in Am2, .
Solar neutrinos

Observation of a larger day/night asymmetry than predicted by

KamLAND.
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NSI formalism in the Earth

We parametrize the matter potential as

1+ €ce €cp  €er

Vinat = \/§GFN5(ZE) €op €up Erp

* *
€er EMT €rr

- UmatDmat U’j)‘q,at

» Setting N, /N. = Y, (z) = Y,® = 1.051
6;95 = V5(cosn + Y, sin neas

> The bounds over efﬁ are independent of 7.
> = arctan(—1/Y,®) the NSI contribution vanish.




Backup: COHERENT data analysis

The NSI coupling for COHERENT analysis

o = Vb(cosn + Y, sinn)ell 5

> anh is the average between N¢s/Zcs and Ny /Z;
» The bounds on eff@h are independent of 7.

» For n = arctan(—1/Y,7°") ~ —35.4°




