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Neutrino Oscillations

Ve Uei Uez Ues V1
vy = U 1l U 12 U 13 1%
vr U7'1 UT2 U7'3 v3

> Mixing matrix U (PMNS):

Particle Data Group Parametrization

1 0 0 C13 0 5136_"56’) C12 sip 0
U= 0 C23 So3 0 1 0 —S12 C12 0
0 —s;3 o3 —513816@ 0 C13 0 0 1

Particle Data Group https://pdg.1lbl.gov/

Oscillation Probability

> Plva = vg) = | (L)) = | 55 Uz Uspenm (— 1320
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Oscillation Parameters

2
> 2 flavors: P(ve — v,) = sin® 201, sin? (AL{EL)'

» 3-v mixing:
> 912 ~ 34° 913 ~ 9° 923 ~ 45°.
> Am? =~ 7.5x107° eV2 |Am3 |~ 2.5x1073 eV2.

cee

o o @

2 vy A

» Indications: dcp and sign of Am3;.
Salas et al. JHEP02, 071 (2021).
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Leptonic dcp-phase determination

» Neutrino 2020: (~ 20) discrepancy on dcp measurement
among T2K and NOvA.

0.7 Normal Hierarchy

T2K, Nature 580: = BF — <90% CL --- <68% CL

NOvA: + BF []<90% CL [Jl] <68% CL
S T S S N A RO SR SIS
I T 3n

2 Ocp 2

2n

A. Himmel https://zenodo.org/record/3959581#.ZBjbiNLMIso.

> Systematic errors, statistical fluctuations?
» Neutrino non-standard interactions (NSI)?

» Sterile neutrino? ...
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Neutral Curent (NC) NSI
NC-NSI parameterized by dimension 6 operators

L = —2V2GpelS(Day" PLvg)(FruPcf) !

Neutrino propagation trough the Earth:

N N

E : AL Z R\ IV

E(J(ﬂ = O‘ﬂN = ( 0/3+6”6)N
f=e,u,d f=e,u,d

N¢: number density of the fermion f. At Earth, N, ~ N, = N,
where N, ~ Ny ~ 3N,.

€ap = €q5 + 3€qp + 362,6

'C=(L,R); Pc=(1F7°)/2.
6/24



Introduction Framework Simulation Results Conclusions

Effective Hamiltonian
Effective Hamiltonian in the flavor base

1 ) 1+ €ee €ep  Cer
Hf = E UM2U + a ﬁzu, €up  Eur ,

* *
€er euT €rr

E, neutrino energy, U= R23(923)U13(913,6CP)R12(912) mixing matrix
PMNS, M? = diag(0, Am3,, Am2;) mass matrix, a = 2v/2Gg N, E,
matter potential.

We consider complex NSI, where ¢, = |e,3]e'%25. For @ # 3, the
phases (¢,z3) could contribute to CP-violation in the lepton sector.
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NC-NSI to explain (d¢p) discrepancy among T2K&NOvVA

T2K: L = 295 km, (practically vacuum oscillation experiment),
(E,) ~ 0.6 GeV, prefers ocp ~ 1.5 7.

NOvVA: L = 810 km (more matter interaction) (E,) ~ 1.9 GeV,
prefers dcp ~ .

In presence of NSI: dnova = 12k + ¢, extra CP-phases:
¢ = {Qbep ) ¢er} ~ 3/277 y |€eu‘ ~ |€e7" ~ 0.2.

At the probability level:

P(6 = Ovémeasured) ~ P(Q(Strue)

Chatterjee, Palazzo PRL 126, 051802 (2021).
Denton et al. PRL 126, 051801 (2021).
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Electron neutrino appearance (one parameter at a time)

[€epl

P(vy — Ve) X €ep, €er-

> NSl e,
T2K+NOvA
1.0y T T T
68% C. L. NO
| 9%0% C.L.
08 | Bestfit 7
0.6 90% C.L. IceCube -
0.4 T

0.0 0.5 1.0

¢eyfm [Rad]

[€crl

» NSI e,
T2K+NOvA
1.0 T T T
68% C.L. NO
90% C.L.
0.8 * Bestfit ]
0.6 90% C.L. IceCube -
£
0.4 / T
| (1.62,0275)
{ *
0.2"\-" ------ ._‘...__5\7. --------
__ -
U.G 1 1 1
0.0 0.5 1.0 1.5 20

Chatterjee, Palazzo PRL 126, 051802 (2021).

¢er/m [Rad]
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Numerical fit: T2K+NOVA (one parameter at a time)

TABLEI. Best fit values and Ay* = x%M —;(%MJrNS[ for the two

choices of the NMO.

NMO  NSI eyl  du/n  Sw/r A
NO €ap 0.15 1.38 1.48 4.50
€or 0.27 1.62 1.46 3.75
10 Eap 0.02 0.96 1.50 0.07
€or 0.15 1.58 1.52 1.01

Chatterjee, Palazzo PRL 126, 051802 (2021).

Similar results: Denton et al. PRL 126, 051801 (2021).
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NSI solution to the T2K and NOvVA discrepancy on dcp

» 3v-oscillations (SM)

» SM+NSI e,

2.0

SM + NSI (&)
0.70 R
T2K NO
0.60
Soss
£ 050
045
0.40
0'35“"1"“|“"|" 0.351 ) I S T TR [N T T S S S S S
00 05 10 15 20 0 05 10 15
Sce/n Scp/n
Chatterjee, Palazzo PRL 126, 051802 (2021).
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Simulation

P We use the General Long Baseline Experiment Simulator (GLoBES)
software https://www.mpi-hd.mpg.de/personalhomes/globes/.

&
o

GLoBES

> n-years of exposure: n/2 (v mode) and n/2 (7 mode).

» Electron neutrino appearance P(v, — v.) and muon neutrino
disappearance P(v, — 1,,) events.

» Sensitivity and allowed regions, y?-statistics.
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Experimental configurations

v

DUNE

Baseline: 1300 km.
Neutrino energy: (E,) ~ 3 GeV.

Data: 13 years total, 6.5 and (6.5) v (7).

ESSnuSB

Baseline: 540 km, 360 km.
Neutrino energy: (E,) ~ 0.3 GeV.
Data: 10 years total, 5 and (5) v (7).

T2HKK
Two-baseline: 295—(1100) km.

Neutrino energy: (E,) ~ 0.6—(0.8) GeV.
Data: 10 years total, 5 and (5) v (7).
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ESSnuSB and DUNE (one parameter at a time)

» NSI effect (ee,) at ESS > NSI effect (ee,): DUNE
0.64/ ESSNUSB 538 kt 062 DUNE (TDR)
540 km 0.61} 90% CL
0.62/90% CL 68% CL
68% CL 0.60
0.60
& 20.59
o 0.58 o~
— c
7] ‘» 0.58
0.56 >
0.57
0.54
0.56
0.52
0.0 0.5 1.0 15 2.0 0'58.0 0.5 1.0 1.5 2.0
Scp/m dcp/m

Solid lines 3v-osc. (SM), dashed lines SM+NSI (ec,).
LAD, OGM  arXiv:2304.05545 [hep-ph].
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ESSnuSB and DUNE (one parameter at a time)

» SM+NSI (ee,) at ESS » SM-+NSI (667—)2 DUNE+ESS
0.62
0.64{ ESSnuSB 538 kt DUNE (TDR) + ESSnuSB 360 km
360 km 0.61
0.62;90% CL 90% CL
68% CL 0.60}68% CL
0.60
& 20.59
“~ 0.58 S
= =
7] 'n 0.58
0.56
0.57
0.54
0.56
0.52
0.0 0.5 1.0 15 2.0 0'58.0 0.5 1.0 1.5 2.0
dcp/m dcplm

Solid lines 3v-osc. (SM), dashed lines SM+NSI (e, ).

LAD, OGM  arXiv:2304.05545 [hep-ph].
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NC-NSI at T2HKK (one parameter at a time)

Expected allowed regions : Ang+NS|(ee# or €er).

> NSI e, at T2HKK

leeyl

1.0

0.8

0.6

0.4

T2HKK
90% CL
68% CL
----90% CL IceCube

0.0 0.5 1.0 1.5 2.0

¢ep/7r

LAD, OGM  arXiv:2304.05545 [hep-phl., _

» NSI €. at T2HKK

1.0

T2HKK

90% CL
08 68% CL

----90% CL IceCube

€|
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Conclusions

» NSI as an explanation to (0¢p) discrepancy T2K/NOVA.

» Combination (ESSnuSB+DUNE): beneficial to obtain a
reliable value of 0cp (even in presence of NSI).

» T2HKK: useful to determine the NSI parameters (e, €er).

17 /24



Introduction Framework Simulation Results Conclusions

THANK YOU
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BACK UP

Any Questions?
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Electron neutrino appearance channel (one parameter at a time)

P(Vu — Ve) X €eps €er-

> Matter NSI ¢¢,

> Matter NSI €,
27

3m/2

/2
0.2 0.4 0.5 0.6
‘58;&'

0. |0.3| 0.4 0.5 0.6
Denton et al. PRL 126, 051801 (2021).

m]

=
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Electron neutrino appearance channel (one parameter at a time)

TABLEL Best fit values and Ay? = y%,; — ¥&s; for a fixed MO
considering one complex NSI parameter at a time. (For the SM,

XzNo _Xlzo =23)

MO NSI |€apl Dap/ 7 S/m Ay?
NO €ey 0.19 1.50 1.46 4.44
.. 0.28 1.60 1.46 3.65
€ur 0.35 0.60 1.83 0.90
10 € 0.04 1.50 1.52 0.23
€., 0.15 1.46 1.59 0.69
€ur 0.17 0.14 1.51 1.03

Denton et al. PRL 126, 051801 (2021).
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T2HKK and DUNE+ESS (ec,)

> NSI (eeu) at T2HKK > NSI (eeu): DUNE+ESS
0.62 0.62
T2HKK DUNE (TDR) + ESSnuSB 540 km
0.61}90% CL 0.61
68% CL 90% CL
0.60 0.60[68% CL
Ro.59 o9
o~ o~
c c
s 0.58) % 0.58
0.57(; 0.57
0.56 0.56
0.55 0.55
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Ocp/m bcp/m

Solid lines (SM), dashed lines SM+NSI (e,,).

LAD, OGM  arXiv:2304.05545 [hep-ph].
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Constraints from cLFV processes

Constraints on NC-NSI parameters from cLFV processes

NSI

Explicit Form

Estimated Limit (NO)

Estimated Limit (IO)

Ject
leck|
fect|
legnl
lei

=

(2VEGF) M Yo Yacel
(2V2GF) T M2 |YE e Yape|
(2V2Gr) T M2 [YE Yar|
(2V2Gr) " MAE|YA . Yaue|
(2V2Gr) ' MA3|YZ, Yare|

(2v/2C k) MY, Yare|

<80x107*
<T.0x1077
<20x107*
<68x107°
<48x 1079

<95x107°

<80x107*
<7.0x 1077
<21x107*
<25x%x107°
< 2.5%107°

<99x107°

MANDAL, MIRANDA, GARCIA, VALLE, and XU PRD 105, 095020 (2022).
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Matter Neutral Current (NC)-NSls

Neutrino NC-NSls can be parameterized by a dimension six
operator

L = —2V2Gre[ (7" Pvg)(FruPcf), Gr ~1/My, el ~ My/Mis)

Projector operators

1
Pc=Pri = 5(1 +~°)

For the case of neutrinos propagating trough the Earth:

N N

f f . R f

Cap= D, € Capy, T > (@ ﬂ+6aﬁ),\/
f=e,u,d f=e,u,d

N¢ = fA°f correspond to the number density of the f fermion.
Since Nf is independent of the axial current, both possible Lorentz
structures P would have the same impact on the NSI matter

effects.
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