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Outstanding progress in v physics in ~ 20 years
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sin20,; ~ 0.0225 +3.8%
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S(CP)

sign(Am?)
octant(0,;)
absolute v mass
Dirac/Majorana

unkown unknowns

"NSI, sterile states,

PMNS non-unitarity, ...?

3-flavor scheme now established as the standard framework...
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The 3v mass spectrum

NO or I0? NO favored at > 26
Ve v,
A Vi E— )
o= 2" - 0.03

19/02/2021 Antonio Palazzo, UNIBA & INFN 4



The 3v mixing matrix

3
)= S Unl) U = 03501371012

s = diag(l, 1, e"‘i‘s) Dirac CP-violating phase o
5 [07 277] U is non-real if 5 # (0, x)
10 0 C13 0 8136 1y S |
Explicit 7= |0 o s 0 1 0 ~$19 (19
form | =593 (93 —8136 0 13 | 0 1

923 ~45° 913 ~9° 912 ~ 34°

Three non-zero 6;: Way open to CPV searches...
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Two main actors: T2K & NOvA

Super-Kamiokande
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Antineutrino mode e-like candidates

Bird’s-eye view: bievents plots of v 2020

T2K Runl-10 Preliminary NOVA Prelimi nary
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for Normal Ordering: T2K prefers &cp ~ 1.57

NOvVA prefers 6cp ~ 0.87
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Our analysis of v 2020 preliminary data

In NO, tension in the determination of &.p
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But interesting to consider alternative explanations...
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Can the tension be resolved assuming 10?
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For 10 the best fit of 5¢cp is the same in T2K and NOVA (left panel).
However, 10 gains only ¥%0-%2n0 ~ —2 in T2K + NOVA combination (middle panel).
The reason is that T2K disfavors 10 (dotted ellipses) (right panel).

T2K and NOvA disappearance channel + Reactors prefer NO (x20-%?no ~ 4)-
SK atmospheric data (v 2020) prefer NO (%20 - %?no ~ 3)-

Therefore, |0 seems not to be the favored solution
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Why to consider non-standard interactions

T2K and NOVA have different baselines and peak energies (L/E = costant)

Matter effects depend on the ratio v =

F T2K v ~ 0.0
NOvA v ~ 0.17

New matter effects encoded by NSI are also proportional to v
Basic Idea: suppose NSI exist, then:

T2K is a “quasivacuum” experiment. lts estimate of dcp is independent of NSI.

NOVA is a “matter dominated” experiment. The extracted value of d¢pis
affected by NSI. If NSI are taken into account, the estimate of dcp should
return in agreement with that of T2K.
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Theoretical Framework

d=5 d=6
eff — ¢ d=5 | € d=6 NSI
£ = Loy + -0 + 5 00T
f=eu,d
P - J—
OLnst = ~2V2Gr)_ ey (T Prvg) (PP f) P = (Py, Pp)
f)P J

L R
Only vectorial couplings are relevant for matter effects 83;5 = 53;5 + €£5

Effective couplings in the Earth’s crust (N, = N,) Eaf 535 + 3535 + 36%
O O 0 ]. -l_ 866 8eu 867’ o Amgj
— - ij =
H=U0 kn 0|U'+Vec| €,  €m €ur Yo
b *
00 kn E_EI Spr Crr Voo = V2G N,
Off-diagonal ¢,3 are complex and bring a CP phase EaB — ’8 af |€Z¢°‘ﬂ

We focus on g, and &, (€,; : small effect on v, apperance and strong bounds)
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Analytical expectations

P, involves 4 small quantities

P, is the sum of three terms

513 = 015
o =0.03

€
€2

WeoeE E
v = 2Veo :0.18[ }

Am2, 2.0 GeV
’5046’ ~ 0.2 €

— = NOvA v ~ 0.18

SM NSI
P ~ 4 2 82 2 EZ _ sin[(1 — v)A] _ sinvA
0 ﬁé 23f f= 1—v ’ v
E3

P ~ Smslgclgszgcp_,gjg cos(A + dcp)

Py = Bgsytasof coldcp + 0ug) DA + e 6] €3

_ 2 _ 2 _
a=83, b=cy if af=ep

a4 = 893C93, b= —8593C93 if aﬂ =€T

P, brings one additional CP-phase ¢,

Parametric curve in biprobability plot:

[X, Y] = [P Pl

v—=7 [v,0cp,0ap] = [V, ~0cP, ~00ug)

® For fixed ¢,; > ellipse for varying 3p

® For fixed 5¢p > ellipse for varying ¢,
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Biprobability plots in the presence of NSI

T2K

Strongly favors dcp ~ 3n/2 ellipse

almost no sensitivity to ¢g,)

NOvA

In agreement with 5cp ~ 3n/2 ellipse.
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NSI bring the estimates of .p in agreement
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Contours obtained for the best fit of T2K + NOvA: [ec, = 0.15, ¢¢,, = 1.387]

T2K region almost unaltered NOvA region strongly modified
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Indication of non-zero ¢, from T2K + NOvA
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NSI restore the preference for NO

SM + NSI

15pr———s
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Better agreement with all the other data
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Summary of the results of the fit (NOvA + T2K)

NMO|NSI ’é‘a[g‘ qﬁa[g/w 5cp/7T AX2
NO | Eer 0.15| 1.38 | 1.48 |4.50
Eer |0.27] 1.62 | 1.46 |3.75
[0 |Een|0:02| 0.96 | 1.50 |0.07
ger 1 0.15 | 1.58 | 1.52 [1.01

NO

.

10 {No significant preference for non-zero NSI

_ The coupling ¢, is slightly favored over &,

AX2 = X%M - X?S‘M—|—NSI

rAx2 ~ 4 signals a satisfactory resolution of the discrepancy

Best fits of both CP phases 5¢p and ¢,g are close to 31/2

Similar results found by Denton, Gehrlein & Pestes, PRL 126 051801 (2021)
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Current bounds from IceCube

DeepCore
3-years sample

4 U 3.5
‘}\s,l

Thomas Ehrhardt, PPNT 2019
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What theory says about NSI?

T2K and NOvA point to effective couplings of about 0.2. These can be obtained
with fundamental couplings on electrons, u and d quarks of a few %. This is still

a large number from a theoretical perspective.

Neutrinos are components of an SU(2), doublet. Gauge invariance at high
energies implies that NSI operators come together with operators involving
charged leptons, on which there are strong constraints from CLFV.

So, it is very difficult to build models with large NSI [Gavela et al. 0809.3451]

Some possibilities:

Tree-level see-saw [Forero & Huang 1608.04719]

Heavy mediators
Radiative see-saw [Babu et al. 1907.09498]

Light mediators are an appealing alternative
Farzan, Heeck 1607.07616 Farzan 1912.09408

Note that forward scattering probes g2 = 0 and a light mediator is felt as an heavy one.
Hence, also in this case it is legitimate to describe NSI by an effective dim-6 operator.
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Conclusions

In NO, T2K and NOvA display a tension at ~2 sigma level
Complex flavor-changing NSI can solve the tension for ¢ ~ 0.2

Hard to generate such couplings with heavy mediators but
easier with light mediators

New IceCube data with higher statistics should be able to
probe these couplings

If the NSI indication persists, T2HK and DUNE will definitely
confirm/disconfirm it.

19/02/2021 Antonio Palazzo, UNIBA & INFN 20



19/02/2021

Backup slides

Antonio Palazzo, UNIBA & INFN

21



Biprobability plots in the presence of NSI

T2K NOvA
Strongly favors dcp ~ 3n/2 ellipse In agreement with 6cp ~ 3n/2 ellipse.
(almost no sensitivity to ¢g,,) On this ellipse it pins down ¢, ~ 37/2
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Indication of non-zero .. from T2K + NOvA
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Confronting ¢, with ¢,

SM + NSI (&¢,,) SM + NSI (&;)
070 rrrrrprrrrrorrrerep T - 070_ —r r tr. [ r 1. 1.1t 1.1 r71 rrr1r71]
m TK NO 1 : T2K NO 1
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NOvA allowed region is different because P, has different analytical form
in the two cases (the relative sign of the coefficients a and b is opposite)

19/02/2021 Antonio Palazzo, UNIBA & INFN 24



