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Searching for matter NSI

As Mariam discussed NSI can have a huge impact in neutrino oscillation

facilities:

2\/_pr9aﬁ (vﬂy/“Pv Xf}/# )

P. Coloma,

M.C. Gonzalez-Garcia,
M. Maltoni and

T. Schwetz 1708.02899

f=u f=d
el;V'1 [0.028,0.60] | [0.030,0.55]
el | [-0.088,0.37] | [-0.075,0.33]
eV | [—0.090,0.38] | [-0.075,0.33]
!V 1[-0.073,0.044] | [—0.07,0.04]
el:V'| [-0.15,0.13] | [—0.13,0.12]
/Y| [~0.01,0.009] |[—0.009,0.008]

Bounds mainly driven by oscillation data (+COHERENT)...
...can they be saturated avoiding additional constraints?

See also Y. Farzan and M. Tortola 1710.09360 for a review
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Gauge invariance
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by gauge invariance and very strong bounds exist
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S. Bergmann et al. hep-ph/0004049
Z. Berezhiani and A. Rossi hep-ph/0111147
S. Antusch, M. Blennow, EFM and T. Ota, 1005.0756



Large NSI?

Search for gauge invariant SM extensions satisfying:

= Matter NSI are generated at tree level by integrating out
heavy fields

= 4-charged fermion ops not generated at the same level

= No cancellations between diagrams with different
messenger particles to avoid constraints

= The Higgs Mechanism is responsible for EWSB

S. Antusch, J. Baumann and EFM 0807.1003
B. Gavela, D. Hernandez, T. Ota and W. Winter 0809.3451



Large NSI?

At d=6 only one direct possibility: charged scalar singlet

Present in Zee model or
R-parity violating SUSY
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Large NSI?

Since 4, = -4, only g,.and ¢, 70

Eppr

Very constrained:

el < 82-107° H>ey

~1, €7, < 84. 10—3 H decays

=TT - | T decays
et < 1.9-107° CKM unitarity

F. Cuypers and S. Davidson hep-ph/9310302
S. Antusch, J. Baumann and EFM 0807.1003



NSI from right-handed neutrinos

All SM fermions acquire Dirac masses via Yukawa couplings
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Simplest option add N, : a Majorana mass is also allowed

M NN,

N



NSI from right-handed neutrinos

All SM fermions acquire Dirac masses via Yukawa couplings

— SSB Y.V — A,
Y. f, of L ff, my=——
f 'L7 IR <¢>:% \/—2 m 5~

Simplest option add N, : a Majorana mass is also allowed

M NN,

N

This is an entirely new term which implies:



NSI from right-handed neutrinos

All SM fermions acquire Dirac masses via Yukawa couplings

Yfﬁ_¢fR SSB : Y V — Y.V

y —ff mp = —=
=7 D J2

Simplest option add N, : a Majorana mass is also allowed

M NN,

N

This is an entirely new term which implies:

Fermion number violation - Baryogenesis via Leptogenesis



A new physics scale
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A new physics scale

All SM fermions acquire Dirac masses via Yukawa couplings

SSB Y,V — Y. v

v o f f Mp = —7=
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Simplest option add N, : a Majorana mass is also allowed

Y, .91,

M NN,

N

This is an entirely new term which implies:

Fermion number violation - Baryogenesis via Leptogenesis

The firot related to the EW scale and the Higgs
To be searched for at experiments!!



A new physics scale

All SM fermions acquire Dirac masses via Yukawa couplings

Yf ﬁ_¢fR SSB Y V_ Y. v

M~ =

9)=7 Tzt V2

Simplest option add ~,: a Majorana mass is also allowed
C
M _NEN,
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Tag -1
If My >>mythen M =M and m~=m;M 'my, > smallness of v masses
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A new physics scale

But a very high M worsens the Higgs hierarchy problem

Lightness of v masses could also come naturally from an
approximate symmetry (B-L)

eV keV MeV GeV

M could be anywhere...

Very different phenomenology at different scales
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A new physics scale

Cosmology
Short and long Collider
baseline searches
v oscillations Meson decays
peak searches
[ ev keV M*V GeV Tev
Kinks in B decay spectrum Fived Precision
target electroweak
searches and flavour
Neutrinoless double beta decay HlElEITe




Probing the Seesaw: Non-Unitarity
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The 3x3 submatrix N of active neutrinos will not be unitary

Effects in weak interactions...



Probing the Seesaw: Non-Unitarity

UTO mDU:Nt XY 0 mg N @) (m 0
m, M, @ Y' ' m, M AX Y 0 M

The 3x3 submatrix N of active neutrinos will not be unitary

Effects in weak interactions...

When the W and Z are integrated out to obtain the Fermi
theory NSI are recovered!
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Probing the Seesaw: Non-Unitarity

In general N = (1-7)-U with » Hermitian and U Unitary

OO"
For a Seesaw 7 = - with ® ~ m{ M | the heavy-active mixing

a2
Jamy (M2 My )
Agree at the ~per mille level

Gefrom p decay is affected! But G; =

Measurements of s, or tests
of CKM unitarity from S and
K decay also constrain G

Lepton weak universality from
G, =Gg(NNT) (NNT)_ 7z, K and 7 decay ratios

G,=G.(l-n.-n,) LVFprocesses from the loss of
the GIM cancellation...




Probing the Seesaw: Non-Unitarity

Recent bounds from a global fit to flavour and Electroweak
precision data (28 observables considered)

/ 1.3-1072 12-107° 14-10— \
|'?7a-,.8| < | 12-107° 20-107% 6.0-1074
\ 1.4-107% 6.0-107* 28107

EFM, J. Hernandez-Garcia and J. Lopez-Pavon 1605.08774

See also (incomplete list!) P. Langaker and D. London 1988

S. M. Bilenky and C. Giunti hep-ph/9211269

E. Nardi, E. Roulet and D. Tommasini hep-ph/9503228

D. Tommasini, G. Barenboim, J. Bernabeu and C. Jarlskog hep-ph/9503228
S. Antusch, C. Biggio, EFM, B. Gavela and J. Lopez Pavén hep-ph/0607020

S. Antusch, J. Baumann and EFM 0807.1003

D. V. Forero, S. Morisi, M. Tortola, and J. W. F. Valle 1107.6009

S. Antusch and O. Fischer 1407.6607

F.J. Escrihuela, D.V. Forero, O.G. Miranda, M. Tortola, J.W.F. Valle 1612.07377




Probing the Seesaw: Non-Unitarity

OrN =(1-a) U, with(l—a) =UssUssU16Us5 Uas Ur5U34Uza Uryg

12 1 2 4 2 |
5 (514 + 575 + 576) 1 U !
oo | 81483, + 81585 + 51683 5 (s34 + 535+ s3) .

-,

S s e & canox 1.2 2 2
514534 + 515535 + S16536 524534 + 525535 + 526536 5 (534 + S35 + S3¢)

Triangular structure more convinient for oscillations
Z.-z. Xing 0709.2220 and 1110.0083.

F. J. Escrihuela, D. V. Forero, O. G. Miranda, M. Tortola, and J. W. F. Valle 1503.08879.
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Effects in oscillations

7
6r <1073
50
SER e
; ///-‘-.\\ z’ ’’’’’ \\
4 L / \ ! 2
o~ : J \ ¢ |a|<10 \
>< i II \\ I \
3a ! \
YL S W—— LA— -
- H [ \
N i (] 1
] i v
20 J
l N
_ . -. |alfree
1 /', ‘\ R h—\.\
o N J ~
0 /"‘ W\ \'\.
JT JT
-7T -5 0 Py 71
0
Ocp (°)

If uncosntrained, just allowing for them in the fit destroys the sensitivity to
CPV of DUNE but with priors of 10-3 the standard sensitivity is recovered

See also: F. J. Escrihuela, D. V. Forero, O. G. Miranda, M. Tortola, and J. W. F. Valle 1612.07377.
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A C

ifferent possibility: lighter Steriles

For very lig

nt (< keV) extra neutrinos these strong constraints

are lost and v oscillations are our best probe of this scale.
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S. Parke and M. Ross-Lonergan arXiv:1508.05095
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Steriles vs NU

“Non-Unitarity” “Light steriles”
(m > EW) Am? > 100 eV? Am? ~0.1 —1eV?
Cee 1.3-107% [44] 241072 [46] 1.0 - 102 [46]
Vap 2.2 107 [44) 2.2 1072 [47] 1.4-1072 [48]
rr 2.8-1077 [44 1.0+ 1071 [47] 1.0-10=" [47]
vpe| | 6.8-1074(2.4-107°) [44] | 2.5-1072 [49) 17102
| ovre 2.7-107% [44] 6.9- 1072 45102
vy 1.2 1073 [44] 1.2 1072 [50] 5.3.1072

EFM, J. Hernandez-Garcia and J. Lopez-Pavon 1605.08774
M. Blennow, P. Coloma, EFM, J. Hernandez-Garcia and J. Lopez-Pavon 1609.08637




Steriles vs NU
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M. Blennow, P. Coloma, EFM, J. Hernandez-Garcia and J. Lopez-Pavon 1609.08637
C. S. Fong, H. Minakata and H. Nunokawa 1609.08623



Steriles vs NU
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Steriles vs NU
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If >>1 oscillations too  + ZG),BI@aI 0,0,e *
fast to resolve and only see

average effect Wy
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M. Blennow, P. Coloma, EFM, J. Hernandez-Garcia and J. Lopez-Pavon 1609.08637
C. S. Fong, H. Minakata and H. Nunokawa 1609.08623



Steriles vs NU

N ®
U =
—iAm{L

“Heavy v” Non-Unitarity ~ P,z => N4zN N N e 2F
¥

—iAmﬁL

“Light v" Steriles Pos = Z NN NN e 25
ij

* 2E
aJG)ﬂJe

At leading order “heavy” non-unitarity and avergaed-out
“light” steriles have the same impact in oscillations

M. Blennow, P. Coloma, EFM, J. Hernandez-Garcia and J. Lopez-Pavon arXiv:1609.08637



Averaged out steriles at DUNE
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If uncosntrained they can also hinder DUNE’s hability to determine the octant
or maximality of 6,5 but with present bounds they are not a problem

M. Blennow, P. Coloma, EFM, J. Hernandez-Garcia and J. Lopez-Pavon arXiv:1609.08637



Conclusions

Gauge invariance applied to NSI implies very strong bounds.
Possible ways out:

= EFT not applicable (light mediators)
= Cancellation between different NSI mediators (finetuning)

Non-Unitarity a type of NSI, very motivated by Seesaw! But
strong constraints from flavour and EW precission. Ways out:

= Low energy non-Unitarity (averaged out steriles!)
= With present constraints standard searches not affected.

Other ideas?



Can we escape these bounds?

In FJ. Escrihuela, D.V. Forero, O.G. Miranda, M. Tértola, J.W.F. Valle 1612.07377

bounds from charged lepton flavour and precision EW tests are
quoted separately from short baseline oscillation searches.

Neutrinos + charged leptons

a;p > 09974 0.9963

> 0.9994 0.0991 Interesting suggestion: there
am > 0.9988  0.9976 might be a cancellation with
las| < 17x 103 2.5 x 10-3 some other source of new
g | < 20x 103 4.4 x 10-3 physics in the first set not
| < 11x 1073 2.0 x 103 present in the second.

Neutrinos only

The first set is more model-

y) > 0.98 0.95

wm> 099 0.4 dependent and the second
_ K -

(¥33 s 093 [}-?6 more rObUSt. H

lag| < 10X 1072 2.6 x 1072
|i.’.1.’:5|| < 4.2 x 10 é 9.8 x 10 2
luga| < 9.8 x 1073 1.7 x 1072




Can we escape these bounds?

In FJ. Escrihuela, D.V. Forero, O.G. Miranda, M. Tértola, J.W.F. Valle 1612.07377

bounds from charged lepton flavour and precision EW tests are
quoted separately from short baseline oscillation searches.

Neutrinos + charged leptons
o> 09974 0.9963
gy > 0.9994 0.9991
(¥33 > 0.9988 0.9976
o] < 1.7x107% 25 x 1077
lugy| < 2.0x 107% 4.4 x 1073
lags] < 1.1 x 1072 2.0 x 103

Not possible? Main bounds
from first set come from ., 7,
S, K and 7 decays. These are
the same processes to produce
and detect v. If they are
cancelled by new physics, prod
and det NSI cancelling the NU
effects also in oscillations
should be induced.

Neutrinos only

) > 0.98 0.95
oy > 0.99 0.96
33 > 0.93 0.76
lag| < 10X 1072 2.6 x 1072
lg| < 42x1072 9.8 x 102
luga| < 9.8 x 1073 1.7 x 1072

Ideas for discussion?




Probing the Seesaw: Non-Unitarity

Recent bounds from a global fit to flavour and Electroweak
precision data (28 observables considered)

(13 10—_4. 10-3 )
|T7a-,.8| < 12:-107°X0-1004 6.0-104

\ 141077 6.0-107% 2.8 107"

All constraints are for the limit of very heavy extra neutrinos
OK for all processes except maybe the loop LFV

W= W=

u 0, Oy ¢
EFM, J. Hernandez-Garcia and J. Lopez-Pavon 1605.08774
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Recent bounds from a global fit to flavour and Electroweak
precision data (28 observables considered)
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Probing the Seesaw: Non-Unitarity

All constraints are for the limit of very heavy extra neutrinos
OK for all processes except maybe the loop LFV

Cancellations of these diagrams explored in:
D.V. Forero, S. Morisi,
M. Tortola, J.W.F. Valle 1107.6009 >
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Probing the Seesaw: Non-Unitarity

All constraints are for the limit of very heavy extra neutrinos
OK for all processes except maybe the loop LFV
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Probing the Seesaw: Non-Unitarity

Recent bounds from a global fit to flavour and Electroweak
precision data (28 observables considered)

/1.3.10—.4-10—3\
I,]G a < 3 4. — ‘ . . 3 . ey
el < ((3.4-10772.0-107* 6.0- 1074

\1.4-10—3 6.0-10~* 2.8-10—3/

Without the loop processes

EFM, J. Hernandez-Garcia and J. Lopez-Pavon 1605.08774



Cosmology and lab constraints

0

At intermediate
scales very strong
constraints from
direct searches
and cosmology

log(sin’ @)

9 8 7 6 5 4 3 2 1 0
logyp(ms) (GeV)

A. C Vincent, EFM, P. Hernandez, M. Lattanzi and O. Mena arXiv:1408.1956



Large NSI?

At d=6 indirect way: fermion singlets
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Weinberg 1979



Large NSI?

At d=6 indirect way: fermion singlets
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A. Broncano, M. B. Gavela and E. Jenkins hep-ph/0210192



