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% Are neutrinos

Dirac or

Majorana particles? % What are the absolute

*

masses of neutrinos?
*

% Is there CP violation in the

leptonic sector?
*

% Is the neutrino mass
hierarchy normal or inverted?

*

% Are there additional light

sterile neutrinos?
*

* While it is fairly clear
that oscillations are
dominantly responsible for
observed excesses and
deficits seen in the neutrino
fluxes in these
experiments, subdominant
effects that have not yet
been ruled out include NST,
decoherence and neutrino
decay.
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Decoherence

One of the most essential ingredients in making the oscillation scenario work is that the
spread in energy AE of the neutrino "beam” is not too wide.

If AE of the neutrino "beam” is wide then by the time the neutrinos arrive at the
detector the oscillation patterns for neutrinos of different energies get sufficiently out
of phase to dampen potentially observable oscillations

Decay

In transit, a neutrino may decay invisibly, e.g into sterile neutrinos which do not produce a
sighal in a detector.

I't could decay visibly, say to another SM neutrino, which gets picked up in a downstream
detector.

Both these "non-oscillation” mechanisms could modify neutrino signatures in
oscillation experiments



Motivations for studying NST.......

Generically, new interactions and couplings of neutrinos beyond those in the SM are termed
and "Non-Standard Interactions” (NSI).

Such interactions could be present in the production, propagation and detection of neutrinos.

They could affect oscillation probability predictions and measurements made by existing and
future experiments.

They could impact our efforts to answer the important unanswered questions about neutrinos
listed earlier..



Motivations for studying NST.......

It is important to emphasize that NSI are not necessarily some strange new beasts, but
may very well arise from known BSM physics theories, like supersymmetry, GUT models,
left-right models, compositeness, extra dimensional theories......The term "NSI" is thus
an umbrella categorization

It is also important to realise that existing neutrino data are quite well-described by
the standard 3 family oscillation picture and the currently measured mass-squared
differences and mixings. Hence additional interactions are very likely small effects,
sub-dominant to the present understanding of SM interactions of neutrinos.

Despite their smallness and sub-dominance, it is important to study them because they
could point towards physics beyond the SM.



Standard Neutrino oscillations.......in matter

E is the neutrino energy,

i((ii—l; = % [MM* + diag(A, 0, 0)] v=Hv, A = 2/ 2EGFNe is the effective matter potential

GF = (1.1663787 + 0.0000006) x 10-5 GeV-2

Ne is the electron number density in matter

M = U Diag {m1,m2,m3) UT is the neutrino mass matrix,

U Us U U relates the weak interaction
Ve Y1 el “e2 ed "1 eigenstates and the mass eigenstates
v | =U v | =|Un Ukn Us vy | through the leptonic mixing parameters
O12, B13, 23, § (the Dirac CP-violating
Vr V3 U'rl U7'2 UT3 V3 phase)



Adding NSI....... (3 flavours)
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Standard Two flavour oscillations
in matter with NSI

Am?2, L
L ) P(v., — v,;) = sin® 20y, sinQ( Mm )
Tl 4F

Standard Two flavour oscillations
In matter

P (ve — v,) = sin® 20" sin” (Am?w

e ¥ v 2 2\ 2 - Z
Ams5, = Am \/sm 20 + (cos 20 — A) (22?;‘14) - (?;A 0520 — (14 €,. — 677)) n (?;A sin 20 + 2@,)
c2 )
g i o sin“ 26
207" = .
s sin” 20 4 (cos 20 — A)2 . B Am?® sin 20 + 4F Ae..,
S111 26’M — 5
Ams,
A2 4 M - M
o= EM ( Z?S ;gM (S;)I; ZZM> . 3 E€ees€eryErr — 0, Gives us back the standard matter oscillations
1n

We thus see that measurements of mass-squared differences and mixing angles
can be affected by the presence of NSI when we study neutrino oscillations in
matter.



Three flavour oscillations
in matter with NSI
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Three flavour oscillations
in matter with NSI
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NSI at production at the neutrino source.......

T N+ +v,, M+ et + T, 4V, nopte +7. Examples of standard production,

-t /U+ + v,, U+ 5 e +U,+v, n—opte +U, Examples of non-standard production,

NSI at detection .......

Vi N — P+ M_ Example of standard detection

Ve + TV — D+ ﬂ_ Example of non-standard detection



Such interactions, which lead to non-standard effects during the production or the
detection of a neutrino involve charged current processes, and may arise from a term
such as

Loc_Ng] = _2\/§GF géélX (ZXWMPLKB) (]?/%LPX f) Here f and f' are different fermions

On the other hand, coherent effects over long baselines which affect oscillation
probabilities stem from a term that produces NSI in neutral currents,

PR,L — (1 T V5



Examining NSI parameters as stemming from an underlying gauge theory

’ 0 I+e.: €oy  Eer
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While the diagonal terms are real , the of f diagonal parameters can be complex, and thus interfere in CP
measurements.

One would like to associate an underlying gauge structure for NSIs, as opposed to simply parametrising
them effectively as we have done so far.



Example of a simple underlying gauge theory for NSI

Consider a new Z with mass Mx

—2\/§GF Eig (DQ’YMPLI/(?) (]F"Y;LPX]C)

associated with a new U(1) group
with gauge coupling gx

[ — g
Then . [ & o g)%m%\,/mf(. Z Vo PLug Z, fy" Py f]

Note that if the new gauge boson is much heavier than the electroweak scale, the couplings may
become unobservable small.

Where weak couplings and a low mass gauge boson are

my < my and gy < 1
X & X combined, one may have observability.

Hence, for new physics appearing at

et g 2
Feoay mW/mX : 1 (10 )TeV, one expects Sap 10-+(10%)



Putting constraints on NSI.........

Requiring that the new theory preserve SU(2). x U(1) gauge invariance at high
energies immediately leads to strong constraints

Consider the 6-dimensional operator in effective theory | )
which yields an effective NSI parameter leading to, say p(l_/a"/pp 1vs) (L47pls)
A
86
L

To preserve gauge invariance, this must be part of a general SU(2) x U(1) operator

L(an,pljg) (L~v,Ls ) Applying This to an interaction with 4 charged
Az ’ leptons, where constraints are tight,

[P
i —3e: BR(u — 3e) < 10712 » o < 10~°



Putting constraints on NSI...........atmospheric neutrinos

Atmospheric neutrinos are very sensitive to matter NSIs, since they travel over

long distances inside the Earth before being detected, and “* " * ' oscillations are

important.
Further, a two flavour approximation can be made,
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Putting constraints on NSI..........atmospheric heutrinos
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Figure 1. Survival probabilities of v, — v, (upper panels) and v, — v, (lower
panels) as a function of the neutrino energy for different zenith angle of incoming
neutrinos, cosf, = —0.3 (left panels), —0.6 (middle panels) and —1 (right panels).
The corresponding distances traveled by neutrinos are indicated in the plots. The

hormal mass Qrdering was assumed. Miranda-and-Nunokawa; 1505:06254



Putting constraints on NSI...........detection of reactor neutrinos

Nuclear reactor experiments usually have short or medium baselines, and hence
effects of matter and NSI in propagation can be neglected.

Their energy is around a few MeV,

NSI may thus arise only at source (production) or in the detector.

Constraints will arise based on the deviation in the survival probability standard (known) reactor
flux and standard oscillations, i.e. measurements of .~ — 1.€ are done at source (LHS) and
detector (RHS) and compared to expectations.

Thus at reactors, the relevant NSI parameters which can be constrained are ¢!, €., e



Putting constraints on NSI...........detection of reactor neutrinos v.e™ — D.e”
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Putting constraints on NSI...........detection of reactor neutrinos

0.15 The NST parameters for this
0.1 reaction can be constrained by
0.05 considering, for example, the
ol oy data from the TEXONO
”w‘” 0 collaboration, which use vee
-0.05 scattering as the detection
-0.1 signal
0.15

Usually one combines
21 005 0. 005 01 015 .
oR more than one experiment

Eee to get better constraints

Figure 5. Allowed region, at 90 % CL, for diagonal NSI parameters, 2%, from
a combined analysis of TEXONO reactor anti-neutrino and LSND neutrino electron
scattering off electrons.



NSI at low energies........

The conventional formalism studied so far mainly looks at new physics in neutrinos at high
energies.

It assumes heavy particles and loop contributions which can be integrated out and cast in the

: g gy
form €~ 8x My /My

The absence of new physics discoveries at the LHC have spiked interest in searching for new

physics at low energies. Such physics must be weakly (feebly) coupled . It could involve
Low energy NSI of neutrinos and may show itself in anomalies at neutrino and DM detectors.

Such NSI of neutrinos may not be easily cast into the formalism studied here......



Conclusions...........

Among anomalous observations at neutrino experiments, their flavour transitions are the most
studied, using oscillations and matter effects.

At present, a fairly accurate picture of SM neutrino interactions explains all the oscillation data
well across many experiments, giving us a handle on their mixings and mass-squared differences.

Given the uncertainties, however, NSTI could be playing a subdominant role in oscillations and
neutrino scattering. Exploring NSTI thus opens a window to new physics at high energy scales.

I't could play a subdominant role in the physics of production, detection and propagation of
neutrinos in matter.



Conclusions........... cont'd

Analytic expressions for both 2 and 3 flavour standard oscillations in matter can be recast to
include NSI. This underlines the fact that measurements made in experiments may hide
subdominant effects of new physics.

Unravelling these effects would require the help of multiple experiments due to degeneracies.

Existing neutrino experiments can be used to constrain NSI parameters, e.g data from
atmospheric, reactor, coherent elastic neutrino-nucleus scattering long-baseline accelerator
experiments etc.

If BSM physics resides at low energies, a somewhat different approach from the standard NST
parameters discussed here may be necessary.



Short Baseline Anomalies and Sterile Neutrinos:
Status and Perspectives



Initial remarks.......

Generically, any neutral lepton that is a singlet under the gauge groups of the Standard
Model (SM) is loosely referred to as a sterile neutrino. Their mass can range from light to
very heavy. Heavier ones are generically called HNLs (heavy neutral leptons)

Sterile neutrinos have come to play an increasingly important role in present-day attempts to
take our current understanding beyond the standard model (BSM).

Sterile neutrinos which are heavy (~>> GeV or more) have been invoked to explain the smallnes:
of neutrino masses via the seesaw mechanism.

’Over‘ the past couple of decades, a humber of anomalous results have been observed in
experiments which involve the production and detection of neutrinos over short baselines

(< 1 km). Sterile neutrino oscillations of mass ~ eV have been invoked to understand them
and comprise a major proposed solution to resolve them.



Initial remarks....... (Contd)

Sterile neutrinos which are heavy (mass >> 100 GeV) have been invoked to explain the baryon
asymmetry of the Universe.

Sterile neutrinos which have masses in ~keV or higher range have also been considered as dark
matter candidates. (e.g Dodelson-Widrow mechanism)

Finally, most recently, HNLs play an important role in explaining the short baseline anomalies
via new physics (hon-oscillation) mechanisms.




Anomalies at Short Baselines.......1) The Gallium source Anomaly

Intense radioactive sources (e.a. Cr. Ar) with well-determined neutrino spectra are used. These
neutrinos are captured by Ve + /*Ga - *Ge + &

Baselines over which the decay neutrinos propagate are very short, ~ 1 m. However, in the
latest experiment (BEST) 2 target zones are created, to see evidence of oscillations.

Ga

Source

L L L 2 2 2L 2L Z /A 7

®* Radio chemistry for extraction and counting of the 71Ge was developed in SAGE solar
measurements. and is well understood



Anomalies at Short Baselines......2) The Gallium source Anomaly
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Anomalies at Short Baselines.......1) The Gallium source Anomaly

Pee
If one were to understand the 1 —
SAGE and Gallex results in terms of ~ 2
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Anomalies at Short Baselines.......1) The Gallium source Anomaly
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Anomalies at Short Baselines......Reactor Antineutrino Anomaly (RAA)

Reactor antineutrinos are produced from beta decays of neutron-rich fission fragments generated by
the heavy isotopes 235U, 238U, 239Pu, and 241Pu

The most important antineutrino fluxes are those produced by the fissions of 235U and 239Pu.

The flux measurement from various reactors, was, until recently, on the average, about 3.5%
(~30) lower than predicted from careful calculations done by several groups.

Mueller et al. 1101.2663, Huber 1106.0687, Giunti et al. 2110.06820



Anomalies at Short Baselines......Reactor Antineutrino Anomaly (RAA)
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Mueller et al. 1101.2663, Huber 1106.0687, Giunti et al. 2110.06820
This raised the possibility that the deficit was due to active-sterile oscillations .



Reactor

Antineutrino Anomaly (RAA)
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Figure 1. Exclusion contours of all reactor experiments in the plane of |sin“(26,.), Amy, | alongside

the allowed contours of the RAA and Gallium anomaly as well as Neutrino-4. KATRIN’s current and

expected exclusion limits are shown in addition. Reprinted from [29] under CC BY 4.0.



Anomalies at Short Baselines......Reactor Antineutrino Anomaly (RAA)

Nuclear databases have been improved in recent years, especially through the
application of the Total Absorption Gamma-ray Spectroscopy (TAGS) technique
for a better identification of the p decay branches.

This new information was used by Fallot et al [18] (EF model) (1904.09358), and Silaeva et
al, 2012.09917 to obtain a 235U reactor antineutrino flux that is smaller than that of
the earlier models.

This has led to improved agreement with measured fluxes, and there is now a belief in the
community that the RAA has been understood to be a flux calculation/data issue (as opposed
to a neutrino deficit issue) .



Anomalies at Short Baselines......Reactor Antineutrino Anomaly (RAA)
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Kopeikin et al 2103.01684, Berryman et al 2005.01756, Giunti et al 2110.06820



Anomalies at Short Baselines......MiniBooNE (2002-2017)
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Anomalies at Short Baselines.......MiniBooNE
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Anomalies at Short Baselines.......SND (1993-1998)
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Anomalies at Short Baselines......L.SND and MiniBooNE ~ ororenon?

or new
(\’,\ 2 [ UL LA | LA | ol ° 7
?910 ] i oL 3 physics:
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* Elongated bullet shaped regions in the above —~— e+e- pairs
are MB preferred regions. KARMENZ2 and Asymmetric ete”

OPERA exclude much of these.
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Strong tension between appearance and disappearance data



Additionally, eV scale sterile neutrinos are constrained by
Cosmology.......

Any relativistic neutrino species will contribute to the energy density of the Universe as radiation.
Their total contribution may be parametrised by the parameter Nets

Cosmology is sensitive to neutrinos in a way that is complementary to laboratory searches. It is less

sensitive to individual masses and mixings, but is more directly affected by the absolute mass scale,

0. —p e pr 1S the total radiation energy density, p~ 1s the photon contribution
T Y N .
eff »

pstd
' e =2 x

- 4/3
= ()T

00~

However, Nefs = 3.044 +- 0005 in the SM, leaving no space for an additional
sterile relativistic neutrino species

Also, from PLANCK data,

S m, < 0.266V (95%CL).
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Hence, so far, vis a vis sterile-active oscillations of eV neutrinos,

wEps Situation with the Ga anomaly is somewhat unclear, since BEST confirmed earlier deficit seen by

SAGE and GALLEX but did not see any variation with L.

I't is likely that RAA is resolved by the new flux calculations using improved beta decay spectra now
available.

Increasingly accurate cosmological observations put strong constraints on the mass and number of
eV scale neutrinos, in tension with what is required to explain SBL anomalies by sterile active
oscillations.

—>  MiniBooNE and LSND appear to be statistically strong and long-standing anomalies which, when we
try to explain using sterile -active appearance oscillations, are in strong contradiction with
disappearance data from reactors and long baseline experiments.

This has led to a lot of efforts to explain MiniBooNE (and in some cases, LSND) by non-
oscillation new physics mechanisms.

Many of these efforts also use sterile neutrinos which are significantly heavier than the eV
scale.



Photon
Candidates

Proton
Candidate

NC =° + 1 proton candidate data event
Run 15318 Subrun 159 Event 7958

uBooN 2/

80 ton LAr TPC

Excellent particle identification capabillities.

Proton

Can potentially distinguish electrons , . Candidate
protons and photons

CCw, + 1 proton candidate data event
Run 8617 Subrun 46 Event 2328



* The combined significance of the LSND and MB results is 6.1 ¢

Both are long-standing anomalies. The community has worked hard to check
®errors and background estimates over this period. Most recent efforts in

this direction come from MicroBooNE

Search for a single-photon excess

Targeting NC A resonance radiative decay (A - Ny)

« Standard model process

* Never been directly observed in heutrino scattering
* Previous best experimental limit at O(1 GeV) is orders of magnitude higher than the prediction

MiniBooNE Collaboration Phys. Rev. D 103, 052002 (2021)
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arXi1v: 2110.14054 (PRL accepted)
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2.5 1 Non-ve background
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* Finally, latest results from the
MicroBoone detector strongly —»
disfavour the sterile neutrino
hypothesis of electron appearance
as a solution to the LSND and MB
excesses.
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MicroBooNE results......

"These results disfavor the hypothesis that the MiniBooNE low-energy
excess originates solely from an excess of ve interactions. Instead, one or
more additional mechanisms [45-52] are required to explain the MiniBooNE

observations. "

(MicroBooNE Collab, 2210.10216)

[45] A.de Gouv'ea,O.L.G.Peres,S Prakash,andG.V.
Stenico, arX1v:1911.01447 [hep-ph].

(Sterile to active decay)

[46] S. Vergani, N. W. Kamp, A. Diaz, C. A. Arguelles, J. M.
Conrad, M. H. Shaevitz, arXiv:2105.06470 [hep-ph].

( Mix of sterile osc and decay to active )

[47] J. Asaadi, E. Church, R. Guenette, B. J. P. Jones, and A.
M. Szelc, arXiv:1712.08019 [hep-ph].

(New matter resonance effects)
[48] D.S.M. Alves, W. C. Louis, and P. G. deNiverville,
arX1v:2201.00876 [hep-ph].

(New matter resonance effects)

[49] E. Bertuzzo, S. Jana, P. A. N. Machado, and

R. Zukanovich Funchal, arXiv:1807.09877 [hep-
ph].
(Up-scattering and additional Z')

[50] P. Ballett, S. Pascoli, and M. Ross-Lonergan,
arX1v:1808.02915 [hep- ph].

(Up-scattering and additional Z')

[51] W. Abdallah, R. Gandhi, and S. Roy,
arXi1v:2010.06159 [hep-ph].

(Up-scattering and additional Z')

[52] W. Abdallah, R. Gandhi, and S. Roy,
arXiv:2006.01948 [hep-ph].

(Up-scattering and Additional scalars)
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* Given the situation as summarised, it makes sense to
consider new physics solutions to MB and LSND which
involve sterile neutrinos, but not those at the eV scale
and involved in active-sterile oscillations.



New Physics solutions to MB and LSND

® Generic new physics process

NSI but
at low
energies




New physics, LSND and MB, ......

Using an additional Z' and heavier sterile neutrinos, it is possible to get good fits to the MB data

Bertuzzo, Jana, Machado & Funchal, 1807.09877;
Ballet, Pascoli, Ross-Lonergon 1808.02915;
Abdallah, RG and Roy 2006.01948)

However, it is very difficult o explain both LSND and MB simultaneously using these ingredients,
because a vector mediator does not give enough events at LSND

Incoherent Coherent
1 * * r r 7 ' ' 1 10_39D‘IIII
10—40 : ;
A 10—405:
5 S
‘(g 107411 — my=1GeV - CE) (-
O o — m,=50MeV ] <= ;
; """""""" mH=1GeV . o N
T, my= 50 Mev : 1 0_42 :
10_42_ R __ C
T T e :..:.-:.',"',-.g 10—43 oy o oy oy L 1=~
0 1 2 3 4 D 0 1 2 3 4 D
E, (GeV) E, (GeV)
(Abdallah, RG and Roy 2202.09373)
LSND MB

Scalar mediators not only avoid HE constraints that vector mediators
have difficulty avoiding, but also give enough events at LSND once you
get the required number at MB.



Vector models, given the shape of the xsec, violate constraints by experiments with
higher E, e.g. CHARM II (E_nu ~ 20 GeV and MINERVA, E_nu ~ 4-5 GeV

One learns something new if one demands that the new physics resolve
both LSND and MB, as opposed to just MB.
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The model,
A 2 A1 2 2
V= lonl? (S216nP + delonl? + m

A
+ |pm |7 (72\¢H\2 0 M2> + Xa(b) dm) (0% 0m)

(¢h7 ¢H7 ¢h’)

+ ¢r (M55, + Ns|dn|? + Nyl om|® +m/dn + 1)

_|_

+ ¢nr(ma|on|* + ma|ou|* + leQbILQbH) + h.c.

A
8 6u (5 0hom + Nslonl? + Mloul? + oot — 2

Ingredients :

2nd Higgs

doublet + one

dark singlet

and 3 RH
) (1) heutfrinos
myy | ma, | mag ye X108 g x10* |y x10°
85 MeV|[130 MeV[10 GeV| 0.8(8) | 0.73(1.6) | 7.25(15.9)
s s 08 [ h SR R (B g8
15MeV[750 MeV| 0.1 | 0.8(8) | 1.3(12.4) | 7.5(74.4)

g — 2.

TABLE I. Benchmark parameter values used for event
generation in LSND, MB and for calculating the muon

(Abdallah, RG and Roy 2010.06159)




Results..... o l
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Conclusions......

Short baseline anomalies like the Ga source anomaly, the RAA, LSND and MB have reached a
stage where a host of complementary experiments and theoretical inputs have helped gradually
clarify the situation. No clear resolution has yet emerged, however.

The situation with the Ga anomaly is unclear, given that the most recent experiment, BEST, verifi

the presence of the deficit but could not detect any L variation, which would have signalled active
sterile oscillations

Improved data on beta spectra and consequent improved flux calculations point to a disappearance
the RAA.

Attempts to understand the anomalies using oscillations with eV scale neutrinos show a very stronc
tension between appearance and disappearance data.

The MB and LSND anomalies persist with a high combined statistical significance of 6.1 sigma



Conclusions.....

MicroBooNE has recently made important (but not conclusive) strides in helping
establish that SM backgrounds are unlikely to be responsible for the MB signal,
strengthening the case that MB and possibly LSND could be signals for new physics.

It is significant that sterile neutrinos (much ) heavier than ~eV play a role in most new
physics proposals put forward to explain the anomaly (anomalies)

A definitive resolution must await results from the Fermilab Short Baseline Program,
with its 3 detectors , MicroBooNE, ICARUS and SBND.



Short Baseline Neutrino Program at Fermilab
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SBN Oscillation Sensitivity Anne Schukraft talk at Neutrino 2022

« SBND + ICARUS will test the sterile neutrino hypothesis
— can cover the parameter space favored by past anomalies with 50 significance

 QObserving neutrino flux at different distances from the beam target

* Effective systematics constraint through near detector (SBND) and same detector
technology in near and far detector

* Search for appearance of v_and disappearance of v, within the same experiment
— current results show a 4.70 tension between vV_appearance and vV, disappearance channels

(SBN sensitivities for 6.6 x 10%° protons on the BNB target)
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Thank Yyou for Your attention!
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Coherent neutrino Scattering and NSI............

Coherent elastic neutrino-nucleus scattering (CEVNS), which has been recently observed by the
COHERENT collaboration

do _ GpQsyM (T
dl’ A T 1

2E-
M 28,

Ol S INC O el

where M is the mass of the nucleus, T is the recoil energy of the nucleus, Tmax is the

maximal recoil energy that can be generated for a certain value of neutrino energy, N and
Z are the neutron and proton numbers of the nucleus.
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1 1
Onst = 4 |N(—5 +eg. +2ec) + Z(5 — 253y + 26, +ec )
= _2 :

+4 Z Nole” cLDet el 20, U o il

=/, T

For NSI, what CEVNS can measure is actually Q2 <, which leads to a lot of degeneracy
among those NSI parameters. From studies one can summarize the current COHERENT
constraints on NSIs, which are that generally around O(0.5). In the future, CEVNS
experiments based on reactor sources can provide very strong constraints on NSIs, due

to the potentially high statistics.



An example .....MiniBooNE anomaly
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The model,

A
V=1on (10 + Naloml + m )

p)
+ |pm |7 (72\%!\2 0 M2> + Xa(b) dm) (0% 0m)

+ ¢r (M55, + Ns|dn|? + Nyl om|® +m/dn + 1)

(¢h7 ¢H7 ¢h’)

Ingredients :

MeV energies,

2nd Higgs both for beam
A5 doublet + one '
+| ko (T ohom + Aolonl® + Arloml® + Nsgh —puns ) | b
g 2 dark singlet , masses
5 . ; ] and 3 RH
+ o (M1|Pn|” + me|og|” + mi12¢,08) + hc|, (1) ER L
TNy M N UNE yz/(H)X106 ye}zb(/M)X1O4 yfgu)xu)él
85 MeV|130 MeV |10 GeV| 0.8(8) 0.73(1.6) |7.25(15.9)
My my sin 0 yg/(H)x106 y,’;;(H>x103 A?\;l(QH)XlOS
15 MeV|750 MeV| 0.1 | 0.8(8) | 1.3(12.4) | 7.5(74.4)

=

TABLE I: Benchmark parameter values used for event
generation in LSND, MB and for calculating the muon

(Abdallah, RG and Roy 2010.06159)



Standard Neutrino oscillations.......in the vacuum

2
P(ve — v,; L) = sin*(26) sin” (Am L) ,

4F
Pve—ve)=1-Pwv.—v,)=1—P(v, = v.,) =Py, = v,),

4F

[ AmZ L
QZIm(UaiUﬂanjUﬁj) SlIl( ZEJ' ) .

1>]

P(vo = vg; L) = 0o — 4ZR6(U2iUﬁanjUEj) sin” (
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Am;; L )

ab=e urT.



Putting constraints on NSI..........accelerator neutrinos, (MINOS)

normal mass hierarchy (L = 730 km) sian)23 =0.5 sin22€)13 =0.0890 06,,=0
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Figure 3. v, — v, and v, — v, survival probabilities as a function of neutrino
energy for the MINOS baseline, L. = 730 km without the presence of NSI with and
with NSI, €,; = £0.1. The matter density was assumed to be constant, p = 3.2 g/ cm®.

—0.067 < £, < 0.023 at 90% CL.
Miranda and Nunokawa, 1505.06254



Standard Neutrino oscillations.......in the vacuum

U relates the weak interaction

U, Uy U, Uy U ) eigenstates and the mass eigenstates
through the leptonic mixing parameters

vu | =V | ve | = | Ui Upz Ups 2 1 o O12, B13, 623, 8 (the Dirac CP-violating

V. Vs U1 U U4 Vs phase), as well as p and o (the Majorana

CP-violating phases).

1 O 0 C13 0 813€_i(s Cio S1o 0 e? 0 0
U = 0 Co3 S923 0 1 0 —S12 C192 0 0 ei" 0
0 —S93 (93 —Slgei(S 0 C13 0 0 1 0 0 1

where c¢;; = cos(6;;) and s;; = sin(6;;).



Two flavour oscillations with NSI

2\ 2 2 N
(AmM) = (Am cos 20 — (1 + €., —eTT)) (2;?;4 sin 20 26€T>

2 °
Am~sin 20 + 4F Ae. - T Ohlsson. 1209.2710
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Two flavour oscillations with NSI

) Eeey Eery Exr — 0, ,i.e. as NSTI effects disappear,we get

Note that as
~ 2\ 2 2 . 2
(Am(z)) = [Amz cos(2¢) — A] + [Amz sm(20)] , Thus, we get back the SM MSW
, ~ Am? sin(26) matter oscillations.
in (26,) = Amsn)
Amg

We thus see that measurements of mass-squared differences and mixing
angles can be affected by the presence of NSI when we study neutrino
oscillations in matter.



Putting constraints on NSI...........detection of reactor neutrinos

In general, somewhat complicated analytical expressions which mimic the form of
SM probabilities are possible

bk ;
€2a B 502 o ‘gea‘elgbea
5%3 = 3%3 2513C13 [S23 CO8(0 — @ep)|Eep| + Co3 COS(0 — Per)|Eer]

923 608(5 53 ¢€6 o ¢€M)‘€€€‘ ‘8€,u‘ g (93 COS(5 o ¢ee o ¢6’7‘)‘666‘ |5e7-|]
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