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Standard three-flavor framework

Oscillation probabilities: 37:(912, 913, 923, 6CP, Am%l, Am%l)
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Not so well measured:

0,:(°) = 49.0
30 range (°) : 41.20 — 51.33

What is the neutrino mass ordering
. normal i.e. m; > m, > m, or
. inverted i.e. m, > m; > m; ?

Do neutrinos violate CP?
o IsP(y, >y #P@@, — 1y?
e Scp(H) =177

de Salas et.al. JHEP02(2021),071




Short-baseline anomalies

A bunch of unexplained anomalies when neutrinos travel very short distances !!

Phys.Rev.D64(2001)112007
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Sterile neutrino

* For the baselines and neutrino energies of the short-baseline experiments, the data cannot
be explained by oscillations due to the solar or atmospheric mass-squared differences.

* The measurement of the invisible decay width of the Z boson limits the number of light
SM active neutrinos to N, = 2.9840 = 0.0082.

* The simplest way to explain the SBL. anomalies is to assume the existence of new light
neutrinos which are similar to active neutrinos in masses, mixings except that they do not
undergo weak interactions.

* Conventionally, these new neutrinos have been called “Sterile”. Sterile neutrinos are SM
singlets.

* SBL anomalies can be explained if Active and Sterile neutrinos are mixed. In the simplest
case of the 3+1 model, a sterile neutrino of mass ~ 1eV is needed along with the 3 active
neutrinos.



Deep Underground Neutrino Experiment 5
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The primary science goals of DUNE are to measure:
« CP phase
* Neutrino mass ordering
* Octant of 2-3 mixing angle
e Precision measurements

Can Am” ~ 1 eV? oscillations impact LBL far-detector measurements?

If yes, how exactly?

Gandhi, Kayser, Masud, Prakash JHEP11(2015)039
Dutta, Gandhi, Kayser, Masud, Prakash JHEP11(2016)122




The 3+1 formalism

x*

*

We augment the standard neutrino theory (3+0) by a new heavier mass eigenstate v, (3+1).

'This new state 1s sterile as far as the weak interactions are concerned but 1t can mix with
the active neutrinos.

The mass of 1, is around 1 €V such that Am}, = m; —m’ =1 eV~
2 2 2 2 2 2
Amy, ~ Amy, ~ Ampy > | Amg, | ~ | Amg, | > Amj,

The Amfi - driven oscillations at the far detector with L./E ~ 500 km/GeV will be too fast to
be resolved by the detector.

The oscillations in 4x4 mixing matrix are characterized by 6 mixing angles, 3 CP-
violating phases and 3 mass-squared differences.

U%f\rqle = O(634, 034) OOy, 0,4) O(@,,) 0(923) 0(913,513) 0(0,,)

new mixing angles and phasles standard PMNS

(Here O’'s are 4x4 Euler rotation matrices)



Constraints on the active-sterile mixings

* Constraints derived are calculated in the region of Amj, ~ 1 eV2. At such values, the most
stringent constraints come from the disappearance experiments.

* Consistent parameterisation.
* We assume the lower limits on the active-sterile mixings to be 0.
* v, and v, disappearance searches probe |U | = sinf,, .

* v, J,and NC disappearance searches probe
| U//l4| = COS 914 Sin 624 and

|U.4| = cos8,,c080,,s1n0;,-

* Daya Bay: 0,, € [0, 13°] 95% C.L. PRL113,141802(2014)
[ceCube: 6,, €10, 7] 99% C.L. PRL117,071801(2016)
MINOS(+): 65, € [0, 26°] 90% C.L. PRL107,011802(2011)

* The CGP phases remain unconstrained.

* LSND: sin*26,, < 0.008 for Amy, ~ 1 eV*.
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— v, 1n 3+1 1n vacuum
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In vacuum, P(v, — v,) does not depend on 65, and Js,.

Here:
_ 2
Aj; = Amg;

. 31/ _ . .
sin 26, = sin 20,5 sin 0,3
. 41/ _ . .
sin 260, = sin 20,4 sin 6,
a = cos 0;,cos 0,,
b = cos 0,5 cos 0,5 sin 20,,

In vacuum, there are only two effective CGP-violating phases: 6,, and (0,5 + 6,).

Terms marked in red are the ones which lead to substantial differences between 3+0 and 3+1.

These are interference terms which depend on the sines and cosines of the CP-violating phases.
Klop,Palazzo, Phys.Rev.D91,073017(2015)
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v, — v, 1n 3+1 1in matter

We calculate exact oscillation probabilities in matter using GLoBES.
Comput.Phys.Commun.167(2005)195

Left plot: GP-violating phases are equal to 0, 65, 1s varied € [0, 30°].
Right plot: 85, 1s fixed equal to 30°, CP-violating phases are varied € [0, 360°].

P(v,—>v,) vs. E, for L. = 1300 km in matter
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* 6,, and 9;, play significant roles in matter.
* These parameters play no role in vacuum or at short-baselines

* Considerations for vacuum/SBL do not carry over to matter/LBL!



v, = U, 1n 3+1 1n matter 10

We calculate exact oscillation probabilities in matter using GLoBES.
Comput.Phys.Commun.167(2005)195

Left plot: GP-violating phases are equal to 0, 65, 1s varied € [0, 30°].
Right plot: 85, 1s fixed equal to 30°, GP-violating phases are varied € [0, 360°].

P(v,—>v,) vs. E, for L. = 1300 km in matter
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* 6,, and 9;, play significant roles in matter.

* These parameters play no role in vacuum or at short-baselines

* Considerations for vacuum/SBL do not carry over to matter/LBL!



CP-violation across different channels 1n 3+1 11

* The measure of CP violation (in vacuum) can be given by AP ; = P(v, — v5) — P(0,, — Up)
* AP,; = — APy, due to CGPT mvariance = AP,, =0 1.e. no CPV in disappearance channels.

* In 3+0, we can have 3 independent CP violating differences: AP, , AP, ,AP, while in 3+1,

pe > =5 pr
we can have 6 independent GP violating differences: AP, , AP, AP, AP, AP, AP .

ue et es ? Us

* From the conservation of probability, we have

p.,+P,+P, =P, +P, +P, =1
— AP,+ AP, =0

Similarly, we get: AP+ AP, =0

‘This means, AP, =—-AP, =AP,

* Thus, in 3+0, the extent of CP violation 1s the same across all channels. If we find CP to be
conserved 1n one channel, 1t will also be conserved 1n the other ones.

However, in 3+1, using the same logic, we get relations such as: AP, = AP — AP

Thus, extent of CP-violation across all channels in 3+1 may not be equal. We may not
be able to conclude definitively by measuring only one CP-violating channel.



Event rates at DUNE

We calculate events rates for DUNE by performing realistic simulations.

Red band: corresponds to 3+0 and variation of 6, € [0, 360°].

Other bands: correspond to 3+1 and variation of 8,4, € [0, 30°] and d;3, 6,4, 934 € [0, 360°].
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* Too large or too small events rates may be pointers to sterile states
* 3+0 encompassed by 3+1: leading to substantial degeneracy

* If observed events in the red band then degenerate solutions possible!

12



CP violation 1n 3+1 13

Excluding CP-conserving values as a function of true oscillation parameters

Results for the DUNE experiment:

* We compare 3+0 and 3+1.

10

DUNE (5+5) — 340 .

* 3+0: test values: ;3 =0, = 7. : 0y, Ba, Oy = 4°,3°,5° |
I NH true w— 8% 5° 15° ]

_ Black: 3+0 —_— 12°,7°,2 N

* 3+1: test values: 8,3, 0,4, 034 = 0, £ 7. ol > .

Band: 624 and 03a

* 3+0 oscillation parameters held fixed 1n fit.

* y* marginalized over CP-conserving values
and 1n allowed ranges of test 8,4, 65, 6.

o =V(A YY)

Small mixings: Sensitivity decreases

Large mixings: Sensitivity spans
on both sides of the 3+0 sensitivity

Significant amplification of
sensitivity even when true o.p =0 813/ t (true)

Dutta, Gandhi, Kayser, Masud, SP, JHEP11(2016)122



Determining the phase responsible for CPV

Assuming 3+1 is true and CPV has been observed, can we identify its source?

Results for the DUNE experiment:

* We assume 3+1 to be the true case. 180
[ o
[ 3
* 3+1: true values: 8,4, 60,,, 65, = 12°, T°, 25°. ! P
| true point
* 3+1: true values: 8,3, 554, 63, = 0, — 90°, 0. 90 |
* 3+0 oscillation parameters held fixed 1n fit. g [
) [
L. : - 0
* y? marginalized over test 83, values andin % [
allowed ranges of test 8,4, 0,4, 03,. &
o -90 —
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Attributing CP violation unambiguously to  -180 b S

-180 90 180

any one phase may not be possible at 3¢
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Dutta, Gandhi, Kayser, Masud, , JHEP11(2016)122



Neutral Current measurements 15

DUNE, 3.5 years of neutrino run

100 — T T
* We mvestigate how the NG measurements made | A
at DUNE far-detector can help in the search of 20l 8“2 {2;;9;12”]
. . > I 23€ [90
new physics scenarios. 2 615 € [-em] <
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N 60 .
=
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. .o m
therefore the uncertainties related to them. Any S | CC events
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. . L 13 : ,
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Gandhi, Kayser, , Roy JHEP11(2017)202 Ere (GeV)



NC probability in 3+1 16

_ (-) (=) (—) (—)
For a (v)ﬂ beam, we define Pne = P e+ P+ P,
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5 AmZ, L
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* The first term 1s a rapidly oscillating term.

* The dependence on CP phases only in linear
combinations: ; = 0,5 + 93, and 6, = dy, — Oy,.

solid : matter
dashed : vac -

* There 1s very little matter effects in Py .

* Very similar curves for anti-neutrino probabilities.

Gandhi, Kayser, , Roy JHEP11(2017)202



Effects of CP phases on Py

* Left panel: The differences between Py and Py are small. Right panel: 85, induces
larger differences between Py and Py

* Larger differences at higher energies. Large CGP-asymmetry in NC events may point to a
CP-violating value of 65,
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NC events as new-physics discriminator

% Left panel: GG events with standard and new physics scenarios. Right panel: NG events
with standard and new physics scenarios

% Left panel: significant degeneracy between two new physics. Right panel: NC events
discriminate between unitarity-violating and unitarity-preserving scenarios
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Gandhi, Kayser, Prakash, Roy JHEP11(2017)202



Constraints on 3+1 with NC

Left: GP phases fixed at true values

DUNE, True: 3+0, Test: 3+1, 90% C.L., test 0,4 = 4°
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Right: CP phases varied 1n the fit

DUNE, True: 3+0, Test: 3+1, 90% C.L., test 0,4 = 4°

40
test 05, [deg]

Constraints from CC depend a lot on the knowledge of CP phases
while those from NC seem to be immune to CP phases

Gandhi, Kayser, Prakash, Roy JHEP11(2017)202
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Constraints on 3+1 with NC

NH, DUNE, True: 3+0, Test: 3+1, 90% C.L.
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* Left plot: Sensitivity to exclusion of 6;, mainly from the NC data.

* Right panel: Sensitivity to exclusion of 8,, mainly from the disappearance data.

* Both: Sensitivity almost independent of the value of test AmZ,. As a comparison, the
sensitivity from IceCube reduces to 6,, < 45° at 10 eV?  phys.Rev.Lett.117(2016)071801

Gandhi, Kayser, , Roy

JHEP11(2017)202
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Highlights... 2

*

From a probability and event rate analysis, we show that there are large effects of the
sterile oscillation parameters at long-baselines especially via parameters which do not play
a role 1n short-baseline experiments.

In the presence of even a single sterile neutrino, conclusions such as a) CP 1s conserved or
violated, or, b) 1t the latter, whether the violation 1s ascribable to the active neutrinos or
the additional sterile neutrino, or a combination of the two, are all rendered significantly
ambiguous.

Our work stresses on the need to have a dedicated short baseline program which can put
very stringent constraints on the existence of sterile neutrinos.

We show how NC events can synergistically aid the search for new physics and CP
violation when combined with other measurements.

NC events offer a window to CP phases and mixing angles that is complementary to that
accessed by CC measurements.

They can break degeneracies existing in GG measurements, allowing one to distinguish
between new physics that violates 3+0 unitarity and new physics that does not.

Thank you for your attention!



