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@ Non-standard interactions (NSIs).

@ Constraining matter NSI paremeters with NOvA HE
events.

® Environmental neutrino decoherence.
@ Constraining decoherence params with NOvA HE events.

® Conclusions
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o NOvVA : NuMI Off-axis v,
Appearance Experiment with a
baseline of 810 km.

o v, beam produced : Fermilab’s
NuMI beam facility directed at an
off-axis angle : 14.6 milli radians.

o Two identical liquid scintillator
detectors.

o Primary Objective : To
determine three-flavour neutrino
oscillation parameters.

o NOvA uses 1 < B, < 4 GeV v,

events to achieve this goal.
In this work, we consider 4 < E,, < 20 GeV v, events

(NOvA side band events) to study the sub-leading effects.
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Non-standard interactions (NSIs)



o NSI speculated by L. Wolfenstein, in his seminal paper
[Phys. Rev. D17, 2369 (1978)], before the discovery of
neutrino oscillations.

u,de u,d,e o Standard NC interaction :
Vot+f—va+f

o Non-Standard NC interaction :
Vi Va Vo +f—vg+f

The effective four fermion Lagrangian density
LRS = —2V2Gpel (Bar Povg) (FroPef) +he. (1)

The effective Hamiltonian

1 .
Hepp~ ﬁU diag(0, Am2,, Am2)UT + V. (2)
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The matter potential V'
1+ €ce €e,uei¢e“ 6erel:d)ET
V =2V2GpNe(r)E | €epe™n ey €uret®nm
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o The Appearance probability for (NH) : expressed in terms
of s13, 7= Am%l/Amgl and €.. (small parameters), e :

Py = 2*f*+2zyfgcos(A +dcp) +y29% +
+ 4Ae,rs93¢03(x f[f cos(der + 0) — g cos(A + 8 + per)]

- yg[g COS Qer — fCOS(A - ¢e7‘)])
+ 0(5%3667" 813€g7'7 637’) + 0(66#) + h.o. (4)

Am} .
m31L,A: A
4F

Tr = 2513823, Y = Trca3 sin 2912, A=

= sinALF AL +ee))] _ sinfA(L+ ece) Al

~

1TA(0+e)) 77 Adl+en)

[Liao, Marfatia, Whisnant, Phys. Rev. D 93, 093016]

oForIH: A— —Aand A —» —A
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Our work

Constraining NSI parameters using NOvA
HE events



o Simulation details and oscillation parameters are taken from ref.

Phys. Rev. D 106 (3) (2022) 03200

Q

Qo

o NSI bounds : |e.r| < 0.4 and |ec,| < 0.3 (arxiv:2403.07266)

Run time : 6 years for v and 3 years for o .

Exposure : 13.6 x 10?° POT for v and 12.5 x 10%° POT for & .

Target volume (FD) : 14 kton.

Baseline : 810 km.

Earth’s crust density : 2.84 gm/cm? .

Parameters True values 3o ranges
sin® 012 0.307 Fixed
sin” 013 0.021 [0.02 : 0.02405)
sin? fo3 NH (IH) 0.57 (0.56) [0.38 : 0.64]
dcp NH (IH) 0.827 (1.527) [0 : 27]
. =2 753 Fixed
m_;n% NH (IH) | 2.41 (—2.45) | [£2.29 : £2.54]

Table: Standard oscillation parameters
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Events/0.5 GeV

Events/0.5 GeV
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o NSI
Ve-app events Ve-app events
Cases T-4 [ 1-20 ] Bxcess | 1-4 | 1-20 | Excess
GeV GeV GeV | GeV
SM 59.0 61.0 2.0 19.0 19.6 0.6
der =0 70.0 73 3.0 36.3 37.4 1.1
leer| =04 | der = 7/2 19.0 20.0 1.0 14.1 14.4 0.3
der = 37/2 | 118.3 | 122.3 4.0 31.3 32.4 1.1

Table: Excess

events at HE considering €., # 0 .
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Including 1-5 GeV events
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Including 1-5 GeV events  High energy events(1-20 GeV)
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o The degenerate band observed around higher values of
€er > 1 in the left side plot disappears when we consider
the high energy events (1-20 GeV).

o Same conclusion can be drawn when the true hierarchy is
assumed to be inverted hierarchy.

o Our conclusions agree with the conclusion drawn in the
recent NOvA NSI paper (arXiv: 2403.07266) where the
authors mention “Analyzing a wider range of neutrino
energies, and possibly combining with measurements from
other experiments, is being explored to increase sensitivity
to the upper contour in the future.”
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Effect of environmental decoherence

Q@
NOvA HE



o Neutrino system interacts with

the stochastic environment.

dpm(t) _

H, p(®) D (1)) -

Assumptions:

(a) complete positivity,

(b) trace preserving
conditions,

(c) increasing von Neumann
entropy,

(d) energy conservation of the
neutrino system.

Interaction

Environment

Fig 2. Neutrino system as an
open quantum system.
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o Pag(t) = Trlja(t)is(0)]
0 Pyg(L) = dup —2ZR6 (U,BJU U, kvﬁ*k>
>k

Am?

* ik

+2 §>kj Re (UBJU U, kUﬁk) exp(—T';,L) cos( o L)
J

+23 Im (UﬂJU U, kUﬂk) exp(~T L) sin| — 2L | .

i>k

o Damping of interference terms by a factor e " in the
oscillation probability.

o Energy dependency on I :

ij(E ) Fo (GEV) ;= 0,:|:1,:|:2 .
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o Decoherence (T'y; = I3y = 3o = 1.0 x 10723 GeV)

Ve-app events vy -disapp events
Cases 1-4 | 1-20 | Excessevents | 0-5 0-20 | Excess events
GeV | GeV (4-20 GeV) | GeV | GeV (5 - 20 GeV)
SM 59.0 61.0 2.0 215.0 | 589.8 374.8
n=-2 1| 59.1 61.2 2.1 218.0 | 592.7 374.7
n=-—1 | 59.3 61.7 2.4 220.8 | 594.9 374.1
n=0 59.7 66.0 6.3 2259 | 592.3 366.4
n=1 60.7 101.0 40.3 234.8 | 529.8 295.0
n=2 63.0 165.9 102.9 250.1 | 423.8 173.7

Table: Excess #events at HE considering I';; # 0 .
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o Since n > 0 have significant contribution to modify
probability and number of events, we analyse the upper
bounds for n > 0.

o In all the three cases (n = 0 (left plot), n = 1 (middle plot)
and n = 2 (right plot)), we see that the dashed lines
corresponding to 1-20 GeV events impose tighter bounds
on the decoherence parameter I'.
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n = 0, middle n = 1 and right for n = 2. Marginalized over dcp, 023, Am%l.
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Including high energy events

Standard NOvA framework. (up to 20 GeV).
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o Considering 1-20 GeV events has provided tighter bounds
on decoherence parameter I'.

o The 2D sensitivity of f3 versus dcp shows, how the
measurement of 023 and dop gets effected in the presence of
non-zero decoherence in nature.
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Thank you!



Back up!



Events/0.5 GeV.
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At high energy beam backgrounds are significant.
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Including 1-5 GeV events igh energy  events(

GeV)
3
NH 3
= H NH
. H
T2
g -
g« § 2
3 £
w1 =
w1
% 90 180 270 360
Bce [°] (Test) o 5 T T

6cp [°] (Test)

27 /29



Transition Prabability v, — v,
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NOvA Collaboration: fig. 1 in ref. arziv:2403.07266
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o The effective Hamiltonian
1
Hepp o~ ﬁU diag(0, Am2,, Am2)\UT + V. (5)

o The matter potential V'

1+ €ce Ge'ueid)eu 667_@7:(7561—
V= 2\/§GFN6(T)E Eeue_zd’eﬂ €up GM.,-eZd’M
eere_ld)e‘r f,u.Te_uz)”‘r €rr
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