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Introduction

@ Neutrino oscillation provides a very strong evidence for physics BSM.

@ In SM, neutrinos are introduced as truly massless fermions. On the
contrary, neutrinos oscillate: after being produced, they change their
flavours.

@ Solar neutrino problem was the first evidence of neutrino oscillation.

@ In 1978, Wolfenstein, proposed a possibility of flavor change of the
massless neutrinos with non-diagonal neutral current non-standard
interactions, during propagation in matter.

@ Neutrino oscillation occurs since Flavor eigenstates (of weak
interactions) and mass eigenstates (of free particle Hamiltonian) are
not aligned for neutrinos.

@ Flavor states and mass states are related by mixing matrix called
PMNS matrix. (Pontecorvo-Maki-Nakagawa-Sakata matrix). This
matrix can be parametrized by 4 parameters (3 angles and at least
one phase).
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Introduction

Neutrino Oscillation

@ There is a mixing between mass and flavor states

|Va) = Z i), a=e T, i=1,2,3 (1)

@ PMNS mixing matrix

—is
c12€13 512€13 size”’
i i
U= |—s1203 — c12523513€"°  C12003 — S12523513€’ scz | (2)
i i
51253 — C12C23513€'°  —C1253 — S12023513€"7 C23C13
@ Mass eigenstates are total Hamiltonian eigestate while flavor
eigenstates are not
.d
Hlvk) = Ex lvk) = i [vk(t)) (3)
dt
_ _—iE,t 4
lvi(t)) = e k) (4)
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Introduction

Neutrino Oscillation in Vacuum

va(t)) =D Use B vy =Y 0> Uk B Ui ) (5)
8k

k
m2 Ami- mi —m?
Ex~E+ —% Ex— E; ~ J = ]
kxErop & B-B=—p 2E (6)
_AmijL
Pro—svs = Z Uk UpiUajUpje ™' 28 (7)
k.j

@ Neutrino oscillations are affected by matter interactions, which
introduce a potential term in the Hamiltonian
Hf = Hvac + Hmat (8)
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Introduction

Neutrino Oscillation in Matter

Hmat = \/EGF Nediag(la 0, O) (9)

Hvac = UPMNS ' Diag(O, Am%l? Am%l) ’ UI]FL’MNS (10)

@ In the two-flavor approximation, the flavor evolution of neutrinos in
matter is governed by the Schrodinger-like equation:

% o = Hrt (1)

—Am?cos20 + Acc Am?sin26
Am?sin 20 Am? cos 20 — Acc

@ where 6 is the mixing angle in vacuum and Acc is the charged
current potential in matter (Acc = 2v2GENE = 2VcE).
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Introduction

Neutrino Oscillation in Matter

@ Hamiltonian Diagonalization

Hv = UuHEUm

cos20y  sinfy

Un = [— sinfp cos26py

Hym = diag(—Am3,, Am3,)

@ The effective parameters are given by:

Ay = \/(Am? cos20 — Acc)? + (D sin 26)2

tan 26

_ Acc
Am? cos 20

@ In the case of anti-neutrino Ve — —Vee (Acc = 2EVc)

tan 20y =
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Introduction

@ Assuming neutral-current non-standard neutrino interaction

Eﬁgl = —2\/§GF€2% (Tay"Prvg) (7’yMPCf) , (18)

caused flavor change during neutrino propagation in matter

€ee €euy €er

HNS! = V2GEN, | €5, eup €ur (19)
6:7‘ EZT €rr
€af = 625 + (Nd/Ne)Eg/g + (Nu/Ne)Egﬁ (20)

@ Using 2 x 2 effective Hamiltonian as following

Heff — Am3; — cos 201> sin 2612 7 (21)
4E, sin261, cos 201>
HE = V2GeNa(r) el (& )+ v26r S Ni(r) “b
mat FiVe 13 0 0 F e f 67\7 GfD .
(22)

Pouya Bakhti (JBNU) Effects of NSI on neutrino oscillation 3-5 June, 2024 8/24



Introduction

@ The coefficients efD and e,fv are given

f C123 f f 5223 - 5123C223 f f
€p = _7(€ee - Euu) + - 5 (€ — Euu) (23)

i f f 2 f
+Re [C135136' (523 €ep T C23 667_) — (1 + 513)C235236l”}

ef\, = C13(C23 GZM — 523 627.) (24)

—id |2 _f 2 _fx f f
+s13e [523 €ur — 3 €pr —+ C23523 (67—7— — E,LL/.L):|

| sin 2015 + 2AAE€N|
cos 261 — /A\E(cf3 —2¢p)’

tan 2512 =

e CC NSI
£55 = ~2V2GreT (b PLUsava) (P PLE)T (26)
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LMA-Dark solution

@ Evolution with H and —H* leads to the same oscillation probabilities
010 — g—elg, 0 = m—6, Az1 = —A13+As and Ver = —S-Vegr-S

S = Diag(—1,1,1)

e P. B. and Y. Farzan, “Shedding light on LMA-Dark solar neutrino
solution by medium baseline reactor experiments: JUNO and
RENO-50," JHEP 1407 (2014) 064 [arXiv:1403.0744 [hep-ph]].

Am3 L 1
Pss = 1 — cos* 2613 sin? 201z sin? = 21 — sin? 2013
A 2 L A 2 L
+ sin? 2013 C052912 Sin2( Z’él )+ sin2012 sinz( ;”22 )
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LMA-Dark solution

LMA-Dark solution

e M. C. Gonzalez-Garcia and
M. Maltoni, “Determination of
matter potential from global
analysis of neutrino oscillation
data,” JHEP 1309 (2013) 152
[arXiv:1307.3092].
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@ P. Coloma,
M. C. Gonzalez-Garcia,

M. Maltoni and T. Schwetz, “A _

COHERENT enlightenment of
the neutrino Dark Side,”
arXiv:1708.02899 [hep-ph].
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LMA-Dark solution

NOvA

%103

P. B and M. Rajaee, “Sensitivities of future reactor and long-baseline
neutrino experiments to NSI,” Phys. Rev. D 103 (2021) no.7, 075003
[arXiv:2010.12849 [hep-ph]].
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LMA-Dark solution

dcp degeneracies

Considering only non-zero €ee
P(v, — ve) = x*F2 4 2xyfg cos(A + 0) + y2g? + O(size, s13€%, €%), (27)

_ _ 2 2
X = 251353, Y = 2rs12€1203, = |5m21/5m31| )

- sin[A(er(lJreee))] _ sin({\(1+eee)A) _ | em3L A=A
T (1-AQl4e)) T ° T Allte) T T | 4E |7 7T |émk
NOvA + T2K DUNE
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J. Liao, D. Marfatia and K. Whisnant, Phys. Rev. D 93 (2016) no.9,
093016 [arXiv:1601.00927 [hep-ph]].
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NSI and §cp degeneracies

dcp degeneracies

Considering only non-zero e¢,
P(v, — ve) = x*f2 + 2xyfg cos(A + 8) + y2g?

+ 4 €ep {xf[s223fcos(q5eu +0) + C223g cos(A + 0 + ¢ep)]
+yglc238 cOS Py + 535F cos(A — ¢ey)] }

+ 4 282 35| cozeep|? + AP 253 sp3¢€e,)? + BA fgs33Ca3€a,, COS A

+ O(s%3€, s13¢2, €3),

_ _ 2 2
X =2s1353, y =2rs12€1203, = |0m5/0m3|,

A= |

2
ams,

_ sin[a(1-A)] _ sin(AA) A _ |omdL
f= =il e= o= it
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MOMENT

Proton driver (15SMW, 1.5GeV)

f
CW superconducting linac (~300m)

Detector

Bending section(~20m) &
et

p decay channel (~600m) o

Vil veor vy, /Ve

—— muon antineutrino
—— electron neutrino

To detector (~150km) (SC solenoids or quads)
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https://indico.cern.ch/event/351600/contributions /1754021 /

MOMENT

e P. B. and Y. Farzan, :
“CP-Violation and NSI at the
MOMENT,"” JHEP 1607 (2016)
109 [arXiv:1602.07099 [hep-ph]].
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Inducing fake CP phase by CC NSI and Constraints on CC

NSI by near and far detectors of DUNE

e P. B., A. N. Khan and
W. Wang, “Sensitivities
to charged-current
nonstandard neutrino
interactions at DUNE,"”
J. Phys. G 44 (2017)
no.12, 125001.

Pouya Bakhti (JBNU)

’ l€as] ‘ FD ‘ ND ‘ Current C. ‘

€./ 10016 [ 0.013 | 0.026
[
es,] 10.028 0007 | 0.078
|MM
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C. Biggio, M. Blennow and
E. Fernandez-Martinez, JHEP 0908 (2009)
090 [arXiv:0907.0097 [hep-phl].
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NSI at solar neutrinos

NSI at solar neutrinos

o LSC. at Yemilab

DUNE+HK solar neutrino
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uuuuu m LMA

e P. B and M. Rajaee, o o i0
“Sensitivities of future solar
neutrino observatories to S. H. Seo et al. “Physics Potential of
nonstandard neutrino a Few Kiloton Scale Neutrino
interactions,” Phys. Rev. D 102 Detector at a Deep Underground Lab
(2020) no.3, 035024 in Korea,"” [arXiv:2309.13435
[arXiv:2003.12984 [hep-ph]]. [hep-ex]].
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Day-Night asymmetry and NSI

@ The differences of survival probability during night and day is given by
L
AP(E,n) = Py — Pp = k(E) [/ dx V(x)sing™(L —x,E)+ k| (28)
0

1 .
k(E) = —chg cos 263, sin 2015 (sin 2015(c% — 2¢5) 4+ 2 cos 2012¢5)  (29)
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NC NSI and Neutrino Electon Scattering

do 2G2m Te\? meT,
o (6T = Fe[@ﬁ%uaf(l—éj a5 (0

where within the standard model

o1
g =g =5+ sin? Oy = 0.73 .
gy =gl" =gy =g =sin® Oy = 0.23
. 1
gi’u — g# — _5 + sin2 0w = —0.27.

o Considering the NC NSI

e NSI __ e el e NSI _ e eR oo
g =gt t+es, sV =g+l /ﬁ
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NSI in Atmospheric neutrinos

NSI in Atmospheric neutrino experiments

o P. B, M. Rajaee and S. Shin, “Nonstandard interaction of
atmospheric neutrino in future experiments,” Phys. Rev. D 106
(2022) no.11, 115029 [arXiv:2206.02594 [hep-ph]].

@ For energies E > 10 GeV, energies much above the 013 resonance,
oscillation probabilities obtained for 2 system is a good approximation.

@ For energies more than 10 GeV, the only relevant NSI parameters are
€ur and ey, — €r7|

@ Oscillograms for theprobability P, assuming dcp = 0°.
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NSI in Atmospheric neutrinos

Constraints on NSI using atmospheric neutrinos

@ In the energy range of 1 -10 GeV, the effect of dcp becomes more
significant because of the 613 resonance effect

Hmat = V2GeNe

@ Include v; detection channel improve the sensitivity to NSI parameters

15 15
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NSI in Atmospheric neutrinos

e Constraints of ee, and |e,, — €-7|
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Summary and Conclusion

Summary

@ NSI parameters uncertainaty affect the oscillation parameters
measurements

@ Short-baseline neutrino exeperiments can study both CC NSI and NC
NSI and test LMA-Dark solution

o Effect of NC NSI can be studied by combining a low energy and a
high energy neutrino experiment
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Summary and Conclusion

Thank you for your
attention.

IBS S&C Center,
Daejeon, Korea
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