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Neutrino interactions with matter

Neutrinos interact with matter via charged-current (CC) or neutral-current (NC)
interactions.

Ve e Ve, Vs Voo Ve, Vs Vr

e~,p.n e, p.n

(a) (b)

Only ¢ participate in CC interactions.

NC interactions are flavor-blind.
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Neutrino interactions in standard model

Elastic —electron scattering.

The neutrino matter effects come from the forward scattering of neutrinos, considering
zero momentum transfer between initial and final states.

The effective Lagrangian for these interactions is given by

4G h_ I
Lef = —ISEF 2(p3) P e(P2) &p1) Pre(a) ;

PL and Pg: left and right chiral projection operators respectively, with P = (1 =~ 5)=2
and PR = (1 + 5)=2)

pi’s: momentum of incoming and outgoing states

GE: the Fermi constant.
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The effective Hamiltonian for -oscillations in matter

D . I P=
These effects appear as matter potentials in the neutrino Hamiltonian [V¢cc = 2GEng
and Vnc = 95%]
The effective Hamiltonian (Hmatter) :

Hmater E +—=— Vsi;

The neutrino mass matrix M in flavour basis: UD UY, where D diag(m;; my; m3).

The simplified effective Hamiltonian (Hpyaer):

1
Hinater = B+ = Udiag(0; Am3; Am3 HUY + diag(Vec; 0; 0)
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Vector mediated NSI

Vector NSI formalism: introduces an extra vector mediator

The vector NSI effect contributes to the = © term: a modified potential

Effective Hamiltonian for a typical vector NSI

MMY
Hmater E + E

(Vs1 + Vnsi)
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Scalar Non-Standard Interaction (SNSI)

Ve V3 Neutrino-fermion interaction mediated by a scalar,
\\/ The Lagrangian !:
o | ) Lsnsi = yfnrz [ (p3)  (PDIIF (P (pa)]:
Yr 3 Medium dependent correction to -mass matrix,
PN : x
; 5 Hes E +(M + Mz)[(EM + M) Ve, M = | nf)r/;\z( ;
Parameterization of the scalar NSI correction:
ee e e

M:Sm e

e
1PhysReVLell.122421 1801, Phys.Rev.D101(2020), no.9, 095029
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Study of the effects of NSI in Experiments
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Analytic Probability : Cayle-Hamilton Formalism

Any function g(X) of a matrix X maybe expressed as

X Y _
gxX) = Xig(Aj); with  X; X AjD); X = 1iHgns L
. A A
i=1 J=1)#
In flavor basis probability amplitude matrix is : The expansion parameters
used
[ As = exp( iHsnsiL)  exp(X) 1202
. . . AMZ,
Probability of  goingto is: a=——2>=003=~ 002
AM3,
P =jAC T )P ] 513 =0.14 ~ O(A)

Naa ® O(?)
where, A( ¥ ) =[Af]

Reference: E.K. Akhmedov et. al. [JHEP04 (2004) 078] 10/36




Details of the LBL Experiments

ZPARC Main Ring

[KEK-JAEA, Tokai)

Deep Underground Neutrino
Experiment (DUNE):
Baseline : 1300 km

-beam at Fermilab
Far detector at SURF
Fiducial Volume: 40 kt (LArTPC)
Runtime = 6.5yr +6.5yr"~

Tokai to HyperK (T2HK/ HK):
Baseline: 295 km

-beam at JPARC
Far detector is the HyperK detector
Fiducial volume : 187 kt (WC)
Runtime =25yr +7.5yr"~
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Analytic Approximation of Oscillation probability

sin[(Ae 1) A] sin[AcA]

Plee) = 25138in2 12sin2 23c0s( cp + A) (my my)
A 1 Ac
. 2 . .
2 .9 sin” [AgA] 5 o sin[(Ae  DA] sin[(Ae 1)A]
+2 023 sin” (2 IZ)T m; mg +8513323 A, 1 A. 1 m3
" , # !
1 oacosiAe DAl (A4 SRR DAL o e
Ae 1 Ae 1
in[AeAl sin[(Ae 1A 1
+ Si3sin(2 23)sin (2 12)cos( cp +A) 25'“5\: ]S'“[(A: 1) Ly o
# 1
2 in[AcA in[AcA] sin[(Ae 1A S
2 GnfAe DAL G (0A DA] + (A 4 1 SRIAAT SR DAL E ";E ce !
Ae Ae Ae Ae 1 Am31

Probability has three different absolute mass-dependent terms:
mass summation terms: (M + M,),(M;C2, + Mys2,)/ (M;S3, + MyC?,)
mass difference term: (m, m)
ms term

D. Bezboruah et al., JHEP 12 (2025) 222 1236



Accuracy of Analytic Approximation

PC ) =jpl I(Numerical) P¢ ’(Analytic)]

D. Bezboruah et al., JHEP 12 (2025) 222 13/36



Impact on Neutrino Mass Orderings

Di erent mass terms behave drently in di erent mass orderings.
(mp M) term is signi cantly important only for NO.

In NO, mz term will always have a higher contribution than in 10.
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Neutrino Oscillation Probability in Presence of SNSI

Positive (Negative) ¢ enhances (suppresses) oscillation probability.
Positive (Negative) shifts the oscillation maxima to the right (left).
E ectof isvisible only at lower energies.

A Medhi et al., JHEP 01 (2023) 079
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Appearance Probability in Presence of O -diagonal SNSI

The phase, associated with the ediagonal elements , signi cantly a ect the
oscillation probabilities.
In presence of and ¢, when the phase is90 , the probability got suppressed.

A Sarker et al., arXiv:2406.15307
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SNSI Probability at T2HK Baseline

Similar to DUNE, also at this baseline, positive (negativg)enhances (suppresses)
oscillation probability.

Positive (Negative) shifts the oscillation maxima to the right (left).

E ectof isvisible only at lower energies.

A Medhi et al., JHEP 01 (2023) 079
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Variation of Appearance Probability with lightest mass

In NO, P ¢ enhances (deteriorates) with for positive ¢( , ). For negative
( ee) probability enhances (deteriorates).

In 1O, P ¢ increases (decreases) with for positive values of and  ( ¢¢. For
negative values of ( ¢¢) probability values decreases (increases).

A. Medhi et al., EPJC 85 (2025) 380 18/36



MO Discrimination in Presence of SNSI at DUNE

Presence ofecwidens
the separation between
NO and 10 probabilities.

The element
marginally reduces the
separation between the
orderings and the energy
window of separation.

Signi cant overlapping
between the NO and 10
bands for

A. Sarker, et. al., JHEP 06 (2024) 128
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