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Exploring neutrino oscillations in curved
spacetime in long-baseline experiments '

Motivation:

@ Neutrinos are least known particle in Standard Model (SM). In SM, neutrinos are
massless, but experiments confirm that neutrinos do oscillate. It indicates the existence of
the non-zero small neutrino mass.

@ One way to explain non-zero mass of neutrino is to go beyond SM.

@ Another way is to examine all the possible interactions which neutrinos can do. Beside the
weak interaction, we need to check the effect of gravitation (spacetime geometry) on
neutrino oscillation.

Keywords: GLoBES, Long baseline experiment, DUNE (Deep Underground Neutrino
Experiment), P2SO (Protvino to Super-ORCA), Gravity, Spin connection, Torsion,
Contorsion.
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Introduction

@ In our work, we will focus on the modified probability expressions in presence of
gravitational effect on neutrino oscillation.

@ We will see how well future long-baseline neutrino experiments (DUNE and P2SO) can
probe the gravitational coupling constants.

@ Presence of gravitational field affects the propagation of fermions in curved spacetime.

@ To retain the behavior (mainly half integral spin angular momentum) of fermions, we need
some mathematical construct, which is known as “spin connection”.



Continue...

@ Spin connection (A?) has two parts,

o universal gravitational part (wfjb)

@ non-universal contorsion part (A2)

@ Mathematically 2, b b b
AR = WEP+ A M

@ The contorsion field Aff’, when contracted with tetrad field, is known as “torsion”.

@ Tetrad: they are the field which relate the spacetime with the internal flat space. Denoted
by e} and have the relation,
guv€hep = Tab @)

here, n,p, is flat-space metric and g,.., is spacetime metric.

23. Chakrabarty and A. Lahiri, Eur. Phys. J. C 79 (2019) no.8, 697.



Continue...

@ The mathematical relation between contorsion field and torsional coupling constants is 3,
p o -
NP = Zfabmew > (*)\'LwiL’deiL + )\'Hll}iﬂ’ydwm) ; @)
i

with k = 87 G, G = gravitational constant. Here /\"L and )\’}_-, are torsional coupling constants
for left and right chiral fermions respectively.
@ The Dirac equation thus modified as

g . o _ _ . . . .
PO Lop o oay! ! 4 (Z (A9 v + Agw’wwszb’)) (Avrav’ + Mprar®e') =0, @
f

where ¢/’ is the fermion field whose equation we want, and ¢ represents the field of any
fermion, the sum running over all species and Ay 4 = %(/\F, + ).

°R. Barick, I. Ghose and A. Lahiri, Eur. Phys. J. Plus 139 (2024) no.6; 461.



Continue...

@ The extra term in effective Hamiltonian is,

Hoo= > (wfPuy) A, (5)

i=1,2,3

where =3 (Asny), PL = (1 — 45)/2 and the term X; = (A — M%) includes both the
f=e,p,n
vector and axial vector components.

@ Time evolution of the mass eigenstates in presence of torsion,

e ; (M 0 0 M0 0\
a2 =3 0 m 0 ]+(0 X 0]n
U3 0 0 m 0 0 A3
\@GFne 0 0 4]
+uT 0 0 0 U*} va (6)
0 0 0 vs
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Continue...

@ The effective mass squared differences in presence of torsional couplings as,

ARG = AmB, + 2ERANg; = A5, + 2Ene)y, ,

A, = AmBy 4+ 2ERAN21 = Am3, + 2EneXy; , @)
where Am(3 201 = m(23’2) m1, ANz 3)1 = NeX AN 3)1 With X = Z )\, , and denote

ANz as A in unit of Gr.

(2,3)1
@ The modified appearance and disappearance probabilities are:
sin?(A— 1A

P, v = 45in2 013 sin? fpg — o 2=
w—ve 13 23 (A — 1)
sin AA sin(A — 1)A

+ 2@ sin 013 sin 2015 sin 263 cos(A + §
13 12 23 cos( cp) a (A—1)

sin2 AA
A2
Pyuﬁyu =1 —sin? 2023 sin? A + higher order terms , 9)

+ &2 sin® 2045 cos? 023

; ®)

ATEIL o AMBy o4 A — 2V2GEneE
w0 A arg,

where A =




Experimental setups used in the work

Experiment DUNE P2SO
Runtime 5v:5p 3v: 30
Baseline 1300 km | 2595 km

First oscillation peak | 2.5GeV | 4.9 GeV
Detector material LArTPC Water
Fiducial volume 40 kt 40 Mt

Beam Power 1.2 MW 450 KW

Table: Experimental specifications for two future experiments

Harierd Underggod

B : Pt g

crust

Protvino
upper mantle u-70

Figure: Left: DUNE, right: P2SO experimental setup



Probability plots in presence of torsion
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Upper [lower] row shows the appearance [disappearance] probability in neutrino (left panel) and antineutrino (right panel) mode
for SM, A5, = 0.1 Gr and A}, = 0.1 G in DUNE experimental setup.



Bounds on torsional coupling constants
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Upper row: left (right) panel — constraints on A§1 (A§1) coming from DUNE and P2SO. Purple (blue) dashed line represents the
benchmark sensitivity of 2o (30-) C.L. , Lower row: Two dimensional bound plot of A3, and A4, for DUNE and P2SO at 25 C.L.
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Results
Setup || A}, bound [20 (30)] || A%, bound [20 (30)] A5, bound A%, bound
(when Az, =0) (when A}, =0) (when A2, #0) || (when )}, #0)
DUNE || —0.039 (—0.057) —0.043 (—0.064) ~0.060 —0.070
0.040 (0.060) 0.043 (0.063) 0.080 0.080
P2SO —0.022 (—0.032) —0.016 (—0.024) —0.080 —0.060
0.022 (0.032) 0.016 (0.024) 0.130 0.100

Table: X}, and A}, bounds (in the units of G) for different experiments, DUNE and P2SO.

Second (third) column of the table shows X}, (A},) bound for these two experiments at 20 (30)
C.L. by taking one parameter at a time. Fourth (fifth) column gives the bound on A%, ()\3,) at 20
C.L. by taking both couplings at the same time.

July 10, 2025
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Physics sensitivities
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Left (right) panel of upper row depicts the CPV (mass-ordering) sensitivity as a function of >\z2 3)1 in units of Gg. Lower row
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Summary

@ In the presence of curved spacetime, the expression of appearance and disappearance
probabilities get modified.

@ The Pe channel is mainly sensitive on A3, whereas the sensitivity of A7, mainly comes
from the P, channel.

@ When we take one parameter at a time, we find that P2SO gives more stringent bound on
both the parameters than DUNE.

@ The variation of CP violation sensitivity is more for A/, whereas the change is marginal for
bV

@ For mass ordering sensitivity, the change in the sensitivity with respect to both the torsional
coupling constants are marginal in DUNE, whereas the change in the sensitivity is
significant for P2S0O.

@ Regarding octant, the sensitivity of DUNE and P2SO are affected by A, whereas change
in the sensitivity due to %, is marginal.

@ The torsional coupling constants do not alter the precision of 6>3 and Am§1.
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In a scenario where neutrino travels through background of fermionic matter at ordinary
densities in a curved spacetime, the Hamiltonian of neutrino oscillation gets modified by
the torsional coupling constants A}, and Aj;.

In a flat space, the Dirac equation explains the spin angular momentum of fermions by
combining quantum mechanics and the special theory of relativity.

The contraction of contorsion part with the tetrad fields gives the antisymmetric part of the
Christoffel symbol ('), which is called torsion.

The spin connection provides a coherent framework for explaining the behavior of fermions
in the presence of gravity, bridging the gap between the microscopic realm of quantum
particles and the macroscopic curvature of spacetime as described by general relativity.



Motivated by the notable research works that have been carried out in this area, we adopt
the Einstein— Cartan—Sciama—Kibble (ECSK) formalism in our work.

In Eq. (1), the total contribution is coming from both left and right-handed neutrinos,
however, for simplicity, we consider negligible torsional coupling for right-handed neutrinos.
The additional term (Hyor ) couples to the mass eigenstates of neutrinos as curved
spacetime affects the mass of neutrinos directly.

Here it is also interesting to note that in this scenario oscillations of neutrinos are possible
even when neutrinos are massless .

Therefore, the impact of A3, will be more pronounced in P2SO than DUNE as it has a
baseline nearly twice of DUNE.



Therefore, the parameter A/, is expected to have higher sensitivity in the appearance
channel probability as compared to A7,

From this table we can understand that the deviation of the probability from SO values due
to A}, is more as compared to Aj; .

As the oscillatory terms in the probability expressions depends on torsion, it can change
the position of the oscillation maximum/minimum.

In our analysis, to obtain the bound on the torsional couplings in the neutrino sector, we
take the standard three flavor oscillation scenario in the true spectrum of the x2 and
torsion in the test spectrum of the x2 .



@ DUNE gives better bound on \}; while P2SO gives better bound on X, .
@ (mostly misidentified muons)

@ ltis well-established, particularly from studies of neutrino interactions in matter (MSW
effects), that the axial current contribution is several orders of magnitude smaller than that
of the vector current.

@ In our analysis, we have estimated these sensitivities by taking the torsion scenario in both
true and test spectrum of the x? .

@ From the probability expressions, we also concluded that the impact of A, will be more
pronounced in P2SO as compared to DUNE.

@ If we take both the parameters at the same time, the upper bounds on these parameter
weakens significantly.

@ In addition, we have also checked that the torsional coupling constants do not alter the
precision of o3 and Amz, .



@ This framework represents a first-order formulation of gravity, employing tetrad fields.

@ 1y and g, are, respectively, the internal flat space and spacetime metric, §;, being the
Kronecker delta function.



More on Spin connection (A2°)

@ Spacetime geometry effect is naturally applicable to all types of fermions, here mainly
focusing on neutrinos.

@ |In flat spacetime, Dirac equation is used to describe the nature (energy, spin angular
momentum etc.) of fermions. Dirac equation incorporates the principles of quantum
mechanics and special theory of relativity.

@ If we consider fermions in curved spacetime, the straightforward application of Dirac
equation is insufficient as the curvature of spacetime affects on the propagation of
fermions in that space.

@ Dirac equation should be generalised in presence of curved spacetime which can handle
the effects of curvature on fermionic fields.

@ Thus, spin connection comes into picture.



@ Spin connection tells us how spinors should behave in curved spacetime. It takes into
account both geometric curvature of spacetime and the intrinsic spin of the particle.

(*] Aﬁb changes the definition of covariant derivative for spinor fields. Modified covariant
derivative is used in the curved spacetime version of Dirac equation, allowing the proper
description of the dynamics of fermions in a gravitational field.

@ Spin connection has two parts, one for the spacetime and other for the internal (spin)
space.

@ In summary, we are making Dirac equation in the field of general relativity and quantum
field theory.

o Af’j’ gives the consistent formulation of the dynamics of fermions in the presence of gravity,
establishing the gap between microscopic world of quantum particles and the macroscopic
curvature of spacetime dictated by general relativity.



Tetrad

@ Tetrad fields relate the spacetime with the internal flat space through

ansb _ — Moad
nabeueu = Guv gNVegeZ =TMNab, €56, = sy (10)

v

where e and eZ, are tetrad and co-tetrad fields respectively. a, b, c,... for flat spacetime
and u, v... are for curved spacetime.

@ Spin connection holds “tetrad postulate”

Vv =0 = V,el=0

= 8Me +Ap, be ea —r/\uu =V. (11)



Calculation

@ Ineq. 11, if only w3 is present, then the Christoffel symbol can be denoted by, ™.
Using eq. 11, Ricci scalar in terms of field strength

R(r) = Fm,"”bege;,’7 where (12)
Fuv® = 0,A,% — 8, A% + AuPcAL® — ACALP. (13)

@ Spin connection appears in covariant derivation,
i i
D,uw = Ot — ZAuabUabwy Oab = 5 [va,vl_ - (14)
@ A2 consists of two terms, universal gravitational part w2 and contorsion field AZ.

A/,Lab — w,uab + A,uab, (15)



@ Final action is

S= /|e|d4 ( e“eb—&-Lw) (16)

S= /\e\d“ ( F)+L¢) (17)

with x = 87 G, and

i . i -
Ly=3 (W@w = 0uY Y — S AT Ploap, el ¥ e“c>
+ imp . (18)
@ Aiter putting A, % = w, % + A,
:l / leld*x (R(F) + e5 el AN + el ep [ws Ay _)

+ [ leld* ( ehep [ApuAu®] +Lw) (19)



@ The A-terms in the first line contribute a total derivative, so varying A produces
K -
A2 = ge; D[y, o)1 . (20)

@ Simplifying, we get Einstein equation,

~ 1 ~ = - 3k2 -
Ry — Eg;wR = kT (¥, %) — ——=Guv (¢7&’YS¢)

2
16 ’

(21)



@ Final form of Lagrangian,

i - i - 1 - -
Ly=>Y_ (Ewm”aw; = g Outbiy" i+ gwuabe“c Yiloap, vel s ¥i + iminp;
i

1 o oo
45 e (N be,oasl v+ Nplin e, ol vin) ) (22

@ Now,
o o o
A = Zeabwecu § (—A’L?ﬁ/ﬂ/dﬂ)m + >\ftq¢iﬁ7d¢iﬁ> . (23)
i

@ After putting the values of contosion field in eq. 19, we get the interaction term,

2
- D (ALvav, + Ardrravh) | - (24)
16 -



@ The interaction term can be written as,

2
—% <Z (A,‘\/T/;i’)/al/fi + /\7‘15"73751#")) s (25)

i

where AVA = J(\g = A,) and absorbed a factor of /3% in Ay 4.

@ So, Dirac equation becomes,

g , . _ _ S .
VO = gyt oapt!+my i (Z (/\W’ Yay' + Ny yay®! )) ()\'v“/aw' + /\'A%ﬂ%’)
f
(26)



@ We will focus on the term,
<Z <)"\(/’Z’f"fa"/’f + /\21Zf7a75¢f)>
f
and here we will take only f # i condition as these are for the background purpose,
S (M + Mg (27)
f#i

@ Among 4 terms, only one term is non-zero (will show in board how one term is non-zero).
@ The effective interaction has the form,

-1> ()\,VDWOV/ + )\f‘l_’i"/o’YSVi) n, (28)
i=1,2
where h is the related to the number density of the background matteras i = > A\¢ny;

f=e,p,n
it is what we called F7"A earlier, fori = v.



@ Final Dirac equation has the form,
g . L . ) )
VO’ = Zeou Ty g’ + m! 4 i (Nvow’ + Nor®') =0, (29)

@ We take an assumption that wff’ is very small so that it can be neglected. Modified Dirac
equation is,

VB + e+ i ( Yoy + /\270751#’) =0, (30)



-
Final expressions used in the literature

@ The interaction Lagrangian

— ( Z <A)/17i’YaVi+A;-qﬁi’Ya’YSVi>> X ( Z (A}/T"Yaf—&—)\??'ya'yf’f)) . (31)

i=1,2,3 f=e,p,n
@ Extra term in effective Hamiltonian is,

()\iu;rlyi) n, (32)

where = Zf:eﬁpﬁn)\,w;wf).
@ Final state expression,

2
V1 my 0 0 A 0 0 G
i) =+ Lo m 0 |+|0 X 0]A-"Fn
at \vg 26\o0 o m 0 0 ) V2
A0
+UT [0 0
00



R
Modified probability expressions

o
Ay = Dmy + 2ERDNgy = AmGy + 2EneX;, (34)
AR, = Amg, + 2ERAN2 = Am; 4 2EneN), (35)
o
. 2 A
) .o sinf(A—1)A
Puu—nze =4sin 013 sin Gg3ﬁ
AA sin(A—1)A
1 2asin 013 sin 2012 sin 2033 cos(A + 3¢p) sin(A — 1)4
A (A-1)
n? AA
+ o sin® 204, cos? 623 2 (36)
o
Py, o, =1— sin® 2053 sin® A + O(o¢3)7 (37)
”’51 A_ A _ AﬁTS
where, A =1.27 A= Afn;.

31
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Can the torsional coupling constants are large?

@ We are not doing quantum gravity, thus Mp scale of quantum gravity is not natural here.

@ There is no symmetry which forces us to put A}, and \}, as zero, so they should present
in the calculation of neutrino oscillation.

@ Curved spacetime effect is not beyond SM, it comes naturally by taking gravitational field
as forth fundamental force of nature. This interaction is applicable to all fermions.

@ Although we dont know the value of torsional coupling constants, they can not be greater
than y/Gr otherwise we could have seen them.
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