A plethora of long-range neutrino interactions probed by

DUNE and T2HK
(Based on JHEP 09 (2024) 055)

Pragyanprasu Swain
Institute of Physics, Bhubaneswar, India

Collaborators: Sanjib Kumar Agarwalla, Mauricio Bustamante
Masoom Singh

, and

NuFact 2024
The 25th International Workshop on Neutrinos from Accelerators
Argonne National Laboratory, Illinois, USA

September 16'" — 215t 2024



Standard neutrino-matter interactions

Model : SU(3)¢ x SU(2)1 x U()y
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New neutrino-matter interactions from U (1)’

Model : SU(3)c x SU(2)L x U(1)y x U(1)’

U)' =UMp-r x UMW), 1, x UM L, L,

Anomaly free charge

cu(B = L) + cur (L — L) + cpe(Ly — Le)

JHEP 07 (2012) 083, JHEP 02 (2019) 082, JHEP 01 (2021) 114
arXiv: 1812.04067, SciPostPhys.6.3.038

Gy = ag = Ca/3,0c = be = —(Cor + Cpe),
bu = —Cp + Cpe + Cur,and br = —(ca + C;M')

Neutrino oscillation is not affected by flavor-universal
symmetries — e.g. B — L — hence we focus on flavor
dependent ones.
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nmetries

U(1) symmetry

U(1) charge
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http://arxiv.org/abs/1203.4951
http://arxiv.org/abs/1812.04602
https://arxiv.org/abs/2009.14220
https://arxiv.org/abs/1812.04067

New neutrino-matter interactions from U (1)’ symmetries

Model : SU(3)¢ x SU(2)r x U(1)y x U(1)

0

ZI
Vo Ve Vo
gz’
z’ (& — sin Owx)
9z
la77ll7d la,’ll,7(),, la771'7d la,wl,d
Ly == gz (aw @y u+ agdy*d + ac 8y e + be ey Prve + by 9,y PLvy + by 0.7% Prv,) Z),
e
Lpg = —gg1 ——————(€ — sinOwx)J. Jg
sin Oy cos Oy
where, Jc/, = UpYo PLvy — UrypPryrand JE = 7%57“PL6 + %rg/yPPLu _ %E’YPPLd
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Long-range interaction (LRI): ultralight Z’

Ne« =Np¢ =Nnq¢ Neg = Np,o = Nn,g

Ne,o = Np,@ Nn,0 = Ne,0/4
) ) NeMw = Np Mw & Np Mmw
e Range of interaction ~ 1/m Ne.cos = Np.cos: Nn.cos = Ne,cos/T

e For ultralight Z' (m 4 = 1073% — 1071% V) Cosmological electrons (10

I
Range ~ km — Gpc

Neutrinos on Earth feel the potential due to the
matter inside the Moon, Sun, Milky Way, and

the cosmological distribution via long-range Sun (107¢) @
interactions.

Vi = VPV v vt v

Milky Way (107 ¢)

Not to scale

PRL 122, 061103 (2019)
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Long-range interaction potential

Virr = dag(VLRI,e» VLRI 4> VLRI +) o Yukawa potential, mediated by Z’:

Ne _
Texture [ Texture to place limits, V= g2 f —mygrd
g - ,
of Vigr1 (1) symmetzy Virt = Virr - diag(...) Amd
B —3Le diag(1,0,0) f (= e, porn),V symmetries but L, — L,
L—3L. diag(1,0,0)

diag(1,0,0) « Yukawa potential, caused by Z — VA mixing:
diag(1,0,
[ 77 diag(—1.0.0) A2 € Nn  —m_,d

Vzz!n = e 2

3(Lu+Lr)

sin Oy, cos Oy dmd

By + Ly +L- diag(—

B-3L, diag(0, —1,0)

o =197 ,vint. via Z’
N 97/ (€ —sinfwy) ,vint via Z — Z' mixing

L—-3L, diag(0, —1,0)

o General potential regardless of the source:

0 B- 3L, diag(0,0, —1)
( ! ) VigLa(mz,G') = ba Z kiVi(mg, G')

. L — 3L, diag(0,0, -1)
f=e,p.n
B
. L.—L, diag(1, —1,0) o Total LRI potential, VL,rT, o
0
N, N.
. — by e + Kp p,® +rn n,® VEEB
0 Le— L, diag(1,0, 1) Ne o Ne g
° +(@® = O+ (@ —0) +(@—>MW)
0 L, L. diag(0,1, 1) +(® — cos)] .
° . The potential due to protons and neutrons are
B B—L.—2L, diag(0,1, 1)

weighed relative to that of electrons.
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Impact of Long-Range Interaction on Neutrino Oscillation

H = Hyac + Vmat + VLRI
1 . Am2 2 +
Hyac = EU diag(0, Amyy, Amg,) U
Vmat = diag(Vec, 0,0),

Voo ~ 7.6-Y, - 1071 (%) eV,
gcm—

Ye = ne/(np + np), and pay is 2.848 g cm ™3 for DUNE, 2.8 g cm ™2 for T2HK.

Viri = diag(VLrt,es VLRI, u» VLRI, 7)

A 2
Oscillation probability : i €XP |:

a*”’g Uﬁz

2E

Under the approximation that 12 saturates very quickly to 90°,

- - A7 V2)(L/k

Py e sin® Gy sin® (2613) sin® {1.27%]
- ~ A7 V) (L/k

Py, v, ~ 1 — sin®(2053) cos? f13 sin® {1.27M}

E/GeV

Pragyanprasu Swain ora of lo rino interactions probed by DUNE and T2HK

2

September



Sanford Underground
Research Facil

ity

DUNE

Details of experimental setup

0AB 2.5 at HK

DUNE ! T2HK 2

Detector mass 40 kt LATTPC 187 kt WC
Baseline 1285 km 295 km
Proton energy 120 GeV 80 GeV
Proton beam power 1.2 MW 1.3 MW

P.O.T./year 1.1 x 10%* 2.7 x 107!

v Beam type Wide-band, on-axis | Narrow-band, off-axis (2.5°)
Run time (v + ») Syrs+5yrs 2.5 yrs + 7.5 yrs

tarXiv: 2103.04797
2arXiv: 1611.06118
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Oscillation parameters values

Parameter | Best-fit value 30 range Statistical treatment
012 [°] 33.45 31.27-35.87 Fixed to best fit
o 8.62 8.25-8.98 .
013 [°] 8.61) (8.24-9.02) Fixed to best fit
o 42.1 39.7-50.9 L
023 [°] 49.0) (39.8-51.6) Minimized over 30 range
o 230 144-350 o
dcp [°] 278) (194-345) Minimized over 3¢ range
_Am3y 7.42 6.82-8.04 Fixed to best fit
10=°eV
Am2 2.51 2.430-2.593 L
T kg (2.41) (-2.506(-2.329)) Minimized over 3o range

Table: Values of oscillation parameters used in our analysis for normal mass ordering, NMO
(inverted mass ordering, IMO).

http://www.nu-fit.org
arXiv: 2007.14792
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Impact on oscillation probability and event rates

DUNE, Vg = diag(0,0, — Vi)
== Standard oscillations

020 C: Vir = 6x 1078 eV

N— pvim=3x10"ev

| Standard oscillations
1 2 3 4 5 1 2 3 4 5
Neutrino energy, E [GeV] Neutrino energy, E [GeV]

7"70—-
115

Events from v, appearance (10 years)

~14.0;

+
1 2 3 4 0 1 2 3 4 5
Reconstructed neutrino energy, Erec [GeV] Reconstructed neutrino energy, Erec [GeV]

~145

resonace

DUNE sensitivity —Virr = (Hyac)rr € [3.8 - 10714, 1.4 - 107 12] eV, for energy € [0.5, 18] GeV
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Vir1 & Hyac + Vmat — resonant oscillations




Impact on oscillation probability and event rates

T2HK, Vi i = diag(0,0, —Viri)
== Standard oscillations

— AVim=6x10"Mev
—— B:Vig =18x10 eV

Ci Vi =6x10"2ev
—— D:Vig =3x102eV

| Standard oscillations
02 04 06 08 10 12 14 . 050 1 1.50

Neutrino energy, E [GeV] Neutrino energy, E [GeV]
1000

—11.0,

115

—120

Ri/eV)

g
2
£
E
E
£
&

g A 400
£
&= 135}
200
—14.0]
tions
_1a50s ey 0= "
02 04 06 08 10 12 14 050 1 150
Reconstructed neutrino energy, Erec [GeV] Reconstructed neutrino energy, Erec [GeV]

Vir1 & Hyac + Vmat — resonant oscillations

T2HK sensitivity = Virr ~ (Hyac)r+ € [2.3-10713,6.8 - 10712] eV, for energy €.]0.1, 3] GeV-
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Results: Constraints on LRI potential

DUNE+T2HK ~ T2HK

T :
0,0,~Vig)

Vig = diag(l

i
|
]

Constraints (NMO)
DUNE
* T2HK

—— DUNE+T2HK

E=3GeV

0™
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10 = 13
Long-range potential, Vi gy [eV]

1012

AxZon (VLRI) = (Igig} [X?est(VLRI #0) — Xprue (VLRI = 0)]

0 — 03 ,cp, |Am3,| & 0 — sign(Am3Z,)

The dips in the test statistic are due to the degeneracies between
VLRI, 023, & cp in DUNE and between Vi, r1 & sign(Amgl)
in T2HK.

Combining DUNE and T2HK lifts the degeneracies improving the

bounds.

The limits lie around 20% of (Hyac)rr-

UNE and T2



Results: Ultimate cor

raints on the LRI potential

Constraints from DUNE + T2HK (NMO) ///
— diag(Vixi, 0,0) diag(Vim, — Vi, 0) al
== diag(~Vig,0,0) —— diag(Virs -
— diag(0, ,0)  —— diag(0, Vira, — Vi) ol
—— diag(0,0, ~Vigi) et
ba
101 i 30
~8 -
P e
< o
7 20

Vir txture

BLaL,
Li3L,

B-3Lc
L-3L

w0

Long-range potential, Virr [eV]
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o The symmetries which mostly affect

o — T sector are tightly constrained.
I
Primary contribution from
vy v, &0, — Uy
(Higher event rates)

e The symmetries which mostly affect

electron sector are weakly constrained.

Primary contribution from
Vy = Ve & Uy — Ue
(Lower event rates)

e DUNE and T2HK may constrain the new
matter potential to a level comparable to
the standard-oscillation terms, roughly
10~ *4-10—13 eV, regardless of what is
the U (1)’ symmetry responsible for

inducing the new interaction.




Results: Constraints on G’ vs. m plane

This work — DUNE + T2HK (constraints, 2¢7)

— B-3L e L= H(Ly+Le) —— B—3L, ---- L—3L Ly L
== L-3L Lo +2Ly + 2L ===+ L-3L, Le—Ly ===+ B—L.—2L;
so B=3(Ly+Le) === By+Ly+Lc —— B-3L; == Le—L¢

Interaction range, 1/my [kpc]
10° 10 10! 10 10" 10716
-

B VM By om0 v
[ Causal horizon Distance to GG KM |
[ ;
i
25 [ /
10 E L~ Lyfatm. v (90% CA%)Y
E "
. 107% ¢
O E
ob [
g 10-27 L
2107 / /
5 E — Irg: NSI atm. v (90% Ci1%)¥
E / 2 =]
S [ / /
(9] —28 | ¢
2 10 E I astro. flavor (95% C.1)/
i £ -
8 E
2 [
=
25) 10—29
gi
10-30 L 33
E i
F /  Weak gravity conjécture
L /
B /
10 31 1 1

10735 10730 10725 10‘720 10‘715 10710
Mediator mass, my [eV]
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Results: Discovery strength of long-range potential

Discovery of long-range interaction with DUNE+T2HK (NMO)

Vg texture
1 B 3L, ;
L-3Le ;
’. B—3(Ly+ Lr) t
% L= 3L+ 1o) :
! Le+2Ly+2L == m e
By+Ly+Le H—
0
. B 3Ly +
0 L—3Ly +
[0\ o 50
( q ) B—3L,
° L-3L;
Le—L,
S
( 0 ) -l
\ ®)
(1) e
.) B-Ler2L;
1071 1013

Long-range potential, Vi g [eV]

AxGioe(Vimn) = gmin [ (Virt = 0) = X (Vi # 0)]

Pragyanprasu Swain



Results: Distinguishing between symmetries

U(1)’ symmetries inducing v | g (LRI)
S3=B-3(Ly+L) S5=Lo+2L,+2L, S7T=B-3l, S$9=B-3L. Sl=L,—L, SI3=L,—L;
StoL-l(Ly+L) S6=Bytlytle  S8=L-3L, SI0=L-3L; S12=L, L SH4=B L 2L

LRI potential, Vig = 101 eV LRI potential, Vig = 6 x 10 v
sia sis v
o - e g
£
s12 s12 L:
7-10)0 7,
s sn 5
[a)
510 s10 |
& G-70 )
T % s 7
E 2
s8 58 o
S -5 &
2 57 @
d ]

2 s 56
] €
£ . oo §
) g
s s 2
e =
N N E
s
52 52 &
0-2)0 &
s s k3
SIS S3 S S5 S6 5 S8 59 S0 SI SI2 813 14 SIS S3 S 55 S6 5 S8 59 S0 SI SI2 I3 14
True LRI symmetry

e The separation is clearer between symmetries whose matter potential matrices, V1,r1, have different
textures.

e The separation is blurred between symmetries whose matter potentials have similar texture, e.g.,
between B — 3L and L + 2L, + 2L

e Separation is null between symmetries whose matter potentials have equal texture, e.g., between
B —3Lcand L — 3L..

e B— L. —2L;and L, — L are easily separable from others.
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Summary

e The high precision detectors and well characterized beams in the long-baseline
experiments like DUNE and T2HK allow them to identify even a tiny deviation
from the Standard Model.

e For the first time, we explore the sensitivity of DUNE and T2HK to a wide
variety of symmetries, built from combinations of lepton and baryon numbers,
each of which induces new flavor-dependent neutrino-matter interactions that
affect oscillations differently.

e We interpret their sensitivity in the context of long-range neutrino interactions,
mediated by a new neutral boson lighter than 10~'° €V, and sourced by the vast
amount of nearby and distant matter in the Earth, Moon, Sun, Milky Way, and
beyond.

e We find ample sensitivity: for all symmetries, DUNE and T2HK may constrain
the existence of the new interaction even if it is supremely feeble, may discover
it, and, in some cases, may identify the symmetry responsible for it.

Thank you for your attention!
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Running of oscillation parameters in presence of LRI

80
60

& 40

["All panels: DUNE

NMO
Vigi=6x 10713 eV
1 |

diag(Vix,0,0)
= diag(—Vig,0,0)
—— diag(0, ~Vix1,0)
—— diag(0,0, — Vixr)
diag(Viry, Vi, 0)

=== Std. ose. (vac)

0 1 2 3 4
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a

T T
Al panels: DUNE 3
NMO

Viri =60 %1073 ev

lew matter potential: Vi = Vig - diag(---)
— diag(Vir, 0, —Vira)
diag(0, Viry, —Virs)
—— Std. osc. (mat)

=== Std. osc. (vac)

diag(Vigi, ~ Vi, 0)

Ny [1073 eV?]
o

=)

e
o0

2 3 4 5
Neutrino energy, E [GeV]




Resonance energy in presence of LRI

013 becomes 45° at resonance energy

10

DUNE, NMO

New matter potential: Vig; = Vig - diag(---)
diag(Vipi,0,0) diag(Viri, —Vire,0)

— diag(0, ~Vir,0) —— diag(Vire,0,—Viri)
—— diag(0,0,~Vig) — Std. osc. (mat.)
s ! "

—16 —15 —14 —13 -12 -11
Long-range potential, log;((Viri/eV)

Resonance energy, Eres [GeV]
=2
A

Under one-mass-scale-dominance (OMSD, AmglL JAE >> Am?2, L/4FE) approximation,
o [ SI:| Voo - [ 1 — (as?yciy/ cos2013)
Tes e | OMSD Voo — %(VLRI,M + VLrI,» — 2VLRI,e)

[ SI] _ Am§1 cos 2013

e J omsp - 2Vee
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Running of oscillation length in presence of LRI

6000—————————T—"——T—T—r——r—r—r—r—rt—t—r—
New matter potential: Vig — Vig - diag(---)  []
— diag(Vigi, 0,0) diag(Viry, 0, —Vir) []
—== diag(—Vig:,0,0) —— diag(0, Virt, —Viri)
—— diag(0, —Viry,0) '
—— diag(0,0, — Viri)
diag(Viri, — Viri,0)

eV

2
31

5000

1t

4000

All panels: DUNE
NMO

Vir = 6.0 x 107 1% eV

3000

247 X E [GeV]/

2000

1000

0
6000 ———— —

5 [eV]  Osc. length [km]

2
3

5000

1t

4000

3000

247 X E [GeV)/A

2000

1000

Osc. length [km]
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Neutrino oscillation probabilities in presence of LRI

New matter potential: Vig — Vigs - diag(- )

diag(Vigi, 0,0) —— diag(0, —Viri, 0) diag(Vir, —Vire, 0) —— diag(0, Virr, —VirD)
---- diag(—Vigr0,0) —— diag(0,0, —Viri) —— diag(Viry 0, —Vigri) —— Std. osc. (matter)
T2HK DUNE

All panels: NMO, =
Vigi = 6.0 x 10 1P ev

—0.4

Oscillation probability

0.5 1.0 1.5
Neutrino energy, E [GeV]
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Event rates in presence of LRI

New matter potential: Vigr = Vig - diag(- - -)

—— diag(Vir, 0,0) —— diag(0, —Viri, 0) diag(Viry, —Viri, 0) —— diag(0, Viri, —Virl)
---- diag(—Vir, 0,0) —— diag(0,0, —Viri) —— diag(Vir, 0, —Vir) —— Std. osc. (matter)
T2HK DUNE

Appearance, v mode ‘Appearance, v mode ||

800 [Rppearance Tmode] Earpanei ot

Vigr = 6.0 < 10713 oV 3200

=150

Disappearance, v mode

Number of events (signal + background)

Disappearance, 7 mode

0.5 1.0 1.50 1 2 3 4 5
Reconstructed neutrino energy, Erec [GeV]
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Results: Constraints on LRI potential

T
diag(Virr,0,0)
v

B-3L,
L-3L
101 B 3Lyt L)
Lo 3{Ly+Le)

® The degeneracies in the test statistic are larger for symmetries whose

matter potential contains negative entries, as they partially cancels the
matter effect.

2
con

ive

100! iw/i

diag(—Vire, 0,0)

v
Lyt 2L+ 287
By+Ly+Lc

diag(0, —Vir,0)

AXon
\

0 £l
10 - -
210! 3¢ 4 |
g
=<
< 20
diag(Vir, —Viri, 0) diag(0, Virr, —Viri)
lﬂv Ly Ly—Ly
1004‘_‘ | | | : | B T Le—2Ly
1071 1071 1014 10713 101

Long-range potential, Vi g [eV]

Pragyanprasu Swain f ino i i NE and T2HK




Results: Constraints on LRI potential

2
con

ive

2
con

Ax:

2
con

ve

T
diag(Virr,0,0)

LB=3(Ly+ L)

-
2

Lo 3L+ Ly

10°!

® The effect of degeneracies in the test statistic are milder compared to
NMO, due to balanced v- contribution in case of IMO lifting

023 — dcp degeneracy.

® The symmetries with texture diag(— V1,r1, 0, 0) being the exception suffer
deeper dip in the test statistic in case of IMO compared to NMO.

;
diag(—Vir,0,0)

v
Lot 2Ly + 2Ly

By+Ly+Lc
101 1
’
4
’
7
4
4
100 :
101 30 §
20
diag(Virr, —Viry 0) diag (0, Viri, —Vir)
lﬂv Ly E Ly—Ly
100 s s L ‘ 5 BipLe—2ly
1071 1071 1014 10713 1071 101
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Statistical method: Poisson x2

XZC(VLRL 07 0) = min 2 Z (:e:tl VLRI7 07 07 557 {gb,c,k})
{ﬁs,{fb,c,k}} i—1

Netejti Vi 70707 Sy c
—N (1+1n callim. 9,0, 6. {8, ’k}))%f%Zfic,k
k

true
e,c,t

e = {T2HK, DUNE}, ¢ = {app v, app v, disapp v, disapp v}
0 — 023, 6cp, |Am3,| & o — sign(Am2,)

&5 and &y . — systematic uncertainties on the signal and the k-th background contribution to the detection

channel ¢
tru s,tru b,tru
NeLethecze+Nec1e’
b b °
NI (Virt, 0,0, €6, {€b.e}) = NE o (Vimr, 0, 0) (14 £)+D NL o i (0,0) (14 78 o i€,k
k

b -
cand . ., are normalization errors

Normalization errors [%]
Expts. Signal (7°) Background (7°)
v App. v App. v Disapp. v Disapp. Ve, Ve CC vy, U CC v, v CC | NC
DUNE 2 2 5 5 5 5 20 10
T2HK 5 5 3.5 3.5 10 10 — 10

ons probed by DUNE and T2HK September 19
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Detailed Lagrangian for Z — Z' mixing

1 ., - oa) n
Lyg = —=sinxZ,,, B" +5M° 2, 2"

Diagonalization of the kinetic terms and mass terms redefines the fields in terms of physical fields as,

AP = ey B* + sy W3H
Zt = cos¢ (2“ — Sw sian:‘) + sin¢ COSXZL

Z% = cos€ cos x Z"L —siné (2“ — Sw sinsz)
where, sy = sin Oy, cyw = cos Ow .
AW is the mass-less photon and Z1' (= Z), Z4' (= Z') are the massive gauge bosons.

In the physical basis, relevant neutrino-matter interaction terms in the limit, x << 1,46 M? << M %,

"
La = —e(Jam)y AF, with Jh = Jhs 4 1Y
‘2721 == (SWECW ((JSV)M - 5%/V (JEM)M) + 9/5(JZ’)M> Z{L
Lz, = — =2 ((J3)u — sty (Jem)) — ecw X(JEM)LL> Z)

(9' Tz = (€ = sw X) 5355w

September 19

ons probed by DUNE and T2HK
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