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" Neutrinos interact via the weak interactions
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Are there any other interactions of neutrinos? |
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Current knowledge &
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Neutrino interactions in the SM

Charged Current (CC) interactions  Neutral Current (NC) interactions
via a W-boson via a Z-boson

2g2
8 M3
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Neutrino interactions beyond the SM

New terms in Lagrangian could appear as higher dimension operator

1 ]
L o=F — 5L — 5P 4

Gives neutrino (Majorana) masses

|
Ly = X(LLH)(HTL;;‘)

[Weinberg, 1979]
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Neutrino interactions beyond the SM

New terms in Lagrangian could appear as higher dimension operator

1 1

4- fermlon operators

— can lead to

Gives neutrino (MaJorana masses new neutrino interactions!
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Neutrino non-standard interactions

New neutrino interactions with SM fermions:
neutrino non-standard interactions (NSI)

1 I
Loy =Lsy+—8L +—=F1 ...

CONSI: 255 =—2V2Gy ), el @,Pl)(fPf)
PSSP

NCNSI: Zg = = 2V2Gyp ), € (@,Pup(fPS)
a,p.f,P
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Neutrino non-standard interactions

CONSE 206G = =2V2Gr ), el @ PL)(PY)

a.p.fif P
P:S,P,V.AT
NENSE NG = —2V2G, ) €l (@, Pup(TPf)
a,p.f,P
NSI parameter €: strength of new interaction
relative to weak interaction e ~ 0(Gy/Gp)

NSI can be flavor diagonal or off-diagonal
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Neutrino non-standard interactions

Strong constraints on CC NSI!

= Focus on NC NSI in the following
Lrsi = =226y ) el (@, Pup)(fPf)
a,p.f,P

P=S,P,V,A, T
P =1, 1ys, v*, rs, 0, o™ =172[y*, y"]

Lots of possible NSI terms!
— a lot of new physics to discover!
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How to probe NSI?

Neutrino oscillations

Produce neutrino of certain flavor a,

detect neutrino of flavor [ after a
distance

— extract oscillation probability £,

scatte_red
neutrino

Neutrino scatterings

Produce and detect neutrino of certain
flavor, typically without oscillation
effeCtS scintillation
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How to probe NSI?

Neutrino oscillations

NC NSI in propagation
(CC NSI in production, CC & NC NSI in detection)
No sensitivity to axial currents in propagation

Independent of mediator mass
No sensitivity to individual diagonal NSI parameters
Degeneracies!

scatte_red
neutrino

Neutrino scatterings

Mediator mass dependence
Need theoretically well understood process

v — e,V — N data
Degeneracies!

scintillation

Julia Gehrlein New neutrino interactions
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How to probe NSI?

In neutrino oscillations:

Scalar NSI: Vector NSI:
Lrsi =~ 226 Y el Gup() Ll =~ 202Gk Y el @ v, )
ap.f ap.f

[Wolfenstein 78]
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How to probe NSI?

In neutrino oscillations:

Scalar NSI:
P51 = = 2V2Gp ) el @p(fF)
a.p.f

Yukawa interaction term — induces mass
depending on fermion density

— affects masses in Hamiltonian

H - E _U;MNSMzUPMNS + V_

Julia Gehrlein New neutrino interactions 12



How to probe NSI?

In neutrino oscillations:

Scalar NSI:
P51 = = 2V2Gp ) el @p(fF)
a.p.f

Yukawa interaction term — induces mass
depending on fermion density

— affects masses in Hamiltonian

M? - (M + SM)Y(M + 6M)"

5M X m()€

1 - -
H=— U M*Upync+V
[Ge, Parke 1812.08376] 2E | PMNS PMNS _

[Denton, Giarnetti, Meloni 2210.00109]
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How to probe NSI?

In neutrino oscillations:

Scalar NSI: Vector NSI:
o G ! @) (. f)
Lo == 2W2Ge Y, iyl Lho= =20 2 ),
a,p.f a.p, |

New forward scattering with matter

— Affect neutrino oscillations as a new
matter effect

Yukawa interaction term — induces mass
depending on fermion density

— affects masses in Hamiltonian

2 (M 4+ SMYM + M)

5M X m()€

1 -
H=— U MUpnct+V
[Ge, Parke 1812.08376] 2E | PMNS PMNS _

[Denton, Giarnetti, Meloni 2210.00109]
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How to probe NSI?

In neutrino oscillations:

Scalar NSI: Vector NSI:
o G ! @) (. f)
Lo == 2W2Ge Y, iyl Lho= =20 2 ),
a,p.f a.p, |

New forward scattering with matter

— Affect neutrino oscillations as a new
matter effect

Yukawa interaction term — induces mass
depending on fermion density

— affects masses in Hamiltonian

l+e€, €, €,

2 L (M + 6M)M + M) L9 ]
— (M + )(M + ) V=al0 0 0)—al| € €, €.
OM x mye 0 0 0 X € €,

1 -
H=— Ul MU, o+ V .
[Ge, Parke 1812.08376] 2E L PMNS PMNS : Matter potential a «x Gppk
[Denton, Giarnetti, Meloni 2210.00109] [Wolfenstein ’78]

Julia Gehrlein New neutrino interactions 15


https://arxiv.org/pdf/1812.08376.pdf
https://arxiv.org/pdf/2210.00109.pdf

How to probe NSI?

In neutrino oscillations:
Focus on vector NSI

New forward scattering with matter 'Wise, Zhang 1803.00591]

— independent of mass of new mediator! (unless m ~ d™')

Affect neutrino oscillations as a new matter
effect

1l +¢€,, €y €or

1
"= E UMU +a Gjﬂ Cup Cer

K K
Cer €//tT €rr

Matter potential a «x GppL
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How to probe NSI?

In neutrino oscillations:
Affect neutrino oscillations as a new matter effect

l+e€, €, €

e et
1 172 3
H=— |U'M“U+ a €e,u 6/4/4 Cer
2F . .
€, € €
o Real diagonal NSI parameters €, ,,

complex off-diagonal parameters €,; = | €,4] &'
e Can subtract one term on the diagonal = 8 free parameters probed by oscillations

(1€apls Paps €cc = Eupr €20~ €y)
Parameters related to parameters in Hamiltonian as €gp = Z €§V<Nf(x)/Ne(x))
/
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How to probe NSI?

In neutrino oscillations:

effect of NSI scales with energy, baseline, and matter density
= use high-energy neutrino sources with long baselines

— atmospheric neutrinos at lceCube

Super-K 2011 (2d) HE COHERENT 2018 (e,5 = ef_iﬂ) mm IC DC 2020 (public)

Bl 1C 2017 (public) mm IC DC 2018 dap = 0°,180°
10° ]y
= 1071 IR ;
= |\ IR \
oy 1071 4N \ MR \ .
O 1N —2 \ \ \
= N 10 \ \ \
10~2 I\ \ \ N
g \ \ \ N
S \ \ \ \
= 0 - 0 -8 = -
— ) N
= —1072 9\ S IR S \
1A —10 \ \ N
X _10-1 4\ § \ ;
= \ N \
o —1 R L\
0 —].O I B
—10 . \
N I ] 1 I L) I
= i € & €
® — Cply — Epp H T [lceCube 2106.07755}
€ el €T
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https://arxiv.org/pdf/2106.07755.pdf

How to probe NSI?

In neutrino oscillations:

Constraints on NSI

Super-K 2011 (2d) WS COHERENT 2018 (¢“; = ¢?;) W IC DC 2020 (public)

= hIINOS 2013 \\\\\\ global 2018 (W'f,-”' Correl.) g IC DC 2021 (thlS ana]\'SIS)
Bl IC 2017 (public) mmm IC DC 2018 8ap = 0°,180°
100 g :
: 107 1 |
. N\ =N N N
o 1071 4\ \ iR \ 0(0.1 X Gj) NSI
- 1\ 10-2 PR § \
1R al
= 102 N \ \ \ \ allowed!
D \ \\ % % \
= 0 - 0 +Ea==e -5 \
= \ \ \ [\ N
— —2 _|R \ \ \ \
= —1072 \ & S N N
1\ —1072 R g N
X 107t 4\ 1R % '
= \ 1IN \
= 0 -107' 4IF
~10 ; \
i I L} Ll I L} L
© © P 5 e [lceCube 2106.07755}
® — Cplg — Cpb o T HT

€ ¢l C1
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How to probe NSI?

In neutrino oscillations:

Constraints on NSI

Super-K 2011 (2d) HE COHERENT 2018 (€55 = efi‘g) mw IC DC 2020 (public)

- I\'IINOS 2013 \N global 2018 (W;’j Correl.) - IC DC 2021 (thls a.na]\'SIS)
Bl 1C 2017 (public) Bl IC DC 2018 dap = 07,1807 ,
00 : Don’t need to observe tau
= .. 107" I neutrinos:
s -1 N 1R \ . .
o 1071 4 s | @ Atmospheric neutrinos
= IR |\ - \ ) N C
< 1077 A} \ S § \ propagate as L; which is
S oA \ o L L i .
= 3 S = -
g5 5N \ \ \ \ composed of mostly v,
< 10 R o R P
o . 1 N IR - and v
X 107! 47 % . - T
- N | \
S ; 3 —107! IR
~10 \
- ) l ) ) ' ) )
- - oD © O [lceCube 2106.07755]
® epp@ 5 epp el ET UT
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How to probe NSI?

In neutrino oscillations:

Constraints on NSI

Super-K 2011 (2d) H COHERENT 2018 (e%; =€2;) M IC DC 2020 (public)

Bl IC 2017 (public) mmm IC DC 2018 Sap = 0°,180°
10" .
Effects of f : § Y |
ectsor€,, —€¢,,0 20 1071 A\ . \ § y
5 LN \ Y 1Y 1)
O(1 X Gy) allowed at the — 1072 4\ § § g \
D \ \ \ | \
same C.L. as the SM! = O \ N TR §
— 1072 4N \ \ \ N
1\ N\ \ N
" iy ) 1=
= -0 N
) \ =1 N
LMA-D degeneracy 2 O EL
—10 \
) ) I |} ]
® ® e@ 6@ 6@
® — Cpby — Epp g & o
€ ce €T [lceCube 2106.07755
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L MA-D degeneracy

Target NS| parameter space

LMA-D degeneracy: Neutrino oscillations exhibit a degeneracy
in the presence of NSI which makes it impossible to determine the

neutrino mass ordering!

If €,, = — 2, all other NSI parameters zero Normal mass ordering
ms

Paﬂ(NO,L, E,p,e =0) = Paﬁ(IO, L E,pe=—2)

Paﬂ(IO, L E,pe=0)= Paﬁ(NO, L E,pe=—2) 2

wit N V.

In all oscillation channels!

Inverted mass ordering

Julia Gehrlein New neutrino interactions
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Neutrino mass ordering

Neutrino mass ordering has important implications for observables

Neutrinoless double

Are neutrinos normal?

beta decay

Sum of neutrino masses,
beta decay endpoint spectrum

Cosmic neutrino background observation

0.100 Disfavoured by Ov3f 0.14 Disfavoured by cosmology
0.050% e N 0.12:
* o S :
,,,,,,, e 0.105 !
”f ,,l ) L
— ool 3 _
e ,/’ > i
= 0005 oo = S 0.08 -
Na) L V4 D B
S ,/ = D%
y o
i} / 3
0001 NO | 2 0.06 )
51074 TN i/
\\ 1
:'
30 range, NUFIT v5.1 \ ,:
1.)(10_4 . ‘ ‘ L ‘_‘4“\ 1 ‘ B T | o
1.x10 5.%x107%0.001 0.005 0.010 0.050 0.100 0.04 S S S
1.x10™* 5.x1074 0.001 0.005 0.010 0.050 0.100
Mlightest [eV]
Miightest [€V]
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L MA-D degeneracy

LMA-D degeneracy present in all oscillation
channels (degeneracy of the Hamiltonian in
matter)

= use neutrino scattering data to probe NSI
parameter space
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L MA-D degeneracy

neutrino scattering data to probe LMA-D parameter space

NSI in scattering depends on mediator mass
— lower bound on mediator mass which can be probed

NuTeV and CHARM rule out LMA-D for M, 2 10 GeV

[Coloma et al 1701.04828]

Need process with lower momentum transfer — ____..--- =

to probe lighter mediators!

Julia Gehrlein

New neutrino interactions
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L MA-D degeneracy

Scattering with low momentum transfer:
CEVNS (coherent elastic neutrino nucleus scattering)

Recently observed for the first time:
COHERENT (piDAR neutrinos):

rules out LMA-D for M., > 50 MeV

[Denton et al 1804.03660] A

scattered
neutrino

nucle_ar
recon

Need experiment with lower neutrino energy 5
and low threshold to probe lighter mediators! /

= reactor neutrino CEVNS experiments “gtol

secondary
recoils
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L MA-D degeneracy

Reactor neutrino experiment Dresden-Il observed CEVNS
[Colaresi et al 2202.09672]

data rules out remaining parameter space of LMA-D!
— Degeneracy broken if LMA-D in electron sector!
1074

E Disfavored by
cosmology

[Denton, JG 2204.09060]

5 0
—

Dresden—II
= mod. Lindhard QF

m [ron QF
10-¢ ' | — - ‘ ‘ ‘ ‘

1 2 5 10 20 50
My [MeV]
New neutrino interactions

Julia Gehrlein


https://arxiv.org/pdf/2204.09060.pdf
https://arxiv.org/abs/2202.09672

LMA-D degeneracy

[Denton, JG 2204.09060]

10
' : Current Osc

B -+ Dresden-IT @ 3.1 MeV -

B +DUNE LBL '

. i EEN: | DUNE Solar ]

Only small region in LMA-D parameter
| space with electron neutrinos with
mass ordering: different couplings of electron

>ﬁ \> e correctly identified
<5 U s neutrinos to up-and down-quarks
allowed
5t _
_10 . . . . I . . . . | . . . . I . . . .
—10 —9 0 D 10
Eu,V
(A
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LMA-D degeneracy

Diagonal degeneracy of Hamiltonian: can subtract an
overall term from diagonal

(€pes €y €20) = (X =2, X, X)
— Move LMA-D into muon and tau sector

6/4/4 — €TT — 2 0.6 — x10°

- Peu=Per

[JG, Kushwaha 2508.14166]

0.5+ —— 8B Flux

T
@)

— need low energy source of tau neutrinos

5B solar neutrinos arrive as as three flavors at
the Earth

S
-
T
-

Neutrino Flux (_cm”2 g1 McV‘l)

Probability

S
(U8
T
(S

Observe CEVNS with solar neutrinos:
Background at DM direct detection
experiments 7| . S—

0.0 25 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Energy (MeV)

0:24

Ll
—_—
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LMA-D degeneracy

[JG, Kushwaha 2508.14166]

First observed last Summer at XENONNT and PandaX (~2.50)

[

' PandaX-4T US2
Future Idealistic

.‘
.‘
L

Excluded by
Cosmology

.
L4
»
.
L
.
s
-
o
=
@
-
-
-
v
-
L
..
s *

an?®
...........
;------.ll-----.l--!_,l’l'-..-' ..........

BB XENONnT ..

Future Realistic .

Current data does not fully
exclude LMA-D in the muon and
tau sector yet

125 t-yr of exposure required
assuming current systematics

(Current exposure: 1.04 t-yr for
PandaX, 3.51 t-yr for XENONT)

A0y
P 200 t-yr
. | DM experiments are now neutrino
a 3 10 50 experiments!
M, [MeV]
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NC NS| events at LBL experiment

Current and future LBL experiments (will) have large NC
detection data sets (background to CC events)

Can we use them to obtain new constraints on NSI?

Yes!

[JG, Machado, Pinheiro, 2412.08712]

Julia Gehrlein New neutrino interactions
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https://arxiv.org/abs/2412.08712

NC NS| events at LBL experiment

Focus on NOVA data as concrete example

Without NSI: NC channel is flavor blind
With NSI. scattering cross section changes in flavor-
dependent way

Take effects of propagation and scattering into account using density matrix formalism

Focus on vector and axial-vector NSI
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NC NS| events at LBL experiment

[JG, Machado, Pinheiro, 2412.08712]

Include NSI in NC cross section assuming free nucleons

To model nuclear effects: multiply prefactor with nuWro result

N ap Nppaﬁggﬁ T anaﬁﬂffﬂ
e

v X
Za Nppaa(aga)SM + Nnpaa(08%)sMm

ONuWro

Onuwro/Ev [cmM?GeV1]

-
o
I

w

o

[
e
|

N

o

-

— (CS-Total
— QE-NC

—— RES-NC™—==—— y,,-flux |
— DIS-NC

o

o :

2 1

4 §)
E,[GeV]

1 8 1

10
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e Up to 2-3 times more events at the

NC NS| events at LBL experiment

[JG, Machado, Pinheiro, 2412.08712]

FD in the presence of NSI

Take events at ND into account as
well

Results similar for axial-vector NSI
since dominant effect at NOVA
comes from scattering

- V V

- ETT EeT

- V V V
€y Eep Eut

far
detector

stat error

— i

Reconstructed Energy [GeV]

Julia Gehrlein
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NC NS| events at LBL experiment

[JG, Machado, Pinheiro, 2412.08712]

Consider: R = (N]@?I/N]]\Yﬁ)/(Ngﬁl;/Ngﬁ)
e R<1foreg,, ¢, atNDonlyv,
but at FD most of the U, have
oscillated away
e R>1fore,, e :atNDnov,, at
FD v_ appear (sensitivity to NSI in
tau sector!)

e R~ 1foreg,, €, small v, flux at

ND and FD, L, appear as either v_

ee’

or stay v,

far-to-near ratio

O
U

ee e

v V

g## Eer

— V — V
ETT Eur

-
Ul

R
=

L |

— SM

Datanp ~ Pred?l

Assume €,5 = 1 ]

107

Reconstructed Energy [GeV]
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NC NS| events at LBL experiment

[JG, Machado, Pinheiro, 2412.08712]

® Analyze 13.6 X 1020 POT from NOVA at ND and FD NOVA, 2409.04553

theory prediction suffers from uncertainties on cross
section, flux, etc

e Fit ND and FD data and use bin-by-bin fully correlated

pull-parameters

T 92 .. T -2
s _ x| DNP — (14 7)TNP <~ | DFP = (1+ o+ 7)TFP ( a )2
X" = > @
: \/DNP ; \/DIP Ta
_ ( - _ t - 005 — 015
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NC NS| events at LBL experiment

[JG, Machado, Pinheiro, 2412.08712]

® Analyze 13.6 X 1020 POT from NOVA at ND and FD NOVA, 2409.04553

theory prediction suffers from uncertainties on cross
section, flux, etc

e Fit ND and FD data and use bin-by-bin fully correlated

pull-parameters

105; 1—--1: ¥, | 250;- — v,
| Ly e predicted o i Ii__ — n ]
i { Data 200_‘1 I B predicted -
c . | near detector c 150F==
o VY i B s far detector
o | g (11 100F IE
: i—-.-f'"‘"'\--.-]--- i i
Lo — g/ L--1 50:_ %
103:‘ L.-.1
— 1 T, 10° 101
Reconstructed Energy [GeV] Reconstructed Energy [GeV]
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NC NS| events at LBL experiment

Results: Vector NSI

[JG, Machado, Pinheiro, 2412.08712]

. | | MA-Dark
"¢ Ihis work i)
€ ?Jf?fj.'zi,'f —_ / degeneracy broken in
EV | Coloma et al,2305.07698 _i—, scattering Processes
o &3 e Complementary
Egu* *—_;—4 constraints from CC
y detection
et T — e Little sensitivity to
eV ,_|_ 90% C. L. phase of off-diagonal
s , ! , NSI at NOVA

-15 -1.0 =05 10 1.5

-
-
-
o
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NC NS| events at LBL experiment

A .
€ee

EA.

.

EA.

Gt

EA.

eu

£A -

et

EA o

Ut

Results: Axial-vector NSI o
[JG, Machado, Pinheiro, 2412.08712]

e Stronger constraints then
global fit for many
parameter
¢ Dominant experiment:

SNO (v—deuterium
scattering) only sensitive
to isospin violating axial

NSI (% — &%)
Degeneracies broken by

addition of NOVA
Novel constraints on

This work
Global fit

Coloma et al,2305.07698

T ®

HEH

—_—

90% C.L. . .

—4

01

1 4 6

i
)

isospin conserving axial
NSI
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NC NS| events at LBL experiment

Results: 2D vector NSI

[JG, Machado, Pinheiro, 2412.08712]

2 ! ! ! ! - : 1 : : 2 ' ! ! ! 1 ' ! ' ! L ! ! : E I 8 : £ :
i Bl 68% C.L.I : Data i Bl 68% C.L. |

B 95%C.L. - | | BN 95%C.L. -
| ABBCst-fit |- 1F i « Best-fit

<  DUNE* .
95% C.L. -

>W% O- ----------------------------------------- >LU% Qp-—mmmm e e - IS O — —
—25 -1 0 1 2 —25 —1 0 1 2
V
E¥T ETT
Degeneracy between ¢’ — g
g y Uu TT’

different from degeneracy in the CC channel!
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Neutrino interactions beyond the SM

New terms in Lagrangian could appear as higher dimension operator

L oo=F +153d=5 +i53d=6 + + ...
Eff SM A A2 A3

/'

Coupling of fermions to gauge boson field
strength tensors: Lvk, F*°

— new neutrino interactions not captured in
NSI framework
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Neutrino-photon coupling

Example: Effective two neutrino-two photons vertex /& Shoemaker, Thapa 2o]

Neutrino polarizability operator:

[Bansal, Paz, Petrov,

Va\;\//y 3 CZZ — Tammaro, Zupan

5 A
\
Realized via light pseudoscalar ¢ with derivative
~ K couplings to photons and neutrinos
Z 5 ﬂi;@ﬂlﬂ'i’ +2cl@Pu) + hc
- L TV L.,
N N Qr f¢ KU 9) vl J
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Neutrino-photon coupling

[JG, Shoemaker, Thapa ‘25]

Predict new NC scattering signal:

Va\"\//”ﬁ vN — UNy

P\
Energy of photon depends on mass of mediator
Y
Y

Dedicated searches for mono-photons at
A A neutrino experiments v v
Final state predicted in SM: coherent process, 2N T
baryonic resonance, ... . .
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ct g4, [GeV™]

Neutrino-photon coupling

101
MiniBooNE excluded XENONNT excluded
109 - MicroBooNE excluded ==~ ICARUS BNB A
1 | — T2Kexcluded ~-- SBND BNB /A
1077 - NOMAD excluded - == DUNE 1 year it
10-2 - Cosmology excluded —-= DUNE 10 year 4

107% 103 1072 107! 109 101 102
Mass my [GeV]

103

[JG, Shoemaker, Thapa ‘25]

LAr technology (MicroBooNE, DUNE)
has good sensitivity to single photons
Strongest current constraints:

MiniBooNE, NOMAD

Constraints on model will improve
with future experiments

See also [Carey, Machado, Petrov,
Sousa, Tammaro, Zupan ‘25]

Julia Gehrlein
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Neutrino-photon coupling

Have we already seen hints for anomalous
neutrino-photon couplings?

MiniBooNE low energy excess:
Could be due to anomalous appearance of electrons or photons, correlated with
neutrino beam

. eV-scale vanilla sterile neutrino
explanation not a good global fit!

Events
e
[ ]
-

400

300

200(— !

5o far no convincing SM explanation either

100

' -=EE 1200 [MiniBOONE ,2—0]

Visible Energy [MeV]
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Neutrino-photon coupling

Have we already seen hints for anomalous
neutrino-photon couplings?

[JG, Thapa, Thompson soon]

Polarizability with active neutrinos is not a good fit to the MiniBooNE data
Enhanced neutrino polarizability with a sterile neutrino

C/
— (DoPrv; )F''F
A3 Ri" L”Lj Uv

— changes photon energy spectrum
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Neutrino-photon coupling

Have we already seen hints for anomalous
neutrino-photon couplings?

[JG, Thapa, Thompson soon]

Polarizability with active neutrinos is not a good fit to the MiniBooNE data
Enhanced neutrino polarizability with a sterile neutrino
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Model is better fit than background only, scenario can be tested at current

Neutrino-photon coupling
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Have we already seen hints for anomalous

neutrino-photon couplings?

Photon Spectrum in MiniBooNE v-mode
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New neutrino interactions

Summary & Conclusion

New neutrino interactions appear naturally in extensions of SM with new mediators

Test of NSI in oscillation experiments and scattering experiments — complementarity

between probes but also degeneracies

New idea to test NC NSI using NC events at oscillation experiments — new constraints

on isospin conserving axial-vector NSI
New constraints on neutrino interactions with photons
Future experiments will continue to probe new neutrino interactions

Theory effort needed to build consistent models
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Thank you for your attention!
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