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Neutrino Interactions: Across Energies
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Neutrino Interactions: Across Energies
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Neutrino Interactions: Across Energies
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Neutrino Interactions: Across Energies
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Non-Standard Interactions
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Non-Standard Interactions

® Forg < 0(100 MeV), neutrino-matter interactions described by an Z.¢ after integrating

out heavy dof.
Vo Vg Vi vV Vo Vg
W
f foo o f f

Integrating out the Z and W bosons at tree level NC and CC
generates effective dimension 6 operator
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Non-Standard Interactions

® Forg < 0(100 MeV), neutrino-matter interactions described by an Z.¢ after integrating

out heavy dof.
Vo Vg Vi vV Vo Vg
W
f foo o f f

Integrating out the Z and W bosons at tree level NC and CC
generates effective dimension 6 operator

® Non-Standard Interactions (NSIs): for characterizing potential new physics (NP) in the
neutrino sector.

Lnsi = Z (Vay" PLvg) [( 88y + 62’3) fy.f + ((SaggA + eaﬁ) Fy f]
V2 £

~N
Sam Carey Brookhaven Forum 2025 @ kt Brookhaven W

National Laboratory WAYNE STATE 5

IIIIIIIIII



Non-Standard Interactions

® Forg < 0(100 MeV), neutrino-matter interactions described by an Z.¢ after integrating

out heavy dof.
Vo Vg Vi vV Vo Vg
W
f foo o f f

Integrating out the Z and W bosons at tree level NC and CC
generates effective dimension 6 operator

® Non-Standard Interactions (NSIs): for characterizing potential new physics (NP) in the
neutrino sector.

Lns = Z (Tay" PLug) [( aﬁg\f/ + 62/3) f’yuf—l- <5aﬁgA +€aﬁ) f‘)’u’}’sf]
f o,

® First introduced to accommodate sub-leading effects in neutrino oscillations.
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Neutrino-Non-Standard (Photon) Interaction

® Neutrino electromagnetlc interactions: pathway to physics beyond the Standard

Model tt h Iscale-\A —————————— I
ocel; pointto new physical scale- Majoronam points toAlfnyﬁ,B;é a’
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Neutrino-Non-Standard (Photon) Interaction

© Neutrino electromagnetic interactions: pathway to physics beyond the Stanard
Model; point to new physical scale - A. Majoronam pomtstoAlffOI/ﬂﬂ;éO

® Interaction with photon described by operators of dimension > 5:
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Neutrino-Non-Standard (Photon) Interaction

© Neutrino electromagnetic interactions: pathway to physics beyond the Standard
Model; point to new physical scale - A. Majorona m, points to A iff Oufif £ 0

® Interaction with photon described by operators of dimension > 5: |
Q| dimension-5, magnetic moment operator:

1 v
5w (Zi0" Prv) Fuw— Avjii ~ O(emy,; /16m°v7) ~ 1075 (m; /eV) s ’ v
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Neutrino-Non-Standard (Photon) Interaction

® Neutrino electromagnetic interactions: pathway to physics beyond theStandard
Model; point to new physical scale - A. Majoronam pomts to A |ff()1/ﬁﬂ 75 3.

® Interaction with photon described by operators ofdlmensmn > 5:
dimension-5, magnetic moment operator:

q
1

5)\,,,,-1- (Dic" Pv;) Fuw Ao ~ O(emy, /16m°v?) ~ 1078 (m,, /eV)us

U 1%

dimension-6, anapole moment, NSl operator:

30 (77151 0 Fu - 2~ O(1/16520%) 3 (ayPuvs) [ (8assl + ) Fouf + (Gassh + € ) P |
f.a,f3

~N
Sam Carey Brookhaven Forum 2025 @ kt Brookhaven W

National Laboratory WAYNESTATE  Q

IIIIIIIIII



Neutrino-Non-Standard (Photon) Interaction

® Neutrino electromagnetic interactions: pathway to physics beyond the Standard

—— . = — _

Model; point to new physical scale - A. Majorona m, points toAlffy,B

® Interaction with photon described by operators of dimension > 5:
dimension-5, magnetic moment operator:

q
1

5)\,,,,-1- (Dic" Pv;) Fuw Ao ~ O(emy, /16m°v?) ~ 1078 (m,, /eV)us

U U

dimension-6, anapole moment, NSl operator:

~ a5 (B 451) 0" Fuw 2y ~ O(1/16720%) 3 (e Puvp) [ (Sapsl + ) Fruf + (8asgh + s ) Frur®f|
f.a,f3

.| dimension-7, polarizability operator:

%O‘V,ij (ZiPLyvj) Fuu F*7, %&V,ij (7iPLvj) F,uvl':lw Qu,ii (’)(ezm,,l./167r2v2).
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Overview

v Neutrino (Electromagnetic) Interactions

P Interaction at GeV: Enhanced Neutrino Polarizability in DUNE

» Summary
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Magnetic Moment and Charge Radius from
CEUNS

Carey and Pandey, arXiv:2412.18055 [hep-ph]
Carey and Pandey, arXiv:2510.14015 [hep-ph]
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Neutrino Source

® Neutrino production (at SNS):
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Neutrino Source
® Neutrino production (at SNS):

Fragments ~99% Capture
\ [ ®—

Decavs at Rest (t = 26 ns)

r—---ﬂ.

. ~1 GeV

Decays at Rest (Tt = 2.2 ps)

Fragments

Neutrino production via z-decay at rest
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Neutrino Source
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Neutrino Source

® Neutrino production (at SNS):

Fragments ~99% Capture

Decays at Rest (t = 26 ns)

~

Fragments
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Decays at Rest (Tt = 2.2 ps)

v ©

Neutrino production via z-decay at rest

Experiment mr (kg) d (m) POT (sec™ ')
PIP2-BD at FNAL 100,000 20.0 2.75x 10*°
CENNS10 at ORNL 24 27.5 1.0 x 10*°

CENNS750 at ORNL 610 27.5 7.6 x 10*°
CCM at LANL 10,000 20.0 5.6 x 10**
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Event Rate
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Event Rate

COHERENT reports data in reconstructed electron-equivalent recolil energy (7...)
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Event Rate

COHERENT reports data in reconstructed electron-equivalent recolil energy (7...)
rec:+ATfeC/2 m“/2 d¢l dU(E )
Ni —N/ dT e 6(Trec)/ dT Z/ JdT R(Trec, 7--I;UI)

rec ] A-ri'GC/2 o
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Event Rate

COHERENT reports data in reconstructed electron-equivalent recoil energy (7,..)
N, _N/ Trec,itATrec/2 dTrec E(Trec)/ dT (Z /I’Tm/2 dE d¢l da'd(_,E- )) R(Trec, TI;UI)

rec ] A-ri'GC/2 o

[a—
o

— o =
EEN (@)} co

Efficiency

S
b

) —— Efficiency (COHERENT CENNS10)

S
o

0 20 40 60 80 100 120
Reconstructed Energy (keV)

Detector efficiency as afunctionof 7.

~N
Sam Carey Brookhaven Forum 2025 @ kt Brookhaven W

National Laboratory WAYNESTATE 14

IIIIIIIIII



Event Rate

COHERENT reports data in reconstructed electron-equivalent recoil energy (7,..)
N, _N/ Trec,itATrec/2 dTrec E(Trec)/ dT (Z ‘/'mp,/2 d¢l doc'l(f )) R(Trec, T/;U/)

rec ] ATrec/2 o
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COHERENT reports data in reconstructed electron-equivalent recoil energy (7,..)
N _N/ Trec,itATrec/2 dT, . E(Trec)/ dT (Z /mp,/2 d¢l dUd(_,E- )) R(Trec, TI;UI)

rec ] ATrec/2

Event Rate
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Event Rate

COHERENT reports data in reconstructed electron-equivalent recoil energy (7,..)
N _N/ Trec,itATrec/2 dT, . E(Trec)/ dT (Z /'rnp/2 d¢l dO'd(_’E_- )) ’R,(Trec) 7-I;U'I)

rec ] ATrec/2 o

Detector resolution function: 4 (Tree—Tp)2? True electron equwalentrecml energy: ‘Quenching factor:
0'2 ! ' , : .
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Event Rate

COHERENT reports data in reconstructed electron-equivalent recolil energy (7,..)
X N —N/ Trec,i+ATrec/2 dTec e(T,ec)/ dT (Z /mp/2 d¢: dffd(_,E_ )) R(Trec, T1; 01)
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Sam Carey

and Charge Radius

Carey and Pandey, arXiv:2412.18055 [hep-ph]
Carey and Pandey, arXiv:2510.14015 [hep-ph]
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Magnetic Moment: Enhancement and Signature
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Magnetic Moment: Enhancement and Slgnature

° v—yinteraction described by effective Hamiltonian: o(x)A v (x)A*(x)

~N
Sam Carey Brookhaven Forum 2025 @ kt Brookhaven

National Laboratory

v(p;) vipr)

o

v(q)

Effective one-photon
couplingofav



Magnetic Moment: Enhancement and Slgnature

v(p;) vipr)

° v—yinteraction described by effective Hamiltonian: o(x)A v (x)A*(x) \?/

A(@) = —io,q" |Fylq")| + < - q,7'q,/q ) F1(q%) + Fy(q*)q°rs] 1(g)

Effective one-photon
couplingofav
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Magnetic Moment: Enhancement and Slgnature

v(p;) vipr)

° v—yinteraction described by effective Hamiltonian: o(x)A v (x)A*(x) \?/

A(@) = —io,q" |Fylq")| + < - q,7'q,/q ) F1(q%) + Fy(q*)q°rs] 1(g)

Effective one-photon
couplingofav

® Minimal extension of the SM with v,, numerically:

p,=32x10""
(eV)ﬂB
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Magnetic Moment: Enhancement and Slgnature

v(p;) vipr)

° v—yinteraction described by effective Hamiltonian: o(x)A v (x)A*(x) \?/

A(@) = —io,q" |Fylq")| + < - q,7'q,/q ) F1(q%) + Fy(q*)q°rs] 1(g)

Effective one-photon
couplingofav

® Minimal extension of the SM with v, numerically-
=32x107" (

) Up m, & p, flip chirality: small m =—>small u,

eV
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Magnetic Moment: Enhancement and Slgnature

v(p;) vipr)

° v—yinteraction described by effective Hamiltonian: o(x)A v (x)A*(x) \?/

A(@) = —io,q" |Fylq")| + < - q,7'q,/q ) F1(q%) + Fy(q*)q°rs] 1(g)

Effective one-photon
couplingofav

® Minimal extension of the SM with v, numerically:

_32><10—19< V),,tB o & . i chivality: smallm s smali .
C

® LRSM: v, interacts with W, gauge boson, which in turn mixes with the Standard
Model Wboson.

G-m
. u P’ sin2& <1071,
e 24/ 272

U

Wi
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Magnetic Moment: Enhancement and Slgnature

v(p;) vipr)

° v—yinteraction described by effective Hamiltonian: o(x)A v (x)A*(x) \?/

A(@) = —io,q" |Fylq")| + < - q,7'q,/q ) F1(q%) + Fy(q*)q°rs] 1(g)

Effective one-photon
couplingofav

® Minimal extension of the SM with v, numerically:
=32x107" (

)ﬂB Y T e e

eV

® LRSM: v, interacts with W, gauge boson, which in turn mixes with the Standard
Model Wboson.

U

Gme in2& < 10—16 T T :
_—- Hy Sin 26 < Hp  iFine tuning: £ to avoid “m, — p, conundrum” :
R 2\/57:2 '''''''''''''''''''''''''''''''''''''''''''''''''
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Enhancement and Signature
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Enhancement and Signature

® Fixing “m, — u, conundrum?” - Voloshin mechanism:
New Physics odd under same flavor exchange contributes to u, and not m, .
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Enhancement and Signature

® Fixing “m, — u, conundrum?” - Voloshin mechanism:
New Physms odd under same flavor exchange contributes to x, and not m,
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Enhancement and Signature

® Fixing “m, — u, conundrum?” - Voloshin mechanism:
New Physms odd under same flavor exchange contributes to x, and not m,

® based on SU(2), Horizontal symmetry-pu,t m, — 0.
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Enhancement and Signature

® Fixing “m, — u, conundrum?” - Voloshin mechanism:
New Physms odd under same flavor exchange contributes to x, and not m,

® based on SU(2), Horizontal symmetry-pu,t m, — 0.

® Experimental signatures: u, induced neutrino scattering recoils is enhanced -

do ra*u,2” (1-TIE, T\ _,  ,
— | I h(q )
AN m?2 T 4E2 | €
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Enhancement and Signature

® Fixing “m, — u, conundrum?” - Voloshin mechanism:
New Physms odd under same flavor exchange contributes to x, and not m,

® based on SU(2), Horizontal symmetry-pu,t m, — 0.

® Experimental signatures: u, induced neutrino scattering recoils is enhanced -
(da> no’u’z* (1 =TIE, T 10

— = | F? (g° |
dT m2 T 4E? ch'd?) “

10';

103';

1023

Event Rate (events/keV/day)
=

I e o
10° 10 ° 10" 10 10" 10> 10°

Recoil Energy T (keV)
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Enhancement and Signature

® Fixing “m, — u, conundrum?” - Voloshin mechanism:
New Physms odd under same flavor exchange contributes to x, and not m,

® based on SU(2), Horizontal symmetry-pu,t m, — 0.

® Experimental signatures: u, induced neutrino scattering recoils is enhanced -

do /,1322 1 -TIE, T , 10"
— — ] |
dT m2 4E2 Ch(q ) _ 10"
~
S 10
2
2 107
-------------------------- =
Other signatures: > v 3 10"
"""""""""""""" A
5 107

LTE . — SM

-1| — HMy=10
10 iEe Z B Z
_23 — My=10""u
v radiative decay: Cherenkov radlqtlon 0.5 02 10" 10° 100 10t 10°
(left) and Plasmon decay in stars (right) Recoil Energy T (keV)
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Sensitivity to pu,
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Sensitivity on neutrino magnetic moment (y, , M) for the different flux sources
[Carey and Pandey, arXiv: 2510.14015]
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Sensitivity to pu,

25 — PIP2-BD at F2D2 (O.ys = 10%, V) 25 — COCM (Ogysr=10%) (Vg)
201 - P B = 20-
157 151
10 10
< Ty L) A N I S—
o7 10 " 10 °* o7 10 "
My (UB) Hv (UB)
25 —— CENNSID (Ogyse—10%) (Ve) 25 ——— CENNST50 (Ogyst — 10%, V)
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. v | CENNS-750 (10%) 15.6 15.0 16.2
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I B YELTN o8 /'" ................................ e O | ..... e 3 : CCM (10%) 156 150 162
1%—11 01 1%—11 10 1© Estimated values Of,l/ty X 1Q_1OﬂB at 90% CL
Uy (Ug) 1y (Ug) [Carey and Pandey, arXiv: 2510.14015]

Sensitivity on neutrino magnetic moment (y, , M) for the different flux sources
[Carey and Pandey, arXiv: 2510.14015]
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Sensitivity to pu,

25 - PIP2-BD at F2D2 (O 10%, Vg) 25 — CCM (O 10%) (Ve)
200 - v s Ea0 (oo v 20 ‘v — e~ scattering: strongest (direct) constraint 5
(@t 90% CL u, < 6.4 x 107245) from XENONNT E
15 151 e e e m e e e e e e e e e e e e e e = e e e = e e = e e = = e e = e e e e e e e e e e -
5 5
105 104
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25 = CENNSIU (Ogysr—10%) (Ve) 25 = CENNST50 (Ogyst = 10%, V)
2 20| cons =3
Flux Source (Syst. Unc.) po po. po,
PIP2-BD at F2D2 (10%) 14.7 14.8 14.7
L P PIP2-BD at F2D2 (5%) 9.93 10.0 9.9
) ) CENNS-10 (10%) 16.3 16.3 17.2
. | v : CENNS-750 (10%) 15.6 15.0 16.2
.................................................................................. CENNS-750 (5%) 10.6 10.2 11.0
) SRICN o I /'" ................................ S | ..... ./ff ................................. CCM (10%) 156 150 162
1%—11 01 0° 1%—11 10 1© Estimated values Of,l/ty X 1Q_1OﬂB at 90% CL
Uy (Ug) 1y (Ug) [Carey and Pandey, arXiv: 2510.14015]
Sensitivity on neutrino magnetic moment (y, , M) for the different flux sources
[Carey and Pandey, arXiv: 2510.14015]
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Sensitivity to pu,

25 - PIP2-BD at F2D2 (O 10%, Vg) 25 — CCM (O 10%) (Ve)
200 - v s Ea0 (oo v 20 ‘v — e~ scattering: strongest (direct) constraint 5
(@t 90% CL u, < 6.4 x 107245) from XENONNT E
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105 104
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My (UB) Hv (UB)
25 = CENNSIU (Ogysr—10%) (Ve) 25 = CENNST50 (Ogyst = 10%, V)
2 20| cons =3
Flux Source (Syst. Unc.) po po. po,
PIP2-BD at F2D2 (10%) 14.7 14.8 14.7
L P PIP2-BD at F2D2 (5%) 9.93 10.0 9.9
) ) CENNS-10 (10%) 16.3 16.3 17.2
. | v : CENNS-750 (10%) 15.6 15.0 16.2
.................................................................................. CENNS-750 (5%) 10.6 10.2 11.0
) SRICN o I /'" ................................ S | ..... ./ff ................................. CCM (10%) 156 150 162
1%—11 01 0° 1%—11 10 1© Estimated values Of,l/ty X 1Q_1OﬂB at 90% CL
Uy (Ug) 1y (Ug) [Carey and Pandey, arXiv: 2510.14015]
Sensitivity on neutrino magnetic moment (y, , M) for the different flux sources
[Carey and Pandey, arXiv: 2510.14015]
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Sensitivity to u,

25 , T
—— PIP2-BD at F2D2 (0syst=10%) ,- ,,:
— -~ PIP2-BD at F2D2 (0syst=5%) ,' I,'
— == CENNSI0 (Osyst=10%) | A
201 —:= CENNS750 (Osyst=10%) | A
CENNS750 (Osyst=5%) | !’,'
""" CCM (Usystzlo%) . !’
15-
S
<]
10-
................................................... 99%.Colewrreenn Ll
5
................................................... 95%.Coleervvaefiglvnecnf
................................................... 0% Cleeee fit .
05 B
10

Sensitivity on universal effective neutrino
magnetic moment for the different flux source
[Carey and Pandey, arXiv: 2510.14015]
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Sensitivity to u,

25 [i T
—— PIP2-BD at F2D2 (Osyst=10%) ,',' ,’:
—-— PIP2-BD at F2D2 (Osyst=5%) il I
——— CENNSIO0 (Osyst=10%) il I
201 —-= CENNS750 (Osyst=10%) i I
-~~~ CENNST750 (Osyst=5%) ¥ I
------ CCM (Osyst=10%) [ h 10—9f_,_,,_,,_,_,,__,_,_,_,_,,___,_,_,m_.\\
: \.\\
15 > i
N 3 . |
2 §
< = ¥
10- = :
—10 | =—— PIP2-BD at F2D2 (Tsyst=10%) ||
10 | —-— PIP2-BD at F2D2 (Osyst=5%) ]
................................................... | === CENNSI0 (Osyst=10%) | i
5. | e CENNS750 (Osyst=10%) : |
................................................... | ==~ CENNST750 (0syst=5%) X
................................................... | == CCM (Osyst=10%) j i
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My, UJB)
Sensitivity on universal effective neutrino Excluded regions at 90% CL in the plane of u, — ,uyﬂfor the different
magnetic moment for the different flux source flux sources in comparison to the COHERENT results
[Carey and Pandey, arXiv: 2510.14015]
[Carey and Pandey, arXiv: 2510.14015]
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Magnetic Moment and

Carey and Pandey, arXiv:2412.18055 [hep-ph]
Carey and Pandey, arXiv:2510.14015 [hep-ph]
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Anapole Moment and Charge Radius

° v—yinteraction: (x)A, v(x)A*(x)

Sam Carey

A(q) = —io,q" |Fylg®)] + <7f,4 - q.7"q,/ 612) Fi(q°) + Fo(g®)q7ys]

N
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Effective one-photon
couplingofav



Anapole Moment and Charge Radius

v(pi) v(ps)

° v—yinteraction: (x)A, v(x)A*(x) W/

A(q) = —i0,,q" |[Fy(g®)| + <7/,4 - q4,7"q,/ 612) Fi(q°) + Fx(g)qys) 1(g)
® Zeldovich: (P) - coupling not with EM field but source. Effejjhﬁﬁ;iﬁgjto”

ZDim—6 ~ 617(17#”7’51/]')(]? Vﬂf )
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Anapole Moment and Charge Radius
° v—yinteraction: (x)A, v(x)A*(x)

© Zeldovich:

v(pi)

v(ps)
A(q) = —io,q" |Fylg®)] + <7f,4 - q.7"q,/ 612) Fi(q°) + Fo(g®)q7ys]

(P) - coupling not with EM field but source.

v(q)
ZDim—6 ~ 617(171'7’”751/]')(]? Vﬂf )

Effective one-photon
couplingofav

Y
—\ X Y ;
H1 1

— 1, —-)‘I |+ —
)'i\v | Bint N

Y
A,
— 1 _ 1+
N~

I

Visualization of Anapole
moment

Sam Carey
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Anapole Moment and Charge Radius

® y—yinteraction: V()N V(X)AH(X) o \{

v(ps)

A(@) = —io,q" [Fy(g?)| + <7/,4 - q,7"q,/9° ) Fi(q°) + Ex(@)q°rs) 1(g)
® Zeldovich: (P) - coupling not with EM field but source. Effejjﬁ;ﬁ;iﬁgjto”

ZDim—6 ~ Gij(Di}/ﬂySVj)(f Vﬂf )

eEvenifq = 0(.e F,(0) = 0), Taylor expansion:

Visualization of Anapole

1 MmMomen
Fig?) = F0) +—(r),q* + ... t

: L. G 25 2 :
'SM Prescription: (r?) = —= — log 2 5~ 10Bem? !
: " 42722 | 6 !
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Anapole Moment and Charge Radius

® y—yinteraction: D(x)Aﬂy(x)A”(x) o \{

vipr)

A(@) = —io,q" [Fy(g?)| + <7/,4 - q,7"q,/9° ) Fi(q°) + Ex(@)q°rs) 1(g)
® Zeldovich: (P) - coupling not with EM field but source. Effejjﬁ;ﬁ;iﬁgjto”

ZDim—6 ~ Gij(Di}/ﬂySVj)(f Vﬂf )

eEvenifq = 0(.e F,(0) = 0), Taylor expansion:

Visualization of Anapole

1 MmMomen
Fig?) = F0) +—(r),q* + ... t

4/272 | ©

@ For ultra-relativistic v: F,(¢g*) & (r?),

1
2
a, = —(r)
U U
6
~
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Anapole Moment and Charge Radius

. . v(py)

e y—vyiInteraction: D(x)Aﬂy(x)A”(x) "V
A(q) = —io,q" |Fiu(g®)| + <7/,4 - 4,7,/ q2) Fi(q°) + Fy(q)g7s] 1(9)

© Zeldovich: (P) - coupling not with EM field but source. ' v onepmoton

ZDim—6 ~ Gij(Di}/ﬂySVj)(f Vﬂf )

eEvenifq = 0(.e F,(0) = 0), Taylor expansion:

Visualization of Anapole

1
2 2 2 moment
Fiq®) = Fi(0) +=(7),4° + ...

I T mmmmmm s 2'": """""""""

:SM Prescription: (r’) = S s — log "N S x 107 Bem?

: l 4\/§ﬂ2 6 M3,
o For ultra-relativisticv: Fy(¢®) < (#?), T

a. = l<r2> y — e~ scattering: strongest constraint (at 90% CLE

U 6 U .
'([—2.1,3.3] x 107°?cm?) from TEXONA
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Charge Radius Signature

® Experimental signatures: finite (+*), leads to the redefinition of the ¢, as

V27apy
(ry )
3Gy

sin® @, — sin® Gy, -
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Ax?

Ax?

® Experimental signatures: finite (+*), leads to the redefinition of the ¢, as

25
—— PIP2-BD at F2D2 (Ggyer = 10%, Ve)
~== PIP2-BD at F2D2 (Gyys = 10%, V)
——— PIP2-BD at F2D2 (Ouyer = 5%, Va)
20 ~== PIP2BD at F2D2 (Ggyet = 5%, V)
151
10
5.
L1 1
=20 =10 0 10 20 30
(r2) (10732cm?)
25
—— CENNS10 (Guysr = 10%, V)
—== CENNSI0 (Osyat = 10%, vy,)
201
157
101
5
o
=20 =10 0 10 20 30

{rS)(102 s cmes)

Sam Carey

Charge Radius Signature

| \/E”CZEM

sin? QW — sin? HW !
3Gy

(1)

a

25
—— CCM (Osyer = 10%, Vi)
=== CCM (Oyysr = 10%, vy)
20 25 l i 1 |
! il 1§ —— PIP2-BD at F2D2 (Osyst=10%)
1' ! it 1) —.— PIP2-BD at F2D2 (Gsyst=5%)
151 il {1 |} ——— CENNSIO0 (0syst=10%)
Ef 201 1 II | | —— CENNST50 (0syst=10%)
10 I ] CENNS750 (Osyst=5%)
! |
I IR S CCM (Ogyst=10%)
.............................................................................................................................................. | : : |
5 15 ] | : IR
............................................................................................................................................. ! H
............................ X LT un I I
U d l I I | [ |
0 : : . ]
-20 ~10 0 10 20 30
(r2) (10732cm?) 10-
25 . i
—— CENNS750 (Guye = 10%, v.) | | )
—== CENNS750 (Oayer = 10%, v | e ] B B R R L L L LT LT PP FEEREY TETTTTTT PP P PRIE 99./0.CL .....................................
CENNS750 (Ogyst = 5%, Ve) |
201 CENNS750 (Ot = 5%, V) 51
........................... ..o 093%. C e
......................... L e L e 90%. G,
\ /
N>< O . ! .
< o —20 —10 0 10 20

.............................................................................................................................................

..............................................................................................................................................

-20 -10 0 10 20 30
{E ) (0=2< crns)

Sensitivity on neutrino charge radius
[Carey and Pandey, arXiv: 2510.14015]
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25
—— PIP2-BD at F2D2 (Ogyer = 10%, V)
~== PIP2-BD at F2D2 (Oyys = 10%, U)
——— PIP2-BD at F2D2 (Ouyer = 5%, Va)
20 ~== PIP2BD at F2D2 (Tgyer = 5%, V)
151
10
5.
A N
=20 =10 0 10 20 30
(r2) (10732cm?)
25
—— CENNSI0( 10%, ve)
—== CENNSI0 (Gyyse = 10%, v,,)
20+
151
101
5
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=20 =10 0 10 20 30

{rS)(102 s cmes)

Sam Carey

Charge Radius Signature

® Experimental signatures: finite (+*), leads to the redefinition of the ¢, as

o, . 27
sin” @y, — sin” Gy,

25
—— CCM (Osyer = 10%, Vi)
=== CCM (Oyysr = 10%, vy)
20
151
S
<
10
51
R I
=20 =10 0 10 20 30
(r2) (10732cm?)
25
—— CENNS750 (0yye = 10%, v.)
=== CENNS750 (Osyat = 10%, V)
CENNS750 (gt = 5%, Ve)
201 CENNS750 (Tysr = 5%, Vy)
151
~
>
<
10+
5
| R
—20 -10 0 10 20 30

{E ) (0=2< crns)

| \/E”CZEM

(1)

3G,

Flux Source (Syst. Unc.)

(r®) v,

PIP2-BD at F2D2 (10%)
PIP2-BD at F2D2 (5%)
CENNS-10 (10%)
CENNS-750 (10%)
CENNS-750 (5%)

CCM (10%)
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25 l I | l
.'I || |} —— PIP2BDarF2D2 (Osyst=10%)
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Sensitivity on neutrino charge radius
[Carey and Pandey, arXiv: 2510.14015]
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Ax?

Ax?

Charge Radius Signature

® Experimental signatures: finite (+*), leads to the redefinition of the ¢, as

o, . 27
sin” @y, — sin” Gy,

| \/E”GEN1

3G,

(1)

a

25 —— PIP2-BD at F2D2 (Osysr = 10%, V) 23 —— CCM (Osysr = 10%, ve)
20 ~== PIP2.BD at F2D2 (Ogyst = 5%, v‘;l 20 25 Ff i | ]  PIP2-BD at F2D2 Gy 0%
i Il 1} —— PIP2-BD at F2D2 (0syst=5%)
151 15 ! |1} === CENNSI0 (Osys=10%)
Ef 20 1] i —-— CENNST750 (0syst=10%)
" " | E i CENNS750 (Tsyst=5%)
...................................................................................................................................................................................................................................................................................... il { e Flux Source (Syst. Unc.) (r*),,
| | —— | I { | PIP2-BD at F2D2 (10%) —13.08, —12.08] U [—0.44,0.56]
............................ u“ UU l l : : I . PIPQ-BD at F2D2 (5%) L_ 12.76, - 12.28: U L_0.24, 0.24:
"3 o 0 10 20 30 "0 o 0 10 20 30 0. L | | CENNS-10 (10%) ’_13.16, —12.00! U '_0.52, 0.64
y e y nrae e i | CENNS-750 (10%) —13.08, —12.08] U [—0.44,0.56
— Cavlotoa 1%, e vl IR S I | T 9%l CENNS-750 (5%) —12.76,—12.28] U [—0.24,0.24]
201 201 E:::::E::?:::;:": S ........................................ ................... Q3% Gl CCM (10%) —13.08, _12.08 U —0.44, 0.56
......................... e Q0% Gl
& o ) \ {) Estimated values of (r*) at 90% CL
L . . | :
3 =20 10 0 10 20 [Carey and Pandey, arXiv: 2510.14015]
101 107 2 —32 ~ 2
(ry) (10722 cm?)
[ | N ! R IO |
,,,,,,,,,,, \‘ U 0 U | J i
—20 —-10 0 _3210 , 20 30 —20 —10 , 0 _3210 , 20 30 : . . 1
CIRC MR, LR RN, v, — Csl scattering: strongest constraint :

Sensitivity on neutrino charge radius
[Carey and Pandey, arXiv: 2510.14015]
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Overview

v Neutrino (Electromagnetic) Interactions

v Interaction at MeV: Magnetic Moment and Charge Radius

» Summary
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Enhanced Neutrino Polarizability in DUNE

Carey, Machado, Paz, Petrov, Sousa, Tammaro and Zupan, 2508.16724 [hep-ph]
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Polarizability

Polarizability in
Compton scattering

® |dea: familiar from classical electrodynamics extended to Compton scattering
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Polarizability

Polarizability in
Compton scattering

® |dea: familiar from classical electrodynamics extended to Compton scattering

® p polarizability described by dim-7 operator:

1. /. = _
anj (viPij> F, B, Ea : <1/iPij> F, F* =t

U,lj
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Polarizability

Polarizability in
Compton scattering

® |dea: familiar from classical electrodynamics extended to Compton scattering

® p polarizability described by dim-7 operator:

| B | B
analj (UZPLI/]> F,MVFMV’ Eal/,ij <UZPLU]> FIMI/F//”/ E'-—->---'—'>'E

@ Ingeneric new physics model (NP: heavy scale) polarizability highly suppressed:

One loop contributions to the (left:) polarizability and
(right:) neutrino mass matrix
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Enhanced v Polarizability

® |Introduce light (pseudo-)scalar ¢ coupling to neutrinos and photons:
g ~ I
glnt o 4}/ ¢FMVF'MU + 5 C£J¢I/i Ll/j + h.C.
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Enhanced v Polarizability

® |Introduce light (pseudo-)scalar ¢ coupling to neutrinos and photons:
1
Lint = ¢F F* + —clfqbﬂc v+ hc.

>l

Neutrino-photon coupling mediated by light scalar

o forg<my,:a,;=c/ g, /4my.
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Enhanced v Polarizability

® |Introduce light (pseudo-)scalar ¢ coupling to neutrinos and photons:
1
Lint = ¢F F* + —clfqbﬂc v+ hc.

>l

Neutrino-photon coupling mediated by light scalar

o forg<my:a, = c;jgy/4mq%.

U,i]

® NDA:g ~ O(1/A);c, ~ m,/f,

~/

For g < < my: @, ~ m,/(A,fym;) —>Enhanced Neutrino Polarizability
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Enhanced v Polarizability

® |Introduce light (pseudo-)scalar ¢ coupling to neutrinos and photons:
g 3 I
glnt - 4}/ ¢FMVF'MU + 5 Cll/]¢1/i Ll/j + h.C.

v, y
>Cvj ........ ¢ ........ 5, ri —
Vi Y

Neutrino-photon coupling mediated by light scalar

o forg<my:a, = cgg},/4mq%.

U,1J

® NDA:g ~ O(1/A);c, ~ m,/f,
For g < < my: @, ~ m,/(A,fym;) —>Enhanced Neutrino Polarizability

: Three Energy regime:
:4 | qz\ < m2 . ¢ integrated out, EFT description.

§q my . 0 -interplay between g and m,
E*\qz\ > m . effectively massless, o & 1/g°.
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¢(E,) (GeV)

Signal at DUNE-ND (1-EM)

1 year

1078 ———

The Vys

Sam Carey

Uy

E, (GeV)

v,and U, fluxes at ND
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Signal at DUNE-ND (1-EM)

¢(E,) (GeV)

~.
N
.-.-
------------
- o

--.

-----
.....
~
A ]
[

-
------------
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Signal at DUNE-ND (2- EM)
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Signal at DUNE-ND (2- EM)
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Signal at DUNE-ND (2- EM)
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Signal at DUNE-ND (2- EM)
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DUNE Reach
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DUNE Reach
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DUNE Reach
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Summary

® At MeV: CEUNS - unique probe for precision Standard Model and BSM searches.

® Future experiments - PIP2-BD at F2D2, other facilities - improve sensitivity to
v~y physics (4, (r*),)
® At GeV: furtherinsight into enhanced neutrino polarizability.

® Though model-independently o« m, ; parametrically enhanced with the

introduction of ¢.

® We showr — e (orv — N) scattering via exchange of ¢ = distinct experimental

signatures at DUNE: 1TEM and 2 EM showers with no associated hadronic activity.

Thank You!
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Backup- CEvNS Cross-Section & Form Factor
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Backup- CEvNS Cross-Section & Form Factor

® Tree-level cross-section:

"do(E.) G203 M T M,T
6( y) FQW A (1 A )F\%v k(Qz)
E 2 E? e

AT [ ¥
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Backup- CEvNS Cross-Section & Form Factor

® Tree-level cross-section:
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Backup- CEvNS Cross-Section & Form Factor

® Tree-level cross-section:
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Backup- CEvNS Cross-Section & Form Factor

® Tree-level cross-section:
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Backup- CEvNS Cross-Section & Form Factor

® Tree-level cross-section:
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Backup- CEvNS Cross-Section & Form Factor

® Tree-level cross-section:
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Backup- CEvNS Cross-Section & Form Factor

® Tree-level cross-section:
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Backup - Statistical Analysis

To evaluate the sensitivity of the experiment to observables, minimize the simplest

x” with a nuisance parameter 5 that quantifies normalization - o, = 10%, 5%
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Backup - Statistical Analysis

To evaluate the sensitivity of the experiment to observables, minimize the simplest
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Backup - Statistical Analysis

To evaluate the sensitivity of the experiment to observables, minimize the simplest

x> with a nuisance parameter n that quantifies normalization - Ogyse = 10% , 5%
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Backup - Statistical Analysis

To evaluate the sensitivity of the experiment to observables, minimize the simplest

x> with anuisance parameter ; that quantifies normalization - ¢, = 10%, 5%
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Backup - Form Factor
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Differential cross section in the emitted photon energy, for a neutrino with
E, = 1 GeV scattering coherently on argon.
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