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Effective Field Theories

0 Standard Model Effective Field Theory (SMEFT)

parameterises new physics above the electroweak scale
c;” (5) c;” (6)
LSMEFT = Z j\ O, + Z ;\2 % +...
0 0




Effective Field Theories

0 Standard Model Effective Field Theory (SMEFT)

parameterises new physics above the electroweak scale
c;” (5) i (6)
LSMEFT = Z j\ O, + Z /ZXQ O, +...
0 0
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. 1 operatlor 2499 operators
(Majorana neutrino mass)
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Effective Field Theories v v

0 Standard Model Effective Field Theory (SMEFT)

parameterises new physics above the electroweak scale

(5) (6) f f

C, C.
LSMEFT = Z j\ (9,55) + Z ;\2 O,L@ +...

[ For low-energy experiments (like neutrino experiments):
map onto Weak Effective Field Theory (WEFT): “Non-Standard Interactions” (NSI)

(EFT valid below the electroweak scale)

LNe = Z QﬂGFGi’g(Y (7al' x Prvg) (7Ty q)

Loc = Z ZﬂGFE?X%’XY (ZQFXPLyg) ((j’Fyq)

@ Y I




Effective Field Theories v v

0 Standard Model Effective Field Theory (SMEFT)

parameterises new physics above the electroweak scale

(5) (6) f f

C. C
LSMEFT = Z j\ (9,55) + Z /'{2 OZ@ +...

[ For low-energy experiments (like neutrino experiments):
map onto Weak Effective Field Theory (WEFT): “Non-Standard Interactions” (NSI)

(EFT valid below the electroweak scale)
LN = 2\/§GFEQ’XY v 1~ Pruv 71 R%
Z ap w) ——____ dim-6 operators

/ — with different Lorentz structures
Loc =Y 2V2Cpe ™Y (1,0 x PLvg) (7Tyq) .~

CE/RW ’ I Q) dimensionless coefficients
W ) (interaction strength relative to SM weak interactions) 4



Effective Field Theories v v

0 Standard Model Effective Field Theory (SMEFT)

parameterises new physics above the electroweak scale

(5) (6) f f

C. C
LSMEFT = Z j\ OZ@ + Z /ZXQ OZ@ +...

[ For low-energy experiments (like neutrino experiments):
map onto Weak Effective Field Theory (WEFT): “Non-Standard Interactions” (NSI)

(EFT valid below the electroweak scale)

[’NC — Z QﬂGFEgé’BXY (EQFX PL Vﬁ) (C_?Fyq) (new matter effects in oscillations)

[’CC — Z ZﬂGFEi%’XY (Z&FXPLyg) (q_/Fyq) (new v production/detection processes)
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SMEFT Wilson coefficients €
4-fermion interaction strengths SN NS | [ A |

above the electroweak scale L=1501b™", 90% C.L. Falkowskl et al. 2021
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EFTs: Importance of Neutrino Constraints

significant improvement for

some operators
(with non-trivial flavour structures)

complementarity between
oscillations, v interactions, CEVNS

degeneracies with osc. params

UV-complete models
(way out: light mediators)

difficult to reach current bounds In

- non-osc (fit to precision ewk data,
e/u scattering, meson decays, ...)

B non-osc + osc + CEVNS
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Nucleon Decay

Hallmark signature of Grand Unification

HyperK: lots of protons, kaon ID only via decay products Proton o
DUNE: excellent particle ID, lots of neutrons

— +
0O — VK
. A S —t
o o .. —e— HK 186 kton SO —
= = .. e SK+SKGd 27 kton e S
B > . -e-e-e JUNO20Kkton S
---e -« DUNE 40 kton, staged :

10%°
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Sterile Neutrinos

Neutrino Portal: SM v can mix with singlet fermions

(sterile neutrinos = heavy neutral leptons = right-handed neutrinos)
m the only renormalisable SM coupling to singlet fermions
(dark matter?)

LOyL(ic?H*)N 'R

1N

SM lepton SM Higgs  sterlle
doublet doublet  neutrino

©

Y IQ) R
J
‘ ) ‘ Joachim Kopp — Open Questions in Fundamental Physics



Sterile Neutrinos

Neutrino Portal: SM v can mix with singlet fermions

(sterile neutrinos = heavy neutral leptons = right-handed neutrinos)
m the only renormalisable SM coupling to singlet fermions
(dark matter?)

LOyL(ic?H*)N

eV keV MeV GevV TeV PeV EeV 102 1010 1018 GeV

S B e S e e e A E—

. modified oscillations
W ong-lived vs (“HNLS”) — decay signatures in near detectors

S seesaw mechanism, leptogenesis
CERN
\ ") IQ) Joachim Kopp — Open Questions in Fundamental Physics
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eV-Scale Sterile Neutrinos

[ long-standing anomalies, no consistent explanation

sterile v interpretation
— — / INn tension with MicroBooN
MiniBooNE ~ D0

reactor rates resolved
gallium / radioactive source ~ 50

(1 vigorous experimental programme underway to resolve anomalies (SBN at FNAL)
O expect Important insights into v interaction physics (or discover new physics)

(1 Independent of anomalies sterile neutrinos remain an interesting possibility
o Integral part of BSM programme at upcoming experiments (DUNE, HyperK, JUNO, ...)
O target windows In specific models

@ Y I
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- ENniboo: 20 loned omon
eV-Scale Sterile Neutrinos N R
[0 | Mo el rOT
1 long-standing anomalies, no consistent explanation <
oo
&
LSND > 30 <
' ' _ lO—I
MIHIBOONE o0 MicroBooNE 2022
reactor rates resolved i Maltoni et al. 2024
. . . 10—2 - |
gallium / radioactive source ~ 50 10°  10* 1070 107 10" !

« 9
sin“26,,,

(1 vigorous experimental programme underway to resolve anomalies (SBN at FNAL)
O expect Important insights into v interaction physics (or discover new physics)

(1 Independent of anomalies sterile neutrinos remain an interesting possibility
o Integral part of BSM programme at upcoming experiments (DUNE, HyperK, JUNO, ...)
O target windows In specific models

@ Y I
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https://arxiv.org/pdf/2210.10216
https://agenda.infn.it/event/37867/contributions/233957/

Heavy Neutral Leptons

1 sterile neutrinos with m = MeV

(1 can be produced In meson decays

0.5

-0.5

@ Y I

NO

[ long-lived ™ detection via downstream decay

[ Inaccesible in oscillation experiments = effective PMNS matrix non-unitary

Nu-Fit 6.0 (2024)

1

-0.5 0 0.5 1
Re(z)

u.u”

el T ed
| U,zB

M1

—~—, | I L | L I

-0.5 0 0.8 1
Re(z)
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http://www.nu-fit.org/?q=node/294
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Heavy Neutral Leptons
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BN L-1:949 *M
| 2K
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Fernandez-Martinez et al. 2023 / Hostert 2025 (GitHub)

PMNS Unitarity

ATLAS tt §

CMS (2024) -

(20248 DELPHI . 3

(SHORT) 3

O vast open parameter space §

O target windows in specific models 3
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https://arxiv.org/abs/2304.06772
https://github.com/mhostert/Heavy-Neutrino-Limits

Heavy Neutral Leptons
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Heavy Neutral Leptons
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Heavy Neutral Leptons
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10710
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ESPP 2026: Preliminary
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below kaon threshold:

neutrino beams dominate
(lout cosmologically disfavoured)




Heavy Neutral Leptons

10—9

10 &
1076}

o~ 107
-~

S 10-8

oroduction in charm/bottom decay:
SHIiP / SPS dominate

1079

10710

10—11;

10—]2 ] |
101 10 1

ESPP 2026: Preliminary

[ 1 1 1 |

102

below kaon threshold:

neutrino beams dominate
(lout cosmologically disfavoured)
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Heavy Neutral Leptons (coupling to electrons)

Fernandez-Martinez et al. 2023 / Hostert 2025 (GitHub) / Bolton et al. 2022
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https://arxiv.org/abs/2304.06772
https://github.com/mhostert/Heavy-Neutrino-Limits
https://arxiv.org/abs/2212.14690
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Heavy Neutral Leptons (coupling to electrons)

Fernandez-Martinez et al. 2023 / Hostert 2025 (GitHub) / Bolton et al. 2022
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https://arxiv.org/abs/2304.06772
https://github.com/mhostert/Heavy-Neutrino-Limits
https://arxiv.org/abs/2212.14690

Dark
Sectors

Joachim Kopp — Open Questions in Fundamental Physics
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Long-Lived Particles at Neutrino Beams

huge luminosities m great for producing feebly interacting particles

large detectors which excel In
O event reconstruction

O timing

O spatial resolution

O background suppression

main players

DUNE (1.2-2.3 MW beam, 60-120 GeV)

T2K / SuperK / HyperK (0.8-1 MW beam, 30 GeV)

Fermilab short-baseline programme (0.05 MW, 8 GeV, currently taking data)
SPS @ CERN (0.35 MW, 400 GeV)

FASER / SND@LHC / FPF (=~ TeV neutrinos)
CEVNS

@ Y I
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Decay Signatures: Examples

Higgs Portal Scalar Dark Photons

(oroduction via meson decay, bremsstrahlung, Drell-Yann; (oroduction via meson decay, bremsstrahlung, Drell-Yann;
decay to SM pairs) detection via decay, tridents)

L L B B B B I i . \1 1\ T T T ) ,!T .
~
‘\\ | | \ =
3 Seao | | ’
‘ ~ | = d
0-p MY e
N ~.-..|_ I~ \ LR . \ /
— | A ! | \ . C }\ - .’;
- | AR [ ' s \ 4 -
| | | o —tr W L.--"T
i I L : ' o Dol ey s RIS ML CAPEX YN 2N e
[ : T~ | )dl}(,)lu st |
= l \ (Solid) \ . .* l;(ll(‘ll
! { p Y |
=~ : VA 4 N " LICb prompt =
=~ ! Y AT Y | Rux 3 isold .
o [ A —— . 1 o solic ‘
o | \ 1\ \ \ \_ \ Run 5 dashed
. | | R | AN . ™
‘—'l . \\\ // "‘l \ ] ' e : \\ /.:\ - .
10 - VUl | . ) \n\/ . — ST Belle 11
~ ! TS | . K LIICL ¥y ~ - plas
- \ . 4 Run 3 (solid) } 1y 2% | 10 -
| HIKE I ‘| r Run G (dotted)! | (::: | E 1
> J / " .- ., " .. ..- ) | ~ ’
L T NN Dl T g - LDMX - |
~ I~ . * — .0.: : ::-. 1 . o {
Q ™~ \V \ L ot ~ .‘ l - . . ’., . r. 1
- ' \\ N B N \ I ¢ N FACET ».
.= \ .. ° N \ | - ) Q- Y .' .. '\ i
= | \\/ 5 _ g FASER PR RSN
.\ : : AN ‘o ~
f/ : g \\ , 7’ TACT ,," " K 1
) N \ // H('“(' “\ (\\]:;/4 "ASER2 DarkQuest . .
107" MW V27N ] : : 1
- A e A ) . : J
'-_\\/"""/ \ FASER2 - . Nuon 1
o\, \ '\ e Y, O Beam Dump
N | . \ Y/ :
AY |
N o N o= /I | >
\N. P e
. CODEX-b ‘
i s
= |
|
= |
I
| -
( h - : E
100k N e
C \ " MATHUSLA ; N |
7 E : ]
: Snowmass 2021 Report - i Snowmass 2021 Report :
| L | | 1 ! Lo 1 | | [ — ]‘-"--l 1 1 Lol | 1 Ll Ll | ! I W T | )
10~ 1 107 107" 1 10

mg [GeV] my (Gev]

SN ) (o] -
‘ ) ' Joachim Kopp — Open Questions in Fundamental Physics



https://arxiv.org/abs/2207.06898
https://arxiv.org/abs/2207.06898

Scattering Signatures: Examples

Vector Portal DM Axion-Like Particles

(oroduction via A" decay Iin the target (oroduction via Primakoff, Compton, nuclear reactions;

detection via scattering) detection via decay, scattering)
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Scattering Signatures: Examples

Vector Portal DM Axion-Like Particles
(oroduction via A" decay Iin the target (oroduction via Primakoff, Compton, nuclear reactions;
detection via scattering) detection via decay, scattering)
1077
107 i 0.001 }
107°.

O new experiments will cover
significant new parameter space _
o clear target windows in specific models |

: | ‘ :
1072 pipsign O
bttty Relic (Scalar) [, —am | | I i}
- = = Relic (Fermion) |,-0.5 E SIN1987a il S P -——- .
1 0.01 0.05 0.10 0.50 1 5
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Summary
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Summary

Effective
Field Theories

o highly competitive constraints
on some (flavourful) operators

O model-dependent constraints
more challenging

©

I Yo

O very generic (= part of dark sector)
o target windows in specific models

o only detectable in neutrino experiments
via oscillation or decay (“HNLSs”)

Sterile
Neutrinos

Dark
Sectors

o MW-scale neutrino beams uniquely positioned
O cover broad range of motivated models

Joachim Kopp — Open Questions in Fundamental Physics 18



