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How can high-precision neutrino experiments

constrain physics beyond the SM?




dim-4: the Neutrino Portal

)
dim-5: Neutrino agnetic I\/Ioments/
dim-6: Neutrinos in SMEFT )
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The Neutrino Portal

LOyL(ic?H)N

gthe only renormalizable coupling to a singlet fermion

[ leads to mass mixing between v and N
wb N\ production in neutrino interactions
m active—sterile neutrino oscillations
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The Neutrino Portal

SM singlet fermion

gthe only renormalizable coupling to a singlet fermion

[ leads to mass mixing between v and N
wb N\ production in neutrino interactions
m active—sterile neutrino oscillations
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The MiniBooNE Experiment

A search for v, = /N and v, = Ve oscillations mediated by /N

Booster : :
g Magnetic Decay Absorber Dirt Detector

focusing horn region

Image: APS
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https://physics.aps.org/articles/v11/122

MiniBooNE ve. Appearance Search

> p— | I I I I 1 | ] I 1 1 I 1 1 I I 1 I 1 I 1 1 I 1 I I |
% — e Data (staterr.) —
o 5'_=f— 3 v, from u* —
c [ ] v, from K*" i
a2+ I v, from K° -
. B ~° misid -
4 + ANy -
' I dirt i
[ other -
3 _ l—+— ———— Constr. Syst. Error ]
SR e, Best Fit _
: T -
M :
1 3 —

8.2 0.4 0.6 0.8 1 1.2 1.4 3.0
EV" (GeV)

MiniBooNE 2018
C\@ ‘ ") PLATFORM ‘ Joachim Kopp — Neutrinos as a Window to New Physics 8



https://arxiv.org/abs/1805.12028

Precision Neutrino Physics

“With great precision comes great responsibility.”
Tum Linden, WIN 2021
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The MiniBooNE Anomaly
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https://arxiv.org/abs/1805.12028

[4 Neutral current neutrino interaction: i Tm
v+n/p—=v+A(1232) :>:4fTL = E

[ A(1232) mostly decays to 1T + n/p "
[ But a rare decay exists to y + n/p 1 E
82 0.4 0.6 0.8 1 1.2 1.4 3_0

E°F (GeV)

A MiniBooNE cannot distinguish
y and e* = potential background
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/) Joachim Kopp — Neutrinos as a Window to New Physics

11



[4 Neutral current neutrino interaction: i Tm
v+n/p—=v+A(1232) :>:4fTL = E

] A(1232) mostly decays to T + n/p "
[4 But a rare decay exists to y + n/p ¢ -
8.2 0. 6 0.8 1 1.2 1.4 3_0

E°F (GeV)

A MiniBooNE cannot distinguish
y and e* = potential background

cgfql
/) Joachim Kopp — Neutrinos as a Window to New Physics

11



4 A production rate measured
inA— T1+n/p

[4 Pions may be absorbed
on their way out of the nucleus

O may excite another A resonance D= —
w A — v n/p enhanced =
m Hackground prediction enhanced

O or may be absorbed
w control region suppressed

w background prediction enhanced loannisian 1909.08571
Giunti loannisian Ranucci 1912.01524

Brdar JK, in preparation

A MiniBooNE are modelling such effects, but
uncertainties are large and hard to quantity
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https://arxiv.org/abs/1909.08571
https://arxiv.org/abs/1912.01524
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A — YN: Comparison of Generators

Brdar JK, in preparation
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™ using our own implementation of radiative resonance decays
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A — Yy N: Branching Ratio Uncertainties

MiniBooNE single-y background
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3+1 Models in MB: Comparison of Generators
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3+1 Models in MB: Comparison of Generators

Ve Spectrum
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3+1 Models in MB: Comparison of Generators

Ve Spectrum
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3+1 Models in MB: Comparison of Generators

Ve Spectrum
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3+1 Models in MB: Comparison of Generators

Ve Spectrum
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3+1 Models in MB: Comparison of Generators

Ve Spectrum
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3+1 Models in MB: Comparison of Generators
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3+1 Models in MB: Comparison of Generators
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3+1 Models in MB: Comparison of Generators
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3+1 Models in MB: Comparison of Generators
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3+1 Models in MB: Comparison of Generators

6 Brdar Kopp 2021
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Light Sterile Neutrinos?

lZAdd extra neutrino flavor, promote mixing matrix to 4x4

[ Oscillation channels are related:
Py v, = 1= 2[Ucsl*(1 — [Ueal?)
Py, v, 21 = 2{Uu"(1 = [Upal")
Pvu—w — 2\U€4\ ‘UM4|2

(for 4rE/Am3, < L < 4tE/Am3,)

A Models can be over-constrained.

Joachim Kopp — Neutrinos as a Window to New Physics 16
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Sterile Neutrinos?
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Dentler Hernandez JK Machado Maltoni Martinez Schwetz, 1803.10661
see also works by Collin Arguelles Conrad Shaevitz, 1607.00011
Gariazzo Giunti Laveder Li, 1703.00860
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Sterile Neutrinos?
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Extended Sterile Neutrino Models

lZSteriIe Neutrino production in the target, followed by

Vs = V + Y decay In the detector
(MiniBooNE cannot distinguish e* and Yy)

Fischer Hernandez-Cabezudo Schwetz, 1909.09561

lZSteriIe Neutrino production in the detector, followed by
Vs = V + Y decay Gninenko, 1009.5536

[ Sterile Neutrino production in the detector, followed by
Vs = vV + (A" = ete—) decay (on-shell or off-shell)

Bertuzzo Jana Machado Zukanovich-Funchal, 1807.09877
Ballett Pascoli Ross-Lonergan, 1808.02915

lZSteriIe Neutrino production in the target, followed by
Vs = Veyur + @ decay in flight  Dentler Esteban JK Machado, 1911.01427
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dim-4: the Neutrino Portal

)
dim-5: Neutrino agnetic I\/Ioments/
dim-6: Neutrinos in SMEFT )
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dim-4: the Neutrino Portal

>y

M upcoming experiments may resolve (some) anomalies
IZ ... and lead to improved modelling of neutrino interactions

dim-5: Neutrino Magnetic Moments

y
dim-6: Neutrinos in SMEFT
o
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dim-4: the Neutrino Portal

o
dim-5: Neutrino agnetic I\/Ioments/
dim-6: Neutrinos in SMEFT )
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Neutrino Magnetic Moments in the SM
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Neutrino Magnetic Moments in the SM

[A Magnetic Moment Operator
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Neutrino Magnetic Moments in the SM

[A Magnetic Moment Operator

LD 2,u B ot )

electromagnetic
field strength tensor
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Neutrino Magnetic Moments in the SM

Couples LH and R
4 Magnetic Moment Operator (

neutrinos

electromagnetic
field strength tensor

CERN Neutrin
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Neutrino Magnetic Moments in the SM

[A Magnetic Moment Operator

1 (87 |4
LD oM Sl VgFW

[ In the SM: generated by loop diagrams

2
PR
2

\
:’\/\/\/\/

\%
A
/\/lf,
9
\

—"

— e NANANNNNANS——— -~ - <
vV %, 74 v v / 1

] Numerically tiny: < 10-19 pg Petcov 1977

Fujikawa Shrock 1980
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Neutrino Magnetic Moments Beyond the SM

[A Can be significantly enhanced in BSM theories
O new loop diagrams, and/or
O new “sterile” neutrino states Ng

leptoquark model, inspired by
1 B physics anomalies

LD 2,UN O-'LWNRFMV

Brdar Greljo JK Opferkuch

2007.15563
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Neutrino Magnetic Moments Beyond the SM

[A Can be significantly enhanced in BSM theories
O new loop diagrams, and/or
O new “sterile” neutrino states Ng

leptoquark modadel, inspired by
1 B physics anomalies

LD 2,UN O-'LWNRF,LW

can explain

R(D’) and (g—2), anomalies. Brdar Greljo JK Opferkuch
(see later) 2007.15563
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Signals in Direct Detection Experiments

lZsoIar v always present in direct detection experiments

o \o
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GuUtlein et al. arXiv:1003.5530
Billard Strigari Figueroa-Feliciani arXiv:1307.5458
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Signals in Direct Detection Experiments

lZsoIar v always present in direct detection experiments

[A enhanced e- recoil rate from pv-induced scattering
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Signals in Direct Detection Experiments

] so’ 1E enhancement dus to -1 detection experiments

massless t-channel mediator _ _
enhaniceu e recun rate rurn Py-induced scattering
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Signals in Direct Detection Experiments

] so’ 1E enhancement dus to -1 detection experiments

massless t-channel mediator _ _
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Summary of Terrestrial Constraints
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Stellar Cooling

[ Inside hot stellar plasma:

O modified photon dispersion relation (= effective mass)
m Plasmons y*

O v*—= v, Nrand y*e- = v, Nr e- allowed
O extra energy loss mechanism
O modified stellar evolution, star uses up its fuel faster

Raffelt 1996, 1999
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Stellar Cooling
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Stellar Cooling
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Stellar Cooling
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Stellar Cooling

10~ 7 = cooling of supernovae

] XENONLT XENONLT (applies only if v from SN 1987A are indeed

] nuclear recoil ele(c;trloin'trec)oil—ﬁ/ from cooling neutron star; this has been questioned:
10-8 - Bar Blum d’Amico 1907.05020)
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Cosmology

Brdar Greljo JK Opferkuch 2007.15563

using codes adapted from

Arbey Auffinger Hickerson Jenssen 1806.11095
and Depta Hufnagel Schmidt-Hoberg 2002.08370

Cﬁw Neutrino
\ \) PLATFORM
NS

28


https://arxiv.org/abs/2007.15563
https://arxiv.org/abs/1806.11095
https://arxiv.org/abs/2002.08370
https://arxiv.org/abs/2007.15563
https://arxiv.org/abs/1806.11095
https://arxiv.org/abs/2002.08370

Cosmology

1 BBN

O presence of light Nr during BBN alters Ne#

O Nr decay (Nr m v, + y) after BBN alters
baryon-to-photon ratio n.

Brdar Greljo JK Opferkuch 2007.15563

using codes adapted from

Arbey Auffinger Hickerson Jenssen 1806.11095
and Depta Hufnagel Schmidt-Hoberg 2002.08370
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Cosmology

1 BBN

O presence of light Nr during BBN alters Ne#

O Nr decay (Nr m v, + y) after BBN alters
baryon-to-photon ratio n.

1 CMB

O Nr decay (INr ™ v, + vy) after v decoupling changes Nes

Brdar Greljo JK Opferkuch 2007.15563

using codes adapted from

Arbey Auffinger Hickerson Jenssen 1806.11095
and Depta Hufnagel Schmidt-Hoberg 2002.08370
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Cosmology

1 BBN

O presence of light Nr during BBN alters Nes

O Nr decay (V- ™ v, + Y) after BBN alters
baryon-to-photon ratio n.

1 CMB

O Nr decay (INr ™ v, + Y) after v decoupling changes Nes
[ technical details = backup slides

Brdar Greljo JK Opferkuch 2007.15563

using codes adapted from

Arbey Auffinger Hickerson Jenssen 1806.11095
and Depta Hufnagel Schmidt-Hoberg 2002.08370
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dim-4: the Neutrino Portal

dim-5: Neutrino Magnetic Moments
A

fo Impact on supernova neutrinos
IZ Impact on high-energy astrophysical neutrinos

dim-6: Neutrinos in SMEFT
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New Neutrino Interaction

Coloma Esteban Gonzalez-Garcia Maltoni arXiv:1911.09109
Biggio Blennow Fernandez-Martinez arXiv:0907.0097

Cﬁw Neutrino
\ \) PLATFORM
NS

Joachim Kopp — Neutrinos as a Window to New Physics 32



https://arxiv.org/abs/1911.09109
https://arxiv.org/abs/0907.0097
https://arxiv.org/abs/1911.09109
https://arxiv.org/abs/0907.0097

New Neutrino Interaction

[ EFT below the electroweak scale

[:NSI,NC — Z 2\/§GF€£§(DQWMPLV5)(f7“Pf) —+ h.c.
f)aNB

Lasiec = . 2V2Grell T (PayuPols)(J'y"Pf) +he.
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Biggio Blennow Fernandez-Martinez arXiv:0907.0097
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New Neutrino Interaction

dim-6 operators

[A EFT below the electroweak scale /
LNSINC = Z ZﬂGpei’BavuPLu/g)(fv“P 2 h.c.
f,Oé,B — SRR /
Lnsiee = > 2V2G el (BarPLls) (FA"PF) + hc.
I

Coloma Esteban Gonzalez-Garcia Maltoni arXiv:1911.09109
Biggio Blennow Fernandez-Martinez arXiv:0907.0097

CE/RW
.

) Joachim Kopp — Neutrinos as a Window to New Physics 32



https://arxiv.org/abs/1911.09109
https://arxiv.org/abs/0907.0097
https://arxiv.org/abs/1911.09109
https://arxiv.org/abs/0907.0097

New Neutrino Interaction
dim-6 operators

[ EFT below the electroweak scale )

dimensionless coefficients

(strength of new interactions
relative to SM weak interactions)

Coloma Esteban Gonzalez-Garcia Maltoni arXiv:1911.09109
Biggio Blennow Fernandez-Martinez arXiv:0907.0097
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New Neutrino Interaction
dim-6 operators

[ EFT below the electroweak scale )

dimensionless coefficients

(strength of new interactions
relative to SM weak interactions)

[A NC: non-standard matter effects

[A CC: anomalous production and detection
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Biggio Blennow Fernandez-Martinez arXiv:0907.0097
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Anomalous Neutral Currents in Oscillations
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sensitivity to interactions
similar in strength to
SM weak interactions
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Anomalous Charged Currents

[ Interesting new opportunity: FASERv at the LHC

FASER main detector FASERv
_— Jg T
lori : ino d ATLAS IP
EM calorimeter = Magnetic spectrometer neutrino detector ,
F ! magnet FASER -4m \
_FASER center I._LINEW__Q_SELT ~FASER -2m ,

| .I . [, /
------- .

| ~

I
e — e
<

/ . [ . f \_ Trench gradient breakpoint
{ J p . |l i / (to follow the gradient of the tunnel from this point)

{ |
SLAB Second phase/ SLAB First phase/ WATERPROOFING MEMBRANE| LEAN CONCRETE,

THK=50cm THK=25¢cm Width=100cm (each 7.2 meters) THK=20cm
L ———

https://faser.web.cern.ch/about-the-experiment/detector-design/fasernu
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Anomalous Charged Currents
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1 1 lIIlIII 1 1 IIIIIIl 1 1 IIIIIII 1 1 lIlIIlI 1 1 Iy
1072 107! 1 10 102 1072 107! 1 10 102
A=v/V ex [TeV] A=v/\ ex [TeV]

Falkowski Gonzalez-Alonso JK
Soreq Tabrizi, arXiv:2105.12136
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dim-4: the Neutrino Portal

dim-5: Neutrino Magnetic Moments
o

dim-6: Neutrinos in SMEFT

Y,

[ extend formalism to lower energies (Lee-Yang)
4 implement in simulation tools
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dim-4: the Neutrino Portal
o

IZ upcoming experiments may resolve (some) anomalies
IZ ... and lead to improved modelling of neutrino interactions

dim-5: Neutrino Magnetic Moments
o

fo Impact on supernova neutrinos
IZ Impact on high-energy astrophysical neutrinos

dim-6: Neutrinos in SMEFT

o

[ extend formalism to lower energies (Lee-Yang)
4 implement in simulation tools
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Thank You!
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Oscillation Anomalies
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Anomalies in Short Baseline Oscillations
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Anomalies in Short Baseline Oscillations

M LSND / MiniBooNE: anomalous v, — v, oscillations
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Anomalies in Short Baseline Oscillations

M LSND / MiniBooNE: anomalous v, — v, oscillations

A Reactor & Gallium Experiments:  Mention et al., 1101.2755
anomalous V. disappearance Giunti Laveder, 1006.3244
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Anomalies in Short Baseline Oscillations

M LSND / MiniBooNE: anomalous v, — v, oscillations

A Reactor & Gallium Experiments:  Mention et al., 1101.2755
anomalous v, disappearance Giunti Laveder, 1006.3244
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Global Fit to ve and Ve Disappearance
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Vu — Ve appearance
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Vu — Ve appearance
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Appearance vs. Disappearance

99.73% CL 1
. 2 dof
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E .
NE 10° _.\ Appearance
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. Disappearance
—— Free Fluxes
10_1 I Fixed Fluxes |
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Dentler Hernandez JK Machado Maltoni Martinez Schwetz, in preparation
see also works by Collin Arguelles Conrad Shaevitz, e.g. 1607.00011,
Gariazzo Giunti Laveder Li, e.g. 1703.00860
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Magnetic Moments
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Big Bang Nucleosynthesis — Basic Concepts

Consider a RH neutrino /Nr with magnetic moment pr.
Assume decays after BBN.

A Nk presence during BBN means faster expansion

O p & n conversion freezes out sooner =™ more neutrons
O Less time for neutrons to decay ™ more neutrons

4 Nr decay (Nz » v, + v) after BBN alters
baryon-to-photon ratio n.

O n is precisely measured at the CMB epoch

O Decrease in n due to /Nr decays implies larger n during BBN

O Deuterium disintegration less efficient » more neutron-rich
nuclel

(For decays during BBN, similar arguments can be made.)

CERN , Neutri
\/wl ‘ ‘ ) PLATFORM =erC

JG | U Joachim Kopp — Neutrinos as a Window to New Physics

47



Big Bang Nucleosynthesis — Implementation

IZ Use modified version of ALTERBBN

Arbey 1106.1363
Arbey Auffinger Hickerson Jenssen 1806.11095
Depta Hufnagel Schmidt-Hoberg 2002.08370

t?_[ Needed inputs (as a function of photon temperature T,):
O timet
O neutrino temperature T,
O Hubble parameter H

O Photon number density ny

IZ Solve (integrated) Boltzmann equations:
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\

Big Bang Nucleosynthesis — Implementation

IZ Solve (integrated) Boltzmann equations:

py = —4Hp, + <UU>€6 (nepe — ngquq) T %FN (PN — P?\(fl) ;
Pe = —SeH pe — <OU>€€(nepe — ngquq) ;

pp = —4Hp, + %FN(/ON — pi\cfl) T FeN(/ON — p?\(fl) ;

pn = —snHpy —Tn(py — py) = Ten(pon — py) -

Brdar Greljo JK Opferkuch 2007.15563
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\

Big Bang Nucleosynthesis — Implementation

IZ Solve (integrated) Boltzmann equations:
f"“ Hubble expansion

(0V) ee(Tepe — Mg pe) + %FN (PN — '0?\(71) )
Pe = —S/Oe — <0-U>ee(nepe — ngquq) 9
pp = —4Hp, + 50N (pn — pN) + Len(pon — pN) 5

pn = —snHpy —Tn(py — py) — Ten(pon — py) -

Brdar Greljo JK Opferkuch 2007.15563
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Big Bang Nucleosynthesis — Implementation

lZSoIve (integrated) Boltzmann equations:
K ""““ Hubble expansmn

Brdar Greljo JK Opferkuch 2007.15563

Joachim Kopp — Neutrinos as a Window to New Physics 49

Clﬁw eeeeeee
\ ‘) PLATFORM
N4



https://arxiv.org/abs/2007.15563

Big Bang Nucleosynthesis — Implementation

lZSoIve (integrated) Boltzmann equations:
K ""““ Hubble expansmn

Brdar Greljo JK Opferkuch 2007.15563
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Big Bang Nucleosynthesis — Implementation

lZSoIve (integrated) Boltzmann equations:
K ""““ Hubble expansmn

ete— annihilation e+Ng scattering

Brdar Greljo JK Opferkuch 2007.15563

CE/RW
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Big Bang Nucleosynthesis — Results

Consider a k
Assume dec:

4 Nr preser
Openc
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Cosmic Microwave Background

A N decay (Nr m v, + v) after v decoupling changes Ner
Brdar Greljo JK Opterkuch 2007.15563
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Are 0(0.01 Gr) Coupling Realistic?

[ standard lore: because of SU(2), invariance,
new neutrino interactions are accompanied by
similar couplings of charged leptons " strong constraints

[ but not always: consider charged SU(2); singlet ¢+

faﬁ T C.(X 5 Va e
£ 2L el o > ...... ¢ <
e Vg

gaﬁg*yé*

2
4m¢

(Zcoupling can arise naturally from TeV scale new physics

Crivellin Kirk Manzari Panizzi arXiv:2012.09845
Crivellin Esteban JK, in preparation
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Neutrino—DM Interactions

lZCoherent forward scattering of neutrinos on DM

O Reau Jer
50 — : ; 50 : - - 50 . -
'Scalar : ' FLoIarized Vector ' Unpolarized Vector
- e .-= - |
i I : : i i ¥
40t > > |s 40+ = 40t = > >
5 53R | 2 | 2 g5
| - R I | 3 5 3 B ®
m c 3 5 ) X : 2 Cig
30t (EJ. o & @ n 30t tlrJ i 30t Ll Siin
' | : e i I o i
Li: O: 1 . UJ::O
'z XNz 3 5 | 3 2| 3 3 ziiZ
. LD A TS < | ©) S < | D:: W
20t O r o 20} 7! =] 20! Qi
. o -' S H
30 R A D Bei . LALV | & | <1+ S SR M
10} i ; : 10f g 10
20 o . P N 1~ NN AN WO S Wl —
A L A — 19 b AT e e ]
0 Lot 0 ] et 0
107" 10° 102 10" 10" 10° 10® 107 10°° 107" 10’ 10?
g/mg[ eV

yo/mg[ eV~] g/my[ eV]
B

Joachim Kopp — Neutrinos as a Window to New Physics 54

Cﬁw Neutrino
\ \) PLATFORM
N4


https://arxiv.org/abs/1705.06740
https://arxiv.org/abs/1705.09455
https://arxiv.org/abs/1804.05117
https://arxiv.org/abs/1705.06740
https://arxiv.org/abs/1705.09455
https://arxiv.org/abs/1804.05117

Neutrino—DM Interactions

IZ Coherent forward scattering of neutrinos on DM
O analogous to SM matter effects (“MSW effect”)
O Requires huge DM number density

A Fuzzy Dark Matter

O scalar or vector, m < 10-20 gV
O Compton wave length ~ pc
O Interesting for small scale structure

Krnjaic Machado Necib, 1705.06740
Brdar JK Liu Prass Wang, 1705.09455
Capozzi Shoemaker Vecchi 1804.05117

Joachim Kopp — Neutrinos as a Window to New Physics 55

Cﬁw Neutrino
\ ‘) PLATFORM
NS



https://arxiv.org/abs/1705.06740
https://arxiv.org/abs/1705.09455
https://arxiv.org/abs/1804.05117
https://arxiv.org/abs/1705.06740
https://arxiv.org/abs/1705.09455
https://arxiv.org/abs/1804.05117

Neutrino—DM Interactions

M Coherent Modified Oscillation Probabilities M
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Example: Heavy Neutral Leptons

—2
10 = Lant, D yLHN
[N—I/T mlxmg]
C
10~4 ,
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e .
> 1078 Y T
|

= &
Z o
L op %

10-10 S 7

eeSa,W -
5.5 x 10%! pot, v-mode 90% CL, 1dof
10712 . —_— : ——— . e —
10~1 10° 10t 102

HNL mass [GeV]

Breitbach Buonocore Frugiuele JK Mittnacht arXiv:2102.03383
see also works by Ballett Boschi Coloma Dobrescu Fernandez-Martinez Gonzalez-Lopez
e Harnik Hernandez-Martinez Pascoli Pavlovic
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Example: Heavy Neutral Leptons

significant new
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Example: Heavy Neutral Leptons

significant new

102 parameter space covered yL H N
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s 1076
k= —— DUNE-PRISM
X - on-axis only
& @ —==no background
Tp 1078+ R
T 5 N off-axis runs
10104 See N
aw - clearly advantageous
55 x 10% pot, y-mode (better signal-to-background ratio)
1012 —————— —

10 v w0 w
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Breitbach Buonocore Frugiuele JK Mittnacht arXiv:2102.03383
see also works by Ballett Boschi Coloma Dobrescu Fernandez-Martinez Gonzalez-Lopez
e Harnik Hernandez-Martinez Pascoli Pavlovic
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