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Introduction

Neutrino oscillation data successfully explained
by three-neutrino mixing:

—id
1 0 0 €13 0 sq3€ €1z S12 0
U = 0 Cr3 S23 0 . 1 0 —S12 C12 0
O _523 C23 —513616 O C13 O O 1
atmospheric mixing reactor mixing

CKM matrix: ~few %

ONLY SIX PARAMETERS: 845, 012, 852, 6-p, AM3,, Am?
127 7137 723 BCP 21 31 PMNS matrix: < 23 %



Introduction

Status of three-neutrino mixing:

Error (10 CL) ___|Error (30 CL)

33.4° 2.3% 13.7%
913 8.6° 1.4% 8.5%
0,5 49.2° 2.1% 25.3%
Scp 197.0° 12.9% unconstrained
Am3, 7.4 X 10~°eV? 2.8% 16.4%
Am34 2.5 X 107 3eV? 1.1% 6.5%

NO, with SK atmospheric data NUFIT group: www.nu-fit.org
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Introduction

Future belongs to precision measurements

N T

DEEP UNDERGROUND L2
NEUTRINO EXPERIMENT 1.4%
49.2° 2.1%
107 N° 17 .99 wnewnstrained
3% 16.4%
/<> Hyper-Kamiokande

NuFIT group: www.nu-fit.org

7




Searching new physics in neutrino sector

There is still room for New Physics in neutrino oscillations

Example: source NSI in pion decay
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Searching new physics in neutrino sector

Novel interactions in neutrino source, detector and propagation:

O _ NSI u Production
CC-like NSI: —2v2 GFE (vay PLlﬂ)(fy PCf) Detection
NC-like NSI: LY = —2v/2 Gpeé:Z (Vav*Povp)(fyuf) Propagation

BUT! Non-renormalizable, difficult to compare with other experimental findings....



Interpreting neutrino NSI in SMEFT

Standard Model Effective Field Theory: Powerful tool to study non-
standard interactions in a universal framework.

/ Wilson coefficients

c
LsMEFT = ZZADLD4

/ Effective operators starting from dim-5

Scale of the new physics

SMEFT expresses new physics with SM fields and operators.
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Interpreting neutrino NSI in SMEFT

‘Neutrino NSI formalism ‘

H = T Ul 0 Ams, 02 ut+A| €5 € en
V1 \O 0 Ams%, em= eﬁ%* em /|
Source NSI: Detection NSI: (1 d)
(1+ Es)ay d; _ d T €7 )yp
VS > = T V5 > <vg| =<y NS

N§ =+ )+ ) gy and Ng = \/(1 + e (1 + e?) g Review: arXiv:1209.2710



Interpreting neutrino NSI in SMEFT

‘LEFT formalism ‘

Lec D —2V2 GV {[1 + EL]Z’B (@y*Prd;)(lavuPLvg) + [ER]iij(ﬁiy'uPRdj)(l_ayuPLVﬁ)

1 y _ 1
+ S leslip(@d)) (LPuvg) = 5 lerldp(@rsdy) (TaPrvg)
1

) [ET]gﬁ(ﬂiU”VPLdj)(ZaUMVPLvﬁ) th C'}

i,j =1,2,3for quarks and «, 8 = e, u, v for leptons



Interpreting neutrino NSI in SMEFT

Groundwork laid in

‘ Matching formulas for neutrino sources ArXiv:1910.02971

Tensor charge

S gr Mg
Beta decay 63.3 = [EL — €p — E Er nuclear reactors
9a fr(Ev)
e ep
Axial-vector charge Tensor form factor

2 *
mTL’
Pion decay ~ €up = |€L ~€rR T (e —m )Ep superbeams
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Interpreting neutrino NSI in SMEFT

‘ Matching formula for neutrino detection (reactor only) ‘
Scalar, axial and tensor charges

//

Inverse d _ 1-3g;3 M, 3gAgT
E.Be = |€L + > €Ep — €s — ET
beta decay 1+ 3945 Ey, —A\1+ 39A 1+ 3g; i
Antineutrino energy:
Ey ~2MeV Difference between proton and neutron masses:
A= my, —m, = 1.3 MeV
CAVEAT!

All interactions ~ Gamow-Teller



Interpreting neutrino NSI in SMEFT

The workflow of the numerical analysis:

—».—» GLOBES

GLOBES simulates neutrino experiments

User interface and conducts statistical analysis
Wilson package performs connects Wilson
matching and RGE running and GLoBES

User Interface will later be released
as public code (work in progress)

" CKM elements extracted from
Sm e I I I several EW observables



Applications in neutrino experiments

Concrete examples:

Bottom-up approach

UV model is not known
Experiments constrain cut-off
scale and Wilson coefficients

SOME CAVEATS: Theoretical uncertainties, not all UV models presentable in SMEFT,
probing NP similar to sailing in an open sea...



Applications in neutrino experiments

Example of top-down approach: Scalar leptoquark

Model setup:
Scalar leptoquark S with quantum numbers (3,1,1/3)

2 C
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Applications in neutrino experiments

Scalar leptoquark

0. = (Iy*1)(qv,q)
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Applications in neutrino experiments

Non-standard interactions in SMEFT confronted with
terrestrial neutrino experiments arXiv:2011.14292

Long-baseline experiments: Target of the analysis:

* Tokai-to-Kamioka (T2K) experiment Source NSI in pion decay
* Numi Off-axis v, Appearance (NOvVA) experiment

Reactor experiments: Target of the analysis:

 Daya Bay neutrino experiment Source NSI in beta decay
* Double Chooz experiment

. . . . D . N I. .
* Reactor Experiment for Neutrino Oscillation (RENO) etection N5l in inverse

beta decay



Applications in neutrino experiments

Schematics of the T2K experiment: Production method: pion decay

Detection method: cherenkov radiation
Super-Kamiokande

Mt. Noguchi-Goro
2,924 m

Mt. lkeno-Yama
1,360 m
1,700 m below sea level

Neutrino Beam —
295 km
Key parameters:
Average beam power: 770 kW Detector mass (SK): 22.5 kton
Baseline length (SK): 295 km Detector mass (ND): 1,529 kg

Baseline length (ND): 280 m Baseline length (ND): 280 m



Applications in neutrino experiments ArXiv:2011 14292
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Applications in neutrino experiments

Example of bottom-down approach: arXiv:2011.14292
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T2K and NOvVA constraints on individual operators at 95% CL



Applications in neutrino experiments

Correlation between multiple operators:

107°¢

T2K and NOvA

CledCI121110_ f

Allowed by
95% CL
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: Daya Bay, Double Chooz
| and RENO

Allowed by
95% CL

(3)
Clq 1111

107°

arXiv:2011.14292

Cut-off scale:
A=1TeV



Applications in neutrino experiments

Leptonic CP violation from RGE running: ArXiv:2011. 14292
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Next-generation experiments

Exploring SMEFT-induced non-standard interactions from
COHERENT to neutrino oscillations arXiv:2106.15800

Long-baseline neutrino experiments:

* Tokai-to-HyperKamiokande (T2HK) Targets of the analysis:
 Deep Underground Neutrino Experiment (DUNE) Source NSI in pion decay
Reactor neutrino experiment: Source NSl in beta decay

e Jiangmen Underground Neutrino Observatory (JUNO)

e Taishan Antineutrino Observatory (TAO) Detection N5l in inverse

beta decay
Coherent elastic v-nucleus scattering experiment:

Matter NSI in propagation
e COHERENT experiment In propagati



Next-generation experiments

T2HK and DUNE are the next-generation LBL experiments designed to measure d¢p.
Data taking will begin in 2026 or 2027.

Sanford Underground
Research Facility

Fermilab

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

Schematical view of Deep Underground Neutrino Experiment



Next-generation experiments

T2HK and DUNE constraints on SMEFT operators:
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Next-generation experiments

JUNO and TAO constraints on SMEFT operators:
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Complementarity with long-baseline experiments




Next-generation experiments

New Physics in COHERENT:
target nucleus mass

/ i nuclear form factors
recoil ene%

do,y GEMy MyEg 2
= 1-— ZgpF,(q%) + Ngy F, (q°

| = /
neutrino energy
1 _ 1
gg:E—ZstHW g,‘{:_E

COHERENT with Csl target 1804.09459, Ar target 2006.12659



Next-generation experiments

COHERENT data with LAr detector arXiv:2006.12659
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Next-generation experiments

_ arXiv:2106.15800
COHERENT constraints on SMEFT operators:

1000

I COHERENT LAr

8001 B COHERENT Csl
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% 400

200} ‘ ‘ |
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Still limited by data...



Summary and outlook

e Standard Model confronted by anomalies and tensions ~ 3-4 o CL
* In absence of new discoveries, EFT approach becomes attractive

* Neutrino experiments offer a powerful probe for New Physics
* Matching process from UV models to neutrino experiments
* Top-down: Leptoquark toy model example
* Bottom-up: Neutrino constraints on SMEFT operators

* Next-generation experiments show a promising landscape

* Immense number of dim-6 SMEFT operators can be studied with superbeams,
reactor experiments, coherent elastic scattering

— comparability, complementarity

* Future prospects: detection NSI in superbeams, theoretical uncertainties....



