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๏EFT approach to NP effects in neutrino experiments


๏Application to COHERENT
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Introduction

[Same in detection]

In the SM*: O = O (θi, Δm2)


Beyond the SM*: O = O (θi, Δm2, εj)

Lagrangian parameters!

How can I derive this formula?


In other words:  
how are oscillations affected by a charged Higgs? 
A leptoquark? Which part of their parameter space 
is ruled out by current oscillation data?
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In the SM*: O = O (θi, Δm2)


Beyond the SM*: O = O (θi, Δm2, εj)

Lagrangian parameters!

๏ QM approach not useful ("source/detector NSI") → QFT approach needed

εs = f ( ? ) 

How can I derive this formula?
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Introduction

In the SM*: O = O (θi, Δm2)


Beyond the SM*: O = O (θi, Δm2, εj)

Lagrangian parameters!

๏ QM approach not useful ("source/detector NSI") → QFT approach needed

εs = f ( ? ) Giunti et al. [hep-ph/9305276]

Akhmedov Kopp [arXiv:1001.4815]


…  

How can I derive this formula?
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Oscillations in QFT

target

...
source

...

Lνk

lα
lβ

...

[A. Falkowski, MGA, & Z. Tabrizi, JHEP'20]
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Oscillations in QFT

Geometric 
factor

Oscillation 
factor

target

...
source

...

Lνk

lα
lβ

Production


(w/o integration over Eν)

S
...

νk / νl

lα

...

[A. Falkowski, MGA, & Z. Tabrizi, JHEP'20]
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Oscillations in QFT

Geometric 
factor

Oscillation 
factor

Phase space integrals:
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...
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Lνk

lα
lβ

Production


(w/o integration over Eν)

S
...

νk / νl

lα

...

[A. Falkowski, MGA, & Z. Tabrizi, JHEP'20]
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Oscillations in QFT

Geometric 
factor

Oscillation 
factor

Phase space integrals:

target

...
source

...

Lνk

lα
lβ

Production


(w/o integration over Eν)

S
...

νk / νl

lα

Detection

T
...

νk / νl

lβ

...

[A. Falkowski, MGA, & Z. Tabrizi, JHEP'20]
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Oscillations in QFT

target

...
source

...

Lνk

lα
lβ

...

๏  The rest is "straightforward":  
specify the Lagrangian and calculate the production & detection amplitudes.

S
...

νk

lα

T
...

νk

lβ

[A. Falkowski, MGA, & Z. Tabrizi, JHEP'20]
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Low-energy effective Lagrangian:

NP models: W', charged scalar, LQ, ...

u

d

lα

νβ
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Oscillations in QFT → EFT

S
...

νk

lα

[A. Falkowski, MGA, & Z. Tabrizi, JHEP'20]

T
...

νk

lβ
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Oscillations in QFT → EFT

S
...

νk

lα

[A. Falkowski, MGA, & Z. Tabrizi, JHEP'20]

T
...

νk

lβ

[ε=0]
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Oscillations in QFT → EFT

S
...

νk

lα

[A. Falkowski, MGA, & Z. Tabrizi, JHEP'20]

New qq'lν interactions

ε

T
...

νk

lβ
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New qq'lν interactions

ε

T
...

νk

lβ

PMNS matrix
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Oscillations in QFT → EFT
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Oscillations in QFT → EFT

S
...

νk

lα

[A. Falkowski, MGA, & Z. Tabrizi, JHEP'20]




 vs.


REFT
αβ = R0 + cX ϵX + 𝒪(ϵ2)

RNSI
αβ = R0 + cs,d ϵs,d + 𝒪(ϵ2)

T
...

νk

lβ
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Oscillations in QFT → EFT

S
...

νk

lα

[A. Falkowski, MGA, & Z. Tabrizi, JHEP'20]

Example: νp→ne 

Unknown in the 
NSI approach!




 vs.
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...
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Oscillations in QFT → EFT

S
...

νk

lα

[A. Falkowski, MGA, & Z. Tabrizi, JHEP'20]

Example: νp→ne 

Unknown in the 
NSI approach!




 vs.


REFT
αβ = R0 + cX ϵX + 𝒪(ϵ2)

RNSI
αβ = R0 + cs,d ϵs,d + 𝒪(ϵ2)

Moreover: beyond linear order, there's no matching!!!  
I.e., the NSI-QM approach fails in general.

T
...

νk

lβ
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๏ Oscillation observable calculated in QFT in the presence of (heavy) CC NP 
 
 
 
 
 

Phenomenology

[A. Falkowski, MGA, & Z. Tabrizi, JHEP'20]
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๏ Oscillation observable calculated in QFT in the presence of (heavy) CC NP 
 
 
 
 
 

๏ Choose your favourite experiment: 
 
 
 

Phenomenology

[A. Falkowski, MGA, & Z. Tabrizi, JHEP'20]

O = O (θi, Δm2, εj (μlow)) εj (μlow)
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๏ Oscillation observable calculated in QFT in the presence of (heavy) CC NP 
 
 
 
 
 

๏ Choose your favourite experiment: 
 
 
 

๏ Now you can run, match, run, … 

๏ Compare and combine with other searches.

Phenomenology

[A. Falkowski, MGA, & Z. Tabrizi, JHEP'20]

u

d

lα

νβ
ν

O = O (θi, Δm2, εj (μlow)) εj (μlow)
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๏ Short-baseline reactor data [A. Falkowski, MGA, & Z. Tabrizi, JHEP'19] 
 
 

๏ FASERν [A. Falkowski, MGA, J. Kopp, Y. Soreq & Z. Tabrizi, JHEP'21] 
 
 

๏ EFT analysis of COHERENT [Breso-Pla, Falkowski, MGA, Monsálvez-Pozo, JHEP'23]

Phenomenology
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๏ COHERENT observed for the first time CEνNS (Coherent Elastic Neutrino-Nucleus 
Scattering): νN → νN 

๏ It occurs for Eν small enough so that the neutrino does not resolve the nucleus → CEvNS 
cross section enhanced by N2.  
Theoretically known since the 70's  
[Freedman'74; Kopeliovich & Frankfurt'74] 

๏ Extremely challenging experimentally (very small nuclear recoil)

EFT analysis of  NP at COHERENT

[from COHERENT coll.]

[Akimov et al.'17]

[Image credit: Duke U.]
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EFT analysis of  NP at COHERENT

[from Scholberg's 
talk at IPA18]

Neutrino 
source

 (prompt)π+ → μ+ νμ

 (delayed)μ+ → e+ ν̄μ νe
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EFT analysis of  NP at COHERENT
[Breso-Pla, Falkowski, MGA, Monsálvez-Pozo, 

2301.07036 JHEP]

source

...

L ≈ 0νk

lα

๏ CC production: pion and muon decays. 
   Detection 
 

ℳjk ≡ ℳ(νkN → νjN )

N
N

νk / νl

νj

∑
j

RS
αj ≡

dNS
αj

dtdEνdT
=

κ
Eν ∑

k,l, j
 j  j 

N

νj

N
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EFT analysis of  NP at COHERENT
[Breso-Pla, Falkowski, MGA, Monsálvez-Pozo, 

2301.07036 JHEP]

source

...

L ≈ 0νk

lα

๏ CC production: pion and muon decays. 

๏ NC detection: νN → νN.
   Detection 
 

ℳjk ≡ ℳ(νkN → νjN )

N
N

νk / νl

νj

∑
j

RS
αj ≡

dNS
αj

dtdEνdT
=

κ
Eν ∑

k,l, j
 j  j 

N

νj

N
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๏ SM prediction → one weak charge (per target nucleus) 

EFT analysis of  NP at COHERENT

Weak charge: 
Q2

SM ∼ N2
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๏ SM prediction → one weak charge (per target nucleus) 

๏ EFT prediction → three weak charges (per target nucleus) 
[including, for the 1st time, generic NP in production & detection] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

๏ These CC interactions also affect the pion/muon BR measurements,  
which are used to calculate the neutrino flux! → Crucial to take it into account.

EFT analysis of  NP at COHERENT
[Breso-Pla, Falkowski, MGA, Monsálvez-Pozo, 

2301.07036 JHEP]

Q̃2
f ≡ Q2

SM + gf (ϵNC, ϵCC)
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EFT analysis of  NP at COHERENT
[Breso-Pla, Falkowski, MGA, Monsálvez-Pozo, 

2301.07036 JHEP]

๏ Simple case: linear NP effects → only (flavor-diagonal) detection NP remain: 
 
 
 
 
 




      

Q̃2
μ̄ = Q̃2

μ = Q2
SM + 4 QSM ((A + Z )ϵuu

μμ + (2A − Z )ϵdd
μμ)

Q̃2
e = Q2

SM + 4 QSM ((A + Z )ϵuu
ee + (2A − Z )ϵdd

ee )

ν u

uν

e

e
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EFT analysis of  NP at COHERENT
[Breso-Pla, Falkowski, MGA, Monsálvez-Pozo, 

2301.07036 JHEP]

๏ Simple case: linear NP effects → only (flavor-diagonal) detection NP remain: 
 
 
 
 
 

๏ Current COHERENT data (LAr + CsI, recoil & time distribution: 664 data) give:




      

Q̃2
μ̄ = Q̃2

μ = Q2
SM + 4 QSM ((A + Z )ϵuu

μμ + (2A − Z )ϵdd
μμ)

Q̃2
e = Q2

SM + 4 QSM ((A + Z )ϵuu
ee + (2A − Z )ϵdd

ee )


0.68 ϵdd
ee + 0.61 ϵuu

ee − 0.30 ϵdd
μμ − 0.27 ϵuu

μμ = 0.037(42)
0.30 ϵdd

ee + 0.27 ϵuu
ee + 0.68 ϵdd

μμ + 0.61 ϵuu
μμ = − 0.004(13)

ν u

uν

e

e
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EFT analysis of  NP at COHERENT
[Breso-Pla, Falkowski, MGA, Monsálvez-Pozo, 

2301.07036 JHEP]

๏ Simple case: linear NP effects → only (flavor-diagonal) detection NP remain: 
 
 
 
 
 

๏ Current COHERENT data (LAr + CsI, recoil & time distribution: 664 data) give:




      

Q̃2
μ̄ = Q̃2

μ = Q2
SM + 4 QSM ((A + Z )ϵuu

μμ + (2A − Z )ϵdd
μμ)

Q̃2
e = Q2

SM + 4 QSM ((A + Z )ϵuu
ee + (2A − Z )ϵdd

ee )

[Lepton-flavor	
universal	case]


ϵuu
ee = ϵuu

μμ ≡ ϵu

ϵdd
ee = ϵdd

μμ ≡ ϵd


0.68 ϵdd
ee + 0.61 ϵuu

ee − 0.30 ϵdd
μμ − 0.27 ϵuu

μμ = 0.037(42)
0.30 ϵdd

ee + 0.27 ϵuu
ee + 0.68 ϵdd

μμ + 0.61 ϵuu
μμ = − 0.004(13)

ν u

uν

e

e
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COHERENT in the SMEFT
[Breso-Pla, Falkowski, MGA, Monsálvez-Pozo, 

2301.07036 JHEP]

๏ "Flavor-blind" SMEFT (→ U(3)5 symmetry) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Z Z
ν u

uν

WEFT/SMEFT 
Matching



M. González-Alonso EFT for neutrino data


COHERENT in the SMEFT
[Breso-Pla, Falkowski, MGA, Monsálvez-Pozo, 

2301.07036 JHEP]

๏ "Flavor-blind" SMEFT (→ U(3)5 symmetry) 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WEFT/SMEFT 
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COHERENT in the SMEFT
[Breso-Pla, Falkowski, MGA, Monsálvez-Pozo, 

2301.07036 JHEP]

๏ "Flavor-blind" SMEFT (→ U(3)5 symmetry) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

๏ Is COHERENT probing a new region in the SMEFT parameter space? 
These operators are constrained by many EWPO: LEP1, LEP2, APV, … → Global fit needed!

Z Z
ν u

uν

WEFT/SMEFT 
Matching
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COHERENT in the SMEFT
[Breso-Pla, Falkowski, MGA, Monsálvez-Pozo, 

2301.07036 JHEP]

๏ "Flavor-blind" SMEFT (→ U(3)5 symmetry) 

๏ Global fit to Electroweak precision observables:


๏ Z- & W-pole data


๏ e+e-→l+l-, qq


๏ Low-energy processes:  
Atomic PV, d→ulν, tau decays, … 
+ COHERENT!

O = OSM + O (c1,c2, ..., c18) → χ2 = χ2 (ci) Update	of	 [Falkowski, MGA & 
Mimouni, JHEP'17] 
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COHERENT in the SMEFT
[Breso-Pla, Falkowski, MGA, Monsálvez-Pozo, 

2301.07036 JHEP]

๏ "Flavor-blind" SMEFT (→ U(3)5 symmetry) 

๏ Global fit to Electroweak precision observables:

Update	of	 [Falkowski, MGA & 
Mimouni, JHEP'17] ρ ≠ 1
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COHERENT in the SMEFT
[Breso-Pla, Falkowski, MGA, Monsálvez-Pozo, 

2301.07036 JHEP]

๏ "Flavor-blind" SMEFT (→ U(3)5 symmetry) 

๏ Global fit to Electroweak precision observables;

O = OSM + O (c1,c2, ..., c80) → χ2 = χ2 (ci)

l d

dl

l u

ul

ℓ̄γμℓ d̄γμd

ℓ̄γμℓ ūγμu
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COHERENT in the SMEFT
[Breso-Pla, Falkowski, MGA, Monsálvez-Pozo, 

2301.07036 JHEP]

๏ "Flavor-blind" SMEFT (→ U(3)5 symmetry) 

๏ Global fit to Electroweak precision observables;

O = OSM + O (c1,c2, ..., c80) → χ2 = χ2 (ci)

l d

dl

l u

ul

ℓ̄γμℓ d̄γμd

ℓ̄γμℓ ūγμu
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COHERENT in the SMEFT
[Breso-Pla, Falkowski, MGA, Monsálvez-Pozo, 

2301.07036 JHEP]

๏ "Flavor-blind" SMEFT (→ U(3)5 symmetry) 

๏ Global fit to Electroweak precision observables;

O = OSM + O (c1,c2, ..., c80) → χ2 = χ2 (ci)

l d

dl

l u

ul

ℓ̄γμℓ d̄γμd

ℓ̄γμℓ ūγμu

Flavor	general	SMEFT

O = OSM + O (c1,c2, ..., c18) → χ2 = χ2 (ci)
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COHERENT in the SMEFT
[Breso-Pla, Falkowski, MGA, Monsálvez-Pozo, 

2301.07036 JHEP]

๏ "Flavor-blind" SMEFT (→ U(3)5 symmetry) 

๏ Global fit to Electroweak precision observables;

O = OSM + O (c1,c2, ..., c80) → χ2 = χ2 (ci)

l d

dl

l u

ul

ℓ̄γμℓ d̄γμd

ℓ̄γμℓ ūγμu

Flavor	general	SMEFT

O = OSM + O (c1,c2, ..., c18) → χ2 = χ2 (ci) O = OSM + O (c1,c2, ..., c65) → χ2 = χ2 (ci)
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COHERENT in the SMEFT
[Breso-Pla, Falkowski, MGA, Monsálvez-Pozo, 

2301.07036 JHEP]

๏ "Flavor-blind" SMEFT (→ U(3)5 symmetry) 

๏ Global fit to Electroweak precision observables;

O = OSM + O (c1,c2, ..., c80) → χ2 = χ2 (ci)

l d

dl

l u

ul

ℓ̄γμℓ d̄γμd

ℓ̄γμℓ ūγμu

EWPO w/ 
COHERENT

EWPO w/o 
COHERENT

Flavor	general	SMEFT

O = OSM + O (c1,c2, ..., c18) → χ2 = χ2 (ci) O = OSM + O (c1,c2, ..., c65) → χ2 = χ2 (ci)
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๏ The path to analyze any given neutrino experiment in the presence of generic 
(heavy) New Physics is now clear. 
 
 
 

๏ This allows us to:

๏ Understand the UV meaning of that experiment;

๏ Have a general description (parametrization) of it;

๏ Compare/combine with any other experiment (SMEFT!);  

 
 
 
 
 

๏ COHERENT should be included in EWPO fits!

Summary

O = O (θi, Δm2, εj)

EFT!!

ν
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Thanks!

Credit: Sandbox Studio, Chicago



Backups
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~ 1 TeV              SM

  ~ GeV

  ~  10 TeV              NPW

W Standard Model EFT
[Buchmuller & Wyler’86,  
Leung et al.’86,  
Grzadkowksi et al., 10, 
Jenkins et al'13, ...]

Low-energy EFT
[Cirigliano et al'09,  
Aebischer al.'15, 
Jenkins et al'18, ...]

Introduction

Low-E precision data 

(+ SM prediction)
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๏  Source / detection NSIs are NOT Lagrangian parameters. 
 
 
 
 
 

๏  But...

 

๏  NSI parameters are process-dependent!

๏  Comparison of NSIs for 2 different production processes?

๏  Comparison of NSIs with non-oscillation searches?

๏  Meaning of these NSI in terms of fundamental BSM parameters?


๏  Also: are production & detection NSI unrelated? Are they energy independent?


๏  Conclusion:  
 we need to match NSI to a Lagrangian → QFT approach needed

Traditional QM-NSI approach

[Same in detection]

Normalization:

[Grossman'95, Gonzalez-Garcia et al.'01, 
Ohlsson'13, Farzan & Tortola'17, ...]

= f ( Uij , Δm2, εs, εd )
sd

X

source
e
s

εs, εd = f ( ? ) 

See e.g.

Giunti et al. [hep-ph/9305276]


Akhmedov Kopp [arXiv:1001.4815]

Kobach et al. [arXiv:1711.07491]  

s→d
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EFT analysis of  NP at COHERENT
[Breso-Pla, Falkowski, MGA, Monsálvez-Pozo, 

2301.07036 JHEP]
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EFT analysis of  NP at COHERENT
[Breso-Pla, Falkowski, MGA, Monsálvez-Pozo, 

2301.07036 JHEP]

๏ Case 2: NP only in detection (usual NSI assumption) → agreement with previous works. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

๏ Case 3: NP only in production → NP cancel completely! 
[this invalidates the bounds obtained in Khan, McKay, & Rodejohann, PRD'2021] 
 
 
 




      

Q̃2
μ̄ = Q̃2

μ = Q2
SM + gf (ϵuu

αμ, ϵdd
αμ )

Q̃2
e = Q2

SM + gf (ϵuu
αe , ϵdd

αe )

Q2
μ̄ = Q2

μ = Q2
e = Q2

SM


