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EFT in reactor experiments: Detection  
 

Detection Through IBD Process: 
 
 
 
Neutrino energy: 
 
 
 
 
Starting from the non-relativistic effective Lagrangian: 
 
 

depend on neutrino energy        suppressed 

3/6/19 Zahra Tabrizi, USP 23 

Borrowed from 
Zahra Tabrizi

Focus on reactor antineutrino oscillations
In this talk

but with some obvious modifications discussion applicable to other neutrino experiments
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• Efficient and model-independent description can be 
developed under assumption that no non-SM degrees of 
freedom are produced on-shell in a given experiment. This 
leads to the universal language of effective field theory (EFT)


• Wealth of low-energy observables probing different aspects 
of particle interactions are described within one consistent 
framework. Constraints from different observables can be 
meaningfully compared


• Results obtained in the language of EFT can be easily 
translated into constraints on any particular new physics 
model   

Why EFT
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• For most low-energy precision observables, the characteristic energy 
scale is much smaller than the W and Z boson mass 


• Below mW, the only SM degrees of freedom available are leptons, 
photon, gluons, and 3, 4, or 5 flavors of quark, while  H/W/Z bosons and 
top quark are integrated out


• I refer to it as the WEFT (also known as the Fermi theory, WET, LEFT ,…)     


• WEFT is an EFT with SU(3)xU(1)  local symmetry group and fermionic 
matter spectrum, where the expansion parameter is E/mW, mW≈80 GeV. 


• Huge parameter space to explore and constrain  - every experimental 
input counts!

In the context of neutrino physics, WEFT implies important assumptions: 
only SM neutrinos are present; 

no additional sterile neutrinos and no right-handed neutrinos! 

EFT below the weak scale
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Charged currents in WEFT at LO

ℒWEFT ⊃ −
2Vud

v2 [[1+ϵL]eβ
ēγμPLνβ ⋅ ūLγμdL

+[ϵR]eβ
ēγμPLνβ ⋅ ūRγμdR

+
1
2

ēPLνβ ⋅ ū[ϵS − ϵPγ5]eβ
d

+
1
4 [ϵT]eβ

ēσμνPLνβ ⋅ ūRσμνdL] + h . c .

CKM element

Normalization scale,  
by convention set by 

Fermi constant
v =

1

2GF

≈ 246 GeV

NSI relevant for beta decays parametrized by five  3-vectors [εX]eβ,  
and these parameters can be probed also in reactor oscillation experiments 

We keep track of linear effects in εX only 

Charged currents 
with different 

Lorentz structure

Charged currents in WEFT at LO
Part relevant for (inverse) beta decays
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“V-A”

“V+A”

“Tensor”

“(Pseudo)Scalar”



Neutrino conventions

ℒWEFT ⊃ i∑
α

ν̄αγμ∂μνα −
1
2 ∑

αβ
(ναMαβνβ + h . c . )

να α = e, μ, τ Neutrinos carry the “flavor index” α 
but these are not “flavor eigenstates” !

Quadratic terms in this basis:

Diagonal kinetic terms In general non-diagonal mass terms

We also define the neutrino mass eigenstates νk k = 1,2,3

να =
3

∑
k=1

Uαkνk UαjMαβUβk = δjkmk

3x3 unitary matrix 
called PMNS matrix

U =
c12c13 s12c13 e−iδCPs13

−s12c23 − eiδCPc12s13s23 c12c23 − eiδCPs12s13s23 c13s23

s12s23 − eiδCPc12s13c23 −c12s23 − eiδCPs12s13c23 c13c23



Neutrino conventions

• “Flavor basis” να is not uniquely defined. Any unitary transformation 
takes να  to a different but equivalent basis with different values of the 
NSI parameters [εX]αβ . Physics does not depend on which basis is used


• “Flavor eigenstates” cannot be defined in the presence of general WEFT 
interactions. In general, one charged flavor lα couples to one linear 
combination of neutrinos να + [εL]αβ νβ in the V-A term, and to a different 
linear combination [εX]αβ νβ in the remaining terms 


• Flavor eigenstates could be defined if only V-A interactions are present, 
eigenstate(α) = να + [εL]αβ νβ  . However eigenstate(α) corresponding to  
different flavor α in general would not be orthogonal. In our analysis we 
never define neutrino flavor eigenstates. 


• Mass eigenstate basis is uniquely defined (up to Majorana phases)


• I use standard parametrization of the PMNS matrix, but one should keep 
in mind that in the presence of NSI mixing angles and CP phase may 
have different values than those determined in the SM context



ℒLY ⊃ −
Vud

v2 {gV [ϵL + ϵR]eβ
(p̄γμn)(ēγμPLνβ) − gA [ϵL − ϵR]eβ

(p̄γμγ5n)(ēγ̄μPLνβ)

+gS [ϵS]eβ
(p̄n)(ēPLνβ) − gP [ϵP]eβ

(p̄γ5n)(ēPLνβ) +
1
2

gT [ϵT]eβ
(p̄σμνn)(ēσμνPLνβ)}

+h . c .

Down the EFT rabbit hole
Lee-Yang Lagrangian for nucleon interactions with electrons  

and τ/μ neutrinos, matched to the WEFT Lagrangian

Lattice + theory + experiment fix SM parameters 
 (perturbative and non-perturbative) 

β = e, μ, τ

Non-perturbative physics of nucleons  
summarized by charges gX 

Jackson et al 
(1957)
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Further down the EFT rabbit hole
Leading order non-relativistic effective Lagrangian

ℒNR
LY = −

Vud

v2
(ψ̄pψn){[1 + ϵL + ϵR]eβ

(ēγ0PLνβ) + gS [ϵS]eβ
(ēPLνβ)}

+
Vud

v2
(ψ̄pσkψn){gA [1 + ϵL − ϵR]eβ

(ēγ0σkPLνe) − gT [ϵT]eβ
(ēσkPLνβ)} + h . c. + …

non-relativistic proton and neutron fields
Higher-order in

∇ψ
2mp

β = μ, τ

No dependence on εP  here ! 
No sensitivity to pseudo-scalar interactions at leading order!

Scalar and vector (tensor and axial) interactions are almost the same 
They only differ by electron chirality flip, leading to relative suppression  

of the former by me/Ee (Fierz interference terms)
!10



ℒLY ⊃ −
Vud

v2 {gV (1 + [ϵL + ϵR]ee)(p̄γμn)(ēγμPLνe) − gA (1 + [ϵL − ϵR]ee)(p̄γμγ5n)(ēγ̄μPLνe)

+gS [ϵS]ee
(p̄n)(ēPLνe) − gP [ϵP]ee

(p̄γ5n)(ēPLνe) +
1
2

gT [ϵT]ee
(p̄σμνn)(ēσμνPLνe)} + h . c .

Caveat for lepton-flavor diagonal terms
Lee-Yang Lagrangian for nucleon interactions with electrons and neutrinos 

matched to the WEFT Lagrangian

Vud = 0.974569 ± 0.000038, gV ≈ 1, gA = 1.2728 ± 0.0017, gS = 0.987 ± 0.055, gP = 349 ± 9, gT = 1.278 ± 0.033.

Rescale SM parameters: Vud → Vud (1 − [ϵL + ϵR]ee), gA → gA (1 + 2 [ϵR]ee)
ℒLY ⊃ −

Vud

v2 {gV(p̄γμn)(ēγμPLνe) − gA(p̄γμγ5n)(ēγ̄μPLνe)

+gS [ϵS]ee
(p̄n)(ēPLνe) − gP [ϵP]ee

(p̄γ5n)(ēPLνe) +
1
2

gT [ϵT]ee
(p̄σμνn)(ēσμνPLνe)} + h . c .

Dependence on diagonal BSM parameters [εL]ee and [εR]ee is absorbed into 
phenomenological values of SM parameters. These parameters are totally 

unobservable in reactor oscillation experiments!  
(theoretically, one can just better measure Vud and gA in these experiments)

Gonzalez-Alonso et al 
arXiv:1803.08732 



Gonzalez-Alonso, Camalich 
1605.07114 
+ updates

Vud

[ϵR]ee

[ϵe
S]ee

[ϵe
P]ee

[ϵe
T]ee

=

0.974569(38)
−0.0006(48)

0.0016(12)
−0.0000005(21)

−0.0012(22)

Super-allowed 
beta decay

Pions 
decays

Beta 
asymmetries

ℒWEFT ⊃ −
2Vud

v2 [eβēγμPLνe ⋅ ūLγμdL

+[ϵR]ee
ēγμPLνe ⋅ ūRγμdR

+
1
2

ēPLνe ⋅ ū[ϵS − ϵPγ5]ee
d

+
1
4 [ϵT]ee

ēσμνPLνe ⋅ ūLσμνdL] + h . c .

Model independent constraints on diagonal NSI 

Diagonal NSI probed at linear level by many non-oscillation experiments  



EFT in reactor experiments: Detection  
 

Detection Through IBD Process: 
 
 
 
Neutrino energy: 
 
 
 
 
Starting from the non-relativistic effective Lagrangian: 
 
 

depend on neutrino energy        suppressed 

3/6/19 Zahra Tabrizi, USP 23 

Psurvival = F?(ε)
!13

Diagonal NSI probed at linear level by many different (non-)oscillation  experiments 
Lepton-flavor off-diagonal NSI probed at linear level only by oscillation experiments! 

In the following, constraint on off-diagonal NSI from reactor neutrino oscillations



Standard NSI formalism

|νs
α⟩ = |να⟩ + ∑

β=e,μ,τ

ϵs
αβ |νβ⟩

|νd
β⟩ = |νβ⟩ + ∑

α=e,μ,τ

ϵd
βα |να⟩

Flavor eigenstate at the source

Flavor eigenstate at the detector

Pνs
α→νd

β
= ⟨νd

β |e−iHL |νs
α⟩ |2

Oscillation probability (in absence of NSI in propagation): 

Hαβ =
1

2Eν
Uαj

0 0 0
0 Δm2

21 0
0 0 Δm2

31

U†
kβ

PMNS matrix  
relating neutrino 

flavor and mass eigenstates
Neutrino energy Neutrino mass  

squared differences

NSI parameters 



Standard NSI formalism

|νs
α⟩ = |να⟩ + ∑

β=e,μ,τ

ϵs
αβ |νβ⟩

|νd
β⟩ = |νβ⟩ + ∑

α=e,μ,τ

ϵd
βα |να⟩

Flavor eigenstate at the source

Flavor eigenstate at the detector

Pνs
α→νd

β
= ⟨νd

β |e−iHL |νs
α⟩ |2

Oscillation probability (in absence of NSI in propagation): 

Hαβ =
1

2Eν
Uαj

0 0 0
0 Δm2

21 0
0 0 Δm2

31

U†
kβ

PMNS matrix  
relating neutrino 

flavor and mass eigenstates
Neutrino energy Neutrino mass  

squared differences

NSI parameters 

XImpossible to define 
“flavor eigenstates” 

for general  
WEFT interactions



Neutrino oscillations in QFT

Neutrino oscillations can be consistently derived  in QFT 
see e.g. 

Giunti et al. [hep-ph/9305276] 
Akhmedov Kopp [arXiv:1001.4815] 
Kobach et al. [arXiv:1711.07491]  

out⟨ke−kN′�
ke+kn |Nxpy⟩

N p
N’

e-

ν ν n

e+

σx σyL

Process described by matrix element

Localized wave packets  
(superposition of “in” momentum states)

Neutrinos are simply  
intermediate particles 
in Feynman diagrams !16



Neutrino oscillations in QFT

N p
N’

e-

ν ν n

e+

σx σyL

ℳ(Np → N′�e−ne+) =
3

∑
k=1

ℳ(N → N′�e−νk)ℳ(νk p → ne−)
q2 − m2

k + iϵ
≡

3

∑
k=1

ℳP
k ℳD

k

q2 − m2
k + iϵ

Process dominated by intermediate neutrinos close to mass shell,  
where amplitudes factorize into production and detection parts

⃗q

Oscillations due to interference between different neutrino mass eigenstates, 
possible thanks to momentum spread of source and target particles

!17



Neutrino oscillations in QFT

N p
N’

e-

ν ν n

e+

σx σyL

⃗q

dR
dEν

=
1

128π4L2mNmp

3

∑
k,l=1

exp (−i
L(m2

k − m2
l )

2Eν )∫ dΠ′ �PℳP
k ℳ̄P

l ∫ dΠDℳD
k ℳ̄D

l

Rate 
per source particle 
per target particle 

Geometric 
factor

Oscillation 
phase

Production 
phase space 

(without integration 
over neutrino momenta)

Detection 
phase space

L ≫ σx,y

Eν ≫ |m2
k − m2

l |σi

Eν ≫ mk

!18



Neutrino oscillations in QFT

N p
N’

e-

ν ν n

e+

σx σyL

⃗q

dRn.o.

dEν
=

1
128π4L2mNmp ∫ dΠ′�P

3

∑
k=1

|ℳP
k |2 ∫ dΠD

3

∑
l=1

|ℳD
l |2

L ≫ σi

Eν ≫ |m2
k − m2

l |σi

Eν ≫ mk

For massless neutrinos one would instead get 

!19



Neutrino oscillations in QFT

N p
N’

e-

ν ν n

e+

σx σyL

⃗q

L ≫ σi

Eν ≫ |m2
k − m2

l |σi

Eν ≫ mk

Survival probability: 

Pν̄e→ν̄e
=

∑3
k,l=1 exp (−i

L(m2
k − m2

l )
2Eν ) ∫ dΠ′�PℳP

k ℳ̄P
l ∫ dΠDℳD

k ℳ̄D
l

∫ dΠ′�P ∑3
k=1 |ℳP

k |2 ∫ dΠD ∑3
l=1 |ℳD

l |2

Pν̄e→ν̄e
=

∂R
∂Eν

∂Rn.o.

∂Eν

C. Giunti, C. W. Kim (2007) !20



Reactor neutrino oscillations in WEFT

Pν̄e→ν̄e
=

∑3
k,l=1 exp (−i

L(m2
k − m2

l )
2Eν ) ∫ dΠ′�PℳP

k ℳ̄P
l ∫ dΠDℳD

k ℳ̄D
l

∫ dΠ′�P ∑3
k=1 |ℳP

k |2 ∫ dΠD ∑3
l=1 |ℳD

l |2

The rest is totally straightforward… 

Relevant Lagrangian describing production and detection in reactor experiments:

ℳP
k ≡ ℳ(N → N′�e−νk) ℳD

k ≡ ℳ(νk p → ne−)

νβ =
3

∑
k=1

Uβkνk

U =
c12c13 s12c13 e−iδCPs13

−s12c23 − eiδCPc12s13s23 c12c23 − eiδCPs12s13s23 c13s23

s12s23 − eiδCPc12s13c23 −c12s23 − eiδCPs12s13c23 c13c23

 Calculate and expand in WEFT:

!21

ℒWEFT ⊃ −
2Vud

v2 [[1+ϵL]eβ
ēγμPLνβ ⋅ ūLγμdL

+[ϵR]eβ
ēγμPLνβ ⋅ ūRγμdR

+
1
2

ēPLνβ ⋅ ū[ϵS − ϵPγ5]eβ
d

+
1
4 [ϵT]eβ

ēσμνPLνβ ⋅ ūLσμνdL] + h . c .



Two-flavor oscillation limit

L(m2
2 − m2

1)
Eν

≪ 1In typical reactor oscillation experiments:

Then one can set: m2
2 − m2

1 = 0, m2
3 − m2

1 = m2
3 − m2

2 = Δm2
31

The survival probability has a simple form:

Pν̄e→ν̄e
= A + B cos ( Δm2

31L
2Eν ) + C sin ( Δm2

31L
2Eν )

= A′�− B′�sin2 ( Δm2
31L

4Eν ) + C sin ( Δm2
31L

2Eν )
“Zero-distance”  

oscillations
CP-conserving 

oscillations
CP-violating 
oscillations

!22



 Simple application: SM limit 

Pν̄e→ν̄e
=

∑3
k,l=1 exp (−i

L(m2
k − m2

l )
2Eν ) ∫ dΠ′�PℳP

k ℳ̄P
l ∫ dΠDℳD

k ℳ̄D
l

∫ dΠ′ �P ∑3
k=1 |ℳP

k |2 ∫ dΠD ∑3
l=1 |ℳD

l |2

ℒNR
LY = −

Vud

v2
(ψ̄pψn){[1 + ϵL + ϵR]eβ

(ēγ0PLνβ) + gS [ϵS]eβ
(ēPLνβ)}

+
Vud

v2
(ψ̄pσkψn){gA [1 + ϵL − ϵR]eβ

(ēγ0σkPLνe) − gT [ϵT]eβ
(ēσkPLνβ)} + h . c. + …

X X X

X X X

Matrix elements factorize as ℳP
k = [U]ekMP ℳP

k = [U*]ekMD

PMNS

Same for all mass eigenstates k
Standard formula:

Pν̄e→ν̄e
=

3

∑
k,l=1

exp (−i
L(m2

k − m2
l )

2Eν )[U]ek[U*]el[U*]ek[U]el

= 1 − sin2(2θ13)sin2 ( Δm2
31L

4Eν )



 Simple application: V-A NSI  

Pν̄e→ν̄e
=

∑3
k,l=1 exp (−i

L(m2
k − m2

l )
2Eν ) ∫ dΠ′�PℳP

k ℳ̄P
l ∫ dΠDℳD

k ℳ̄D
l

∫ dΠ′ �P ∑3
k=1 |ℳP

k |2 ∫ dΠD ∑3
l=1 |ℳD

l |2

ℒNR
LY = −

Vud

v2
(ψ̄pψn){[1 + ϵL + ϵR]eβ

(ēγ0PLνβ) + gS [ϵS]eβ
(ēPLνβ)}

+
Vud

v2
(ψ̄pσkψn){gA [1 + ϵL − ϵR]eβ

(ēγ0σkPLνe) − gT [ϵT]eβ
(ēσkPLνβ)} + h . c. + …

X X

X X

Matrix elements factorize as ℳP
k = [U + ϵLU]ekMP ℳD

k = [U + ϵLU]*ekMD

Pν̄e→ν̄e
=

∑3
k,l=1 exp (−i

L(m2
k − m2

l )
2Eν )[U + ϵLU]ek[U + ϵLU]*el[U + ϵLU]*ek[U + ϵLU]*el

∑k [U + ϵLU]ek[U + ϵLU]*ek ∑l [U + ϵLU]*el[U + ϵLU]el

= 1 − sin2(2θ̃13)sin2 ( Δm2
31L

4Eν ) θ̃13 = θ13 + Re[eiδCP (s23[ϵX]eμ + c23[ϵX]eτ)] + 𝒪(ϵ2
L)

T. Ohlsson and H. Zhang  
[arXiv:0809.4835]  

Effects of left-handed (V-A) currents [εL]eμ and [εL]eτ  
are unobservable in reactor experiments alone!



Reactor neutrino oscillations in general WEFT

Pν̄e→ν̄e
= 1 − sin2 ( Δm2

31L
4Eν ) sin2 (2θ̃13 − αD

me

Ee
− αP

me

fT(Eν) )
+sin ( Δm2

31L
2Eν ) sin(2θ̃13)(γR + βD

me

Ee
− βP

me

fT(Eν) ) + 𝒪(ϵ2
X) + 𝒪(Δm2

21)

Pν̄e→ν̄e
=

∑3
k,l=1 exp (−i

L(m2
k − m2

l )
2Eν ) ∫ dΠ′�PℳP

k ℳ̄P
l ∫ dΠDℳD

k ℳ̄D
l

∫ dΠ′�P ∑3
k=1 |ℳP

k |2 ∫ dΠD ∑3
l=1 |ℳD

l |2

Short-baseline oscillations 
of electron antineutrinos  

produced in reactors
Relevant for Daya Bay,  
RENO, Double Chooz

Matches Kopp et al. [arXiv:0708.0152] 



Reactor neutrino oscillations in WEFT

Pν̄e→ν̄e
≈ 1 − sin2 ( Δm2

31L
4Eν ) sin2 (2θ̃13 − αD

me

Ee
− αP

me

fT(Eν) )
+sin ( Δm2

31L
2Eν ) sin(2θ̃13)(γR + βD

me

Ee
− βP

me

fT(Eν) )

Usual CP-conserving oscillation pattern

CP-violating oscillations 
(flips the sign for electron neutrinos)



Reactor neutrino oscillations in WEFT

[X] ≡ eiδCP (s23[ϵX]eμ + c23[ϵX]eτ)

Standard Θ13 mixing angle replaced by effective angle:

θ̃13 = θ13 + Re[L] −
3g2

A

3g2
A + 1

Re[R]

Pν̄e→ν̄e
≈ 1 − sin2 ( Δm2

31L
4Eν ) sin2 (2θ̃13 − αD

me

Ee
− αP

me

fT(Eν) )
+sin ( Δm2

31L
2Eν ) sin(2θ̃13)(γR + βD

me

Ee
− βP

me

fT(Eν) )

Original PMNS 
mixing angle

ℒWEFT ⊃ −
2Vud

v2 [[1+ϵL]eβ
ēγμPLνβ ⋅ ūLγμdL + [ϵR]eβ

ēγμPLνβ ⋅ ūRγμdR + …] + h . c .



Reactor neutrino oscillations in WEFT

[X] ≡ eiδCP (s23[ϵX]eμ + c23[ϵX]eτ)θ̃13 = θ13 + Re[L] −
3g2

A

3g2
A + 1

Re[R]

Part of BSM effects absorbed into effective Θ13 mixing angle,  
and are unobservable in reactor experiments alone 

Effects of left-handed (V-A) currents [εL]eμ and [εL]eτ  
are unobservable 

ℒWEFT ⊃ −
2Vud

v2 [[1+ϵL]eβ
ēγμPLνβ ⋅ ūLγμdL + …] + h . c .

T. Ohlsson and H. Zhang  
[arXiv:0809.4835]  

Pν̄e→ν̄e
≈ 1 − sin2 ( Δm2

31L
4Eν ) sin2 (2θ̃13 − αD

me

Ee
− αP

me

fT(Eν) )
+sin ( Δm2

31L
2Eν ) sin(2θ̃13)(γR + βD

me

Ee
− βP

me

fT(Eν) )



Reactor neutrino oscillations in WEFT

Pν̄e→ν̄e
≈ 1 − sin2 ( Δm2

31L
4Eν ) sin2 (2θ̃13 − αD

me

Ee
− αP

me

fT(Eν) )
+sin ( Δm2

31L
2Eν ) sin(2θ̃13)(γR + βD

me

Ee
− βP

me

fT(Eν) )
[X] ≡ eiδCP (s23[ϵX]eμ + c23[ϵX]eτ)

CP-violating combination of right-handed off-diagonal currents  
is observable,  

as it affects CP-violating part of survival probability

ℒWEFT ⊃ −
2Vud

v2 [[ϵR]eβ
ēγμPLνβ ⋅ ūRγμdR + …] + h . c .

γR = −
2

3g2
A + 1

Im[R]
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Reactor neutrino oscillations in WEFT

Pν̄e→ν̄e
≈ 1 − sin2 ( Δm2

31L
4Eν ) sin2 (2θ̃13 − αD

me

Ee
− αP

me

fT(Eν) )
+sin ( Δm2

31L
2Eν ) sin(2θ̃13)(γR + βD

me

Ee
− βP

me

fT(Eν) )

[X] ≡ eiδCP (s23[ϵX]eμ + c23[ϵX]eτ)

Good handle to constrain these effects,  
as neutrino experiments quote results in energy bins 

αD =
gS

3g2
A + 1

Re [S] −
3gAgT

3g2
A + 1

Re [T ]

βD =
gS

3g2
A + 1

Im [S] −
3gAgT

3g2
A + 1

Im [T ],

Effects of scalar and tensor currents on detection amplitude  
lead to “energy-dependent mixing angle”: 

ℒWEFT ⊃ −
Vud

v2 [ēPLνβ ⋅ ūϵS]eβ
d

+
1
2 [ϵT]eβ

ēσμνPLνβ ⋅ ūLσμνdL + …] + h . c .



Pν̄e→ν̄e
≈ 1 − sin2 ( Δm2

31L
4Eν ) sin2 (2θ̃13 − αD

me

Ee
− αP

me

fT(Eν) )
+sin ( Δm2

31L
2Eν ) sin(2θ̃13)(γR + βD

me

Ee
− βP

me

fT(Eν) )

Reactor neutrino oscillations in WEFT

[X] ≡ eiδCP (s23[ϵX]eμ + c23[ϵX]eτ)
αP =

gT

gA
Re [T]

βP =
gT

gA
Im [T]

Effects of  tensor currents on production amplitude  
lead to “energy-dependent mixing angle”      : 

3/7/19 Zahra Tabrizi, USP 40 

EFT in reactor experiments 
  

Hundreds of different beta decay processes contribute to the 
antineutrino flux in the reactor  
 
 
We assume all beta decays contributing to the reactor 
antineutrino flux above the detection threshold Eν=1.8 MeV 
are of the Gamow-Teller type 
 
 
 
 
 
 

fT(Eν) =
∑n

i=1 wi(Δi − Eν) (Δi − Eν − me)(Δi − Eν + me)

∑n
i=1 wi (Δi − Eν − me)(Δi − Eν + me)



Reactor neutrino oscillations in WEFT
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Reactor neutrino oscillations in WEFT

Pν̄e→ν̄e
≈ 1 − sin2 ( Δm2

31L
4Eν ) sin2 (2θ̃13 − αD

me

Ee
− αP

me

fT(Eν) )
+sin ( Δm2

31L
2Eν ) sin(2θ̃13)(γR + βD

me

Ee
− βP

me

fT(Eν) )
[X] ≡ eiδCP (s23[ϵX]eμ + c23[ϵX]eτ)

αD =
gS

3g2
A + 1

Re [S] −
3gAgT

3g2
A + 1

Re [T ]

βD =
gS

3g2
A + 1

Im [S] −
3gAgT

3g2
A + 1

Im [T ],

αP =
gT

gA
Re [T ]

βP =
gT

gA
Im [T ]

γR = −
2

3g2
A + 1

Im[R]

ℒNR
LY = −

Vud

v2
(ψ̄pψn){(ēγ0PLνe) + gS [ϵS]ee

(ēPLνe)}

+
Vud

v2
(ψ̄pσkψn){gA(ēγ0σkPLνe) − gT [ϵT]ee

(ēσkPLνe)} + h . c .

No dependence of  survival probability  
on lepton-flavor diagonal Wilson coefficients   

  



Reactor neutrino oscillations in WEFT

Pν̄e→ν̄e
≈ 1 − sin2 ( Δm2

31L
4Eν ) sin2 (2θ̃13 − αD

me

Ee
− αP

me

fT(Eν) )
+sin ( Δm2

31L
2Eν ) sin(2θ̃13)(γR + βD

me

Ee
− βP

me

fT(Eν) )
No dependence of  survival probability on lepton-flavor diagonal Wilson coefficients   

  

Pν̄e→ν̄e
=

∑3
k,l=1 exp (−i

L(m2
k − m2

l )
2Eν ) ∫ dΠ′�PℳP

k ℳ̄P
l ∫ dΠDℳD

k ℳ̄D
l

∫ dΠ′�P ∑3
k=1 |ℳP

k |2 ∫ dΠD ∑3
l=1 |ℳD

l |2

Dependence on [εS]ee and [εT]ee  cancels in survival probability

But in does not cancel in (differential) rate, which is observable 

dR
dEν

=
1

128π4L2mNmp

3

∑
k,l=1

exp (−i
L(m2

k − m2
l )

2Eν )∫ dΠ′�PℳP
k ℳ̄P

l ∫ dΠDℳD
k ℳ̄D

l

Gonzalez-Alonso, Camalich 
1605.07114

In any case,  
model-independent 

per-mille level on 
[εS]ee and [εT]ee 
from global fit 
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This leads to non-trivial and often counter-intuitive relations between operators. For

example, by using equations of motion one can establish equivalence between purely

bosonic operators, and a linear combination of 2- and 4-fermionic operators! Thus,

starting from the set of all distinct D=6 operators that can be constructed from the

SM fields, a number of these operators will be redundant as they are equivalent to

linear combinations of other operators. The redundant operators can be removed to

simplify the EFT description, and to establish an unambiguous map from observables

to the EFT Wilson coe�cients. A minimal, non-redundant set of operators is called

a basis.

Yukawa

[O†
eH ]IJ H†HecIH

†`J

[O†
uH ]IJ H†HucI

eH†qJ

[O†
dH ]IJ H†HdcIH

†qJ

Vertex

[O(1)
H`]IJ i¯̀I �̄µ`JH† !DµH

[O(3)
H`]IJ i¯̀I�i�̄µ`JH†�i !DµH

[OHe]IJ iecI�µē
c
JH

† !DµH

[O(1)
Hq]IJ iq̄I �̄µqJH† !DµH

[O(3)
Hq]IJ iq̄I�i�̄µqJH†�i !DµH

[OHu]IJ iucI�µū
c
JH

† !DµH

[OHd]IJ idcI�µd̄
c
JH

† !DµH

[OHud]IJ iucI�µd̄
c
JH̃

†DµH

Dipole

[O†
eW ]IJ ecI�µ⌫H

†�i`JW i
µ⌫

[O†
eB]IJ ecI�µ⌫H

†`JBµ⌫

[O†
uG]IJ ucI�µ⌫T

a eH†qJ Ga
µ⌫

[O†
uW ]IJ ucI�µ⌫

eH†�iqJ W i
µ⌫

[O†
uB]IJ ucI�µ⌫

eH†qJ Bµ⌫

[O†
dG]IJ dcI�µ⌫T

aH†qJ Ga
µ⌫

[O†
dW ]IJ dcI�µ⌫H̄

†�iqJ W i
µ⌫

[O†
dB]IJ dcI�µ⌫H

†qJ Bµ⌫

Table 2.3: Two-fermion D=6 operators in the Warsaw basis. The flavor indices are
denoted by I, J . For complex operators (OHud and all Yukawa and dipole operators)
the corresponding complex conjugate operator is implicitly included.

Because of a humungous number of D=6 operators, and because establishing

equivalence between operators may be time consuming, identifying a basis is not a

14

The fields Gz and G± do not correspond to new physical degrees of freedom (they

kinetically mix with the massive gauge bosons and can be gauged away). From now

on until Chapter 5 I will work in the unitary gauge and set G± = 0 = Gz. The

scalar field h corresponds to a scalar particle called the Higgs boson. Its mass can be

expressed by the parameters of the Higgs potential as

m2
h = 2µ2

H = 2�v2. (2.19)

2.2 Dimension-6 operators

Bosonic CP-even

OH (H†H)3

OH⇤ (H†H)⇤(H†H)

OHD

��H†DµH
��2

OHG H†H Ga
µ⌫G

a
µ⌫

OHW H†HW i
µ⌫W

i
µ⌫

OHB H†H Bµ⌫Bµ⌫

OHWB H†�iHW i
µ⌫Bµ⌫

OW ✏ijkW i
µ⌫W

j
⌫⇢W k

⇢µ

OG fabcGa
µ⌫G

b
⌫⇢G

c
⇢µ

Bosonic CP-odd

O
H eG H†H eGa

µ⌫G
a
µ⌫

O
HfW H†H fW i

µ⌫W
i
µ⌫

O
H eB H†H eBµ⌫Bµ⌫

O
HfWB

H†�iH fW i
µ⌫Bµ⌫

OfW ✏ijkfW i
µ⌫W

j
⌫⇢W k

⇢µ

O eG fabc eGa
µ⌫G

b
⌫⇢G

c
⇢µ

Table 2.2: Bosonic D=6 operators in the Warsaw basis.

We turn to discussing operators with canonical dimensions D=6 in Eq. (2.1).

Their importance for characterizing low-energy e↵ects of heavy particles has been

recognized long ago, see e.g. [21, 35]. More recently, advantages of using a complete

and non-redundant set of operators have been emphasized. The point is that seem-

ingly di↵erent higher-dimensional operators can have the same e↵ect on on-shell am-

plitudes of the SM particles. This is the case if the operators can be related by using

equations of motion, integration by parts, field redefinitions, or Fierz transformations.

13

Dimension-6 operators in SMEFT

(R̄R)(R̄R)

Oee ⌘(ec�µēc)(ec�µēc)

Ouu ⌘(uc�µūc)(uc�µūc)

Odd ⌘(dc�µd̄c)(dc�µd̄c)

Oeu (ec�µēc)(uc�µūc)

Oed (ec�µēc)(dc�µd̄c)

Oud (uc�µūc)(dc�µd̄c)

O0
ud (uc�µT aūc)(dc�µT ad̄c)

(L̄L)(R̄R)

O`e (¯̀̄�µ`)(ec�µēc)

O`u (¯̀̄�µ`)(uc�µūc)

O`d (¯̀̄�µ`)(dc�µd̄c)

Oeq (ec�µēc)(q̄�̄µq)

Oqu (q̄�̄µq)(uc�µūc)

O0
qu (q̄�̄µT aq)(uc�µT aūc)

Oqd (q̄�̄µq)(dc�µd̄c)

O0
qd (q̄�̄µT aq)(dc�µT ad̄c)

(L̄L)(L̄L)

O`` ⌘(¯̀̄�µ`)(¯̀̄�µ`)

Oqq ⌘(q̄�̄µq)(q̄�̄µq)

O0
qq ⌘(q̄�̄µ�iq)(q̄�̄µ�iq)

O`q (¯̀̄�µ`)(q̄�̄µq)

O0
`q (¯̀̄�µ�i`)(q̄�̄µ�iq)

(L̄R)(L̄R)

Oquqd (ucqj)✏jk(dcqk)

O0
quqd (ucT aqj)✏jk(dcT aqk)

O`equ (ec`j)✏jk(ucqk)

O0
`equ (ec�̄µ⌫`j)✏jk(uc�̄µ⌫qk)

O`edq (¯̀̄ec)(dcq)

Table 2.4: Four-fermion D=6 operators in the Warsaw basis. Flavor indices are
suppressed here to reduce the clutter. The factor ⌘ is equal to 1/2 when all flavor
indices are equal (e.g. in [Oee]1111), and ⌘ = 1 otherwise. For each complex operator
the complex conjugate should be included.

be more easily linked to collider observables such as (di↵erential) cross sections and

decay widths.

Deriving collider predictions in an EFT with higher-dimensional operators involves

several subtleties that need to be taken into account.

• In the SM, the electroweak parameters gL, gY , v are customarily determined

from input observables: the electromagnetic coupling constant ↵, the Z boson

mass mZ , and the muon lifetime ⌧µ. In the presence of D=6 operators the

SM relations between the input observables and the Lagrangian parameters

can be distorted. For example, the bosonic operator OHD contributes to the

16

Full set has 2499 distinct operators,  
including flavor structure and CP conjugates 

Alonso et al 1312.2014, Henning et al 1512.03433

Warsaw basis



What changes in SMEFT vs WEFT

[ϵL]αβ =
v2

Λ2Vud
(Vud[c(3)

Hl ]αβ + Vjd[c(3)
Hq]1jδαβ − Vjd[c(3)

lq ]αβ1j)
[ϵR]αβ =

v2

2Λ2Vud
[cHud]11δαβ

[ϵS]αβ = −
v2

2Λ2Vud
(Vjd[c(1)

lequ]*βαj1 + [cledq]*βα11)
[ϵP]αβ = −

v2

2Λ2Vud
(Vjd[c(1)

lequ]*βαj1 − [cledq]*βα11)
[ϵT]αβ = −

2v2

Λ2Vud
Vjd[c(3)

lequ]*βαj1

Right-handed NSI 
lepton-flavor diagonal 

at leading order !

For scalar, pseudoscalar, and tensor 
one-to-one mapping between   

dimension-6 SMEFT  
and  WEFT NSI parameters

Several dimension-6 SMEFT operators  
affecting left-handed WEFT NSI parameters



WEFT from SMEFT
In the SMEFT, at the level of dimension-6 operators,  
two types of  effects leading to contact interactions  

between quarks and leptons at low-energies:  

One is via W exchange, much as in the SM

νe

e

d

u

ℒSMEFT ⊃
gL

2
Wμ+ [ν̄eγμ(1 + δgWe

L )eL + ūLγμ (Vud + δgWq1
L ) dL + δgWq1

R ūRγμdR] + h . c .

Dimension-6 operators generate W coupling to right-handed quarks,  
in addition to the usual SM one to left-handed quarks

ℒSMEFT ⊃
cHud

Λ2
(H̃†DμH)(ūRγμdR) + h . c . δgWq1

R = cHud
v2

2Λ2



WEFT from SMEFT
In the SMEFT, at the level of dimension-6 operators,  
two types of  effects leading to contact interactions  

between quarks and leptons at low-energies:  

One is via W exchange, much as in the SM

νe

e

d

u

ℒSMEFT ⊃
gL

2
Wμ+ [ν̄eγμ(1 + δgWe

L )eL + ūLγμ (Vud + δgWq1
L ) dL + δgWq1

R ūRγμdR] + h . c .

ℒWEFT ⊃ −
g2

L

2m2
W [ν̄eγμ(1 + δgWe

L )eL + ūLγμ (Vud + δgWq1
L ) dL + δgWq1

R ūRγμdR]
× [ēLγμ(1 + δgWe

L )νe + d̄Lγμ (Vud + δgWq1
L ) uL + (δgWq1

R )
*

d̄RγμuR]



WEFT from SMEFT

The other is contact 4-fermion interactions in SMEFT 

L

L

Q

Q

In the SMEFT, at the level of dimension-6 operators,  
two types of  effects leading to contact interactions  

between quarks and leptons at low-energies:  

νe

e

d

u

ℒSMEFT ⊃
1

Λ2 [c(3)
lq (L̄γμσiL)(Q̄γμσiQ) + clequ(L̄e)(Q̄u) + cledq(L̄e)(d̄Q) + c(3)

lequ(L̄σμνe)(Q̄σμνu)]
Only left-handed, scalar, pseudoscalar, and tensor generated. None leads to right NSI!

Off-diagonal right-handed NSI 
generated only by dimension-8 

SMEFT operators e.g. ℒSMEFT ⊃ (L̄αHγμLHβ)(ūγμσid)



Reactor neutrino oscillations in SMEFT

Pν̄e→ν̄e
≈ 1 − sin2 ( Δm2

31L
4Eν ) sin2 (2θ̃13 − αD

me

Ee
− αP

me

fT(Eν) )
+sin ( Δm2

31L
2Eν ) sin(2θ̃13)(βD

me

Ee
− βP

me

fT(Eν) )

[X] ≡ eiδCP (s23[ϵX]eμ + c23[ϵX]eτ)
αD =

gS

3g2
A + 1

Re [S] −
3gAgT

3g2
A + 1

Re [T ]

βD =
gS

3g2
A + 1

Im [S] −
3gAgT

3g2
A + 1

Im [T ],

αP =
gT

gA
Re [T ]

βP =
gT

gA
Im [T ]

θ̃13 = θ13 + Re[L]

In SMEFT, simplified expression for effective mixing angle and for CP violating oscillations  

All in all, short baseline reactor neutrino oscillations sensitive to 5 distinct 
linear combinations of dimension-6 SMEFT operators 



• Beta decays:


• CKM unitarity 


• Pion decays 

• Drell-Yan LHC 

• Muon Conversion


•  τ → e π π 

| [ϵS]eα | ≤ 6.4 × 10−2 , | [ϵT]eα | ≤ 4.4 × 10−2

Constraints from non-oscillation experiments

| [ϵS]eα | ≤ 2.0 × 10−2

| [ϵP]eα |μ=2 GeV ≤ 7.5 × 10−6 .

[ϵT]eα + 3 × 10−4[ϵS]eα
μ=2 GeV

≤ 1.0 × 10−3

(∑
α

| [ϵS]eα |2 )
1/2

≲ 2 × 10−3 , (∑
α

| [ϵT]eα |2 )
1/2

≲ 2 × 10−3

[ϵS]eμ ≲ 3 × 10−6

[ϵS]eτ ≲ 4 × 10−4

(Not completely robust) constraints due to quadratic contributions 
of off-diagonal NSI to several observables



Summary

• EFTs offers a concise and efficient language to discuss low-
energy precision measurement, including neutrino oscillations


• Reactor oscillation experiments can be interpreted as constraint 
on Wilson coefficients in the WEFT, leading to novel constraints 
on lepton-flavor-off-diagonal scalar, tensor, and right-handed 
charged currents involved in beta decays  


• To my knowledge, neutrino oscillations are the only observables 
where these parameters can be probed at the linear level in 
WEFT Wilson coefficients


• Systematic EFT approach facilitates separating  SM input 
parameters from genuinely observable effects of new physics 



Summary

• Recast of current bounds from Daya Bay and RENO leads to 
percent level bounds on WEFT Wilson coefficients parametrizing 
scalar, tensor, and right-handed charged currents in beta decays.


• These can be improved in the future by more statistics,  more 
targeted experimental analyses, and extension of the analysis to 
other types of neutrino oscillation experiments   


• From the point of the WEFT, these are novel constraints on the 
parameter space, probing different linear combinations of 
parameters than other observables


• In concrete BSM models, there is a competition of constraints from 
CKM unitarity, beta decays, pion decays, LHC Drell-Yan eν 
production, charged lepton-flavor violation, which typically lead to 
stronger bounds than current oscillation experiments



Fantastic Beasts and Where To Find Them
CMS 

Imaginary  

Λ

Thank  You


