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The mass and flavor eigenstates do not coincide

The coefficient of the linear combination of
neutrino mass eigenstates that couple to each
flavor eigenstate!

three mixing angles, θ12,θ13 and θ23 and one
CP- violating phase δcp. 

OscillaCon probability in vacuum:
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What do we know?

Oscillation experiments can become an ingredient in the broad program of 
precision measurements!
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I.Esteban, M.C. Gonzalez-Garcia, A.Hernandez-Cabezudo, M. Maltoni, T.Schwetz
JHEP 01 (2019) 106



Oscillation experiments are sensitive not only to neutrino masses and mixing, but also
to how neutrinos interact with matter.

• Coherent CC and NC forward scattering of neutrinos
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New effective 4-fermion interactions between
leptons and quarks may give observable effects in
neutrino production, propagation, and detection.

We use EFT language to “systematically” explore
new physics beyond the neutrino masses and mixing
in neutrino experiments.
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Why 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.



low energy experiments (E<<mZ)

Constraints on the EFT 
coefficients 

Constraints on 
BSM model #1 

Constraints on 
BSM model #2 

…..

Workflow 
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EFT ladder

SMEFT

• If BSM particles are much heavier than the Z mass and the EWSB
is linearly realized, then the relevant effective theory above the
weak scale is the so-called SMEFT.

• It has the same particle content and local symmetry as the SM,
but differs by the presence of higher-dimensional (non-
renormalizable) interactions in the Lagrangian.

• The SMEFT framework allows one to describe effects of new
physics beyond the SM in a model independent way

+

E > mZ



WEFT

• In particular, focusing on reactor experiments, only

CC interactions are relevant.

• At this scale heavy particles such as W and Z bosons,

Higgs and top can be integrated out from the SMEFT,

leading to Weak EFT (WEFT).

• Apart from the SM-like V-A interactions (1+εL), right-

handed (εR), scalar (εS), pseudoscalar (εP), and tensor

(εT) interactions are allowed.
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EFT ladder E << mZ

08/10/19



9

E << mZ
• At the energy scale of reactor neutrino experiments the

relevant degrees of freedom are not quarks, but
nucleons and nuclei. Matching this EFT to the WEFT
Lagrangian we obtain the Lee-Yang Lagrangian:

•

• Lattice+theory fix the non-perturbative parameters with
good precision

Lee-Yang

• T. BhaIacharya et al, Phys. Rev. D94 (2016), no. 5 054508 
• M. Gonzalez-Alonso and J. MarYn Camalich, Phys. Rev. LeI. 112 (2014), no. 4 042501
• M. Gonzalez-Alonso et al, Prog. Part. Nucl. Phys. 104 (2019) 165–223 
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EFT ladder
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• Leading order non-rela<vis<c Lagrangian for nucleons 

• At leading order, only two nuclear matrix elements
are needed (corresponding to Fermi and Gamow-
Teller transi<ons)

NR Lee-Yang

NR proton and neutron fields 

Fermi matrix element 

Gamow-Teller matrix element 
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EFT ladder
E << mZ

No dependence on εP!
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• Leading order non-relativistic Lagrangian for nucleons 

• At leading order, only two nuclear matrix elements
are needed (corresponding to Fermi and Gamow-
Teller transitions)

NR proton and neutron fields 

Fermi matrix element 

Gamow-Teller matrix element 
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EFT ladder
E << mZ

NR Lee-Yang
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• Leading order non-relativistic Lagrangian for nucleons 

NR proton and neutron fields 
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EFT ladder
E << mZ

NR Lee-Yang
The same effecLve interacLons at neutrino experiments also affect
the phenomenological extracLon of Vud and gA

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 oscillaLon
experiments!



Oscillations in EFT 

Oscillation in the SM:
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Oscilla6ons in EFT 

Oscilla6on in the SM:

Oscilla6on in EFT:
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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
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EFT in reactor experiments: Produc5on

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 (In fact only 70% are GT!)

A. C. Hayes et al, Ann. Rev. Nucl. Part. Sci. 66 (2016) 219–244, 

Also Ana’s talk yesterday
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EFT in reactor experiments

No sensiCvity to V-A NSI!!! It can be absorbed into a
redefiniCon of the PMNS mixing angle θ13 into the effecCve
mixing angle θ 1̃3!

T. Ohlsson and H. Zhang, Phys. Lett. B671 (2009) 99–104, 

The survival probability in the SM + (V-A):



New Physics at the production side: only tensor interaction is present!!

EFT in reactor experiments
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The survival probability in the SM+ (V-A) + Scalar + Tensor:



EFT in reactor experiments

The effect of both scalar and tensor interactions is to shift the amplitude and also distort the

Eν spectrum due to the different energy dependence of the scalar and tensor interactions.
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The survival probability in the SM+ (V-A) + Scalar + Tensor:



Setting EFT bounds at Daya Bay and RENO

08/10/19 Zahra Tabrizi, UNICAMP 20

Daya Bay:

• 6 reactor cores;

• 8 anti-neutrino detectors;

• 3 near and far experimental halls located at 400 m, 512

m and 1610 m;

• Has observed ~ 4 million anti-neutrino events in 1958

days of data taking;

Daya Bay Collaboration, D. Adey et al., 

arXiv:1809.02261 

RENO:

• 6 reactor cores;

• 2 near and far an[-neutrino detectors located at 367 m

and 1440 m;

• Has observed ~ 1 million an[-neutrino events in 2200

days of data taking

RENO Collabora[on, G. Bak et al.,

arXiv:1806.00248. 



Tensor: 
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RESULTS



Scalar: 
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RESULTS
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Non-oscillation constraints on EFT parameters

• Neutron and nuclear beta decay
One expects strong bounds on NSI involving wrong-flavor neutrinos from such
studies, which has been used some=mes in the past as an argument to neglect e.g.
scalar and tensor interac=ons. However, to best of our knowledge, all available
beta-decay analyses focused on interac=ons involving electron neutrinos.

The bounds on tensor/scalar off-diagonals was
never derived before

J. Kopp, M. Lindner, T. Ota, and J. Sato, Phys. Rev. D77 (2008) 013007 
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Non-oscillation constraints on EFT parameters

• Neutron and nuclear beta decay

• CKM unitarity

One expects strong bounds on NSI involving wrong-flavor neutrinos from such
studies, which has been used some=mes in the past as an argument to neglect e.g.
scalar and tensor interac=ons. However, to best of our knowledge, all available
beta-decay analyses focused on interac=ons involving electron neutrinos.

The bounds on tensor/scalar off-diagonals was
never derived before

J. Kopp, M. Lindner, T. Ota, and J. Sato, Phys. Rev. D77 (2008) 013007 

Significant correlation between the scalar
coupling and |Vud|
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Non-oscilla?on constraints on EFT parameters

• LHC
Looking at the Drell-Yan process pp→e+MET+X and neglecting dim-8 operators:

The bounds might be invalid!!! 

R. Gupta et al, Phys. Rev. D98 (2018) 034503, [arXiv:1806.09006 
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Non-oscilla?on constraints on EFT parameters

• LHC

• Charged-lepton-flavor violation 

Looking at the Drell-Yan process pp→e+MET+X and neglecting dim-8 operators:

The bounds might be invalid!!! 

R. Gupta et al, Phys. Rev. D98 (2018) 034503, [arXiv:1806.09006 

Neutrino interactions parametrized by off-diagonal [εX]eα appear in the Lagrangian together

with 4-fermion charged-lepton-flavor violating (CLFV) interactions.

The CLFV constraints would not hold if the WEFT were not UV-completed by the SMEFT, as the 

off-diagonal εX are not correlated in general with CLFV interactions!

No constraints at the tree level on tensor couplings



Comparing QM and QFT

Neutrinos are not pure flavor states in QM approach:

The probability are given by

• Can one “validate” this approach from the QFT results?
• If yes, relaCon between NSI parameters and Lagrangian (EFT) parameters?

At linear order in NP, yes!

2708/10/19

A. Falkowski, M Gonzalez, ZT 
arXiv:1910.XXXXX 
(tomorrow!)

pXL and dXL are production and detection coefficients in QFT



Comparing QM and QFT

Examples:
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A. Falkowski, M Gonzalez, ZT 
arXiv:1910.XXXXX 



Comparing QM and QFT

Examples:

Beyond linear level the QM approach fails in general!
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A. Falkowski, M Gonzalez, ZT 

arXiv:1910.XXXXX 

We can compare the

QFT and QM rates at

all orders.

e.g. at KamLAND

experiment:



Conclusion:

• We have proposed a systema5c approach to neutrino oscilla5ons in the SMEFT
framework.

• We applied the formalism to oscilla5ons in short-baseline reactor experiments,
however the formalism can be readily extended to other types of neutrino
experiments.

• Correc5ons to the survival probability due to lepton-flavor off-diagonal V-A
interac5ons ([εL]eα) can be absorbed into a redefini5on of the mixing angle θ13.

• As of today, constraints at a few percent level can be extracted from the publicly
available reactor experiment data.

• We give matching between EFT Wilson coefficients and NSI parameters, and discuss
the condi5ons this matching is correct.
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Thanks for your attention


