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o Tons of data;
o Identify neutrino flavor;
o More sensitive to some HE operators;

Goal:
A systematic analysis of NP using neutrino experiments;
Connecting the results to other precision experiments;



Observable: rate of detected events 

∼ (flux)×(det. cross section) × (oscillation)

4/2/2024

Depend on the kinematics and spin variables!

Oscillation Experiments

Depends on mixing angles/masses

Zahra Tabrizi, NTN fellow, Northwestern U. 3



Observable: rate of detected events 

∼ (flux)×(det. cross section) × (oscillation)

4/2/2024

Indirect Search of New Physics

Affects Neutrino Interactions

Zahra Tabrizi, NTN fellow, Northwestern U. 4



• Coherent CC and NC forward scattering of neutrinos

• New 4-fermion interactions

4/2/2024

• Observable effects at neutrino 
production/propagation/detection? 

• Using “EFT” formalism to 
“systematically” explore NP 
beyond the neutrino masses and 
mixing

Zahra Tabrizi, NTN fellow, Northwestern U. 5



EFT ladder

SMEFT

SMEFT: minimal EFT above the weak scale 

Known SM 
Lagrangian

Gives neutrino 
Masses

+

SMEFT

WEFT

• Colliders
• CLFV
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• CC: New left/right handed, (pseudo)scalar and tensor interactions

𝑓

𝑓
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• NC: New left and right handed interactions

WEFT: Effective Lagrangian defined at a low scale μ ~ 2 GeV EFT ladder

SMEFT

WEFT

• Neutrino experiments 
• Hadron Decays
• β-decays 
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At the scale mZ WEFT parameters εX map to dim-6 operators in SMEFT

4/2/2024

• All εX arise at O(Λ−2) in the SMEFT, thus they are equally important.

• No off-diagonal right handed interactions in SMEFT.

Falkowski, González-Alonso, ZT, JHEP (2019)
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EFT at neutrino experiments 
I proposed a systematic approach to neutrino 

oscillations in the SMEFT framework!

Falkowski, González-Alonso, ZT, JHEP (2020)
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Observable: rate of detected events 

∼(flux)×(det. cross section)×(oscillation)

CC EFT NC EFT
depend on the kinematic and spin variables

𝝈𝑻𝒐𝒕𝒂𝒍 = 𝝈𝑺𝑴 + 𝜺𝑿𝝈𝑰𝒏𝒕 + 𝜺𝑿𝟐𝝈𝑵𝑷~	𝝈𝑺𝑴(1+𝜺𝑿 𝒅𝑿𝑳 + 𝜺𝑿𝟐	𝒅𝑿𝑿)

Corrections to fluxes/cross sections 

𝝓𝑻𝒐𝒕𝒂𝒍 = 𝝓𝑺𝑴 + 𝜺𝑿𝝓𝑰𝒏𝒕 + 𝜺𝑿𝟐𝝓𝑵𝑷~	𝝓𝑺𝑴(1+𝜺𝑿 𝒑𝑿𝑳 + 𝜺𝑿𝟐	𝒑𝑿𝑿)
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EFT at neutrino experiments 
I proposed a systematic approach to neutrino 

oscillations in the SMEFT framework!

Falkowski, González-Alonso, ZT, JHEP (2020)



𝐶 ∝ !!"
!#$

	or "!"
"#$

 

EFT at neutrino experiments 

Zahra Tabrizi, NTN fellow, Northwestern U. 124/2/2024
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0.1-5 GeV: cross section is 
much more involved!

Zahra Tabrizi, NTN fellow, Northwestern U. 13

Long Baseline Accelerator Experimentsx
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SM-Interactions:

Hadronic Matrix Elements
Kopp, Rocco, ZT, arXiv: 2401.07902

Vector:

Axial:
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SM-Interactions:

Hadronic Matrix Elements
Kopp, Rocco, ZT, arXiv: 2401.07902

Vector:

Axial:

constrained by eN scattering



D2
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LQCD

SM-Interactions:

Hadronic Matrix Elements
Kopp, Rocco, ZT, arXiv: 2401.07902

Vector:

Axial:

poorly constrained by expt.



• Scalar: conservation of the vector current (CVC):
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NEW-Interactions:

4/2/2024

o We cannot neglect &𝑮𝑺	anymore!

Kopp, Rocco, ZT, arXiv: 2401.07902



• Scalar: conservation of the vector current (CVC):

• Pseudo-Scalar: partial conservation of the axial current (PCAC):
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~350

NEW-Interactions:

4/2/2024

Kopp, Rocco, ZT, arXiv: 2401.07902

ØD2: neutrino–deuterium data (shaded band) 

ØRQCD Collaboration (hatched band) 



• Scalar: conservation of the vector current (CVC):

• Pseudo-Scalar: partial conservation of the axial current (PCAC):

• Tensor:  LQCD and theoretical considerations
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~350

NEW-Interactions:

4/2/2024

o We cannot neglect &𝑮𝑺	anymore!

o Large enhancements for several interactions;

Kopp, Rocco, ZT, arXiv: 2401.07902
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Neutrino-Nucleus Cross Sections:
Kopp, Rocco, ZT, arXiv: 2401.07902

o z-expansion fit to LQCD and D2 data;
o Nuclear effects;
o Comparison with nucleon scattering
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Neutrino-Nucleus Cross Sections:
Kopp, Rocco, ZT, arXiv: 2401.07902

4/2/2024

o CCQE Neutrino-Nucleus Scattering; 
o All non-standard interactions;
o For all neutrino Flavors;

o Including Nuclear effects;
o Quantifying various Uncertainties;

o We have the tools to do a global EFT analysis with all neutrino experiments;

o Extracting 10 TeV physics from GeV neutrino experiments!



Zahra Tabrizi, NTN fellow, Northwestern U. 28

Neutrino-Nucleus Cross Sections:
Kopp, Rocco, ZT, arXiv: 2401.07902

4/2/2024

o CCQE Neutrino-Nucleus Scattering; 
o All non-standard interactions;
o For all neutrino Flavors;

o Including Nuclear effects;
o Quantifying various Uncertainties;



Zahra Tabrizi, NTN fellow, Northwestern U. 29

Neutrino-Nucleus Cross Sections:
Kopp, Rocco, ZT, arXiv: 2401.07902

4/2/2024

o We have the tools to do a global EFT 
analysis with all neutrino experiments;

o Extracting 10 TeV physics from GeV 
neutrino experiments!



𝝓𝑻𝒐𝒕𝒂𝒍	~	𝝓𝑺𝑴(1+𝜺𝑿 𝒑𝑿𝑳 + 𝜺𝑿𝟐	𝒑𝑿𝑿)

Pion 
decay

Due to the pseudoscalar nature of the pion, it is sensitive only to 
axial (εL-εR) and pseudo-scalar (εP) interactions.

∼-27

• Larger 𝑝34 ⟹ smaller 𝜖!

Production

∼700!

Huge overall flux 
normalization for pion 

decay!
Zahra Tabrizi, NTN fellow, Northwestern U. 304/2/2024

Falkowski, González-Alonso, Kopp, Soreq, ZT, JHEP (2021)



From 2-b decay

From 3-b decay

Both 2-body and 3-body kaon decays contribute:

Productionkaon 
decay

Depends on energy distribution of K±, KL 
or KS at each experiments

FASERv

Zahra Tabrizi, NTN fellow, Northwestern U. 314/2/2024

Falkowski, González-Alonso, Kopp, Soreq, ZT, JHEP (2021)
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𝜺𝑿𝟐	is more important 
than	𝜺𝑿!𝝈𝑻𝒐𝒕𝒂𝒍	~	𝝈𝑺𝑴(1+𝜺𝑿 𝒅𝑿𝑳 + 𝜺𝑿𝟐	𝒅𝑿𝑿)

Deep Inelastic 
Scattering

𝑞 𝑋

𝜈 ℓ

Detection
DIS

Zahra Tabrizi, NTN fellow, Northwestern U. 324/2/2024

Falkowski, González-Alonso, Kopp, Soreq, ZT, JHEP (2021)



εL: measures deviations of the W boson to quarks and leptons, compared to the 
SM prediction

εR : left-right symmetric SU(3)CxSU(2)LxSU(2)RxU(1)X models introduce new 
charged vector bosons W’ coupling to right-handed quarks 

εS,P,T : In leptoquark models, new scalar particles couple to both quarks and 
leptons
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𝐿𝑄

Specific New Physics Models

×

Zahra Tabrizi, NTN fellow, Northwestern U. 33



4/2/2024

Indirect Searches: Future Directions

Zahra Tabrizi, NTN fellow, Northwestern U. 34

o EFT global fit in neutrino oscillation 
experiments;

o Extraction of oscillation parameters in 
presence of general new physics;

 
o Preparing a public software package 

and implementing the EFT results: e.g. 
GLoBES-EFT;

o Comparison between the sensitivity of 
oscillation and other low/high energy 
experiments;



DIS: FASERv
Kaon/Muon 

decay:  
ISODAR, KDAR

QE, 
Resonances:

MINOS, NOvA, 
DUNE

Solar 
neutrinos: 
Borexino

Atmospheric 
Neutrinos: 

IceCube

Beta decay and 
IBD: Reactor 
Experiments



Neutrino experiments give us a powerful tool to 
search for new physics, either by direct 

production or by precision measurements!



4/2/2024

Any Questions?

Zahra Tabrizi, NTN fellow, Northwestern U. 37
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Back up Slides

Zahra Tabrizi, NTN fellow, Northwestern U. 38



Neutrinos are not pure flavor states:

QM-NSI Description

4/2/2024 Zahra Tabrizi, NTN fellow, Northwestern U. 39



Observable: rate of detected events 

∼(flux)×(det. cross section)×(oscillation)

Neutrinos are not pure flavor states:

Falkowski, González-Alonso, ZT, JHEP (2019)

QM-NSI Description

4/2/2024 Zahra Tabrizi, NTN fellow, Northwestern U. 40



• Can one “validate” QM-NSI approach from the QFT results? 

• If yes, relation between NSI parameters and Lagrangian (EFT) parameters?

• Does the matching hold at all orders in perturbation? 

QM-NSI Description

4/2/2024 Zahra Tabrizi, NTN fellow, Northwestern U. 41



• Can one “validate” QM-NSI approach from the QFT results? Yes…

• If yes, relation between NSI parameters and Lagrangian (EFT) parameters?

• Does the matching hold at all orders in perturbation? No…

Observable is the same, we can match the two 

(only at the linear level)

Falkowski, González-Alonso, ZT, JHEP (2019)

QM-NSI Description

4/2/2024 Zahra Tabrizi, NTN fellow, Northwestern U. 42



Comparing QM and QFT

Only at the linear order:

• Different NP interactions appear at the source or detection simultaneously

• Some of the pXL/dXL coefficients depend on the neutrino energy

• There are chiral enhancements in some cases

These correlations, energy dependence etc. cannot be 

seen in the traditional QM approach.

Falkowski, González-Alonso, ZT, JHEP (2019)
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Beyond the linear order in new physics parameters, the NSI formula matches the 
(correct) one derived in the EFT

only if the consistency condition is satisfied

This is always satisfied for new physics correcting V-A interactions only as pLL = dLL = 1 by 
definition 

      
However for non-V-A new physics the consistency condition is not satisfied in general 

Falkowski, González-Alonso, ZT, JHEP (2019)

Comparing QM and QFT

4/2/2024 Zahra Tabrizi, NTN fellow, Northwestern U. 44



• Downstream of ATLAS at of 480 m;

• Ideal for detecting high-energy neutrinos at LHC;

• 1.1-t of tungsten material;

• Several production modes;

• Pion and Kaon decays are the dominant ones;

• All (anti)neutrino flavors are available;

4/2/2024

FASERν

Within the SM:
𝛎𝐞~𝟏𝟎𝟎𝟎, 𝛎𝛍~𝟓𝟎𝟎𝟎, 𝛎𝛕~𝟏𝟎

Zahra Tabrizi, NTN fellow, Northwestern U. 45

Falkowski, González-Alonso, Kopp, Soreq, ZT, JHEP (2021)
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Ø Results are statistics dominated: ν!~1000, ν"~5000, ν#~10
Ø Optimistic systematic uncertainties: 5% on ν!, 10% on ν", 15% on ν#
Ø Conservative systematic uncertainties: 30% on ν!, 40% on ν", 50% on ν#
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Falkowski, González-Alonso, Kopp, Soreq, ZT, JHEP (2021)

EFT at FASERν
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• FASERv: colored bars
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• Bottom: High luminosity LHC 

 New physics reach at multi-TeV
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o No SM Oscillation;
o Access to all Flavors;
o Low statistics;
o But large Flux Enhancements;

Falkowski, González-Alonso, Kopp, Soreq, ZT, JHEP (2021)

EFT at FASERν



Reactor Experiments

4/2/2024

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., (2018) 

RENO:

• 6 reactor cores;
• 2 near and far anti-neutrino detectors located 

at 367 m and 1440 m;
• Has observed ~ 1 million anti-neutrino 

events in 2200 days of data taking

RENO Collaboration, G. Bak et al., (2018)

Zahra Tabrizi, NTN fellow, Northwestern U. 48



depend on neutrino energy
IBD will be sensitive to the 

scalar and tensor NP!

4/2/2024

𝝈𝑻𝒐𝒕𝒂𝒍	~	𝝈𝑺𝑴(1+𝜺𝑿 𝒅𝑿𝑳 + 𝜺𝑿𝟐	𝒅𝑿𝑿)

Inverse 
Beta 

Decay

Detection

Zahra Tabrizi, NTN fellow, Northwestern U. 49

Falkowski, González-Alonso, ZT, JHEP (2019)



DO NOT depend on neutrino energy!!!
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Inverse 
Beta 

Decay

Detection
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Falkowski, González-Alonso, ZT, JHEP (2019)



• Hundreds of different beta decay processes;

• Assumption: Everything above 1.8 MeV is Gamow-Teller

A. C. Hayes et al, Ann. Rev. Nucl. Part. Sci. (2016)

4/2/2024

• Reactor experiments will probe tensor and scalar NP!

• They depend on the neutrino energy. 

Nuclear 
Beta 

Decay

Production

Zahra Tabrizi, NTN fellow, Northwestern U. 51

Falkowski, González-Alonso, ZT, JHEP (2019)



EFT and Oscillation: Reactor Experiments

Scalar Tensor 

4/2/2024

• Combining with other experiments 
will increase the sensitivity

Zahra Tabrizi, NTN fellow, Northwestern U. 52

Daya Bay Collaboration:
arXiv:2401.02901 Falkowski, González-Alonso, ZT, JHEP (2019)

o SM Oscillation;
o Access to one Flavors;
o Very High statistics;
o But EFT-Oscillation degeneracy;


