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Introduction
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The SM, up to now, is very successful. But there are some flaws:
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On the other hand, neutrinos oscillate

YD, Dunbrack, Ramsey-Musolf, Yu, 1810.09450 (JHEP) Zhou, Bian, YD, 2203.01561 (JHEP)
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Introduction
While there are many models for dark matter, neutrinos and other topics as you prefer, 
the direct experimental observation of any new particle is still null.

Yong Du (杜勇) TDLI 

Q: How to approach new physics beyond the Standard Model?

A: ⋯

The experimental data are 
suggesting that the SM is an 
effective low-energy theory of 
some UV model above the weak 
scale.

wiki

WIN2023, Zhuhai
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59 operators (+ 4 B-violating ones) 

2499 operators: 1350 (CP-even) + 1149 (CP-odd)

Operators in the Warsaw basis:

Yong Du (杜勇) TDLI 

SMEFT global fit

WIN2023, Zhuhai
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Fit 1 for Higgs + electroweak physics (See Jiayin Gu’s talk yesterday) 

Fit 2 & 3 for four-fermion ( ) and bosonic CPV operators 

Fit 4 for top physics (not covered in this talk)

f ≠ t

Big picture of the SMEFT global fit:

Yong Du (杜勇) TDLI WIN2023, Zhuhai

SMEFT global fit: flavor 5



Fit 1 for Higgs + electroweak physics (See Jiayin Gu’s talk yesterday) 

Fit 2 & 3 for four-fermion ( ) and bosonic CPV operators 

Fit 4 for top physics (not covered in this talk)

f ≠ t

Big picture of the SMEFT global fit:

Some words on the flavors:

No flavor assumptions are made.

U35, top specific, MFV, U23

Ellis et al, JHEP 03 (2015) 157 
Pomarol et al, JHEP 01 (2014) 151 
Grojean et al, JHEP 03 (2019) 020 
Hartland et al, JHEP 04 (2019) 100 
Aoude et al, JHEP 12 (2020) 113

Han et al, PRD 71 075009 (2005) 
Falkowski et al, JHEP 02 (2015) 039 
Berthier et al, JHEP 02 (2016) 069 , 
JHEP 09 (2016) 157 
Ellis et al, JHEP 04 (2021) 279, JHEP 
06 (2018) 146

Brivio et al, JHEP 02 (2020) 131 
……

Yong Du (杜勇) TDLI WIN2023, Zhuhai
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We choose to work in the Higgs basis
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We choose to work in the Higgs basis

Yong Du (杜勇) TDLI WIN2023, Zhuhai

SMEFT global fit: Basis 6



We only consider flavor conserving 4-fermion operators

Full list of observables and different collider options are summarized in great detail 
in our snowmass paper 2206.08326

Yong Du (杜勇) TDLI WIN2023, Zhuhai

SMEFT global fit: 4f 7

https://arxiv.org/abs/2206.08326


de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326

Yong Du (杜勇) TDLI 

SMEFT global fit: 4f

WIN2023, Zhuhai
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de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326

Yong Du (杜勇) TDLI 

SMEFT global fit: 4f

WIN2023, Zhuhai
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Δχ�=�
e+e- → μ+μ-(LEP)
νμ-e scattering

Combined

Yong Du (杜勇) TDLI 

Flat direction lifted by low-energy experiments: One example

Correlations matter especially for UV studies where the Wilson coefficients are dependent.

WIN2023, Zhuhai
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Global fit results: Vff couplings

de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326

Yong Du (杜勇) TDLI 

SMEFT global fit: 4f

WIN2023, Zhuhai
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Global fit results: Vff couplings Luminosity wins (through radiative return)

Yong Du (杜勇) TDLI 

SMEFT global fit: 4f

de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326

WIN2023, Zhuhai
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Global fit results: Vff couplings
 weaker: Limited by the missing 

projections of 
𝒪(10)

Ruc, Ass
FB, σss

Yong Du (杜勇) TDLI 

SMEFT global fit: 4f

de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326

WIN2023, Zhuhai
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Global fit results: Vff couplings
 weaker: Limited by the missing 

projections of 
𝒪(10)

Ruc, Ass
FB, σss

* PhD thesis now under study.

Yong Du (杜勇) TDLI 

SMEFT global fit: 4f

de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326

WIN2023, Zhuhai
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Global fit results:  couplings4ℓ Beam polarization is the key in beating the 
(HL-)LHC and also circular colliders.

Yong Du (杜勇) TDLI 

SMEFT global fit: 4f

de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326

WIN2023, Zhuhai
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Global fit results:  couplings4ℓ Strongly correlated with  through , 
dominated by luminosity (circular colliders)

δgνℓ
W GF

Yong Du (杜勇) TDLI 

SMEFT global fit: 4f

de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326
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Global fit results:  couplings4ℓ Strongly correlated with  through , 
dominated by luminosity (circular colliders)

δgνℓ
W GF
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SMEFT global fit: 4f

de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326

WIN2023, Zhuhai

* Linear colliders are in general more powerful in exploring 4f operators — a 
fact largely not realized by the th. & exp. communities.

11



Global fit results:  couplings2ℓ2q

Same as the  case. Again,  and muon colliders will play a key role.4ℓ Ass
FB, σss

Yong Du (杜勇) TDLI 

SMEFT global fit: 4f

de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326

WIN2023, Zhuhai
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𝒪G̃ = f ABCG̃Aν
μ GBρ

ν GCμ
ρ

𝒪W̃ = ϵIJKW̃Iν
μ WJρ

ν WKμ
ρ

𝒪φG̃ = φ†φG̃A
μνGAμν

𝒪φW̃ = φ†φW̃I
μνWIμν

𝒪φB̃ = φ†φB̃μνBμν

𝒪φW̃B = φ†τIφW̃I
μνBμν

Purely bosonic CPV operators: 6 in total, in Warsaw basis

SMEFT global fit: CPV

Yong Du (杜勇) TDLI WIN2023, Zhuhai
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μνWIμν

𝒪φB̃ = φ†φB̃μνBμν

𝒪φW̃B = φ†τIφW̃I
μνBμν

Purely bosonic CPV operators: 6 in total, in Warsaw basis

Not included (gluon free) — strong constraints 
from neutron/chromo-EDMs

Cirigliano et al, Phys.Rev.D 94 (2016) 3, 034031

SMEFT global fit: CPV

Yong Du (杜勇) TDLI WIN2023, Zhuhai
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SMEFT global fit: CPV

Yong Du (杜勇) TDLI WIN2023, Zhuhai

1. Determination of two anomalous triple gauge couplings (aTGC) from  
2. Another two anomalous Higgs couplings (aHC) from  (dominant production 

channel of ILC at low energies) using angular asymmetries.

e+e− → W+W−

e+e− → Z h

13



Complementarity of hadron and lepton colliders in probing CP violation

SMEFT global fit: CPV

Yong Du (杜勇) TDLI WIN2023, Zhuhai

de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326
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SMEFT global fit: CPV

Yong Du (杜勇) TDLI 

de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326

WIN2023, Zhuhai
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SMEFT global fit: CPV

Yong Du (杜勇) TDLI 

de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326

WIN2023, Zhuhai
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Benchmark: Type-II seesaw model

Yong Du (杜勇) TDLI WIN2023, Zhuhai
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V(Φ, Δ) ⊃ λ4(Φ†Φ)Tr(Δ†Δ) + λ5Φ†ΔΔ†Φ

Benchmark: Type-II seesaw model
ℒY = (yν)αβLc

αiτ2ΔLβh . c .
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YD, 2303.16400
YD, Li, Yu, 2201.04646 (JHEP)
Li, Zhang, Zhou, 2201.05082 (JHEP)

Yong Du (杜勇) TDLI WIN2023, Zhuhai
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ℒLQ ⊃ (λ1L
iα q̄c

i ϵℓα + λ1R
iα ūc

i eα) S1 + λ3L
iα q̄c

i ϵσ IℓαSI
3 +  h.c. 

Benchmark: Leptoquark model
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de Blas, YD, Grojean, Gu, Miralles, Peskin, Tian, Vos, Vryonidou, 2206.08326

Yong Du (杜勇) TDLI WIN2023, Zhuhai
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Benchmark: The inverse problem

Yong Du (杜勇) TDLI WIN2023, Zhuhai

Find the UV models for any operator 
and any topology ( ).𝚄𝚅𝙱𝚞𝚒𝚕𝚍𝚎𝚛
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Benchmark: The inverse problem

Yong Du (杜勇) TDLI WIN2023, Zhuhai

YD, Ma, Liao, 2307.XXXXX

Find the UV models for any operator 
and any topology ( ).𝚄𝚅𝙱𝚞𝚒𝚕𝚍𝚎𝚛

18



Yong Du (杜勇) TDLI WIN2023, Zhuhai

SMEFT global fit: What is next? 19



Yong Du (杜勇) TDLI 

Q: What if no future colliders or if the data taking process starts only after I retire?

A: We have many possibilities in neutrino, nuclear, cosmology etc.

WIN2023, Zhuhai

SMEFT global fit: What is next? 19



Yong Du (杜勇) TDLI 

Q: What if no future colliders or if the data taking process starts only after I retire?

A: We have many possibilities in neutrino, nuclear, cosmology etc.
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Δχ�=�

e+e- → μ+μ- (FCCee240)
νμ-e scattering

Combined
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Δχ�=�
e+e- → μ+μ-(LEP)
νμ-e scattering

Combined

Neutrinos will play a similar role as linear colliders with 100% beam polarization 
(except for the right-handed sector). Neutrinos always help! This includes  from 
precision cosmology.

Neff

WIN2023, Zhuhai
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The state-of-the-art: the density matrix method

<latexit sha1_base64="/EnI7Wl3x/KZk7nqdRd/fuEnhzI="></latexit>

⇢p(t) =

0

@
⇢ee ⇢eµ ⇢e⌧
⇢µe ⇢µµ ⇢µ⌧
⇢⌧e ⇢⌧µ ⇢⌧⌧

1

A

(∂t − Hp∂p) ρp(t) = − i ( 1
2p

𝕄F −
8 2GF p

3m2
W

𝔼), ρp(t) + C [ρp(t)]

 the usual collision term integral — sources of the most challenging part (too many 
coupled stiff integro-differential ODEs)
C

Mixing from the oscillation 
(important 0.0007 shift of )Neff

Usual out-of-equilibrium PSD

Yong Du (杜勇) TDLI 

Yvonne Wong’s talk on Monday

WIN2023, Zhuhai
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Calculations were made way easier with equilibrium distribution approximation with 
evolving temperature and chemical potential due to the expansion of the Universe.

 can be obtained analytically then. Once this is done, accurate  can be 
obtained in a few secs/mins.
C Neff

Escudero, 2001.04466 (JCAP)

Yong Du (杜勇) TDLI WIN2023, Zhuhai
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Calculations were made way easier with equilibrium distribution approximation with 
evolving temperature and chemical potential due to the expansion of the Universe.

 can be obtained analytically then. Once this is done, accurate  can be 
obtained in a few secs/mins.
C Neff

Even for  processes, these are 12-fold integrals, very time consuming, and 
better that we have a dictionary for quick lookup.

2 → 2

Escudero, 2001.04466 (JCAP)

Yong Du (杜勇) TDLI WIN2023, Zhuhai
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(1) For any related SM processes. 
(2) For any UV theories (above ). 
(3) For any EFTs up to dim-7.

mμ

The stiff integro-differential equations 
then become trivial ODEs ( ).𝙴𝙵𝚃𝟸𝙽𝚎𝚏𝚏

Yong Du (杜勇) TDLI 

YD, Yu, 2101.10475 (JHEP)

WIN2023, Zhuhai
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Prelim
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YD, Yu, 2101.10475 (JHEP)

WIN2023, Zhuhai
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PRELIMINARY
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Martin Gonzalez-Alonso’s talk next

PRELIMINARY

PRELIMINARY
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Weak mixing angle measurement

Yong Du (杜勇) TDLI WIN2023, Zhuhai
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LO: Derman and Marciano, 1979

NLO: Czarnecki and Marciano, 1996; Denner and Pozzorini, 1998; Petriello, 
2003; Zykunov, 2004; Kolomensky et al, 2005; Zykunov et al, 2005; 
Zykunov, 2009; Aleksejevs et al, 2010, 2011, 2012

NNLO: Aleksejevs et al, 2011, 2012, 2015 (partial estimation)

Yong Du (杜勇) TDLI WIN2023, Zhuhai
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The MOLLER collaboration released their proposal in 2014, but US DOE will NOT 
support this experiment unless the theoretical error is reduced below the experimental 
one, which means we at least need to obtain the full 2-loop corrections.
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Topologies included with at least one closed fermion loop

All UV divergences are absorbed by the SM counter-terms. IR divergence are regularized 
by  and also by introducing a spurious non-vanishing .me mγ

Yong Du (杜勇) TDLI WIN2023, Zhuhai
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ΔQe
W(2,2) + ΔQe

W(2,1) = 1.00+0.012
−0.008 × 10−3

ΔexpQe
W = 1.1 × 10−3

From our full analytical results

Yong Du (杜勇) TDLI WIN2023, Zhuhai
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Source: https://www.physics.umass.edu/news/2022-11-22-moller-project-funded

Yong Du (杜勇) TDLI WIN2023, Zhuhai
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879.6 +/- 0.8 s
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Bowman et al, 1410.5311

Yong Du (杜勇) TDLI 

4σ disagreement!

Yp ≈
2n

n + p Neff shift and light element abundance of BBN

WIN2023, Zhuhai
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Remaining: Non-perturbative QCD corrections using DRs.
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SMEFT global fit:  oscillationsν
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SMEFT global fit:  oscillationsν
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QM framework

QFT framework
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P
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Q: How to connect  oscillation data with Lagrangian parameters?ν
A: Matching at the observable level for consistency

Falkowski, Gonzalez-Alonso, Tabrizi, 1910.02971 (JHEP)
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SMEFT global fit:  oscillationsν

YD, Li, Tang, Vihonen, Yu, 2011.14292 (JHEP) YD, Li, Tang, Vihonen, Yu, 2106.15800 (PRD)
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✤ I discussed the global fit of 4f and CPV SMEFT operators: 

❖   Beam polarization is the key to surpass circular colliders in studying 4f ints. 
❖   Luminosity largely wins otherwise for circular colliders; 
❖   aTGCs will be the key to improve the sensitivity of the bosonic CPV operators. 

✤ The indispensable role of neutrinos in the global fit was addressed, and future 
directions in this respect is discussed: 

❖   The rich physics from CEvNS experiments 
❖   Very important PVES experiments 
❖   Neutrino oscillation experiments 

Summary

6  A Fermilab Plan for Discovery

Cosmic Particles
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