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CP violation and effective field 
theories
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Matter – antimatter asymmetry

Léo Boudet (LAPP)

Big Bang should have created equal amounts 
of matter and antimatter in the early universe.

Measurements on cosmic rays :

 → no ambient antiprotons

Cosmic rays detectors for education

https://indico.cern.ch/event/99542/page/5191-represented-projects
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Sakharov’s conditions

Léo Boudet (LAPP)

Even if in equal amount initially, such asymmetry can 
arise if Sakharov’s conditions are verified :

1 – Violation of baryonic number B

2 – Universe out of thermal equilibrium

3 – Violation of C invariance and CP symmetry
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CPV in the Standard Model

Léo Boudet (LAPP)

Standard Model Lagrangian :

Gauge
bosons

Fermions

Higgs

Yukawa couplings, only source of 
Std Model CPV

(CKM matrix complex phase)
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Effective theories to look for new CPV

 → SM allows CP breaking, but predicted effects 
are not large enough
  

 → new CPV must occur beyond explored energy 
range

 → Effective field theory approach

Léo Boudet (LAPP)

Differential
cross section
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How do EFT work ?

Léo Boudet (LAPP)

W−(k)
µ−(p1)

νµ(p2)

ν̄e(p3)

e−(p4)

Historical example: muon decay (μ  → νμ e νe) and Fermi’s 4-point interaction

Muon lifetime τ ~ 1/Γ with

Decay matrix 
element

Phase space
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How do EFT work ?

Léo Boudet (LAPP)

Historical example: muon decay and Fermi’s 4-point interaction

Low energy limit k < p1 << mw

No more dependence on the W boson kinematics
W mass as part of the effective coupling

Fermi’s 4-point interaction

W−(k)
µ−(p1)

νµ(p2)

ν̄e(p3)

e−(p4)

µ−(p1)

νµ(p2)

ν̄e(p3)

e−(p4)

1
m2

W

Low energy 
limit

Effective propagator
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How do EFT work ?

Léo Boudet (LAPP)

W−(k)
µ−(p1)

νµ(p2)

ν̄e(p3)

e−(p4)

µ−(p1)

νµ(p2)

ν̄e(p3)

e−(p4)

1
m2

W Low energy 
limit

Low energy 
limit

More complete 
theory of 

particle physics
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New Lagrangian

Léo Boudet (LAPP)

● Assumes only existence of SM fields

● Operators of dimension > 4

● BSM fields integrated out in new physics constant Λ

Standard Model Effective Field Theory (SMEFT)

Wilson 
coefficient
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Standard Model EFT Lagrangian

Violate lepton number L 
conservation

 → Odd dimensions operators 
generally not considered Dominant remaining term

~ Λ-2

Term ~ Λ-4

Léo Boudet (LAPP)
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 CP violation from bosonic operators

Bosonic sector 
operators

CP-odd operators

Processes involving couplings between bosons 
abundantly produced at LHC

CP conservation often assumed in most analyses

Specific CP-odd operators challenges,
e.g. almost no modification of the cross section

This talk

Léo Boudet (LAPP)
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Standard Model EFT: dim 6 in Warsaw basis
JH

EP
04 (2021) 073

Among those, 6 CP odd operators  that include dual tensors

In the electroweak sector, 4 remain:

Sources of anomalous triple gauge coupling (aTGC)

- V  VH→
- V  VV→

(V = W or Z boson)
Léo Boudet (LAPP)

https://arxiv.org/pdf/2012.11343
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Constraints on Wilson coefficients

Léo Boudet (LAPP)

At low energies, modifying scale ci/Λ 
is equivalent to scaling EFT effects

- MC generation for fixed Λ
- Wilson coefficient set floating

Summing MC predictions of SM + EFT 
and compare with data
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CP odd operators

Léo Boudet (LAPP)

CP-even (Quadratric
term

CP-even)

Linear term
CP-odd

CP-odd
observable
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The Large Hadron Collider
And

The ATLAS experiment
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The LHC and ATLAS

Léo Boudet (LAPP)

27 km circular collider

proton-proton collisions

Energy available in center 
of mass frame:

√s = 13.6 TeV

ATLAS detector
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The LHC and ATLAS

Léo Boudet (LAPP)

Tracking system:
- Pixel detector
- Silicon Tracker
- Transition Radiation Tracker

Muon spectrometers:
- Drift chambers

Hadronic calorimeters:
- Tiles + steel
- Liquid Ar + steel

Electromagnetic 
calorimeters:

- Liquid Ar + Pb

(almost) 4π detector
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The LHC and ATLAS

Léo Boudet (LAPP)

Multi purpose detector

Large variety of final states 
accessible 
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Vector Boson Fusion
 processes

* V jj (V= W,Z) :  VVV coupling
- W  e→ νe or μνμ

- Z  ee or μ→ μ

* H jj : HVV coupling
- H  → ƔƔ
- H  → ττ
- H  WW→
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VBF Wjj @ √s = 8 TeV (first in ATLAS)
Challenging analysis in a p-p collider:

- Neutrino of W l→ ν decay (l = e or μ) only reconstructed as missing ET 

-Important background contamination (expected fraction of 78% of 
the events)

V ∗

V ∗
q′

q

q′

W

q

Eu
r.

 P
hy

s.
 J

. C
77

 (2
01

7)

Fit on azimuthal angle difference between jets ΔΦ(j1,j2)

Léo Boudet (LAPP)

http://arxiv.org/abs/1703.04362


  
23

VBF Zjj (√s = 13 TeV)
Eur. P

hys. J. C
 81 (2020)

- Increased √s (8 13 TeV)→
- Full Run 2 statistics ( 20  139 fb→ -1)

Two leptons final state, well reconstructed

Main challenge: extract EW component
→ VBF topology related variables

EW Zjj

Strong Zjj

q q

q q q q

q

qZ

Z

q

q q q

q

Z

Z

q

g

g

(a) (b)

(c) (d)

Léo Boudet (LAPP)

http://arxiv.org/abs/2006.15458
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VBF Zjj (√s = 13 TeV)

Léo Boudet (LAPP)

Eur. P
hys. J. C

 81 (2020)

Gap jets = jets with rapidity y 
such as

min(yj1,yj2) < y < max(yj1,yj2)

http://arxiv.org/abs/2006.15458
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VBF Zjj (√s = 13 TeV)

Eur. Phys. J. C 81 (2020)

Full ΔΦ(j1,j2) range : [-π,π]

Angular variable  negligeable impact →
of quadratic term

Most competitive limits to this day

Léo Boudet (LAPP)

R
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M

http://arxiv.org/abs/2006.15458
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http://arxiv.org/abs/2407.16320

Sensitive to QHB~ and QHW~ complementarily to Vjj

H  → ττ: ΔΦ(j1,j2)

P
hys. R

ev. Lett. 131 (2023)

H  → ɣ : Optimal observableɣ

Léo Boudet (LAPP)

VBF H  → ττ and ƔƔ

http://arxiv.org/abs/2407.16320
http://arxiv.org/abs/2208.02338
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H  → ττ
Observed 95 % CI best to date 
on cHW~  with ΔΦ(j1,j2): 
[-0.31, 0.88]

VBF H →ɣ  :ɣ  [-0.55, 1.07] TeV-2

Not as constraining as
VBF with EW bosons

Expected to have 
small effect

Léo Boudet (LAPP)

VBF H  → ττ and ƔƔ
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VBF H WW*→

W

V

V

H
W

q′

q
- VBF process with two bosons in final states

 → Two HVV vertices (both production and decay)

- Higgs boson has higher probability to decay into 
WW* rather than ττ or ƔƔ  

Experimental challenges:

- Two final state neutrinos

- Important backgrounds

Léo Boudet (LAPP)
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VBF H WW*→

Increased sensitivity to the 
quadratic term

Expected limits 
(lin→lin+quad) :

CHB~  [-28,28]  → [-0.62,0.62]
CHW~B  [-15,15]  → [-1.2,1.1]

(competitive with VBF Zjj)

Phys Rev D 108, 072003 (2023)

Léo Boudet (LAPP)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.072003
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VBF summary

- Single angular observable ΔΦ(j1,j2) gives stringent constraints for CP-odd ci

- QW~WW and QHW~B well constrained by EW bosons VBF

- QHW~ and QHB~ better constrained by Higgs VBF

- Impact of quadratic term negligeable when using angular variables except 
in VBF H  WW channel→

 → exploit additional variables sensitive to quadratic term

Léo Boudet (LAPP)
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Anomalous Neutral Triple
Gauge couplings

(aNTGC)
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Neutral TGC e.g. in inclusive ZZ production i.e. qq  ZZ + X  ll l’l’ + X’ (l,l’ = e or → → μ)

(V = A, Z)

CP-odd observable built from polar and 
azimuthal angles

Léo Boudet (LAPP)

CP violating aNTGC
JH

EP
 12 (2023) 107

Including quadratic term improves 
limits by a factor >10

http://arxiv.org/abs/2310.04350
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Conclusion & outlook

In progress … 

Léo Boudet (LAPP)

- Vjj and Hjj analyses complementary to constrain dim 6 CP-odd SMEFT bosonic operators
- Constraints on CPV are also put via aNTGC searches

- Combine additional observables, including
angular and energy related observables (ML)

- Exploit additional final states:
         - inclusive diboson final states (WZ, Wy)
         - VBS for dimension 8 operators

Phys Rev D 107, 016008 (2023)

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.107.016008
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Thank you for your attention
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Standard Model EFT: dim 6 in Warsaw basis
JH

EP
04 (2021) 073

In the Warsaw basis [1] there are
3 types of dim 6 bosonic operators:

* Boson self-coupling (X3 or H6)

* Higgs propagator (H4D2)

* Higgs-gauge (X2H2)

X : field strength tensor (dim 2)
H : Higgs field (dim 1)
D : Covariant derivative (dim 1)

 → 5 + 2 + 8 = 15 operators

Léo Boudet (LAPP)

https://arxiv.org/pdf/2012.11343
http://arxiv.org/abs/1008.4884
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Constraints on Wilson coefficients
Perform maximal likelihood fit on relevant observable

Example: Gaussian likelihood (typically for diboson) 

Floating Wilson
coefficient

Nuisance parameters
(systematics, theory 
uncertainties, etc.)

Covariance matrix 

Measurement

MC prediction

xpred = xSM + xint(ci) + xquad(ci
2)

95 % CI

68 % CI

Léo Boudet (LAPP)
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Poisson likelihood

Alternative to the Gaussian likelihood, used for instance in Higgs EFT analyses

MC events (sig + bkg)

Data

Nuisance 
parameters
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Operators definitions
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HISZ and Warsaw basis

HISZ Warsaw
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Wjj control, validation, signal regions 

q′

q

q′

W

q′′

QCD Wjj

EFT fit region :

Dedicated high energy SR to increase EFT/SM 
ratio

 → mjj > 1 TeV, leading jet pT > 600 GeV

Only accounting for SM-dim6 interference term
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Quadratic term impact in VBF H  → ƔƔ

By definition only accounting for interference, not 
sensitive to quadratic term
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CP even counterparts and constraints

WW/WZ  l→ νqq’ (Eur. Phys. J. C77 (2017) 563)

In HISZ basis

http://arxiv.org/abs/1706.01702
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Higgs  ZZ*  4l→ →
JH

EP
 0

5 
(2

02
4)

 1
05

Considering VBF enriched signal region, using optimal observable for both
1. H production vertex OOjj

2. H decay vertex OO4l

Combined
 OOjj and OO4l

OO4l only

http://arxiv.org/abs/2304.09612
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Wilson coefficients from aNTGC

Linear combination of aNTGC parameters gives EFT Wilson coefficients

From ZƔ  → ννƔ

arXiv:1308.6323v2

arxiv:1308.6323v2
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Optimal Observable in Hjj

Phys Let B 805 (2020) 135426

Inputs:

- Higgs 4-momentum
- Jets 4-momenta
- x1,2 momentum fraction of 
both initial partons

HAWK Monte Carlo:

Computes LO matrix 
elements

https://www.sciencedirect.com/science/article/pii/S0370269320302306?via%3Dihub
https://arxiv.org/pdf/1412.5390
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What about Vector Boson Scattering ?

aQGC probed in VBS processes  cross section ~ fb  low statistics→ →

A
TL

A
S 

St
d

 M
o

d
el

 s
um

m
ar

y

Existing VBS analyses considered 
so far only dim 8 CP-even 
operators within Eboli’s model

e.g. Wyjj or WZjj or Zyjj

Interference
~ Λ-4

Léo Boudet (LAPP)

https://cds.cern.ch/record/2804061
https://arxiv.org/pdf/2403.02809
https://arxiv.org/pdf/2403.15296
http://arxiv.org/abs/2305.19142
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