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How are b-quarks connected to LIV?
● CPT violation implies Lorentz Invariance Violation (LIV) 

○ [Greenberg, PRL 89 (2002)]

● Mass and lifetime differences between particle and antiparticles implies CPT violation
● These are / can be directly measured, but there is a far more precise way!

Neutral meson mixing!

● Some neutral mesons can oscillate from particle to antiparticle and back via Weak interaction
● CPTV appears as mass and lifetime differences relative to 

very small, but known mass and lifetime differences
● Encoded in one complex parameter z
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https://arxiv.org/abs/hep-ph/0201258


Neutral meson mixing and CP / CPT violation
● Due to the particle-antiparticle oscillations, one gets the following type of Hamiltonian

● Eigenstates of the Hamiltonian are different from their flavour-specific eigenstates
○ Causes a mass and lifetime splitting

■ Light and heavy eigenstates dictated by Weak interaction
● e.g. for the B0 meson 10-10 MeV level mass splitting

■ These tiny differences enhance CPT violating / LIV effects!
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Neutral meson mixing and LIV
● � Standard Model Extension (SME)

○ EFT framework with CPT- & Lorentz-violating terms
■ [Kostelecky, PRD55 (1997) 6760]

● One type of parameter has direct connection to quark 
propagation / mass like term
○ Real four-vector vacuum expectation value
○ Valence quarks have opposite signed terms

● Real-valuedness gives important experimental constraints
○ Will come back to this

● Four-vector causes LIV
○ z depends on four-momentum of particle!
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.55.6760


Neutral meson mixing in action
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https://cds.cern.ch/record/2197583


The LHCb experiment
● LHCb studies mainly decays of beauty and charm 

hadrons with high production rates
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● LHCb is a forward spectrometer at the pp collider LHC
○ High-precision tracking / vertexing
○ Excellent PID, incl. hadron separation

CERN-LHCC-2003-022

https://cds.cern.ch/record/616089?ln=en


Lifetime, CP/CPT related measurements at LHCb
● The Vertex Locator (VELO) of LHCb has silicon sensors 

close to interaction to measure tracks and vertices of 
displaced heavy-flavour particles

● Neutral B meson mixing can be studied in great detail!
○ Shown here the oscillation frequency / mass 

difference Bs meson mass eigenstates
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Location of LHCb
● SME parameters depend on location and direction of LHCb

○ Location: latitude 46’14’’29’’’ and �longitude 6’5’’47’’’
○ Direction of beam: Azimuth θ = 236’17’’44’’’ 

■ points upwards by 3.6 mrad

● � Angle beam with Earth rotational axis
○ cosχ≈ −0.38
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Location of LHCb and sidereal dependence
● SME parameters depend on location and direction of LHCb

○ Location: latitude 46’14’’29’’’ and longitude 6’5’’47’’’
○ Direction of beam: Azimuth θ = 236’17’’44’’’ 

■ points upwards by 3.6 mrad

● � Angle beam with Earth rotational axis
○ cosχ≈ −0.38

● Quite an optimal location, close to maximal sidereal sensitivity 
○
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Which final states of the decays are best?
● Realness of SME parameter has important consequences

● Decays to flavour-specific final states
○ Sensitive to imaginary part of z

● Decays to CP eigenstates
○ Sensitive to real part of z
○ More specific details on sensitivity later
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Asymmetries with CP eigenstates? flavour tagging
● Asymmetry between particle being initially a meson versus anti-meson

○ Produced in flavour-specific state
● Disentangle initial flavour one needs flavour tagging

○ B hadron production processes correlate initial flavour with underlying event
○ Charges of co-produced particles reveal initial flavour
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B0  meson
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B0
s meson 
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Results for B0
  and B0

s 
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Phys. Rev. Lett. 116 (2016) 241601 

Set SME constraints, and did general sidereal 
dependence scan, consistent with no LIV

http://arxiv.org/abs/1603.04804


LIV constraints in neutral meson mixing
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LIV constraints in neutral meson mixing
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Recent CP violation measurements from LHCb
and what it means for LIV / CPT
● Fresh from LHCP!

○ Legacy measurements from 
old LHCb detector

○ Both relevant B0 and Bs modes
○ Could be extended / updated with 

LIV measurement
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LIV measurement
● LHCb Upgrade I
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○ Full software trigger and higher 

luminosity gives plenty of new 
opportunities!

● But LHCb also is a laboratory for charm…

21

LHCb-TALK-2023-091

https://cds.cern.ch/record/2859738


Charm prospects
● In general, small mixing parameters plague sensitivity

● But LHCb has a huge data set of charm mesons!
○ In part due to new developments in software trigger
○ Started during Run 2 (2015-2018)
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LHCB-TDR-018

LHCb-PAPER-2022-024

https://cds.cern.ch/record/2319756
https://arxiv.org/abs/2209.03179


General prospects
● New detector has this software as default plus many more improvements
● LHCb will have higher luminosity, new detector and software!
● Prospects from 2016

For charm still applies! B sector will also have quite some gains
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Conclusion
● Access to small mass differences through neutral meson mixing

○ One particular, quark-flavour specific, four-vector in SME
● Constraints for LIV in b-quark sector from LHCb are world leading

○ high yield, high boost of both beauty and charm mesons
● LHCb has set constraints for B and Bs mesons

○ b-quark (and other valence quark) constraints in SME
● More opportunities at LHCb for SME constraints

○ Even with ‘old’ Run 2 (higher boost as well)
○ Particularly charm
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http://arxiv.org/abs/1903.08726
http://arxiv.org/abs/1603.04804


Backup



Systematic uncertainties 
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Systematic uncertainties 
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LHCb results in context of others 
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The upgraded LHCb experiment
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● Single-arm forward spectrometer 
designed for beauty / charm physics
○ High-precision tracking / vertexing
○ Excellent PID, incl. hadron separation

● Physics program in practice 
far more general 
○ Electroweak
○ Exotica, LLPs, …
○ Fixed-target, heavy ions

● Think of it more as a 
general purpose detector!

LHCb-TDR-12

https://cds.cern.ch/record/1443882?ln=en


Selective Persistence
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Event size Persisted Objects

O(10 kB) Only signal candidate is saved
default

O(10 - 100 kB) Signal together with custom set 
of reconstructed objects

selective persistence

O(100 kB) Full events all reco’d objects
Calib events also all raw hits
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https://cds.cern.ch/record/2319756

