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(Potentially) anomalous leptonic / flavour physics results
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D0 – Like-sign dimuon asymmetry 
• PRD 105 (2010) 081801
• PRD 84 (2011) 052007
• PRD 87 (2013) 074020

Fermilab – Muon g-2
• PRL 131 (2023) 161802
• EPJC 80 (2020) 241

R(K(∗))
• PRD 108 (2023) 032002

𝐵𝑠 → 𝜇+𝜇−

• EPJC 81 (2021) 952

R(D(∗))
• LHCb-PAPER-2024-007 (in preparation)

LEP - LFU
SM 

Prediction

Lattice 
QCD 

Prediction

1.5𝜎4.2𝜎

Lots of them!

• J Phys Rep 532 (2013) 004

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.105.081801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.84.052007
https://doi.org/10.1103/PhysRevD.87.074020
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.161802
https://link.springer.com/article/10.1140/epjc/s10052-020-7792-2
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032002
https://link.springer.com/article/10.1140/epjc/s10052-021-09725-1
https://indico.in2p3.fr/event/32664/timetable/?view=standard_numbered#38-b-to-c-l-nu-decays-at-lhcb
https://www.sciencedirect.com/science/article/abs/pii/S0370157313002706
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Top Methodology

• Use the top quark – it is the most massive particle and the 

closest to the scale of new physics – it’s vulnerable!

• Very short lifetime (does not hadronise) – opportunity to 

study a ‘bare’ quark

• Very selective about decay channels 𝐵𝑅 𝑡 → 𝑊𝑏  ~ 100%

𝑒

𝜏

𝑏

𝑊/𝑍

𝐻

𝑡𝑜𝑝

𝑁𝑒𝑤 𝑃ℎ𝑦𝑠𝑖𝑐𝑠?
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Analyses (Full Run 2 dataset)

• Lepton Flavour Universality in Top decays (2021): 𝜏/𝜇

• Nat. Phys. 17 (2021) 813-818

• Lepton Flavour Universality in Top decays (2024): 𝜇/𝑒

• arXiv:2403.02133 (Accepted by EPJC) 

• Charged-lepton flavour violation: 𝜇𝜏𝑞𝑡

• arXiv:2403.06742 (Accepted by PRD) 
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https://www.nature.com/articles/s41567-021-01236-w
https://arxiv.org/abs/2403.02133
https://arxiv.org/abs/2403.06742


Lepton Flavour Universality with Tops
𝜏/𝜇
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Nat. Phys. 17 (2021) 813-818

https://www.nature.com/articles/s41567-021-01236-w
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𝑅 Τ𝜏 𝜇 =
ℬ(𝑡 → 𝑏𝑊 → 𝜏ν )

ℬ(𝑡 → 𝑏𝑊 → 𝜇ν )

Di-leptonic 𝒕 ҧ𝒕 decays

Using leptonic 𝜏 → 𝜇 decays = big challenge!
• Displaced 𝜏 decay vertex
• Low 𝜇 transverse momentum 
• Kinematic overlap with prompt 𝑊 → 𝜇 decays 
• Difficult to separate from hadronic decays to muons

Significant backgrounds to control:
• 𝑍 → 𝜇𝜇
• 𝑏 → 𝜇

Fundamental axiom of the Standard Model that the 
couplings of 𝑊 and 𝑍-bosons to the charged 
leptons are independent of their mass.

Lepton Flavour Universality 𝜏/𝜇
𝐁 𝜏 → 𝜇 =

17.39 ± 0.04 %

J Phys Rep 532 (2013) 004

https://www.sciencedirect.com/science/article/abs/pii/S0370157313002706
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Double-differential binning to discriminate between 
𝑡 → 𝑊 → 𝜇 and 𝑡 → 𝑊 → 𝜏 → 𝜇 

• Muon impact parameter 𝑑0
𝜇

• Measure of the displacement caused by the 
lifetime of the parent particle

• Muon transverse momentum 𝑝𝑇
𝜇

• Lower in 𝜏 → 𝜇 events due to energy loss via 
neutrinos

Utilise prompt 𝑊 → 𝑙 for event identification (𝑙 = 𝑒, 𝜇)

Suppress backgrounds:
Veto:   85 <  𝑚𝑙𝑙 < 95 GeV
Veto:   𝑚𝑙𝑙 < 15 GeV
Require:   Nb−jets ≥ 2

+ 𝑒𝜇 channel equivalents
Designing the signal regions
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Dealing with 𝑍 → 𝜇𝜇

Important background for small values of 𝑑0
𝜇

Build control region enriched in 𝑍 → 𝜇𝜇

• Same as signal region selection except:
• No veto on 85 < 𝑚𝑙𝑙 < 95 GeV
• No requirement on N(b−)jets

• Fit 𝑚𝜇𝜇 distribution to understand 

normalisation

• Apply normalisation in signal region
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Dealing with 𝑏(𝑐) → 𝜇

Important background for large values of 𝑑0
𝜇

Build control region enriched in 𝑏(𝑐) → 𝜇

• Same as signal region selection except:
• Same-charge leptons (𝑒𝜇 or 𝜇𝜇)

• Higher 𝑝𝑇 bins also used to control 
normalisation of 𝑡 ҧ𝑡𝑉 and 𝑡 ҧ𝑡 with a charge-mis-
ID lepton

• Apply normalisations back to signal region
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Lepton Flavour Universality 𝜏/𝜇

𝑅 Τ𝜏 𝜇 = 0.992 ± 0.007 stat ± 0.011 (syst)

• Imperfect 𝑑0
𝜇  modelling

• Parton shower
• Muon identification, selection and 

reconstruction efficiencies 

CMS: 𝑅 Τ𝜏 𝜇 = 0.985 ± 0.020
Phys. Rev. D 105 (2022) 072008

Nat. Phys. 17 (2021) 813-818

~1.3% total uncertainty

• Consistent with assumption of lepton flavour universality

http://dx.doi.org/10.1103/PhysRevD.105.072008
https://www.nature.com/articles/s41567-021-01236-w


Lepton Flavour Universality with Tops
𝜇/𝑒
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arXiv:2403.02133
(Accepted by EPJC) 

https://arxiv.org/abs/2403.02133
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𝑅𝑊

Τ𝜇 𝑒
=

𝐵(𝑊 → 𝜇ν)

𝐵(𝑊 → 𝑒ν)

Lepton Flavour Universality 𝜇/𝑒
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Lepton Flavour Universality 𝜇/𝑒
“B-tag counting method”

Describe the number of events with X-btags (𝑁𝑋
𝑙𝑙) as a function of the luminosity, cross section, lepton (𝜖𝑙𝑙) 

and b-tagging (𝜖𝑏
𝑙𝑙) efficiencies, b-tagging correlations (𝐶𝑏

𝑙𝑙 ), branching ratio correlations 𝑔𝑙𝑙
𝑡 ҧ𝑡 and background 

estimations.

𝑁1,𝑚
𝑙𝑙  =  𝐿𝜎𝑡 ҧ𝑡  𝜖𝑙𝑙𝑔𝑙𝑙

𝑡 ҧ𝑡2𝜖𝑏
𝑙𝑙 1 − 𝐶𝑏

𝑙𝑙 𝜖𝑏
𝑙𝑙 𝑓1,𝑚

𝑙𝑙,𝑡 ҧ𝑡  +  σ𝑘=bkg(𝑠1
𝑘 𝑔𝑙𝑙

𝑘 𝑓1,𝑚
𝑙𝑙,𝑘 𝑁1

𝑙𝑙,𝑘)

𝑁2,𝑚
𝑙𝑙  =  𝐿𝜎𝑡 ҧ𝑡 𝜖𝑙𝑙𝑔𝑙𝑙

𝑡 ҧ𝑡𝐶𝑏
𝑙𝑙(𝜖𝑏

𝑙𝑙)2𝑓2,𝑚
𝑙𝑙,𝑡 ҧ𝑡  +  σ𝑘=bkg(𝑠2

𝑘 𝑔𝑙𝑙
𝑘 𝑓2,𝑚

𝑙𝑙,𝑘 𝑁2
𝑙𝑙,𝑘)

𝑔𝑒𝑒
𝑡 ҧ𝑡 = 𝑓0𝜏

𝑒𝑒(1 − ∆𝑊)2 +𝑓1𝜏
𝑒𝑒 1 − ∆𝑊  + 𝑓2𝜏

𝑒𝑒 

𝑔𝑒𝜇
𝑡 ҧ𝑡 = 𝑓0𝜏

𝑒𝜇
1 − ∆𝑊 1 + ∆𝑊  + 𝑓1𝜏

𝑒𝜇
 + 𝑓2𝜏

𝑒𝜇

𝑔𝜇𝜇
𝑡 ҧ𝑡 = 𝑓0𝜏

𝜇𝜇
(1 + ∆𝑊)2 +𝑓1𝜏

𝜇𝜇
1 + ∆𝑊  + 𝑓2𝜏

𝜇𝜇



15

Lepton Flavour Universality 𝜇/𝑒
“B-tag counting method”

𝑁𝑍
𝑒𝑒  =  𝐿𝜎𝑍→𝑙𝑙 𝜖𝑍→𝑒𝑒𝑔𝑒𝑒

𝑍+jets
 +  σ𝑘=bkg(𝑠𝑍

𝑘 𝑁𝑍
𝑒𝑒,𝑘)

𝑁𝑍
𝜇𝜇

 =  𝐿𝜎𝑍→𝑙𝑙 𝜖𝑍→𝜇𝜇𝑔𝜇𝜇
𝑍+jets

+ σ𝑘=bkg(𝑠2
𝑘 𝑁𝑍

𝜇𝜇,𝑘
)

𝑔𝑒𝑒
𝑍+jets

= (1 − ∆𝑍)(1 − ∆𝑍+𝑏)

𝑔𝑒𝜇
𝑍+jets

= 1

𝑔𝜇𝜇
𝑍+jets

= (1 + ∆𝑍)(1 + ∆𝑍+𝑏)

Describe the number of events with X-btags (𝑁𝑋
𝑙𝑙) as a function of the luminosity, cross section, lepton (𝜖𝑙𝑙) 

and b-tagging (𝜖𝑏
𝑙𝑙) efficiencies, b-tagging correlations (𝐶𝑏

𝑙𝑙 ), branching ratio correlations 𝑔𝑙𝑙
𝑡 ҧ𝑡 and background 

estimations.
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Lepton Flavour Universality 𝜇/𝑒

𝑅𝑊𝑍

Τ𝜇 𝑒
=

𝑅𝑊

Τ𝜇 𝑒

𝑅𝑍

Τ𝜇𝜇 𝑒𝑒

=
𝐵(𝑊 → 𝜇ν)

𝐵(𝑊 → 𝑒ν)
∙

𝐵(𝑍 → 𝑒𝑒)

𝐵(𝑍 → 𝜇𝜇)

Tailored normalisation:
• Reduces sensitivity to uncertainties on electron 

and muon efficiencies through cancellations
• Exploits extremely precise external 

measurement of 𝑅𝑍
Τ𝜇𝜇 𝑒𝑒

 from LEP and SLD:

𝑅𝑍−ext

Τ𝜇𝜇 𝑒𝑒
= 1.0009 ± 0.0028

Fitting 10 free parameters: 𝜎𝑡 ҧ𝑡 , 𝜎𝑍→𝑙𝑙, 𝑅𝑊𝑍
Τ𝜇 𝑒

, 𝑅𝑍
Τ𝜇𝜇 𝑒𝑒

,𝜖𝑏
𝑙𝑙′, 𝑍+jets normalisation…

Measuring b-tagging and lepton efficiencies, lepton mis-ID and charge mis-ID in place…
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Lepton Flavour Universality 𝜇/𝑒

𝑅𝑊
Τ𝜇 𝑒 = 0.9995 ± 0.0022 stat ± 0.0036 syst ± 0.0014 (ext)

• Consistent with assumption of lepton flavour universality

• Smaller uncertainty than previous world average

• Misidentified leptons
• PDFs
• 𝑡 ҧ𝑡 and 𝑍+jets modelling
• Lepton efficiencies

arXiv:2403.02133 , ATLAS Briefing , CERN Courier

~0.45% total uncertainty

https://arxiv.org/abs/2403.02133
https://atlas.cern/Updates/Briefing/LFU-Wdecays
https://cerncourier.com/a/zooming-in-on-leptonic-w-decays/


Top Charged-Lepton Flavour-Violation
𝜇𝜏𝑞𝑡
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arXiv:2403.06742 
(Accepted by PRD) 

https://arxiv.org/abs/2403.06742
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Effective Field Theory (EFT)

K. Mimasu, EFTforTop

Maybe New Physics (NP) exists at a 
significantly higher energy scale 
(ΛNP) than LHC can reach…

Standard 
Model Coupling 

Strength

Operators introducing 
new interactions

JHEP 10 (2010) 085

https://indico.cern.ch/event/727396/contributions/3018244/attachments/1659083/2657194/EFTforTop.pdf
https://arxiv.org/pdf/1008.4884.pdf
https://link.springer.com/article/10.1007/JHEP10(2010)085
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2Q2L EFT operators

𝑞𝑔 → 𝑡𝑙𝑙′

Production

𝑡 ҧ𝑡 → (𝑙𝑙′𝑞)(𝑙𝑣𝑏)

Decay
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Recent history

ATLAS-CONF-2018-044

CMS-PAS-TOP-22-005

𝐵 𝑡 → 𝑙𝑙′𝑞 < 1.86 × 10−5

𝐵 𝑡 → 𝑒𝜇𝑞 < 6.6 × 10−6

𝐵 𝑡 → 𝑒𝜇𝑞 < 0.009 − 0.258 × 10−6

This analysis is first direct search for CLFV 𝜇𝜏𝑞𝑡 coupling.

BSM models predicting CLFV with electrons/muons also apply to 
taus, often additionally enhanced due to larger mass

Limits on CLFV branching ratio of top (95% CL):

(3-lepton final state , 138 fb−1)

(3-lepton final state, 80 fb−1)

https://cds.cern.ch/record/2638305
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-005/index.html
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Signal region

Binned in 𝐻𝑇 (sum of visible object transverse 
momenta) to capture energy growth behaviour of 
EFT operators

Signal shown is inclusive EFT (up-initiated, charm-
initiated, all operators)

For up-quark operators, the production mode 
(blue) dominates the cross-section and sensitivity

For charm-quark operators, the production and 
decay modes are more balanced
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Fake and non-prompt estimations
• Fake hadronic taus are usually due to mis-identified jets
• Dedicated CRs (right, do not enter the fit)
• Scale factors (SF) are used to correct the rate of the 

fake-tau background

SFs are parameterised by:
• Track multiplicity (1-prong / 3-prong)
• Tau-jet width

• This is a good proxy for the quark-gluon fractions which 
may differ slightly between SR/CR and between data and 
MC

Dedicated CR (right, enters the fit)

Targeting non-prompt muons from 𝑏-jets in 𝑡 ҧ𝑡 
events

Normalisation is controlled by a profile-
likelihood fit (next slides)
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Profile-likelihood fit
Good agreement between data and background-
only model

Statistically limited result
Largest systematics are signal, 𝑡 ҧ𝑡𝑊 and diboson 
modelling

‘Inclusive’ BR limits set assuming all EFT operators are of 
equal magnitude

1.6𝜎 tension
EFT limits improve upon previous results (re-
interpretation of ATLAS FCNC 𝑡𝑍𝑞 analysis): 

- From factors of 7.2 for 𝑐𝑙𝑒𝑞𝑢
3(2323)

 (for 𝜇𝜏𝑐𝑡) to 41 for 

𝑐𝑙𝑒𝑞𝑢
1(2313)

 (for 𝜇𝜏𝑢𝑡). 

arXiv:2403.06742 

https://link.springer.com/article/10.1007/JHEP04(2019)014
https://link.springer.com/article/10.1007/JHEP04(2019)014
https://arxiv.org/abs/2403.06742


Summary
• (Some) Lepton and Flavour physics anomalies persist

• Top quarks are a fantastic tool to search for new physics

• Effective Field Theory is valuable for model-independent BSM 

searches

• ATLAS is actively engaged in research for LFU and CLFV
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Backup
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D0 - Tevatron
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Counting experiment – how many same-sign muon pairs?

(2010-2013) Observed asymmetries up to 𝟑. 𝟗𝝈 from SM 
expectation
• PRD 105 (2010) 081801
• PRD 84 (2011) 052007
• PRD 87 (2013) 074020

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.105.081801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.84.052007
https://doi.org/10.1103/PhysRevD.87.074020


Muon g-2  - Fermilab
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PRL 131 (2023) 161802

𝑎𝜇 = (𝑔𝜇 − 2)/2

𝑔𝜇 = Muon gyromagnetic factor

EPJC 80 (2020) 241

SM Prediction Lattice QCD 
Prediction

1.5𝜎4.2𝜎

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.161802
https://link.springer.com/article/10.1140/epjc/s10052-020-7792-2


R(K(∗))
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B → s𝜇+𝜇−

PRD 108 (2023) 032002

At one point this was up to 3.1𝜎 away from the SM

Now found to be in good agreement (However, some angular discrepancies remain!)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032002
https://www.google.com/url?sa=t&source=web&rct=j&opi=89978449&url=https://moriond.in2p3.fr/QCD/2024/Sunday/Ferrari.pdf&ved=2ahUKEwiS9OXRuZyGAxUtUEEAHRTjBaQQFnoECAwQAQ&usg=AOvVaw3GPKjyW0fScoGnTB6p7Elc


𝐵𝑠 → 𝜇+𝜇−
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2𝜎 tension EPJC 81 (2021) 952

https://link.springer.com/article/10.1140/epjc/s10052-021-09725-1


R(D(∗))
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HFLAV (Moriond 2024)

LHCb-PAPER-2024-007 (in preparation)

𝑅 𝐷(∗) =
ℬ( ത𝐵 → 𝐷 ∗ 𝜏−തν𝜏)

ℬ( ത𝐵 → 𝐷 ∗ 𝑙−തν𝑙)

3.17𝜎  tension

https://hflav-eos.web.cern.ch/hflav-eos/semi/moriond24/html/RDsDsstar/RDRDs.html
https://indico.in2p3.fr/event/32664/timetable/?view=standard_numbered#38-b-to-c-l-nu-decays-at-lhcb
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LEP (CERN) Lepton Flavour Universality

J Phys Rep 532 (2013) 0042.6𝜎 tension

(This is prompt lepton behaviour – i.e. unlikely to be 
same anomalous physics, but still interesting!)

https://www.sciencedirect.com/science/article/abs/pii/S0370157313002706
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Lepton Flavour Universality 𝜇/𝑒
“B-tag counting method”
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Lepton Flavour Universality 𝜇/𝑒
“B-tag counting method”
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LFU Comparison to CMS and others

Phys. Rev. D 105 (2022) 072008

0.9995 ± 0.0045

http://dx.doi.org/10.1103/PhysRevD.105.072008
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Top EFT and the B-anomalies
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W. Altmannshofer

https://indico.cern.ch/event/1075471/contributions/4664840/
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Top 2Q2L operator effects

CLFV (fully off-diagonal)FCNC (semi-diagonal)𝑡 ҧ𝑡𝑍-like (diagonal)

𝑡 ҧ𝑡𝑙𝑙 𝑡𝑞𝑙𝑙 𝑡𝑞𝑙𝑙′

𝑡 𝑡 𝑡 𝑡
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CLFV and Neutrino Oscillations / New Physics

Neutrino oscillations → LFV in lepton sector but 
far beyond any experimental sensitivity

𝑡
𝑊 +

𝑏

𝑢, 𝑐

𝑏

𝑍

𝜇+

𝜇− 𝑒−

𝑊 −

ν𝜇 ν𝑒~10−14

< 10−50

New physics which introduces additional terms involving lepton fields in 
Lagrangian can lead to LFV, e.g. SUSY, leptoquarks, 2HDMs
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Event selection with 139 fb−1

• Top quark decay and production diagrams 
differ by 1-jet  

• Trilepton event selection including hadronic 
taus

• Same-sign muons produce significant 
background reduction
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Charged Lepton Flavour Violation
Using dim6top, found to agree with SMEFTsim 3.0

JHEP04 (2019) 014

https://arxiv.org/abs/1802.07237
https://doi.org/10.1007/JHEP04(2021)073
https://link.springer.com/article/10.1007/JHEP04(2019)014
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Yields

Post-fit yields
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CLFV EFT Result breakdown
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EFT Result breakdown
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CLFV EFT Result breakdown
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CLFV - Leptoquark interpretation
Scalar leptoquark with cross-generational couplings could produce CLFV 
processes.
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CLFV - Leptoquark interpretation
Cross-generational couplings introduce many degrees of freedom, which may be 
simplified with a hierarchical modal: 

This reduces 10 degrees of freedom (9 coupling, 1 mass) into 2 (1 coupling, 1 
mass).

Various theory papers apply hierarchical coupling models, with different 

magnitudes spanning steps of 2 to 
1

16
 [1,2,3,4,5]

https://doi.org/10.1103/PhysRevD.99.095004
https://doi.org/10.1103/PhysRevD.96.115011
https://doi.org/10.1140/epjc/s10052-019-7047-2
https://doi.org/10.1007/JHEP10(2016)106
https://doi.org/10.1140/epjc/s10052-023-11304-5
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CLFV - Leptoquark interpretation
Analysis is not re-optimised for LQ signal, but HT is already a very good 
discriminating variable.  Signals 0.5 < 𝑚LQ < 2.5 TeV, and 0.5 <  λLQ < 3.5 are fit 

independently:
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CLFV - Leptoquark interpretation
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CLFV - Leptoquark interpretation
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