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This talk

Overview of studies other people have done

discussion of something I did

what I think we should do next
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to justify

to consider



The Problem(s)
ÅNew physics is elusive, but the 

Standard Model is incomplete!

ÅThe next fundamental discovery may 

be outside of the direct energy reach 

of the Large Hadron Collider (LHC)

ÅWe see hints of anomalous results in 

ὄ-physics measurements, and now 

possibly beginning to appear in 

Top+X measurements

Standard Model, 4%

Unknown ,  96%

The Universe

HFLAV
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https://hflav-eos.web.cern.ch/hflav-eos/semi/moriond24/html/RDsDsstar/RDRDs.html
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The Standard Model
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The Standard Model



Muons behaving badly
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D0 - Tevatron
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Counting experiment å how many same-sign muon pairs?

(2010-2013) Observed asymmetries up to ȢⱭ from SM 
expectation
Å PRD 105 (2010) 081801
Å PRD 84 (2011) 052007
Å 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

ὥ Ὣ ςȾς

Ὣ  Muon gyromagnetic factor

EPJC 80 (2020) 241

SM Prediction

τȢς„

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


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

ὥ Ὣ ςȾς

Ὣ  Muon gyromagnetic factor

EPJC 80 (2020) 241

SM Prediction Lattice QCD 
Prediction

ρȢυ„

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


2+ᶻ
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"ᴼÓ‘‘

PRD 108 (2023) 032002

At one point this was up to σȢρ„ 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


ὄᴼ‘‘
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ς„ tension EPJC 81 (2021) 952

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


Taus behaving badly too?
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HFLAV (Moriond 2024)

LHCb-PAPER-2024-007 (in preparation)

ὙὈᶻ
ꜞὄᴼὈᶻ†ʉ

ꜞὄᴼὈᶻὰʉ

σȢρχ„ 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) 004ςȢφ„ tension

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

https://www.sciencedirect.com/science/article/abs/pii/S0370157313002706
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W. Altmannshofer  (2022)

https://indico.cern.ch/event/1075471/contributions/4664840/


Effective Field Theory
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W. Altmannshofer

https://indico.cern.ch/event/1075471/contributions/4664840/
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Effective Field Theory (EFT)

K. Mimasu, EFTforTop

Maybe New Physics (NP) exists at a 
significantly higher energy scale 
(ɤ Þ ®r^| >6+ g^| ªk^grÒ

Standard 
Model

Coupling 
Strength

Operators introducing 
new interactions

https://indico.cern.ch/event/727396/contributions/3018244/attachments/1659083/2657194/EFTforTop.pdf
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EFT and the B-anomalies
JHEP 06 (2021) 010

P. Cartelle

https://link.springer.com/article/10.1007/JHEP06(2021)010
https://cds.cern.ch/record/2311960
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EFT and the B-anomalies

arXiv:2104.00015

SM prediction

Best fit 2021 Ὑ  (LHCb arXiv:2103.11769  , 3.1„)

Best fit pre-2021 Ὑ

https://arxiv.org/abs/2104.00015
https://arxiv.org/abs/2103.11769


Why Top quarks?
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Top Methodology

ÅUse the top quark å it is the most massive particle and the 

closest to the scale of new physics å s®í« ´¯z|kª^fzkÓ

ÅVery short lifetime (does not hadronise) å opportunity to 

«®¯i· ^ ìf^ªkí ©¯^ªy

ÅVery selective about decay channels ὄὙὸO ὡὦ ͯ ρππϷ
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Peter Galler, Andy Buckley

Top EFT arXiv:1008.4484

https://arxiv.org/pdf/1008.4884.pdf
https://arxiv.org/pdf/1008.4884.pdf
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Example contributions of Wilson 
coefficients to top -quark observables 
via SM-interference ɤ  and via 
dimension -6 squared terms only ɤ

Top EFT arXiv:1008.4484

https://arxiv.org/pdf/1008.4884.pdf
https://arxiv.org/pdf/1008.4884.pdf
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Top EFT and the B-anomalies
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Top EFT and the B-anomalies
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Top EFT and the B-anomalies



Four-fermion operators
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Four-fermion / 2 -quark-2-ûôÿăþý ˭я1я,ˮ þÿôāðăþā ːõðüøûĈˑ øý òþýăôćă

Four-fermion operators



31

2Q2L EFT operators
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Top 2Q2L operator effects

CLFV (fully off-diagonal)FCNC (semi-diagonal)ὸӶὸὤ-like (diagonal)

ὸӶὸὰὰ ὸήὰὰ ὸήὰὰᴂ

ὸ ὸ ὸ ὸ



ATLAS and Top
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26 June 2024
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ATLAS



26 June 2024
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ATLAS



Analyses

ÅB-physics CP violation with Soft Muon Tagging

ÅLepton Flavour Universality in Top decays

ÅTop FCNC ὸO ήὌO ††

ÅTop CLFV ‘†ήὸ

Wr^®í« s| ®rk p¯®¯ªkÕ
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JHEP 02 (2017) 071

Nat. Phys. 17 (2021) 813-818

JHEP 06 (2023) 155

(Accepted by PRD) arXiv:2403.06742

https://link.springer.com/article/10.1007/JHEP02(2017)071
https://www.nature.com/articles/s41567-021-01236-w
https://link.springer.com/article/10.1007/JHEP06(2023)155
https://arxiv.org/abs/2403.06742


B-physics CP violation with Soft Muon Tagging
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(vs D0 dimuon asymmetry)



B-physics CP violation with Soft Muon Tagging
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▌

╫

╫

Ӷ◄ ◄

ⱨ╦

╦

■

Ⱨ

Ⱨᶸ

Lots of tops = lots of ╫ + lots of information
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▌

╫

╫

Ӷ◄ ◄

ⱨ╦

╦

■

Ⱨᶸ

Unlike ▌▌O ╫╫, we know which ╫ we are dealing with! 

The charge of the ὡ, tagged with a lepton, tells you 

the charge of the associated ὦ-quark at production

■ᵼ╫ ■ᵼ╫

ῲὄ ᴼὢ

ῲὄ ᴼὢ

╫

Ⱨᶸ

Ἄἠ╫ᴼ ȣ ᴼⱧ Ḑ Ϸ

The charge of the soft muon, tells you the 

charge of the associated ὦ-quark at decay
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Consider number of SMT 

muons, ὔ , where:

‌

‍

Charge asymmetries



CP asymmetries
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ÅCP asymmetries can be extracted from ὃ ȟὃ

ÅAs defined in PRL 110,232002 (2013):

ὃ



42

ὃ

ὃ

ὃ

ὃ

ὃ

ὃ

Existing limits (ς„) (ρπ )Data (ρπ ) SM (ρπ )

πȢχ πȢψ

πȢτ πȢυ

ςȢυ ςȢψ

πȢυ πȢυ

ρȢπ ρȢπ

ρȢπ ρȢρ

πȢρ

ρȢς

φȢπ

ρπ

ρπ

ρπ

ρπ

ρπ

ρπ

Results

At Ɑ the constraints made by this analysis are stronger than the existing 

limit on ═▀░►
╬■

This the first direct experimental constraint on ═▀░►
╫╬.

[1] PRL 110, 232002 (2013)

[1]

[1]

[1]

[1]

[3]

[3] arXiv:1412.7515v1 (HFAG)[2] arXiv:1511.09466v1

[2,3]

[4] PRD 87, 074036 (2015)

[4]

[4]

[5]

[5] PLB 694, 374 (2011)



Lepton Flavour Universality with Tops
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(vs LEP LFU)
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Lepton Flavour Universality

Ὑ ϳ†‘
ꜞὸO ὦὡᴼ†ʉ

ꜞὸO ὦὡᴼ‘ʉ

Opposite -sign dimuon events
Å Big backgrounds from ὤᴼ‘‘

Using leptonic †O ‘ decays = big challenge!
Å Difficult to separate from soft muons (hadron 

decays)

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



Top FCNC
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(vs ὦO ίὰὰ)



B CPV with SMT
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JHEP 06 (2023) 155Top FCNC ὸO ήὌO ††

https://link.springer.com/article/10.1007/JHEP06(2023)155


B CPV with SMT
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JHEP 06 (2023) 155

ςȢστ„ ςȢσρ„

Top FCNC ὸO ήὌO ††

https://link.springer.com/article/10.1007/JHEP06(2023)155


B CPV with SMT
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arXiv:2404.02123Top FCNC ὸO ήὌO ὢὢ

https://arxiv.org/abs/2404.02123


Top Charged-Lepton Flavour-Violation
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(vs B / Lep flavour anomalies)
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ήὫO ὸὰὰ

ὸӶὸO ὰὰή ὰὺὦ

Production

Decay

Top CLFV
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CLFV and Neutrino Oscillations / New Physics

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

ὸ
ὡ

ὦ

όȟὧ

ὦ

ὤ

‘

‘ Ὡ

ὡ

ʉ ʉρͯπ

ρπ

New physics which introduces additional terms involving lepton fields in 
Lagrangian can lead to LFV, e.g. SUSY, leptoquarks, 2HDMs
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2Q2L EFT operators

ὦ ί

ὰ ὰ
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Recent history

ATLAS-CONF-2018-044

CMS-PAS-TOP-22-005

ὄὸO ὰὰή ρȢψφρπ

ὄὸO Ὡ‘ή φȢφ ρπ

ὄὸO Ὡ‘ή πȢππωπȢςυψρπ

This analysis is first direct search for CLFV ‘†ήὸ 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 , ρσψ ÆÂ)

(3-lepton final state, ψπ ÆÂ)

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


55

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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Charged Lepton Flavour Violation

(CRs)
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Event selection with ρσω ÆÂ

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

Å Trilepton event selection 
including hadronic taus

Å Same-sign muons produce 
significant background 
reduction
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Yields

Post-fit yields
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Fake-tau estimation
Fakes are usually due to mis-identified jets

Dedicated CR (does not enter the fit)

Scale factors (SF) are used to correct the 
rate of the fake -tau background

SFs are parameterised by:

Å Track multiplicity (1 -prong / 3 -prong)

Å Tau-jet width
Å This is a good proxy for the quark -gluon 

fractions which may differ slightly 
between SR/CR and between data and 
MC

Å Systematics for SM backgrounds are 
propagated to the SFs and correlated 
appropriately in the fits
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Fake/Non-prompt (NP) muon estimation

Dedicated CR (enters the fit)

Targeting non -prompt muons from 
ὦ-jets in ὸӶὸ events

Normalisation is controlled by a 
profile -likelihood fit (next slides)
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Signal region

Binned in HT 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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Profile-likelihood fit
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Profile-likelihood fit

Good agreement between data and 
background -only model

Statistically limited result
Largest systematics are signal, ὸӶὸὡ 
and diboson modelling

ì7|gz¯«s´kí *M zs{s®« «k® 
assuming all EFT 
operators are of equal 
magnitude

ρȢφ„ tension
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EFT Result breakdown

EFT limits improve upon previous results ( re-interpretation of ATLAS FCNC ὸὤή analysis): 

- From factors of 7.2 for ὧ  (for ‘†ὧὸ) to 41 for ὧ  (for ‘†όὸ). 

https://link.springer.com/article/10.1007/JHEP04(2019)014
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EFT Result breakdown



Off-shell ὸӶὸὤ (ὸӶὸὰὰ) and ὸὤή (ὸήὰὰ
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Wr^®í« |k¶®Õ
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Going off-shell arXiv:2312.04450

https://arxiv.org/abs/2312.04450
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Going off-shell arXiv:2312.04450

άά

Taking a ὸӶὸὤ style analysis and going off shell has 
benefits for NP searches:

ÅMassively reduce SM backgrounds

Å Enhance sensitivity to EFT operators (which 
exhibit energy growth)

ὸӶὸὤ search becomes ὸӶὸὰὰ search above Z peak

ὸὤή search becomes ὸήὰὰ search above Z peak

https://arxiv.org/abs/2312.04450


Future Top+X EFT
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Wr^®í« |k¶®Õ



Top+X
There are a lot of individual high -
precision Top+X measurements!

ATL-PHYS-PUB-2024-005
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-005/

