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CMS

… to the “T
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of precision

Thank you?
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t(t)+X rare processes 

- accessible with larger data samples from 
Run2 → entering the precision era  

- Direct probe for SM precision measurements

- powerful probes of EW and QCD sectors 

- Probe for BSM physics

- differential distributions enhance sensitivity 
to BSM 

- Significant bkg for several SM and BSM 
studies

￼3

The “Top” of precision measurements at LHC

103

TOP QUARK

- large mass 

- short lifetime, 

decays before 
hadronizing 
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tt+W differential xsec measurement 
at CMS in YSF (David Marcus)
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tt+𝛾
Direct probe for SM precision measurements: 


- improving precision of inclusive and differential 
xsec measurements


- predictions of t-𝛾 EWK coupling 

Indirect probe for BSM physics:


- sensitive to top anomalous dipole moments 

couplings


- EFT interpretations

10-1 pb
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Inclusive cross section measurements of tt̄γ

13

PAS-TOP-23-002

t  process contains: 
- t  production: photons from ISR or off-shell top quarks  
- t  decay: photons emitted from decay products

t̄γ
t̄γ
t̄γ

• Top pair production in association with a photon has the highest cross section of all top+V processes 

• Direct probe of the top-photon coupling 

• Challenging from the modelling perspective

NLO in QCD

LO in QCD * correction factor

Powerful variable!
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1. Selection:

1l

2l

1 photon

1 leptons: e or µ

≥ 4 jets

≥ 1 b-tagged jets

1 photon

2 leptons: opp. charge e,µ

≥ 1 jet      or ≥ 2 jets

≥ 1 b-tagged jets
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2. Bkg: 

- main bkg from tt+𝛾 decay 

- fake photons contribution from 
data-driven method 

- NN classification: multi-class in 1l 
and binary in 2l
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Figure 3. Distributions of (a) the tt̄γ production classifier in the SR, (b) the tt̄γ decay classifier
in the tt̄γ decay CR and the second largest pseudo-continuous b-tagging score in (c) the photon
fakes CR and (d) the other prompt photon CR after the fit to data for the measurement of the
tt̄γ production cross-section in the single-lepton channel. The uncertainty band represents the total
post-fit uncertainty in the prediction. The lower panels show the ratios of the data to the total post-fit
predictions. The dashed lines correspond to the pre-fit prediction (upper panel) and the ratio of the
data to the total pre-fit prediction (lower panel).
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Figure 2: Distributions after the event selection for: the pT of the photon (upper left), the pT
of the lepton with the highest transverse momentum (upper right), the number of jets (lower
left), and the DRg,t (lower right). The data and their statistical uncertainties are indicated by
bullets and error bars. The expectation for the ttg process after the fit is shown in red and dark
orange, after the fit to the production component of ttg, described in section 9.2. The hatched
area indicates the total uncertainty in the expectation. The lower panels show the ratio of the
data to the sum of the postfit predictions (points) and the ratio of the data to the sum of the
prefit predictions (blue line).
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Inclusive cross section measurements of tt̄γ
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PAS-TOP-23-002

t  process contains: 
- t  production: photons from ISR or off-shell top quarks  
- t  decay: photons emitted from decay products

t̄γ
t̄γ
t̄γ

• Top pair production in association with a photon has the highest cross section of all top+V processes 

• Direct probe of the top-photon coupling 

• Challenging from the modelling perspective

NLO in QCD

LO in QCD * correction factor

Powerful variable!

tt+𝛾 production

tt+𝛾 decay

tt+𝛾: inclusive and differential cross sections JHEP 10 (2024) 191
CMS-PAS-TOP-23-002
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1. Selection:

1l

2l

1 photon

1 leptons: e or µ

≥ 4 jets

≥ 1 b-tagged jets

1 photon

2 leptons: opp. charge e,µ

≥ 1 jet      or ≥ 2 jets

≥ 1 b-tagged jets
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2. Bkg: 

- fake photons contribution from 
data-driven method 

- for tt+𝛾 production main bkg 
from tt+𝛾 decay 

- NN classification: multi-class in 
1l and binary in 2l
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Figure 3. Distributions of (a) the tt̄γ production classifier in the SR, (b) the tt̄γ decay classifier
in the tt̄γ decay CR and the second largest pseudo-continuous b-tagging score in (c) the photon
fakes CR and (d) the other prompt photon CR after the fit to data for the measurement of the
tt̄γ production cross-section in the single-lepton channel. The uncertainty band represents the total
post-fit uncertainty in the prediction. The lower panels show the ratios of the data to the total post-fit
predictions. The dashed lines correspond to the pre-fit prediction (upper panel) and the ratio of the
data to the total pre-fit prediction (lower panel).
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Figure 2: Distributions after the event selection for: the pT of the photon (upper left), the pT
of the lepton with the highest transverse momentum (upper right), the number of jets (lower
left), and the DRg,t (lower right). The data and their statistical uncertainties are indicated by
bullets and error bars. The expectation for the ttg process after the fit is shown in red and dark
orange, after the fit to the production component of ttg, described in section 9.2. The hatched
area indicates the total uncertainty in the expectation. The lower panels show the ratio of the
data to the sum of the postfit predictions (points) and the ratio of the data to the sum of the
prefit predictions (blue line).
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t  process contains: 
- t  production: photons from ISR or off-shell top quarks  
- t  decay: photons emitted from decay products

t̄γ
t̄γ
t̄γ

• Top pair production in association with a photon has the highest cross section of all top+V processes 

• Direct probe of the top-photon coupling 

• Challenging from the modelling perspective

NLO in QCD

LO in QCD * correction factor

Powerful variable!

tt+𝛾 production
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tt+𝛾: inclusive and differential cross sections
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tt+𝛾: inclusive and differential cross sections
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Figure 2: Distributions after the event selection for: the pT of the photon (upper left), the pT
of the lepton with the highest transverse momentum (upper right), the number of jets (lower
left), and the DRg,t (lower right). The data and their statistical uncertainties are indicated by
bullets and error bars. The expectation for the ttg process after the fit is shown in red and dark
orange, after the fit to the production component of ttg, described in section 9.2. The hatched
area indicates the total uncertainty in the expectation. The lower panels show the ratio of the
data to the sum of the postfit predictions (points) and the ratio of the data to the sum of the
prefit predictions (blue line).

Fit to min. ΔR(γ, l)
Fit on regions based 
on NN discriminant

- First measurements of tt+𝛾 production separate from tt+𝛾 decay


- In agreement within unc with NLO predictions


- Reaching precisions of current best theoretical predictions

3. Results: tt+𝛾 cross sections for production and decay

704±49(syst)±5(stat) fb


288±20(syst)±5(stat) fb

116.1±8(syst)±1.7(stat) fb


45.7±3(syst)±1.4(stat) fb

134±7(syst)±3(stat) fb


54±4(syst)±2(stat) fb

2l 1l

prod+decay

prod

Searches for DM and Long 
Lived Particles at the LHC

Alex Kastanas (Stockholm University)
On behalf of the ATLAS and CMS collaborations

La Thuile 2019 - Les Rencontres de Physique de la Vallée d'Aoste
March 15th 2019 

JHEP 10 (2024) 191
CMS-PAS-TOP-23-002

https://doi.org/10.1007/JHEP10%282024%29191
https://cds.cern.ch/record/2927506?ln=en


 Deborah Pinna - UW  23-30 March 2025                                

tt+𝛾: inclusive and differential cross sections
3. Results: tt+𝛾 normalized and absolute differential cross sections for production+decay for various variables

Parton level Particle level

tt+𝛾/tt xsec ratio, allows achieving higher precision

- measured R = 0.0125 ± 0.0005(syst) 
± 0.0002(stat)

Modeling of “decay” 
component still challenging- Measured for first time, inclusively and differentially!


- In agreement with nominal predictions from simulation

￼8

top/tt var measured for 
first time in tt+𝛾 
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tt+𝛾: inclusive and differential cross sections
Top quark charge asymmetry AC:

AC=­0.012±0.042

EFT interpretation:


- BSM physics virtual effects parameterized by dim-6 operators added 
to SM Lagrangian 


- tt+𝛾 sensitivity to several EFT operators (eg dipole operators CtB, CtW)


- combined with tt+Z measurement

AC=­0.003±0.029

- Results compatible with SM and no-
asymmetry 


- statistically limited, more data 
needed for BSM sensitivity

- Measured values in good agreement with SM

- V0 introduces 
additional intrinsic 
asymmetry in tt 
system at LO 
→ BSM clean probe 
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Not enough CP violation to explain baryon 
asymmetry observed


- motivates searches for additional CP violation 
sources from new physics 

NP can be parameterized by EFT 


- CP-odd operators cItW and cItZ modify t-V(Z,W) 

interactions


- SM-BSM interference proportional to 1/Λ2 (linear), 
gives rise to CP-odd contributions

~1 pb

~0.1 pb

 

TOPQ-2023-02

CMS-PAS-TOP-24-012

Searches for DM and Long 
Lived Particles at the LHC

Alex Kastanas (Stockholm University)
On behalf of the ATLAS and CMS collaborations

La Thuile 2019 - Les Rencontres de Physique de la Vallée d'Aoste
March 15th 2019 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.072010
https://cds.cern.ch/record/2876712
https://cds.cern.ch/record/2928204
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tt+Z, t+Zq: CP violation
1. Selection:

3 leptons: e or µ


1 lep pair opp-sign same-flavor


≥ 1 jet      


≥ 1 b-tagged jets

tt+Z, CItZ t+Zq, CItW

CP-odd observables using 
physics-informed ML


- SM contribution CP-invariant


- pure BSM contribution CP-
invariant (quadratic)


- SM-BSM interference CP-odd  
(linear)

CMS-PAS-TOP-24-012

Run2+Run3

https://cds.cern.ch/record/2928204
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3. Results:

- CP-odd observables constructed using physics-informed 
ML techniques employed for first time in tt+Z and 
t+Zq events

￼14

tt+Z, t+Zq: CP violation

- Good agreement with SM 

- Pre-fit vs post-fit deviations: slight cItZ 
asymmetry, mild excess of obs events 
(consistent with previous ttZ measurements)

CMS-PAS-TOP-24-012

-2.7 (-2.0) < cItW < 2.5 (2.0)


 -0.2 (-1.5) < cItZ < 2.0 (1.5)

Run2+Run3

Linear contributions only 
(SM-BSM interference)

https://cds.cern.ch/record/2928204
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tt+ll: production and LFU violation
1. Selection:

3 leptons: e or µ


1 lep pair opp-sign same-flavor


≥ 2 jets   


≥ 1 b-tagged jets

tt+ll to search for BSM physics 

- probe of ttll interaction vertex   

- translates in unique sensitivity to 
four-fermion EFT operators 

- considering di-leptons high-
invariant mass phase space 

Searches for DM and Long 
Lived Particles at the LHC

Alex Kastanas (Stockholm University)
On behalf of the ATLAS and CMS collaborations

La Thuile 2019 - Les Rencontres de Physique de la Vallée d'Aoste
March 15th 2019 

TOPQ-2023-02

https://cds.cern.ch/record/2876712
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3. Results: several interpretations 

- EFT coefficient: flavour-inclusive, for first 
time also flavour-split 

- configurations to test lepton flavour 
universality-violating signals 

￼16

tt+ll: production and LFU violation

- Good agreement with SM 

- Limits on EFT coefficient improving 
previous LHC constraints 

- Lepton flavour universality-
violating EFT effects: 


- no deviations observed


- currently statistically limited 

Searches for DM and Long 
Lived Particles at the LHC

Alex Kastanas (Stockholm University)
On behalf of the ATLAS and CMS collaborations

La Thuile 2019 - Les Rencontres de Physique de la Vallée d'Aoste
March 15th 2019 

TOPQ-2023-02

https://cds.cern.ch/record/2876712
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t+W
Single-top production involve Wtb EWK vertex: 


- important test of 3rd-generation quarks EWK 
interactions 


- sensitive to Wtb vertex corrections |fLVVtb|2 from 
BSM physics 

t+W


- 26% of total single-top production at 13 TeV


- dilepton channel: clean signature, lower bkg

~10 pb

Phys. Rev. D 110 072010

Searches for DM and Long 
Lived Particles at the LHC

Alex Kastanas (Stockholm University)
On behalf of the ATLAS and CMS collaborations

La Thuile 2019 - Les Rencontres de Physique de la Vallée d'Aoste
March 15th 2019 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.072010
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t+W: inclusive cross section
1. Selection:

2 leptons: e, µ opp-charge


≥ 1 jet, ≥ 1 b-tagged jet


categorization based on jets and b-tagged jets multiplicity


MVA techniques

2. Bkg: 

- main bkg from tt 

- minor bkg from 

Z+jets, W+jets, VV

Searches for DM and Long 
Lived Particles at the LHC

Alex Kastanas (Stockholm University)
On behalf of the ATLAS and CMS collaborations

La Thuile 2019 - Les Rencontres de Physique de la Vallée d'Aoste
March 15th 2019 

Phys. Rev. D 110 072010

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.072010
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t+W: inclusive cross section
3. Results: combined fit to jet, b-jet categories. Syst unc. included as nuisance parameters

σtW = 75 ± 1(stat) ± 15 (syst) ± 1 (lumi) pb |fLVVtb|2 = 0.97 ± 0.10

- Xsec and form factor times the CKM matrix element in 
agreement within SM predictions

Searches for DM and Long 
Lived Particles at the LHC

Alex Kastanas (Stockholm University)
On behalf of the ATLAS and CMS collaborations

La Thuile 2019 - Les Rencontres de Physique de la Vallée d'Aoste
March 15th 2019 

Phys. Rev. D 110 072010

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.072010


 s
el

ec
te

d 
m

os
t r

ec
en

t r
es

ul
ts

tt+cc
tt+cc processes: 


- modeling challenging


- leading background for searches and other 
measurements, such at ttH(bb), tttt which provide 
direct access to top Yukawa coupling


- recent measurements of tt+bb and ttH(bb) show 
tt+≥1c normalization larger than simulation value

~10 pb~10 pb

JHEP 01 (2025) 068
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https://link.springer.com/article/10.1007/JHEP01(2025)068
https://link.springer.com/article/10.1007/JHEP05(2024)042
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tt+cc: differential cross sections

1. Selection:

1 or 2 (opp-charge) leptons


≥ 3 or 5 jets


SRs and CRs categorized 
based on # of b-, c-tagged jets

2. Bkg: 

- main bkg from tt+≥ 1b, tt+light


- normalization estimated from data

￼21
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JHEP 01 (2025) 068

https://link.springer.com/article/10.1007/JHEP01(2025)068
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tt+cc: differential cross sections
3. Results: fiducial differential cross-sections of tt+jets production

Searches for DM and Long 
Lived Particles at the LHC

Alex Kastanas (Stockholm University)
On behalf of the ATLAS and CMS collaborations

La Thuile 2019 - Les Rencontres de Physique de la Vallée d'Aoste
March 15th 2019 

PLB 860 (2025) 139177

- Good agreement with 
predictions


- Precision limited by unc 
on tt+≥1c, tt+≥1b, 
tt+light, b/c-tagger, data 
statistics. 


- First time of regions 
sensitive to tt+≥2c, tt+1c 
separately

http://dx.doi.org/10.1016/j.physletb.2024.139177
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Summary�

￼23

Run 2 and Run 3 data give access to very rare top processes 

New results with increasing precision despite small xsec:  
thanks to optimized selections, improved analysis techniques 

Direct probe for SM precision measurements

- putting SM to test with top quark rare processes, especially those 
involving top quark EW couplings 

Probe for BSM physics:


- strengthening constraints on anomalous couplings, interpreted in 
EFT context

TOP QUARK 

- large mass 

- short lifetime, 

decays before 
hadronizing 

Stay tuned for more data !



… to the “T
op" 

of precision

Thank you!



Backup
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tt+bb
tt+bb processes: 


- modeling challenging: difference in interactions 
energy scales with top and b quarks → different 
process scales (mtop vs mb)


- important test of perturbative QCD calculations


- leading background for searches and other 
measurements, such at ttH(bb), tttt which provide 
direct access to top Yukawa coupling

~10 pb
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tt+bb: inclusive and differential cross sections
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1. Selection:

2 leptons: 1 e and 1 µ, opp-charge


≥ 3 b-tagged jets

2. Bkg: 

- main bkg from tt


- mis-tag jets in tt-c, tt-l data-driven scale factors to 
adjust composition in tt events


- non-prompt or mis-ID leptons from data 


- minor bkg from simulation

ISR FSR

￼27
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tt+bb: inclusive and differential cross sections
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3. Results: fiducial and normalized differential cross-sections of tt+bb production in different phase spaces

Fiducial xsec

l+jets channel

Normalized 
differential xsec

di-lepton channel

- ATLAS(e-μ):  tot unc 8.5-16% depending on phase space, best to date in eμ channel


- CMS(l+jets): tot unc 6–17%, depending on phase space, most precise ttbb xsec measurement 

- Results more precise than current theoretical predictions unc at NLO 


