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Here, will cover five results, all using full Run-2 dataset (13 TeV)

•      tt̄ production at threshold

•     WbWb dilepton production

•     Top-quark mass at high transverse momentum

•         Quantum entanglement and      magic

•     Test of lepton flavour universality in W decays

2

CMS-PAS-TOP-25-001 Nature 633 (2024) 542Rep. Prog. Phys. 87 (2024) 117801 Phys. Rev. D 110 (2024) 112016

JHEP 05 (2025) 038Eur. Phys. J. 84 (2024) 993 

Phys. Lett. B 867 (2025) 139608

CERN-EP-2025-094

arXiv:2503.22382 

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2023-10/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-25-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2021-24/
https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-23-001/
https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-23-007/
https://www.sciencedirect.com/science/article/pii/S0370269325003697
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2023-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2023-28/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2022-24/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-14/
https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-24-007/


M. Cristinziani Top-quark physics @ WIN2025

tt̄ production at threshold
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Top-quark bound state?

• lifetime of top-quark is too short

• still QCD predicts quasi-bound tt̄ states 

below the tt̄ threshold

• dominant component is pseudo-scalar


At threshold

• non-perturbative 

• colour singlet 


• attractive potential  ➞ peak


• colour octet 


• repulsive potential 


• but: no MC generator available
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and 6.2 it is clear, that the location of the threshold is en-
tirely governed by the behavior of the color-singlet (S-wave)
contribution. Thus, as a matter of principle, determining the
location of this step experimentally would allow for a top-
quark mass measurement, which is conceptually very differ-
ent from the one based on the reconstruction of a (colored)
single quark in the decay chain t → Wb. In fact, much of
the detailed investigations of t t̄ threshold production at a
linear collider were performed for this particular relations
between the location of the color-singlet quasi-bound-state
pole of t t̄ and the top-quark MS-mass. The absolute normal-
ization of the cross section is also sensitive to electroweak
corrections [45–49], which are of the order of 5% close to
threshold. For example, the difference between corrections
from a light (Mh = 120 GeV) and a heavy (Mh = 1000 GeV)
Higgs boson amounts to roughly 6% [48].

In Fig. 6.3 the prediction for dσ/dM based on NRQCD
is compared with the one obtained from a fixed-order NLO
calculation for stable top quarks which is obtained using the
program HVQMNR [50]. As expected from the compari-
son of solid and dotted curves in Fig. 5.1, the two predic-
tions overlap for invariant masses around 355 GeV. Above
355 GeV relativistic corrections start to become important.
From this comparison we find an additional contribution to
the total cross section for t t̄ production of roughly 10 pb,
which could become of relevance for precision measure-
ments. Note that the band of the NRQCD-based prediction
only contains the uncertainty from the scale variation of
L ⊗ F, whereas the one of the Green’s function (which can
reach up to 20%; see Sect. 5) is not shown.

The analysis of this work has concentrated on the thresh-
old region and is applicable for M up 360 GeV at most.

Fig. 6.2 Invariant-mass distribution including all production channels
shown in Table 3.2. The width of the bands reflect the scale dependence
of the hard scattering parts

However, it is obvious that the overall shape of dσ/dM will
be distorted and the mean 〈M〉 shifted to smaller values,
which might affect the global fit of dσ/dM . In Fig. 6.4
we present for comparison the NLO prediction for dσ/dM

in the wide range up to 700 GeV. The distribution reaches
quickly its maximum of 3.3 pb/GeV at around 390 GeV
and then falls off slowly. It is remarkable that its value at
370 GeV is already not too far from the maximum of the
curve, and the threshold modifications thus affect a sizeable
part of the distribution.

Fig. 6.3 Invariant-mass distribution dσ/dM from NRQCD and for a
fixed NLO for LHC with

√
s = 14 TeV. The bands are due to scale

variation from mt to 4mt . For the NRQCD prediction the additional
uncertainty due to the Green’s function estimated to 20% (5%) for the
color-singlet (-octet) contribution is not included

Fig. 6.4 Invariant-mass distribution dσ/dM from NLO calculation for
LHC with

√
s = 14 TeV

Kiyo et al., Eur.Phys.J. C60 (2009) 375
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FIG. 1. Invariant mass distribution dω/dMtt̄ in NRQCD with Coulomb and threshold resummation for the
dominant individual production channels, also listed in Tab. I: gg→ 1S [1]

0 (brown), gg→ 1S [8]
0 + qq̄→ 3S [8]

1
(grey) and their sum (blue). The width of the band reflects the dependence on the scale choices µr = µ f ↑

{mt, 2mt, 4mt} for the convolution L↓F.

Green’s function G[8] falling off slowly for Mtt̄ ↭ 2mt. Since the underlying NRQCD approach
is only valid for small top-quark velocities, its region of validity is restricted to a narrow Mtt̄
range around threshold, say |Mtt̄↔2mt| ↭ 5 GeV. Therefore, cross-section predictions based on the
NRQCD approach for dω/dMtt̄ at values of Mtt̄ ↗ 300 GeV far below threshold are unphysical.
Hence the conclusions drawn in Ref. [10] about an increase in the cross section from this region
are invalid.

In Fig. 2 we compare, for the sum of all contributions (singlet and octet), the Mtt̄ distribution
including the impact of the threshold resummation at NLL accuracy compared to fixed-order per-
turbation theory for the hard function Fi j→T . The plot illustrates, for the entire Mtt̄ range, that the
resummation increases the cross section by approximately 10% for the central scale µr = µ f = 2mt,
and that the scale stability is improved, cf. also Tab. I.

In order to relate to the recent analyses of the CMS collaboration [1], aimed at searching for
pseudoscalar Higgs bosons decaying into tt̄ pairs, we compare our NLO+NLL results with their
predictions for the SM background from tt̄ production in Fig. 3. The theory results for dω/dMtt̄
used by CMS rely on predictions obtained with POWHEG [27–29], normalized to the inclusive cross
sections from Top++ [30] at NNLO and with threshold resummation at next-to-next-to-leading
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Garzelli et al. Phys.Lett.B 866 (2025) 139532 including Coulomb resummation for bound-state effects and 

threshold resummation for emissions of soft and collinear gluons
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tt̄ production at threshold
Simplified model

• pseudo-scalar simulated with = 343 GeV and = 2.8 GeVmηt

Γηt

Dilepton tt̄ selection

• reconstruct tt̄ system analytically, after smearing (100 times) 

to account for resolution
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tt̄ production at threshold
Simplified model

• pseudo-scalar simulated with = 343 GeV and = 2.8 GeVmηt

Γηt

Dilepton tt̄ selection

• reconstruct tt̄ system analytically, after smearing (100 times) 

to account for resolution

Observables

• , , and  (flip one  in top direction)

• can distinguish between /A (pseudo-scalar) and H (scalar) 

mtt̄ chel = ̂ℓ+
t ⋅ ̂ℓ−

t̄ chan ℓ
η
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tt̄ production at threshold
Simplified model

• pseudo-scalar simulated with = 343 GeV and = 2.8 GeVmηt

Γηt

Dilepton tt̄ selection

• reconstruct tt̄ system analytically, after smearing (100 times) 

to account for resolution

Observables

• , , and  (flip one  in top direction)

• can distinguish between /A (pseudo-scalar) and H (scalar) 

mtt̄ chel = ̂ℓ+
t ⋅ ̂ℓ−

t̄ chan ℓ
η

Modeling

• tt̄ with Powheg+Pythia 

• corrected to NNLO QCD, NLO EW by reweighting                 

in bins of mtt̄ and cos θ*

• normalised to NNLO+NNLL cross section
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Simultaneous profile-likelihood fit to , , mtt̄ chel chan

Observation of pseudo-scalar excess
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Simultaneous profile-likelihood fit to , , mtt̄ chel chan

Clear excess in low  and most pronounced in high   ➞  mtt̄ chel σηt
= 8.8 ± 0.5 (stat.) +1.2

−1.4 (syst.)
Caveat: tt̄ threshold difficult to model; can’t distinguish  from generic pseudo-scalar Aηt

Observation of pseudo-scalar excess
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WbWb production
Scope:

• Tackle the tt̄/tWb interference:                            

differential cross section for one variable and                 
in a region with enhanced sensitivity


• Help WbWb modelling:                                              
differential cross sections for several kinematic 
variables in a more inclusive phase space

6
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WbWb production
Scope:

• Tackle the tt̄/tWb interference:                            

differential cross section for one variable and                 
in a region with enhanced sensitivity


• Help WbWb modelling:                                              
differential cross sections for several kinematic 
variables in a more inclusive phase space

Strategy: cut ➞ count ➞ unfold

• fiducial phase-space with 2b and opposite sign eμ

• unfolded at particle level (iterative Bayesian unfolding)

• compare to NLO+PS predictions

Modelling of WbWb and interference       
between doubly and singly resonant production
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WbWb production
Measured distributions at particle level

• pT of jets, ℓ, 2b systems

• pT and mT of 2b2ℓ and 2b2ℓ2ν systems

• njets
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WbWb production
Measured distributions at particle level

• pT of jets, ℓ, 2b systems

• pT and mT of 2b2ℓ and 2b2ℓ2ν systems

• njets

Integrated cross section

• fiducial 2b-exclusive and 2b-inclusive

• systemaic uncertainty dominated by         

flavour tagging and generator modelling
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WbWb production
Measured distributions at particle level

• pT of jets, ℓ, 2b systems

• pT and mT of 2b2ℓ and 2b2ℓ2ν systems

• njets

Integrated cross section

• fiducial 2b-exclusive and 2b-inclusive

• systemaic uncertainty dominated by         

flavour tagging and generator modelling


Bottom line

• best agreeing after NNLO reweighting

• interference handling: DR better than DS
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Top mass measurement using “boosted” top 
There may be a non-zero probability
that the electroweak vacuum decays.
The stability of the vacuum is determined by RG
evolution (RGE) at a high energy scale of the Higgs
quadratic coupling 𝜆.
• The scale where 𝜆<0 may indicate the upper limit

of the range in which new physics exists.
• The RGE depends on 𝑚top because of radiative corrections.
→ Precise measurements of 𝒎𝐭𝐨𝐩 are important.

Top mass measurement using high transverse momentum top-quarks 
(Boosted top-quarks) is performed.
• Boosted top-quark decay products are collimated

and can be reconstructed as a single large-radius jet.
→ Simplifies the reconstruction
    compared to the inclusive phase space.
→ Expected to reduce the systematic uncertainties.
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mtop at high transverse momentum
Boosted top-quark decay products are 
collimated
• can be reconstructed as a single large-radius jet
• simplifies the reconstruction compared to    

inclusive phase space
• expected to reduce the systematic uncertainties

Three observables = three handles
• average top-jet mass: sensitive to mtop
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collimated
• can be reconstructed as a single large-radius jet
• simplifies the reconstruction compared to    

inclusive phase space
• expected to reduce the systematic uncertainties

Three observables = three handles
• average top-jet mass: sensitive to mtop

• minv of 2 light jets inside top-jet : JES uncertainty

8

171 171.5 172 172.5 173 173.5 174
 [GeV]tm

171.8

172

172.2

172.4

172.6

172.8

173

173.2

173.4

 [G
eV

]
J

m

ATLAS
-1 = 13 TeV, 140 fbs

 - 172.5)
t

 = 172.45 + 0.46(mJm

Pseudo-data points
Linear fit

171 171.5 172 172.5 173 173.5 174
 [GeV]tm

0.9996
0.9998

1
1.0002
1.0004

R
at

io
 to

 fi
t  60 65 70 75 80 85 90 95 100 105

 [GeV]jjm

1000

2000

3000

4000

5000

6000

7000

8000

9000

Ev
en

ts
 / 

3.
75

 G
eV

Nominal
σ + 1 
σ - 1 JES modelling 1 variation

Simulation ATLAS
-1 = 13 TeV, 140 fbs

60 65 70 75 80 85 90 95 100 105
 [GeV]jjm

0.9
0.95

1
1.05

1.1

R
at

io
 to

 n
om

in
al

Phys. Lett. B 867 (2025) 139608

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2022-24/
https://doi.org/10.1016/j.physletb.2025.139608


M. Cristinziani Top-quark physics @ WIN2025

Top mass measurement using “boosted” top 
There may be a non-zero probability
that the electroweak vacuum decays.
The stability of the vacuum is determined by RG
evolution (RGE) at a high energy scale of the Higgs
quadratic coupling 𝜆.
• The scale where 𝜆<0 may indicate the upper limit

of the range in which new physics exists.
• The RGE depends on 𝑚top because of radiative corrections.
→ Precise measurements of 𝒎𝐭𝐨𝐩 are important.

Top mass measurement using high transverse momentum top-quarks 
(Boosted top-quarks) is performed.
• Boosted top-quark decay products are collimated

and can be reconstructed as a single large-radius jet.
→ Simplifies the reconstruction
    compared to the inclusive phase space.
→ Expected to reduce the systematic uncertainties.

4
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mtop at high transverse momentum
Boosted top-quark decay products are 
collimated
• can be reconstructed as a single large-radius jet
• simplifies the reconstruction compared to    

inclusive phase space
• expected to reduce the systematic uncertainties

Three observables = three handles
• average top-jet mass: sensitive to mtop

• minv of 2 light jets inside top-jet : JES uncertainty
• minv of tlep and closest additional jet: recoil scheme 

uncertainty
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mtop at high transverse momentum
Boosted top-quark decay products are 
collimated
• can be reconstructed as a single large-radius jet
• simplifies the reconstruction compared to    

inclusive phase space
• expected to reduce the systematic uncertainties

Three observables = three handles
• average top-jet mass: sensitive to mtop

• minv of 2 light jets inside top-jet : JES uncertainty
• minv of tlep and closest additional jet: recoil scheme 

uncertainty

Simultaneous profile likelihood fit to the 
three observables
• reducing uncert. due to JES and recoil by ~80%
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mtop at high transverse momentum
Result: mtop = 172.95 ± 0.53 GeV

➞ most precise ATLAS mtop measurement in a single channel
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Source Uncertainty [GeV]
JES ± 0.29

Radiation (ISR and FSR) ± 0.17

Colour reconnection (CR1 and CR2) ± 0.15

JES heavy flavour ± 0.14

Parton shower and hadronisation model ± 0.14

JER ± 0.10

MC statistics ± 0.08

Underlying event ± 0.08

Recoil ± 0.07

Fit closure ± 0.07

Background modelling ± 0.05

Matrix element matching (𝐿hard

T
= 1) ± 0.04

𝑀-tagging ± 0.04

Higher-order corrections ± 0.02

𝑁miss

T
± 0.02

Pileup ± 0.01

JVT ± 0.01

PDF ± 0.01

Leptons ± 0.01

Luminosity < 0.01

Total statistical ± 0.27

Total systematic ± 0.46

Total ± 0.53
162 164 166 168 170 172 174 176 178 180 182 184

 [GeV]tm

-1l+jets, 7 TeV, 4.6 fb  1.02)± 1.27 (0.75 ±172.33 
-1Dilepton, 7 TeV, 4.6 fb  1.31)± 1.42 (0.54 ±173.79 

-1All jets, 7 TeV, 4.6 fb  1.2)± 1.8 (1.4 ±175.1 
-1Dilepton, 8 TeV, 20.3 fb  0.74)± 0.84 (0.41 ±172.99 

-1All jets, 8 TeV, 20.3 fb  1.02)± 1.15 (0.55 ±173.72 
-1l+jets, 8 TeV, 20.2 fb  0.82)± 0.91 (0.39 ±172.08 

-1 20.3 fb≤Comb., 7+8 TeV,  0.41)± 0.48 (0.25 ±172.71 
-1Leptonic inv. mass, 13 TeV, 36.1 fb  0.71)± 0.81 (0.39 ±174.41 

-1l+jets boosted (this result), 13 TeV, 140 fb  0.46)± 0.53 (0.27 ±172.95 

 syst.) [GeV]± total (stat. ± tm

ATLAS
Direct top quark mass measurements

l+jets boosted
Total uncertainty
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Quantum entanglement and magic
Top-quark entanglement observed 

• in dilepton events by CMS                         and ATLAS 

• in lepton+jets events by CMS 
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Top-quark entanglement observed 
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• in lepton+jets events by CMS 

Allows to interpret tt̄ pair as two-qubit system

• paves the way to a deeper connection between quantum information science and 

high-energy physics
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Quantum entanglement and magic
Top-quark entanglement observed 

• in dilepton events by CMS                         and ATLAS 

• in lepton+jets events by CMS 

Allows to interpret tt̄ pair as two-qubit system

• paves the way to a deeper connection between quantum information science and 

high-energy physics

Here: consider “magic” 

• reflects how far a quantum state is from being efficiently simulated by classical 

systems

• for tt̄ system use magic defined in helicity basis {n,k,r}, see White&White


• with polarisations Pi  and spin correlation coefficients Cij
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Observation of entanglement and magic
tt̄ ℓ+jets channel

• events reconstructed using a neural network

• events divided into categories via lepton flavour, number of b-tagged jets, and NN score


Full angular information of two decay products to measure P and C

• e.g. a lepton and a down-type quark

• using templates to fit the effect of one non-zero coefficient at a time (reweighting)
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Observation of magic in tt̄
     > 0 ➞ observation


=

Agrees well with SM prediction

First experimental measurement of magic at the TeV scale
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Test of lepton flavour universality
SM assumes equal couplings of 𝑒, 𝜇, and 𝜏 to the 𝑊 boson

Top-quark pairs provide a substantial dataset

• tt̄ ➞ WbWb ➞ ℓνb ℓνb, pure sample
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Test of lepton flavour universality
SM assumes equal couplings of 𝑒, 𝜇, and 𝜏 to the 𝑊 boson

Top-quark pairs provide a substantial dataset

• tt̄ ➞ WbWb ➞ ℓνb ℓνb, pure sample

Measurement of the ratio 𝐵(𝑊 → 𝜏𝜈)/𝐵(𝑊 → 𝑒𝜈)

• Tag-and-probe 

• 𝜏 is selected using  decays to reduce uncertainty


• Differences in electron  and help separate                           
 and 

τ → eνν̄
pT |d0 |

W → τ → e W → e
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SM assumes equal couplings of 𝑒, 𝜇, and 𝜏 to the 𝑊 boson

Top-quark pairs provide a substantial dataset

• tt̄ ➞ WbWb ➞ ℓνb ℓνb, pure sample

Measurement of the ratio 𝐵(𝑊 → 𝜏𝜈)/𝐵(𝑊 → 𝑒𝜈)

• Tag-and-probe 

• 𝜏 is selected using  decays to reduce uncertainty


• Differences in electron  and help separate                           
 and 

τ → eνν̄
pT |d0 |

W → τ → e W → e

 obtained from simultaneous fit of                              
electron  and distributions
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Test of lepton flavour universality

 is the most precise measurement


Measurements agree well with SM prediction

No sign of lepton flavour violation

RW
μ/e
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Summary
Several new top-quark results with Run-2 data of LHC by ATLAS & CMS

Cross-section

• Observation of a pseudo-scalar excess near tt̄ production threshold

• WbWb dilepton production


Mass

• Top-quark mass at high transverse momentum


Other properties

• Quantum entanglement and magic

• Test of lepton flavour universality in W boson decays


Top-quark sector still very attractive for precision measurements,           
search for new physics and (new!) for quantum information studies
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