


PHANC25, Puri, India, March 27-30, 2025

What’s special with Top?
• Decays before the hadronization [lifetime 0.5x10-24 sec]

– Unique opportunity to study the bare quark
• Strong coupling with the Higgs boson, top Yukawa coupling, yt~1
• Constraints the Higgs mass along with W boson mass 

– influences the electroweak vacuum stability

• Many new physics models result in same signature, e.g, SUSY “stop” 
can decay into top

Prolay K.  Mal
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane (upper left) and in the �–yt plane, in terms of parameter renormalized at the Planck
scale (upper right). Bottom: Zoom in the region of the preferred experimental range of Mh and
Mt (the gray areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to ↵s(MZ) = 0.1184 ± 0.0007, and the grading of the colors indicates the size of the theoretical
error. The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

determined at hadron colliders su↵ers from O(⇤QCD) non-perturbative uncertainties [41]. A

possibility to overcome this problem and, at the same time, to improve the experimental

error on Mt, would be a direct determination of the MS top-quark running mass from ex-

periments, for instance from the tt̄ cross-section at a future e+e� collider operating above

the tt̄ threshold. In this respect, such a collider could become crucial for establishing the

structure of the vacuum and the ultimate fate of our universe.

As far as the RG equations are concerned, the error of ±0.2 GeV is a conservative

estimate, based on the parametric size of the missing terms. The smallness of this error,

compared to the uncertainty due to threshold corrections, can be understood by the smallness

of all the couplings at high scales: four-loop terms in the RG equations do not compete with

finite tree-loop corrections close to the electroweak scale, where the strong and the top-quark

Yukawa coupling are large.

The LHC will be able to measure the Higgs mass with an accuracy of about 100–200

MeV, which is far better than the theoretical error with which we are able to determine the

condition of absolute stability.

18
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Top Production in Colliders 

Prolay K. Mal 3

Courtesy: Planning of the 
future of US Particle Physics 

Snowmass report, 2013

FCC-ee

Tevatron Discovery:
~20K events total

LHC, the Top Factory:
~200 million events so far 

HL-LHC
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Top quark production 
modes at LHC

33Geoffrey GILLESGeoffrey GILLES

A particle abundantly produced at the LHC
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Why measuring rare processes?

Precise measurement of t(t̅)+X production:
● Provide a stringent test also of electroweak 

processes
○ Allow to extract SM parameters, as CKM matrix 

elements
● Access to several coupling (tγ,tW,tH) sensitive to new 

physics effects 

11/314-tops

4Prolay K. Mal



PHANC25, Puri, India, March 27-30, 2025

Decay of Top quark
• SM Br(t→W+b)=100%
• Final states determined through the decay 

of W± bosons from top and antitop quarks.
– All jets: 

– lepton+jets:
• Moderately high branching ratio but relatively 

low background
– dilepton:

• Low branching ratio but clean signal

• Similarly different final states for single 
top/electroweak top production
– Dilepton:
– Semileptonic s-channel:

Prolay K.  Mal 5

tt→bW+bW−→bbqq 'qq '

tt →bW+bW−→bbqq 'l−ν

tt →bW+bW−→bbl+νl−ν

tW−→bW+W−→bl+νl−ν
tb→bW+b→bbl+ν
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LHC Performance

Prolay K.  Mal 6

� After the glorious Run I, LHC started operated at √s=13 TeV during 2015-18 (Run II)
� CMS have completed Inner detector upgrades during the Extended Year-End Technical Stop (EYETS) at 

the end of 2016 operation
� LHC has been performing exceedingly well; during Run II, CMS have recorded >150 fb-1 of pp collision 

datasets at √s=13 TeV
� Finally, unprecedentedly large volume of proton-proton collisions data at √s=13.6 TeV being recorded 

during the LHC Run III

Run II Run III
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Top Quark Measurements

Prolay K.  Mal 7

Measurements performed in 30 years (Tevatron +LHC)

W helicity Branching ratio
Rare decays, New physics

Anomalous couplings

Cross sections
Differential cross sections

New physics

Mass, charge, width

+ electroweak single top production

Spin correlation
Charge Asymmetry
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Inclusive     production cross-section at √s=5.02 TeV

9

tt
l+jets analysis 2017 dataset

arXiv:2410.21631 [hep-ex] accepted by JHEP

EVENT SELECTION

18/09/2024 Javier del Riego – U. Oviedo 5

• Exactly 1 lepton (electron or muon) (pT > 20 GeV, |η| < 2.4).
Veto on sub-leading lepton of opposite flavour, pT > 10 GeV.

• At least 3 jets (pT > 25 GeV, |η| < 2.4).

• MET > 30 GeV.

• Events are further categorized into 8 categories depending 
on the number of jets and b-tagged jets, and the lepton 
flavour (electron or muon). Among those:

• All are signal-dominated 

• ℓ + 3𝑗 ≥ 2𝑏 and ℓ + 4𝑗 ≥ 2𝑏 are purest in signal (89% 
of total MC)

• ℓ + 3𝑗1𝑏 provide the greatest contribution from tW and 
W+jets backgrounds (12% and 18% of total MC)

➢ 4 main backgrounds: Single top (tW + t-channel), 
W+jets, QCD multijets (cut in MET > 30GeV to 
suppress it, estimated from data) and Drell-Yan.

EVENT SELECTION

18/09/2024 Javier del Riego – U. Oviedo 5

• Exactly 1 lepton (electron or muon) (pT > 20 GeV, |η| < 2.4).
Veto on sub-leading lepton of opposite flavour, pT > 10 GeV.

• At least 3 jets (pT > 25 GeV, |η| < 2.4).

• MET > 30 GeV.

• Events are further categorized into 8 categories depending 
on the number of jets and b-tagged jets, and the lepton 
flavour (electron or muon). Among those:

• All are signal-dominated 

• ℓ + 3𝑗 ≥ 2𝑏 and ℓ + 4𝑗 ≥ 2𝑏 are purest in signal (89% 
of total MC)

• ℓ + 3𝑗1𝑏 provide the greatest contribution from tW and 
W+jets backgrounds (12% and 18% of total MC)

➢ 4 main backgrounds: Single top (tW + t-channel), 
W+jets, QCD multijets (cut in MET > 30GeV to 
suppress it, estimated from data) and Drell-Yan.

18/09/2024 Javier del Riego – U. Oviedo 3

𝑡 ҧ𝑡 @ 5.02 𝑇𝑒𝑉

Prolay K.  Mal
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Inclusive     production cross-section at √s=5.02 TeV

10

tt

Ø Final distributions in 27 bins x 2 (e/𝝁) = 54 bins : 
median [𝜟R(j,j’)] & MVA score (for 3j1b category)

Ø Simultaneous maximum-likelihood fit to extract the 
cross-sections

62.5 ± 1.6 (stat) +2.6−2.5 (syst) ± 1.2 (lumi) pb
Ø In combination with the CMS dilepton results

62.3 ± 1.5 (stat) ± 2.4 (syst) ± 1.2 (lumi) pb

arXiv:2410.21631 [hep-ex] accepted by JHEP

Prolay K.  Mal
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Summary of Inclusive     production cross-section

11

tt
ttbar cross section 

Meenakshi Narain - Blois 2011 16 

 
σ tt( ) = Nevents − Nbkg

εiAiL

Ø Numerous measurements at different center-of-mass energies
at the LHC along with the Tevatron ones exploring different final states

Ø Precise cross-section measurements are quite crucial 
Ø Scrutinizes the QCD predictions
Ø Possibility to extract several SM parameters e.g., αs, mtop… 

Ø All inclusive cross-section measurements are consistent with the SM 

LHCTopWGLHCTopWG

Summary of √s=13 TeV measurements

Prolay K.  Mal
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W-boson associated single top production at √s=13.6 TeV

Prolay K. Mal 12

Ø Inclusive and differential cross-section measurement using 34.7 fb-1 Run III dataset (2022)
Ø Sensitive to Vtb & b-PDF
Ø tW@NLO interferes with ttbar which is large
ØML techniques applied for separation between

tW & ttbar
LOEVENT SELECTION

18/09/2024 Javier del Riego – U. Oviedo 13

• At least 2 leptons opposite charge and flavour (𝒆±𝝁∓) (pT > 
20 GeV, |η| < 2.4). Leading lepton pT > 25 GeV.

• Jets (pT > 30 GeV, |η| < 2.4).

• 𝒎(ℓ𝟏, ℓ𝟐) > 20 GeV.

• Categories depending on the number of jets and b-tagged 
jets. Among those, used are 1j1b, 2j1b (SRs) and 2j2b (𝑡 ҧ𝑡 CR)

2j1b
2j2b

1j1b

Basic event Selection

JHEP 01 (2025) 107
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W-boson associated single top production at √s=13.6 TeV

JHEP 01 (2025) 107

𝜎tW= 82.3 ± 2.1 (stat) +9.9
−9.7 (syst) ± 3.3 (lumi) pb

~13% uncertainty, JES and b-jet identification

Differential x-sec compared 
with different event generators
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Summary of Electroweak Top Production

² Direct determination of the 
CKM Matrix element (|Vtb|)

² Background process for 
Higgs and BSM searches

² Major probe in BSM physics 
scenarios

² Precision calculations 
available at NLO QCD, NNLO 
QCD complemented with 
N3LL resummation

Prolay K.  Mal 14

Why is the single top quark so interesting?

Single top-quark production via electroweak interaction, involving a Wtb vertex
t-channel Wt channel s-channel

NLO+NNLL with
mt = 172.5 GeV

p
s (pb) � (t-channel) � (Wt) � (s-channel)

87.8 ± 3.4 22.4 ± 1.5 5.6 ± 0.2
8 TeV Phys. Rev. D 83, 091503(R) (2011) Phys. Rev. D 82, 054018 (2010) Phys. Rev. D 81, 054028 (2010)

X Measurements of the single top production provide a test of SM predictions:
Production cross-section and direct determination of the quark mixing matrix element |Vtb|
! Test of unitarity of the CKM matrix
Probe of the b-quark structure function

X Powerful probe for physics beyond the SM (BSM) related to EWSB:
Resonances (W 0,H+,B0), vector-like quarks, anomalous couplings.

X Significant background in search for Higgs and several expected BSM processes

Carolina Gabaldon (LPSC) Single top production at the LHC: other channels September 15, 2015 3 / 22

LHC Top Working Group
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Simultaneous measurement of ttZ, tZW and tZq
JHEP 02 (2025) 177

0

50

100

150

200

250

300

350

400

450

E
ve

n
ts

 /
 0

.1
7

0.4 0.5 0.6 0.7 0.8 0.9 1

Z+tWZ output node (max. score)tt

0.5

1

1.5

D
a
ta

/P
re

d
.

CMS  (13 TeV)-1138 fb

ttZ ttX

WZ Vγ

Data
tZq

Nonprompt

tWZ

Multiboson

Unc.

0

100

200

300

400

500

600

E
ve

n
ts

 /
 0

.1
7

0.4 0.5 0.6 0.7 0.8 0.9 1

tZq output node (max. score)

0.5

1

1.5

D
a
ta

/P
re

d
.

CMS  (13 TeV)-1138 fb

ttZ ttX

WZ Vγ

Data
tZq

Nonprompt

tWZ

Multiboson

Unc.

0

100

200

300

400

500

600

700

E
ve

n
ts

 /
 0

.1
7

0.4 0.5 0.6 0.7 0.8 0.9 1

Background output node (max. score)

0.5

1

1.5

D
a
ta

/P
re

d
.

CMS  (13 TeV)-1138 fb

ttZ ttX

WZ Vγ

Data
tZq

Nonprompt

tWZ

Multiboson

Unc.

• Signal region with three leptons (e or ), 2 jets, 1 b-tagged jet 

• Nonprompt lepton contribution is estimated from data, WZ and other smaller backgrounds from simulation 

• Neural network (multi-class classifier) to disentangle different signals and backgrounds 

• 3 output nodes for t Z+tWZ, tZq, and background (maximum-score splitting to build fit categories)

γ − −

t̄

10

JHEP 02 (2025) 177 
arXiv:2410.23475Selection strategy for t Z, tWZ, and tZqt̄
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Simultaneous measurement of ttZ, tZW and tZq
JHEP 02 (2025) 177

Inclusive measurement

• Simultaneous fit to 3 max-score output nodes in SR and number of jets / b jets in two extra regions  
- 4 leptons (t Z enriched), and no b jets (WZ enriched) 

• Profiled likelihood-ratio scan for  and  

• Limited by statistics, main syst. uncertainties on background modelling                                                                  
and b tagging 

• Inclusive cross sections measured to be:

t̄

γtt̄Z+tWZ γtZq

11
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CMS  (13 TeV)-1138 fb

Best fit
68% CL
95% CL
SM

γtt̄Z+tWZ = 1.14 ± 0.07 pb
γtZq = 0.81 ± 0.10 pb

consistent with SM for tZq,  
slight excess for t Z+tWZt̄

• Fixing the t Z (tWZ) and tZq processes to the SM prediction 
yields a tWZ (t Z) cross section consistent with previous 
measurements

t̄
t̄

JHEP 02 (2025) 177 
arXiv:2410.23475

Compatible with the previous measurements
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Summary of Vector boson associated     productiontt
LHC Top Working Group



PHANC25, Puri, India, March 27-30, 2025 Prolay K. Mal 19

4-top production

PLB 847 (2023) 138290Measured 𝛔=17.7+3.7
-3.5 (stat) +2.3 

-1.9 (syst) fb
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4-top production
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Summary of 4-top production

LHC Top Working Group

Observation significance
nCMS  : 5.6𝛔
nATLAS: 6.1𝛔
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Top quark mass from     events

Prolay K.  Mal 23

² Many experimental methods to extract the top 
quark mass using different decay modes

² Significant improvements in terms of better 
calibrations, theoretical modelling, advanced 
techniques 

² Latest Run 1 combination with 6 ATLAS & 9 
CMS results
² Relative uncertainty (δmtop/mtop): 0.2%
² Limited by the b-jet energy scale

² Consistent between ATLAS and CMS

tt

mtop=172.52 ± 0.14 (stat) ± 0.30 (syst) GeV

PRL 132 (2024) 261902
6

165 170 175 180 185
 [GeV]tm

ATLAS+CMS  = 7,8 TeVs

ATLAS+CMS combined
stat uncertainty
total uncertainty

 syst) [GeV]± stat ± total (± tmATLAS
  dilepton 7 TeV  1.31)± 0.54 ± 1.42 (±173.79 
  lepton+jets 7 TeV  1.04)± 0.75 ± 1.28 (±172.33 
  all-jets 7 TeV  1.21)± 1.35 ± 1.82 (±175.06 
  dilepton 8 TeV  0.74)± 0.41 ± 0.84 (±172.99 
  lepton+jets 8 TeV  0.82)± 0.39 ± 0.91 (±172.08 
  all-jets 8 TeV  1.02)± 0.55 ± 1.15 (±173.72 

CMS
  dilepton 7 TeV  1.52)± 0.43 ± 1.58 (±172.50 
  lepton+jets 7 TeV  0.97)± 0.43 ± 1.06 (±173.49 
  all-jets 7 TeV  1.23)± 0.69 ± 1.41 (±173.49 
  dilepton 8 TeV  0.94)± 0.18 ± 0.95 (±172.22 
  lepton+jets 8 TeV  0.45)± 0.16 ± 0.48 (±172.35 
  all-jets 8 TeV  0.57)± 0.25 ± 0.62 (±172.32 
  single top 8 TeV  0.93)± 0.77 ± 1.20 (±172.95 

 8 TeVψ  J/  0.94)± 3.00 ± 3.14 (±173.50 
  secondary vertex 8 TeV  1.11)± 0.20 ± 1.12 (±173.68 

  combined  0.41)± 0.25 ± 0.48 (±172.71 

  combined  0.39)± 0.14 ± 0.42 (±172.52 
WGtopLHCATLAS+CMS

  dilepton  0.51)± 0.29 ± 0.59 (±172.30 
  lepton+jets  0.32)± 0.17 ± 0.36 (±172.45 
  all-jets  0.36)± 0.26 ± 0.45 (±172.60 
  other  0.64)± 0.43 ± 0.77 (±173.53 
  combined  0.30)± 0.14 ± 0.33 (±172.52 

total

stat

Figure 1: Comparison of the individual mt measurements and the result of the mt combination.
Also shown are the separate combinations of each experiment and the result of the simultane-
ous combination for the different decay channels, where the “other” category covers the single
top, J/ψ, and secondary vertex measurements.

inates from including a more precise dilepton measurement at 8 TeV together with the single
top, secondary vertex, and J/ψ meson measurements, and from including the effect of anticor-
relations of the systematic uncertainties between the input measurements. It was verified that
performing the combinations with a likelihood-based approach [56] gives identical results.

The combination of all 15 input measurements gives

mt = 172.52 ± 0.14 (stat) ± 0.30 (syst) GeV,

which is compared with the input measurements in Fig. 1. The LHC combination has the same
statistical uncertainty as the CMS combination. This is because the figure of merit in BLUE is
the total uncertainty, and the statistical component is a consequence of the optimized weights
in the combination. The difference in statistical uncertainty between ATLAS and CMS reflects
different analysis choices, as explained in Appendix A.

The combination achieves an improvement in the total mt uncertainty of 31% relative to the
most precise input measurement. The measurements with the largest weight in the combi-
nation are the CMS 8 TeV lepton+jets (0.34), dilepton (0.12), and all-jets (0.12) results, and the
ATLAS 8 TeV lepton+jets (0.17) and dilepton (0.16) measurements. The hierarchy of the weights
originates from the uncertainty of each measurement, as well as the correlation between mea-
surements. For example, the ATLAS 8 TeV lepton+jets measurement has a higher weight than
the corresponding dilepton measurement, despite having a larger uncertainty. This is because
of the smaller correlation with the precise CMS 8 TeV lepton+jets measurement. The combina-
tion shows good compatibility between the measurements, with χ2 = 7.5 and a corresponding

18
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t = mATLAS

t = mLHC
tm

Figure A.1: The simultaneous extraction of the mt measured by ATLAS (mATLAS
t ) and CMS

(mCMS
t ) from a BLUE combination of the 15 input measurements is shown by the star. The solid

ellipses show the regions allowed at 68 and 95% confidence level (CL) by the combination and
are in good agreement with the expectation mATLAS

t = mCMS
t (shown by the black dashed line).

The observed correlation between mATLAS
t and mCMS

t is 0.15. The dashed blue and red lines and
hashed bands show the central values and 68% CL intervals for the individual ATLAS and CMS
combinations, which use the 6 ATLAS and 9 CMS measurements, respectively. In addition, the
central value of the LHC combination, mLHC

t , which assumes mLHC
t = mATLAS

t = mCMS
t , is

shown by the circular marker. The projection of the corresponding diagonal error bar on either
axis represents the total uncertainty mLHC

t .

Table A.1: BLUE weights of the simultaneous ATLAS and CMS combination for each input
measurement. The input measurements are the ATLAS and CMS 7 and 8 TeV mt measure-
ments in the dilepton (“dil”), lepton+jets (“lj”), and all-jets (“aj”) channels, and the CMS 8 TeV
mt measurements in the single top (“t”), secondary vertex (“vtx”), and J/ψ analysis (“J/ψ”).
The sum of the ATLAS weights in the CMS combined value is zero, and vice versa. The indi-
vidual weights, however, are different from zero due to the correlation between the different
experiments. The weights are rounded to two decimal places; when the full precision is used,
the weights for each of mATLAS

t and mCMS
t sum to one.

ATLAS CMS
2011 (7 TeV) 2012 (8 TeV) 2011 (7 TeV) 2012 (8 TeV)

dil lj aj dil lj aj dil lj aj dil lj aj t J/ψ vtx
mATLAS

t <0.01 +0.16 +0.04 +0.33 +0.36 +0.11 →0.05 →0.07 +0.03 +0.03 →0.11 +0.14 →0.03 +0.01 +0.05
mCMS

t →0.04 +0.01 →0.03 +0.04 +0.04 →0.02 →0.10 +0.02 +0.04 +0.18 +0.67 +0.10 →0.04 +0.01 +0.11
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What’s next on mtop?

Prolay K.  Mal 24

• Results from Tevatron and LHC 
experiments are combined 
together → World Combination, 
2014

• Reached a precision of 0.33 
GeV (<0.2%) LHC Run I 
combination 

• Precision is limited by the 
understanding of  hadronization 
modeling, color reconnection, 
Jet Energy Scale correction….

• Usage of experimentally clear 
observables avoiding jets
– charged track & leptons
– Vertex-lepton invariant mass
– Using Charm mesons

• Top quark ‘pole’ mass?

LHC Top Working Group
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Summary on mt
pole

• Extraction of top quark pole mass (mtpole) from inclusive production cross-section (σtt)
• σtt can be calculated theoretically at NNLO for different values of mt

pole

– Acceptance also depends on mtpole

– Fixed value of αs
• Overall precision ~1% 

25Prolay K.  Mal

LHC Top Working Group
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Spin Correlation, polarization and Entanglement in tt

Entanglement in t̄t: introduction
1/2 1/2

entangled state e.g.: | i = 1p
2

�
|", #i � |#, "i

�

probe polarization and spin correlations in
angular distribution of decay products:
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Didar Dobur, Ghent university  

Low m(!!̅ )

• HH̅ in mixed states (eg. ⟩|Ψ = 3
4 ( ⟩|↑↓ − ⟩|↓↑ )) à two qubit system

• Peres–Horodecki criterion for entanglement

High m(!!̅ )

cosH = Iℓ' J Iℓ)1
<

;<
; cosH =

1
2 (1 + K cosH)

Δ4 = o55 + o66 + o33 > 1

q = −Δ43 < −13
sq = Δ4

3 > 1
3

Single differenPal cross-secPon to capture the entanglement

Entangled

Entangled

Afik, De Nova, EPJP 136.907

• Spin correlation is %(D ̅D) and cos Θ dependent à In some regions of phase-space tops are entangled
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Jℓ  is unit vector in top rest frame

² Top-pairs at the LHC are unpolarized, but their 
spins are strongly correlated

² Spin information is passed through the W-decay 
products (lepton or d-quark)

Many new physics models modify the polarization and spin correlation of top quarks
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Spin Correlation, polarization and Entanglement in tt

PRD 110 (2024) 112016
arXiv:2409.11067 [hep-ex]

Entanglement in t̄t: analysis strategy
Nature 633 (2024) 542 �, arXiv:2406.03976 �, arXiv:2409.11067 �
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Kinematic distributions are match quite well with data

Rep. Prog. Phys 87 (2024) 117801 
arXiv:2406.03976 [hep-ex]

Nature 633 (2024) 542 
arXiv:2311.07288 [hep-ex]
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Spin Correlation, polarization and Entanglement in tt

² Entanglement of ttbar system 
have been observed by the ATLAS 
& CMS with >5𝜎 significance

PRD 110 (2024) 112016
arXiv:2409.11067 [hep-ex]

Rep. Prog. Phys 87 
(2024) 117801 
arXiv:2406.03976 
[hep-ex]

Nature 633 (2024) 542 
arXiv:2311.07288 [hep-ex]
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arXiv:2311.07288, 
Accepted by Nature

2406.03976 , Submibed to 
Reports on Progress in Physics CMS-TOP-23-007

18
Courtesy: D. Dobur, ICHEP2024 

Quantum Entanglement in       systemtt
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² During the LHC era, the top quark properties are being measured with 
unprecedented precision
²Both ATLAS and CMS have completed the Run I & II legacy papers
²Some key measurements have been performed with the full Run II 

dataset
² Measurement of various properties of top quark are providing crucial 

tests on the SM itself while probing the BSM physics; no excess observed 
over the SM predictions.

² Some of the limiting systematics affecting these measurements are 
related to
² ttbar modeling (top mass, ttbar scale, ttbar matching scale)
²Experimental uncertainties related to the jets (Jet Energy Scale, Jet 

Energy Resolution), W+jets and QCD background determination   

Summary & Conclusions
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LHC Outlook (Run 3 & beyond)
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² LHC Run 3 at √s=13.6 TeV began in 2022; Top properties 
from the full Run 3 dataset are yet to be explored

² New Physics discovery may be at the door-step and top 
quark properties would play the key role; In addition, we 
would also  be able to probe tiny SM predictions

² Many more upgrades with the LHC and the detectors are 
scheduled for next two decades. Improved analyses 
techniques would be refined further
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