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After the Higgs boson discovery, Standard Model (SM) measurements have two main goals:
- validate SM in new energy regime and improve precision of known SM parameters
- test SM for new physics (NP) contributions

Electro-weak and top quark physics have a great potential in both of these goals:
- unique signatures
- several rare processes predicted by SM, where the loop contributions (e.g. from NP particles) 
can give sizable effects, become sensitive tools to probe the NP models
- enough data for precision measurements of rare processes!
- theoretical predictions for most of the processes can be calculated with high precision

Very rich programme, only some recent analysis presented here.
All results are available in:
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots

Introduction

Events @ LHC Run 2 (140 fb-1)
W bosons  27000 106

Z bosons   8000 106

Top quarks   130 106

Higgs bosons       8 106Thanks to LHC & the detectors!

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots
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All results at: http://cern.ch/go/pNj7
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CMS 95%CL limits at 7, 8 and 13 TeV

)-1 5.0 fb£7 TeV CMS measurement (L 
)-1 19.6 fb£8 TeV CMS measurement (L 
)-1 137 fb£13 TeV CMS measurement (L 

Theory prediction

Cross sections measured for several SM processes
New areas opening up as the luminosity increases

Single and
diboson

nb

pb

fb

Triple boson

EWK W, Z
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vector boson 
scattering

Top quark
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Outline
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Electro-weak physics
Precision measurements
Single and diboson production cross sections

Inclusive four-lepton differential cross sections
WZ(à3l) and longitudinally polarized W bosons
WWW observation

Vector boson fusion (VBF) & vector boson scattering (VBS)
Polarisation of W bosons in W±W ±

à2l±2n
ggàWW
WV semileptonic
EW Zgjj production

Top quark physics
Top mass
Production cross sections
Top couplings to W bosons (single top cross sections, Vtb and top polarisation)

to gluons (cross sections, spin corr., charge asymmetry, search for CPV)
to neutral bosons g/Z/H (cross sections)

Global EFT fits
Searches for flavour changing neutral currents
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Electro-weak physics



Some EW precision measurements
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Weak mixing angle (8 TeV data)

sin2ql
eff

EW fit: sin2ql
eff = 0.23153 ± 0.00006

ATLAS 7 TeV @ 4.1 fb-1

LHCb (1/3 Run 2 data) à O(10) MeV stat. unc. with full Run 2

First measurement of 
Zàinvisible width at a 
hadron collider

First measurement of mW from LHCb

Single most precise 
direct measurement. 
Comparable 
precision to LEP.

Γinv/Γℓℓ ratio from a 
simultaneous fit of 
'→vv and '→ℓℓ

Simultaneous fit to )/*+ in ,→-v and .∗ in '→--
80354 ± 32 MeV

80370 ± 19 MeV

80354 ± 8 MeV

±3 (stat) 
±16 (syst)

CMS-PAS-SMP-18-014
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à dmW~ 0.02% 



Are W / Z boson decays as expected?
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Measure W boson BRs in tt events
Charged lepton flavour violation?
Zàet/µt decays? 

Lepton universality?

Nature Physics 17, p.819-825 (2021)
arXiv: 2105.12491
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Also cLFV studied in top quark (and Higgs boson) decays

LEP: BR(Z→et) < 9.8·10-6 (OPAL)
BR(Z→μt) < 12·10-6 (DELPHI) 

ATLAS: BR(Z→μe) < 3.04·10-7

Limited by stat. unc
àimprovements expected
in next LHC runs

Superseding LEP limits.

BR(Z→et) < 5.0·10-6 @95CL 
BR(Z→μt) < 6.5·10-6 @95CL
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ATLAS-CONF-2021-042



Sept. 2021 María Moreno Llácer - Top quark & EW physics (IMFP21, Benasque) 7

4-10

3-10

2-10

1-10

1

10

210

310

410 [p
b]

s
Pr

od
uc

tio
n 

C
ro

ss
 S

ec
tio

n,
  

CMS PreliminaryMay 2021

All results at: http://cern.ch/go/pNj7
W 1j³ 2j³ 3j³ 4j³ 5j³ 6j³ 7j³ 1c 2b

ll and kinematic selection®, Znl®s with WsFiducial  W and Z 
Z 1j³ 2j³ 3j³ 4j³ 5j³ 6j³ 7j³ 1c 1b³ 2b³ 2j

gW
2j
gZ

=0j
WZ =1j =2j 3j³ =0j

ZZ =1j =2j 3j³ tt 1j 2j 3j 4j 2c 2b =0j
H =1j =2j =3j >=4j

)-1 5.0 fb£7 TeV CMS measurement (L 
)-1 19.6 fb£8 TeV CMS measurement (L 
)-1 137 fb£13 TeV CMS measurement (L 

Theory prediction

(Differential) cross sections with 1 or 2 vector bosons

Also WW and gg differential cross sections.
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Theory prediction

Diboson production

Diboson

CMS Preliminary

Triple boson

Cross section measurements (inclusive and differential) 
and limitis on anomalous triple gauge couplings (TGC).



Inclusive four-lepton differential cross sections
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• Several interesting SM processes contribute to this final state
• Potencial new BSM effects interpreted using EFT formalism
• Differential cross sections measured

- several variables: m12, m34, pT,12, pT,34, cosθ*
12, Δɸll, ... 

- in 4 ranges of m4l phase space (in GeV):
60-100 [Z], 120-130 [H], 180-2000 [on-shell ZZ] and off-shell ZZ

• Dominant unc.: data statistics and bkg. estimation

Zà4l branching ratio:
(4.41±0.30)·10−6

• compatible with SM
• most precise to date

JHEP 07 (2021) 005



WZ (à3l) associated production
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Measurements: 
cross sections (inclusive & differential), 
charge asymmetry ratio, V polarisation and
anomalous triple gauge coupling (TGC) WWZ

σ(WZ)

sensitive to PDFs

First observation of longitudinally

polarized W bosons in WZ production

σ(W+Z)/σ(W-Z)

~2%

CMS-PAS-SMP-20-014



Other multiboson results: ZZ, WW, WW+≥1j, Wg & WWW
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WW

ZZ

WW+ ≥1 jet
Wg

WWW
µ(WWW)~1.66±0.28
Limited by data stats.
Significance: 8s
à Observation of WWW!
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Vector boson fusion (VBF) & vector boson scattering (VBS)

Although they are very rare processes, all EW VVjj observed (~10% XS precision).
Even first differential measurements available.
Here, focus on recent results: polarised VBS ssWW, ggàWW, WV semilep and EW Zgjj.

Mostly exploring fully-leptonic VBS. No fully-hadronic (all jets) VBS/F measured so far. Also
ob

se
rve

d ph
oto

n 

sca
tte

rin
g in 

Pb-P
b c

oll.

CMS Preliminary
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αEW= 3 αEW= 4

V boson fusion
(Vjj)

V boson scattering
(VVjj)

Experimental challenges:
• Missing neutrinos in W leptonic final states
• Jet systematic uncertainties in forward region
• Large QCD bkgs: matrix-element techniques or ML

Physics modelling:
• EW signals: large TH & EXP. efforts to cross-validate MC 
generators; parton-shower schemes very important
• VVjj QCD (αS

2 αEW
2): very expensive computations at NLO 

and/or matched+merged; need careful validation in data CRs

VBS: very rare but interesting processes

VBS are rare (but key) processes
• *The* crucial test of EW symmetry breaking
• Test V boson self int., TGC and QGC
• Large QCD background
• Typically look for 2 well-separated jets &

gauge bosons produced in the central part
• W/Z: use semi/leptonic decay modes
• Photon: cleaner final states
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VBS W±W ±
à2l±2n: longitudinally-polarised ?

Sept. 2021 María Moreno Llácer - Top quark & EW physics (IMFP21, Benasque) 15

q

q

q0

W
+

Z/�⇤
W

+

W
+

W
+

q0

l+

⌫

l+

⌫

q

q

q0

W
+

W
+

W
+

W
+

q0

l+

⌫
l+

⌫

q

q

q0

W
+

H

W
+

W
+

W
+

q0

l+

⌫

l+

⌫

αEW= 6

High sensitivity of 
angular variables to 
polarisation comp.

mjj>500 GeV, |Dhjj|>2.5

WW frame

“Golden channel”
Measurements:
1) XS (~10% precision) + EFT limits

2) Differential cross sections (vs. mjj, mll and pT,lead.lep.)

3) Polarisation states (LL, LT or TT: 10, 30 or 60%)
- very low expected WLWL yields à very challenging
- measure (WLWL, WXWT) or (WLWX, WTWT) processes
- reference-frame dependent: WW or parton-parton C.M.
- dedicated MC simulation (MG5_aMC@NLO)
- use two MVAs:

- inclusive MVA: VBS vs. non-VBS
- specific signal: separates polarisation states within VBS

- fit: 2D MVAs in SRs and mjj in CRs
- measurements are statistically dominated
(520 data events, from which 16 are WLWL)

Not yet an evidence for a single-boson polarisation state
Observed (expected) significance for WLWL+WLWT: 2.3s (3.1s)
Obs. (exp.) significance for WLWL: 0.88s (1.17s)à XS<1.17 (0.88) fb

PLB 812 (2020) 136018



Observation of photon-induced WW production
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PLB 816 (2021) 136190 

- e/µ final state & NO additional charged
particles in the vicinity of the selected
interaction vertex (Dz=±1 mm)

σ(γγ→WW) = 3.13 ± 0.31(stat) ± 0.28(sys) fb
Observation: 8.4s

- main challenge: determine production process in busy
LHC environment (modelling of additional pp interactions)

~300 data events in SR (~130 from bkg).
Normalisations of qqàWW and Drell-Yan bkg. free-floated.

TGC QGC

At LO, it only involves self-couplings
of EW gauge bosons. No forward jets. 
Very clean, but very rare…



Three main results:
1) EW WV:

First evidence of VBS in semilep. ch. @ LHC: 4.4s (exp.: 5.1s)

2) EW+QCD WV:

3) Simultaneous 2D fit: EW and QCD WV

Semileptonic WV VBS
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CMS-PAS-SMP-20-013
- signal: Wlep and Vhad (W, Z)
- both resolved and boosted regimes of the Vhad considered
- good balance between:

• larger XS than fully leptonic decay channel
• smaller bkg. than fully hadronic decay channel

- main bkgs: W+jets and top quarks
- objects/variables are exploited (and also MVAs):

• boosted or resolved: large-R jet (AK8)
• vs. W+jets bkg: Vhad mass on- or off-shell
• vs. top bkg.: b-jets

2 param fit

[                                ]

[                                 ]



Observation of Zgjj EW production
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arXiv: 2109.00925

- very recent results!!
- sensitivity to pure neutral aQGC and NP

ATLAS-CONF-2021-038
arXiv: 2106.11082

EW and EW+QCD Zgjj
unfolded differential
XS also measured.

Interpretation aQGC using
mZg: no obvious deviation
from SM is observed.

Interpretation Hàinv or
dark photon signals.
No significant excess. 
Upper limits in BR or XS.

Zànn

Zànn: reached 5s
Zàll: >10s
Cross sections in agreement with SM, dsZgjj <15%

TGC QGC

Zàll

Data event with
mjj~4 TeV seen!
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Top quark physics

tàWb ~100%

Main production modes:
- Top and antitop pairs (strong interaction, 800 pb): gg or qq initiated
- Single top/antitop quarks (EW interaction, 10-200 pb): t-ch, Wt, s-ch.

Associated production (< 1 pb): tt+X or t+X

- most massive elementary particle
- ‘bare’ quark: decays before hadronisation
- window into quark properties
- plays an important role in Higgs physics
- interacts with all forces



20Sept. 2021 María Moreno Llácer - Top quark & EW physics (IMFP21, Benasque)

Top quark mass: a very important parameter of the SM

JH
EP

12
(2

01
3)

08
9

SM phase diagram in terms 
of Higgs and top pole masses

Global EW fits
- important consistency test of the SM
- good agreement between measured and indirect 
predictions (p-value: 0.48, before FNAL g-2)

PDG 2020 
(Fig.10.4)

Recent measurements: 
dmH~ 0.11%, dmt~ 0.3%



Top quark mass: two types of measurements
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Recent measurements → dmt~ 0.5%Recent measurements → dmt~ 0.3%

Using decay products (kinematic

reconstruction) à “direct” method

→ mt
MC

Using cross sections or

unfolded dist. sensitive to 

the mass parameter in the

model à “indirect” method

→ mt
POLE, mt

MS
EPJC 74 (2014) 3109
EPJC 76 (2016) 642
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MC/pole mass calibration

22

● Differences btw. mt
MC and mt

POLE expected of ~0.5 GeV,
due to non-perturbative QCD effects that affect mt determination

● Interpretation (calibration) of mt
MC obtained by comparing MC dist. 

with calculations within well-defined theo. framework (mt
POLE, mt

MSR)
- setting the scale to 1 GeV: mt

MSR(1 GeV)≈ mt
POLE

- analytical calculation with non-pert. QCD effects at particle-level

● Hadronically decaying top quarks fully reconstructed as lightly
groomed large-R jets in boosted kinematic regime (jet pT>750 GeV)

- large-R jet with R=1 using XCone algorithm

● Uncertainties dominated by theoretical ones (uncalculated higher
orders in NLL calculation, fit methodology and UE modelling).

ATL-PHYS-PUB-2021-034
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tt

=n jet(s)

1j 2j 3j 4j 2c 2b t-cht tW s-cht gtt tZq ttZ gt ttW tttt ttH tH

CMS 95%CL limits at 7, 8 and 13 TeV

)-1 5.0 fb£7 TeV CMS measurement (L 
)-1 19.6 fb£8 TeV CMS measurement (L 
)-1 137 fb£13 TeV CMS measurement (L 

Theory prediction

Increasing number of differential measurements, reaching very high precision, also EFT interpretations

Top quark production cross sections

Top pairs (+ jets)

Single top

Associated production
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Differential cross-sections,
spin correlations,
charge asymmetry, etc.

W helicity and several
single top quark measurements

Top electric charge Top weak isospin

Top Yukawa coupling

24

Top quark couplings

Top quark couples to other SM fields through 
its gauge and Yukawa interactions.
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Top quark couplings
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Top coupling to W bosons (Wtb vertex)
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Top coupling to W bosons: single top production

Assumptions: 
*Wtb interaction is a SM like left-handed weak 
coupling
* |Vtb| >> |Vtd|, |Vts|

The Wtb vertex has a V-A structure, described by

Combinations of ATLAS and CMS 
results using full Run 1 published

From single top quark production cross sections, 
VL can be extracted:

JHEP05(2019)088
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 PreliminaryATLAS+CMS
LHCtopWG

Single top-quark production
November 2020

t-channel

tW

s-channel

t-channel
ATLAS 086 (2017) 04 531, JHEP (2017) 77 112006, EPJC (2014) 90 PRD

CMS 135042 (2019) 800 090, PLB (2014) 06 035, JHEP (2012) 12 JHEP

ATLAS+CMS 088 (2019) 05 JHEP

tW
ATLAS 063 (2018) 01 064, JHEP (2016) 01 142, JHEP (2012) 716 PLB

CMS 117 (2018) 10 231802, JHEP (2014) 112 022003, PRL (2013) 110 PRL

ATLAS+CMS 088 (2019) 05 JHEP

s-channel
ATLAS 228 (2016) 756 PLB

CMS 027 (2016) 09 JHEP

ATLAS+CMS 088 (2019) 05 JHEP

58 (2014) PLB 736NNLO 
scale uncertainty

091503, (2011) 83 PRDNNLL  + NLO
054028 (2010) 81 054018, PRD (2010) 82 PRD

 contribution removedttW: t
 uncertaintysa Å PDF Åscale 

74 (2015) 10, CPC191 (2010) NPPS205NLO 
,top= m

F
µ= 

R
µ

CT10nlo, MSTW2008nlo, NNPDF2.3nlo
VeG 65 =

F
µ and VeG 60 =  removalt veto for tb

T
tW: p
scale uncertainty

 uncertaintysa Å PDF Åscale 

stat.  total Exp. unc. larger than
theory prediction unc. (4-8%)

s-ch. challenging, still not 
observed at LHC (only evidence)



Sept. 2021 María Moreno Llácer - Top quark & EW physics (IMFP21, Benasque) 28

Top coupling to W bosons: Vtb measurement

From single top quark production cross sections, 
VL can be extracted:

The Wtb vertex has a V-A structure, described by

JHEP05(2019)088

à Independent of number of quark 
generations or unitarity of CKM matrix

Direct measurement
à Assumptions: 
Wtb has a SM-like left-handed weak coupling
|Vtb| >> |Vtd|, |Vts|

Dominant systematics: 
theory modelling and normalisation

Combinations of ATLAS and CMS 
results using full Run 1 published
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ATLAS-CONF-2021-027
High polarisation expected from V-A structure of CC in single top.
Spin information transferred to the top quark decays.
1st measurement of full polarization vector via angular dist. 
of leptons for both top and antitop quarks.
3D space divided into 8 octantsà fit rates in each of them

Py=0 à CP is conserved.
Mainly dominated by JER.

Unfolded angular distributions at 
particle level used to test SMEFT.

Top coupling to W bosons: top polarisation
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Top coupling to gluons
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Top coupling to gluons: cross sections

Inclusive cross sections
- reaching 2.4% exp. precision

- boosted: XS overestimated by several predictions NLO+PS;

fiducial XS agrees significantly better after reweighting to 

NNLO(QCD)+NLO(EW) at parton level

Differential measurements:
- increasing number of variables (16) in all ch. (all had, dilepton, 

single lepton; resolved, boosted); also 3D

- measure both tt and radiation

- test SM at high pT top, where deviations expected from BSM

- agreement with SM: NLO MC reweighted to NNLO

ATLAS-CONF-2021-031



Sept. 2021 María Moreno Llácer - Top quark & EW physics (IMFP21, Benasque) 32

Measured A for 4 T-odd: 10-3 precision
No evidence of CP violation

Evidence of charge asymmetry (4s)Spin correlations

CP violating effects?

Top coupling to gluons: asymmetries and angular dist.
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Theory paper PRL 123, 082001 (2019)
based on ATLAS-CONF-2018-02

AC=(0.60±0.15)%



Sept. 2021 María Moreno Llácer - Top quark & EW physics (IMFP21, Benasque) 33

One of the most spectacular mechanisms 
○ quite energetic √s ≥ 4mtop ~ 700 GeV
○ very challenging: 12 final state objects
○ sensitive to new physics

Production of four top quarks at once

à Very close to observation of 4-tops production

Exploit events with ≥1l.

NF=1.6 ± 0.3
Good post-fit 
modelling

For most sensitive ch., 
ttW+jets is the main bkg. 

Significance: 4.7s (expected: 2.6s)
(ATLAS: µ~2,
CMS: µ~1)

ar
Xi

v:
 2

10
6.

11
68

3
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Top coupling to g/Z/H bosons

One of th
e highlights o

f LHC Run 2,

but ve
ry c

hallenging for both 

experim
ental and theoretica

l si
des
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ttW measured consistently higher than SM reference in both experiments

Ds~6%

Ds~8%

Ds~22%

ttV production cross sections: summary
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Ds~22%

ttW production cross section: keep working!

ATL-PHYS-PUB-2020-024

Cross section vs. scale choice

factor 2 up/dw variation for the scale unc. might be 
conservative given the strong dependence …

1) higher XS for fixed scales
2) 10% increase due to EW production
3) strong dependence
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ttg and tg production cross sections
ttγ - single lepton ttγ + tWγ - dilepton
- Signal: genuine g from
ISR, top or its decay products

- Challenge: background estimation
misId. electrons and non-prompt photons/leptons

Inclusive XS: in agreement with SM; ds<6%

Dominated by syst
unc.: bkg. norm., 
signal modeling, 
JES

Differential XS
at particle level
pT(γ), |η|(γ), ΔR(l,γ)

- Signal: g from dif. sources
(doubly resonant production)

pT(γ), |η|(γ), ΔRmin(l,γ),
Δϕ(l,l), Δη(l,l)

Fiducial XS (ds<7%) and 
differential XS at parton level

Δϕ(l,l)

à Also evidence of tyq process (ds ~30%)

pT(γ)

|η|(γ)
JHEP 09 (2020) 049

arXiv: 2107.01508



Sept. 2021 María Moreno Llácer - Top quark & EW physics (IMFP21, Benasque) 38

ttZ and tZ production cross sections

Inclusive XS: dsttZ~8% (main syst: modelling, b-tag)
Differential XS measured at parton & particle level

- Sensitive to generator modelling, BSM effects
- Probe QCD effects
- Top pT modelling
- Probe t-Z vertex
- Spin correlation

ttZ – 3l+4l tZ - 3l

Inclusive XS: dstZ<12% 
stat. unc.~syst. unc.
Including charge ratio!

Differential XS at parton & particle level

First measurement
of top quark spin 
asymmetry in tZ!

C
M

S
-P

AS
-T

O
P

-2
0-

01
0

JHEP 03 (2020) 056EPJC 81 (2021) 737
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/ τ

/ τ

tt+H (Hàbb) vs. tt+jets (gàbb)

tt+H (H→WW*,ττ, ZZ*) vs. tt+W/Z

tt+H (H→γγ) vs. tt+γ(γ)

ttH spectroscopy

t t H à b W+ b W- H à bb + (jjjj/lvjj/lvlv) + (bb/WW*/tt/ZZ*/gg) 

- Large number of final states which are typically very complex 
- Different channels, different backgrounds and systematic uncertainties 
- With the increased statistics, changes in leading channels

70k events in 

LHC Run 2
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ttH (Hàbb): large branching fraction but huge background

• Fermion-only production and decay
• Higgs boson reconstruction possible, 

but challenging due to large combinatorics
• Biggest challenge: tt+bb background with 

large theory uncertainty

• Event categorization based on 
# jets and b-tags

• Cascade of MVAs
• Systematically limited

Significance
ATLAS (139 fb-1; ≥1l): 1.3σ (expected 3.0σ)
CMS (77.4 fb-1): 3.9σ (expected 3.5σ)

0l 1l 2l

Also measurement of 5 STXS bins

thth, thtl, tltl

Higgs pT

ATLAS-CONF-2020-058
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ttH (HàWW*,tt,ZZ*): suppressing ttW and non-prompt

• Distinct multi-lepton signatures (up to 10 explored!)

• Higgs reconstruction is difficult

4l 2lSS 3l 2l+1th

Significance
ATLAS (80 fb-1; 6 ch): 1.8σ (expected 3.1σ)
CMS (137 fb-1; 10 ch): 4.7σ (expected 5.2σ)

thth, thtl, tltl

New ATLAS Hàtt analysis (137 fb-1) 

includes 0l+2th, obtaining 1s significance  

CMS also studied tH signal:

μtH = 5.7 ± 2.7(stat) ± 3.0(syst)

1.4s significance (0.3s expected)

• Powerful multivariate discriminant:

- object-level to reduce non-prompt leptons

- event-level to discriminate ttH from main bkgs.

• Uncertainties: statistical ~ systematics

most sensitive ch.

à dsttH~25% E
P

J
C

 8
1
 (

2
0
2
1
) 

3
7
8



• Small rate
• Very clean final state with high S/B
• Clear Higgs peak
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ttH (Hàgg, ZZ*à4l): very clean bumps

Significance (139 fb-1):
gg è >5σ
ZZ*(4l) è expected 1.2σ

• Statistically limited

2g+0l 2g+1l 4l+jets

For Hàgg, dsttH~25% and also:
- measurement of 5 STXS bins
- CP analysis: mixing angle |a|< 43º @ 95% CL
a pure CP-odd coupling excluded >3σ

Also searches for tH, 
upper limits in XS: 
stH<6sSM

thth, thtl, tltl

PRL 125 (2020) 061802
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Imagine ttH (or tH) is measured to be different from SM…

Who is the responsible ? EPJC (2017) 77: 887

SM

Variations in Higgs-self coupling (λ3) will 
affect the shape of kinematic,
e.g. low pT(H) region would be highly 
affected while it is not deformed in the tail…

New Physics effects?

: differential measurements

The power of differential measurements:

43



Sept. 2021 María Moreno Llácer - Top quark & EW physics (IMFP21, Benasque)

EFT constraints

44

VL à CfQ,3
gR à CtW



A recent global fit to top quark EW couplings
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* Left/Right-handed couplings of top/bottom 
quarks to Z boson: !"#, !"%& ,!"%

(()

* EW dipole operators: !#*, !#+,!,+
* Top Yukawa: !#"
* Charged current interaction: !"#,

ü A significant improvement compared 
to other previous fits

ü Bounds compatible with SM within 2-
ü 95% prob. bounds: ±0.35 - 8 TeV&7

arXiv: 2107.13917



A recent global fit to top quark EW couplings
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* Left/Right-handed couplings of top/bottom 
quarks to Z boson: !"#, !"%& ,!"%

(()

* EW dipole operators: !#*, !#+,!,+
* Top Yukawa: !#"
* Charged current interaction: !"#,

arXiv: 2107.13917

Sensitivity coming from:
-./àW helicity and 001
-2. à 003
-24& & -246 à LEP/SLD
-.7 à 001 and 003
-2.8 à 03 and W helicity 

Significant improvement from 003 and 
001 differential measurements J



A recent global fit to top quark EW couplings
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Sensitivity coming from:
!"#àW helicity and $$%
!&" à $$'
!&() & !&(+ à LEP/SLD
!", à $$% and $$'
!&"- à $' and W helicity 

Significant improvement from $$' and 
$$% differential measurements J

Complementarity btw. measurements

* Left/Right-handed couplings of top/bottom 
quarks to Z boson: ./0, ./2) ,./2

(4)

* EW dipole operators: .06, .07,.87
* Top Yukawa: .0/
* Charged current interaction: ./08

arXiv: 2107.13917
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Flavour changing neutral currents



Branching ratio
16-10 13-10 10-10 7-10 4-10 1-10

Zu®t

Zc®t

gu®t

gc®t

ug®t

cg®t

Hu®t

Hc®t

SM 2HDM(FV) 2HDM(FC)
MSSM RPV RS

[10]

[8]

[9]

[8]

[7]

[6]

[7]

[6]

[5]

[4]

[5]

[4]

[3]

[1]

[2]

[1]

  ATLAS   CMS95%CL upper limits
[1] JHEP 05 (2019) 123 [2] JHEP 02 (2017) 079
[3] JHEP 06 (2018) 102 [4] PLB 800 (2019) 135082 (LH only)
[5] JHEP 04 (2016) 035 [6] EPJC 76 (2016) 55
[7] JHEP 02 (2017) 028 [8] JHEP 07 (2018) 176
[9] CMS-PAS-TOP-17-017 [10] JHEP 07 (2017) 003

from arXiv:1311.2028
Theory predictions

ATLAS+CMS Preliminary
LHCtopWG

September 2020

all other processes are zero
Each limit assumes that
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Flavour changing neutral currents

BR(tàqH)< 10-4

Most recent limits not
included in this plot.
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Summary

Many SM processes are explored for the first time at the LHC.
Recent results on EW and top quark physics have been summarized here.
Outstanding level of precision reached and continue pushing the limit. 

Despite the enormous effort, no new particles or significant deviations from SM 
[strong bounds on possible beyond-SM contributions]

No significant excesses seen (yet)…

LHC will restart next year... and we have many challenges:

- Need to perform even more precise mtop / mW measurements (also new calculations/observables, 
and improve experimental methods).
- Precision measurements of differential processes allow to test the theory advancements. 
- Rare processes provide great insight towards BSM effects.
- Measurements of properties such polarizations, CP effects,… allow also BSM tests.
- The EFT extension of the SM allow for model independent searches of new physics.

A vast potential for discoveries! Exciting program with great opportunities. 
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THANKS FOR YOUR ATTENTION
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BACK-UP
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Inputs to global EW fit



2016 dataset 1.7 fb -1

First mW measurement at LHCb

Sept. 2021 María Moreno Llácer - Top quark & EW physics (IMFP21, Benasque) 54



Sept. 2021 María Moreno Llácer - Top quark & EW physics (IMFP21, Benasque) 55

0 1 2 3 4 5
theos / expsProduction Cross Section Ratio:   

CMS PreliminaryMay 2021

All results at:
http://cern.ch/go/pNj7

qqW  0.18± 0.08 ±0.84 -119.3 fb
qqW  0.09± 0.02 ±0.91 -135.9 fb
qqZ  0.32± 0.14 ±0.93 -15.0 fb
qqZ  0.19± 0.07 ±0.84 -119.7 fb
qqZ  0.10± 0.04 ±0.98 -135.9 fb

WW®gg  0.74± 0.00 ±1.74 -119.7 fb
gqqW  0.56± 0.67 ±1.77 -119.7 fb
gqqW  0.21± 0.16 ±1.20 -135.9 fb

ss WW  0.18± 0.38 ±0.69 -119.4 fb
ss WW  0.08± 0.11 ±1.20 -1137 fb

gqqZ  0.48± 0.65 ±1.48 -119.7 fb
gqqZ  0.13± 0.12 ±1.20 -135.9 fb

qqWZ  0.11± 0.31 ±1.46 -1137 fb
qqZZ  0.13± 0.38 ±1.19 -1137 fb

7 TeV CMS measurement (stat,stat+sys) 
8 TeV CMS measurement (stat,stat+sys) 
13 TeV CMS measurement (stat,stat+sys) 

CMS EW measurements vs.
Theory
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VBS/VBF



VBS results
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VBS W±W ±
à2l±2n: longitudinally-polarised ?
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VBS W±W ±
à2l±2n: longitudinally-polarised ?
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VBS W±W ±
à2l±2n: longitudinally-polarised ?

Not yet an evidence for a single-boson polarisation state
Observed (expected) significance for WLWL+WLWT: 2.3 (3.1)
Obs. (exp.) significance for WLWL: 0.88 (1.17)à XS<1.17 (0.88) fb
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• Cross sections
– inclusive and (multi)-differential
– tt, single top
– boosted regime

• Rare production & decay modes
– tt+Z,W,g
– t+Z,g production
– FCNC decays
– tttt

• Modelling
– b-fragmentation
– tuning of underlying event
– parton shower, hadronisation

• Reinterpretations
– mtPOLE, mt, PDF and aS
– EFT constraints

• Mass + properties
– mass, width, charge
– spin, polarisation, W-helicity
– lepton universality
– charge asymmetries

Top quark: experimental programme
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2D 95% prob. contours showing complementarity btw. measurements
Watch out for: 
LEP in !"#$ , !"#('); ))* in !+,, !"+; ))- and W hel. in !+.; )*/ in !"+0

* Left/Right-handed couplings of 
top/bottom to Z: 123, 124$ , 124

(5)

* EW dipole operators: 136, 137 ,187
* Top Yukawa: 132
* Charged current interaction: 1238
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EFT interpretations
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