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disclaimer

• we live in a time of enormous progress in Higgs and EW results 
• the LHC is like an Eldorado for this field of physics
• a wealth of new results is becoming available
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• in 2h we can only talk 
about a tiny fraction of 
these results

• results shown reflect a 
personal selection

- mixture of historical 
review with latest results

for all the progress in the theory sector → lecture by D. Zeppenfeld

CMS publication statistics
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content of today and tomorrow

Lecture 1: Electroweak physics 

• electroweak precision tests:
– precisions measurement with single Z and W bosons 

o LEP legacy, new LHC results: sin!𝜃eff
" , Γ 𝑍 → inv ,𝑀# 	, Γ#, ℬ(𝑊 → 𝜏𝜈$)

– global checks of internal consistency, aka ‘global EW fits’

• multiboson production at high energies: TGC and QGC
– diboson production, triboson production 

o vector-boson scattering (VBS), towards polarized VBS
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Lecture 2: Higgs physics 

• Higgs boson properties (mass, spin and parity, width)

• Higgs boson couplings
– signal strength, differental cross sections, Simplified Template Cross 

Sections (STXS), CP violation in the Higgs sector

• Probing the Higgs potential
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The electroweak sector of the SM

Ø EW sector is based on local gauge symmetry

Ø electroweak gauge bosons: 

• tree level: fully described by 3 parameters: 
– 𝑔, 𝑔!, 𝑣 or 𝛼"#$, 𝐺%, 𝑀&

Ø with HO: theory provides precise predictions of masses of 
gauge bosons and their interaction strengths

Ø allows rigorous tests of the theory
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measurements of (pseudo-)observables 
and cross-sections involving these 
bosons 

calculations of (pseudo-)observables 
and cross-sections as accurately as 
possiblecomparison

focus of today (cf. Lecture by D. Zeppenfeld)

The electroweak sector in a tiny nutshell
The elegant gauge sector (governed by 
symmetries and only three parameters for EWK 
and one parameter for QCD at tree level)

Yesterday discussed unbroken QCD with its 
massless gluons

For the EW sector it is another story… Gauge 
bosons and fermions have masses!

Higgs mechanism is needed! 

The Higgs is for tomorrow, but the mere presence of a 
Higgs mechanism introduces predictive relations between 
gauge boson masses and their couplings.

Expanding a bit on the Electroweak sector:

SU(2)L ⌦ U(1)Y
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<latexit sha1_base64="6sos7xXKYy2i5jgjD50pnK+wjLM="></latexit><latexit sha1_base64="6sos7xXKYy2i5jgjD50pnK+wjLM="></latexit><latexit sha1_base64="6sos7xXKYy2i5jgjD50pnK+wjLM="></latexit><latexit sha1_base64="6sos7xXKYy2i5jgjD50pnK+wjLM="></latexit>

g, g0, and v
<latexit sha1_base64="6sos7xXKYy2i5jgjD50pnK+wjLM="></latexit><latexit sha1_base64="6sos7xXKYy2i5jgjD50pnK+wjLM="></latexit><latexit sha1_base64="6sos7xXKYy2i5jgjD50pnK+wjLM="></latexit><latexit sha1_base64="6sos7xXKYy2i5jgjD50pnK+wjLM="></latexit>

g, g0, and v
<latexit sha1_base64="6sos7xXKYy2i5jgjD50pnK+wjLM="></latexit><latexit sha1_base64="6sos7xXKYy2i5jgjD50pnK+wjLM="></latexit><latexit sha1_base64="6sos7xXKYy2i5jgjD50pnK+wjLM="></latexit><latexit sha1_base64="6sos7xXKYy2i5jgjD50pnK+wjLM="></latexit>

(from the Higgs mechanism)

The one-to-one relation between the couplings and the 
masses of gauge bosons (at Tree level) introducing the 
week mixing angle!

⇢ ⌘ m2
W

m2
Z cos2 ✓W

= 1
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This parameter can be (and has been) measured 
experimentally well before the discovery of the Higgs.

As a consequence, at tree level:

35
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Tests of the electroweak theory

current HEP (at the LHC) follows two approaches:
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Yannick Fischer | Global electroweak fit23.08.23 5
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1. precision frontier

measurement of EW precision observables 
and comparision with precision theory 

global consistency checked in ‘global fits of the ew sector’
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Figure 1.9: Higher-order corrections to the gauge boson propagators due to boson and fermion
loops.

These tree-level quantities are modified by radiative corrections to the propagators and vertices
such as those shown in Figures 1.9 and 1.10. When these corrections are renormalized in the
“on-shell” scheme [26], which we adopt here, the form of Equation 1.5 is maintained, and taken
to define the on-shell electroweak mixing angle, θW, to all orders, in terms of the vector boson
pole masses:

ρ0 =
m2

W

m2
Z cos2 θW

. (1.10)

In the following, ρ0 = 1 is assumed.
The bulk of the electroweak corrections [25] to the couplings at the Z-pole is absorbed into

complex form factors, Rf for the overall scale and Kf for the on-shell electroweak mixing angle,
resulting in complex effective couplings:

GVf =
√

Rf (T f
3 − 2QfKf sin2 θW) (1.11)

GAf =
√

Rf T f
3 . (1.12)

In terms of the real parts of the complex form factors,

ρf ≡ #(Rf) = 1 + ∆ρse + ∆ρf (1.13)

κf ≡ #(Kf) = 1 + ∆κse + ∆κf , (1.14)

the effective electroweak mixing angle and the real effective couplings are defined as:

sin2 θf
eff ≡ κf sin2 θW (1.15)

gVf ≡ √
ρf (T f

3 − 2Qf sin2 θf
eff) (1.16)

gAf ≡
√
ρf T f

3 , (1.17)
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at loop level all fields enter the calculations

e.g. in boson propagators

detailed tests of non-trivial quantum effects and internal consistency of the electroweak sector

to some extent, and thus provide independent indications of both mt, and, less sensitively, mH.
The constraint on mH becomes more precise when additional results, in particular the direct
measurement of mt, are also considered (see Section 8.6.2).

The classic “ρ parameter” [25], which describes the ratio of the neutral to charged current
couplings in neutrino interactions at low momentum transfer, is also modified by radiative
corrections:

ρ = 1 + ∆ρ . (1.24)

Although ρ displays a similar mt-dependence to that of ρf , its mH-dependence specifically lacks
the change in sign at low mH which is evident in Equation 1.21.

The form of the fundamental SM relation derived from Equations 1.4 and 1.10 is preserved
in the presence of radiative corrections for both low momentum transfer, and at the Z-pole [27]:

cos2 θW sin2 θW =
πα(0)√
2m2

ZGF

1

1 − ∆r
(1.25)

cos2 θf
eff sin2 θf

eff =
πα(0)√
2m2

ZGF

1

1 − ∆rf
, (1.26)

where ∆r and ∆rf are given by:

∆r = ∆α + ∆rw (1.27)

∆rf = ∆α + ∆rf
w. (1.28)

The ∆α term arises from the running of the electromagnetic coupling due to fermion loops in
the photon propagator, and is usually divided into three categories: from leptonic loops, top
quark loops and light quark (u/d/s/c/b) loops:

∆α(s) = ∆αeµτ (s) + ∆αtop(s) + ∆α(5)
had(s). (1.29)

The terms ∆αeµτ (s) and ∆αtop(s) can be precisely calculated, whereas the term ∆α(5)
had(s) is

best determined by analysing low-energy e+e− data using a dispersion relation (see Section 8.2).
These effects are absorbed into α as:

α(s) =
α(0)

1 − ∆α(s)
. (1.30)

At LEP/SLC energies, α is increased from the zero q2 limit of 1/137.036 to 1/128.945.
The weak part of the corrections contains ∆ρ (see Equation 1.24) plus a remainder [27]:

∆rw = −
cos2 θW
sin2 θW

∆ρ+ · · · (1.31)

∆rf
w = −∆ρ+ · · · . (1.32)

It should be noted that since GF and mZ are better determined than mW, Equations 1.10
and 1.25 are often used to eliminate direct dependence on mW [27]:

m2
W =

m2
Z

2



1 +

√
√
√
√1 − 4

πα√
2GFm2

Z

1

1 − ∆r



 . (1.33)

This substitution introduces further significant mt and mH dependencies through ∆r. For
example, in Equation 1.15 sin2 θlept

eff receives radiative corrections both from ∆κse directly, and

29sin!𝜃eff
" = 𝜅" 1 −

𝑀#
!

𝑀$
!or couplings

Global Fit of the Standard Model

The Electroweak gauge sector

At tree level, fully described by 
three parameters

g, g0, and v
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Trade these parameters for precisely measured 
observables

⇢ = 1
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- The Fermi constant :

- The Z mass :

- The fine structure constant :

10-9

10-5

10-5

Determined at low energy by electron anomalous 
magnetic moment and quantum Hall effect

Determined from muon lifetime

Measured from the Z lineshape scan at LEP

Note: we have assumed the existence of a Higgs field giving 
a vev (v) throughout (though we have not discussed the Higgs  
in detail yet)

At loop level: all other fields enter the game through loop 
corrections which can be parametrized.

These corrections can 
then be computed as a 
function of all other 
parameters of the 
Standard Model
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https://indico.desy.de/event/34916/contributions/147229/
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Tests of the electroweak theory

current HEP (at the LHC) follows two approaches:
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Standard Model Production Cross Section Measurements
Status: June 2024

ATLAS Preliminary
p
s = 5,7,8,13,13.6 TeV

note: SM often features exact cancellation of 
divergencies, e.g. via H-diagramms

    Andreas B. Meyer                                                         Top and Electroweak Physics at the LHC                                                                     QCD@LHC, Orsay, 28 Nov - 2 Dec 2022                               

electroweak signal predicted by S����� at 4.4�. A significance of 6.5� is expected by the alternative
signal sample simulated with P�����-B��.
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Figure 2: Event yields for data, signal and background in the W Z and 200 < mj j < 500 GeV control regions
(left) and the mj j distribution for events meeting all selection criteria for the signal region (right). Signal and
background distributions are shown as predicted after the fit. The hatched band represents the statistical and systematic
uncertainties of the background predictions added in quadrature. The backgrounds from V� production and electron
charge misreconstruction are combined into the e/� conversions category. The other prompt category combines Z Z ,
VVV and tt̄V background contributions. The last bin on the right figure includes the overflow.

Table 1 compares the numbers of data events in the signal region with the background and signal event
yields after the fit; the signal region contains 122 data events, compared with a best-fit yield of 69 ± 7
background events. By fitting the data and background events in the signal and control regions, the
background-only hypothesis is rejected with a significance of 6.5�. Figure 2 shows the control region
events separated into categories and the mj j distribution in the signal region after the fit. All nuisance
parameters remain within their one standard deviation uncertainty after the fit. The normalization of the
W Z background is scaled by a factor of 0.86+0.07

�0.07 (stat.) +0.18
�0.08 (exp. syst.) +0.31

�0.23 (mod. syst.), constrained
mainly by the observed number of data events in the W Z control region. Figure 3 shows the m`` distribution
in the signal region after the fit.

Table 1: Summary of the data event yields, and the signal and background event yields in the signal region as obtained
after the fit. The numbers are shown for the six individual channels and for all channels combined. The backgrounds
from V� production and electron charge misreconstruction are combined in the e/� conversions category. The other
prompt category combines Z Z , VVV and tt̄V background contributions.

e+e+ e�e� e+µ+ e�µ� µ+µ+ µ�µ� Combined

W Z 1.48± 0.32 1.09± 0.27 11.6 ± 1.9 7.9 ± 1.4 5.0 ± 0.7 3.4 ± 0.6 30 ± 4
Non-prompt 2.2 ± 1.1 1.2 ± 0.6 5.9 ± 2.5 4.7 ± 1.6 0.56± 0.05 0.68± 0.13 15 ± 5
e/� conversions 1.6 ± 0.4 1.6 ± 0.4 6.3 ± 1.6 4.3 ± 1.1 — — 13.9 ± 2.9
Other prompt 0.16± 0.04 0.14± 0.04 0.90± 0.20 0.63± 0.14 0.39± 0.09 0.22± 0.05 2.4 ± 0.5
W±W± j j strong 0.35± 0.13 0.15± 0.05 2.9 ± 1.0 1.2 ± 0.4 1.8 ± 0.6 0.76± 0.25 7.2 ± 2.3

Expected background 5.8 ± 1.4 4.1 ± 1.1 28 ± 4 18.8 ± 2.6 7.7 ± 0.9 5.1 ± 0.6 69 ± 7

W±W± j j electroweak 5.6 ± 1.0 2.2 ± 0.4 24 ± 5 9.4 ± 1.8 13.4 ± 2.5 5.1 ± 1.0 60 ± 11

Data 10 4 44 28 25 11 122

A signal strength of 1.44+0.26
�0.24 (stat.) +0.28

�0.22 (syst.) is measured with respect to the S����� fiducial cross
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VBS and Electroweak Symmetry Breaking
• Vector boson scattering at high energies demonstrates essential 

cancellation from Higgs boson diagrams
– Classic example is WLWL-> WLWL scattering, which diverges without Higgs
– Cancellation could be spoiled by small changes in the gauge boson couplings

• VBS measurements offer a direct glimpse into standard EWSB

J. Nielsen (Santa Cruz) VBF and VBS Measurements (LHCP 2022) 4

M. Szleper, arXiv:1412.8367

Vector Boson Scattering Topology

I Two highly energetic, forward ’tag jets’ (identified as highest pT jets)
with large mjj and �hjj

I Central leptons, MET

Sensitivity measurement dominated by mjj > 1 TeV region

4 J. Lauwers EW W±W± JJ

29

Vector Boson Scattering (VBS)

Higgs boson expected to unitarize VLVL→VLVL amplitude                                                           
Higgs boson cancels cross section divergence exactly. 
Probing the Higgs mechanism without looking at the Higgs 

Experimentally:  
Signature: 2 jets, large rapidity gap, high mjj 

5

to modify the quartic couplings. In this case, the m`` distributions in both the signal and WZ
regions are used to perform the statistical analysis. The EW production is treated as a back-
ground consistent with the SM expectation and can vary within the estimated uncertainties.
The observed and expected 95% confidence level (CL) limits for the nine coefficients, shown
in Table 2, are obtained by varying the effective operators one by one. The effect of possible
aQGCs on the WZ process in the signal region is negligible because the background is normal-
ized using data. The table also shows the most stringent 95% CL limits reported by the CMS
Collaboration previously.

Table 2: Observed and expected 95% CL limits on the coefficients for higher-order (dimension-
eight) operators in the effective field theory Lagrangian. The last column summarizes the pre-
viously observed limits obtained by the CMS Collaboration together with the appropriate ref-
erence.

Observed limits Expected limits Previously observed limits
( TeV �4) ( TeV �4) ( TeV �4)

fS0/L4 [�7.7, 7.7] [�7.0, 7.2] [�38, 40] , [11]
fS1/L4 [�21.6, 21.8] [�19.9, 20.2] [�118, 120] , [11]
fM0/L4 [�6.0, 5.9] [�5.6, 5.5] [�4.6, 4.6] , [36]
fM1/L4 [�8.7, 9.1] [�7.9, 8.5] [�17, 17] , [36]
fM6/L4 [�11.9, 11.8] [�11.1, 11.0] [�65, 63] , [11]
fM7/L4 [�13.3, 12.9] [�12.4, 11.8] [�70, 66] , [11]
fT0/L4 [�0.62, 0.65] [�0.58, 0.61] [�0.46, 0.44] , [37]
fT1/L4 [�0.28, 0.31] [�0.26, 0.29] [�0.61, 0.61] , [37]
fT2/L4 [�0.89, 1.02] [�0.80, 0.95] [�1.2, 1.2] , [37]

Doubly charged Higgs bosons are predicted in models that contain a Higgs triplet field. Some
of these scenarios predict same-sign lepton events from W±W± decays with a VBF topology.
The Georgi–Machacek model of Higgs triplets [38] is considered. The couplings depend on
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Figure 2: Distributions of mjj (left) and m`` (right) in the signal region. The normalization
of the EW W±W± and background distributions corresponds to the result of the fit. The
hatched bands include statistical and systematic uncertainties from the predicted yields. The
histograms for other backgrounds include the contributions from QCD WW, Wg, wrong-sign
events, double parton scattering, and triboson processes. The overflow is included in the last
bin.

arXiv:1709.05822arXiv:1906.03203

Vector boson scattering at the LHC

Same-sign W
±
W

±
jj production at the LHC

W
±
W

±
jj VBS: no s-channel diagrams

q

q

q
0

W
±

W
±

q
0

H
0

q

q

q
0

W
±

W
±

q
0

q

q

q
0

W
±

W
±

q
0

lowest order: W±
W

± + 2 jets, there is no SM inclusive W
±
W

± production!

Event selection according to signature:

! exactly 2 same-sign leptons, p`
T
> 25 GeV (e±e±, e±µ±, and µ

±
µ
±)

! E
miss
T > 40 GeV

! � 2 jets with
p
jet
T

> 30 GeV
jet

jet

�y

l
±

l
±

⌫

⌫
Anja Vest, TU Dresden 21

Vector boson scattering at the LHC

Same-sign W
±
W

±
jj production at the LHC

W
±
W

±
jj VBS: no s-channel diagrams

q

q

q
0

W
±

W
±

q
0

H
0

q

q

q
0

W
±

W
±

q
0

q

q

q
0

W
±

W
±

q
0

lowest order: W±
W

± + 2 jets, there is no SM inclusive W
±
W

± production!

Event selection according to signature:

! exactly 2 same-sign leptons, p`
T
> 25 GeV (e±e±, e±µ±, and µ

±
µ
±)

! E
miss
T > 40 GeV

! � 2 jets with
p
jet
T

> 30 GeV
jet

jet

�y

l
±

l
±

⌫

⌫
Anja Vest, TU Dresden 21

Same-sign WW + 2 jets: the lowest hanging fruit

6.5(4.4)σ obs(exp) 5.5(5.7)σ obs(exp)

Z,γ,H

    Andreas B. Meyer                                                         Top and Electroweak Physics at the LHC                                                                     QCD@LHC, Orsay, 28 Nov - 2 Dec 2022                               

electroweak signal predicted by S����� at 4.4�. A significance of 6.5� is expected by the alternative
signal sample simulated with P�����-B��.
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Figure 2: Event yields for data, signal and background in the W Z and 200 < mj j < 500 GeV control regions
(left) and the mj j distribution for events meeting all selection criteria for the signal region (right). Signal and
background distributions are shown as predicted after the fit. The hatched band represents the statistical and systematic
uncertainties of the background predictions added in quadrature. The backgrounds from V� production and electron
charge misreconstruction are combined into the e/� conversions category. The other prompt category combines Z Z ,
VVV and tt̄V background contributions. The last bin on the right figure includes the overflow.

Table 1 compares the numbers of data events in the signal region with the background and signal event
yields after the fit; the signal region contains 122 data events, compared with a best-fit yield of 69 ± 7
background events. By fitting the data and background events in the signal and control regions, the
background-only hypothesis is rejected with a significance of 6.5�. Figure 2 shows the control region
events separated into categories and the mj j distribution in the signal region after the fit. All nuisance
parameters remain within their one standard deviation uncertainty after the fit. The normalization of the
W Z background is scaled by a factor of 0.86+0.07

�0.07 (stat.) +0.18
�0.08 (exp. syst.) +0.31

�0.23 (mod. syst.), constrained
mainly by the observed number of data events in the W Z control region. Figure 3 shows the m`` distribution
in the signal region after the fit.

Table 1: Summary of the data event yields, and the signal and background event yields in the signal region as obtained
after the fit. The numbers are shown for the six individual channels and for all channels combined. The backgrounds
from V� production and electron charge misreconstruction are combined in the e/� conversions category. The other
prompt category combines Z Z , VVV and tt̄V background contributions.

e+e+ e�e� e+µ+ e�µ� µ+µ+ µ�µ� Combined

W Z 1.48± 0.32 1.09± 0.27 11.6 ± 1.9 7.9 ± 1.4 5.0 ± 0.7 3.4 ± 0.6 30 ± 4
Non-prompt 2.2 ± 1.1 1.2 ± 0.6 5.9 ± 2.5 4.7 ± 1.6 0.56± 0.05 0.68± 0.13 15 ± 5
e/� conversions 1.6 ± 0.4 1.6 ± 0.4 6.3 ± 1.6 4.3 ± 1.1 — — 13.9 ± 2.9
Other prompt 0.16± 0.04 0.14± 0.04 0.90± 0.20 0.63± 0.14 0.39± 0.09 0.22± 0.05 2.4 ± 0.5
W±W± j j strong 0.35± 0.13 0.15± 0.05 2.9 ± 1.0 1.2 ± 0.4 1.8 ± 0.6 0.76± 0.25 7.2 ± 2.3

Expected background 5.8 ± 1.4 4.1 ± 1.1 28 ± 4 18.8 ± 2.6 7.7 ± 0.9 5.1 ± 0.6 69 ± 7

W±W± j j electroweak 5.6 ± 1.0 2.2 ± 0.4 24 ± 5 9.4 ± 1.8 13.4 ± 2.5 5.1 ± 1.0 60 ± 11

Data 10 4 44 28 25 11 122

A signal strength of 1.44+0.26
�0.24 (stat.) +0.28

�0.22 (syst.) is measured with respect to the S����� fiducial cross
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VBS and Electroweak Symmetry Breaking
• Vector boson scattering at high energies demonstrates essential 

cancellation from Higgs boson diagrams
– Classic example is WLWL-> WLWL scattering, which diverges without Higgs
– Cancellation could be spoiled by small changes in the gauge boson couplings

• VBS measurements offer a direct glimpse into standard EWSB

J. Nielsen (Santa Cruz) VBF and VBS Measurements (LHCP 2022) 4

M. Szleper, arXiv:1412.8367

Vector Boson Scattering Topology

I Two highly energetic, forward ’tag jets’ (identified as highest pT jets)
with large mjj and �hjj

I Central leptons, MET

Sensitivity measurement dominated by mjj > 1 TeV region

4 J. Lauwers EW W±W± JJ

29

Vector Boson Scattering (VBS)

Higgs boson expected to unitarize VLVL→VLVL amplitude                                                           
Higgs boson cancels cross section divergence exactly. 
Probing the Higgs mechanism without looking at the Higgs 

Experimentally:  
Signature: 2 jets, large rapidity gap, high mjj 

5

to modify the quartic couplings. In this case, the m`` distributions in both the signal and WZ
regions are used to perform the statistical analysis. The EW production is treated as a back-
ground consistent with the SM expectation and can vary within the estimated uncertainties.
The observed and expected 95% confidence level (CL) limits for the nine coefficients, shown
in Table 2, are obtained by varying the effective operators one by one. The effect of possible
aQGCs on the WZ process in the signal region is negligible because the background is normal-
ized using data. The table also shows the most stringent 95% CL limits reported by the CMS
Collaboration previously.

Table 2: Observed and expected 95% CL limits on the coefficients for higher-order (dimension-
eight) operators in the effective field theory Lagrangian. The last column summarizes the pre-
viously observed limits obtained by the CMS Collaboration together with the appropriate ref-
erence.

Observed limits Expected limits Previously observed limits
( TeV �4) ( TeV �4) ( TeV �4)

fS0/L4 [�7.7, 7.7] [�7.0, 7.2] [�38, 40] , [11]
fS1/L4 [�21.6, 21.8] [�19.9, 20.2] [�118, 120] , [11]
fM0/L4 [�6.0, 5.9] [�5.6, 5.5] [�4.6, 4.6] , [36]
fM1/L4 [�8.7, 9.1] [�7.9, 8.5] [�17, 17] , [36]
fM6/L4 [�11.9, 11.8] [�11.1, 11.0] [�65, 63] , [11]
fM7/L4 [�13.3, 12.9] [�12.4, 11.8] [�70, 66] , [11]
fT0/L4 [�0.62, 0.65] [�0.58, 0.61] [�0.46, 0.44] , [37]
fT1/L4 [�0.28, 0.31] [�0.26, 0.29] [�0.61, 0.61] , [37]
fT2/L4 [�0.89, 1.02] [�0.80, 0.95] [�1.2, 1.2] , [37]

Doubly charged Higgs bosons are predicted in models that contain a Higgs triplet field. Some
of these scenarios predict same-sign lepton events from W±W± decays with a VBF topology.
The Georgi–Machacek model of Higgs triplets [38] is considered. The couplings depend on
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Figure 2: Distributions of mjj (left) and m`` (right) in the signal region. The normalization
of the EW W±W± and background distributions corresponds to the result of the fit. The
hatched bands include statistical and systematic uncertainties from the predicted yields. The
histograms for other backgrounds include the contributions from QCD WW, Wg, wrong-sign
events, double parton scattering, and triboson processes. The overflow is included in the last
bin.
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Same-sign WW + 2 jets: the lowest hanging fruit

6.5(4.4)σ obs(exp) 5.5(5.7)σ obs(exp)

Z,γ,H

2. energy frontier

measurement of cross-sections for 
(multi-) boson production at high E and 
comparison with theory

slight deviations 
from SM could lead 
to large effects

detailed tests of non-trivial quantum effects and internal consistency of the electroweak sector
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precision measurements 
with Z bosons
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most important EW measurements done at LEP 

Ø 𝑒#𝑒$ collider with four experiments: ADLO

Ø data taking phases (1989-2000):
• LEP I: 

– high precision study of 𝑍' pole
• LEP II: 

– studies above 𝑊𝑊 threshold
– search for the Higgs (up to 𝑠 = 209	GeV)

EW and Higgs physics 8

46 2 The LEP Experiments

Fig. 2.1 The CERN
accelerator complex with the
various components for
injection, storage and
pre-acceleration of electrons,
positrons, protons and heavy
ions, and the LEP/LHC ring.
The LEP experiments
ALEPH, DELPHI, L3 and
OPAL were installed in the
underground caverns of IP 2,
4, 6, and 8. The LHC
detectors ATLAS, CMS,
LHC-b and ALICE are in IP
1, 5, 2, and 8, respectively

*
*
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interactions at the IPs is proportional to the luminosity of the e+ and e− beams,
which is given by

L = N 2
b nb frev

4π (σ ∗)2
, (2.1)

where Nb ≈ 1011 is the number of particles per bunch, nb the number of bunches
per beam, frev = 11,246 s−1 the revolution frequency and (σ ∗)2 the transverse
intersecting beam area at the IP. The luminosity is limited by electromagnetic
beam–beam interactions between electron and positron bunches. They lead to a shift
of the tune value Q, which describes the number of betatron oscillations per turn.
For LEP, Q varied between 60 and 100, depending on the beam optics. The tune shift
∆Q had to be kept below 0.04 to provide stable running and optimal luminosity.

The maximisation of luminosity was achieved by increasing the number of
bunches, nb. In the firs years, there were 4 bunches per beam, which was then
changed to the “Pretzel” scheme with 8 equidistant bunches. Eventually, in the last
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Fig. 2.4 Schematic view of the L3 and OPAL detectors
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Fig. 3.1 Measured and predicted hadronic cross-section in e+e− collisions as a function of centre-
of-mass energy [2]

To measure the mass and width of the Z boson, the e+e− centre-of-mass energy
of LEP was varied over a range of ±3 GeV around

√
s = MZ. At the different

scan points the hadronic and leptonic cross-sections were measured to derive the
resonance curve. The evolution of the hadronic cross-section in e+e− collisions is
illustrated in Fig. 3.1.

By scanning the line-shape of the Z resonance, the mass and width of the Z boson
were determined by the four LEP experiments to be [2]

MZ = 91.1875 ± 0.0021 GeV (3.1)
ΓZ = 2.4952± 0.0023 GeV (3.2)

assuming lepton universality. The precision of the Z mass is at the ppm level and is
comparable to that of the muon decay constant GF [3].

Further properties of the Z boson describe the production and decay at the reso-
nance peak. They are usually summarised in a few observables that are input to the
global electroweak analysis. The hadronic peak cross-section

σ 0
had = 12π

M2
Z

ΓeeΓhad

Γ 2
Z

= 12π
M2

Z

Γee
∑

q #=t Γqq̄

Γ 2
Z

(3.3)

is measured as [2]:

σ 0
had = 41.450± 0.037 nb. (3.4)

example dectector: 
OPAL
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fanastic experimental conditions 

Ø lepton collider is perfect maschine for 
electroweak precision measurements

• collision of known fundamental particles
• centre-of-mass energy is exactly known 

in each event
• events are experimentally clean 

– hardly any backgrounds (superb S/B ratio)
o no pile-up or underlying event 

– EW processes have small cross-sections 
→ basically no trigger preselection

Ø particles in energy reach can be studied 
with great precision (e.g. Z, W)

Ø only with LEP data, the SM entered the 
precision era

EW and Higgs physics 9

𝑒(𝑒) → 𝑒(𝑒)

𝑒(𝑒) → 𝜇(𝜇)

𝑒(𝑒) → 𝑞7𝑞

example events recorded by 
OPAL detector
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most precise EW measurement: 𝑍*	 lineshape

Ø 𝐸cm	scan →	measurement of hadronic 
cross-section

• corrections of radiative effects, 𝛾-exchange and 
𝛾𝑍-interference yield ‘pole’ quantities

EW and Higgs physics 10
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Figure 1.12: Average over measurements of the hadronic cross-sections (top) and of the muon
forward-backward asymmetry (bottom) by the four experiments, as a function of centre-of-mass
energy. The full line represents the results of model-independent fits to the measurements, as
outlined in Section 1.5. Correcting for QED photonic effects yields the dashed curves, which
define the Z parameters described in the text.
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Figure 2.6: Measurement of the width of the artificially excited spin resonance which is used
for the energy calibration of LEP (from Reference 54). The drop in the observed polarisation
level is shown as a function of the “fractional spin tune”, i. e. the spin tune ν minus its integer
part of 101.

back to earlier times in a fill and to those fills where no calibrations by resonant depolarisation
could be made. This required precise knowledge of the values and time evolution of numerous
parameters and careful modelling of their impact on the beam energy [14, 15].

For particles on central orbit the magnetic bending field is given by the field produced by the
bending dipoles and corrector magnets and by small contributions from the Earth’s magnetic
field and from remnant fields in the beam pipe. In addition, magnetic fields originating from
leakage DC currents produced by trains in the Geneva area had to be taken into account. The
magnetic field of the dipoles was initially measured with a single nuclear magnetic resonance
probe (“NMR”) installed only in a reference dipole on the surface. In 1995, two NMR probes
were installed in two of the tunnel dipoles, which measured the magnetic field directly above
the beam pipe.

Contributions from the quadrupoles and sextupoles must also be considered if the beam
particles do not pass, on average, through the centres of these magnets, i.e. if the particles
oscillate around non-central orbits. Because the ultra-relativistic electrons and positrons circu-
late synchronously with the frequency of the accelerating radio frequency cavities with a speed
which is constant to a very high level of precision, the path length per revolution remains con-
stant. Movements of the LEP equipment, caused by geological deformations of the LEP tunnel,
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To measure the mass and width of the Z boson, the e+e− centre-of-mass energy
of LEP was varied over a range of ±3 GeV around

√
s = MZ. At the different

scan points the hadronic and leptonic cross-sections were measured to derive the
resonance curve. The evolution of the hadronic cross-section in e+e− collisions is
illustrated in Fig. 3.1.

By scanning the line-shape of the Z resonance, the mass and width of the Z boson
were determined by the four LEP experiments to be [2]

MZ = 91.1875 ± 0.0021 GeV (3.1)
ΓZ = 2.4952± 0.0023 GeV (3.2)

assuming lepton universality. The precision of the Z mass is at the ppm level and is
comparable to that of the muon decay constant GF [3].

Further properties of the Z boson describe the production and decay at the reso-
nance peak. They are usually summarised in a few observables that are input to the
global electroweak analysis. The hadronic peak cross-section

σ 0
had = 12π

M2
Z

ΓeeΓhad

Γ 2
Z

= 12π
M2

Z

Γee
∑

q #=t Γqq̄

Γ 2
Z

(3.3)

is measured as [2]:

σ 0
had = 41.450± 0.037 nb. (3.4)
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To measure the mass and width of the Z boson, the e+e− centre-of-mass energy
of LEP was varied over a range of ±3 GeV around

√
s = MZ. At the different

scan points the hadronic and leptonic cross-sections were measured to derive the
resonance curve. The evolution of the hadronic cross-section in e+e− collisions is
illustrated in Fig. 3.1.

By scanning the line-shape of the Z resonance, the mass and width of the Z boson
were determined by the four LEP experiments to be [2]

MZ = 91.1875 ± 0.0021 GeV (3.1)
ΓZ = 2.4952± 0.0023 GeV (3.2)

assuming lepton universality. The precision of the Z mass is at the ppm level and is
comparable to that of the muon decay constant GF [3].

Further properties of the Z boson describe the production and decay at the reso-
nance peak. They are usually summarised in a few observables that are input to the
global electroweak analysis. The hadronic peak cross-section

σ 0
had = 12π
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Z

ΓeeΓhad

Γ 2
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= 12π
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Γee
∑

q #=t Γqq̄
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(3.3)

is measured as [2]:

σ 0
had = 41.450± 0.037 nb. (3.4)

• crucial ingredient: knowledge of beam energy with excellent 
precision (via ‘resonant depolarisation’): Δ𝐸beam = ±0.2	MeV

Ø impossible to be improve at hadron colliders

ADLO, Phys.Rept.427:257-454,2006, hep-ex/0509008

note: mass measurements at hadron colliders are conceptually different: measurement of invariant mass of decay products of the resonance →
depends on energy/momentum resolution of detectors; best measurement reported by CDF alongside mW measurement: 91192.0±6.4(stat)±4.0(sys) 
MeV (muon channel) and 91194.3±13.8(stat)±7.6(sys) MeV (electron channel), PDGl average:  91192.3±7.1MeV

https://www.cern.ch/jwenning/documents/EnergyCal/ecal93.pdf
https://arxiv.org/abs/hep-ex/0509008
https://inspirehep.net/literature/2064224
https://pdglive.lbl.gov/Particle.action?node=S044&init=0


Johannes Haller

measurements of FB asymmetries at LEP

Ø measure production polar angle wrt to initial electron 
and determine fermion (rather than antifermion)

• easy in 𝑒!𝑒": Z rest frame = lab frame, electron direction known 
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Figure 1.12: Average over measurements of the hadronic cross-sections (top) and of the muon
forward-backward asymmetry (bottom) by the four experiments, as a function of centre-of-mass
energy. The full line represents the results of model-independent fits to the measurements, as
outlined in Section 1.5. Correcting for QED photonic effects yields the dashed curves, which
define the Z parameters described in the text.

33

cos θ

d 
σ

 / 
d 

co
s θ

 [n
b]

e+e− → e+e−(γ)

peak−2

peak

peak+2

0

0.5

1

-1 -0.5 0 0.5 1

L3

Figure 2.5: Distribution of the production polar angle, cos θ, for e+e− and µ+µ− events at the
three principal energies during the years 1993–1995, measured in the L3 (left) and DELPHI
(right) detectors, respectively. The curves show the SM prediction from ALIBABA [52] for e+e−

and a fit to the data for µ+µ− assuming the parabolic form of the differential cross-section given
in the text.

and therefore the related common errors are small and were neglected in the combination
procedure.

Errors arising from limitations in theoretical precision, such as the calculation of the small-
angle Bhabha cross-section, the t-channel contribution in the e+e− final state or pure QED
corrections to the cross-section, are common to all experiments. They are discussed in detail
in Section 2.4.

2.2.5 Energy Calibration

Precise knowledge of the centre-of-mass energy is essential for the determination of the mass
and width of the Z resonance. The uncertainty in the absolute energy scale, i. e. uncertainties
correlated between the energy points, directly affect the determination of the Z mass, whereas
the Z width is only influenced by the error in the difference in energy between energy points.
The determination of the mass and width are completely dominated by the high-statistics scans
taken at the off-peak points approximately ±2 GeV away from the resonance in 1993 and 1995,
and the errors due to energy calibration are therefore given by

∆mZ ≈ 1
2 · ∆(E+2 + E−2) and

∆ΓZ ≈ ΓZ

E+2−E−2
∆(E+2 − E−2) .

(2.1)
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BFf
FB NN

NNA
+
-

= 𝑁0: number	of	events	with	cos𝜃1∗ > 0
𝑁3: number	of	events	with	cos𝜃1∗ < 0
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0.23 0.232 0.234

sin2θ
lept
eff

m
H
  [

G
eV

]

χ2/d.o.f.: 11.8 / 5

A0,l
fb 0.23099 ± 0.00053

Al(Pτ) 0.23159 ± 0.00041

Al(SLD) 0.23098 ± 0.00026

A0,b
fb 0.23221 ± 0.00029

A0,c
fb 0.23220 ± 0.00081

Qhad
fb 0.2324 ± 0.0012

Average 0.23153 ± 0.00016

∆αhad= 0.02758 ± 0.00035∆α(5)

mt= 178.0 ± 4.3 GeV

Figure 7.6: Comparison of the effective electroweak mixing angle sin2 θlept
eff derived from mea-

surements depending on lepton couplings only (top) and also quark couplings (bottom). Also
shown is the SM prediction for sin2 θlept

eff as a function of mH. The additional uncertainty of the

SM prediction is parametric and dominated by the uncertainties in ∆α(5)
had(m

2
Z) and mt, shown

as the bands. The total width of the band is the linear sum of these effects.
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Ø asymmetries depend on sin$𝜃eff
lept

long standing 
issue: two 

most precise 
values differ 

by ~3𝜎
new physics?

Ø asmmetry depends on Ecm
• stronger effects off-peak

ADLO, Phys.Rept.427:257-454,2006, hep-ex/0509008

Forward Backward Asymmetry in pp Collisions

Because of the valence PDFs the 
momentum of valence quarks is 
larger and indicates the direction 
of the quark! The forward and 
backward asymmetry can be 
quantified in the same way.
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In  collisions the FB 
asymmetry is obvious as the 
direction of the incoming 
electron w.r.t. positron is 
known: what is the direction of 
the quark with respect to the 
direction of the anti-quark?

e+e−
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There is an explicit asymmetry 
between the coupling of the Z to 
left and right handed fermions!
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𝛾𝑍	interference

Forward Backward Asymmetry in pp Collisions

Because of the valence PDFs the 
momentum of valence quarks is 
larger and indicates the direction 
of the quark! The forward and 
backward asymmetry can be 
quantified in the same way.
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<latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="zXzxDwgN4KsQYZ1Kz5hOwaKc1Ww="></latexit><latexit sha1_base64="zXzxDwgN4KsQYZ1Kz5hOwaKc1Ww="></latexit><latexit sha1_base64="COxW/8PSooqKuWn6NWYoF5V6wdE="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit>

✓⇤
<latexit sha1_base64="FwZVs8SaTigK2hkfNBbpG90HxWU="></latexit><latexit sha1_base64="FwZVs8SaTigK2hkfNBbpG90HxWU="></latexit><latexit sha1_base64="FwZVs8SaTigK2hkfNBbpG90HxWU="></latexit><latexit sha1_base64="FwZVs8SaTigK2hkfNBbpG90HxWU="></latexit>

Z rest frame

e� oru
<latexit sha1_base64="YQBR7BlCQo1olB7jpAjC47H26qE="></latexit><latexit sha1_base64="YQBR7BlCQo1olB7jpAjC47H26qE="></latexit><latexit sha1_base64="YQBR7BlCQo1olB7jpAjC47H26qE="></latexit><latexit sha1_base64="YQBR7BlCQo1olB7jpAjC47H26qE="></latexit>

d�

d cos ✓⇤
=

4⇡↵2

3ŝ


3

8
A(1 + cos2 ✓⇤) +B cos ✓⇤

�

<latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="lNqYsX2UUuvnk7nYKYH7bGfdC10="></latexit><latexit sha1_base64="lNqYsX2UUuvnk7nYKYH7bGfdC10="></latexit><latexit sha1_base64="9x+6L7hEVRO2DSSrdWASWlXw+mI="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit>

Term coming from the 
Z/gamma* interference

`+
<latexit sha1_base64="FGgz7kp4rz8jqWqZZ7+I5pr9j8c="></latexit><latexit sha1_base64="FGgz7kp4rz8jqWqZZ7+I5pr9j8c="></latexit><latexit sha1_base64="FGgz7kp4rz8jqWqZZ7+I5pr9j8c="></latexit><latexit sha1_base64="FGgz7kp4rz8jqWqZZ7+I5pr9j8c="></latexit>

AFB =
�F � �B

�F + �B
<latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="9FyEy3aCCLywbL/UU7EmrPlDnJ0="></latexit><latexit sha1_base64="9FyEy3aCCLywbL/UU7EmrPlDnJ0="></latexit><latexit sha1_base64="WFrtfop2yRKuWvXkcrkeEVQ0ZbY="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="9FyEy3aCCLywbL/UU7EmrPlDnJ0="></latexit><latexit sha1_base64="9FyEy3aCCLywbL/UU7EmrPlDnJ0="></latexit><latexit sha1_base64="WFrtfop2yRKuWvXkcrkeEVQ0ZbY="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit>

FB

B /
<latexit sha1_base64="Bi4J/WBAMPpDRHENH3PH5Yh82z0="></latexit>

In  collisions the FB 
asymmetry is obvious as the 
direction of the incoming 
electron w.r.t. positron is 
known: what is the direction of 
the quark with respect to the 
direction of the anti-quark?

e+e−

36

Z/�⇤
<latexit sha1_base64="FuZIs9TJFITfdr1OnUetACT2naI="></latexit><latexit sha1_base64="FuZIs9TJFITfdr1OnUetACT2naI="></latexit><latexit sha1_base64="FuZIs9TJFITfdr1OnUetACT2naI="></latexit><latexit sha1_base64="FuZIs9TJFITfdr1OnUetACT2naI="></latexit>

f
<latexit sha1_base64="7QQfQx4iNX04F8go9Nvv8s3hbAI="></latexit><latexit sha1_base64="7QQfQx4iNX04F8go9Nvv8s3hbAI="></latexit><latexit sha1_base64="7QQfQx4iNX04F8go9Nvv8s3hbAI="></latexit><latexit sha1_base64="7QQfQx4iNX04F8go9Nvv8s3hbAI="></latexit>

f
<latexit sha1_base64="FeWN4sjBDFbQSIllNxwdjReQ4hk="></latexit><latexit sha1_base64="FeWN4sjBDFbQSIllNxwdjReQ4hk="></latexit><latexit sha1_base64="FeWN4sjBDFbQSIllNxwdjReQ4hk="></latexit><latexit sha1_base64="FeWN4sjBDFbQSIllNxwdjReQ4hk="></latexit>

af = (Lf �Rf )/2 = T 3
f

<latexit sha1_base64="lRjAXsuQ+JePskMYkselHh9wd8Q="></latexit><latexit sha1_base64="lRjAXsuQ+JePskMYkselHh9wd8Q="></latexit><latexit sha1_base64="lRjAXsuQ+JePskMYkselHh9wd8Q="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="4DBwBD2yZgILKfTDWZmpB8Vs4ak="></latexit><latexit sha1_base64="4DBwBD2yZgILKfTDWZmpB8Vs4ak="></latexit><latexit sha1_base64="IzX23oVIYZDA92uVMtN7n+ZrrK4="></latexit><latexit sha1_base64="lRjAXsuQ+JePskMYkselHh9wd8Q="></latexit><latexit sha1_base64="lRjAXsuQ+JePskMYkselHh9wd8Q="></latexit><latexit sha1_base64="lRjAXsuQ+JePskMYkselHh9wd8Q="></latexit><latexit sha1_base64="lRjAXsuQ+JePskMYkselHh9wd8Q="></latexit><latexit sha1_base64="lRjAXsuQ+JePskMYkselHh9wd8Q="></latexit><latexit sha1_base64="lRjAXsuQ+JePskMYkselHh9wd8Q="></latexit>

vf = (Lf +Rf )/2 = T 3
f � 2Qf sin

2 ✓W
<latexit sha1_base64="4gFvn64PAvds7n2TSmTal2oQcH0="></latexit><latexit sha1_base64="4gFvn64PAvds7n2TSmTal2oQcH0="></latexit><latexit sha1_base64="4gFvn64PAvds7n2TSmTal2oQcH0="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="G997EfhB0WYs1T9MpWHe0jgsAyg="></latexit><latexit sha1_base64="G997EfhB0WYs1T9MpWHe0jgsAyg="></latexit><latexit sha1_base64="AdVA26Xxl41y0UlDZLCYWP8hb/I="></latexit><latexit sha1_base64="4gFvn64PAvds7n2TSmTal2oQcH0="></latexit><latexit sha1_base64="4gFvn64PAvds7n2TSmTal2oQcH0="></latexit><latexit sha1_base64="4gFvn64PAvds7n2TSmTal2oQcH0="></latexit><latexit sha1_base64="4gFvn64PAvds7n2TSmTal2oQcH0="></latexit><latexit sha1_base64="4gFvn64PAvds7n2TSmTal2oQcH0="></latexit><latexit sha1_base64="4gFvn64PAvds7n2TSmTal2oQcH0="></latexit>

There is an explicit asymmetry 
between the coupling of the Z to 
left and right handed fermions!

g

2 cos ✓W
f�µ

�
Rf (1 + �5) + LF (1� �5)

�
fZµ

<latexit sha1_base64="AlpW20lvwfB+I8za7OzWtLRDSxw="></latexit>

Forward Backward Asymmetry in pp Collisions

Because of the valence PDFs the 
momentum of valence quarks is 
larger and indicates the direction 
of the quark! The forward and 
backward asymmetry can be 
quantified in the same way.

e+ oru
<latexit sha1_base64="GW3q1YY03CosxKi2z5wB+Ecu50g="></latexit><latexit sha1_base64="GW3q1YY03CosxKi2z5wB+Ecu50g="></latexit><latexit sha1_base64="GW3q1YY03CosxKi2z5wB+Ecu50g="></latexit><latexit sha1_base64="GW3q1YY03CosxKi2z5wB+Ecu50g="></latexit>

`�
<latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="zXzxDwgN4KsQYZ1Kz5hOwaKc1Ww="></latexit><latexit sha1_base64="zXzxDwgN4KsQYZ1Kz5hOwaKc1Ww="></latexit><latexit sha1_base64="COxW/8PSooqKuWn6NWYoF5V6wdE="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit><latexit sha1_base64="OW8zd/7yw8bsrylVk86RsTL9vOQ="></latexit>

✓⇤
<latexit sha1_base64="FwZVs8SaTigK2hkfNBbpG90HxWU="></latexit><latexit sha1_base64="FwZVs8SaTigK2hkfNBbpG90HxWU="></latexit><latexit sha1_base64="FwZVs8SaTigK2hkfNBbpG90HxWU="></latexit><latexit sha1_base64="FwZVs8SaTigK2hkfNBbpG90HxWU="></latexit>

Z rest frame

e� oru
<latexit sha1_base64="YQBR7BlCQo1olB7jpAjC47H26qE="></latexit><latexit sha1_base64="YQBR7BlCQo1olB7jpAjC47H26qE="></latexit><latexit sha1_base64="YQBR7BlCQo1olB7jpAjC47H26qE="></latexit><latexit sha1_base64="YQBR7BlCQo1olB7jpAjC47H26qE="></latexit>

d�

d cos ✓⇤
=

4⇡↵2

3ŝ


3

8
A(1 + cos2 ✓⇤) +B cos ✓⇤

�

<latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="lNqYsX2UUuvnk7nYKYH7bGfdC10="></latexit><latexit sha1_base64="lNqYsX2UUuvnk7nYKYH7bGfdC10="></latexit><latexit sha1_base64="9x+6L7hEVRO2DSSrdWASWlXw+mI="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit>

Term coming from the 
Z/gamma* interference

`+
<latexit sha1_base64="FGgz7kp4rz8jqWqZZ7+I5pr9j8c="></latexit><latexit sha1_base64="FGgz7kp4rz8jqWqZZ7+I5pr9j8c="></latexit><latexit sha1_base64="FGgz7kp4rz8jqWqZZ7+I5pr9j8c="></latexit><latexit sha1_base64="FGgz7kp4rz8jqWqZZ7+I5pr9j8c="></latexit>
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In  collisions the FB 
asymmetry is obvious as the 
direction of the incoming 
electron w.r.t. positron is 
known: what is the direction of 
the quark with respect to the 
direction of the anti-quark?

e+e−
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There is an explicit asymmetry 
between the coupling of the Z to 
left and right handed fermions!

g

2 cos ✓W
f�µ

�
Rf (1 + �5) + LF (1� �5)

�
fZµ
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https://arxiv.org/abs/hep-ex/0509008
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physics with Z bosons at hadron colliders

Z bosons are studied at hadron 
colliders already for 40 years!

• discovery 1983/4 at UA1, UA2

• very few events : in total O(100) 
• measurements with large uncertainties

EW and Higgs physics 12

Altogether O(1000) W events

W candidate in UA1e+

e-
Z candidate in UA1

Altogether O(100) Z events

Track cleaning pT > 2GeV

Discovery of 
the W and Z 
bosons
Carlo Rubbia, 
Simon Van der 
Meer

1984

Introduction - The W and Z bosons turn 40!

Discovery of the 
W and Z bosons 
announced in 
January 1983 
with 6 W events 
in UA1 and four in 
UA2!

6

INTRO Direct Measurements Inclusive Measurements Associated Measurements Summary

MOTIVATING SINGLE W/Z MEASUREMENTS

I Didn’t we already measure the W and Z at LEP?
I How can we perform precision measurements at a Hadron

collider?
I Aren’t they just backgrounds to other processes and

calibration tools?
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shape smeared by the experimental resolution to the experimental dilepton mass distribution. 

i) zo-7 e+e-

Out of the total sample, only 24 events have been used for the mass fit (fig. 46). In 
each event the electromagnetic clusters and the associated central detector tracks are well 
measured and M(e+e-)>70 GeVfc2. The background is negligible. As in the case of theW, 
sets of Monte Carlo events have been generated at different mass values and with a fixed 
width of 2.8 GeVfc2 [42]. In the case of the Z, however, the result of the mass fit does not 
depend strongly on the resolution of the calorimeter introduced in the simulation. The results 
of the fit to Mz and r z (Table 14) are: 

= 93.1 ± 1.0 ± 3.1 GeV/c2. (7.6) 

The systematic error is again due to the uncertainty in the energy measurement for electrons 
(Table 2). For comparison, sets of Monte Carlo events were also generated with different 
widths and with the central mass fixed at the fitted mass. The best estimate of the Z width 
fromthefitis fz=2.7 GeV/c2. The upper limit at90% C.L. on fzis 5.2 GeV/c2 

(Table 14). 

To measure the Z mass from J.l+Jl" decays, we start from the sample of 21 events 
described in Section 3.2. We limit the sample to well measured events by removing: i) the 
two radiative Z decay candidates, since the mechanism of the decay introduces different 
systematic errors, and ii) another event whose relatively low dimuon mass ( <60 Ge V /c2) 
suggests that it may have been systematically rnismeasured. For the remaining 18 events an 
overall momentum fit has been performed on each track and the event parameters have been 
re-determined [43,44]. This gives the dimuon mass distribution in fig. 47a, to which a 
maximum likelihood fit of a Breit-Wigner shape smeared by the muon momentum resolution 
is applied. As our data are insensitive to the Z width, we have chosen the value r z = 
2.8 Ge Vfc2. Using this method, the result of the fit (Table 14) is: 

I'll = 94.1 ± 2.8 Ge V fc2 (7.7) 

where the systematic error reflects the uncertainty of the Monte-Carlo simulation for the CD. 
42 

The Jlll mass determination is improved using the method of transverse 
momentum balance [15]. In this method it is assumed that each event has no real missing 
transverse energy. The muon momenta are then estimated performing a chi-squared 
minimisation taking into account the measured momenta and the calorimetric energy flow. In 
addition a constraint is applied that the sum of all three-vectors should be zero in the 
transverse plane. It is not however possible to use this method if high momentum particles 
are lost through cracks in the calorimeter as the energy flow measurement is then unreliable 
(5 events). We are therefore left with 14 events [43,44]. For these we refit the muon pair 
momenta to determine Mz. Correlations between the two muon tracks result in a small bias 
towards low mass values, for which we have attempted to correct by using event-by-event 
Monte-Carlo corrections to the resulting masses. These corrections were not applied in our 
previous paper [5]. 

The resulting mass peak is narrower than the unbalanced one (fig. 47 a) and is shown 
in fig. 47b, with the fitted mass distribution superimposed. We obtain the improved value: 

=90.7 ± 3.2 GeVfc2. (7.8) 

The new result has better statistical precision than the unbalanced one (7.7), but the 
systematic error is slightly larger as a result of the uncertainty in the correlation corrections. 
It is in good agreement with our electron result (7.6) and the UA2 result of 91.5±1.2±1.7 
GeV/c2 [77]. 

7 3 W Z D 1 . . . IVB . , ecay angu ar distributions at low PT 

i) w± decay 

For W's produced in Drell-Yan valence quark annihilation processes we expect the 
angular distribution of the decay leptons to exhibit a pronounced charge and angular 
asymmetry due to the pure V-A coupling of the charged currents. At low PT theW's are 
produced fully polarized along the beam direction. At the CERN collider energies the 
production from sea-sea quark annihilation can be neglected and the decay angular 
distribution in the CMS of the W is simply: 

• * dN/d(cose ) =(I +cosO )2. (7.9) 
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where N+(-) is the number of events in the positive (negative) half of the cose* plot. We 
obtain Aw=O. 77±0.04, in agreement with the predicted value of 0.75 for pure V-A coupling, 
and 0. 71±0.02 including the small sea-sea contribution. 

ii) zo decay 

Because the Z coupling to charged leptons is almost purely axial vector, the expected 
decay angular asymmetry is small. The angular distribution can be parametrized as 

dN/dcose*- (1+2·k·cose* + cos2S*), (7.12) 

where k depends on the vector and axial-vector parts of the couplings of the fermions to the 
Z, and is thus sensitive to sin28w. The distribution should be completely symmetric (k=O) in 
the case that sin28w=0.25 (pure axial vector coupling). The measured angular distribution 
for Z -7 J.+ .e-, corrected for acceptance and resolution effects, is shown in fig. 49 [44]. 
The events used are taken from the sample used for the lxzl distribution with the additional 
requirement that the charges of the two leptons are well determined. This leaves 21 Z -7 ee 
and 12 Z -7 We obtain k = 0.06 ± 0.24. Using the EHQL1 parametrisations for 
the u and d quark structure functions, the of k, which is related to sin28w as 

shown in fig. 50, yields a value sin28w of 0.24 

Notice that the Z decay angular distribution provides a determination of sin28w which 
is totally independent of the W and Z masses, in contrast to the result obtained in the next 
section. At present this method based on the Z decay angular distribution is limited by 
statistics, but ultimately it will be limited only by the knowledge of the relative uu and dd 
contributions to Z production (structure functions). 

8. STANDARD MODEL PARAMETERS 

The deep inelastic neutrino scattering experiments allowed prediction of the W and Z 
masses, through the measurement of the Standard Model parameters . The subsequently 
measured collider values are in remarkable agreement with this prediction. In return, the 
measured W and Z masses determine directly the parameters of the Standard Model. 

45 

from 21 𝑍 → 𝑒𝑒 and 12 
𝑍 → 𝜇𝜇 events via 𝐴03: 

• principle of measurements same as today
• but the picture has completely changed

https://inspirehep.net/literature/267170
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the datasets collected at the LHC

LHC: fanatastic performance of 
accelerator and detectors

• Run 1: 7-8 TeV, 2010-2012: ~25 .b"%

• Run 2: 13 TeV, 2015-2018: ~140 .b"%

• Run 3: 13.6 TeV, 2022-… >150 .b"%

huge, well-calibrated datasets for a vast 
and diverse physics program

pile-up conditions are challenging for the 
experiments (reconstruction, calibration, triggering,…)

datasets at different energies: allow to 
probe energy dependence of SM 
predictions

EW and Higgs physics 13
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recorded luminosity

pile-up profile

special low PU run in 2017 for 
EW precision measurements

lower trigger/reco thresholds, better reco of PU-impacted variables, e.g. W recoil, important for 𝑚#
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physics with Z bosons at hadron colliders

EW and Higgs physics 14

large + pure samples of 𝑍	(and 𝑊)
events available at the LHC
• precise study of detector performance 

in large datasets possible (‘tag & probe’)

• already with subset of data: statistical 
uncertainty often negligible
– e.g. recent CMS measurement of cross-

section of inclusive 𝑍	production
o low PU run in 2017  →	better 𝑝#miss resolution 

and lepton isolation→ less background

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2024-134
2024/08/08

CMS-SMP-20-004

Measurement of the inclusive cross sections for W and Z
boson production in proton-proton collisions at

p
s = 5.02

and 13 TeV

The CMS Collaboration*

Abstract

Measurements of fiducial and total inclusive cross sections for W and Z boson pro-
duction are presented in proton-proton collisions at

p
s = 5.02 and 13 TeV. Electron

and muon decay modes (` = e or µ) are studied in the data collected with the CMS
detector in 2017, in dedicated runs with reduced instantaneous luminosity. The data
sets correspond to integrated luminosities of 298± 6 pb�1 at 5.02 TeV and 206± 5 pb�1

at 13 TeV. Measured values of the products of the total inclusive cross sections and the
branching fractions at 5.02 TeV are s(pp ! W + X)B(W ! `n) = 7300 ± 10 (stat) ±
60 (syst) ± 140 (lumi) pb, and s(pp ! Z + X)B(Z ! `+`�) = 669 ± 2 (stat) ±
6 (syst) ± 13 (lumi) pb for the dilepton invariant mass in the range of 60–120 GeV. The
corresponding results at 13 TeV are 20480 ± 10 (stat) ± 170 (syst) ± 470 (lumi) pb and
1952 ± 4 (stat) ± 18 (syst) ± 45 (lumi) pb. The measured values agree with cross sec-
tion calculations at next-to-next-to-leading-order in perturbative quantum chromo-
dynamics. Fiducial and total inclusive cross sections, ratios of cross sections of W+

and W� production as well as inclusive W and Z boson production, and ratios of
these measurements at 5.02 and 13 TeV are reported.

Submitted to the Journal of High Energy Physics

© 2024 CERN for the benefit of the CMS Collaboration. CC-BY-4.0 license

*See Appendix A for the list of collaboration members
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*See Appendix A for the list of collaboration members
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– dominant uncertainty from luminosity 
determination (2.3%)

– often done: further reduction by 
building ratios of cross-sections

CMS, submitted to JHEP, 
2408.03744

https://inspirehep.net/literature/2816048
https://inspirehep.net/literature/2816048


Johannes Haller

inclusive W and Z cross-sections at LHC

• measurements consistent with theoretical 
predictions across different energy scales 
and different collisions (𝑝𝑝 vs 𝑝𝑝̅)

- UA1 dataset collected within minutes at LHC

EW and Higgs physics 15

these measurements represent most 
stringent tests of SM cross-section 
calculations at hadron colliders

• data consistent with N3LO QCD with 
approximate N3LO PDFs within uncertainties

(limiting currently in theory: PDF unc., HO QCD and EW)

new 13.6 TeV results also available: CMS, ATLAS

summary of inclusive 
measurements at different colliders

summary of inclusive 
measurements at different energies 

mainly tests of QCD-sector, but high-precision hadron collider data also enable high precision EW tests !

CMS review, subm. to PhysRep, 2405.18661

https://cds.cern.ch/record/2868001
https://inspirehep.net/literature/2770237
https://arxiv.org/abs/2405.18661


Johannes Haller

measurement of weak mixing angle at LHC

Ø principle: measure 𝐴%& in 
𝑞2𝑞 → 𝑍/𝛾 → 𝑙#𝑙$

complications at LHC :

EW and Higgs physics 16
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Figure 1. Schematic diagram illustrating the
kinematic configuration for the process.
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Figure 2. The definition of the Collins–
Soper [10] angles in the di-lepton rest frame.

depends on the four-momenta p1, p2, and q. Based on Lorentz- and gauge-invariance, the

general decomposition of the hadronic tensor into form factors therefore reads2

Hµ⌫ = H1 g̃µ⌫ +H2 p̃1,µ p̃1,⌫ +H3 p̃2,µ p̃2,⌫ +H4 (p̃1,µ p̃2,⌫ + p̃2,µ p̃1,⌫)

+ iH5 (p̃1,µ p̃2,⌫ � p̃2,µ p̃1,⌫) + iH6 ✏(µ, ⌫, p1, q) + iH7 ✏(µ, ⌫, p2, q)

+H8
�
p̃1,µ ✏(⌫, p1, p2, q) + µ $ ⌫

�
+H9

�
p̃2,µ ✏(⌫, p1, p2, q) + µ $ ⌫

�
, (2.1)

with g̃µ⌫ = gµ⌫ �
qµq⌫
q2 and p̃µ = g̃µ⌫p⌫ . The decomposition (2.1) further incorporates

discrete symmetries such that H1,...,5 (H6,...,9) and H5,8,9 (H1,...,4,6,7) are respectively even

(odd) under parity and time-reversal.

It is interesting to note that lepton-pair production satisfies an analogous relation

to the Callan–Gross relation in deep-inelastic scattering (DIS) known as the Lam–Tung

relation [11–13],

H1 =
1

2
Hµ

µ . (2.2)

This relation, formulated in a covariant manner, is frame independent and characteristic of

the spin-12 nature of the quark. It has been further shown [13] that Eq. (2.2) is not a↵ected

by O(↵s) QCD corrections,3 which follows as a direct consequence of the vector-coupling

of the spin-1 gluon to quarks [37]. However, this relation has been shown to be violated

at O
�
↵2
s

�
[16]. As such, the Lam–Tung relation o↵ers a unique opportunity to study the

pQCD predictions of the underlying dynamics encoded in Hµ⌫ in more detail than through

rate measurements alone.

To further elucidate the Lam–Tung relation, let us consider the kinematics of this

process in the lepton-pair rest frame where the final-state lepton momenta can be expressed

2
Owing to H

⇤
µ⌫ = H⌫µ, the symmetric and anti-symmetric parts of the hadronic tensor are purely real

and imaginary, respectively.
3
In the DIS process, the Born kinematics are highly constrained and are necessarily part of the Callan–

Gross relation. In the presence of real-emission corrections, these constraints are lifted leading to a violation

of the Callan–Gross relation at O(↵s).

– 4 –
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Dilution
• At the LHC, the quark and anti-quark in each collision are equally likely to come from either proton

• LHCb advantage: at larger rapidities, one parton at high � tends to be a valence quark, one parton at 

low � tend to be an anti-quark

fraction of events where the � boson 
travels in direction of initial state quark

LHCb-PUB-2018-013
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• At the LHC, the quark and anti-quark in each collision are equally likely to come from either proton

• LHCb advantage: at larger rapidities, one parton at high � tends to be a valence quark, one parton at 

low � tend to be an anti-quark

fraction of events where the � boson 
travels in direction of initial state quark

LHCb-PUB-2018-013

Z, J/Psi and Upsilon in electrons 
and muons are extremely 
important standard candles for 
calibration.

u
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Special trigger 
enhancements

Inclusive mass distributions
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At LEP ~4.5M Z per 
experiment

mZ = 91.1875± 0.0021GeV
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LEP

�Z = 2.4952± 0.0023GeV
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The di-lepton mass spectrum at LHC
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8B events produced at LHC!

LHCb di-muon mass 
spectrum

Forward Backward Asymmetry in pp Collisions

Because of the valence PDFs the 
momentum of valence quarks is 
larger and indicates the direction 
of the quark! The forward and 
backward asymmetry can be 
quantified in the same way.
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3ŝ


3

8
A(1 + cos2 ✓⇤) +B cos ✓⇤

�

<latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="lNqYsX2UUuvnk7nYKYH7bGfdC10="></latexit><latexit sha1_base64="lNqYsX2UUuvnk7nYKYH7bGfdC10="></latexit><latexit sha1_base64="9x+6L7hEVRO2DSSrdWASWlXw+mI="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit><latexit sha1_base64="eRkRMiHRrYfEtlhfxb6II3Hh21E="></latexit>

Term coming from the 
Z/gamma* interference

`+
<latexit sha1_base64="FGgz7kp4rz8jqWqZZ7+I5pr9j8c="></latexit><latexit sha1_base64="FGgz7kp4rz8jqWqZZ7+I5pr9j8c="></latexit><latexit sha1_base64="FGgz7kp4rz8jqWqZZ7+I5pr9j8c="></latexit><latexit sha1_base64="FGgz7kp4rz8jqWqZZ7+I5pr9j8c="></latexit>

AFB =
�F � �B

�F + �B
<latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="9FyEy3aCCLywbL/UU7EmrPlDnJ0="></latexit><latexit sha1_base64="9FyEy3aCCLywbL/UU7EmrPlDnJ0="></latexit><latexit sha1_base64="WFrtfop2yRKuWvXkcrkeEVQ0ZbY="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="G30nvnJkyKBlKcCymNnrqTxJgV4=">AAACtXicjVLLSgMxFD0dX7VWrWs3g0VwVTJudCnowmUF+4BaZCZNa+y8TDJCKf6AWz9O/AP9C2/iCGoRzTAzJ+fec5KbmyiPpTaMvVS8peWV1bXqem2jXtvc2m7UuzorFBcdnsWZ6kehFrFMRcdIE4t+rkSYRLHoRdNTG+/dC6Vlll6aWS6GSThJ5Vjy0BDVvm40WYu54S+CoARNlCNrPOMKI2TgKJBAIIUhHCOEpmeAAAw5cUPMiVOEpIsLPKBG2oKyBGWExE7pO6HZoGRTmltP7dScVonpVaT0sU+ajPIUYbua7+KFc7bsb95z52n3NqN/VHolxBrcEPuX7jPzvzpbi8EYx64GSTXljrHV8dKlcKdid+5/qcqQQ06cxSOKK8LcKT/P2Xca7Wq3Zxu6+KvLtKyd8zK3wJvdJfU3+NnNRdA9bAWsFVwwVLGLPRxQG49wgnO00SHLER7x5J15t97dxz3wKuWF2MG34el34YWM3A==</latexit><latexit sha1_base64="9FyEy3aCCLywbL/UU7EmrPlDnJ0="></latexit><latexit sha1_base64="9FyEy3aCCLywbL/UU7EmrPlDnJ0="></latexit><latexit sha1_base64="WFrtfop2yRKuWvXkcrkeEVQ0ZbY="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit><latexit sha1_base64="HPvA39TTR/UJI96MHVGEnbvVHgQ="></latexit>

FB

B /
<latexit sha1_base64="Bi4J/WBAMPpDRHENH3PH5Yh82z0="></latexit>

In  collisions the FB 
asymmetry is obvious as the 
direction of the incoming 
electron w.r.t. positron is 
known: what is the direction of 
the quark with respect to the 
direction of the anti-quark?

e+e−
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There is an explicit asymmetry 
between the coupling of the Z to 
left and right handed fermions!

g

2 cos ✓W
f�µ

�
Rf (1 + �5) + LF (1� �5)

�
fZµ

<latexit sha1_base64="AlpW20lvwfB+I8za7OzWtLRDSxw="></latexit>1) 𝑙!𝑙" system can have 𝑝&
→ 4-momentum of initial (anti-)quark not collinear with beam

approach: impact reduced in Collin-Soper frame
𝜃$%∗ : angle of 𝑙" wrt to axis that bisects the angle between initial 𝑞 and 4𝑞

2) ambiguity due to symmetric initial state 𝑝𝑝
→ ambiguity in quark direction ( cos𝜃56∗ )

approach: assume: 𝑞val 7𝑞sea process and 𝑥val > 𝑥sea, ie. 
longitudinal boost of 𝑙(𝑙) = quark direction
• but: fraction of wrongly assigned quark directions leads to diluation of 𝐴'(	
• probability of correct assignment increases with boost  

→ better sensitivity at high rapidities (advantage LHCb)

cos𝜃)∗ > 0cos𝜃)∗ < 0

(ie. similar to 𝑒!𝑒"): 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.16.2219
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9 Uncertainties in the PDFs
The observed AFB values depend on the size of the dilution effect, as well as on the relative
contributions from u and d valence quarks to the total dilepton production cross section. The
uncertainties in the PDFs translate into sizable changes in the observed AFB values. However,
changes in PDFs affect the AFB(m``, y``) distribution in a different way than changes in sin2 q`eff.

Changes in PDFs produce large changes in AFB, when the absolute values of AFB are large, i.e.,
at large and small dilepton mass values. In contrast, the effect of changes in sin2 q`eff are largest
near the Z boson peak, and are significantly smaller at high and low masses. Because of this
behavior, which is illustrated in Fig. 5, we apply a Bayesian c2 reweighting method to constrain
the PDFs [48–50], and thereby reduce their uncertainties in the extracted value of sin2 q`eff.
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Figure 5: Distribution in AFB as a function of dilepton mass, integrated over rapidity (left), and
in six rapidity bins (right) for sin2 q`eff = 0.23120 in POWHEG. The solid lines in the bottom panel
correspond to six changes at sin2 q`eff around the central value, corresponding to: ±0.00040,
±0.00080, and ±0.00120. The dashed lines refer to the AFB predictions for 100 NNPDF3.0 repli-
cas. The shaded bands illustrate the standard deviation in the NNPDF3.0 replicas.

As a baseline, we use the NLO NNPDF3.0 PDFs. In the Bayesian c2 reweighting method,
PDF replicas that offer good descriptions of the observed AFB distribution are assigned large
weights, and those that poorly describe the AFB are given small weights. Each weight factor is
based on the best-fit c2

min,i value obtained by fitting the AFB (m``,y``) distribution with a given
PDF replica i:

wi =
e�

c2
min,i

2

1
N ÂN

i=1 e�
c2

min,i
2

, (13)

where N is the number of replicas in a set of PDFs. The final result is then calculated as a
weighted average over the replicas: sin2 q`eff = ÂN

i=1 wisi/N, where si is the best-fit sin2 q`eff
value obtained for the ith replica.

Figure 6 shows a scatter plot of the c2
min vs. the best-fit sin2 q`eff value for the 100 NNPDF3.0

replicas for the µµ and ee samples, and for the combined dimuon and dielectron results. All
sources of statistical and experimental systematic uncertainties are included in a 72⇥72 covari-

measurement of weak mixing angle at LHC

value of 𝐴%&	depends on 

• 𝑚'':	electroweak effect 
– like 𝑠 depedence in 𝑒;𝑒<
– most events in peak region

• 𝑦'' : due to quark assignment
– less dilution at high boosts
– uncertainty from PDF increases 

as well 
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different effects from PDF (largest when 𝐴03 	is 
large) and sin$𝜃eff

' (largest close to pole)

• binning in 𝑚"" is useful to profile PDFs (done in CMS, see next slide)
• LHCb measures inclusively since very forward sensitivity

measurements of ATLAS, CMS and 
LHCb focus on forward region

high sensitivity on sin'𝜃eff
( at high 𝑦

https://inspirehep.net/literature/1676216
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Figure 6: Measured and best fit µµ (left) and eh (right) A
w
FB(|y|, m) distributions for the 2018

data. The error bars represent the statistical uncertainties in the measured and simulated sam-
ples. The rapidity bins are given in Table 2.

between the different run periods (the theoretical uncertainties are correlated). The nominal
“combined fit configuration”, which includes all data-taking periods, all channels, the CT18Z
PDF set, and all other nuisance parameters for systematic uncertainties, has 739 free parame-
ters. The fit does not include, as nuisance parameters, the renormalization and factorization
scale variations, nor the EW systematic uncertainty variations. Instead, individual fits are per-
formed for each of those options and the deviations from the nominal result are considered as
uncertainties. Figure 6 shows the fitted A

w
FB distributions for the µµ and eh channels, using the

2018 data sample.

To estimate the statistical contribution to various experimental systematic uncertainties, we
compute by how much the best fit uncertainty increases when adding the corresponding con-
tributions to the covariance matrix of the statistical uncertainties in the data. Individual or
grouped systematic uncertainties are calculated by fixing the corresponding nuisance param-
eter(s) to the best fit values obtained in the nominal fit and evaluating the decrease in the
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formed for each of those options and the deviations from the nominal result are considered as
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FB distributions for the µµ and eh channels, using the

2018 data sample.

To estimate the statistical contribution to various experimental systematic uncertainties, we
compute by how much the best fit uncertainty increases when adding the corresponding con-
tributions to the covariance matrix of the statistical uncertainties in the data. Individual or
grouped systematic uncertainties are calculated by fixing the corresponding nuisance param-
eter(s) to the best fit values obtained in the nominal fit and evaluating the decrease in the

brand new result by CMS

Ø special effort to cover high 𝑦 	up to 3.4: 
• central electrons (e) and muons (𝜇): 𝜂 < 2.5
• electrons in fwd ECAL (g): 2.5 < 𝜂 < 2.87
• electrons in fwd HCAL (h): 3.14 < 𝜂 < 4.36

Ø simultaneous fit of all 𝐴%> 𝑦 ,𝑚?? 	values in all channels 
(𝜇𝜇, 𝑒𝑒, 𝑒𝑔, 𝑒ℎ)	with varying sin@𝜃eff

? (templates) 
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PDF profiling technique.

The results reported in this Letter are tabulated in the HEPData record for this analysis [74].

10 Summary
A precise measurement of the forward-backward asymmetry has been performed, using proton-
proton collisions at

p
s = 13 TeV collected in 2016–2018 by the CMS experiment and corre-

sponding to a total integrated luminosity of 138 fb�1. The measurement is based on the study
of Drell–Yan dimuon and dielectron events. The effective leptonic electroweak mixing angle
sin2 q`eff is extracted very precisely by fitting the detector-level angular-weighted A

w
FB(|y|, m)

and the unfolded A4(|Y|, M) angular coefficient of the pre-FSR dilepton, obtaining compatible
results. Given that the angular-weighted asymmetry method [17] benefits from the cancelation
of systematic uncertainties in the detection acceptance and efficiencies, we use this method for
our baseline result. This measurement has a significantly smaller uncertainty than the previ-
ous CMS result [14] because of the larger data sample, an improved analysis technique, and
the inclusion of central-forward dielectron configurations. Using the CT18Z set of parton dis-
tribution functions we obtain

sin2 q`eff = 0.23157 ± 0.00010 (stat) ± 0.00015 (exp) ± 0.00009 (theo) ± 0.00027 (PDF),

where “stat”, “exp”, “theo”, and “PDF” denote, respectively, the statistical uncertainty and the
systematic uncertainties reflecting experimental effects, the theory modeling, and the PDFs.
Accounting for the correlations between the various contributions, the total uncertainty, dom-
inated by the PDF term, is 0.00031. It varies between 0.00024 and 0.00035 depending on the
PDF set. From the unfolded A4(|Y|, M) angular coefficient, and using the CT18Z PDF set, the
extracted sin2 q`eff value is 0.23155 ± 0.00032 or 0.23153 ± 0.00032, depending on the analysis
framework, the latter value being obtained with the latest POWHEG-Z ew program version.

Our result agrees with the standard model expectation, 0.23155 ± 0.00004, and is the most pre-
cise hadron-collider measurement. The precision is comparable to that of the two most precise
measurements performed in e+e� collisions at LEP and SLD, with respective uncertainties of
0.00029 and 0.00026. The A4 coefficient, measured as a function of the dilepton mass and ra-
pidity, can be used in combination with other LHC measurements or to improve the sin2 q`eff
measurement using future PDF sets.
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Abstract

The forward-backward asymmetry in Drell–Yan production and the effective leptonic
electroweak mixing angle are measured in proton-proton collisions at

p
s = 13 TeV,

collected by the CMS experiment and corresponding to an integrated luminosity of
138 fb�1. The measurement uses both dimuon and dielectron events, and is per-
formed as a function of the dilepton mass and rapidity. The unfolded angular co-
efficient A4 is also extracted, as a function of the dilepton mass and rapidity. Using
the CT18Z set of parton distribution functions, we obtain sin2 q`eff = 0.23157± 0.00031,
where the uncertainty includes the experimental and theoretical contributions. The
measured value agrees with the standard model fit result to global experimental data.
This is the most precise sin2 q`eff measurement at a hadron collider, with a precision
comparable to the results obtained at LEP and SLD.
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Figure 9: Values of sin2 q`eff measured with the A
w
FB, A4, and cos qCS fits, in each of the four

channels using the full 2016–2018 sample (upper) and in each of the four data-taking periods
combining the four channels (lower), always with the CT18Z PDF set. The “comb” band shows
the result for all channels and runs combined. For the A

w
FB results, the magenta bands show the

combined statistical and experimental systematic uncertainties, and the black bars represent
the total uncertainties.

Table 7: Values of sin2 q`eff (in units of 10�5) obtained by fitting the measured A
w
FB or unfolded

A4, for seven PDF sets, combining the four channels and using the full 2016–2018 sample.

PDF A
w
FB (816 bins) A4 (63 bins)

c2
min sin2 q`eff c2

min sin2 q`eff
NNPDF31 nnlo as 0118 hessian [63] 725 23 121 ± 29 59 23 120 ± 30
NNPDF40 nnlo as 01180 hessian [63] 731 23 133 ± 24 63 23 133 ± 25
MSHT20nnlo as118 [64] 736 23 123 ± 30 71 23 120 ± 32
CT18NNLO [47] 728 23 170 ± 35 62 23 170 ± 36
CT18ZNNLO [47] 731 23 157 ± 31 61 23 155 ± 32
CT18ANNLO [47] 730 23 167 ± 28 64 23 167 ± 28
CT18XNNLO [47] 729 23 173 ± 30 62 23 177 ± 30
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Figure 10: Values of sin2 q`eff measured with the A
w
FB and A4 fits, for seven PDF sets, combin-

ing the four channels and using the full 2016–2018 sample. The orange line and yellow band
correspond to the result obtained with the CT18Z PDFs. The red open squares are the results
obtained without profiling the corresponding PDF uncertainties. For the A

w
FB results, the cyan

bands show the PDF uncertainties and the black bars represent the total uncertainties.

In addition, the sin2 q`eff based on unfolded A4 is obtained by using XFITTER open-source code [65,
66]. This tool facilitates the reinterpretation of the measurements in case the PDF sets or the the-
oretical models are updated, as well as the combination of sin2 q`eff values reported by different
experiments. These results are based on a recent version of the POWHEG-Z ew program [55]
(svn revision 4049), which corrects a problem affecting the code used to obtain the results pre-
sented in the previous sections (svn revision 3964). The main difference is that, with the new
code, the predictions obtained with the complex mass scheme and the pole scheme are much

• single best measurement 
from hadron collider

• PDF uncertainties 
dominant, profiled in 
central result 

CMS, subm to PLB, 2408.07622

https://inspirehep.net/literature/2818125
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measurement of weak mixing angle at LHCb

brand new analysis by LHCb 
• 𝑍 → 𝜇(𝜇) in full Run-2 dataset: 5.3	Xb)A
• LHCb: forward spectrometer

– high quality 𝜇 reco: in 2.0 < 	𝜂 < 4.5

Ø 𝐴%&	in 10 bins of Δ𝜂 , inclusive in 𝑚((
• best sensitivity on sin@𝜃eff

? at high Δ𝜂

Ø sin'𝜃eff
( extraction

• comparing with POWHEG-Box templates 
• take average of PDF sets (NNPDF3.1, CT18, MSHT20)
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23/07/2024 4CERN Seminar, Menglin Xu

The Run2 LHCb detector
• Small angle spectrometer, covering the forward region, 2 < � < 5

• Unique opportunity for wide physics program at large rapidity 

JINST 3 (2008) S08005

• Key features related with sin2 �eff
lept measurement

◦ momentum resolution, Δ�/� ~ 0.5%

◦ high purity PID for muons, �(�) > 95%

Ahmed Abdelmotteleb | W and Z at LHCb | ICHEP2024

Measurement of the Weak Mixing angle

18 July 2024 14

• Fit 𝐴𝐹𝐵 in (10) intervals of Δ𝜂  (cos𝜃∗~ tanh Δ𝜂
2

)

• In simulation this binning improves sensitivity to 
        the weak mixing angle by 14%

• sin2 𝜃eff
lept is extracted using predictions at NLO in 

     the strong and EW couplings using POWHEG-BOX

• Compare data with predictions to extract the value of 

sin2 𝜃eff
lept

 that best corresponds to the data

• Experimental uncertainty is much smaller than the 
statistical uncertainty

preliminary

Ahmed Abdelmotteleb | W and Z at LHCb | ICHEP2024

Measurement of the Weak Mixing angle

18 July 2024 15

• Final result:

sin2 𝜃eff
lept

= 0.23152 ± 0.00044 𝑠𝑡𝑎𝑡. ± 0.00005(𝑒𝑥𝑝. ) ± 0.00022(𝑡ℎ𝑒𝑜𝑟𝑦)

• Consistent with previous measurements and indirect 
determinations from global electroweak fit

• Aim to improve statistical uncertainty with LHCb Upgrade I, 
which includes a fivefold increase in instantaneous luminosity preliminary

LHCb-PAPER-2024-028

23/07/2024 26CERN Seminar, Menglin Xu

Best fit point
�2/ndof =  7.6/9

• result statistically limited, PDF unc. small 
→ anticipate sign. improvement for run 3  

paper in preparation: LHCb-paper-2024-028
more details in recent CERN seminar

Introduction Parameters of the Standard Model Electroweak Coupling of Fermions The Gauge Sector Summary

Measurement of the Effective Weak Mixing Angle

I Measurement of pp! `+`� forward-backward
asymmetry at

p
s = 13 TeV

I Used to determine sin2 ✓`eff

d�
d cos ✓

⇠ 1+ cos2 ✓+
1
2
A0
⇣
1 � 3 cos2 ✓

⌘
+ A4 cos ✓

I Ambiguity in quark direction resolved through
rapidity-dependent measurement

I Reconstruction of electrons in CMS extended to |⌘| < 4.36
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summary: weak mixing angle

new hadron collider measurements 
with increasing precision

• nearing precision of LEP and SLD 
combined results !

• single best measurement from CMS
– PDF uncertainties dominant
– relative precision 0.13%

new measurements consistent with 
SM predictions from global fits

• midway between SLD and LEP

EW and Higgs physics 20

23/07/2024 33CERN Seminar, Menglin Xu

• After applying the relevant shifts and including the theoretical 

uncertainties, the final result is  

�. ����� ± �. ����� (����. ) ± �. ����� (����. ) ± �. ����� (������)

◦ relevant shifts: non-linearity shift and PDF average shift

◦ theory uncertainty include PDF uncertainty, QCD and EW 

uncertainty

Final result
situation as of today
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direct measurement of invisible Z width at LHC

fundamental test by measuring
• SM:  𝑍 → 𝜈=,?,$𝜈̅=,@,$
• BSM: additional invisible modes?

EW and Higgs physics 21

covariance matrix. The lowest ?T,Z bin from 130 to 170 GeV is not considered in the minimisation due to
large uncertainties in the multĳet background.

The value of �(/ ! inv) obtained is 506±2 (stat.) ±12 (syst.) MeV with a j
2 value from the fit of 17.3 for

19 degrees of freedom. The values of �(/ ! inv) obtained using / ! 44 and / ! `` individually are
490 ± 3 (stat.) ± 16 (syst.) MeV and 511 ± 2 (stat.) ± 13 (syst.) MeV respectively. They are in agreement
with each other and with the combined result and also have good j

2 values. The result is dominated
by systematic uncertainties, mainly driven by lepton uncertainties in the denominator of the ratio. The
muon channel is more precise and therefore has greater impact in the combination. This is the most
precise recoil-based determination of �(/ ! inv). Figure 4 summarises this result and other recoil-based
results. Also shown are the combined value determined from fits of the lineshape of the / resonance
from LEP, 499.0 ± 1.5 MeV [5] (assuming lepton universality), and the Standard Model prediction of
501.445 ± 0.047 MeV [9], which is based on inputs such as the Higgs boson and top quark masses. The
LEP combination of the photon-tagged results and the result from the lineshape measurements only quote
their total uncertainty. The result is compatible with LEP and CMS results and with the Standard Model
prediction.
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Figure 4: �(/ ! inv) measured in this paper and by the LEP experiments L3, OPAL, ALEPH and the photon-tagged
combination and by the CMS experiment. The total uncertainties are represented by the black error bars and the
systematic uncertainty as the blue bands. The LEP combination of the photon-tagged results and the result from the
lineshape measurements only quote their total uncertainty. The Standard Model prediction is shown by the solid red
line.
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CMS, Phys. Lett. B 842 (2023) 137563, 2206.07110
ATLAS, Phys. Lett. B 854 (2024) 138705, 2312.02789

𝑍 → inv. + jet
event in CMSto 0.6 at high ?T,Z. For the / ! `` region, it ranges from 0.4 to 0.7. These factors are shown as a function

of the ?T,Z in Figure 7 of the appendix. They are dominated by the corrections to the full phase space,
which range from 0.5 at low ?T,Z to 0.9 at high ?T,Z. A bin-wise correction of the ratio is justified as the
migrations across bins, which are around 30%, are similar between the / (! inv) + jets and / (! ✓✓) + jets
processes and therefore largely cancel. This assumption was checked using a Bayesian unfolding method
to correct the / (! inv) + jets, / (! 44) + jets and / (! ``) + jets distributions individually and then
form the ratio. In addition, the correction factors derived from S����� 2.2.11 are validated against those
determined using MG5_�MC+P�8 F�F� simulations and found to be consistent.

An additional correction is applied to the / ! ✓✓ regions to extrapolate to a phase space with no
/ boson <✓✓ criterion and to remove contributions from W

⇤ production, which is only present in charged
lepton final states. The correction is derived by comparing P����� simulations where the W

⇤ interference
and a / boson <✓✓ selection is included to / boson production without interference and no mass selection.
This correction factor is roughly 2% and is applied to the measured ratio and the predictions. Statistical
uncertainties from the MC sample and the theoretical scale uncertainties, as described above, are included
as uncertainties in the correction factor. The QCD scale uncertainties are on the sub-percent level.

The measured values of 'miss with electrons and muons final states are shown in Figure 3. In the electron
channel, the increase in the bin at around 600 GeV is attributed to a statistical fluctuation and is found to
diminish with the additional Run 2 data. The data is fully corrected for detector-effects and compared
with predictions from S����� 2.2.11 and MG5_�MC+P�8 F�F�. Both the predictions agree well with the
data.
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Figure 3: Measured '
miss of (left) electrons and (right) muons as a function of ?T,Z in the corrected phase space as

defined in Section 7. The error bars on the measured red points show the statistical uncertainty and the grey hashed
bands show the combined statistical and systematic uncertainties. The results are compared with the prediction
for the S����� 2.2.11 (red) and for the MG5_�MC+P�8 F�F� (blue) samples. For both the predictions, statistical
uncertainties and uncertainties due to the W

⇤ correction are shown by the vertical bars.

The value of '̂miss is determined via a j
2 minimisation. Determining the value of '̂miss via a constant fit

helps to reduce the systematic uncertainties as the Standard Model predicts that 'miss should be flat as a
function of ?T,Z. The value of �(/ ! inv) is then determined using Equation (2), utilising the �(/ ! ✓✓)
value, assuming lepton universality, obtained by the LEP experiments [5, 9]. The function is defined as
j

2 = (Hdata,� � H̄))V�1(Hdata,� � H̄), where the index � runs over all ?T,Z bins and both the / ! inv// ! 44

and / ! inv// ! `` ratios, Hdata,� is the measured / ! inv// ! 44 or / ! inv// ! `` ratio, H̄ is
the predicted ratio, which is independent of �, and V�1 is the inverse covariance matrix. Statistical and
systematic correlations between the / ! inv, / ! 44 and / ! `` regions are accounted for via the
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results from LEP 
• indirect: total width from pole scan, subtract visible
• direct: recoil in 𝑍 → 𝜈𝜈 + 𝛾: O(10) less sensitive

new results from ATLAS + CMS
• use recoil in ‘𝑍 → inv + jet’ events → 𝑝Amiss + jet

• measure ratio of ‘𝑝Amiss + jet’ to ‘𝑙𝑙 + jets’ in common phase space 

covariance matrix. The lowest ?T,Z bin from 130 to 170 GeV is not considered in the minimisation due to
large uncertainties in the multĳet background.
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2 value from the fit of 17.3 for
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490 ± 3 (stat.) ± 16 (syst.) MeV and 511 ± 2 (stat.) ± 13 (syst.) MeV respectively. They are in agreement
with each other and with the combined result and also have good j

2 values. The result is dominated
by systematic uncertainties, mainly driven by lepton uncertainties in the denominator of the ratio. The
muon channel is more precise and therefore has greater impact in the combination. This is the most
precise recoil-based determination of �(/ ! inv). Figure 4 summarises this result and other recoil-based
results. Also shown are the combined value determined from fits of the lineshape of the / resonance
from LEP, 499.0 ± 1.5 MeV [5] (assuming lepton universality), and the Standard Model prediction of
501.445 ± 0.047 MeV [9], which is based on inputs such as the Higgs boson and top quark masses. The
LEP combination of the photon-tagged results and the result from the lineshape measurements only quote
their total uncertainty. The result is compatible with LEP and CMS results and with the Standard Model
prediction.
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1 Introduction

Precision measurements of fundamental parameters of the Standard Model, such as properties of the
/ boson, are crucial probes of the Standard Model and may provide hints of new physics. A measurement
of the invisible width of the / boson, �(/ ! inv), reveals the number of light neutrinos that couple to the
/ boson and any potential non-Standard Model contributions. Measurements of �(/ ! inv) via different
final states and analysis strategies test the consistency of the Standard Model as differences amongst
measurements would indicate possible sources of new physics.

The most precise measurement of the invisible width of the / boson is that obtained by the LEP experiments
via measurements of the total / boson width [1–4] and subtracting the partial width to visible final states:
pairs of leptons (electrons, muons, taus) and hadrons. The invisible width is measured to a precision
of 0.3% assuming charged lepton universality, and 0.5% without this assumption [5]. Measurements of
�(/ ! inv) using photon-tagged events were also performed by the LEP experiments with a combined
precision of 3.2% [6–9]. The CMS Collaboration measured �(/ ! inv) using a jet+⇢miss

T final state,
where ⇢

miss
T is the missing transverse momentum, with a precision of 3.2% dominated by systematic

uncertainties in the electron and muon identification and jet energy scale [10]. Jet+⇢miss
T final states are

also sensitive to anomalous production of missing transverse momentum with dedicated analyses generally
targeting regions with large ⇢

miss
T [11, 12].

This paper presents a measurement of �(/ ! inv) using the ratio of / (! inv) + jets to / (! ✓✓) + jets
cross sections, defined as

'
miss(?T,Z) ⌘

✓
3f(/ (! inv) + jets)

3?T,Z

◆
/
✓
3f(/ (! ✓✓) + jets)

3?T,Z

◆

=
✓
3f(/ + jets) ⇥ ⌫'(/ ! inv)

3?T,Z

◆
/
✓
3f(/ + jets) ⇥ ⌫'(/ ! ✓✓)

3?T,Z

◆
, (1)

where ✓ refers to electrons and muons, ?T,Z is the / boson ?T, as defined in Section 4 and ⌫'(/ ! ✓✓)
are the leptonic branching ratios measured by the LEP experiments. In this ratio, the numerator and the
denominator are corrected to a common phase space so that many of the dominant systematic uncertainties
cancel. After all corrections, the value of the ratio is constant as a function of ?T,Z. �(/ ! inv) is
determined by utilising the measured value of the leptonic width [5, 9] and fitting a constant value of
'

miss(?T,Z):
�(/ ! inv) = '̂

miss · �(/ ! ✓✓), (2)

where �(/ ! ✓✓) is the leptonic width and '̂
miss is the result of the fit.

The / ! inv, / ! 44, and / ! `` regions are defined to require at least one energetic jet. This criterion
is applied to all regions to ensure that the dominant systematic uncertainties in the individual processes
cancel in the ratio. Residual differences in the phase space between the numerator and the denominator of
Equation 1 are accounted for using simulations.

2

ATLAS:

Γ 𝑍 → inv =
𝜎 𝑍 + jets ℬ 𝑍 → inv
𝜎 𝑍 + jets ℬ 𝑍 → 𝑙𝑙 Γ 𝑍 → 𝑙𝑙

most precise 
recoil based 
measurements

Γ 𝑍 → inv

optimised such that the bin width is at least two times the detector resolution. The highest ?T,Z bin in each
region has at least 20 events and the bin ends at 2600 GeV above which the expected number of events is
small.
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Figure 2: Data-to-predictions comparisons in the / ! inv (top), / ! 44 (bottom left) and / ! `` (bottom right)
signal regions as a function of ?T,Z. In the / ! inv, the , boson scale factors are applied as described in the
text. Statistical uncertainties in the data are shown as error bars and the total combined statistical and systematic
uncertainties are shown as hashed bands. The theory uncertainties in the / ! inv, / ! 44, and / ! `` processes
are shown by the light grey shaded bands. The experimental and theory uncertainties are shown separately and not
added in quadrature.

6 Systematic uncertainties

Systematic uncertainties in the measured distributions and ratio stem from experimental and simulation
modelling uncertainties. The uncertainties are estimated by applying them to simulation, and then re-
estimating the background contributions and the detector-correction factors. The impact of the systematic
uncertainties in the measured width is summarised in Table 1 and the relative uncertainties are shown in
Figure 6 in the appendix.

Systematic uncertainties associated with jet reconstruction are addressed via jet-energy-scale (JES)
variations in a 29 nuisance-parameter scheme and jet-energy-resolution (JER) variations in a 13 nuisance-
parameter scheme [69]. The uncertainty in the efficiency to satisfy the (f)JVT requirement for pile-up
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optimised such that the bin width is at least two times the detector resolution. The highest ?T,Z bin in each
region has at least 20 events and the bin ends at 2600 GeV above which the expected number of events is
small.
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Figure 2: Data-to-predictions comparisons in the / ! inv (top), / ! 44 (bottom left) and / ! `` (bottom right)
signal regions as a function of ?T,Z. In the / ! inv, the , boson scale factors are applied as described in the
text. Statistical uncertainties in the data are shown as error bars and the total combined statistical and systematic
uncertainties are shown as hashed bands. The theory uncertainties in the / ! inv, / ! 44, and / ! `` processes
are shown by the light grey shaded bands. The experimental and theory uncertainties are shown separately and not
added in quadrature.

6 Systematic uncertainties

Systematic uncertainties in the measured distributions and ratio stem from experimental and simulation
modelling uncertainties. The uncertainties are estimated by applying them to simulation, and then re-
estimating the background contributions and the detector-correction factors. The impact of the systematic
uncertainties in the measured width is summarised in Table 1 and the relative uncertainties are shown in
Figure 6 in the appendix.

Systematic uncertainties associated with jet reconstruction are addressed via jet-energy-scale (JES)
variations in a 29 nuisance-parameter scheme and jet-energy-resolution (JER) variations in a 13 nuisance-
parameter scheme [69]. The uncertainty in the efficiency to satisfy the (f)JVT requirement for pile-up
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ration: jet systematics 
greatly reduced 

=

https://inspirehep.net/literature/2096380
https://inspirehep.net/literature/2730743
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precision measurements 
with W bosons
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measurement of the W mass at LEP II

Ø with 𝑠 > 2𝑀): 𝑒#𝑒$ → 𝑊#𝑊$

𝑀)	measurement via 𝑠 -scan of 
𝜎))	 threshold 

• non-trivial cancellations 
experimentally confirmed

• statistical limitation as only very few 
data have been collected around 
threshold (3% of LEP II) 
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Figure 5.1: Measurements of the W-pair production cross-section, compared to the predictions
of RACOONWW [168] and YFSWW [161, 167]. The shaded area represents the uncertainty
on the theoretical predictions, estimated as ±2% for

√
s < 170 GeV and ranging from 0.7 to

0.4% above 170 GeV. The W mass is fixed at 80.35 GeV; its uncertainty is expected to give a
significant contribution only at threshold energies.91

ADLO, Phys.Rept. 532 (2013) 119-244, hep-ex/1302.3415

    SoSe2016: LHC  28 

  5.5  Physik mit den Bosonen W und Z 

√s=161GeV 

•  kombiniertes Ergebnis (03/2012): 

 
–  erste LHC-Messung wird noch 

einige Jahre benötigen 
–  Messung von MW ist sehr wichtiger 

Input zu globalen SM-Fits 

•  Methode 2: MW-Reko. in hadr. Zerfällen 
–  Kombinatorik, „kinematische Fits� (vgl. Kap 7)  
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Figure 5.1: Measurements of the W-pair production cross-section, compared to the predictions
of RACOONWW [99] and YFSWW [97, 98]. The shaded area represents the uncertainty on the
theoretical predictions, estimated as ±2% for

√
s<170 GeV and ranging from 0.7 to 0.4% above

170 GeV. The W mass is fixed at 80.35 GeV; its uncertainty is expected to give a significant
contribution only at threshold energies. 91
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b) e+e- -Kollisionen: (LEP): 
•  bei LEP II: √s>2MW 

•  W-Paarproduktion möglich 
•  W-Zerfall: gleiche Kopplung an linkshänd. Fermionen 

–  eνe, µνµ, τντ, du, cs : im Verhältnis 1, 1, 1, 3, 3 
–  also: ~33% leptonisch,  ~66% hadronisch     

 (plus HO-Korrekturen) 

•  Methode 1: Messung des WW-WQS 

𝑀M thresh = 80.42 ± 0.20(stat) ± 0.03 𝐸LEP GeV

→	interesting running option for a future 𝑒;𝑒< Higgs factory

https://inspirehep.net/literature/1219330
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measurement of the W mass at LEP II
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ADLO, Phys.Rept. 532 (2013) 119-244 ,hep-ex/1302.3415
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Figure 7.1: The measurements of the W-boson mass obtained by the four LEP collabora-
tions (as published) together with the LEP combined result. The combined value includes
correlations between experiments, between different energy points, and between the qq!ν! and
qqqq channels. A revised estimation of systematic uncertainties due to colour reconnection and
Bose-Einstein correlations is applied to the input of the individual measurements to the LEP
combined results in order to take the direct determination of FSI parameters into account.

142

𝑊(𝑊) → 	 𝑞7𝑞𝑞7𝑞, 𝑞7𝑞𝑙𝜈?, (𝑙𝜈?𝑙𝜈?)

stat. limited

𝑀M direct = 80.375 ± 0.025(stat) ± 0.022	(syst)GeV

𝑀)	via direct reco of invariant mass of decay products

98 3 Gauge Boson Production at LEP

Precise knowledge of the lepton momentum scale and resolution is also important
when extracting MW in the qqeν and qqµν channels. The hadronically decaying W
can be fully reconstructed from the two quark jets. Using momentum conservation,
also the neutrino four-momentum can be calculated and thus the four-momentum
of the leptonically decaying W. Final state photon radiation (FSR) is predominantly
emitted along the charged lepton or quark jet and included in the quark jets and
reconstructed leptons. Photons radiated from the initial state electrons (ISR) are
detected in about 5% of the events as isolated clusters in the calorimeters. When
identified the photon clusters are excluded in the formation of the jets.

The resolution for the W masses is improved by applying a kinematic fi to the
event. The measured lepton energies and angles, as well as the jet energies and
directions are varied within their resolution until energy-momentum conservation
is fulfilled The variation of the jet momenta (or jet masses) in the kinematic fi is
done by keeping the jet velocity β (or the boost γ ) of the jets constant because many
systematic effects cancel in the corresponding ratios with the jet energy. Since the
momentum conservation was already exploited to calculate the neutrino momentum,
this results in a fi with one constraint (1C). Furthermore, a second constraint is
applied requiring the two W masses in the event to be equal within the W width.
Figure 3.29 shows an example of the L3 data analysis, where the mass resolution
is reduced by the 2C fi by about a factor of two in the qqeν and qqµν channels.
Information form both 1C and 2C masses are usually used in the subsequent mass
analyses.

In the qqτν channel, the kinematic constraints are spoilt by the additional neu-
trino from the τ decay. Only the hadronically decaying W boson contains mass
information. The mass resolution can however be improved by applying a rescaling
of the sum of the jet energies to the beam energy, where a factor two can be gained
in resolution. Overlap of the leptonic τ decays with the qqeν and qqµν channels is
avoided by applying strict separation cuts, for example on the M%ν mass.
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Fig. 3.29 Improvement in mass resolution by applying a kinematic fi in semi-leptonic and fully
hadronic W-pairs [79]

• crucial for reco: knowledge of 𝑠
→	 neutrino momentum in 𝑞X𝑞𝑙𝜈"

 → ‘kinematic fitting’ using constraints in 𝑞X𝑞𝑞X𝑞 and 𝑞X𝑞𝑙𝜈"
• mass extraction from comparison of data with MC 

templates
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final LEP combination (threshold + direct): 

𝑀M LEP = 80.376 ± 0.025(stat) ± 0.022	(syst)GeV

use of all data 
with 𝑠 > 2𝑀#

https://inspirehep.net/literature/1219330
https://inspirehep.net/literature/698663
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physics with W bosons at hadron colliders

it all started 40 years ago 
discovery of W bosons (UA1, UA2 1983/4)

final sample: O(2000) events only

EW and Higgs physics 25

UA2 collaboration,  Phys.Lett. B276 (1992) 354

Altogether O(1000) W events

W candidate in UA1e+

e-
Z candidate in UA1

Altogether O(100) Z events

Track cleaning pT > 2GeV

Discovery of 
the W and Z 
bosons
Carlo Rubbia, 
Simon Van der 
Meer

1984

Introduction - The W and Z bosons turn 40!

Discovery of the 
W and Z bosons 
announced in 
January 1983 
with 6 W events 
in UA1 and four in 
UA2!

6

proton

antiproton

q

q'

W 
+

µ+

ν

𝑚A = 2𝑝A" 𝑝ABCDD 1 − 𝑐𝑜𝑠𝜙

𝑝N?

JH/TSS WS06/07: EW-SM 23

7.3 W-Bosonen in pp-Kollisionen
¾Ganz analog für Neutrino
¾Tatsächlich wird das W mit kleinem 
Transversal-Impuls erzeugt.
¾“Hadronic recoil (QCD Effekt Æ
Berechnung)

Durch diesen Recoil werden die Spektren von 
transversalen Größen wie PT

e oder PT
Q verschmiert.

Es gibt keine einfachen analytischen Ausdrücke.
Æ Simulation

PT
W=0, PT

W�0.

¾ PT
e Verteilung ist stark 

sensitiv auf PT
W

¾Massen Bestimmung 
schwierig

Bessere Grösse: transversale Masse

Vgl. inv. Masse:

¾ Sensitivität von mT auf PT
W ist 

vernachlässigbar. 
¾ Auch heute noch beste Grösse zur 

Extraktion von mW (geringer sys. Fehler)

PT
W=0, PT

W�0.

clean momentum measurement, 
but sensitive to modelling of the 
W transverse momentum

less sensitive to modelling, but 
more difficult to reconstruct (as 
based on 𝑝ABCDD)

𝑚N

𝑚) measured from jacobean peak
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Experimental Setup
Dataset 
- 7 TeV only, 4.6 fb-1 (electrons) and 4.1 fb-1 (muons) well probed data at moderate PU

- e,  with pseudo-rapidity of 2.4 with transverse momentum >  30 GeV (MT > 60 GeV, MET > 30 GeV, recoil < 30 GeV)
μ

- Specific improved calibration of leptons (precision dominated by muons - relatively low pT)

- Specific calibration of the recoil energy


- First equalise PU multiplicities

- Then correct for residual differences based on Z events

𝑚M

𝑚#

2

event topology: lepton, 
𝑝NOPQQ + hadronic recoil

https://inspirehep.net/literature/319670
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measurement of W mass at ATLAS

in ATLAS: this technique  
pushed to extreme precision
• large, pure samples of 𝑊 available
• dataset at 7 TeV: 

− ~15.5M 𝑊;,	~10.4M 𝑊<

− moderate PU

EW and Higgs physics 26

pp ! W ! µ⌫µ
<latexit sha1_base64="rtNgGY6Lnwlo4xnYNzGKCWALzYo="></latexit> µ

<latexit sha1_base64="zJT1Mhsd+bjZC1w7ryZKm08z61M="></latexit>

Inclusive Precision Vector Boson Production at the LHC
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With a dataset of only 4.6 fb-1 at 7 TeV, 
approximately 15.5 M W+ events and 10.4 W- 
events (electrons and muons). Low PU !

6

Cross section measurement  (as a function of 
rapidity) the uncertainty completely dominated 
by luminosity uncertainty of 1.8% - Now 
reached less than 1% (see ATLAS briefing) !!!

ATLAS, subm to EPJC, 2403.15085
ATLAS, Eur. Phys. J. C 78 (2018) 110, 1701.07240
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Figure 1: Simulated kinematic distributions of (a) ?✓T and (b) <T in ,
± ! `

±
a events, for ,-boson mass and width

values of <, = 80399 MeV and �, = 2085 MeV. The ratio panels represent the relative effect of varying these
parameters by ±60 MeV and ±200 MeV, respectively.

distribution. Templates representing systematic variations are determined from two-sided one- and
two-sigma variations of the corresponding sources of uncertainty. The effect of varying <, or �, on the
?
✓

T and <T distributions is illustrated in Figure 1. The procedure to interpolate between these points during
the PLH fit was extensively tested, and excellent closure was observed.

As the new fitting method allows to better optimise the total uncertainty of the measurement due to
the inclusion of NPs in the likelihood, the nominal fit ranges for the <, measurement are re-evaluated.
The updated optimal fit ranges are 30 < ?

✓

T < 50 GeV and 60 < <T < 100 GeV, in contrast with
32 < ?

✓

T < 45 GeV and 66 < <T < 99 GeV used in the previous measurement. For the determination of
�, , the same ranges are used as in the <, measurement.

The baseline results rely on a numerical minimisation of the likelihood from Eq. (2). For ancillary studies,
such as the decomposition of uncertainties, fit range variations, and to estimate the correlation between the
<T and ?

✓

T fits, the following assumptions are made: in the limit where all uncertainties are Gaussian and
the dependence of a 98 (`, Æ\) on ` and Æ\ is linear, the likelihood can be written as

�2 lnL (Æ=| `, Æ\) =
’
9

’
8

©≠
´
= 98 � a 98 (`ref, Æ0) � ma8 9

m`
(` � `ref) �

Õ
C

ma8 9

m\C
\C

f98

™Æ
¨

2

+
’
C

\
2
C
, (3)

and the minimisation and uncertainty estimation can be performed analytically [51]. This approach gives
results within 2 MeV from the nominal fits and is much faster.

The decomposition of the post-fit uncertainties is performed according to the methods of Ref. [51].
The uncertainty components are defined to represent the contribution of the pre-fit uncertainty in the
corresponding sources to the total uncertainty of the measurement, consistently with standard error
propagation.

8

• first 𝑚# analysis published 2018
• recently updated: determination 

of both 𝑚# and Γ# 	(constrained 
and simultaneously)
• latest PDFs, better statistical method 

https://inspirehep.net/literature/2771258
https://inspirehep.net/literature/1510564
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profile likelihood fits of 𝑝*( 	and 𝑚*	distributions
28 categories (𝑒;, 𝑒<, 𝜇;, 𝜇<, various 𝜂 bins): consistent results 

measurement of W mass at ATLAS

critical for 𝑚) extraction: 𝑊 production 
kinematics + hardonic recoil
• best modelling used: NLO Powheg reweighted with NNLO calc., 

NNLO PDFs, Phythia 8 with AZNLO tune based on Z data
• describes 𝑝#* distribution in low PU runs at 5.02 and 13 TeV  

EW and Higgs physics 27

Table 6: Uncertainty components for the ?
✓

T, <T and combined �, measurements using the CT18 PDF set. The first
columns give the total, statistical and overall systematic uncertainty in the measurements. The following columns
show the contributions of modelling and experimental systematic uncertainties, grouped into categories.

Unc. [MeV ] Total Stat. Syst. PDF �8 Backg. EW 4 ` DT Lumi <, PS

?
✓

T 72 27 66 21 14 10 5 13 12 12 10 6 55
<T 48 36 32 5 7 10 3 13 9 18 9 6 12
Combined 47 32 34 7 8 9 3 13 9 17 9 6 18
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Figure 14: Post-fit distributions of <T with data and MC for (a) ,+ ! 4
+
a4, (b) ,� ! 4

�
a4, (c) ,+ ! `

+
a` and

(d) ,� ! `
�
a`, inclusive over all [ regions, and using the CT18 PDF set. In the bottom panels, the darker points

represent the post-fit ratio of data to MC, while the lighter points indicate the ratio before the fit. The hatched band
represents the total uncertainty of the data.
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Figure 7: Post-fit distributions of ?✓T with data and MC for (a) ,+ ! 4
+
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represent the post-fit ratio of data to MC, while the lighter points indicate the ratio before the fit. The hatched band
represents the total uncertainty of the data.
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Figure 20: Measurements of normalised differential distributions at
p
B = 5.02 TeV (black points) for (a) ,� , (b)

,
+, (c) the sum ,

±, (d) / as well as the ratios (e) ,+
/,

� and (f) ,±
// compared to a variety of MC predictions

(coloured lines) as described in the text. The lower panels show the ratio of prediction to data with data markers
centred at one and error bars giving the size of the total measurement uncertainties.
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ATLAS, subm to EPJC, 2404.06204

Unc. [MeV ] Total Stat. Syst. PDF �8 Backg. EW 4 ` DT Lumi �, PS
?✓T 16.2 11.1 11.8 4.9 3.5 1.7 5.6 5.9 5.4 0.9 1.1 0.1 1.5
<T 24.4 11.4 21.6 11.7 4.7 4.1 4.9 6.7 6.0 11.4 2.5 0.2 7.0
Combined 15.9 9.8 12.5 5.7 3.7 2.0 5.4 6.0 5.4 2.3 1.3 0.1 2.3

𝑝#+ 	measurement dominates, statistical uncertainty non-negligible, systematics distributed

ATLAS, subm to EPJC, 2403.15085

impressive precision!

https://inspirehep.net/literature/2775442
https://inspirehep.net/literature/2771258
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measurement of the W mass at LHCb

similar measurement principle also used at LHCb
(simultaneous fit of ⁄𝑞 𝑝A in W events and Collin-Soper 𝜙∗ (proxy for 𝑝AE) in Z events) 
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LHCb, JHEP 01 (2022) 036, 2109.01113

how the shape of the muon q/pT distribution in simulated W boson decays is influenced
by variations in mW of ±300MeV, which corresponds to roughly ten times the target
precision of the present analysis. The q/pT variable allows all muons with pT > 24GeV to
be visualised; those with 28 < pT < 52GeV are used to determine mW , while consistent
control of the fit can be demonstrated in the region pT > 52GeV.

The pT of a muon produced by the decay of a W boson has a strong dependence on
the W boson transverse momentum (pWT ). Direct measurements of the pWT distribution
have been reported by the ATLAS [14] and CMS [15] collaborations but the intervals
are necessarily coarse due to the limited pWT resolution. Measurements of the transverse
momentum distribution for Z boson production (pZT) are therefore used to validate the
predictions for the pWT distribution.3 The angular variable �⇤ [16], defined in Eq. 4, is used
in this analysis as a proxy for pZT since its distribution can be measured more precisely
than that of pZT . Parton-shower programs such as Pythia [17] can be tuned (e.g. Ref. [18])
to describe the pZT and �⇤ data at the per cent level but it is challenging to reliably
translate such tunes to W boson production. However, a W -boson-specific tuning of a
parton-shower model can be performed simultaneously with a determination of mW [19].

If electroweak corrections are neglected then the production and leptonic decay of the
W boson factorise such that the di↵erential cross-section can be written as

d�

dpWT dydMd cos#d'
=

3

16⇡

d�unpol.

dpWT dydM
�
(1 + cos2 #) + A0

1

2
(1� 3 cos2 #) + A1 sin 2# cos'

+ A2
1

2
sin2 # cos 2'+ A3 sin# cos'+ A4 cos#

+ A5 sin
2 # sin 2'+ A6 sin 2# sin'+ A7 sin# sin'

 
,

(2)

where # and ' are the lepton decay angles defined in a suitable frame (the Collins-Soper
frame [20] is used in this analysis), and pWT , y and M denote the transverse momentum,
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Figure 1: Muon q/pT distribution in simulated W ! µ⌫ events with variations in (left) mW and
(right) the A3 coe�cient. The dashed vertical lines indicate the two pT ranges that are included
in the mW fit.

3For brevity Z denotes Z/�⇤.

2

a factor of two with the increased collision energy in Run-II. The Run-I yield of around two million can
be compared with the 0.6(0.5) million W ! µ(e)⌫ candidates that were used in the CDF measurement
with 2.1 fb�1 [6,7]. The D0 measurement with 4.3 fb�1 [8,9] used around 1.7 million W ! e⌫ signal
candidates. The Run-II W ! µ⌫ yield in LHCb, assuming an integrated luminosity of 7 fb�1, will be
around eight million.

In order to estimate the statistical precision on the mW fit with LHCb data, we take the p`T templates
described in Sect. 2. The dominant background reported in Ref [26] is Z/�⇤

! µµ where one muon
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Fig. 2 The fitted mW for W+ versus W� and for (left) LHCb and (right) the GPDs. Based in the NNPDF3.0 PDF sets.

Run-I Run-II
3 fb�1 7 fb�1

W+ W� W+ W�

Signal yields, ⇥106 1.2 0.7 5.4 3.4
Z/�⇤ background, (B/S) 0.15 0.15 0.15 0.15
QCD background, (B/S) 0.15 0.15 0.15 0.15

�mW (MeV)
Statistical 19 29 9 12

Momentum scale 7 7 4 4
Quadrature sum 20 30 10 13

Table 4 The estimated experimental uncertainties on a mW measurement with LHCb.
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Figure 13: Measured value of mW compared to those from the ALEPH [61], DELPHI [62],
L3 [63], OPAL [64], CDF [10], D0 [11] and ATLAS [12] experiments. The current prediction of
mW from the global electroweak fit is also included.

10 Summary and Conclusion

This paper reports the first measurement of mW with the LHCb experiment. A data
sample of pp collisions at

p
s = 13TeV corresponding to an integrated luminosity of

1.7 fb�1 is analysed. The measurement is based on the shape of the pT distribution of
muons from W boson decays. A simultaneous fit of the q/pT distribution of W boson decay
candidates and of the �⇤ distribution of Z boson decay candidates is verified to reliably
determine mW . This method has reduced sensitivity to the uncertainties in modelling the
W boson transverse momentum distribution compared to previous determinations of mW

at hadron colliders. The following results are obtained

mW = 80362± 23stat ± 10exp ± 17theory ± 9PDFMeV,

mW = 80350± 23stat ± 10exp ± 17theory ± 12PDFMeV,

mW = 80351± 23stat ± 10exp ± 17theory ± 7PDFMeV,

with the NNPDF3.1, CT18 and MSHT20 PDF sets, respectively. The first uncertainty
is statistical, the second is due to experimental systematic uncertainties, and the third
and fourth are due to uncertainties in the theoretical modelling and the description of the
PDFs, respectively. Treating the three PDF sets equally results in the following arithmetic
average

mW = 80354± 23stat ± 10exp ± 17theory ± 9PDFMeV.

24

mW = 80354 ± 32 MeV

significant improvments expected:
• analysis uses only 1/3 of Run-2 data set
• effort on improving modelling and experimental systematics
• PDF uncertainties are anticorrelated with ATLAS due to forward 

configuration of LHCb → cancellation in combination

https://inspirehep.net/literature/1915806
https://inspirehep.net/literature/1390115
https://inspirehep.net/literature/1390115
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summary of W mass measurements

hadron collider surpass LEP in precision

measurements largely compatible with 
each other and with SM prediction
• exception CDF II: 7s tension with SM prediction 

and 3-4s inconstitency with other data
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EW physics and LLPs at LHCb - Andrea Merli
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 measurementmW
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• LHCb achieves a precision of ~32 MeV 
using roughly 1/3 of the Run-II dataset

• Further of Run-II data to add —> statistical 
precision of ~14 MeV

• Effort now on improving the modelling and 
reducing the systematic uncertainties

• An overall precision ~20 MeV is achievable 
with all existing LHCb data

LHCb-FIGURE-2022-003

JHEP 01 (2022) 036mW = 80354 ± 23stat. ± 10exp. ± 17theory ± 9PDF MeV
LHCb-FIGURE-2022-003

LHC-TeV MW Working group, subm to EPJC, 2308.09417

recent 𝑚) combination paper (2308.09417):

• all results: Prob 𝜒$ = 0.02 − 0.5 % (depending on PDF set)

• all, excluding CDF II: Prob 𝜒$ = 91% WA: 𝑚( = 80369.2 ± 13.3 MeV

precision: 0.016%

CMS measurement urgently awaited to resolve this puzzle 

CDF, Science 376 (2022), 170

https://cds.cern.ch/record/2806574
https://inspirehep.net/literature/2689656
https://inspirehep.net/literature/2064224


Johannes Haller

branching ratios of the W boson

leptonic decay widths of W from LEP II 

• long standing	> 2𝜎	excess of ℬ 𝑊 → 𝜏𝑣̅$
• lepton flavour universality violation?
• related to B anomalies?

EW and Higgs physics 30

Table 1: Sources of uncertainty The main sources of uncertainty on the measured value of '(g/`). The size of
the impact each uncertainty has on '(g/`) is assessed by fixing the relevant fit parameters for a given uncertainty
and re-fitting to data. The reduction in the total uncertainty in this modified fit gives the quoted impact. Di�erent
individual components used in the fit are combined into categories.

Source Impact on X(3/-)
Prompt 3`

0 templates 0.0038
`prompt and `

g (!`) parton shower variations 0.0036
Muon isolation e�ciency 0.0033
Muon identification and reconstruction 0.0030
`had normalisation 0.0028
CC̄ scale and matching variations 0.0027
Top ?T spectum variation 0.0026
`had parton shower variations 0.0021
Monte Carlo statistics 0.0018
Pile-up 0.0017
`
g (!`) and `had 3

`

0 shape 0.0017
Other detector systematic uncertainties 0.0016
/+jet normalisation 0.0009
Other sources 0.0004
⌫(g ! `aga`) 0.0023

Total systematic uncertainty 0.0109
Data statistics 0.0072

Total 0.013

The analysis was finalised prior to looking at the value of '(g/`) in data in order to minimise any bias. It
was also checked that the result is consistent with respect to di�erent channels, kinematic bins, data-taking
periods and the charge of the probe lepton.

The total systematic uncertainty is 0.011, including the uncertainty in the g ! `a`ag branching ratio,
and the statistical uncertainty is 0.007. Table 1 lists the di�erent contributions of systematic uncertainty
grouped into categories. The leading contributions come from the imperfect knowledge of the tail of
the |3

`

0 | distribution, the parton shower and hadronisation model uncertainty, and the muon selection
uncertainties.

The measured value of '(g/`) is

'(g/`) = 0.992 ± 0.013 [±0.007 (stat) ± 0.011 (syst)],

exceeding the precision from LEP which measured 1.070±0.026. The result is shown in Figure 4 alongside
the combination of LEP measurements. The present result agrees with the Standard Model expectation of
equal couplings for di�erent lepton flavours and the hypothesis of lepton-flavour universality.

This result surpasses the precision of the previous LEP result and resolves the tension they observed with
the SM prediction of lepton flavour universality. This precise measurement of '(g/`) achieved so far, this
is an example of the ability of the ATLAS experiment to perform high-precision measurements.

9

ADLO, Phys.Rept. 532 (2013) 119, hep-ex/1302.3415

ATLAS, Nature Phys. 17 (2021) 7, 813, 2007.14040
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J. Phys. G 34 (2007) 2457, PRL 68 (1992) 3398

PRL 75 (1995) 1456, PRL 84 (2000) 5710

Phys. Rept. 532 (2013) 119

JHEP 10 (2016) 030

EPJC 77 (2017) 367, Nat. Phys. 17 (2021) 7

Phys. Rev. D 105 (2022) 7

Prog. Theor. Exp. Phys. (2022) 083C01 + 2023 update

ATLAS - this result

-1 = 13 TeV, 140 fbs

Statistical Uncert.
Total Uncertainty

ATLAS, subm to EPJC, 2403.02133
CMS, Phys. Rev. D 105 (2022) 072008, 2201.07861

Lepton Lepton

non–universality universality

Experiment B(W → eνe) B(W → µνµ) B(W → τντ ) B(W → hadrons)

[%] [%] [%] [%]

ALEPH 10.78± 0.29 10.87± 0.26 11.25± 0.38 67.13± 0.40

DELPHI 10.55± 0.34 10.65± 0.27 11.46± 0.43 67.45± 0.48

L3 10.78± 0.32 10.03± 0.31 11.89± 0.45 67.50± 0.52

OPAL 10.71± 0.27 10.78± 0.26 11.14± 0.31 67.41± 0.44
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Table 5.5: Summary of W branching fractions derived from W-pair production cross-sections
measurements up to 207 GeV centre-of-mass energy.
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Figure 5.3: Leptonic and hadronic W branching fractions, as measured by the experiments,
and the LEP combined values according to the procedures described in the text.
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How can we use top-quark events for this measurement?

�

top-quark pair production: large cross-section at the LHC
,! ��� million events produced in Run � dataset in ATLAS alone !

top quarks decay to almost ���� intoW boson and b quark

decay with two leptons: very clean source with twoW bosons:
,! still �� million events before selection

,! small background contamination
,! small systematic uncertainties

ATLAS:

high precision LHC data agree with SM prediction of universal lepton couplings of W

LHC: new measurements of ratios, e.g. 𝑅(𝜏/𝜇)

• selection of pure and unbiased W sample via 
dileptonic 𝑡 ̅𝑡 events 

• tag (𝑒 or 𝜇 !) & probe (𝜏 or 𝜇	?)
– e.g. 𝑅 ⁄𝜏 𝜇 discriminate prompt 𝜇′s (𝑊 → 𝜇𝜈,) from 𝜇′s from 

𝜏 decays ( 𝑊 → 𝜏𝜈- → 	𝜇𝜈,𝜈-𝜈-	)

sys. unc. cancel in ratio
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ATLAS - this result

-1 = 13 TeV, 140 fbs

Statistical Uncert.
Total Uncertainty

most precise single measurement

results also 
avialable for the 

other ratios using 
different methods 

in tt events

https://inspirehep.net/literature/1219330
https://inspirehep.net/literature/1885958
https://inspirehep.net/literature/2764810
https://inspirehep.net/literature/2014153
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crucial ingredient: mass of the top quark

mass of the top quark has measured at LHC 
using different methods

• most precise experimentally: direct 
kinematic reconstruction in 𝑡 ̅𝑡	 events

legacy combination of ATLAS+CMS Run 1 
measurements published recently

• experimental systematics dominates

further improvement from 13 TeV data
• e.g. most pricise single measurement 

(𝑙 + jets, CMS)
– sophisticated statistical methods to get most 

out of data

EW and Higgs physics 32

11

0.3 0.4 0.5 0.6 0.7
 [GeV]tm∆

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

N
o

rm
a

liz
e

d
 d

is
tr

ib
u

tio
n

ℓ + jets 1D > =  0.63 GeVtm∆<

ℓ + jets 2D > =  0.51 GeVtm∆<

ℓ + jets 3D > =  0.46 GeVtm∆<

ℓ + jets 4D > =  0.40 GeVtm∆<

ℓ + jets 5D > =  0.37 GeVtm∆<

 (13 TeV)-136.3 fb

CMS
Simulation

3− 2− 1− 0 1 2 3

tm∆)/gen
tm - tm(

0.01

0.02

0.03

0.04

0.05

N
o

rm
a

liz
e

d
 d

is
tr

ib
u

tio
n

w/o stat. nuisances
 =  1.37σ 0.02 ± = -0.08 µ

with stat. nuisances
 =  0.99σ 0.02 ± = -0.05 µ

 (13 TeV)-136.3 fb

CMS
Simulation

Figure 4: Left: Comparison of the expected total uncertainty in mt in the combined lepton+jets
channel and for the different observable-category sets defined in Table 1. Right: The difference
between the measured and generated mt values, divided by the uncertainty reported by the
fit from pseudo-experiments without (red) or with (blue) the statistical nuisance parameters ~b
and W in the 5D ML fit. Also included in the legend are the µ and s parameters of Gaussian
functions (red and blue lines) fit to the histograms.

generated mt values, divided by the uncertainty reported by the fit for both cases. A nearly
40% underestimation of the measurement uncertainty can be seen for the case without the
statistical nuisance parameters ~b and W, while consistency is observed for the method that is
employed on data.

In addition, single-parameter fits were performed on pseudo-data sampled from simulation to
verify that the mass extraction method is unbiased and reports the correct uncertainty. These
tests were done for fits of mt with samples corresponding to mass values of 169.5, 172.5, and
175.5 GeV, as well as on the simulation of different systematic effects for the fits of the corre-
sponding nuisance parameter.

6 Results

The results of the profile likelihood fits to data are shown in Fig. 5 for the electron+jets,
muon+jets, and lepton+jets channels and for the different sets of observables and categories,
as defined in Table 1. The observables m

reco
W , m

reco
`b /m

fit
t , and R

reco
bq provide constraints on the

modeling of the tt decays in addition to the observables m
fit
t and m

reco
`b |Pgof<0.2, which are highly

sensitive to mt . With the profile likelihood method, these constraints not only reduce the un-
certainty in mt , but also change the measured mt value, as they effectively alter the parameters
of the reference tt simulation. When additional observables are included, the measurement in
the lepton+jets channel yields a smaller mass value than the separate channels because of the
correlations between the channels.

The 5D fit to the selected events results in the best precision and yields in the respective chan-

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/y, and secondary vertex measurements.

inates from including a more precise dilepton measurement at 8 TeV together with the single
top, secondary vertex, and J/y 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 c2 = 7.5 and a corresponding
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Abstract

The mass of the top quark is measured in 36.3 fb�1 of LHC proton-proton collision
data collected with the CMS detector at

p
s = 13 TeV. The measurement uses a sam-

ple of top quark pair candidate events containing one isolated electron or muon and
at least four jets in the final state. For each event, the mass is reconstructed from a
kinematic fit of the decay products to a top quark pair hypothesis. A profile like-
lihood method is applied using up to four observables per event to extract the top
quark mass. The top quark mass is measured to be 171.77 ± 0.37 GeV. This approach
significantly improves the precision over previous measurements.
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novative work on precision measurements of the top quark mass laid the foundation for this

publication.
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crucial ingredient: mass of the Higgs boson 

mass of the H boson measured by ATLAS and CMS with great precision
• using high-resolution channels 𝐻 → 4𝑙 and 𝐻 → 𝛾𝛾

EW and Higgs physics 33

𝒎𝒎𝑯𝑯 measurements
• Mass measurements are all about knowing 

the momentum scale of the final-state 
particles with ultimate precision.

• A lot of effort goes into electron energy 
scale, muon momentum scale, and photon 
energy scale calibration.

• On analysis level, the signal probability 
model is estimate through a mix of ML-
methods and mass peak parameterization.

• What you really don’t want is to mix events 
with good and bad mass resolution. 

• Possible to train a quantile NN to regress 
per-event reconstructed 𝑚𝑚reco resolution

53

18

sections.

A set of THU uncertainties is considered as NPs in the likelihood fit when signal strength
modifiers, rather than STXS, are measured. In the STXS framework, THU uncertainties only
enter at the interpretation step and are thus applied only to the SM cross section predictions.

Additional theoretical effects that only cause migration of signal and background events be-
tween categories originate from the modeling of the hadronization and the underlying event.
The underlying event modeling uncertainty is determined by varying initial- and final-state
radiation scales between 0.25 and 4 times their nominal value. The effects of the modeling of
hadronization are determined by simulating additional events with the variation of the nomi-
nal PYTHIA tune described in Section 3.

10 Results
The reconstructed four-lepton invariant mass distribution is shown in Fig. 4 for the 4e, 4µ
and 2e2µ events together, and is compared with the expectations for signal and background
processes. The error bars on the data points correspond to the intervals at 68% confidence
level (CL) [116]. The observed distribution agrees with the expectation within the statistical
uncertainties over the whole spectrum.
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Figure 4: Four-lepton mass distribution, m4`, up to 500 GeV with 4 GeV bin size (left) and in
the low-mass range with 2 GeV bin size (right). Points with error bars represent the data and
stacked histograms represent the expected distributions for the signal and background pro-
cesses. The SM Higgs boson signal with mH = 125 GeV, denoted as H(125), the ZZ and rare
electroweak backgrounds are normalized to the SM expectation, the Z+X background to the
estimation from data.

The reconstructed four-lepton invariant mass distribution is shown in Fig. 5 for the three 4`
final states and is compared with the expectations from signal and background processes.

The number of candidates observed in the data and the expected yields for 137 fb�1, for the
backgrounds and H boson signal after the full event selection, are given in Table 3 for each of
the 22 reconstructed event categories (described in Section 6.2) for the 105 < m4` < 140 GeV
mass window around the Higgs boson peak. Figure 6 shows the number of expected and
observed events for each of the categories.

The reconstructed invariant masses of the Z1 and Z2 dilepton systems are shown in Fig. 7
for 118 < m4` < 130 GeV, together with their 2D distribution in the 105 < m4` < 140 GeV AT
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Figure 2: Diphoton invariant mass distribution of all selected data events (black dots with error bars), overlaid with the
result of the fit (solid red line). For both the data and the fit, each category is weighted by a factor ln(1 + (

obs
90 /⌫obs

90 ),
where (

obs
90 and ⌫

obs
90 are the fitted signal and background yields in the smallest <WW interval containing 90% of the

expected signal. The dotted line describes the background component of the model.

Table 2: Estimated impact of the main sources of systematic uncertainty on the <� measurement with Run 2 data.

Source Impact [MeV]

Photon energy scale 83
/ ! 4

+
4
� calibration 59

⇢T-dependent electron energy scale 44
4
± ! W extrapolation 30

Conversion modelling 24
Signal–background interference 26
Resolution 15
Background model 14
Selection of the diphoton production vertex 5
Signal model 1

Total 90
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Fig. 7. The likelihood scan of the measured Higgs boson mass in the H → γ γ and 
H → ZZ → 4" decay channels individually and for the combination with the 2016 
data set. The solid lines are for the full likelihood scan including all systematic un-
certainties, while the dashed lines denote the same with the statistical uncertainty 
only.

Fig. 8. The likelihood scan of the combined Higgs boson mass in the H → γ γ and 
H → ZZ → 4" decay channels with the Run 1 and 2016 data sets and the same 
combining the two data sets. The solid lines are for the full likelihood scan includ-
ing all systematic uncertainties, while the dashed lines denote the same with the 
statistical uncertainty only.
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Fig. 9. A summary of the measured Higgs boson mass in the H → γ γ and H →
ZZ → 4" decay channels, and for the combination of the two is presented here. The 
statistical (wider, yellow-shaded bands), and total (black error bars) uncertainties 
are indicated. The (red) vertical line and corresponding (grey) shaded column in-
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and 
combinations

PDG avarage: 𝑚[ = 125.20 ± 0.11	GeV ie. 0.08 % relative precision
• statistical uncertainty still substantial
• exact value not crucial for EW test 
(due to ln𝑚% dependence of HO corrections)

all details: tomorrow
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global tests of the internal consistency
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Fitting Table

MH 125.1± 0.2 125.1+0.2
�0.2 100.8+25.4

�21.1 101.0+24.0
�20.1

MW 80.362± 0.014 80.356± 0.006 80.354± 0.007 80.353± 0.005
�W 2.085± 0.042 2.091± 0.001 2.091± 0.001 2.091± 0.001

MZ 91.1875± 0.0021 91.1878± 0.0021 91.1969± 0.0105 91.1969± 0.0100
�Z 2.4955± 0.0023 2.4952± 0.0014 2.4949± 0.0016 2.4949± 0.0016
�0
had 41.500± 0.037 41.484± 0.015 41.481± 0.016 41.481± 0.015

R0
l 20.767± 0.025 20.759± 0.017 20.750± 0.026 20.750± 0.026

A0,l
FB 0.0171± 0.0010 0.01619± 0.0001 0.01618± 0.0001 0.01617± 0.0001

A`
(?)

0.1499± 0.0018 0.1469± 0.0005 0.1469± 0.0005 0.1469± 0.0003
sin

2 ✓leff (QFB) 0.2324± 0.0012 0.23154± 0.000060.23153± 0.00006 0.23154± 0.00004
sin

2 ✓leff (Tev + LHC)0.23141± 0.00026 0.23154± 0.000060.23154± 0.00006 0.23155± 0.00004
Ac 0.670± 0.027 0.6678± 0.00021 0.6678± 0.00021 0.6678± 0.00014
Ab 0.923± 0.020 0.93475± 0.000040.93475± 0.00004 0.93474± 0.00002
A0,c

FB 0.0707± 0.0035 0.0736± 0.0003 0.0736± 0.0003 0.0736± 0.0002
A0,b

FB 0.0992± 0.0016 0.1030± 0.0003 0.1031± 0.0003 0.1030± 0.0002
R0

c 0.1721± 0.0030 0.17223+0.00007
�0.00006 0.17224± 0.00007 0.17223± 0.00006

R0
b 0.21629± 0.00066 0.21586+0.00004

�0.00005 0.21585± 0.00005 0.21586± 0.00004

mc 1.27+0.07
�0.11 1.27+0.07

�0.11

mb 4.20+0.17
�0.07 4.20+0.17

�0.07

mt
(5)

172.47± 0.68 172.65± 0.65 174.84+2.37
�2.39 174.85+2.30

�2.32

�↵(5)
had

(M2
Z)

(†4)
2761± 9 2759± 10 2730± 39 2731± 37

↵s(M
2
Z) 0.1196± 0.0029 0.1196± 0.0029 0.1195± 0.0028

(?) A` = 0.1465± 0.0033 A` = 0.1513± 0.0021

A` = 0.1469± 0.0005 A` = 0.1467± 0.0005 (5)

(†)
10

�5
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low E

LHC

(Tev.) LHC

LEP

Tev.

SLD

LEP

system is overconstrained
• all free parameters measured meanwhile

• most important inputs from e+e- colliders 
– mainly LEP: partly extreme precision

o e.g MZ: 0.002 %

• crucial inputs from hadron colliders (LHC):
– 𝑀M	, sin@𝜃eff

? , 𝑚Z	, 𝑀[	
𝛼s unconstrained, GF fixed 

precision tests done for a long time 
• huge effort of theo and exp community 

– definition of (pseudo-)observables
– measurements
– HO calculations

ever increasing precision (both exp. and theo.)

experimental input
𝑚# 	from CDF not used in the following 

https://indico.desy.de/event/34916/contributions/147229/
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global tests of the internal consistency

Ø enormous effort by theory community to calculate the respective 
observables

Ø details not discussed in this experimental lecture, used for comparison 
with measurements
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Calculations

Roman Kogler The Global Electroweak Fit3

All observables calculated at 2-loop level 

‣MW : full EW one- and two-loop calculation  
of fermionic and bosonic contributions 
[M Awramik et al., PRD 69, 053006 (2004), PRL 89, 241801 (2002)] 
+ 4-loop QCD correction [Chetyrkin et al., PRL 97, 102003 (2006)] 
‣ sin2θleff : same order as MW, calculations for leptons and all quark flavours 

[M Awramik et al, PRL 93, 201805 (2004), JHEP 11, 048 (2006), Nucl. Phys. B813, 174 (2009)] 
‣ partial widths Γf : fermionic corrections in two-loop for  

all flavours (includes predictions for σ0had) [A. Freitas, JHEP04, 070 (2014)] 
‣ Radiator functions: QCD corrections at N3LO  

[Baikov et al., PRL 108, 222003 (2012)] 
‣ ΓW : only one-loop EW corrections available, negligible impact on fit  

[Cho et al, JHEP 1111, 068 (2011)] 
‣ all calculations: one- and two-loop QCD corrections and leading  

terms of higher order corrections

A. Freitas et al. / Physics Letters B 495 (2000) 338–346 341

Fig. 2. Two-loop vertex diagrams containing a triangle subgraph,
which require a careful treatment of γ5 in D dimensions.

a finite contribution, so that it can be evaluated in
four dimensions without further complications. 1 The
fermion line appearing in the second loop also yields
an ε-tensor contribution, which results, after contrac-
tion with the ε-tensor from the triangle subgraph, in a
non-vanishing contribution to the result for #r .
As mentioned above, we perform the renormaliza-

tion within the on-shell scheme. It involves a one-loop
subrenormalization of the Faddeev–Popov ghost sec-
tor of the theory, which is associated with the gauge-
fixing part. The gauge-fixing part is kept invariant un-
der renormalization. For technical convenience, we
manage this by a renormalization of the gauge pa-
rameters in such a way that it precisely cancels the
renormalization of the parameters and fields in the
gauge-fixing Lagrangian. 2 To this end we have al-
lowed two different bare gauge parameters for both W
and Z, ξW,Z

1 and ξ
W,Z
2 , and also mixing gauge parame-

ters, ξγZ and ξZγ . The renormalized parameters com-
ply with the Rξ gauge, with one free gauge parameter
for each gauge boson. With this prescription no coun-

1 For recent discussions of practical ways of treating γ5 in
higher-order calculations, see also Refs. [28,29].
2 An alternative way of achieving that the gauge-fixing sector

does not give rise to counterterm contributions would have been to
add the gauge-fixing part to the Lagrangian only after renormaliza-
tion, in which case the renormalized gauge transformations would
have to be used.

terterm contributions arise from the gauge-fixing sec-
tor. Starting at the two-loop level, counterterm contri-
butions from the ghost sector have to be taken into ac-
count in the calculation of physical amplitudes. They
follow from the variation of the gauge-fixing terms Fa

under infinitesimal gauge transformations. We have
derived all the counterterms arising from the ghost
sector (extending the results of Ref. [30] to a gen-
eral Rξ gauge) and implemented them into the pro-
gram FeynArts. In this way we could verify the finite-
ness of individual (gauge-parameter-dependent) build-
ing blocks (e.g., the W- and the Z-boson self-energy)
as a further check of the calculation.
Concerning the mass renormalization of unstable

particles, from two-loop order on it makes a difference
whether the mass is defined according to the real part
of the complex pole of the S matrix,

(4)M2 = !M2 − i !M !Γ ,

or according to the pole of the real part of the
propagator. In Eq. (4) M denotes the complex pole
of the S matrix and !M , !Γ the corresponding mass and
width of the unstable particle. We use the symbol M̃
for the real pole.
In the context of the present calculation, these

considerations are relevant to the renormalization of
the gauge-boson masses, MW and MZ. The two-loop
mass counterterms according to the definition of the
mass as the real part of the complex pole are given by

δ !M2
W,(2) =Re

{
ΣW
T,(2)

(
M2
W

)}
− δM2

W,(1) δZ
W
(1)

(5)+ Im
{
ΣW′
T,(1)

(
M2
W

)}
Im

{
ΣW
T,(1)

(
M2
W

)}
,

δ !M2
Z,(2) =Re{ΣZZ

T,(2)
(
M2
Z
)} − δM2

Z,(1) δZ
ZZ
(1)

+ M2
Z
4

(
δZ

γZ
(1)

)2 +
(
Im

{
Σ

γZ
T,(1)

(
M2
Z
)})2

M2
Z

(6)+ Im
{
ΣZZ′
T,(1)

(
M2
Z
)}
Im

{
ΣZZ
T,(1)

(
M2
Z
)}

,

where ΣT,(1), ΣT,(2) denote the transverse parts of
the one-loop and two-loop self-energies (the terms
from subloop renormalization are understood to be
contained in the two-loop self-energies), and Σ ′

T,(1)
means the derivative of the one-loop self-energy with
respect to the external momentum squared. Field
renormalization constants are indicated as δZV . The
relations to the mass counterterms according to the
real-pole definition, δM̃2

W,(2) and δM̃2
Z,(2), are given

loop momenta. When both momenta are ‘‘soft’’ (! MW),
as in Fig. 1(b), the propagators of the W and Z bosons are
expanded leading to a correction of order !=M4

W in the
effective theory. For one momentum soft and one ‘‘hard’’
("MW), as in Figs. 1(c) and 1(d), corrections of either
order, !=M2

W or 1=M4
W in the effective theory, are gen-

erated. The contribution to the matching coefficient
comes only from the region where both momenta are
hard, as in Fig. 1(e). In this case, all of the light particle
masses and momenta should be put to zero. By these
arguments it can be shown that !r can be obtained by
simply taking the sum of all the diagrams and putting all
external momenta and light masses to zero. The proce-
dure should generate no spurious infrared divergences,
while the physical divergences connected with the photon
should be contained in the corrections of the effective
theory. As is known, the Fermi theory corrections are
finite; therefore, the !r correction obtained as above
should also be finite.

Previous calculations of !r have been based on a
different method of factorization originally devised in
[11]. This procedure consists of subtracting from the
infrared divergent SM diagrams the respective Fermi
theory diagrams in Pauli-Villars regularization. The dif-
ference is well defined in the limit of zero light masses
and external momenta. It turns out, however, that the
QEDWard identity, which is responsible for the finiteness
of the corrections in the Fermi theory, implies in this case
the vanishing of the sum of the subtracted diagrams. This
proves that both procedures are equivalent.

The evaluation of two loop corrections to a four-
fermion process requires the full second order renormali-
zation of the SM Lagrangian in all but the Higgs sector,
where first order suffices. The comparison with experi-
ment imposes the use of on-shell parameters for the final
result. Throughout this work the on-shell scheme was

used, with a procedure similar to the one described in
[5]. The only substantial difference concerns the treat-
ment of tadpoles.

It is known that gauge invariance of mass counterterms
requires inclusion of tadpoles [12,13] (at the two loop
level this has been explicitly shown in [14]). In this case,
however, one cannot use one-particle-irreducible (1PI)
Green functions. In order to have gauge invariant counter-
terms and 1PI Green functions only, a special procedure
was designed. An additional renormalization constant for
the bare vacuum expectation value v0, denoted Zv, has
been introduced and explicitly split from the bare masses

v0 ! v0Z
1=2
v ; (4)

M0
W;Z ! M0

W;ZZ
1=2
v : (5)

The term linear in the Higgs field H in the Lagrangian

T0H0 # M0
Ws

0
W

e0
$M0

H%2Z1=2
v $Zv & 1%H0 (6)

is then used to determine Zv, through the requirement that
tadpoles are canceled. It can be proved [12,15] that the
bare masses are gauge invariant in this case (an equiva-
lent procedure which makes use of the effective potential
has been used in [16]).

The calculation of the two loop bosonic contributions
to muon decay was performed by means of a completely
automated system. The diagram generation stage was
done by the C'' library DiaGen [17]. The tensor reduc-
tion of two loop propagator diagrams was accomplished
with the algorithm described in [18], whereas vacuum
diagrams were treated with integration by parts identities
[19]. For algebraic manipulations, the program FORM [20]
was used. The two loop two-point integrals were numeri-
cally evaluated with single integral representations of
the package S2LSE [21]. The latter was modified for qua-
druple precision, which was needed due to large cancel-
lations (independent terms grow as M8

H, while the result
behaves as M2

H).
The size of the software required several tests. The

following algebraic checks were performed: ultraviolet
and infrared finiteness, by cancellation of poles in dimen-
sional regularization; gauge invariance, by independence
of the three gauge parameters of the general R" gauge for
the SM; Slavnov-Taylor identities for two-point func-
tions, as given in [18], both for on-shell integrals and
by expansion in the external momentum to second order.

Several numerical tests were also done: (i) All of
the master integrals were evaluated independently by
means of deep mass difference and large-mass expan-
sions. (ii) Each of the two-point on-shell diagrams was
calculated separately with the help of small-momentum
and different large-mass expansions. (iii) The result of
[14] for the W and Z mass counterterms was reproduced
to precision dictated by the order of the expansions

FIG. 1. A typical muon decay diagram (a) and the contribu-
tions to its large mass expansion according to the momenta
(b) k1-soft, k2-soft; (c) soft-hard; (d) hard-soft; (e) hard-hard.
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Global SM Fit

▪ Input for global fit:

▪New ALTAS   measurement plus LHCb & LEP 
combined ATLAS-CONF-2023-004

▪ Private combination of 

▪New corrections for  und  by Voutsinas et al., PLB 
800, 135068 (2018)
▪ Full two loop calculations for Z decay by Dubovyk et al., 

PLB 783, 037 (2018)

▪ Fit prediction for :  80.354  0.007 GeV

▪Global fit  = 13.78 with 15 d.o.f. (p-value = 0.55)
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global fit of the electroweak sector

report here status of 2023 (party 
2018), global picture does not change

global fit able to describe the 
EWPO, internal consistency 

fit converges with   
𝜒min
' /ndf = 13.8/15

→ 𝑝 − value = 0.55

largest tension remains 
𝐴%&
+,-(LEP) and 𝐴( SLD .
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The global electroweak fit in the SM and SMEFT Yannick Fischer

sin2\ 5
eff , we use the parametrisation of Ref. [4], and the prediction of ", is obtained from Ref. [17].

The width of the , boson is known up to one-loop order in the EW interaction, where we use the
parametrisation given in Ref. [18]. Theoretical uncertainties reflect the size of unknown higher
order contributions. Since these are difficult to estimate, a reliable consistency test of the SM is
only obtained if the theoretical uncertainties are small compared to the experimental uncertainties.
We introduce a free parameter for each theoretical uncertainty in the EW fit, and find that the impact
of these parameters is small.

3. Results of the electroweak fit

The fit converges on a minimum j2 value of 13.78 for 15 dof, corresponding to a ? value of 0.55.
This is the highest ? value we have observed so far, further increasing the already high value from
our last result [7]. The individual deviations of the input values from the predictions given in units of
the measurement uncertainty (pull values), are shown in Figure 1. The largest contribution to the j2
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Figure 1: Pull values of the fit, defined as deviations
between measurements and predictions evaluated at
the best-fit point, divided by the experimental uncer-
tainties.

originates from the forward-backward asymme-
try from 1 quarks, �1

FB, which shows a deviation
of 2.4f from its SM prediction. The leptonic
left-right asymmetry �✓ from SLD has a devia-
tion of�2.1f. These two effects are unchanged
with respect to our previous results. The best-fit
value of the strong coupling strength at the mass
of the / boson, U( ("2

/ ), is 0.1196±0.0029. In
Figure 1, this is compared to the PDG value of
0.1179 ± 0.0009 [16], which does not enter the
fit, resulting in a pull value of 2.0f.

A significantly smaller pull can be ob-
served for the hadronic cross section at the Z
peak f0

had and the leptonic partial width '0
lep.

Their pull values are now �0.5f and �0.3f
respectively compared to 1.6f and 0.9f in
our previous result. The pull of ", has
also decreased with respect to out last result,
namely from �0.8f to �0.5f. When not in-
cluding ", in our fit, we obtain a value of
80.354 ± 0.007 GeV.

In Figure 2 comparisons are shown be-
tween the direct measurements of ", , <t and
sin2\✓eff and their fitted values. The direct mea-
surements are indicated by a green 1f band.
The differently coloured ellipses indicate the
fitting results. The blue ellipses indicate the full fit only omitting the direct measurements shown in
the plot. The other ellipses show the result of the fit omitting even more measurements. Generally

3

𝑚# 	from CDF II not used in the following 

https://inspirehep.net/literature/2751680
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comparison of SM predictions from 2018 fit with recent direct measurements
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Figure 6: Scans of ��
2 as a function of MW (top left), mt (top right), sin2✓`e↵ (middle left), MH (middle

right), �↵
(5)
had(M

2
Z
) (bottom left) and ↵S(M2

Z
) (bottom right), under varying conditions. The results of the

fits without and with the measurement of MH as input are shown in grey and blue colours, respectively.
The solid and dotted lines represent the results when including or excluding the theoretical uncertainties.
The data points with uncertainty bars indicate the direct measurements of a given observable.
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fits without and with the measurement of MH as input are shown in grey and blue colours, respectively.
The solid and dotted lines represent the results when including or excluding the theoretical uncertainties.
The data points with uncertainty bars indicate the direct measurements of a given observable.
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Figure 6: Scans of ��
2 as a function of MW (top left), mt (top right), sin2✓`e↵ (middle left), MH (middle

right), �↵
(5)
had(M

2
Z
) (bottom left) and ↵S(M2

Z
) (bottom right), under varying conditions. The results of the

fits without and with the measurement of MH as input are shown in grey and blue colours, respectively.
The solid and dotted lines represent the results when including or excluding the theoretical uncertainties.
The data points with uncertainty bars indicate the direct measurements of a given observable.

prediction from fit more precise than direct measurements, 
important to improve the measurements, agreement found 

fit yields precision of 7 MeV, much better than direct 
measurements, agreement (except CDF)

different situation, direct measurements already 
significantly better than direct prediction, agreement
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Figure 4: Comparison of the constraints on MH obtained indirectly from individual observables with the
fit result and the direct LHC measurement. For the indirect determinations among the four observables
providing the strongest MH constraints (namely sin2✓`e↵ , MW , A0,b

FB and A`) only the one indicated in a
given row of the plot is included in the fit. The results shown are not fully independent.

from the ATLAS MW and Tevatron sin2✓`
e↵

measurements are in agreement with the direct MH

measurement.

An important consistency test of the SM is the simultaneous indirect determination of mt and MW .
A scan of the confidence level (CL) profile of MW versus mt is shown in Fig. 5 for the scenarios
where the direct MH measurement is included in the fit (blue) or not (grey). Both contours agree
with the direct measurements (green bands and ellipse for two degrees of freedom).

Figure 6 displays ��
2 fit profiles for the indirect determination of some of the electroweak ob-

servables.4 The results are shown for fits including (blue) and excluding (grey) the direct MH

measurement highlighting the strong impact of the MH measurement on the fit constraints. The
direct measurement of each observable with its 1� uncertainty are indicated by the data points at
��

2 = 1. The detailed predictions of the fit are given in Table 1.

The fit indirectly determines the W mass to be

MW = 80.3535± 0.0027mt
± 0.0030�theomt

± 0.0026MZ
± 0.0026↵S

± 0.0024�↵had ± 0.0001MH
± 0.0040�theoMW

GeV ,

= 80.354± 0.007tot GeV , (2)

and the e↵ective leptonic weak mixing angle as

sin2✓`
e↵

= 0.231532± 0.000011mt
± 0.000016�theomt

± 0.000012MZ
± 0.000021↵S

± 0.000035�↵had ± 0.000001MH
± 0.000040

�theo sin
2✓`e↵

,

= 0.23153± 0.00006tot . (3)

4The indirect determination profiles are obtained by excluding the input measurement of the respective observable
from the fit (see figure legends).
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excluded from the fits.

When evaluating sin2✓`
e↵

through the parametric formula from Ref. [69], an upward shift of 2 ·10�5

with respect to the fit result is observed, mostly due to the inclusion of MW in the fit. Using
the parametric formula the total uncertainty is larger by 0.6 · 10�5, as the global fit exploits the
additional constraint from MW . The fit also constrains the nuisance parameter associated with the
theoretical uncertainty in the calculation of sin2✓`

e↵
, resulting in a reduced theoretical uncertainty

of 4.0 · 10�5 compared to the 4.7 · 10�5 input uncertainty.

The mass of the top quark is indirectly determined to be

mt = 176.4± 2.1 GeV , (4)

with a theoretical uncertainty of 0.6 GeV induced by the theoretical uncertainty on the prediction of
MW . The largest potential to improve the precision of the indirect determination of mt is through
a more precise measurement of MW . Perfect knowledge of MW would result in an uncertainty on
mt of 0.9 GeV.

The strong coupling strength at the Z-boson mass scale is determined to be

↵S(M
2

Z) = 0.1194± 0.0029 , (5)

which corresponds to a determination at full next-to-next-to leading order (NNLO) for electroweak
and strong contributions, and partial strong next-to-NNLO (NNNLO) corrections. The theory
uncertainty of this result is 0.0009, which is shared in equal parts between missing higher orders
in the calculations of the radiator functions and the partial widths of the Z boson. The most
important constraints on ↵S(M2

Z
) come from the measurements of R0

`
, �Z and �

0

had
, also shown in

Fig. 6. The values of ↵S(M2

Z
) obtained from the individual measurements are 0.1237±0.0043 (R0

`
),

ATLAS ‘24
LHCb ‘22

CMS ‘24
LHCb ‘24

ATLAS ‘18

CDF ‘22

sin!𝜃eff
" :

𝑀#:

𝑚H:

knowing the Higgs mass precisely is not of greatest 
importance (due to weak  ln	𝑚% dependence of HO corrections) 

https://inspirehep.net/literature/1658767
https://inspirehep.net/literature/2751680
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Figure 3: Fit of two SMEFT operators ( ⇠q⌫ left, ⇠33 right) with fixed and freely floating SM parameters.

a good agreement between the direct measurements and the different sets of fits can be observed.
The plots highlight the importance of a precise measurement of especially ", and <t.

4. Constraints on SMEFT

As an example of a search for physics beyond the Standard Model we study SMEFT effects
on the EW fit. These effects have been calculated to the one-loop level [19], including all terms
$ (E2/⇤2), where E is the vacuum expectation value and ⇤ the scale of new physics. We include
all 32 relevant operators at dimension six, and observe that each corresponding Wilson coefficient
(WC) is compatible with 0 at 95% confidence level when fitting them individually. We obtain
numerically excellent agreement with the results of Ref. [19].

As a next step, we include theoretical uncertainties as additional parameters and allow the SM
parameters to vary in the fit. We observe that the limits on the SMEFT WCs become weaker for
some operators, as shown in Figure 3. However, for most operators the effect of leaving the SM
parameters free in the fit has an effect of a few percent only. We observe that fermionic operators
are more affected than bosonic ones, and that leaving U( unconstrained accounts for the largest part
of this effect.
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4. Constraints on SMEFT

As an example of a search for physics beyond the Standard Model we study SMEFT effects
on the EW fit. These effects have been calculated to the one-loop level [19], including all terms
$ (E2/⇤2), where E is the vacuum expectation value and ⇤ the scale of new physics. We include
all 32 relevant operators at dimension six, and observe that each corresponding Wilson coefficient
(WC) is compatible with 0 at 95% confidence level when fitting them individually. We obtain
numerically excellent agreement with the results of Ref. [19].

As a next step, we include theoretical uncertainties as additional parameters and allow the SM
parameters to vary in the fit. We observe that the limits on the SMEFT WCs become weaker for
some operators, as shown in Figure 3. However, for most operators the effect of leaving the SM
parameters free in the fit has an effect of a few percent only. We observe that fermionic operators
are more affected than bosonic ones, and that leaving U( unconstrained accounts for the largest part
of this effect.

4

Gfitter, Y Fischer, PoS EPS-HEP2023 (2024) 304

electroweak sector very consistent (using 𝑀# from LEP+LHC) 

hadron collider input (𝑀M	, sin@𝜃eff
? , 𝑚Z	, 𝑀[) driving the exp progress

• we cannot know 𝑀(	and sin$𝜃eff
' precisely enough

• further experimental improvements highly desirable
– CMS 𝑀M measurement awaited to clarify tension

https://inspirehep.net/literature/2751680
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Figure 62: Summary of electroweak cross section measurements. Measurements performed
at different LHC pp collision energies are marked by unique symbols and the coloured bands
indicate the combined statistical and systematic uncertainty of the measurement. Grey bands
indicate the uncertainty of the corresponding SM theory predictions. Shaded hashed bars in-
dicate the excluded cross section region for a production process with the measured 95% C.L.
upper limit on the process indicated by the solid line of the same colour.

Multi-boson production provides detailed 
insights into VV interactions

single, double, triple production

production modes for multi-W/Z:5.2 Inclusive multiboson production and interactions 45
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Figure 19: Feynman diagrams for WZ diboson production. Shown are radiative production
(left), where the vector bosons are radiated off a quark, and a TGC production (right), where
a W boson is created by qq annihilation and splits into W and Z bosons. These diagrams are
representative of all diboson production mechanisms that involve radiative or TGC processes.
In the case of neutral final states TGCs are forbidden in the SM and only anomalous coupling
due to new physics could lead to contributions from that type of diagram.

(aQGCs). In addition, ratios of production rates have sensitivity to PDFs. Measurements are
typically made either inclusively of a diboson signature, including the EW processes, or of only
the EW component, as described in Section 5.3. In principle, every multi-gauge-boson process
in the SM with up to three gauge bosons can be observed at the LHC experiments. Several
multiboson states can be observed in such pure samples for which cross section measurements
are approaching the 3% total uncertainty level, and they may eventually be measured with the
accuracy approaching that of single vector boson production. Currently, only the rarest of the
multivector boson processes, such as ZZ VBS production (which has been detected with 4s sig-
nificance [277]), have not been observed by the CMS experiment. Representative LO Feynman
diagrams for WZ production are shown in Fig. 19 including both radiative production, where
the bosons are radiated off a quark, and TGC production, where qq annihilation results in an
off-shell W boson, which splits into the W and Z bosons. The interference of the amplitudes of
these two processes dominates the production cross section for inclusive WZ production.

5.2.1 Diboson production

The diboson production cross sections are among the most precisely measured by the CMS
experiment. The combination of pure W+ ! `+n` and Z ! `+`� samples and the large
integrated luminosity delivered by the LHC and collected by the CMS experiment provide
a precision rarely achieved previously by hadron collider experiments. An understanding of
diboson production is essential for the studies of the Higgs boson and searches for new physics
where diboson production is often a significant SM background. Diboson production also has
an indirect sensitivity to new physics that may occur in loop diagrams often characterised as
anomalous additions to the SM TGC and QGC multiboson couplings. The Feynman diagram
shown in Fig. 19 (right) illustrates how WZ production has sensitivity to measure the SM WWZ
TGCs or anomalous TGCs (aTGCs) that could modify those couplings due to BSM physics
contributions.

In the first LHC 7 TeV run all the diboson states seen by previous experiments were observed,
including gg [278], Wg and Zg [279], opposite-sign W±W⌥ [280], WZ [281], and ZZ [282]
signatures. The cross sections for diboson production have been measured at 5.02, 7, 8, and
13 TeV in Run 1 and Run 2 of the LHC. The diboson production processes measured at CMS are
listed in Table 13. Included is information on pp collision energy, theory calculations used for
comparison in Fig. 21, and other results of interest. For comparison NNLO QCD predictions
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Table 14: Summary of measurements of diboson production in association with jets. Listed
are the diboson state, number of jets measured, generator(s) used with perturbative QCD or-
der and K-factors used to scale the result to a higher order, total number of additional partons
generated, number of partons generated at NLO, parton shower MC, and ME-PS jet merging
scheme. The total number of partons includes additional real-emission partons generated by
NLO or NNLO QCD matrix element calculations. The highest bin in the jet multiplicity in-
cludes events with a higher number of jets as well.

Diboson Njets
p

s Generator Partons Partons PS ME-PS
State (TeV) total NLO scheme
Wg [311] 2 13 MG5 aMC (NLO) 2 1 Py8 FxFx
Zg [312] 2 13 MG5 aMC (NL0) 2 1 Py8 FxFx
W+W� [289] 0–2 13 (POWHEG (NLO) + MCFM (LO)) * K NNLO [314] 1 0 Py8 —
WZ [281] 0–2 8 (MADGRAPH 5 (LO) + MCFM (LO)) * KNLO MCFM 0 — Py6 —
ZZ [313] 0–3 8 (MG5 aMC (NLO)+ MCFM (LO)) * KNLO MCFM 2 1 Py8 CKKW
ZZ [315] 0–3 8 nNNLO + MCFM (NLO) 2 1 MiNNLOPS —
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Figure 27: Triboson WZZ production via diagrams involving radiative production (left), TGCs
(centre), and QGCs (right). This set of triboson Feynman diagrams is representative of most
triboson signatures, with the caveat that neutral TGCs and some QGC combinations are not
allowed in the SM.

son.

5.2.2 Triboson production

The high centre-of-mass collision energy and the large integrated luminosity produced by the
LHC have made it possible to observe triboson production for the first time. The most challeng-
ing measurements are those of the production of three massive vector bosons. The Feynman
diagrams for WZZ production are shown in Fig. 27 including radiative production of three
vector bosons and diagrams involving TGCs and QGCs. The sensitivity of triple gauge boson
production to measure TGCs is weaker than that of diboson production because of the small
production cross section, but the quartic coupling diagram gives this type of process direct
sensitivity to QGCs. In a comprehensive analysis, CMS measured all possible massive triboson
states simultaneously, categorizing them into all the possible final states involving electrons
and muons, according to type and charge, and pairs of jets from hadronic boson decay. This
analysis achieved collective observation of WWW, WWZ, WZZ, and ZZZ, and individual ev-
idence for WWW and WWZ production at 3.3 and 3.4 standard deviations, respectively [316].
Figure 28 depicts all of the analysis categories clearly showing the observed signal for all of
the final states. The triboson production processes measured at CMS are listed in Table 15.
Included in the table is information on pp collision energy, theory calculations used for com-
parison in Fig. 21, and other results of interest in the paper.

sin
gl

e 
(in

cl)
do

ub
le

 (i
nc

l)
tri

pl
e 

(in
cl)

sin
gl

e
EW

do
ub

le
 (E

W
)

5.3 Electroweak single-boson and multiboson production 57

W
+

W
�

Z

d

u

u

W
�

W
+

d

W
+

W
�

d

u

u

W
�

W
+

d

W
+

W
�

H

d

u

u

W
�

W
+

d

Figure 29: Production of oppositely charged W bosons via vector boson scattering. Example
Feynman diagrams include: scattering via Z boson and two TGC vertices (left), a QGC vertex
(middle), and scattering via a Higgs boson in t-channel (right).
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Figure 30: Feynman diagrams for vector boson fusion production of Z (left) and W bosons
(middle) via the WWZ TGC vertex and W via the WWg TGC vertex (right).

5.3 Electroweak single-boson and multiboson production

Pure EW production of single and multiple vector bosons with jets in collision events where
bosons are radiated off incoming quarks and either fuse to a single boson (VBF) or scatter to
pairs of bosons (VBS) is an essential test of the EW sector of the SM. Vector boson fusion directly
measures the TGCs of the SM. Vector boson scattering events can occur via the combination of
double TGC interactions, in t- or s-channel; quartic coupling of bosons; or scattering via a Higgs
boson, in t- or s-channel. The theoretical investigation of the Higgs boson scattering process
was an important early component in understanding the essential role of the Higgs boson in the
SM. The calculation of longitudinalVBS without the Higgs boson would predict an infinite cross
section at high energy. Shown in Fig. 29 are representative VBS Feynman diagrams for W±W⌥

scattering. The features of these types of interactions are two scattered jets with large rapidity
separation and one or two bosons produced centrally. The expected kinematic distributions
from the different amplitudes contributing to VBS and their interference can be used to study
the scattering kinematics and assess the polarization of the scattered bosons

The CMS experiment has measured VBF of single W or Z bosons in 7 (Z only) [324], 8 [325, 326],
and 13 [327, 328] TeV pp interactions. The Feynman diagram for VBF production of a Z boson
is depicted in Fig. 30 showing direct sensitivity to the WWZ TGC. The extraction of the signal
from a very large background of standard single boson + jets production requires the use of
a multivariate discriminant. An example BDT distribution from the measurement of EW Z
production at 13 TeV is shown in Fig. 31 demonstrating the performance of machine- learning
techniques to separate the signal over an overwhelming Z+jets background with the same final
state but slightly different kinematics [328]. These analyses have been used to set stringent
limits on deviations from the expected SM TGC values.

The EW production processes measured at CMS are listed in Table 16. Included is information
on pp collision energy, theory calculations used for comparison in Fig. 32, and other results of
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Figure 29: Production of oppositely charged W bosons via vector boson scattering. Example
Feynman diagrams include: scattering via Z boson and two TGC vertices (left), a QGC vertex
(middle), and scattering via a Higgs boson in t-channel (right).
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Figure 30: Feynman diagrams for vector boson fusion production of Z (left) and W bosons
(middle) via the WWZ TGC vertex and W via the WWg TGC vertex (right).
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pairs of bosons (VBS) is an essential test of the EW sector of the SM. Vector boson fusion directly
measures the TGCs of the SM. Vector boson scattering events can occur via the combination of
double TGC interactions, in t- or s-channel; quartic coupling of bosons; or scattering via a Higgs
boson, in t- or s-channel. The theoretical investigation of the Higgs boson scattering process
was an important early component in understanding the essential role of the Higgs boson in the
SM. The calculation of longitudinalVBS without the Higgs boson would predict an infinite cross
section at high energy. Shown in Fig. 29 are representative VBS Feynman diagrams for W±W⌥

scattering. The features of these types of interactions are two scattered jets with large rapidity
separation and one or two bosons produced centrally. The expected kinematic distributions
from the different amplitudes contributing to VBS and their interference can be used to study
the scattering kinematics and assess the polarization of the scattered bosons

The CMS experiment has measured VBF of single W or Z bosons in 7 (Z only) [324], 8 [325, 326],
and 13 [327, 328] TeV pp interactions. The Feynman diagram for VBF production of a Z boson
is depicted in Fig. 30 showing direct sensitivity to the WWZ TGC. The extraction of the signal
from a very large background of standard single boson + jets production requires the use of
a multivariate discriminant. An example BDT distribution from the measurement of EW Z
production at 13 TeV is shown in Fig. 31 demonstrating the performance of machine- learning
techniques to separate the signal over an overwhelming Z+jets background with the same final
state but slightly different kinematics [328]. These analyses have been used to set stringent
limits on deviations from the expected SM TGC values.

The EW production processes measured at CMS are listed in Table 16. Included is information
on pp collision energy, theory calculations used for comparison in Fig. 32, and other results of

large variety of final states, 
broad range of cross-sections probed
can only cover a tiny fractions

• q/g-ind.: DY, radiative, g-induced

• multi-boson-interactions 
(‘EW prod’)
- test of TGC and QGC 
- Vector Boson Fusion (VBF)
- Vector boson scattering (VBS) 
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theoσ / expσProduction cross section ratio:   

CMSDiboson measurements vs. NNLO theory

 7 TeV)γ, Zγ(NLO W

γγ EPJC 74 (2014) 3129  0.12± 0.01 ±1.06 
γW PRD 89 (2014) 092005  0.13± 0.03 ±1.16 
γW PRL 126 252002 (2021)  0.05± 0.00 ±1.01 
γZ PRD 89 (2014) 092005  0.05± 0.01 ±0.98 
γZ JHEP 04 (2015) 164  0.05± 0.01 ±0.92 

WW PRL 127 (2021) 191801  0.09± 0.18 ±1.24 
WW EPJC 73 (2013) 2610  0.09± 0.04 ±1.04 
WW EPJC 76 (2016) 401  0.08± 0.01 ±0.98 
WW PRD 102 092001 (2020)  0.05± 0.01 ±0.96 
WZ PRL 127 (2021) 191801  0.04± 0.20 ±0.57 
WZ EPJC 77 (2017) 236  0.06± 0.07 ±1.02 
WZ EPJC 77 (2017) 236  0.07± 0.04 ±0.98 
WZ JHEP 07 (2022) 032  0.03± 0.02 ±1.00 
ZZ PRL 127 (2021) 191801  0.13± 0.66 ±1.52 
ZZ JHEP 01 (2013) 063  0.07± 0.14 ±1.00 
ZZ PLB 740 (2015) 250  0.08± 0.07 ±1.02 
ZZ EPJC 81 (2021) 200  0.04± 0.02 ±1.04 

5.02,       7,          8,         13     TeV CMS measurements
inner unc. (stat), outer (+sys)

stat      sys

Theory

Figure 21: Summary of cross section measurements for diboson production shown as a ratio
over the NNLO or NLO QCD predictions. The yellow bands indicate the uncertainties in the
theoretical predictions and the error bars on the points are the statistical uncertainties, whereas
the outer bars are the combined statistical and systematic uncertainties.

CMS review, subm. to PhysRep., 2405.18661 

5.2 Inclusive multiboson production and interactions 49

Figure 22: The total W±W⌥, WZ and ZZ cross sections as functions of the pp centre-of-mass
energy. Results from the CMS and ATLAS experiments for pp collisions are compared with the
predictions from MATRIX at NNLO in QCD and NLO in EW, and at NLO in QCD. Also shown
are results from pp collisions at the CDF and D0 experiments compared with MATRIX predic-
tions as above. The inner vertical errors bars around the experimental data points show the
statistical uncertainties of the measurements, whereas the outer bars show the total uncertain-
ties. Measurements at the same centre-of-mass energy are shifted slightly along the horizontal
axis for clarity. Figure taken from Ref. [287].

total cross sections.

The most precisely measured diboson cross sections at the CMS experiment are WZ and ZZ
production. In the WZ case the high precision is possible because of the low background for Z
decays to electrons or muons and the higher branching fraction for leptonic W decay. The WZ
cross section in 13 TeV pp collisions [290] is measured as stot(pp ! WZ) = 50.6 ± 0.8 (stat) ±
1.5 (syst) ± 1.1 (lumi) ± 0.5 (theo) pb = 50.6 ± 1.9 pb. The overall 3.7% accuracy is dominated
by the systematic and integrated luminosity uncertainties. The cross section is also measured
in a fiducial phase space, which reduces the extrapolation uncertainty to the full phase space,
where a 3.4% precision is achieved. At the time, the precision exceeded that of the single bo-
son cross section measurements from the CMS. Despite having the lowest statistical precision
of any diboson production process, the cross section for ZZ production is the next most accu-
rately measured. The precision of the measurement is driven by the very low background to
two fully reconstructed Z boson decays to electrons and muons. The ZZ cross section for 13 TeV
pp collisions [292] is measured as stot(pp ! ZZ) = 17.2 ± 0.3 (stat) ± 0.5 (syst) ± 0.4 (theo) ±
0.3 (lumi) pb. The combined overall uncertainty is 4.3%. The cross section measured in a fidu-
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Figure 19: Feynman diagrams for WZ diboson production. Shown are radiative production
(left), where the vector bosons are radiated off a quark, and a TGC production (right), where
a W boson is created by qq annihilation and splits into W and Z bosons. These diagrams are
representative of all diboson production mechanisms that involve radiative or TGC processes.
In the case of neutral final states TGCs are forbidden in the SM and only anomalous coupling
due to new physics could lead to contributions from that type of diagram.

(aQGCs). In addition, ratios of production rates have sensitivity to PDFs. Measurements are
typically made either inclusively of a diboson signature, including the EW processes, or of only
the EW component, as described in Section 5.3. In principle, every multi-gauge-boson process
in the SM with up to three gauge bosons can be observed at the LHC experiments. Several
multiboson states can be observed in such pure samples for which cross section measurements
are approaching the 3% total uncertainty level, and they may eventually be measured with the
accuracy approaching that of single vector boson production. Currently, only the rarest of the
multivector boson processes, such as ZZ VBS production (which has been detected with 4s sig-
nificance [277]), have not been observed by the CMS experiment. Representative LO Feynman
diagrams for WZ production are shown in Fig. 19 including both radiative production, where
the bosons are radiated off a quark, and TGC production, where qq annihilation results in an
off-shell W boson, which splits into the W and Z bosons. The interference of the amplitudes of
these two processes dominates the production cross section for inclusive WZ production.

5.2.1 Diboson production

The diboson production cross sections are among the most precisely measured by the CMS
experiment. The combination of pure W+ ! `+n` and Z ! `+`� samples and the large
integrated luminosity delivered by the LHC and collected by the CMS experiment provide
a precision rarely achieved previously by hadron collider experiments. An understanding of
diboson production is essential for the studies of the Higgs boson and searches for new physics
where diboson production is often a significant SM background. Diboson production also has
an indirect sensitivity to new physics that may occur in loop diagrams often characterised as
anomalous additions to the SM TGC and QGC multiboson couplings. The Feynman diagram
shown in Fig. 19 (right) illustrates how WZ production has sensitivity to measure the SM WWZ
TGCs or anomalous TGCs (aTGCs) that could modify those couplings due to BSM physics
contributions.

In the first LHC 7 TeV run all the diboson states seen by previous experiments were observed,
including gg [278], Wg and Zg [279], opposite-sign W±W⌥ [280], WZ [281], and ZZ [282]
signatures. The cross sections for diboson production have been measured at 5.02, 7, 8, and
13 TeV in Run 1 and Run 2 of the LHC. The diboson production processes measured at CMS are
listed in Table 13. Included is information on pp collision energy, theory calculations used for
comparison in Fig. 21, and other results of interest. For comparison NNLO QCD predictions
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Figure 20: Feynman diagrams for ZZ diboson production including radiative production (left)
and NNLO production via a gluon-gluon initial state (right), which increases the total produc-
tion cross section significantly.

are necessary to predict the cross sections and distributions of these processes with sufficient
accuracy. This is both because NNLO production can introduce new initial states, such as the
gluon-gluon initial state for ZZ (and W±W⌥) production, shown along with the radiative pro-
duction Feynman diagram in Fig. 20, and because the precision of the experimental diboson
production measurement in many final states is at the several percent level, which requires
NNLO QCD computations to achieve equivalent accuracy. These factors have pushed exten-
sive developments in the theory to accurately predict these states and match the precision of the
experimental measurements. The theoretical cross section for comparison to the measured gg
production rate is calculated using the 2gNNLO [283] programme. Comparisons to theoretical
cross section predictions for the 7 TeV Wg and Zg production are calculated using parton-level
MCFM NLO predictions corrected for NP effects. The 8 TeV Z g result is compared with the
NNLO prediction from Ref. [284]. The MATRIX predictions have NNLO QCD and NLO EW
precision for qq processes, and NLO QCD accuracy for the gg initial state processes that con-
tribute to W±W⌥ and ZZ production. Same-sign (SS) W±W± production has been measured
as well and is discussed in Section 5.3.

These measurements are summarized in Fig. 21. The figure shows that both experimental mea-
surements and theory, typically at the level of NNLO QCD, agree over all of the diboson pro-
duction states with percent-level precision. In papers with total and fiducial measurements
(13 TeV W±W⌥, WZ and ZZ), the fiducial cross section measurements have better precision
and are used in the figure.

A plot focused on VV production, where V = W or Z, is shown in Fig. 22 for four energies
measured by the CMS experiment. The measured total cross sections of pairs of weak bosons
agree with the theoretical predictions [287]. Also shown are results from the ATLAS experi-
ment [293–301], and from the Tevatron CDF [302, 303] and D0 [304–306] experiments where the
production of pairs of weak bosons in hadron collisions was first observed. The figure presents
the inclusive total cross sections for weak boson pair production and, where necessary, results
reported as production cross section times branching fraction to lepton final states have been
scaled by the inverse of the appropriate branching fraction. Extrapolation from the fiducial
measurement regions for the states involving Z ! `+`� to total cross sections was done in
mass ranges of 66–116 GeV and 60–120 GeV for ATLAS and CMS, respectively, leading to a
1.6% (0.8%) difference in the total cross sections calculated by ATLAS vs. CMS and the MATRIX
predictions for ZZ (WZ) production. This effect is not corrected for in the plot and is not visible
given the logarithmic scale. Diboson production cross sections are also summarized with other
cross sections measured by CMS in Fig. 1 where, as above, the diboson results are presented as

precision results available at LHC
• pure 𝑊 → 𝑙𝜈 and 𝑍 → 𝑙𝑙 reconstruction + large datasets

→	 already in Run-1: studies of major modes

→ Run-2: high precision measurements at several % level
– most precise: 𝑊𝑍, 𝑍𝑍 with 3-4 % precision
– need NNLO QCD + NLO EW calculations for comparison

o good agreement seen

radiative 
production TGCs NNLO QCD

𝛾𝛾,𝑊𝛾, 𝑍𝛾, OS	𝑊±𝑊∓,𝑊𝑍, 𝑍𝑍

• first observed at TeVatron

https://inspirehep.net/literature/2791238
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importance of accurate SM predictions

• comparising precise 𝜎)) measurements with: 
- NLO QCD for 𝑞7𝑞, LO QCD for 𝑔𝑔
- NNLO QCD + NLO EW for 𝑞7𝑞, NLO QCD for 𝑔𝑔

→ contribution from NLO and NNLO QCD 
substantially increase cross sections

• needed for agreement with experimental data 
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Figure 23: The total ZZ cross section as a function of the pp centre-of-mass energy. Results from
the CMS and ATLAS [299–301] experiments are compared with the predictions from MATRIX
and MCFM, as described in the text. The ATLAS measurements were performed with a Z boson
mass window of 66–116 GeV, instead of 60–120 GeV used by CMS, and are corrected for the
resulting 1.6% difference in acceptance. The inner vertical errors bars around the experimental
data points show the statistical uncertainties of the measurements, whereas the outer bars show
the total uncertainties. Measurements at the same centre-of-mass energy are shifted slightly
along the horizontal axis for clarity. Figure taken from Ref. [292].

differential measurements for all diboson final states also done
• variety of variables: 𝑝N? , 𝑝Na, 𝑛jet, 𝑝N

jet,𝑚aa, … (with sensitivity for HO QCD, HO EW or BSM)

• not covered here, in general decent agreement observed.
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most difficult: VVV with very small cross-sections
• probe of TGCs and QGC 

– smaller TGC sensitivity than in diboson 
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theoσ / expσProduction Cross Section Ratio:   
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All results at:
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https://arxiv.org/abs/2006.11191WWW  0.28± 0.30 ±1.16 -1137 fb
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https://arxiv.org/abs/1704.00366
https://arxiv.org/abs/1704.00366γγZ  0.14± 0.11 ±0.98 -119.4 fb

https://arxiv.org/abs/2105.12780
https://arxiv.org/abs/2105.12780γγZ  0.11± 0.09 ±0.91 -1137 fb
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Figure 28: Comparison of the observed numbers of events to the predicted yields. For the
WWW and WWZ channels, the results from boosted decision tree (BDT) based selections are
used. For the other results different categorizations based on the number of jets, whether dijet
masses are inside or outside a selection window used to identify the boson, and specific lepton
combinations or the number of same-flavour, opposite-sign (SFOS) leptons are shown. The
VVV signal is shown stacked on top of the total background. The points represent the data and
the error bars show the statistical uncertainties. The expected significance L in the middle panel
represents the number of standard deviations (sd) with which the null hypothesis (no signal)
is rejected. The lower panel shows the pulls for the fit result. Figure taken from Ref. [316].

Table 15: Table of triboson production cross section measurements. Listed in the table are
signatures studied, pp collision energy, theory cross section calculation used for comparison,
and selected additional results of interest from each measurement.

Process Energy (TeV) Theory calculation Other results
Wgg [317] 8 MG5 aMC Py6 NLO aQGC
Wgg [318] 13 MG5 aMC Py8 NLO aQGC
Zgg [317] 8 MG5 aMC Py6 NLO aQGC
Zgg [318] 13 MG5 aMC Py8 NLO aQGC
WVg [319] 8 MG5 aMC Py8 NLO aQGC
WWg [320] 13 MG5 aMC Py8 NLO aQGC, Hg search
VVV [316] 13 NLO [321–323] VH production
WWW [316] 13 NLO [321–323] VH production
WWZ [316] 13 NLO [321–323] VH production
WZZ [316] 13 NLO [321–323] VH production
ZZZ [316] 13 NLO [321–323] VH production
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Table 14: Summary of measurements of diboson production in association with jets. Listed
are the diboson state, number of jets measured, generator(s) used with perturbative QCD or-
der and K-factors used to scale the result to a higher order, total number of additional partons
generated, number of partons generated at NLO, parton shower MC, and ME-PS jet merging
scheme. The total number of partons includes additional real-emission partons generated by
NLO or NNLO QCD matrix element calculations. The highest bin in the jet multiplicity in-
cludes events with a higher number of jets as well.

Diboson Njets
p

s Generator Partons Partons PS ME-PS
State (TeV) total NLO scheme
Wg [311] 2 13 MG5 aMC (NLO) 2 1 Py8 FxFx
Zg [312] 2 13 MG5 aMC (NL0) 2 1 Py8 FxFx
W+W� [289] 0–2 13 (POWHEG (NLO) + MCFM (LO)) * K NNLO [314] 1 0 Py8 —
WZ [281] 0–2 8 (MADGRAPH 5 (LO) + MCFM (LO)) * KNLO MCFM 0 — Py6 —
ZZ [313] 0–3 8 (MG5 aMC (NLO)+ MCFM (LO)) * KNLO MCFM 2 1 Py8 CKKW
ZZ [315] 0–3 8 nNNLO + MCFM (NLO) 2 1 MiNNLOPS —
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Figure 27: Triboson WZZ production via diagrams involving radiative production (left), TGCs
(centre), and QGCs (right). This set of triboson Feynman diagrams is representative of most
triboson signatures, with the caveat that neutral TGCs and some QGC combinations are not
allowed in the SM.

son.

5.2.2 Triboson production

The high centre-of-mass collision energy and the large integrated luminosity produced by the
LHC have made it possible to observe triboson production for the first time. The most challeng-
ing measurements are those of the production of three massive vector bosons. The Feynman
diagrams for WZZ production are shown in Fig. 27 including radiative production of three
vector bosons and diagrams involving TGCs and QGCs. The sensitivity of triple gauge boson
production to measure TGCs is weaker than that of diboson production because of the small
production cross section, but the quartic coupling diagram gives this type of process direct
sensitivity to QGCs. In a comprehensive analysis, CMS measured all possible massive triboson
states simultaneously, categorizing them into all the possible final states involving electrons
and muons, according to type and charge, and pairs of jets from hadronic boson decay. This
analysis achieved collective observation of WWW, WWZ, WZZ, and ZZZ, and individual ev-
idence for WWW and WWZ production at 3.3 and 3.4 standard deviations, respectively [316].
Figure 28 depicts all of the analysis categories clearly showing the observed signal for all of
the final states. The triboson production processes measured at CMS are listed in Table 15.
Included in the table is information on pp collision energy, theory calculations used for com-
parison in Fig. 21, and other results of interest in the paper.

at LHC Run-2: large 𝑠 and large ∫𝐿dt
first time discovery, signature: multi-lepton (SS) events
ATLAS: WWW observed (significance: 8𝜎,	2.6𝜎 above SM (NLO QCD, EW LO))^ 
CMS: VVV collectively observed, individual evidence for WWW, WWZ 

CMS, Phys.Rev.Lett. 125 (2020) 15, 151802, 2006.11191

O(30)% 
precision

decent 
agreement 
with SM 
prediction

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined
https://inspirehep.net/literature/2022440
https://inspirehep.net/literature/1802096
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Vector-Boson scattering is unique at LHC
production modes: 
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double TGC in   
t- and s- channel

t-channel Higgs 
(needed to unitarize 
cross-section of 
logitudinal VBS)

quartic gauge 
couplings

    Andreas B. Meyer                                                         Top and Electroweak Physics at the LHC                                                                     QCD@LHC, Orsay, 28 Nov - 2 Dec 2022                               

electroweak signal predicted by S����� at 4.4�. A significance of 6.5� is expected by the alternative
signal sample simulated with P�����-B��.
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Figure 2: Event yields for data, signal and background in the W Z and 200 < mj j < 500 GeV control regions
(left) and the mj j distribution for events meeting all selection criteria for the signal region (right). Signal and
background distributions are shown as predicted after the fit. The hatched band represents the statistical and systematic
uncertainties of the background predictions added in quadrature. The backgrounds from V� production and electron
charge misreconstruction are combined into the e/� conversions category. The other prompt category combines Z Z ,
VVV and tt̄V background contributions. The last bin on the right figure includes the overflow.

Table 1 compares the numbers of data events in the signal region with the background and signal event
yields after the fit; the signal region contains 122 data events, compared with a best-fit yield of 69 ± 7
background events. By fitting the data and background events in the signal and control regions, the
background-only hypothesis is rejected with a significance of 6.5�. Figure 2 shows the control region
events separated into categories and the mj j distribution in the signal region after the fit. All nuisance
parameters remain within their one standard deviation uncertainty after the fit. The normalization of the
W Z background is scaled by a factor of 0.86+0.07

�0.07 (stat.) +0.18
�0.08 (exp. syst.) +0.31

�0.23 (mod. syst.), constrained
mainly by the observed number of data events in the W Z control region. Figure 3 shows the m`` distribution
in the signal region after the fit.

Table 1: Summary of the data event yields, and the signal and background event yields in the signal region as obtained
after the fit. The numbers are shown for the six individual channels and for all channels combined. The backgrounds
from V� production and electron charge misreconstruction are combined in the e/� conversions category. The other
prompt category combines Z Z , VVV and tt̄V background contributions.

e+e+ e�e� e+µ+ e�µ� µ+µ+ µ�µ� Combined

W Z 1.48± 0.32 1.09± 0.27 11.6 ± 1.9 7.9 ± 1.4 5.0 ± 0.7 3.4 ± 0.6 30 ± 4
Non-prompt 2.2 ± 1.1 1.2 ± 0.6 5.9 ± 2.5 4.7 ± 1.6 0.56± 0.05 0.68± 0.13 15 ± 5
e/� conversions 1.6 ± 0.4 1.6 ± 0.4 6.3 ± 1.6 4.3 ± 1.1 — — 13.9 ± 2.9
Other prompt 0.16± 0.04 0.14± 0.04 0.90± 0.20 0.63± 0.14 0.39± 0.09 0.22± 0.05 2.4 ± 0.5
W±W± j j strong 0.35± 0.13 0.15± 0.05 2.9 ± 1.0 1.2 ± 0.4 1.8 ± 0.6 0.76± 0.25 7.2 ± 2.3

Expected background 5.8 ± 1.4 4.1 ± 1.1 28 ± 4 18.8 ± 2.6 7.7 ± 0.9 5.1 ± 0.6 69 ± 7

W±W± j j electroweak 5.6 ± 1.0 2.2 ± 0.4 24 ± 5 9.4 ± 1.8 13.4 ± 2.5 5.1 ± 1.0 60 ± 11

Data 10 4 44 28 25 11 122

A signal strength of 1.44+0.26
�0.24 (stat.) +0.28

�0.22 (syst.) is measured with respect to the S����� fiducial cross
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VBS and Electroweak Symmetry Breaking
• Vector boson scattering at high energies demonstrates essential 

cancellation from Higgs boson diagrams
– Classic example is WLWL-> WLWL scattering, which diverges without Higgs
– Cancellation could be spoiled by small changes in the gauge boson couplings

• VBS measurements offer a direct glimpse into standard EWSB

J. Nielsen (Santa Cruz) VBF and VBS Measurements (LHCP 2022) 4

M. Szleper, arXiv:1412.8367

Vector Boson Scattering Topology

I Two highly energetic, forward ’tag jets’ (identified as highest pT jets)
with large mjj and �hjj

I Central leptons, MET

Sensitivity measurement dominated by mjj > 1 TeV region

4 J. Lauwers EW W±W± JJ
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Vector Boson Scattering (VBS)

Higgs boson expected to unitarize VLVL→VLVL amplitude                                                           
Higgs boson cancels cross section divergence exactly. 
Probing the Higgs mechanism without looking at the Higgs 

Experimentally:  
Signature: 2 jets, large rapidity gap, high mjj 

5

to modify the quartic couplings. In this case, the m`` distributions in both the signal and WZ
regions are used to perform the statistical analysis. The EW production is treated as a back-
ground consistent with the SM expectation and can vary within the estimated uncertainties.
The observed and expected 95% confidence level (CL) limits for the nine coefficients, shown
in Table 2, are obtained by varying the effective operators one by one. The effect of possible
aQGCs on the WZ process in the signal region is negligible because the background is normal-
ized using data. The table also shows the most stringent 95% CL limits reported by the CMS
Collaboration previously.

Table 2: Observed and expected 95% CL limits on the coefficients for higher-order (dimension-
eight) operators in the effective field theory Lagrangian. The last column summarizes the pre-
viously observed limits obtained by the CMS Collaboration together with the appropriate ref-
erence.

Observed limits Expected limits Previously observed limits
( TeV �4) ( TeV �4) ( TeV �4)

fS0/L4 [�7.7, 7.7] [�7.0, 7.2] [�38, 40] , [11]
fS1/L4 [�21.6, 21.8] [�19.9, 20.2] [�118, 120] , [11]
fM0/L4 [�6.0, 5.9] [�5.6, 5.5] [�4.6, 4.6] , [36]
fM1/L4 [�8.7, 9.1] [�7.9, 8.5] [�17, 17] , [36]
fM6/L4 [�11.9, 11.8] [�11.1, 11.0] [�65, 63] , [11]
fM7/L4 [�13.3, 12.9] [�12.4, 11.8] [�70, 66] , [11]
fT0/L4 [�0.62, 0.65] [�0.58, 0.61] [�0.46, 0.44] , [37]
fT1/L4 [�0.28, 0.31] [�0.26, 0.29] [�0.61, 0.61] , [37]
fT2/L4 [�0.89, 1.02] [�0.80, 0.95] [�1.2, 1.2] , [37]

Doubly charged Higgs bosons are predicted in models that contain a Higgs triplet field. Some
of these scenarios predict same-sign lepton events from W±W± decays with a VBF topology.
The Georgi–Machacek model of Higgs triplets [38] is considered. The couplings depend on
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Figure 2: Distributions of mjj (left) and m`` (right) in the signal region. The normalization
of the EW W±W± and background distributions corresponds to the result of the fit. The
hatched bands include statistical and systematic uncertainties from the predicted yields. The
histograms for other backgrounds include the contributions from QCD WW, Wg, wrong-sign
events, double parton scattering, and triboson processes. The overflow is included in the last
bin.

arXiv:1709.05822arXiv:1906.03203

Vector boson scattering at the LHC

Same-sign W
±
W

±
jj production at the LHC

W
±
W

±
jj VBS: no s-channel diagrams

q

q

q
0

W
±

W
±

q
0

H
0

q

q

q
0

W
±

W
±

q
0

q

q

q
0

W
±

W
±

q
0

lowest order: W±
W

± + 2 jets, there is no SM inclusive W
±
W

± production!

Event selection according to signature:

! exactly 2 same-sign leptons, p`
T
> 25 GeV (e±e±, e±µ±, and µ

±
µ
±)

! E
miss
T > 40 GeV

! � 2 jets with
p
jet
T

> 30 GeV
jet

jet

�y

l
±

l
±

⌫

⌫
Anja Vest, TU Dresden 21

Vector boson scattering at the LHC

Same-sign W
±
W

±
jj production at the LHC

W
±
W

±
jj VBS: no s-channel diagrams

q

q

q
0

W
±

W
±

q
0

H
0

q

q

q
0

W
±

W
±

q
0

q

q

q
0

W
±

W
±

q
0

lowest order: W±
W

± + 2 jets, there is no SM inclusive W
±
W

± production!

Event selection according to signature:

! exactly 2 same-sign leptons, p`
T
> 25 GeV (e±e±, e±µ±, and µ

±
µ
±)

! E
miss
T > 40 GeV

! � 2 jets with
p
jet
T

> 30 GeV
jet

jet

�y

l
±

l
±

⌫

⌫
Anja Vest, TU Dresden 21

Same-sign WW + 2 jets: the lowest hanging fruit

6.5(4.4)σ obs(exp) 5.5(5.7)σ obs(exp)

Z,γ,Hhighly interesting, purely EW interactions

EW Vector Boson Scattering

Longitudinal-Longitudinal Scattering 
Important additional check of the EWSB sector.


Suppressed from Higgs cancellation however with very large 
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electroweak signal predicted by S����� at 4.4�. A significance of 6.5� is expected by the alternative
signal sample simulated with P�����-B��.
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Figure 2: Event yields for data, signal and background in the W Z and 200 < mj j < 500 GeV control regions
(left) and the mj j distribution for events meeting all selection criteria for the signal region (right). Signal and
background distributions are shown as predicted after the fit. The hatched band represents the statistical and systematic
uncertainties of the background predictions added in quadrature. The backgrounds from V� production and electron
charge misreconstruction are combined into the e/� conversions category. The other prompt category combines Z Z ,
VVV and tt̄V background contributions. The last bin on the right figure includes the overflow.

Table 1 compares the numbers of data events in the signal region with the background and signal event
yields after the fit; the signal region contains 122 data events, compared with a best-fit yield of 69 ± 7
background events. By fitting the data and background events in the signal and control regions, the
background-only hypothesis is rejected with a significance of 6.5�. Figure 2 shows the control region
events separated into categories and the mj j distribution in the signal region after the fit. All nuisance
parameters remain within their one standard deviation uncertainty after the fit. The normalization of the
W Z background is scaled by a factor of 0.86+0.07

�0.07 (stat.) +0.18
�0.08 (exp. syst.) +0.31

�0.23 (mod. syst.), constrained
mainly by the observed number of data events in the W Z control region. Figure 3 shows the m`` distribution
in the signal region after the fit.

Table 1: Summary of the data event yields, and the signal and background event yields in the signal region as obtained
after the fit. The numbers are shown for the six individual channels and for all channels combined. The backgrounds
from V� production and electron charge misreconstruction are combined in the e/� conversions category. The other
prompt category combines Z Z , VVV and tt̄V background contributions.

e+e+ e�e� e+µ+ e�µ� µ+µ+ µ�µ� Combined

W Z 1.48± 0.32 1.09± 0.27 11.6 ± 1.9 7.9 ± 1.4 5.0 ± 0.7 3.4 ± 0.6 30 ± 4
Non-prompt 2.2 ± 1.1 1.2 ± 0.6 5.9 ± 2.5 4.7 ± 1.6 0.56± 0.05 0.68± 0.13 15 ± 5
e/� conversions 1.6 ± 0.4 1.6 ± 0.4 6.3 ± 1.6 4.3 ± 1.1 — — 13.9 ± 2.9
Other prompt 0.16± 0.04 0.14± 0.04 0.90± 0.20 0.63± 0.14 0.39± 0.09 0.22± 0.05 2.4 ± 0.5
W±W± j j strong 0.35± 0.13 0.15± 0.05 2.9 ± 1.0 1.2 ± 0.4 1.8 ± 0.6 0.76± 0.25 7.2 ± 2.3

Expected background 5.8 ± 1.4 4.1 ± 1.1 28 ± 4 18.8 ± 2.6 7.7 ± 0.9 5.1 ± 0.6 69 ± 7

W±W± j j electroweak 5.6 ± 1.0 2.2 ± 0.4 24 ± 5 9.4 ± 1.8 13.4 ± 2.5 5.1 ± 1.0 60 ± 11

Data 10 4 44 28 25 11 122

A signal strength of 1.44+0.26
�0.24 (stat.) +0.28

�0.22 (syst.) is measured with respect to the S����� fiducial cross
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VBS and Electroweak Symmetry Breaking
• Vector boson scattering at high energies demonstrates essential 

cancellation from Higgs boson diagrams
– Classic example is WLWL-> WLWL scattering, which diverges without Higgs
– Cancellation could be spoiled by small changes in the gauge boson couplings

• VBS measurements offer a direct glimpse into standard EWSB

J. Nielsen (Santa Cruz) VBF and VBS Measurements (LHCP 2022) 4

M. Szleper, arXiv:1412.8367

Vector Boson Scattering Topology

I Two highly energetic, forward ’tag jets’ (identified as highest pT jets)
with large mjj and �hjj

I Central leptons, MET

Sensitivity measurement dominated by mjj > 1 TeV region

4 J. Lauwers EW W±W± JJ
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Vector Boson Scattering (VBS)

Higgs boson expected to unitarize VLVL→VLVL amplitude                                                           
Higgs boson cancels cross section divergence exactly. 
Probing the Higgs mechanism without looking at the Higgs 

Experimentally:  
Signature: 2 jets, large rapidity gap, high mjj 

5

to modify the quartic couplings. In this case, the m`` distributions in both the signal and WZ
regions are used to perform the statistical analysis. The EW production is treated as a back-
ground consistent with the SM expectation and can vary within the estimated uncertainties.
The observed and expected 95% confidence level (CL) limits for the nine coefficients, shown
in Table 2, are obtained by varying the effective operators one by one. The effect of possible
aQGCs on the WZ process in the signal region is negligible because the background is normal-
ized using data. The table also shows the most stringent 95% CL limits reported by the CMS
Collaboration previously.

Table 2: Observed and expected 95% CL limits on the coefficients for higher-order (dimension-
eight) operators in the effective field theory Lagrangian. The last column summarizes the pre-
viously observed limits obtained by the CMS Collaboration together with the appropriate ref-
erence.

Observed limits Expected limits Previously observed limits
( TeV �4) ( TeV �4) ( TeV �4)

fS0/L4 [�7.7, 7.7] [�7.0, 7.2] [�38, 40] , [11]
fS1/L4 [�21.6, 21.8] [�19.9, 20.2] [�118, 120] , [11]
fM0/L4 [�6.0, 5.9] [�5.6, 5.5] [�4.6, 4.6] , [36]
fM1/L4 [�8.7, 9.1] [�7.9, 8.5] [�17, 17] , [36]
fM6/L4 [�11.9, 11.8] [�11.1, 11.0] [�65, 63] , [11]
fM7/L4 [�13.3, 12.9] [�12.4, 11.8] [�70, 66] , [11]
fT0/L4 [�0.62, 0.65] [�0.58, 0.61] [�0.46, 0.44] , [37]
fT1/L4 [�0.28, 0.31] [�0.26, 0.29] [�0.61, 0.61] , [37]
fT2/L4 [�0.89, 1.02] [�0.80, 0.95] [�1.2, 1.2] , [37]

Doubly charged Higgs bosons are predicted in models that contain a Higgs triplet field. Some
of these scenarios predict same-sign lepton events from W±W± decays with a VBF topology.
The Georgi–Machacek model of Higgs triplets [38] is considered. The couplings depend on
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Figure 2: Distributions of mjj (left) and m`` (right) in the signal region. The normalization
of the EW W±W± and background distributions corresponds to the result of the fit. The
hatched bands include statistical and systematic uncertainties from the predicted yields. The
histograms for other backgrounds include the contributions from QCD WW, Wg, wrong-sign
events, double parton scattering, and triboson processes. The overflow is included in the last
bin.
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Same-sign WW + 2 jets: the lowest hanging fruit

6.5(4.4)σ obs(exp) 5.5(5.7)σ obs(exp)

Z,γ,H

CMS, Phys. Rev. Lett. 120, 081801 (2018), 1709.05822

first obs. in SS WW in early Run-2
ATLAS: 6.5 (4.4) 𝜎,	CMS: 5.5 (5.7) 𝜎

electroweak signal predicted by S����� at 4.4�. A significance of 6.5� is expected by the alternative
signal sample simulated with P�����-B��.
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Figure 2: Event yields for data, signal and background in the W Z and 200 < mj j < 500 GeV control regions
(left) and the mj j distribution for events meeting all selection criteria for the signal region (right). Signal and
background distributions are shown as predicted after the fit. The hatched band represents the statistical and systematic
uncertainties of the background predictions added in quadrature. The backgrounds from V� production and electron
charge misreconstruction are combined into the e/� conversions category. The other prompt category combines Z Z ,
VVV and tt̄V background contributions. The last bin on the right figure includes the overflow.

Table 1 compares the numbers of data events in the signal region with the background and signal event
yields after the fit; the signal region contains 122 data events, compared with a best-fit yield of 69 ± 7
background events. By fitting the data and background events in the signal and control regions, the
background-only hypothesis is rejected with a significance of 6.5�. Figure 2 shows the control region
events separated into categories and the mj j distribution in the signal region after the fit. All nuisance
parameters remain within their one standard deviation uncertainty after the fit. The normalization of the
W Z background is scaled by a factor of 0.86+0.07

�0.07 (stat.) +0.18
�0.08 (exp. syst.) +0.31

�0.23 (mod. syst.), constrained
mainly by the observed number of data events in the W Z control region. Figure 3 shows the m`` distribution
in the signal region after the fit.

Table 1: Summary of the data event yields, and the signal and background event yields in the signal region as obtained
after the fit. The numbers are shown for the six individual channels and for all channels combined. The backgrounds
from V� production and electron charge misreconstruction are combined in the e/� conversions category. The other
prompt category combines Z Z , VVV and tt̄V background contributions.

e+e+ e�e� e+µ+ e�µ� µ+µ+ µ�µ� Combined

W Z 1.48± 0.32 1.09± 0.27 11.6 ± 1.9 7.9 ± 1.4 5.0 ± 0.7 3.4 ± 0.6 30 ± 4
Non-prompt 2.2 ± 1.1 1.2 ± 0.6 5.9 ± 2.5 4.7 ± 1.6 0.56± 0.05 0.68± 0.13 15 ± 5
e/� conversions 1.6 ± 0.4 1.6 ± 0.4 6.3 ± 1.6 4.3 ± 1.1 — — 13.9 ± 2.9
Other prompt 0.16± 0.04 0.14± 0.04 0.90± 0.20 0.63± 0.14 0.39± 0.09 0.22± 0.05 2.4 ± 0.5
W±W± j j strong 0.35± 0.13 0.15± 0.05 2.9 ± 1.0 1.2 ± 0.4 1.8 ± 0.6 0.76± 0.25 7.2 ± 2.3

Expected background 5.8 ± 1.4 4.1 ± 1.1 28 ± 4 18.8 ± 2.6 7.7 ± 0.9 5.1 ± 0.6 69 ± 7

W±W± j j electroweak 5.6 ± 1.0 2.2 ± 0.4 24 ± 5 9.4 ± 1.8 13.4 ± 2.5 5.1 ± 1.0 60 ± 11

Data 10 4 44 28 25 11 122

A signal strength of 1.44+0.26
�0.24 (stat.) +0.28

�0.22 (syst.) is measured with respect to the S����� fiducial cross

7

4

is performed with a fit to the (mjj,m``) two-dimensional distributions. The fit is performed
simultaneously in the signal region and in the WZ control region, although only the mjj distri-
bution is used in the latter region. The aim of using the WZ control region is to determine the
number of WZ background events in the signal region as a function of mjj. The lepton flavor is
not used to separate event samples. The EW signal yield and the WZ background normaliza-
tion are free parameters of the fit. All background contributions can vary within the estimated
uncertainties. The data excess is quantified by calculating the p-value using a profile likeli-
hood ratio test statistic [31–33]. The observed (expected) statistical significance of the signal is
5.5 (5.7) standard deviations. The ratio of measured signal event yield to that expected from
the SM is 0.90 ± 0.22.

Table 1: Estimated signal and background yields after the selection. The statistical and system-
atic uncertainties are added in quadrature. The processes contributing to less than 1% of the
total background are not listed, but included in the total background yield.

Data 201
Signal + total bkg. 205 ± 13
Signal 66.9 ± 2.4
Total bkg. 138 ± 13
Nonprompt 88 ± 13
WZ 25.1 ± 1.1
QCD WW 4.8 ± 0.4
Wg 8.3 ± 1.6
Triboson 5.8 ± 0.8
Wrong sign 5.2 ± 1.1

 (GeV)jjm
500 1000 1500 2000

Ev
en

ts
 / 

bi
n

0

50

100

150
Data
EW WW
WZ
Nonprompt
Others
Bkg. unc.

 (13 TeV)-135.9 fbCMS

 (GeV)llm
200 400 600

Ev
en

ts
 / 

bi
n

0

50

100

150
Data
EW WW
WZ
Nonprompt
Others
Bkg. unc.

 (13 TeV)-135.9 fbCMS

Figure 2: Distributions of mjj (left) and m`` (right) in the signal region. The normalization
of the EW W±W± and background distributions corresponds to the result of the fit. The
hatched bands include statistical and systematic uncertainties from the predicted yields. The
histograms for other backgrounds include the contributions from QCD WW, Wg, wrong-sign
events, double parton scattering, and triboson processes. The overflow is included in the last
bin.

The cross section is extracted in a fiducial signal region, defined using MC generator quantities
by requiring two same-sign leptons from W boson decays with p

`
T > 20 GeV and |h`| < 2.5,

two jets with p
j

T > 30 GeV and |h j| < 5.0, mjj > 500 GeV, and |Dhjj| > 2.5. In this defini-
tion, the leptons are defined at particle level post final state radiation and W ! tn ! `nnn

ATLAS, Phys. Rev. Lett. 123, 161801 (2019), 1906.03203

SM: cancellations of contributions 
in  𝑊b

(𝑊b
( → 𝑊b

(𝑊b
(

experimental features: very rare, O(fb)
• 2 jets, large rapidity gap, high mass

https://inspirehep.net/literature/1624170
https://inspirehep.net/literature/1738841
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Vector-Boson scattering (VBS)

with full Run-2 data, VBS observed in all major channels:
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theoσ / expσProduction cross section ratio:   

CMSEW measurements vs. theory

qqW JHEP 11 (2016) 147  0.18± 0.08 ±0.84 
qqW EPJC 80 (2020) 43  0.09± 0.02 ±0.91 
qqZ JHEP 10 (2013) 101  0.32± 0.14 ±0.93 
qqZ EPJC 75 (2015) 66  0.19± 0.07 ±0.84 
qqZ EPJC 78 (2018) 589  0.10± 0.04 ±0.98 
WV PLB 834 (2022) 137438  0.18± 0.12 ±0.85 

γqqW JHEP 06 (2017) 106  0.56± 0.67 ±1.77 
γqqW PRD 108 032017  0.15± 0.11 ±0.89 
WW→γγ JHEP 08 (2016) 119  0.74± 0.00 ±1.74 

os WW PLB 841 (2023) 137495  0.17± 0.15 ±1.12 
ss WW PRL 114 051801 (2015)  0.18± 0.38 ±0.69 
ss WW PLB 809 (2020) 135710  0.08± 0.11 ±1.20 

γqqZ PLB 770 (2017) 380  0.48± 0.65 ±1.48 
γqqZ PRD 104 072001 (2021)  0.13± 0.12 ±1.20 

qqWZ PLB 809 (2020) 135710  0.11± 0.31 ±1.46 
qqZZ PLB 812 (2020) 135992  0.13± 0.38 ±1.19 

7,        8,       13     TeV CMS measurements
inner unc. (stat), outer (+sys)

stat      sys

Theory

Figure 32: Summary of cross section measurements of EW single or diboson production pro-
cesses including vector boson fusion, vector boson scattering, and scattering via exclusive pro-
cesses. Production of pairs of W bosons can occur in same-sign (ss) W±W±, opposite-sign (os),
W±W⌥, or exclusive production where photons are radiated from the incoming protons and
form W±W⌥ pairs via EW scattering. Results are displayed as a ratio of the experimental mea-
surement over the SM prediction. The yellow bands indicate the uncertainties in the theoretical
predictions and the error bars on the points are the experimental uncertainties, with the outer
bar being the combined statistical and systematic uncertainty.

CMS review, subm. to PhysRep., 2405.18661 

• plenty of results (incl. and differential): see ATLAS and CMS presentations at ICHEP24

• decent agreement with theoretical predictions within significant uncertainties
• constraints on aQGCs (EFT dim-8 operators)
• results are statistically dominated
• improved precision expected with more data (Run-3)
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uncertainties.

The fiducial cross section measurements for the W±

L W±

X
and W±

T W±

T processes are extracted
from a separate fit including the corresponding signal BDT. The measurements and the theo-
retical predictions are summarized in Table 6. The significance of the measured W±

L W±

X
yield is

quantified using background-only hypothesis, i.e., assuming no contribution from the W±

L W±

X

process, under the asymptotic approximation [67] and corresponds to 2.3 standard deviations.
The expected significance is evaluated with an Asimov data set [67] and corresponds to 3.1
standard deviations.

0 0.5 1 1.5
 [fb]

LWLWσ

0

2

4

6

 ln
 L

∆
- 2

 

Expected bkg. only stat
Expected bkg. only stat+syst
Expected signal+bkg.
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Figure 5: Profile likelihood scan as a function of the W±

L W±

L cross section. The red (blue) line
represents the expected values in the background-only hypothesis, i.e., assuming no contribu-
tion from the W±

L W±

L process, considering all systematic uncertainties (only statistical ones).
The green line shows the expected values for the signal-plus-background hypothesis. The ob-
served values are represented by the black line.

The measurements are also performed for the polarized observables defined using the helicity
eigenstates in the initial state parton-parton center-of-mass reference frame. Defining the po-
larization vectors in the parton-parton center-of-mass reference frame changes the respective
contributions of W±

L W±

L , W±

L W±

X
and W±

X
W±

T , and the distributions of the input observables
sensitive to the polarization [68]. The fiducial cross section measurements and the theoreti-
cal predictions are summarized in Table 7. The observed (expected) 95% CL upper limit of
the production cross section is 1.06 (0.85) fb for the W±

L W±

L process. The observed (expected)
significance of the W±

L W±

X
process is 2.6 (2.9) standard deviations.

9 Summary
The first measurements of production cross sections for polarized same-sign W±W± boson
pairs are reported. The measurements are based on a sample of proton-proton collisions at a

the next level: polarized Vector-boson scattering

identification of scattering of longitudinally polarized WW: clear sign of presence of 
Higgs interaction in VBS

considered one of the crucial tests of EWSB mechanism
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EW Vector Boson Scattering

Longitudinal-Longitudinal Scattering 
Important additional check of the EWSB sector.


Suppressed from Higgs cancellation however with very large 
statistics and polarisation sensitive variables, there is 
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run-2 data not enough for evidence:
• significance for VBS 𝑊b±𝑊d± is 2.3𝜎

• obs. 95% CL: 𝜎(𝑊I±𝑊I±) < 1.17	ab	
• SM prediction: 𝜎(𝑊I±𝑊I±) = 0.44	ab

current analyses 
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• multivariate 
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polarisation 
contributions 
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Table 6: Measured fiducial cross sections for the W±

L W±

L and W±

X
W±

T processes, and for the
W±

L W±

X
and W±

T W±

T processes for the helicity eigenstates defined in the W±W± center-of-mass
frame. The combination of the statistical and systematic uncertainties is shown. The theoretical
predictions including the O(aSa6) and O(a7) corrections to the MADGRAPH5 aMC@NLO LO
cross sections, as described in the text, are also shown. The theoretical uncertainties include
statistical, PDF, and LO scale uncertainties; B is the branching fraction for WW ! `n`0n [55].

Process s B (fb) Theoretical prediction (fb)
W±

L W±

L 0.32+0.42
�0.40 0.44 ± 0.05

W±

X
W±

T 3.06+0.51
�0.48 3.13 ± 0.35

W±

L W±

X
1.20+0.56

�0.53 1.63 ± 0.18
W±

T W±

T 2.11+0.49
�0.47 1.94 ± 0.21

Table 7: Measured fiducial cross sections for the W±

L W±

L and W±

X
W±

T processes, and for
the W±

L W±

X
and W±

T W±

T processes for the helicity eigenstates defined in the parton-parton
center-of-mass frame. The combination of the statistical and systematic uncertainties is
shown. The theoretical predictions including the O(aSa6) and O(a7) corrections to the MAD-
GRAPH5 aMC@NLO LO cross sections, as described in the text, are also shown. The theoretical
uncertainties include statistical, PDF, and LO scale uncertainties; B is the branching fraction for
WW ! `n`0n [55].

Process s B (fb) Theoretical prediction (fb)
W±

L W±

L 0.24+0.40
�0.37 0.28 ± 0.03

W±

X
W±

T 3.25+0.50
�0.48 3.32 ± 0.37

W±

L W±

X
1.40+0.60

�0.57 1.71 ± 0.19
W±

T W±

T 2.03+0.51
�0.50 1.89 ± 0.21

center-of-mass energy of 13 TeV collected by the CMS detector at the LHC, corresponding to
an integrated luminosity of 137 fb�1. Events are selected by requiring exactly two same-sign
leptons (electrons or muons), moderate missing transverse momentum, and two jets with a
large rapidity separation and a high dijet mass. Boosted decision trees are used to separate be-
tween the polarized scattering processes by exploiting the kinematic differences. An observed
(expected) 95% confidence level upper limit on the production cross section for longitudinally
polarized same-sign W±W± boson pairs of 1.17 (0.88) fb is reported with the helicity eigen-
states defined in the W±W± center-of-mass reference frame. The electroweak production of
the W±W± boson pairs where at least one of the W bosons is longitudinally polarized is mea-
sured with an observed (expected) significance of 2.3 (3.1) standard deviations. Results are also
reported with the polarizations defined in the parton-parton center-of-mass reference frame.
The measured cross section values agree with the standard model predictions.
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summary of first part (EW) 

LHC provides a broad range of EW results  (often far beyond initial expectations)
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nism. The discovery of the Higgs boson and the measurement of its mass became the keystone
of the SM. This allowed significantly tightening the constraints on the theory and facilitated
precision comparison of predictions with the corresponding measurements.

The unprecedented capabilities of the LHC detectors have enabled precise measurements of
the properties of a wide array of processes. The most fundamental of the properties is the cross
section, which quantifies the probability of two particles interacting and producing a particular
final state. Figure 1 shows the cross sections of selected high-energy processes measured by the
CMS experiment spanning some fourteen orders of magnitude, stepping from the total inelastic
proton-proton (pp) cross section to the production of hadronic jets, single and multibosons, top
quarks, Higgs bosons, down to the rarest processes, such as vector boson scattering of Z boson
pairs, production of Higgs boson pairs or four top quarks, the most massive of the SM particles.
Since the start of operation, the LHC has operated at several increasing energies allowing the
experiments to map the change of cross sections with energy. The agreement in Fig. 1 between
the SM predictions and the measurements is remarkable.

Figure 1: Cross sections of selected high-energy processes measured by the CMS experiment.
Measurements performed at different LHC pp collision energies are marked by unique sym-
bols and the coloured bands indicate the combined statistical and systematic uncertainty of the
measurement. Grey bands indicate the uncertainty of the corresponding SM theory predic-
tions. Shaded hashed bars indicate the excluded cross section region for a production process
with the measured 95% CL upper limit on the process indicated by the solid line of the same
colour.

In this Report, we exemplify the full spread of the CMS experimental programme in measur-
ing cross sections involving high-energy quantum chromodynamics (QCD) and EW processes,
including those involving the top quark and those involving the Higgs boson. We point out
the fundamental aspects of the SM elucidated by these cross section measurements, highlight-
ing their importance. Accurate measurements of fundamental parameters, such as the Higgs
boson mass, top quark mass, their production cross sections, along with the strong coupling
constant and other SM parameters, play a pivotal role in refining the SM. They also contribute
significantly to shaping a more accurate and comprehensive model of the origin of matter and
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The global electroweak fit in the SM and SMEFT Yannick Fischer
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Figure 2: Comparison between direct measurements and different fitting scenarios for ", vs. <t (left) and
", vs sin2\✓eff (right)
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Figure 3: Fit of two SMEFT operators ( ⇠q⌫ left, ⇠33 right) with fixed and freely floating SM parameters.

a good agreement between the direct measurements and the different sets of fits can be observed.
The plots highlight the importance of a precise measurement of especially ", and <t.

4. Constraints on SMEFT

As an example of a search for physics beyond the Standard Model we study SMEFT effects
on the EW fit. These effects have been calculated to the one-loop level [19], including all terms
$ (E2/⇤2), where E is the vacuum expectation value and ⇤ the scale of new physics. We include
all 32 relevant operators at dimension six, and observe that each corresponding Wilson coefficient
(WC) is compatible with 0 at 95% confidence level when fitting them individually. We obtain
numerically excellent agreement with the results of Ref. [19].

As a next step, we include theoretical uncertainties as additional parameters and allow the SM
parameters to vary in the fit. We observe that the limits on the SMEFT WCs become weaker for
some operators, as shown in Figure 3. However, for most operators the effect of leaving the SM
parameters free in the fit has an effect of a few percent only. We observe that fermionic operators
are more affected than bosonic ones, and that leaving U( unconstrained accounts for the largest part
of this effect.

4

CM
S 

re
vi

ew
, s

ub
m

. t
o 

Ph
ys

Re
p.

, 2
40

5.
18

66
1 

Gf
itt

er
, Y

 F
isc

he
r, 

Po
S 

EP
S-

HE
P2

02
3 

(2
02

4)
 3

04

• wide variety of EW processes identified; 
cross sections being measured with 
increasing precision

– reaching few %-level in some cases
– good agreement with SM prediction 
– testing non-trivial HO effects of theory

‘stairway to discovery’

• recently many new, highly precise measurements 
of EW parameters (𝑀M	, sin@𝜃eff

? )
– in combination with EWPO from 𝑒;𝑒<

	→ impressive internal consistency

LHC Run-3 + HL-LHC: results will get even more precise  →	 SM confirmation or BSM ?

https://inspirehep.net/literature/2791238
https://inspirehep.net/literature/2751680
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