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Motivation for precision EW & top measurements at the LHC
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E.g. predict Mw and sin2θef:

← and compare to measurements
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The Global Electroweak Fit

▪ Knowing four parameters of the electroweak 
sector (αem, GF, mZ, sin2θW) as well as mH and 
mtop, allows to predict mW within the SM 
▪ ΔmW=7 MeV 

▪ Test prediction of mW at the experiment

▪ New particles in the 
loops would change the 
SM prediction of mW 

[1]

• Test the self-consistency of the SM 
- Electroweak sector over-constrained ⇒ identify tension between direct & indirect constraints on observables 

- Deviations may be due to new physics in higher order virtual corrections

http://project-gfitter.web.cern.ch/project-gfitter/Standard_Model/
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W and Z measurements
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W and Z cross sections measurements

• Fundamental measurements and crucial validation of Run 3 data 

• Recent measurement of σW and σZ (and their ratio) from ATLAS 

- Extracted from simultaneous fit to W/Z/  regions 

- For absolute σ, lumi uncertainty dominates, for ratios: nonprompt & lepton 
eff.
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9. Summary 7

production and the branching fraction for the muon decay channel are summarized below,
along with the corresponding theory predictions.

(sfidB)measured = (0.7635 ± 0.0004(stat)± 0.0069(syst)± 0.0176(lumi)) nb, (5)

(sfidB)predicted = (0.7666 ± 0.0065(PDF)+0.0021
�0.0045(scale)) nb, (6)

(stotB)measured = (2.010 ± 0.001(stat)± 0.018(syst)± 0.046(lumi)± 0.007(theo)) nb, (7)

(stotB)predicted = (2.018 ± 0.012(PDF)+0.018
�0.023(scale)) nb, (8)

where s = s(pp ! Z + X), and B = B(Z ! µ+µ�). A comparison of measured total cross
sections times branching fractions at other center-of-mass energies with the theory prediction
is shown in Fig. 2.
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Figure 2: Comparison of measured total cross sections times branching fractions for Z boson
production at different center-of-mass energies with the theory prediction at NNLO QCD ac-
curacy obtained from DYTURBO. The uncertainties in the theory prediction include variations
of the renormalization and factorization scales, as well as uncertainties due to the choice of the
PDFs.

9 Summary
In summary, measurements of fiducial and total inclusive Z boson production cross sections
in proton-proton collisions at 13.6 TeV multiplied by the Z ! µ+µ� branching fraction are
presented. Muon final states are studied in data samples collected with the CMS detector cor-
responding to integrated luminosity of 5.04 ± 0.12 fb�1. The measured product of the total
cross section and branching fraction for muonic decays of Z bosons is s(pp ! Z + X)B(Z !
µ+µ�) = (2.010± 0.001(stat)± 0.018(syst)± 0.046(lumi)± 0.007(theo)) nb for the dimuon in-
variant mass in the range of 60 to 120 GeV, well in agreement with theory calculations. For the
result the statistical component of the uncertainty is negligible.

Z cross section 
@ 13.6 TeV 

CMS-PAS-
SMP-22-017

arXiv:2403.12902 (submitted to PLB)

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-017/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-017/index.html
https://arxiv.org/abs/2403.12902
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W and Z cross sections measurements

• Also measured in special LHC runs  
- 200-350 pb-1 at 5 and 13 TeV for ATLAS + CMS, 100 pb-1 for LHCb at 5 TeV 

• Lower pileup mitigates degradation of certain observables 
- E.g. variables dependent on pTmiss: pTW, mTW 

• Precise measurements of cross sections, ratios and differential distributions 
- Validation of theory pTW especially important for mW
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Table 2: The uncertainties for the integrated Z! µ+µ� cross-section measurement.

Source �� [pb] ��/� [%]
Luminosity 0.79 2.00
Statistical 0.70 1.77
Tracking 0.40 1.01
E�ciency Closure 0.24 0.61
Trigger 0.21 0.54
Background 0.19 0.48
Identification 0.10 0.25
FSR 0.07 0.18
Calibration < 4.0⇥ 10�3

< 0.01
Total Systematic (excl. lumi.) 0.56 1.42

6.2 Correlation matrices

The event migration between bins causes statistical correlations, which are determined
using simulation. Large correlations are found in the low-pZT region and small correlations
in the high-pZT region, while the statistical correlations are negligible for both the y

Z and
�
⇤
⌘ distributions.
For the di↵erential cross-section measurements, background, alignment, e�ciency

closure test, and FSR uncertainties are assumed to be 50% correlated between di↵erent
bins, while the luminosity uncertainty is considered to be 100% correlated. The calculated
correlation matrices for the e�ciencies are presented in Appendix F. Large correlations
between di↵erent bins are present in the p

Z
T di↵erential cross-section measurement, but

small correlations are also present between most bins for the y
Z and �

⇤
⌘ measurements.

6.3 Integrated cross-section results

Using the LHCb 2017 pp collision data at
p
s = 5.02TeV, the integrated Born-level Z

boson production cross-section, with two muons in the final state and within the LHCb
acceptance is

�Z!µ+µ� = 39.6± 0.7 (stat)± 0.6 (syst)± 0.8 (lumi) pb (5)

where the uncertainties are due to statistical e↵ects, systematic e↵ects, and the luminosity
measurement, respectively.

In this article, the Z boson is defined to also include contributions from virtual photons,
and the interference between them since they cannot be distinguished experimentally.
The measured results obtained for the total cross-section of the pp ! Z ! µ

+
µ
� process

at 5.02TeV in the fiducial region of the LHCb detector have been compared to the predic-
tions obtained using MCFM with CT18NNLO and other theoretical models, including
Powheg-Box with NNPDF3.1, NNPDF4.0, MSHT20, CT18, and ResBos with CT18, all
of which account for both statistical and PDF uncertainties. These theoretical predictions
are compared to the results in Fig. 4, which demonstrate a reasonable agreement.

By comparing the theoretical predictions at di↵erent center-of-mass energies pro-
vided by MCFM, with the experimental measurements previously obtained by LHCb at
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Figure 3: (Left) Measured single di↵erential cross-section as a function of yZ , pZT and �⇤
⌘ compared

with di↵erent theoretical predictions. (Right) Ratio of theoretical predictions to measured values,
with the horizontal bars showing the uncertainty from the PDFs. The green band, centered at
unity, shows the uncertainty of the measurement.

p
s = 7, 8 and 13TeV, as illustrated in Fig. 5, a good level of consistency can be observed

overall.
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arXiv:2405.18661

JHEP 02 (2024) 070arXiv:2404.06204 (sub. to EPJC)

https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-23-004/
https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/LHCb-PAPER-2023-010.html
https://arxiv.org/abs/2404.06204
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Measurement of sin2 θℓ
eff

• Fundamental EW parameter:  

- Measured via Z/γ*→ll, asymmetry in lepton decay angle:  

• Recent CMS measurement at 13 TeV 

-  measured via AFB (similar to previous Run 1 approach) 

- New: unfolded A4 (for future reinterpretation) 

• Strong dependence on PDFs 

- Profile in  fits 

• Adds reconstruction of  
electrons outside tracker 
acceptance for increased AFB 
sensitivity 
- e: |η| < 2.5 
- g: 2.5 < |η| < 2.87 (fwd. ECAL) 
- h: 3.14 < |η| < 4.36 (fwd. HCAL)
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Introduction 2

Precision Standard Model measurements = indirect search for new physics

Key electroweak parameters: mW and sin2 ✓`e↵ = (1�m2
W/m2

Z)
`

can be calculated in SM using other precise experimental inputs:

sin2 ✓`e↵ = 0.23155 ±0.00004 (SM)

Two most precise sin2 ✓`e↵ results from LEP and SLD di↵er by ⇠ 3�

Measurements at hadron colliders are now also competitive

ATLAS-CONF-2018-037 Eur. Phys. J. C 83, 450 (2023)

Latest CDF mW measurement disagrees with previous results and SM

Models that describe CDF mW prefer lower (SLD) value of sin2 ✓`e↵

! New CMS measurement of sin2 ✓`e↵ at 13 TeV is the main topic of this talk

How we measure sin2 ✓`e↵ at the LHC 3

Use Z/� ! `` events

Asymmetry in lepton decay angle:

1+cos2 ✓+0.5A0(1�3 cos2 ✓)+A4 cos ✓

! AFB = 3/8A4

m`` dependence from �-Z interference

Colins-Sopper frame – reduced

theoretical and experimental unc.
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1) Near mZ, AFB depends on sin2 ✓`e↵
In pp, definition of positive z direction

relies on `` boost (sign of y``)

! only valence quarks contribute

! significant y``-dependent dilution

2) Strong dependence on PDFs

! Fit AFB floating sin2 ✓`e↵ and PDFs
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Electroweak precision: Measurement of sinθℓeff at CMS (NEW)
- Drell-Yan angular properties, non-zero AFB arise from 

different Z/γ* vector/axial couplings, interference 
- sin2θℓeff  ≔ κF(1 - m2W/m2Z) 

- Modification impacts AFB, angular distributions

Axial vector/
vector interf.

σF (θ* > 0)

σB (θ* < 0)

- Extreme experimental challenge 
- include electrons outside of 

tracking/only in forward calor. (h) 
- |η| acceptance up to 4.36, 

increase sensitivity to AFB 

- Best hadron collider measurement, 
approaching LEP and SLD sensitivity 
- PDF unc. dominates (nom. CT18Z) 

-  In-depth look will be presented in 
wildcard talk by A. Khukhunaishvili 
later today

(EW fit expectation) CMS-SMP-22-010
(0.00027 from PDF) 

- New CMS measurement: reconstructed AFB, cosθ*; unfolded A4
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Colins-Sopper frame – reduced

theoretical and experimental unc.
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Electroweak precision: Measurement of sinθℓeff at CMS (NEW)
- Drell-Yan angular properties, non-zero AFB arise from 

different Z/γ* vector/axial couplings, interference 
- sin2θℓeff  ≔ κF(1 - m2W/m2Z) 

- Modification impacts AFB, angular distributions

Axial vector/
vector interf.

σF (θ* > 0)

σB (θ* < 0)

- Extreme experimental challenge 
- include electrons outside of 

tracking/only in forward calor. (h) 
- |η| acceptance up to 4.36, 

increase sensitivity to AFB 

- Best hadron collider measurement, 
approaching LEP and SLD sensitivity 
- PDF unc. dominates (nom. CT18Z) 

-  In-depth look will be presented in 
wildcard talk by A. Khukhunaishvili 
later today

(EW fit expectation) CMS-SMP-22-010
(0.00027 from PDF) 

- New CMS measurement: reconstructed AFB, cosθ*; unfolded A4

CMS-PAS-SMP-22-010

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-010/index.html
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• Consistent results for AFB, A4 and direct cosθ fits 

- PDF profiling reduces differences between PDF sets 
- CT18Z chosen (pre-unblinding) for nominal result - best coverage of 

other PDF central values
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Comparison with previous measurements 11

sin2 ✓`e↵ = 0.23157± 0.00010(stat)± 0.00015(syst)± 0.00009(theo)± 0.00027(pdf)

sin2 ✓`e↵ = 0.23157± 0.00031
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Good agreement with previous measurements and SM

PDF uncertainties (which are correlated with others) dominate

Best hadron collider measurement, approaching LEP and SLD:

CMS-PAS-SMP-22-010
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See also:  ATLAS 8 TeV [ATLAS-CONF-2018-037] 

 = 0.23140 ± 0.00036sin2 θℓ
eff

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-010/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-037/
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W boson mass
• mW precision of ΔmW = 6 MeV from global EW fits 

• Challenging measurement at hadron colliders 
- Most precise CDF measurement in significant tension 

 with SM prediction and other experimental results 

• Update to the ATLAS analysis (wrt. preliminary 2023): 
- ΓW assumed SM with EW fit uncertainty (+6.5 MeV shift) 
- New PDF approach: inflate external uncertainties 

- ⇒ reduced tension between PDF sets 

• Profile likelihood fits to  and  ⇒ also sensitive to ΓWpℓ
T mT

8
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Figure 15: (a) Present measurement of �, , compared to the SM prediction from the global electroweak fit [6], and
to the measurements of LEP [10] and Tevatron [64]. (b) 68% and 95% CL uncertainty contours for the simultaneous
determination of <, and �, using the CT18 PDF set and combining results from the ?

✓

T and <T distributions. The
triangular marker represents the best fit, while the star corresponds to the SM prediction of Ref. [6].

�, = 2198 ± 49 MeV,

with a correlation of �30% that reflects the negative slope of the dependencies reported in Sections 6.4
and 7.2. The 68% and 95% CL uncertainty contours are shown in Figure 15(b).

9 Conclusion

This paper reports on a first measurement of the ,-boson width at the LHC as well as the reanalysis
of the data used in the published ,-boson mass measurement, using an improved fitting technique and
updated parton distribution functions. Both measurements are based on proton–proton collision data
at a centre-of-mass energy of

p
B = 7 TeV recorded by the ATLAS detector at the LHC in 2011, and

corresponding to an integrated luminosity of 4.6 fb�1 and 4.1 fb�1 in the electron and muon channels,
respectively.

The measurements of <, using the ?
✓

T and <T distributions are found to be consistent and their combination
yields

<, = 80366.5 ± 9.8 (stat.) ± 12.5 (syst.) MeV = 80366.5 ± 15.9 MeV.

The present result is compatible with and supersedes the previous measurement of <, at ATLAS using
the same data. No significant deviation from the SM expectation is observed. The PDF dependence of the
<, result is driven by the pre-fit PDF uncertainties, and is strongly reduced when allowing for enlarged
uncertainties. The final results are obtained using the CT18 PDF set, which is the most conservative PDF
set for these measurements and compatible with the fits using enlarged PDF uncertainties of other sets.

27

Table 4: 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 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
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Figure 10: (a) Present measured value of <, , compared to SM prediction from the global electroweak fit [6], and to
the measurements of LEP [10], Tevatron [18, 19] and the LHC [12, 13]. (b) The 68% and 95% confidence level
contours of the <, and <C indirect determinations from the global electroweak fit [7], compared to the 68% and
95% confidence-level contours of the present ATLAS measurement of <, , the ATLAS measurement of <� [61]
and the LHC measurement of <C [60].

Standard Model electroweak fit are shown in Figure 10(b), and are compared to the present measurement
of <, and to the combined value of the LHC top-quark mass determinations at 7 and 8 TeV [60].

7 Measurement of the ]-boson width

7.1 Overview

The ?
✓

T and <T distributions are not only sensitive to <, but also to �, , as shown in Figure 1. In particular,
the high tails of the ?

✓

T and <T distributions are sensitive to changes of �, . The fit to the <T distribution
is expected to be more sensitive, because events with high <T are more likely to come from the tail of
the ,-boson Breit–Wigner distribution than events with high ?

✓

T. The measurement of �, relies on the
same statistical framework, the same calibration, and the same distributions as the previously presented
measurement of <, . However, �, is left free in the fit, while the ,-boson mass is treated as NP and
set to its SM expectation within the global electroweak fit, <SM

,
= 80355 ± 6 MeV [6]. The templates are

generated with different values of �, , centred around the reference value used in the Monte Carlo signal
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W boson width
• First ΓW measurement at the LHC and most precise single measurement 

to date (w/ mW constrained to prediction) 

- Similar strategy to mW: fit to  and  (more sensitive) 

• Modelling (shower tune variations) and recoil dominate uncertainty 

• Simultaneous fit for mW and ΓW reveals interplay:

pℓ
T mT
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Momentum calibration

• Crucial to control muon momentum scale to high precision for mW and other precision EW measurements 

• New calibration from LHCb to correct for charge-dependent curvature biases: 

• Method:  measure "pseudomass" variable 
- Extract via asymmetry in peak positions

10

1 Introduction

The LHCb experiment [1] is a single-arm dipole spectrometer that is optimised for the
study of hadrons containing b or c quarks. Its unique forward-rapidity coverage has
also enabled a rich programme studying electroweak and strong processes. A particular
challenge in the study of W and Z boson1 decays to muonic final states is charge-dependent
curvature biases in momentum measurements. This paper reports an application of the
pseudomass method first described in Ref. [2] to study these biases and to improve the
momentum resolution achieved at the LHCb detector for high momentum tracks. This
method is complementary to studies of the momentum scale [3]. The pseudomass method
has already been applied in the first measurement of the W boson mass by LHCb [4],
which was based on the data recorded during 2016.2 This study extends upon that analysis
by including data recorded in 2017 and 2018, describing the method in greater detail,
and showing the performance of the derived corrections with Z ! µ+µ� decays. The
improvements in mass resolution for J/ ! µ+µ� and ⌥(1S) ! µ+µ� decays are also
evaluated.

Since the start of Run 2 (2015–2018), the LHCb detector has been aligned and
calibrated in real time [5,6]. The tracker alignment is primarily based on charged particles
measured in minimum-bias events. A systematic shift of the tracking stations upstream
and/or downstream of the magnet is only weakly constrained by this procedure [7].
Therefore, additional constraints are provided by decays of, for example, D0 mesons.
However, small residual misalignments can still lead to degraded resolution for the very
high momentum3 (up to O(1 TeV)) particles produced in the decays of electroweak bosons
in the forward region, and can lead to large systematic uncertainties in, for example, the
measurement of the W boson mass [4] or the weak mixing angle [8].

Crucial for the measurement of charged particle momenta is the magnetic field of the
LHCb detector. The magnetic field deflects charged particles, with the curvature of the
particles in the field allowing a measurement of q/p, where q is the charge of a particle and
p its momentum. The LHCb experiment is run in two di↵erent configurations: one with
the magnetic field pointing upwards, and one with the magnetic field pointing downwards.
The first configuration bends positively charged particles in the horizontal plane towards
the centre of the LHC ring, while the second bends negatively charged particles in this
direction. The magnetic field used at LHCb is discussed further in Ref. [1].

The leading biases in the measurement of the momentum follow

q

p
!

q

p0
=

q

↵p
+ �, (1)

where p0 is the ‘biased’ momentum, and p is unbiased. Here � is a curvature bias that
provides a charge-dependent momentum bias, and ↵ is a factor that sets the overall
momentum scale. If these parameters can be accurately determined, then measurements
can be corrected for these e↵ects, returning unbiased estimates of particle momenta. This
paper considers the corrections necessary to remove the biases associated with �. The

1Throughout this paper the term ‘Z boson’ includes the e↵ects of the virtual photon, and the interference
between the virtual photon and the Z boson.

2Other electroweak measurements at LHCb have also applied empirical corrections to reduce the impact
of these biases.

3In this publication natural units where c = 1 are used.
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Since the furthest forward region typically contains higher momentum tracks, small biases
are better controlled by the standard LHCb alignment techniques. Consequently, the
residual bias determined in data using the pseudomass approach typically decreases as
the pseudorapidity increases.
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Figure 2: Curvature biases for LHCb (upper) data and (lower) simulation. The 2048 intervals
are numbered as i�+(i⌘ ⇥ 16)+ (ipolarity⇥ 16⇥ 16)+ (iperiod⇥ 16⇥ 16⇥ 2), where i�, i⌘, ipolarity
and iperiod individually index the azimuthal angle �, pseudorapidity, polarity of the magnetic
field, and the data-taking period. The uncertainties shown are statistical.

4 Biases from fundamental physics

In the Z ! µ+µ� process the two muons are not completely equivalent; the p+T ⇠ p�T
approximation is not perfect. There is a ‘forward-backward’ asymmetry introduced by
the interference of the Z boson and the virtual photon, as well as from the vector and
axial-vector couplings of the Z boson. While the primary impact of this physical e↵ect
is to change the yields in each muon pseudorapidity interval, it does also lead to small
natural asymmetries in the peak positions of the M

+ and M
� distributions that should

not be corrected for. In the simulation, in which no misalignment is present, the extracted
curvature bias stems from this physical e↵ect. This is confirmed by explicitly examining
the q/p residuals with respect to the generated values, with and without curvature bias
corrections applied. Therefore, it can be concluded from Fig. 2 that the e↵ect of the
physics bias (O(10�5

�10�6GeV�1) is much smaller than the measured curvature biases in
the data. In order to remove the e↵ects of the physics bias, the bias observed in simulation
is subtracted from the one measured in data.
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momentum scale factor arises from inaccuracies in the magnetic field calibration and/or
knowledge of the length of the detector along the beam (z) axis while curvature biases
arise from misalignments of the tracking detectors along the bending (x) direction.4 In
general, both parameters can vary across the detector, and with time. The � parameter
for a given point within the detector is expected to change sign whenever the polarity
of the dipole magnetic field at LHCb is reversed, though this reversal can also lead to
mechanical displacements of the detector elements.

The ↵ parameter can be determined from measurements of the masses of known
resonances. For example, in decays to a µ+µ� pair, assuming massless muons, the
measured mass scales as the square root of the product of the two ↵ values corresponding
to the muon trajectories. On the other hand, in dilepton studies the e↵ects of finite
� values cancel to a large degree when integrating over the full detector. Despite this
calculation, it remains important to determine the � values since such biases are important
in processes that involve a single lepton (e.g. measurements of the W boson mass). In
addition, if uncorrected, the presence of the � term also degrades the momentum resolution
of the detector. In Ref. [2] it was proposed to measure the � values by defining a so-called
pseudomass for resonance decays to µ+µ� pairs. This variable is defined as

M
±
⌘

s
p±T
p⌥T

M =

s

2p+p�
p±T
p⌥T

(1� cos ✓) =

s

2p±p±T
p⌥

p⌥T
(1� cos ✓), (2)

where ✓ is the opening angle between the two muons, M is the invariant mass of the
dimuon system, and pT is the momentum of a particle transverse to the beam axis.
Crucially, since the ratio p⌥

p⌥T
is completely defined by the measured direction of one muon,

M
± solely depends on the momentum measurement of the other muon, and therefore

only on the value of � associated with the regions of the detector that the corresponding
muon traverses. This allows the e↵ect of local detector misalignments to be considered.
Figure 1 shows example M

± distributions in the LHCb Run 2 dataset, with the relevant
positively or negatively charged muon in the pseudorapidity5 interval 3.78 < ⌘ < 3.96.

The Z ! µ+µ� cross-section is largest where the transverse momentum of the dimuon
system is much smaller than the mass. In this low transverse momentum limit, where
p+T ⇠ p�T , M

+ and M
� approximate M such that the distributions shown in Fig. 1 peak

at the Z boson mass. By calculating the pseudomass in the presence of curvature biases
of the form given in Eq. 1, it can be seen that the presence of such biases can be directly
related to an asymmetry A between the peak positions in the M

+ and M
� distributions

through

� ⇡ �
A

2
⇥

✓D 1

p+

E
+
D 1

p�

E◆
, (3)

where
D

1
p±

E
are the mean values of the inverse of the muon momenta. The asymmetry in

peak positions is evaluated as A = (u+
� u�)/(u+ + u�), where u± is the mean parameter

associated with a peaking component in a fit to the M± distributions. Section 3 discusses
the functional form used to describe the M

± distributions in more detail. The evaluation
of this asymmetry therefore allows the value of � to be found using Eq. 3, which in turn

4The x-axis is oriented horizontally towards the outside of the LHC ring.
5The pseudorapidity of a particle is defined as ⌘ ⌘ � ln(tan(#2 )), where # is the polar angle of the particle
with respect to the colliding beam direction.
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mZ resolution 
improved by 
18%

Data biases vs 
time, φ, η, polarity
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Differential pTmiss + jets

• Aim: precise detector-corrected pTmiss + jet 
measurement 
- Inclusive, minimize model dependence 

• Plus auxiliary pTrecoil in  + jet and γ + jet 
systems 
- Uncertainties cancel in ratios 
- BSM contributions (e.g. dark matter) 

would not cancel
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Z invisible width
• Indirect: from Γtot  - Γvisible using Z lineshape and mZ:    

• Direct: from e+e- → γ + inv. cross section:   

• LHC: via ratio extracted from 

ΓLEP
inv = 499.0 ± 1.5 MeV

ΓLEP
inv = 503 ± 16 MeV

12
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Precision measurements of Z boson properties at the CERN LHC enable important tests of the
standard model (SM). Deviations from the SM predictions could reveal signs of new physics
beyond the SM. Among the physical observables describing the Z boson, the ‘invisible width’
corresponds to Z boson decays to particles that are not detected, such as neutrino-antineutrino
pairs, and can be translated into a constraint on the number of light neutrino species coupling
to the Z boson. A precise measurement of this quantity could reveal non-SM contributions
from new-physics scenarios [1].

Experiments at the CERN Large Electron-Positron Collider (LEP) measured the invisible width
of the Z boson using both direct and indirect approaches. The direct method is based on the
associated production of an initial-state photon with a Z boson that subsequently decays in-
visibly. Direct measurements have been made by the OPAL [2], ALEPH [3], and L3 [4] exper-
iments, yielding the LEP combined measurement of 503 ± 16 MeV [5]. The indirect method
uses the total Z boson width extracted from the Z boson lineshape, and subtracts the measured
partial decay widths to all known visible final states. This method is the most precise, with a
combined indirect measurement of 499.0 ± 1.5 MeV [5] from the LEP experiments. A previous
measurement by the UA2 experiment used the W boson and Z boson widths to deduce a limit
on the number of light neutrino generations [6].

This Letter presents the first direct measurement of the invisible width of the Z boson at a
hadron collider. The direct and indirect measurements could be sensitive to different new-
physics scenarios [7] motivating the goal to reduce the total uncertainty in the direct measure-
ment. We use data recorded by the CMS experiment from proton-proton (pp) collisions at
a center-of-mass energy of 13 TeV, corresponding to an integrated luminosity of 36.3 fb�1 [8].
This measurement exploits the similarity in kinematic characteristics between the decay of the
Z boson to neutrinos and its decay to charged leptons (in this case, electrons and muons), and is
based on the ratio of branching fractions between these decay modes, as given by the following:

G(Z ! nn) =
s(Z+jets)B(Z ! nn)
s(Z+jets)B(Z ! ``)

G(Z ! ``) (1)

where s(Z+jets) is the cross section to produce a Z boson in association with jets, G(Z ! nn)
and B(Z ! nn) are the partial width and branching fraction of the Z boson to neutrinos.
Similarly, for the charged leptons the partial width and branching fraction are G(Z ! ``)
and B(Z ! ``). The invisible width, Ginv, is extracted from a simultaneous fit to kinematic
distributions for two data samples: one dominated by Z boson decays to invisible particles
and the other by Z boson decays to muon and electron pairs. Since the invisible particles
cannot be detected, invisible Z boson decays can only be identified when the Z boson has a
significant transverse momentum (pT) leading to large missing transverse momentum (pmiss

T ).
In this analysis, therefore, only Z bosons produced in association with jets are considered.
Tabulated results are available in the HepData database [9].

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator
hadron calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters
extend the pseudorapidity (h) coverage provided by the barrel and endcap detectors. Muons
are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the
solenoid. Events of interest are selected using a two-tiered trigger system [10]. A detailed
description of the CMS detector and relevant kinematic variables is reported in Ref. [11].

The particle-flow (PF) algorithm [12] reconstructs and identifies individual particles in an event

ν

ν

Ζ

Jet

pmiss
T ℓ+

Ζ/γ*

Jet
pmiss

T

ℓ−

See also: PLB 842 (2023) 137563

Recent ATLAS result most recoil-
based measurement to date: 

 MeVΓ = 506 ± 2(stat) ± 12(syst)

Main systematics: 
lepton efficiencies

PLB 854 (2024) 138705

https://www.sciencedirect.com/science/article/pii/S0370269322006979?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269324002636?via=ihub
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From vector bosons to quarks to leptons

13
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See also:  W+c 13 TeV 
EPJC 84 (2024) 27 

W/Z + heavy flavour
• ATLAS analysis studies Z + ≥1b, ≥1c, ≥2b jet 

topologies 

• Wide range of differential distributions 
- E.g. mbb useful input for MC modelling for H(bb) 
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Total uncertainty

Statistical uncertainty
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Predictions: NLO MCFM + NLO PDF

arXiv:2403.15093 (sub. to EPJC)

• Study of intrinsic charm 
- 3FS significantly 

underestimates rate 
- Largest improvement with 

BHPS model (2.1% IC)

http://arxiv.org/pdf/2308.02285
https://arxiv.org/abs/2403.15093
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γγ→ττ and constraints on tau g-2
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See also:  Observation of γγ→WW 
Phys. Lett. B 816 (2021) 136190 

Extracting at

16

• Using mvis distributions in 

the SR, perform negative 

log likelihood scan over 

dat, which modifies the 

signal shape and 

normalization

1s uncertainty of 0.003

Only 3 times the Schwinger term!
Dirac
at = 0

Schwinger
at = 0.00116

= dat + SM at

SM
at = 0.00118

0.1− 0.05− 0 0.05
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This result

CMS Pb+Pb

ATLAS Pb+Pb

DELPHI

L3

OPAL

PRL 131 (2023) 151803

PRL 131 (2023) 151802

EPJC 35 (2004) 159

PLB 434 (1998) 169

PLB 431 (1998) 188

SM

Observed 68% CL 95% CL

 (13 TeV)1−138 fbCMS Preliminary

NEW
CMS-PAS-SMP-23-005

Cécile Caillol, CERN

SMP-23-005 
To be submitted to ROPP
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This result

SM

Observed 68% CL 95% CL
 (13 TeV)1−138 fbCMS

• Select events with Ntracks ≤ 1 
- Dedicated corrections for num. hard scatter & 

PU tracks in simulation 

• First observation in pp collisions 
- 5.3σ observed (6.5 expected) 

• Constraints on aτ from mvis enhancement
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https://arxiv.org/abs/2010.04019
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-23-005/index.html
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γγ→ττ and constraints on tau g-2

• Select events with Ntracks ≤ 1 
- Dedicated corrections for num. hard scatter & 

PU tracks in simulation 

• First observation in pp collisions 
- 5.3σ observed (6.5 expected) 

• Constraints on aτ from mvis enhancement
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See also:  Observation of γγ→WW 
Phys. Lett. B 816 (2021) 136190 
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σfid
obs = 12.4+3.8

−3.1 fb

σfid
pred = 16.5 ± 1.5 fb

• Fiducial cross section 
- Matching closely expt. selection (Ntracks = 0 only) 

• Prediction from gamma-UPC (elastic only) rescaled for dissociative 
using data CR

New

https://arxiv.org/abs/2010.04019
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-23-005/index.html
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Top quark properties

• Deep connection to both EW and QCD sectors 

• Large  mt  ⇒ Higgs Yukawa ~ unity ⇒ key parameter for vacuum stability 

- Via loop corrections, uncertainty propagates to other EW parameters 

• Measurement approaches: 
- Indirect: e.g. cross section dependence [not discussed today] 
- Direct: fit to mass (or correlated variable) 

18
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Figure 3: Phase diagram for stability in the m
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t /m
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plane with dotted lines indicating

the scale at which the addition of higher-dimension operators could stabilize the SM. Note
that the curves accumulate on the stability/metastability boundary. ⇤NP curves in the
↵s/m

pole
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Assuming m is small compared to µ
?, one might think we can write � = �b+m

2��+ · · ·

and evaluate the corrections to the action perturbatively. Trying this, one immediately finds

�S =

Z
d
4
x
1

2
m

2
�b(x)

2 = 1 (7.1)

This behavior is due to the non-normalizabilty of �b. Thus � ⇠ e
�S = 0 confirming that

even an infinitesimal m2 seems to prevent vacuum decay.
To understand this unintuitive result, let us consider the alternative, more physical,

treatment of tunneling described in [49, 50]. There, a formula for the tunneling rate was
derived inspired by the understanding of tunneling in non-relativistic quantum mechanics.
In quantum field theory, the exponential factor determining the decay rate along a path
parameterized by �(~x, ⌧) is the integral

� ln�� = 4

Z
0

�1
d⌧U [�(⌧)] =

Z
ds

p
2U [�(s)] (7.2)

where the energy functional is [75, 100,101]

U [�(⌧)] =

Z
d
3
x

h1
2
(r�)2 + V (�)

i
(7.3)
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Discussed in other plenary talks: 
- Lepton flavor violation and rare heavy flavor 
decays - Monday evening 
- Top cross-section measurements and rare ttX 
processes - tomorrow morning
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‣ SM very consistent 
using MW from 
LEP+LHC 

‣ Need to resolve 
tension with CDF II 
MW experimentally 

‣ Looking forward to 
mt and MW 
combinations from 
Collaborations
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We cannot know  
MW and sin2θleff  

precisely enough
(theoretically and experimentally)
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ATLAS + CMS direct mt combination

• Legacy combination of Run-1: 
- 6 (ATLAS) + 9 (CMS) measurements, detailed study of systematic correlations 

• BLUE method: mt = ∑
i

wimi
t ; ∑

i

wi = 1

19

Uncertainty category
Uncertainty impact [GeV]
LHC ATLAS CMS

b-JES 0.18 0.17 0.25
b tagging 0.09 0.16 0.03
ME generator 0.08 0.13 0.14
JES 1 0.08 0.18 0.06
JES 2 0.08 0.11 0.10
Method 0.07 0.06 0.09
CMS b hadron B 0.07 — 0.12
QCD radiation 0.06 0.07 0.10
Leptons 0.05 0.08 0.07
JER 0.05 0.09 0.02
CMS top quark pT 0.05 — 0.07
Background (data) 0.05 0.04 0.06
Color reconnection 0.04 0.08 0.03
Underlying event 0.04 0.03 0.05
g-JES 0.03 0.02 0.04
Background (MC) 0.03 0.07 0.01
Other 0.03 0.06 0.01
l-JES 0.03 0.01 0.05
CMS JES 1 0.03 — 0.04
Pileup 0.03 0.07 0.03
JES 3 0.02 0.07 0.01
Hadronization 0.02 0.01 0.01
pmiss

T 0.02 0.04 0.01
PDF 0.02 0.06 <0.01
Trigger 0.01 0.01 0.01

Total systematic 0.30 0.41 0.39
Statistical 0.14 0.25 0.14

Total 0.33 0.48 0.42

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

mt = 172.52 ± 0.33 GeV 
(±0.14 stat) 
(±0.30 syst) 

• Uncertainty in b-jet JES 
dominates combination 

• Requires detailed understanding of 
correlations 

• Most precise to date: < 2 per mille

Uncertainty category r Scan range
Dmt/2 Dsmt

/2
[MeV] [MeV]

JES 1 0 — — —
JES 2 0 [�0.25,+0.25] 8 7
JES 3 0.5 [+0.25,+0.75] 1 <1
b-JES 0.85 [+0.5,+1] 26 5
g-JES 0.85 [+0.5,+1] 2 <1
l-JES 0 [�0.25,+0.25] 1 <1
CMS JES 1 — — — —
JER 0 [�0.25,+0.25] 5 1
Leptons 0 [�0.25,+0.25] 2 2
b tagging 0.5 [+0.25,+0.75] 1 1
pmiss

T 0 [�0.25,+0.25] <1 <1
Pileup 0.85 [+0.5,+1] 2 <1
Trigger 0 [�0.25,+0.25] <1 <1

ME generator 0.5 [+0.25,+0.75] <1 4
QCD radiation 0.5 [+0.25,+0.75] 7 1
Hadronization 0.5 [+0.25,+0.75] 1 <1
CMS b hadron B — — — —
Color reconnection 0.5 [+0.25,+0.75] 3 1
Underlying event 0.5 [+0.25,+0.75] 1 <1
PDF 0.85 [+0.5,+1] 1 <1
CMS top quark pT — — — —

Background (data) 0 [�0.25,+0.25] 8 2
Background (MC) 0.85 [+0.5,+1] 2 <1

Method 0 — — —
Other 0 — — —

arXiv:2402.08713 (PRL accepted)

http://arxiv.org/abs/2402.08713
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Observation of  entanglementtt̄
• Unique probe of entanglement via spin correlations 

- Both experiments analyses dilepton final state 

- ⇒ measure angle between  in  rest frame 

• Focus on narrow range around  production threshold 
- 80% cross section for spin-singlet state (rotational invariance needed for observation) 

• Cross section: 

• D < -1/3 implies entanglement 

• CMS includes Toponium effects 
- Maximally entangled particles 
- Via a colour singlet single pseudoscalar  

[PRD 104 (2021) 034023]

ℓ± tt̄

tt̄
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describes the spin correlation between the particles, encoded by the spin correlation matrix ⇠8 9 . In all
expressions, an orthogonal coordinate system is represented by the indices 8, 9 = 1, 2, 3.

At hadron colliders, CC̄ pairs are produced mainly via the strong interaction and thus have no intrinsic
polarization (i.e. ⌫±

8
' 0) because of parity conservation and time invariance in quantum chromodynamics

(QCD) [21]. However, their spins are expected to be correlated and this correlation has already been
observed by both the ATLAS and CMS experiments at the LHC [22–26]. Entanglement in top-quark pairs
can be observed via an increase in the strength of their spin correlations.

Due to their short lifetime, top quarks cannot be detected directly in experiments. In the SM, they decay
almost exclusively into a bottom quark and a , boson, and the , boson subsequently decays into either a
pair of lighter quarks or a charged lepton and a neutrino. In this measurement, only , bosons decaying
into leptons are considered since charged leptons, especially electrons and muons, are readily detected with
high precision at collider experiments. To a good approximation, the degree to which the leptons carry
the spin information of their parent top quarks is 100% due to the maximally parity-violating nature of
the electro-weak charged current. The angular direction of each of these leptons is correlated with the
direction of the spin of their parent top quark or antitop quark in such a way that the normalized differential
cross-section (f) of the process may be written as [27]:

1
f

df
d⌦+d⌦�

=
1 + B

+ · q̂+ � B
� · q̂� � q̂+ · C · q̂�
(4c)2 ,

where q̂+ (q̂�) is the antilepton (lepton) direction in its parent antitop (top) quark’s rest frame and ⌦+ (⌦�)
is the solid angle associated with the antilepton (lepton). The vectors B

± determine the top-quark and
antitop-quark polarizations, while the matrix C contains their spin correlations. These terms are analogous
to those that appear in the general form for d. Since the information about the polarizations and spin
correlations of the short-lived top quarks is transferred to the decay leptons, their values can be extracted
from a measurement of angular observables associated with these leptons, allowing us to reconstruct the CC̄
spin quantum state.

At the LHC, CC̄ pairs are produced mainly via gluon–gluon fusion. When they are produced close to
their production threshold, i.e. when their invariant mass <

C C̄
is close to twice the mass of the top quark

(<
C C̄
⇠ 2 · <C ⇠ 350 GeV), approximately 80% of the production cross-section of CC̄ pairs arises from a

spin-singlet state [28–30], which is maximally entangled. After averaging over all possible top-quark
directions, entanglement only survives at threshold because of the rotational invariance of the spin singlet.
This invariance implies that the trace (the sum of all of the diagonal elements) of the correlation matrix
C, where each diagonal element corresponds to the spin correlation in a particular direction, is a good
entanglement witness. It is an observable that can signal the presence of entanglement, with tr[C] + 1 < 0
as a sufficient condition for entanglement [18].

It is more convenient to define an entanglement marker by using ⇡ = tr[C]/3 [18], which can be
experimentally measured as:

⇡ = �3 · hcos ii ,
where hcos ii is the average value of the cosine of the angle (dot product) between the charged-lepton
directions after they have been Lorentz boosted into the CC̄ rest frame and then their parent top-quark and
antitop-quark’s rest frames, which can be measured experimentally in an ensemble data set. The existence
of an entangled state is demonstrated if the measurement satisfies ⇡ < �1/3.

The SM is a quantum theory and entanglement is implicitly present in its predictions. Nevertheless, a
demonstration of spin entanglement in CC̄ pairs is challenging due to the inability to control the internal
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(submitted to Nature)

CMS-PAS-TOP-23-001

https://arxiv.org/abs/2311.07288
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-001/index.html
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Observation of  entanglementtt̄
• Both experiments observe entanglement with > 5σ significance 

- Good agreement with theory predictions 
- Systematics limited with full Run 2 data set 
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ATLAS                 
√s = 13 TeV, 140 fb

- - -

-1

Limit (Powheg + Herwig7)
Limit (Powheg + Pythia8)
Theory Uncertainty
Data
Powheg + Pythia8 (hvq)
Powheg + Herwig7 (hvq)

Particle-level Invariant Mass Range [GeV] 

380 < mtt < 500 mtt > 500340 < mtt < 380

𝖣 = − 𝟢 . 𝟧𝟦𝟩 ± 𝟢 . 𝟢𝟢𝟤(𝗌𝗍𝖺𝗍.) ± 𝟢 . 𝟢𝟤𝟣(𝗌𝗒𝗌𝗍.) 𝖣 = − 𝟢 . 𝟦𝟩𝟪 ± 𝟢 . 𝟢𝟣𝟩(𝗌𝗍𝖺𝗍.)+𝟢.𝟢𝟣𝟪
−𝟢.𝟢𝟤𝟣(𝗌𝗒𝗌𝗍.)
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 spin correlation and entanglement in +jetstt̄ ℓ
• All polarization vector & spin correlation matrix coefficients extracted simultaneously 

- In bins of , . and  

• Entanglement observed for the first time at high  

- Addition criterion based on classical information exchange at v ≤ c

mtt̄ pT(t) |cos θ |

mtt̄
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CMS Preliminary  (13 TeV)-1138 fb

↓ Separable states ↓
σ(4.4)3.5 σ(5.6)6.7

σ(4.1)5.4

0.5− 0.4− 0.3− 0.2− 0.1− 0 0.1 0.2 0.3 0.4

c-1 0.053 ± -0.062

rP 0.0077 ± -0.0037

nP 0.0063 ± 0.0080

kP 0.0068 ± 0.0135

rP 0.0078 ± -0.0168

nP 0.0062 ± 0.0036

kP 0.0067 ± 0.0143

rrC 0.017 ± 0.028

nnC 0.010 ± 0.330

kkC 0.020 ± 0.305
+
nrC 0.019 ± 0.014
+
rkC 0.035 ± -0.208
+
nkC 0.026 ± 0.009
-
nrC 0.017 ± -0.016
-
rkC 0.030 ± -0.009
-
nkC 0.026 ± 0.022

inclusive
 0.029± = 0.663 E∆ Data

Powheg+P8
Powheg+H7
MG5+P8
MiNNLO+P8

 (13 TeV)-1138 fbCMS Preliminary

CMS-PAS-TOP-23-007

Covered in R. Demina's talk 
in top parallel session today

https://indico.cern.ch/event/1253590/timetable/?view=standard#277-cms-results-on-top-spin-co
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ATLAS:  EW, QCD & flavour
• Extensive summary of precision single & mutiboson measurements 

using Run 2 13 TeV data 

• Also covers: 
- Low energy strong particle production 
- High pT jet & QCD studies 
- EFT constraints on new physics 
- + more
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, EPJC 79 (2019) 128-15 TeV, 25 pb
, EPJC 77 (2017) 367-17 TeV, 4.6 fb
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arXiv:2404.06829 (submitted Phys Rept)

https://arxiv.org/abs/2404.06829
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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 di↵erent LHC pp
collision energies are marked by unique symbols and the coloured bands indicate the combined statistical and systematic uncertainty of the mea-
surement. Grey bands indicate the uncertainty of the corresponding SM theory predictions. 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 measuring 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, highlighting 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 of cosmology, e.g. by understanding the features that a↵ect the
early universe and its eventual fate: the shape of the BEH vacuum potential and the EW vacuum stability, respectively.

The construction and operation of the LHC and the CMS and ATLAS detectors are a product of the accumulated
experience of the high-energy physics community. The instantaneous luminosity provided by the LHC exceeds that
of the most recent previous hadron collider, the Fermilab Tevatron, by nearly two orders of magnitude. The higher pp
collision energy significantly increases all production cross sections. This enables, for many processes, the collection
of data sets, sometimes in only days, that match those of the entire experimental programme of previous experiments.
For example, the precise measurement of the W and Z boson production cross sections can be performed in CMS with
data collected in one day of LHC operation with a precision similar to that obtained during several years of operation
of the UA1 and UA2 experiments that discovered the W and Z bosons.

The CMS detector at the LHC has performed both as a discovery instrument, observing a new particle—the

3

CMS cross section measurements
• Review of hadronic, EW, top and Higgs sector cross section measurements
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Stairway to discovery: a report on the CMS programme of cross section
measurements from millibarns to femtobarns

The CMS Collaborationa

aCERN, Geneva, Switzerland

Abstract

The Large Hadron Collider at CERN, delivering proton-proton collisions at much higher energies and far higher
luminosities than previous machines, has enabled a comprehensive programme of measurements of the standard model
(SM) processes by the CMS experiment. These unprecedented capabilities facilitate precise measurements of the
properties of a wide array of processes, the most fundamental being cross sections. The discovery of the Higgs boson
and the measurement of its mass became the keystone of the SM. Knowledge of the mass of the Higgs boson allows
precision comparisons of the predictions of the SM with the corresponding measurements. These measurements span
the range from one of the most copious SM processes, the total inelastic cross section for proton-proton interactions,
to the rarest ones, such as Higgs boson pair production. They cover the production of Higgs bosons, top quarks, single
and multibosons, and hadronic jets. Associated parameters, such as coupling constants, are also measured. These
cross section measurements can be pictured as a descending stairway, on which the lowest steps represent the rarest
processes allowed by the SM, some never seen before.

We dedicate this work to the memory of Prof. Peter Ware Higgs, whose transformative and groundbreaking ideas laid
the foundation for the physics of the standard model and of the Higgs particle, which are the subjects of this Report.

Keywords: top quark, Higgs boson, cross section, standard model, electroweak, QCD
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Top mass summary 

Top asymmetry summary 
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• Extensive review of top (+X) cross section, mt measurements, 
entanglement, LFU tests, and more

https://arxiv.org/abs/2404.10674
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Summary

• The LHC has proved more than capable as a precision physics 
machine 
- In many cases challenging or exceeding e+e- collider constraints 

• Future improvements may come from: 
- Better understanding / in-situ constraint of PDFs 
- Improved signal & background modelling 
- Refined detector calibrations 
- Dedicated low pileup LHC runs 
- Inter-experiment combinations
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