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The CMS experiment
At CERN LHC
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CMS-PRF-21-001 
(submitted to JINST)

https://arxiv.org/abs/2309.05466
https://arxiv.org/abs/2309.05466


P.
 A

zz
i -

 L
LW

I 2
02

4 
 

Status of data taking
Collisions to restart in April 2024 
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Vector Bosons Measurements @CMS 
A snapshot

4
σ = 1 f b σ = 106 f bσ = 104 f bσ = 102 f b σ = 108 f b

Standard 
Candles

High Rates 
Precision Tests

Rare !

https://twiki.cern.ch/twiki/pub/CMSPublic/

Single W, Z

Di-boson

Tri-boson

VBF & VBS
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CMS-PAS-20-004

Single Boson production cross-sections
Standard Candles

Z → e+e− W → μνμ
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W & Z production at 5 & 13 TeV

• Special runs with low instantaneous luminosity, N(PU)=3, taken at different energies to measure W and Z 
production cross section 

• 5TeV results agree well with the predictions (using NNPDF3.1) 
• 13 TeV results (right) show a cross section about 5% higher than expected, not covered by uncertainties 

(mostly = Lumi)
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CMS-PAS-20-004
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Z production cross section at 13.6 TeV
First measurement with early 2022 data

• Preliminary calibration for muon 
efficiency, muon momentum 
scale and luminosity  

• Excellent agreement with NNLO 
predictions for 
with  
suggest the 13TeV result was 
an outlier.

Z/γ* → ℓ+ℓ−

60 < M(ℓℓ) < 120 GeV
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CMS-PAS-22-017

Z → μ+μ−
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Z decays to 4 leptons ( , )e μ
Rare process 

• Select events with 4  or  with  
• Minimize uncertainties by normalising to  proces 
• Result: , expected  
• Reinterpretation in term of limits on couplings and mass of new light gauge boson U (motivated by 

g-2 anomaly) does exclude lare part of the favoured region

e μ 80 < M(4ℓ) < 100 GeV
Z → 2ℓ

ℬ(Z → 4ℓ) = (4.67 ± 0.11(stat) ± 0.10(syst)) × 10−6 (4.70 ± 0.02) × 10−6
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CMS-PAS-19-007

Z → ℓ+ℓ−ℓ+ℓ− EXO SEARCH 

CMS-EXO-18-008
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Search for Z decays to 4 leptons ( )μ, τ
3rd gen tighter connection with NP 

• Search for Z’ boson in the process: where   

• Systematics cancel if we evaluate the ratio   

• No signal observed, actually deficit in signal region. Limit on BR<6.9 x SM [95%CL]

Z → τ+τ−μ+μ− τ → μν̄μντ
ℬ(Z → ττμμ)
ℬ(Z → μμμμ)
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CMS-PAS-22-016
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Di-Boson Measurements
crucial tests of  the Standard Model (SM) 

• Vector boson self-interactions are fundamental prediction of SM resulting from 
non-Abelian nature of the SU(2)xU(1) gauge theory  

• Di-boson processes are important backgrounds for Higgs measurements and NP searches 
• Anomalous triple and quartic gauge boson couplings (aTGC and aQGC) would imply New Physics 
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0 1 2 3 4

theoσ / expσProduction Cross Section Ratio:   

CMS PreliminaryAug 2023

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

https://arxiv.org/abs/1405.7225
https://arxiv.org/abs/1405.7225γγ  0.12± 0.01 ±1.06 -15.0 fb
https://arxiv.org/abs/1308.6832
https://arxiv.org/abs/1308.6832(NLO th.), γW  0.13± 0.03 ±1.16 -15.0 fb
https://arxiv.org/abs/2102.02283
https://arxiv.org/abs/2102.02283(NLO th.), γW  0.05± 0.00 ±1.01 -1137 fb
https://arxiv.org/abs/1308.6832
https://arxiv.org/abs/1308.6832(NLO th.), γZ  0.05± 0.01 ±0.98 -15.0 fb
https://arxiv.org/abs/1502.05664
https://arxiv.org/abs/1502.05664(NLO th.), γZ  0.05± 0.01 ±0.98 -119.5 fb
https://arxiv.org/abs/1210.7544
https://arxiv.org/abs/1210.7544WW+WZ  0.14± 0.13 ±1.01 -14.9 fb
https://arxiv.org/abs/2107.01137
https://arxiv.org/abs/2107.01137WW  0.09± 0.18 ±1.24 -10.302 fb
https://arxiv.org/abs/1306.1126
https://arxiv.org/abs/1306.1126WW  0.09± 0.04 ±1.07 -14.9 fb
https://arxiv.org/abs/1507.03268
https://arxiv.org/abs/1507.03268WW  0.08± 0.02 ±1.00 -119.4 fb
https://arxiv.org/abs/2009.00119
https://arxiv.org/abs/2009.00119WW  0.06± 0.01 ±1.00 -135.9 fb
https://arxiv.org/abs/2107.01137
https://arxiv.org/abs/2107.01137WZ  0.04± 0.20 ±0.57 -10.302 fb
https://arxiv.org/abs/1609.05721
https://arxiv.org/abs/1609.05721WZ  0.06± 0.07 ±1.05 -14.9 fb
https://arxiv.org/abs/1609.05721
https://arxiv.org/abs/1609.05721WZ  0.07± 0.04 ±1.02 -119.6 fb
https://arxiv.org/abs/2110.11231
https://arxiv.org/abs/2110.11231WZ  0.03± 0.02 ±1.00 -1137 fb
https://arxiv.org/abs/2107.01137
https://arxiv.org/abs/2107.01137ZZ  0.12± 0.59 ±1.36 -10.302 fb
https://arxiv.org/abs/1211.4890
https://arxiv.org/abs/1211.4890ZZ  0.07± 0.13 ±0.97 -14.9 fb
https://arxiv.org/abs/1406.0113
https://arxiv.org/abs/1406.0113ZZ  0.08± 0.06 ±0.97 -119.6 fb
https://arxiv.org/abs/2009.01186
https://arxiv.org/abs/2009.01186ZZ  0.04± 0.02 ±1.04 -1137 fb

5.02, 7, 8, 13 TeV CMS measurements (stat,stat+sys) 

stat                 sys

CMS measurements
 theory(NLO)vs. NNLO 

0 1 2 3 4 5

theoσ / expσProduction Cross Section Ratio:   

CMS PreliminaryAug 2023

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

https://arxiv.org/abs/1607.06975
https://arxiv.org/abs/1607.06975qqW  0.18± 0.08 ±0.84 -119.3 fb
https://arxiv.org/abs/1903.04040
https://arxiv.org/abs/1903.04040qqW  0.09± 0.02 ±0.91 -135.9 fb
https://arxiv.org/abs/1305.7389
https://arxiv.org/abs/1305.7389qqZ  0.32± 0.14 ±0.93 -15.0 fb
https://arxiv.org/abs/1410.3153
https://arxiv.org/abs/1410.3153qqZ  0.19± 0.07 ±0.84 -119.7 fb
https://arxiv.org/abs/1712.09814
https://arxiv.org/abs/1712.09814qqZ  0.10± 0.04 ±0.98 -135.9 fb
https://arxiv.org/abs/2112.05259
https://arxiv.org/abs/2112.05259WV  0.18± 0.12 ±0.85 -1138 fb
https://arxiv.org/abs/1604.04464
https://arxiv.org/abs/1604.04464WW→γγ  0.74± 0.00 ±1.74 -119.7 fb
https://arxiv.org/abs/1612.09256
https://arxiv.org/abs/1612.09256γqqW  0.56± 0.67 ±1.77 -119.7 fb
https://arxiv.org/abs/2212.12592
https://arxiv.org/abs/2212.12592γqqW  0.15± 0.11 ±0.89 -1138 fb
https://arxiv.org/abs/2205.05711
https://arxiv.org/abs/2205.05711os WW  0.17± 0.15 ±1.12 -1138 fb
https://arxiv.org/abs/1410.6315
https://arxiv.org/abs/1410.6315ss WW  0.18± 0.38 ±0.69 -119.4 fb
https://arxiv.org/abs/2005.01173
https://arxiv.org/abs/2005.01173ss WW  0.08± 0.11 ±1.20 -1137 fb
https://arxiv.org/abs/1702.03025
https://arxiv.org/abs/1702.03025γqqZ  0.48± 0.65 ±1.48 -119.7 fb
https://arxiv.org/abs/2106.11082
https://arxiv.org/abs/2106.11082γqqZ  0.13± 0.12 ±1.20 -1137 fb
https://arxiv.org/abs/2005.01173
https://arxiv.org/abs/2005.01173qqWZ  0.11± 0.31 ±1.46 -1137 fb
https://arxiv.org/abs/2008.07013
https://arxiv.org/abs/2008.07013qqZZ  0.13± 0.38 ±1.19 -1137 fb

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

stat        sys

CMS EW measurements vs.
Theory

QCD PRODUCTION EWK PRODUCTION
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Di-boson production processes
Theory perspective
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https://arxiv.org/pdf/1708.00268.pdf

•   process: 
quartic diagrams  
+ gauge invariant 
diagrams

𝒪(α6
ew)

• Typical Background  V+jets𝒪(α4
s α2

ew)

•  QCD 
induced process
𝒪(α2

s α4
ew)

https://arxiv.org/pdf/1708.00268.pdf
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VBS di-boson production
Pure EWK process: small cross section (few fb)
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TWO FORWARD JETS  (large ) 
W/ LITTLE HADRONIC ACTIVITY IN 

BETWEEN (rapidity gap)

η

TWO CENTRALLY PRODUCED BOSONS

• Experimental selection based on:  
• VBF jets with large  and large  
• Triggering on boson decay products 

• S/B heavily depending on boson decay  
• Profit of ML techniques to extract signal  

Δηjj Mjj
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VBS ssWW dilepton with tau
First measurement with a  in the final stateτhad

13

CMS-PAS-22-008

qq̄ → W±W±qq̄ → τ±
h ντℓ

±νℓqq̄~64%�BR�to�hadrons

• Large BR but suffering large experimental background:  
• ~95% of the events with non-prompt leptons from jets 

misreconstructed as e,μ, or τh. Data estimate needed 
• ~2% are from Z/γ∗+jets 
• 1%  from dileptonic  eventstt̄

“Non-prompt leptons” 
background estimated 
from data.Validated in a 
CR close to the SR
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VBS ssWW dilepton with tau
Result

• Simultaneous fit using DNN templates from SR and CRs 
• Two separate measurements: with purely-EW signal strength and one 

scaling together the EW and QCD ssWW signal strength  
• Statistical uncertainty dominates: will profit of Run 3 data!

14

EFT interpretation in progress
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W+W−γ → e±νeμ∓νμγ
Just published! 

• Sensitive to Triple and Quartic-gauge couplings  
• Unique opportunity to search for the Higgs+photon production obtaining constraints on Higgs 

coupling to light quarks 
• Data driven estimate of non-prompt background(leptons, photons) with specific control regions 

(  and  respectively) used in the simultaneous final fit 
• Result obtained with maximum likelihood fit of 2D binned distributions in the (mTWW, m𝚤𝚤𝛾) plane 

ssWWγ ttγ

15

CMS-PAS-22-006

TGC

TGC
QGC

yu,d
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W+W−γ → e±νeμ∓νμγ
Result
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CMS-PAS-22-006

Process observed with 5.6 s.d. significance  
 σfid = 6.0 ± 0.8(stat) ± 0.7(syst) + 0.6(th) fb

σth = 4.61 ± 0.34(scale) ± 0.05(PDF) fb

• Targeted search for  where the  is a bkg.  
• Fit to  and  to extract limits on 

Hγ WWγ
ΔRℓℓ mT

WW yq
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The far future of boson physics
HL-LHC & FCC

17

• Next steps will be to observe the VLVL scattering process that is at the heart of the EWSB.  
• Extrapolations have been made for the HL-LHC that show how difficult this will be even with the larger statistics 
• During Run3 though, CMS will deploy new triggers and new analysis techniques that should improve the efficiency  
• Will need a collider such as the FCC at a 100TeV to be able to observe this process. 

Eur. Phys. J. C (2019) 79 :474 Page 55 of 161 474

0.9 0.95 1 1.05 1.1
Wκ

1
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5

SMσ
 / σ

 > 1000 GeV+l+lm
 > 500 GeV+l+lm
 > 200 GeV+l+lm
 > 50 GeV+l+lm

 > 1000 GeV+l+lm
 > 500 GeV+l+lm
 > 200 GeV+l+lm
 > 50 GeV+l+lm

FCC-hh Simulation (Delphes)

L
± WL

±VBS - W

Fig. 4.9 Left: precision in the determination of the scattering of same-
sign longitudinal W bosons, as function of luminosity, for various
kinematic cuts. Right: sensitivity of the longitudinal boson scattering
cross section w.r.t. deviations of the WWH coupling from its SM value

(κW = 1), for various selection cuts on the final-state dilepton invariant
mass. The vertical bars represent the precision of the measurement, for
30 ab−1

Table 4.5 Constraints on the HWW coupling modifier κW at 68% CL, obtained for various cuts on the di-lepton pair invariant mass in the
WLWL → HH process

ml+l+ cut > 50 GeV > 200 GeV > 500 GeV > 1000 GeV

κW ∈ [0.98, 1.05] [0.99, 1.04] [0.99, 1.03] [0.98, 1.02]

4.5.1 SM Higgs decays

The study of SM Higgs decays, summarised in [90], has been performed in two steps. First, detailed simulations and analyses
were made of the dominant H → bb̄ [91–94] and of the challenging H → cc̄ [94,95] channels. Signals and backgrounds
were generated by Madgraph5/Madevent, with the fragmentation and hadronisation in PYTHIA followed by a Delphi-based
simulation of the baseline ep detector. Both cut-based and boosted decision tree (BDT) analyses were performed in independent
evaluations.

Second, an analysis of NC and CC events was established for the seven most frequent decay channels listed in Table 4.6.
Acceptances and backgrounds were estimated with Madgraph, and efficiencies for the leptonic and hadronic decay channels of
W, Z and τ were taken from prospective studies of Higgs coupling measurements at the LHC [96]. This provided a systematic
scale factor f , which comprised the signal-to-background ratio, the product of acceptance, A, and reconstruction efficiency
ε, as f 2 = (1 + B/S)/(Aε). The error on the signal strength µi for each of the Higgs decay channels i is determined
as δµi/µi = fi/

√
Ni . Here, Ni are the event numbers listed in Table 4.6. This second estimate could be successfully

benchmarked with the detailed simulations for charm and beauty decays described above.
The results of the signal strength determinations are illustrated in Fig. 4.11, for the FCC-eh and, for comparison for the

two lower energy ep collider configurations, the LHeC, in which the electron ERL is coupled with the HL-LHC, and its high
energy version, the HE-LHC. The electron beam energy has been kept constant at 60 GeV while the proton energy of the
LHC-based colliders is 7 or 14 TeV, respectively. One finds that the FCC-eh prospects for the experimental uncertainties on
the signal strength vary between below 0.5% for the most abundant channel and up to 5% for the γγ decay. The FCC-eh
results presented in Fig. 4.11 are input to a joint pp-ep-ee FCC Higgs coupling analysis as is presented elsewhere in this paper.
They can also be used for an independent and complete coupling strength analysis in ep alone.

123

FCC-hh √s=100TeV 
3% at 30ab-1

SNOWMASS
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Conisderations
Boson physics is the heart of  precision physics at pp collider

• Precisely measuring the properties of the SM bosons allows to 
understand the inner workings of the Standard Model.  
• This is a challenge also for the theorists to provide higher order corrections 

• Larger statistics and new analyses techniques will allow to reduce the 
systematics uncertainties, both theoretical and experimental  

• Large statistics, also due to new trigger strategies, will expand the phase 
space that can be explored and reach observation of rare processes  

• …LHC has collected only 10% of its statistics 

18
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Forward look
Higher precision of  EWK measurements

19

• EFT framework becoming a stronger ally with 
increasing number of measurement and their 
precision 

• EW measurements of boson properties help 
improving the sensitivity of an EFT interpretation

Moving toward a global EFT framework 
complementary to direct searches to 
push the reach of the full LHC program



Backup
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Di-Boson Measurements
Pushing theoretical precision 
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Stolen from M. Wiesemann 
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