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Where we stand

Events at CMS in Run 2 (∼ 𝟏𝟑𝟕 𝐟𝐛!𝟏)

• W bosons   27000 × 10#
• Z bosons       8000 × 10#
• t quarks           130 × 10#
• H bosons              8 × 10#

Will show interesting results published 
(or made public) in the last few months.

They all make use of Run 2 data.

As you can see on the left, we have started 
to add new points with Run 3 data!
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Precision measurements spanning over 9 orders of magnitude and different kinds of processes

link to plot

https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsCombined/CMSCrossSectionSummaryBarChart.pdf
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q often challenging

q provide insights on the electroweak sector

The rare

Electroweak production cross sections are 
among the smallest measured processes – the 

LHC is essentially a QCD machine!

q rare
Vector boson scattering processes are 

extensively studied at the LHC, in several 
flavors of production modes and final states
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theos / expsProduction Cross Section Ratio:   

CMS PreliminaryMay 2022

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®gg  0.74± 0.00 ±1.74 -119.7 fb
https://arxiv.org/abs/1612.09256
https://arxiv.org/abs/1612.09256gqqW  0.56± 0.67 ±1.77 -119.7 fb
https://cds.cern.ch/record/2809554gqqW  0.15± 0.11 ±0.88 -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/1709.05822
https://arxiv.org/abs/1709.05822ss WW  0.08± 0.11 ±1.20 -1137 fb
https://arxiv.org/abs/1702.03025
https://arxiv.org/abs/1702.03025gqqZ  0.48± 0.65 ±1.48 -119.7 fb
https://arxiv.org/abs/2106.11082
https://arxiv.org/abs/2106.11082gqqZ  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) 

CMS EW measurements vs.
Theory

Experimental uncertainties are 
generally larger than the 

theoretical ones

electron

jets

missing 𝑝!

muon



Observation of 𝐖"𝐖# VBS
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§ Irreducible background for the 
electroweak production measurement

§ Has different kinematic properties wrt
electroweak production

Electroweak production in OS final state

Higgs boson’s role in adding diagrams that cancel divergences in theoretical 
calculations of VBS processes makes them a great probe of the Higgs sector

QCD-induced production

• Sensitive to potential new physics 
phenomena affecting H coupling to W

• Important for precisely determining 
several dimension-6 operators 

o Less sensitive wrt SS because of 
higher background (mainly from t ̅t )

CMS-SMP-21-001

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-001/


Observation of 𝐖"𝐖# VBS
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Electroweak production in OS final state

• Sensitive to potential new physics 
phenomena affecting H coupling to W

• Important for precisely determining 
several dimension-6 operators 

o Less sensitive wrt SS because of 
higher background (mainly from t ̅t )

WW VBS signature:

• Two jets at forward/backward rapidities
• Jets have large 𝑚$$, ∆𝜂$$, suppressed hadronic 

activity in between
• Large 𝑝%&'(( from neutrinos
• Final states: e)e!, 𝜇)𝜇!, e±𝜇∓ (including 𝜏 → ℓ𝜈�̅�)

More sensitive due to lower 
Drell–Yan (+jets) contribution 

CMS-SMP-21-001

Higgs boson’s role in adding diagrams that cancel divergences in theoretical 
calculations of VBS processes makes them a great probe of the Higgs sector

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-001/


Analysis strategy
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ee, 𝜇𝜇 channels

t ̅t and tW → dominating backgrounds

DY background

≥ 1 jet from PU

jets from initial-
state QCD radiation

Normalization of the major backgrounds measured by simultaneous fit to data, using dedicated control regions 

CR	with	 ∆𝜂$$ > 5
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Deep neural network machine learning algorithm trained to identify signal-like events 

e𝜇 channel
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Two separate DNNs for high (𝑍ℓℓ > 1) and 
low (𝑍ℓℓ < 1) values of Zeppenfeld variable

t ̅t and tW → dominating backgrounds

DY → relatively negligible

QCD-induced WW → not negligible

Normalization of the major backgrounds measured by simultaneous fit to data, using dedicated control regions 

Analysis strategy

0 0.2 0.4 0.6 0.8 1
DNN output

1-10

1

10

210

310

410

510Ev
en

ts Data Higgs Nonprompt
Multiboson DY QCD-induced WW

ttW and t VBS

 > 1ll Z

 (13 TeV)-1138 fbCMS

0 0.2 0.4 0.6 0.8 1
DNN output

0.5
1

1.5

D
at

a/
M

C Uncertainties

→ 𝑍ℓℓ=
1
2
|𝑍ℓ- + 𝑍ℓ.|𝑍ℓ = ηℓ −

1
2 (𝜂$- + 𝜂$.)Signal-enriched category

CMS-SMP-21-001

Centrality wrt the VBS jets

https://arxiv.org/abs/hep-ph/9605444
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-001/
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Deep neural network machine learning algorithm trained to identify signal-like events 
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Analysis strategy
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Observed (expected) statistical significance 5.6𝜎 (5.2𝜎)

… and W)W! VBS cross section measured in 
two fiducial regions, by simultaneously fitting 
the DNN outputs and a several distributions 
of discriminating variables for ee and 𝜇𝜇

CMS-SMP-21-001

SR-like phase space:

Measurement: 10.2 ± 2.0 Rb

Prediction at LO: 9.1 ± 0.6 Rb

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-001/
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q Provide information on the transverse profile of the proton and its 
energy evolution, not accessible in single-parton scattering (SPS) events. 

q Allow the study of correlations among the partons from the same proton 
in terms of momentum, flavor, color, and spin.

q Increased pp CM energy → increased density of sea quarks and gluons →
precise knowledge of DPS increasingly important for sensitivity to new 
physics and accuracy of high-precision SM analyses.

The increasing

Double-parton scattering (DPS): events with two hard parton-parton interactions within one pp collision

electron

muon

missing 𝑝U



Observation of WW production from DPS
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𝑛 = 1 if A and B are the same process, 𝑛 = 2 otherwise

𝜎#$$ → proportional to average squared transverse distance 
between interacting partons. Measured at hadron colliders with 

rather large uncertainties

DPS W± W± → ℓ±𝜈 ℓ±𝜈 is very promising:

• SPS W± W± suppressed at matrix element level
• Absence of jets in DPS W± W±

• “Clean” final state in the detector, easy to trigger on

Riccardo Salvatico 10

CMS-SMP-21-013

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-013/
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Dilepton final states considered (including leptonic 𝜏 decays):     𝜇±𝜇± 𝑒±𝜇± 𝑒± 𝑒±

Trigger

• A combination of dilepton and single-lepton triggers is used to increase the efficiency

larger charge misID

Signal region selection

• Exactly two leptons of the same charge, with 𝑝& > 25 (20) GeV for the leading (sub-leading) one
• Leptons must come from same primary vertex of the pp collision
• 𝑝&'()) > 15 GeV and 𝑚ℓℓ > 12 GeV
• At most one jet with 𝑝& > 30 GeV and veto events containing b-jets with 𝑝& > 25 GeV

BDT selection

• Two MVA classifiers trained to separate signal from WZ production and processes with “non-prompt” leptons (𝐖+ 𝐣𝐞𝐭𝐬, QCD multijet…) 

Similar lepton 𝑝& spectra, but the bosons 
share a Lorentz boost along the z-axis 

Very large cross section wrt the signal, but 
also larger kinematic differences

EPJC 80, 41 (2020)

Event selection CMS-SMP-21-013

https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-019-7541-6
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-013/


Event classification and fit
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The two MVA classifiers are mapped into a 2D plane in both discriminants, further divided in 13 
contiguous regions on which the fit is performed → optimization of expected signal significance

A ML fit is performed 
simultaneously on the four 

independent distributions of 
the final BDT classifier

Background and signal processes are combined in two separate flavor (e𝜇 and 𝜇𝜇) and charge (ℓ+ℓ+ and ℓ,ℓ,) configurations
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Observed statistical significance is
6.2𝜎 above bkg-only hypothesis

First observation!

CMS-SMP-21-013

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-013/


Results
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𝜎-./0±0± = 80.7 ± 11.2 stat ,1.3+4.5 syst ± 12.1 model Fb Difference in cross sections obtained in the experimental 
acceptance region with the PYTHIA and HERWIG simulations

Fiducial 𝜎-./0±0±
= 6.28 ± 0.81(stat) ± 0.69 syst ± 0.37 model Fb

Fiducial volume defined using two generator-level SS 
“dressed” leptons (+photon momenta in ∆𝑅 ℓ, 𝛾 < 0.1) 

from W boson, passing SR kinematic selection

)1- WW (13 TeV, 138.0  fbCMS
CMS-PAS-SMP-21-013

)1- WW (13 TeV, 77.4 fbCMS
Eur. Phys. J. C 80 (2020) 41

 W+2jets (7 TeV)CMS
JHEP 03 (2014) 032

 W+2jets (7 TeV)ATLAS
New J. P. 15 (2013) 033038

+2jets (1.96 TeV)g 2D0
Phys. Rev. D 93 (2016) 052008

+b/c+2jets (1.96 TeV)g D0
Phys. Rev. D 89 (2014) 072006

+3jets (1.96 TeV)g D0
Phys. Rev. D 89 (2014) 072006

+3jets (1.8 TeV)g CDF
Phys. Rev. Lett. 79 (1997) 584

 (1.96 TeV)U+y J/D0
Phys. Rev. Lett. 116 (2016) 082002

 (1.96 TeV)y+J/y J/D0
Phys. Rev. D 90 (2014) 111101

 (8 TeV)y+J/y J/ATLAS
Eur. Phys. J. C 77 (2017) 76

 (13 TeV)y+J/y+J/y J/CMS
arXiv:2111.05370

0 5 10 15 20 25 30 35
 (mb)eff.s

Supplementary CMS

𝜎344 = 12.2!...)..6 mb

Extracted using NNLO prediction for single 
W± production cross section and leptonic 
branching fraction, and measured 𝜎-./0±0±

Consistent with previous measurements 
from final states with vector bosons

See Sanjay’s talk for a comparison with 
𝜎#$$ from gluon-initiated processes

CMS-SMP-21-013

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-013/
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The invisible

missing 𝑝U

jet

The Z boson is one of the particles we best understand, theoretically and experimentally

→ Hundreds of measurements of its properties at lepton and hadron colliders.

The invisible width of the Z boson has never ben measured “directly” at hadron colliders!

q Can be translated into a constraint on
the number of light neutrino species
coupling to the Z boson.

q Could reveal beyond-SM contributions
from new physics scenarios (potentially
different to those which the “indirect”
measurement could be sensitive to)



Measuring the 𝐙 → invisible width

Precision measurement of the decay width of the Z boson to “invisible” particles, such as 𝜈�̅�

Historically, precision measurements of Z → invisible at LEP:

• “direct” → look for ISR photon from e)e! and s-channel production of Z (e)e! → 𝛾Z → 𝛾𝜈�̅�)

• “indirect” → measure total Z width by studying Z lineshape. Subtract partial widths of decays with visible final 
states: Γ'78 = Γ9:9 − Γ8'(. More precise than “direct” one at LEP

CMS performed the first measurement of the Z invisible width at hadron collider!

o Direct or indirect? The CMS way to measure it:

Γ Z → 𝜈�̅� =
𝜎 Z + jets 𝔅 Z → 𝜈�̅�
𝜎 Z + jets 𝔅 Z → ℓℓ

Γ Z → ℓℓ ℓ = e, 𝜇

o Target Z + jets production, with jets from initial state partons to favor a large 𝑝%;

o Exploit similar kinematics of Z bosons decaying into ℓ)ℓ! and 𝜈�̅�
15

CMS-SMP-18-014

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-014/
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• 𝑝&'()) > 90 GeV && 𝐻& > 90 GeV
• e > 27 GeV for ee + jets and e + jets

𝑝%&'(( + jets Z → 𝜈�̅�
ℓℓ + jets Z/𝛾∗ → ℓℓ
ℓ + jets W → ℓ𝜈 (here ℓ = e, 𝜇, 𝜏=)
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Three analysis regions

𝒰 = �⃗�&'())

𝒰 = �⃗�&'()) + �⃗�&
6#789:)(1)

(2)

(3)

(1)

(3)

(2)
(1)

(2)(3)
Trigger

CMS-SMP-18-014

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-014/
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The technique

(1) (2)

§ Simultaneous fit to the tree analysis regions

§ ℓ + jets regions are used for estimating the
W+ jets contribution to (1)

§ Extract a scaling parameter Γ Z → 𝜈�̅� / Γ'78>?

§ Scale Γ'78>? prediction obtained from simulation

§ Assume same Γ Z → ℓℓ in data and simulation

Γ Z → 𝜈�̅� = 523 ± 3 stat ± 16 syst MeV

Main systematics

• Muon and electron ID efficiencies
• Jet energy scale
• Pileup

Γ Z → 𝜈�̅� =
𝜎 Z + jets 𝔅 Z → 𝜈�̅�
𝜎 Z + jets 𝔅 Z → ℓℓ Γ Z → ℓℓ

CMS-SMP-18-014

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-014/
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Comparing with previous results

400 450 500 550 600
Ginv (MeV)

CMS

LEP combined

OPAL

L3

ALEPH
SM

(13 TeV 36.3 fb°1)
523 ± 16 MeV

503 ± 16 MeV

539 ± 31 MeV

498 ± 17 MeV

450 ± 48 MeV § Simultaneous fit to the tree analysis regions

§ ℓ + jets regions are used for estimating the
W+ jets contribution to (1)

§ Extract a scaling parameter Γ Z → 𝜈�̅� / Γ'78>?

§ Scale Γ'78>? prediction obtained from simulation

§ Assume same Γ Z → ℓℓ in data and simulation

Γ Z → 𝜈�̅� = 523 ± 3 stat ± 16 syst MeV

Main systematics

• Muon and electron ID efficiencies
• Jet energy scale
• Pileup

CMS-SMP-18-014

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-014/
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The intact
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The intact

203.827 m
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Precision Proton Spectrometer (PPS)

Proton trajectories bent by LHC magnets

p

p

q PPS is a magnetic spectrometer which detects protons that have lost part of their initial momentum in the IP and
are bent by the LHC magnets

q Conceived to study pp → pXp processes: protons do not dissociate and interact via photon or color-singlet
exchange to produce system X in central region

q Located ≈ 210 m from the IP in both directions, it consists of silicon tracking detectors (position, direction,
momentum) and diamond-based timing counters (proton longitudinal position, pileup suppression) →
measurement of mass and momentum of the centrally produced system, irrespectively of its decay mode

Interaction point (IP)
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203.827 m
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Search for exclusive 𝜸𝜸 → 𝐕𝐕 production CMS-SMP-21-014
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Predicted cross section with intact protons at 13 TeV:≈ 50 Fb WW ,≈ 0.05 Fb ZZ → hardly or no observation at all expected before HL-LHC

Any significant signal over the prediction could indicate BSM physics, especially at high 𝑚(VV), where SM cross section is lower!

Quartic couplings involving two-
photon production of charged 

gauge bosons are allowed at tree 
level within the SM

Reconstruct the two 
vector boson decays as 

boosted and merged jets

Look for two 
forward protons

(“taggers”)

Look for pp scattering mediated by photons, with exclusive VV production: 𝐩𝐩 → 𝐩𝐕𝐕𝐩

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-014/
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Protons, jets and their matching

Proton scattering angle 

Proton fractional momentum 
loss 𝜉 = (𝑝:9'− 𝑝)/𝑝:9'

Forward protons

“Multi-Roman pot” algorithm

Combine tracks in each of the 
two tracking pots per arm of PPS

Sensitive to momentum 
loss 0.04 < 𝜉 < 0.20

CMS-SMP-21-014

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-014/
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Protons, jets and their matching

Proton scattering angle 

Proton fractional momentum 
loss 𝜉 = (𝑝:9'− 𝑝)/𝑝:9'

Forward protons

“Multi-Roman pot” algorithm

Combine tracks in each of the 
two tracking pots per arm of PPS

Jets
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𝒎 𝐣𝐣 > 𝟏𝟏𝟐𝟔 𝐆𝐞𝐕 due to trigger requirements
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Protons, jets and their matching

Proton scattering angle 

Proton fractional momentum 
loss 𝜉 = (𝑝:9'− 𝑝)/𝑝:9'

Forward protons

“Multi-Roman pot” algorithm

Combine tracks in each of the 
two tracking pots per arm of PPS

Jets

Select good candidates for 
merged jets from V decay

Use N-subjettiness + pruning algorithm 
to reduce contribution from soft gluon 

radiation and pileup

Matching

Two signal regions (𝜹, 𝝄) based on invariant 
mass and rapidity of WW, ZZ and pp
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Results
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Presented some highlights among new standard model analyses at CMS:

q W)W! VBS
§ Observed a rare process with disfavored topology using machine learning techniques, interesting probe

of electroweak sector

q W±W± DPS
§ Observed for the first time a rare process, which becomes increasingly important as the CoM energy

gets higher

q Z → 𝜈�̅�
§ Achieved precision comparable with LEP combination for direct measurements

q pp → pVVp
§ Probed the SM using the full capabilities of the CMS detector in events with no hard scattering, with

potential to observe BSM effects

For more Run 2 results (and for a first glimpse of Run 3 too):

• CMS public webpage

https://cms-results.web.cern.ch/cms-results/public-results/publications/

