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Width and lifetime

The width 𝚪 of a particle quantifies how fast the particle decays into others:
= Simply a sum over the partial widths Γdec for each decay mode

→ Branching ratio, ℬ = Γdec/Γ, is the proportion of each decay mode.

→ Stable particles: Γ → 0.
→ Unstable particles: Γ ≫ 0, many decay modes

Perhaps some involving BSM states!

e.g., Z bosons decay most of the time as 𝑍 → ℓℓ, 𝑍 → 𝜈𝜈, 𝑍 → 𝑞ത𝑞:

ΓZ→ℓℓ ≈ 0.25 GeV, ΓZ→𝜈𝜈 ≈ 0.50 GeV, ΓZ→𝑞 ത𝑞 ≈ 1.74 GeV

⇒ ΓZ ≈ 2.5 GeV

ℬ(Z → ℓℓ) ≈ 10%, ℬ(Z → 𝜈𝜈) ≈ 20%, ℬ(Z → 𝑞ത𝑞) ≈ 70%



3

1

𝑚𝑜𝑏𝑠
2 −𝑚2 2 + 𝑚 × Γ 2

91 GeV 2.5 GeVFor the Z boson:

Inherent quantum mech. uncertainty on mass ∝ Γ.
Resonance mass distribution usually describable with a relativistic Breit-Wigner distribution:

Width and lifetime
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The lifetime 𝝉 is related to Γ through the Heisenberg uncertainty principle: 𝜏 = ℏ/Γ

“If you put a particle in a box, how long do you have to wait on average for it to decay?”

→ For the Z boson, you have to wait 𝜏𝑍 ≈ 6.58 × 10−25 GeV.s /2.5 GeV = 2.6 × 10−25 s.

Width and lifetime
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What affects the width?

Width

Anomalous 
couplings

Invisible 
decays

Visible 
decays

Are there subdominant contributions to our current production 
and decay calculations we have not yet included?

Does this particle interact with known particles we cannot 
detect (e.g. neutrinos)?

Does our particle decay interact with a new type of matter 
either directly or through loops?

Our 
particle 𝑋1? Known?

What happens here?

𝑋2,3…? Known?
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What affects the width?

Width

Anomalous 
couplings

Invisible 
decays

Visible 
decays

Are there subdominant contributions to our current production 
and decay calculations we have not yet included?

Does this particle interact with known particles we cannot 
detect (e.g. neutrinos)?

Does our particle decay interact with a new type of matter 
either directly or through loops?

“So tell me... Which is the better story, the story 
with the animals or the story without animals?”

Pi Patel in Life of Pi by Yann Martel

Our 
particle 𝑋1? Known?

What happens here?

𝑋2,3…? Known?



7

The story of measuring the width...

Anomalous 
couplings

Invisible 
decays

Width
Visible 
decays

- Mass 
- Displacement
- Off-shell production
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Anomalous 
couplings

Invisible 
decays

Width
Visible 
decays

- Detector signatures in 
known decay modes

The story of measuring the width...
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Anomalous 
couplings

Visible 
decays

Width

Invisible 
decays

- Momentum imbalance in the detector, 
excess events wrt. known backgrounds

The story of measuring the width...
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Invisible 
decays

Visible 
decays

Width

Anomalous 
couplings

- Angular and mass observables
- Production and decay rate correlations

The story of measuring the width...
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Putting the particle in a box:

+
+

+

+

Deliver the particle 
by producing it via 
head-on proton-
proton collisions
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Putting the particle in a box:
Superconducting solenoid magnet 
at 3.8 T, helping to identify the 
charge and momentum of particles
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Highly granular tracking system at 
the core. Once you have tracks, 
you can do precise vertexing.

Putting the particle in a box:
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Electromagnetic calorimeter to 
collect electrons and photons, and 
hadronic calorimeter to collect 
hadrons (quarks and gluons)

Forward calorimeter 
increases detector 
reach, allows detection 
of forward jets

Putting the particle in a box:
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A redundant system of muon 
chambers to collect muons, which 
otherwise traverses long distances 
without interacting.

Putting the particle in a box:
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How to use this box effectively:

Use particle-flow algorithm [1,2,3]:
- Correlate basic detector info. from different layers to identify

muons, electrons, photons, and charged and neutral hadrons
PF ID is the basis for particle identification before additional clustering or selection reqs.

https://doi.org/10.1088/1748-0221/12/10/P10003
https://cds.cern.ch/record/1247373
http://cdsweb.cern.ch/record/1194487
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How to use this box efficiently:

Detector is very efficient in reconstructing leptons.
→ Since several analyses we will mention use leptons, 
here are exemplary lepton selection efficiencies:

Muons: ~85% − 98%



18

How to use this box efficiently:

Detector is very efficient in reconstructing leptons.
→ Since several analyses we will mention use leptons, 
here are exemplary lepton selection efficiencies:

Electrons: ~48% − 88%
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When you cannot detect...

Total transverse momentum from 
the collision should be 0.

Momentum should balance.

Assuming these are all the particles 
in an event, this arrow would 
represent the missing transverse 

momentum, 𝑝T
miss.
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A few common analysis themes

How do you know the detector signature of the Higgs signal?
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A few common analysis themes

How do you know the detector signature of the Higgs signal?
⇒ Use full detector simulation
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A few common analysis themes

How do you know the detector signature of the Higgs signal?
⇒ Use full detector simulation
→ Preferably at next-to-leading order (NLO) in QCD
→May apply parametrized NNLO/N3LO corrections as needed
→ Study kinematic behavior and differences from backgrounds
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A few common analysis themes
Possible backgrounds and ways to estimate them:

When the bkg. can be reproduced in a clean 
sample with more events...
→ Use data-driven estimate
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A few common analysis themes
Possible backgrounds and ways to estimate them:

When the bkg. can be reproduced in a clean 
sample with more events...
→ Use data-driven estimate

Example:

→ Analysis examines 𝑍(→ ℓℓ) + large 𝑝T
miss.

→ There are non-𝑍(→ ℓℓ) contributions with a 
real ℓℓ pair (fully leptonic 𝑡 ҧ𝑡,𝑊𝑊 decays).
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A few common analysis themes
Possible backgrounds and ways to estimate them:

When the bkg. can be reproduced in a clean 
sample with more events...
→ Use data-driven estimate

Example:

→ Analysis examines 𝑍(→ ℓℓ) + large 𝑝T
miss.

→ There are non-𝑍(→ ℓℓ) contributions with a 
real ℓℓ pair (fully leptonic 𝑡 ҧ𝑡,𝑊𝑊 decays).

Solution:
→ Pick 𝑒𝜇 events with otherwise identical reqs.
→ Rate of 𝑒𝜇 = 2 × rate of 𝑒𝑒 or 𝜇𝜇
→ Reweight for lepton and trigger efficiencies 
to reproduce 𝑒𝑒 and 𝜇𝜇 behavior

Data
(prediction from rewgt. 𝑒𝜇)
vs MC (𝑒𝑒 signal region)
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A few common analysis themes

When there is detector noise...
→ Simulation is approximate.
→ Use data-driven estimates

Possible backgrounds and ways to estimate them:
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A few common analysis themes

When there is detector noise...
→ Simulation is approximate.
→ Use data-driven estimates

Example:

→ Analysis examines 𝑍(→ ℓℓ) + large 𝑝T
miss.

→ 𝑍(→ ℓℓ)+jets has large cross section.
→Mismeasurements of jets, and unclustered

energy produce instrumental 𝑝T
miss smearing. 

→ Small smearing and tight selection,
but event rate is high.

Possible backgrounds and ways to estimate them:
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A few common analysis themes

When there is detector noise...
→ Simulation is approximate.
→ Use data-driven estimates

Example:

→ Analysis examines 𝑍(→ ℓℓ) + large 𝑝T
miss.

→ 𝑍(→ ℓℓ)+jets has large cross section.
→Mismeasurements of jets, and unclustered

energy produce instrumental 𝑝T
miss smearing. 

→ Small smearing and tight selection,
but event rate is high.

Solution:

→ Select 𝛾+jets data to model 𝑝T
miss response

→ Calibrate 𝛾 kinematics to those for the Z

→ Subtract real-𝑝T
miss processes (up to 𝑍(→ 𝜈𝜈)𝛾)

Possible backgrounds and ways to estimate them:

Need to know 
actual 𝛾+jets
in data



29

A few common analysis themes

When particles are not detected...
→ Simulation might still be approximate.
→ Use data-driven estimates guided by simulation

Possible backgrounds and ways to estimate them:
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A few common analysis themes

When particles are not detected...
→ Simulation might still be approximate.
→ Use data-driven estimates guided by simulation

Example:

→ Analysis examines large 𝑝T
miss + jets.

→ 𝑍(→ 𝜈𝜈)+jets once again has large cross section and enters 
as a background.

Possible backgrounds and ways to estimate them:
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A few common analysis themes

When particles are not detected...
→ Simulation might still be approximate.
→ Use data-driven estimates guided by simulation

Example:

→ Analysis examines large 𝑝T
miss + jets.

→ 𝑍(→ 𝜈𝜈)+jets once again has large cross section and enters 
as a background.

Solution:
→ Select 𝑍(→ ℓℓ)+jets and 𝛾+jets, similar data
→ (𝑍(→ ℓℓ) or 𝛾) ⇒ 𝑍(→ 𝜈𝜈) transfer factors from sim.
→ Perform joint fit with analysis signal region

𝛾+jets

Possible backgrounds and ways to estimate them:
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A few common analysis themes

When particles are not detected...
→ Simulation might still be approximate.
→ Use data-driven estimates guided by simulation

Example:

→ Analysis examines large 𝑝T
miss + jets.

→ 𝑍(→ 𝜈𝜈)+jets once again has large cross section and enters 
as a background.

Solution:
→ Select 𝑍(→ ℓℓ)+jets and 𝛾+jets, similar data
→ (𝑍(→ ℓℓ) or 𝛾) ⇒ 𝑍(→ 𝜈𝜈) transfer factors from sim.
→ Perform joint fit with analysis signal region

Similar idea for a lost-lepton background from
𝑊(→ ℓ𝜈)+jets. Select a 𝑊(→ ℓ𝜈)+jets sample with visible 
leptons, and then apply the next two steps.

𝛾+jets

𝑊(→ ℓ𝜈)+jets

Possible backgrounds and ways to estimate them:
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A few common analysis themes

When background signature is about the same as the signal...
→ Rely on simulation and initial prediction
→ Calibrate simulation
→ Use data-driven calibration whenever possible

Possible backgrounds and ways to estimate them:
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A few common analysis themes

When background signature is about the same as the signal...
→ Rely on simulation and initial prediction
→ Calibrate simulation
→ Use data-driven calibration whenever possible

Example:
→ Analysis examines high 𝑍𝑍 invariant mass.
→ To first order, 𝑞ത𝑞 → 𝑍𝑍 looks like 𝐻 → 𝑍𝑍.
→ Cannot select for a relevant 𝑞ത𝑞 → 𝑍𝑍 – rich sample 
without 𝐻 → 𝑍𝑍 contamination

Possible backgrounds and ways to estimate them:
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A few common analysis themes

When background signature is about the same as the signal...
→ Rely on simulation and initial prediction
→ Calibrate simulation
→ Use data-driven calibration whenever possible

Example:
→ Analysis examines high 𝑍𝑍 invariant mass.
→ To first order, 𝑞ത𝑞 → 𝑍𝑍 looks like 𝐻 → 𝑍𝑍.
→ Cannot select for a relevant 𝑞ത𝑞 → 𝑍𝑍 – rich sample 
without 𝐻 → 𝑍𝑍 contamination

Solution:
→ Use a sample of 𝑞ത𝑞′ → 𝑊𝑍 instead.
→Minimal Higgs contribution
→ Kinematic behavior similar to 𝑞ത𝑞 → 𝑍𝑍
→ Shapes and common uncertainties from simulation, 
perform joint fit with the signal sample.

Possible backgrounds and ways to estimate them:
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What do visible decay measurements tell us?
CMS-HIG-17-031
→ Combined analysis of signal strengths for individual 
Higgs decay channels
→ 2016 data only
→More updates in some of the individual final states, 
but this plot represents our current knowledge.

ℬ for major decay modes [1]

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-031/index.html
http://cds.cern.ch/record/1559921
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What do visible decay measurements tell us?
CMS-HIG-17-031
→ Combined analysis of signal strengths for individual 
Higgs decay channels
→ 2016 data only
→More updates in some of the individual final states, 
but this plot represents our current knowledge.

ℬ for major decay modes [1]

Constraints from couplings and signal strengths O(10%)

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-031/index.html
http://cds.cern.ch/record/1559921


Best width upper 
bound from on-shell 
mass spectrum:
ΓH < 1.1 GeV
(𝜏H > 6.0 × 10−25 s)
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How about measuring width/lifetime directly?

CMS-HIG-16-041

Best lifetime upper 
bound from on-shell
4ℓ displacement:
𝜏H < 1.9 × 10−13 s
(ΓH > 3.5 × 10−12 GeV)

CMS-HIG-14-036

On-shell
4ℓ mass

Using 4ℓ events 
with ℓ = 𝑒, 𝜇:

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-041/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-036/index.html


Best width upper 
bound from on-shell 
mass spectrum:
ΓH < 1.1 GeV
(𝜏H > 6.0 × 10−25 s)
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How about measuring width/lifetime directly?

CMS-HIG-16-041

Best lifetime upper 
bound from on-shell
4ℓ displacement:
𝜏H < 1.9 × 10−13 s
(ΓH > 3.5 × 10−12 GeV)

SM value:
𝜏H = 1.6 × 10−22 s
ΓH = 4.1 MeV

Out of reach of either 
method in precision!CMS-HIG-14-036

On-shell
4ℓ mass

Using 4ℓ events 
with ℓ = 𝑒, 𝜇:

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-041/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-14-036/index.html
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Off-shell Higgs production
In 𝐻 → 𝑉𝑉 (𝑉 = 𝑍,𝑊)
→𝑚𝑉 < 𝑚H < 2𝑚𝑉:

Either 𝐻 is on-shell and one 𝑉 is off-shell, or
𝐻 is off-shell and both 𝑉s are on-shell

→ Both 𝑉s going on-shell allows ~10% of events in 
the SM to produce an off-shell Higgs boson [1,2]

Possible to measure two off-shell
production mechanisms:

- 𝜇𝐹
𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙

(𝑔𝑔)

- 𝜇𝑉
𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙

(EW 𝐻 + 2 jets), or

- Can also measure overall 𝜇𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙

On-shell

Off-shell

https://doi.org/10.1007/JHEP08(2012)116
https://doi.org/10.1142/S0217732313300152


41

Off-shell Higgs production
In 𝐻 → 𝑉𝑉 (𝑉 = 𝑍,𝑊)
→𝑚𝑉 < 𝑚H < 2𝑚𝑉:

Either 𝐻 is on-shell and one 𝑉 is off-shell, or
𝐻 is off-shell and both 𝑉s are on-shell

→ Both 𝑉s going on-shell allows ~10% of events in 
the SM to produce an off-shell Higgs boson [1,2]

Possible to measure two off-shell
production mechanisms:

- 𝜇𝐹
𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙

(𝑔𝑔)

- 𝜇𝑉
𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙

(EW 𝐻 + 2 jets), or

- Can also measure overall 𝜇𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙

Higgs-mediated diagrams interfere destructively
with continuum VV production at off-shell:
→ Large in magnitude
→ ~ Twice the size of the Higgs signal
→ Necessary in the SM to ensure unitarity

On-shell

Off-shell

Destructive 
interference

https://doi.org/10.1007/JHEP08(2012)116
https://doi.org/10.1142/S0217732313300152
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Diagrams of off-shell Higgs production

𝑔𝑔 → 𝐻 production 
dominant at lower masses 
in the off-shell region

EW production more dominant at higher masses in 
the off-shell region (mostly VBF in the SM)
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The off-shell method for the width

Combine with on-shell signal strength measurement to extract ΓH [1]:

On-shell

𝜎 = න
𝑔𝑝𝑟𝑜𝑑
2 𝑔𝑑𝑒𝑐

2

𝑚2 −𝑚H
2 2 +𝑚H

2ΓH
2…𝑑𝑚2

𝜎 ∝
𝑔𝑝𝑟𝑜𝑑
2 𝑔𝑑𝑒𝑐

2

ΓH
∝ 𝜇𝑝𝑟𝑜𝑑

Take on-shell signal strength 
from final states 𝑍𝑍 or 𝑊𝑊

https://doi.org/10.1103/PhysRevD.88.054024
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The off-shell method for the width

Combine with on-shell signal strength measurement to extract ΓH [1]:

On-shell Off-shell

𝜎 = න
𝑔𝑝𝑟𝑜𝑑
2 𝑔𝑑𝑒𝑐

2

𝑚2 −𝑚H
2 2 +𝑚H

2ΓH
2…𝑑𝑚2

𝜎 ∝
𝑔𝑝𝑟𝑜𝑑
2 𝑔𝑑𝑒𝑐

2

ΓH
∝ 𝜇𝑝𝑟𝑜𝑑 𝜎 ∼ න

𝑔𝑝𝑟𝑜𝑑
2 𝑔𝑑𝑒𝑐

2

𝑚2 −𝑚H
2 2

…𝑑𝑚2 ∝ 𝜇𝑝𝑟𝑜𝑑 ⋅ ΓH

𝜇𝑝𝑟𝑜𝑑
𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙

Take on-shell signal strength 
from final states 𝑍𝑍 or 𝑊𝑊

https://doi.org/10.1103/PhysRevD.88.054024
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The off-shell method for the width

Combine with on-shell signal strength measurement to extract ΓH [1]:

On-shell Off-shell

𝜎 = න
𝑔𝑝𝑟𝑜𝑑
2 𝑔𝑑𝑒𝑐

2

𝑚2 −𝑚H
2 2 +𝑚H

2ΓH
2…𝑑𝑚2

𝜎 ∝
𝑔𝑝𝑟𝑜𝑑
2 𝑔𝑑𝑒𝑐

2

ΓH
∝ 𝜇𝑝𝑟𝑜𝑑 𝜎 ∼ න

𝑔𝑝𝑟𝑜𝑑
2 𝑔𝑑𝑒𝑐

2

𝑚2 −𝑚H
2 2

…𝑑𝑚2 ∝ 𝜇𝑝𝑟𝑜𝑑 ⋅ ΓH

𝜇𝑝𝑟𝑜𝑑
𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙

Take on-shell signal strength 
from final states 𝑍𝑍 or 𝑊𝑊

Ratio of off-shell to on-shell 
signal strengths for each 
production mode gives ΓH

https://doi.org/10.1103/PhysRevD.88.054024
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Off-shell & BSM HVV couplings

𝑔𝑔 → 𝑍𝑍 EW 𝑍𝑍 + qq prod.Same on-shell

× O(100) off-shell

× O(105) off-shell

× O(100) on-shellSame 𝑎1 (SM) or 
𝑎3 (PS) couplings, 
different on-shell 
and off-shell 
enhancements
in gg and EW
production modes

𝐴 𝐻𝑉𝑉 ~ 𝒂𝟏 − 𝑒𝑖𝜙Λ1
𝑞𝑉1
2 + 𝑞𝑉2

2

Λ1
2 +⋯ 𝑚𝑉

2𝜖𝑉1
∗ 𝜖𝑉2

∗

+ a2 𝑒𝑖𝜙𝑎2 f𝜇𝜈
∗ 1

𝑓∗ 2 ,𝜇𝜈 + a3 𝑒𝑖𝜙𝑎3 f𝜇𝜈
∗ 1 ሚ𝑓∗ 2 ,𝜇𝜈

HVV amplitude
∝ Λ1, 𝑎2, 𝑎3 BSM contributions
+ SM-like 𝑎1 term.
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Off-shell & BSM HVV couplings

𝑔𝑔 → 𝑍𝑍 EW 𝑍𝑍 + qq prod.Same on-shell

× O(100) off-shell

× O(105) off-shell

× O(100) on-shellSame 𝑎1 (SM) or 
𝑎3 (PS) couplings, 
different on-shell 
and off-shell 
enhancements
in gg and EW
production modes

𝐴 𝐻𝑉𝑉 ~ 𝒂𝟏 − 𝑒𝑖𝜙Λ1
𝑞𝑉1
2 + 𝑞𝑉2

2

Λ1
2 +⋯ 𝑚𝑉

2𝜖𝑉1
∗ 𝜖𝑉2

∗

+ a2 𝑒𝑖𝜙𝑎2 f𝜇𝜈
∗ 1

𝑓∗ 2 ,𝜇𝜈 + a3 𝑒𝑖𝜙𝑎3 f𝜇𝜈
∗ 1 ሚ𝑓∗ 2 ,𝜇𝜈

HVV amplitude
∝ Λ1, 𝑎2, 𝑎3 BSM contributions
+ SM-like 𝑎1 term.

Off-shell analyses can combine with on-shell information.
→ Allows testing for ΓH + BSM HVV couplings at the same time
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Off-shell 4ℓ: Analysis strategy

CMS-HIG-18-002: Analysis of off-shell (𝑚4𝑙 > 220 GeV) 2016+2017 data
→ All momenta are known in 4ℓ ⇒ Use MELA matrix element discriminants
→ Can compute for Higgs production, decay, or both; or backgrounds

sig. vs alt.
sig.-alt. 
interference

https://doi.org/10.1103/PhysRevD.99.112003
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Off-shell 4ℓ: Analysis strategy

CMS-HIG-18-002: Analysis of off-shell (𝑚4𝑙 > 220 GeV) 2016+2017 data
→ All momenta are known in 4ℓ ⇒ Use MELA matrix element discriminants
→ Can compute for Higgs production, decay, or both; or backgrounds

sig. vs alt.
sig.-alt. 
interference

Mass shape is the most sensitive to off-shell production
→ Any off-shell analysis uses some form of it

https://doi.org/10.1103/PhysRevD.99.112003
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Off-shell 4ℓ: Analysis strategy

CMS-HIG-18-002: Analysis of off-shell (𝑚4𝑙 > 220 GeV) 2016+2017 data
→ All momenta are known in 4ℓ ⇒ Use MELA matrix element discriminants
→ Can compute for Higgs production, decay, or both; or backgrounds

sig. vs alt.
sig.-alt. 
interference

Mass shape is the most sensitive to off-shell production
→ Any off-shell analysis uses some form of it

+ Discriminant for signal vs bkg
+ Discriminant for Higgs-continuum 𝑍𝑍 interference

(or SM vs BSM if constraining anomalous couplings)

https://doi.org/10.1103/PhysRevD.99.112003
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Off-shell 4ℓ: Event distributions

Example distributions from the untagged category

Selection requirements applied to enhance Higgs contributions

Stacked histograms for prefit SM distributions (ΓH = 4.1 MeV),
cyan for ΓH = 10 MeV, magenta for an on-shell 10% PS (𝑎3) mixture

𝐷𝑏𝑘𝑔
𝑘𝑖𝑛 > 0.6 𝑚4𝑙 > 340 GeV

𝑚4𝑙 > 340 GeV

𝐷𝑏𝑘𝑔
𝑘𝑖𝑛 > 0.6
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On-shell 4ℓ: Analysis strategy
CMS-HIG-19-009: Analysis of on-shell 4ℓ 2016-2018 data
→ Utilizes a finer categorization and more discriminants as observables
→ Same categorization and observables for all couplings
→ Example from untagged category:

Provides extensive set of results
→ Provides the following input to off-shell analysis:

on-shell 𝜇𝐹 and 𝜇𝑉
on-shell BSM HVV contribution fractions 𝑓𝑎𝑖

SM vs BSM SM-BSM interf.

https://doi.org/10.1103/PhysRevD.104.052004


53

On-shell 4ℓ: Analysis strategy
CMS-HIG-19-009: Analysis of on-shell 4ℓ 2016-2018 data
→ Utilizes a finer categorization and more discriminants as observables
→ Same categorization and observables for all couplings
→ Example from untagged category:

Provides extensive set of results
→ Provides the following input to off-shell analysis:

on-shell 𝜇𝐹 and 𝜇𝑉
on-shell BSM HVV contribution fractions 𝑓𝑎𝑖

CMS-HIG-17-011: Analysis of on-shell 4ℓ 2015 data
→ Inclusive in categorization

→ Observables: 𝐷𝑏𝑘𝑔, 𝐷𝐵𝑆𝑀
𝑑𝑒𝑐 , 𝐷𝑖𝑛𝑡

𝑑𝑒𝑐 as in the untagged category above.

→ The BSM discriminant depends on the analyzed coupling.

SM vs BSM SM-BSM interf.

https://doi.org/10.1103/PhysRevD.104.052004
https://doi.org/10.1016/j.physletb.2017.10.021
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Off-shell 2ℓ2𝜈: Analysis strategy
CMS-PAS-HIG-21-013: ∗NEW∗ analysis of off-shell ZZ → 2ℓ2𝜈 2016-2018 data
→Main observable: Transverse ZZ mass defined through

→ 𝑝T
miss also used as an observable since it is sensitive to backgrounds

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-013/index.html
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Off-shell 2ℓ2𝜈: Analysis strategy
CMS-PAS-HIG-21-013: ∗NEW∗ analysis of off-shell ZZ → 2ℓ2𝜈 2016-2018 data
→Main observable: Transverse ZZ mass defined through

→ 𝑝T
miss also used as an observable since it is sensitive to backgrounds

→ Categorization in bins of the number of jets: 𝑁𝑗 = 0, 1, ≥ 2

→ Also uses the MELA discriminants 𝐷2𝑗𝑒𝑡
𝑉𝐵𝐹 ,𝐵𝑆𝑀

when 𝑁𝑗 ≥ 2 by assuming 𝜂𝜈𝜈 = 𝜂ℓℓ

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-013/index.html
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Off-shell 2ℓ2𝜈: Analysis strategy
CMS-PAS-HIG-21-013: ∗NEW∗ analysis of off-shell ZZ → 2ℓ2𝜈 2016-2018 data
→Main observable: Transverse ZZ mass defined through

→ 𝑝T
miss also used as an observable since it is sensitive to backgrounds

→ Categorization in bins of the number of jets: 𝑁𝑗 = 0, 1, ≥ 2

→ Also uses the MELA discriminants 𝐷2𝑗𝑒𝑡
𝑉𝐵𝐹 ,𝐵𝑆𝑀

when 𝑁𝑗 ≥ 2 by assuming 𝜂𝜈𝜈 = 𝜂ℓℓ

Interpretation parameters 𝑵𝒋 < 𝟐 𝑵𝒋 ≥ 𝟐

𝜇𝐹
𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙

, 𝜇𝑉
𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙

, 𝜇𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙 𝑚T
𝑍𝑍, 𝑝T

miss 𝑚T
𝑍𝑍, 𝑝T

miss, 𝐷2𝑗𝑒𝑡
𝑉𝐵𝐹 , 𝐷2𝑗𝑒𝑡

𝑉𝐵𝐹,𝑎2

ΓH (fai = 0) 𝑚T
𝑍𝑍, 𝑝T

miss 𝑚T
𝑍𝑍, 𝑝T

miss, 𝐷2𝑗𝑒𝑡
𝑉𝐵𝐹 , 𝐷2𝑗𝑒𝑡

𝑉𝐵𝐹,𝑎2

ΓH, fa2 𝑚T
𝑍𝑍, 𝑝T

miss 𝑚T
𝑍𝑍, 𝑝T

miss, 𝐷2𝑗𝑒𝑡
𝑉𝐵𝐹 , 𝐷2𝑗𝑒𝑡

𝑉𝐵𝐹,a2

ΓH, fa3 𝑚T
𝑍𝑍, 𝑝T

miss 𝑚T
𝑍𝑍, 𝑝T

miss, 𝐷2𝑗𝑒𝑡
𝑉𝐵𝐹 , 𝐷2𝑗𝑒𝑡

𝑉𝐵𝐹,a3

ΓH, fΛ1 𝑚T
𝑍𝑍, 𝑝T

miss 𝑚T
𝑍𝑍, 𝑝T

miss, 𝐷2𝑗𝑒𝑡
𝑉𝐵𝐹 , 𝐷2𝑗𝑒𝑡

𝑉𝐵𝐹,Λ1

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-013/index.html
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Off-shell 2ℓ2𝜈: Noninterfering backgrounds

𝑞ത𝑞 → 𝑍𝑍,𝑊𝑍:
→ Dominant backgrounds at high 𝑚T

𝑍𝑍

→ Shapes and normalizations taken from all possible variations of the simulation
→ Final estimate performed with a joint fit to a 3ℓ WZ CR
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Off-shell 2ℓ2𝜈: Noninterfering backgrounds

𝑞ത𝑞 → 𝑍𝑍,𝑊𝑍:
→ Dominant backgrounds at high 𝑚T

𝑍𝑍

→ Shapes and normalizations taken from all possible variations of the simulation
→ Final estimate performed with a joint fit to a 3ℓ WZ CR

Instrumental 𝑝T
miss:

→ Comes primarily from the 𝑝T
miss tail of 𝑍+jets

→ Estimated from the single-photon CR by reweighting photons to 𝑍 → ℓℓ
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Off-shell 2ℓ2𝜈: Noninterfering backgrounds

𝑞ത𝑞 → 𝑍𝑍,𝑊𝑍:
→ Dominant backgrounds at high 𝑚T

𝑍𝑍

→ Shapes and normalizations taken from all possible variations of the simulation
→ Final estimate performed with a joint fit to a 3ℓ WZ CR

Instrumental 𝑝T
miss:

→ Comes primarily from the 𝑝T
miss tail of 𝑍+jets

→ Estimated from the single-photon CR by reweighting photons to 𝑍 → ℓℓ

Nonresonant (𝑡 ҧ𝑡,𝑊𝑊):
→ Estimated from reweighting 𝑒𝜇 events for trigger and lepton efficiencies
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Off-shell 2ℓ2𝜈: Noninterfering backgrounds

𝑞ത𝑞 → 𝑍𝑍,𝑊𝑍:
→ Dominant backgrounds at high 𝑚T

𝑍𝑍

→ Shapes and normalizations taken from all possible variations of the simulation
→ Final estimate performed with a joint fit to a 3ℓ WZ CR

Instrumental 𝑝T
miss:

→ Comes primarily from the 𝑝T
miss tail of 𝑍+jets

→ Estimated from the single-photon CR by reweighting photons to 𝑍 → ℓℓ

Nonresonant (𝑡 ҧ𝑡,𝑊𝑊):
→ Estimated from reweighting 𝑒𝜇 events for trigger and lepton efficiencies

𝑡𝑍 + 𝑋:
→Minor contribution
→ Estimated fully from simulation
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Off-shell 2ℓ2𝜈: Event distributions

Example from 𝑁𝑗 ≥ 2, 𝑝T
miss > 200 GeV
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Off-shell 2ℓ2𝜈: Event distributions

Example from 𝑁𝑗 ≥ 2, 𝑝T
miss > 200 GeV

No – off-shell (ΓH = 0 MeV) hypothesis 
inconsistent with observed data

→ Visible at high 𝑚T
𝑍𝑍
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Off-shell 2ℓ2𝜈: Golden VBF/VBS event

Here is a clean VBF/VBS 𝑍𝑍(→ 2𝜇2𝜈)+2 jets candidate at high mass with large 𝐷2𝑗𝑒𝑡
𝑉𝐵𝐹

value, as also evident from the two high-rapidity jets at opposite hemispheres.
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Plotted is a bin-by-bin ratio over the 
histograms of all observables and 
categories.

Evidence for off-shell from 2ℓ2𝜈 + 4ℓ
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Plotted is a bin-by-bin ratio over the 
histograms of all observables and 
categories.

Once everything is considered, 
significance reaches 3.6 standard 
deviations.

Evidence for off-shell from 2ℓ2𝜈 + 4ℓ
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Evidence for off-shell from 2ℓ2𝜈 + 4ℓ

⇒ 𝜇𝑉
𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙

/𝜇𝐹
𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙

Different assumptions 
on BSM HVV couplings

No – off-shell scenario (𝜇𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙 = 0) 
is excluded by more than 99.9% 
confidence

Observed ΓH = 3.2−1.7
+2.4 MeV

[0.53, 8.5] MeV @ 95% CL

Includes on-shell 4ℓ
2015-2018



67

Evidence for off-shell from 2ℓ2𝜈 + 4ℓ

⇒ 𝜇𝑉
𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙

/𝜇𝐹
𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙

Includes on-shell 4ℓ
2015-2018

Different assumptions 
on BSM HVV couplings

No – off-shell scenario (𝜇𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙 = 0) 
is excluded by more than 99.9% 
confidence (3.6 standard deviations)

Observed ΓH = 3.2−1.7
+2.4 MeV

[0.53, 8.5] MeV @ 95% CL

≈13

≈13
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Evidence for off-shell from 2ℓ2𝜈 + 4ℓ

⇒ 𝜇𝑉
𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙

/𝜇𝐹
𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙

Includes on-shell 4ℓ
2015-2018

Different assumptions 
on BSM HVV couplings

No – off-shell scenario (𝜇𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙 = 0) 
is excluded by more than 99.9% 
confidence (3.6 standard deviations)

Observed ΓH = 3.2−1.7
+2.4 MeV

[0.53, 8.5] MeV @ 95% CL

See also our physics briefing here

https://cms.cern/news/life-higgs-boson
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Off-shell combination: 𝜇𝐹
𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙

, 𝜇𝑉
𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙

Joint constraints on

𝜇𝐹
𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙

(𝑔𝑔 production) and 

𝜇𝑉
𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙

(EW production)
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Off-shell combination: 𝜇𝐹
𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙

, 𝜇𝑉
𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙

Joint constraints on

𝜇𝐹
𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙

(𝑔𝑔 production) and 

𝜇𝑉
𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙

(EW production)

Lower constraint on 

𝜇𝑉
𝑜𝑓𝑓−𝑠ℎ𝑒𝑙𝑙

comes 
mostly from 2ℓ2𝜈
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Anomalous 𝐻𝑉𝑉 couplings from off-shell

ΓH = 4.1 MeV

ΓH unconst.

On-shell - only

𝑓𝑎2 𝑓𝑎3 𝑓Λ1

O(10−5−10−3)  
constraints on fractional 
on-shell contributions

O(10%) improvement at 
95% CL from adding
off-shell information

On-shell constraints (from CMS-HIG-19-009):

https://doi.org/10.1103/PhysRevD.104.052004
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Comparison to on-shell 4ℓ + 𝜏𝜏

On-shell 4ℓ
+ on-shell (VBF) 𝐻 → 𝜏𝜏
improves constraints by ∼ 2
compared to on-shell 4ℓ-only 
→ VBF production more 
sensitive than decay
→ Significant enough VBF signal

CMS-PAS-HIG-20-007

https://cds.cern.ch/record/2784578
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On-shell 4ℓ + 𝜏𝜏 [+𝑡 ҧ𝑡𝐻 → 𝛾𝛾 ]

Extra term in the 𝐻𝑉𝑉 amplitude ∝ −
𝑞𝛾
2

Λ1
2𝑚𝑍

2𝜖𝑍
∗𝜖𝛾

∗ only accessible on-shell

4ℓ + 𝜏𝜏
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On-shell 4ℓ + 𝜏𝜏 [+𝑡 ҧ𝑡𝐻 → 𝛾𝛾 ]

Extra term in the 𝐻𝑉𝑉 amplitude ∝ −
𝑞𝛾
2

Λ1
2𝑚𝑍

2𝜖𝑍
∗𝜖𝛾

∗ only accessible on-shell 

Also constrain pseudoscalar couplings of the Higgs to gluons (EFT, 𝑎3
𝑔𝑔𝐻

)

4ℓ + 𝜏𝜏 4ℓ + 𝜏𝜏
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On-shell 4ℓ + 𝜏𝜏 [+𝑡 ҧ𝑡𝐻 → 𝛾𝛾 ]

Extra term in the 𝐻𝑉𝑉 amplitude ∝ −
𝑞𝛾
2

Λ1
2𝑚𝑍

2𝜖𝑍
∗𝜖𝛾

∗ only accessible on-shell 

Also constrain pseudoscalar couplings of the Higgs to gluons (EFT, 𝑎3
𝑔𝑔𝐻

) or tops (direct 𝐻𝑡𝑡)

PSSM

4ℓ + 𝜏𝜏 4ℓ + 𝜏𝜏
4ℓ + 𝜏𝜏
+𝑡 ҧ𝑡𝐻 → 𝛾𝛾
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So far, we have covered:
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So far, we have covered:
→ Visible decay modes are mostly consistent with the SM, but O(10%) discrepancy is 
possible.
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So far, we have covered:
→ Visible decay modes are mostly consistent with the SM, but O(10%) discrepancy is 
possible.
→Measured Higgs width seems to be close to what the SM predicts.
→ Value can still be × ∼ 2 wrt. the prediction according to this measurement.



79

So far, we have covered:
→ Visible decay modes are mostly consistent with the SM, but O(10%) discrepancy is 
possible.
→Measured Higgs width seems to be close to what the SM predicts.
→ Value can still be × ∼ 2 wrt. the prediction according to this measurement.

→ Anomalous couplings of the Higgs are not observed yet to deviate significantly from null.
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So far, we have covered:
→ Visible decay modes are mostly consistent with the SM, but O(10%) discrepancy is 
possible.
→Measured Higgs width seems to be close to what the SM predicts.
→ Value can still be × ∼ 2 wrt. the prediction according to this measurement.

→ Anomalous couplings of the Higgs are not observed yet to deviate significantly from null.

What about decay modes that escape detection?
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Invisible Higgs decays

CMS-PAS-HIG-20-003:
Analysis of the 𝐻 → invisible

Includes data from 2017 and 2018, and 
combines with the 2016 analysis

Events are categorized as
- “Missing momentum-triggered” (MTR)

𝑝T
miss > 250 GeV

- “VBF-jets triggered” (VTR)

Mainly 250 GeV > 𝑝T
miss > 160 GeV

Fits performed with 𝑚𝑗𝑗 as the observable

Targets VBF production signature at high 𝑚𝑗𝑗:

- MTR: 𝑚𝑗𝑗 > 200 GeV

- VTR: 𝑚𝑗𝑗 > 900 GeV

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-003/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-023/index.html
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VBF 𝐻 → invisible: Backgrounds
𝑍 → 𝜈𝜈:
→ Estimated using 𝑍 → ℓℓ and 𝛾+jets
(MTR only) control samples
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VBF 𝐻 → invisible: Backgrounds
𝑍 → 𝜈𝜈:
→ Estimated using 𝑍 → ℓℓ and 𝛾+jets
(MTR only) control samples

𝑊 → ℓ𝜈 with a lost lepton:
→ Estimated using single lepton control samples
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VBF 𝐻 → invisible: Backgrounds
𝑍 → 𝜈𝜈:
→ Estimated using 𝑍 → ℓℓ and 𝛾+jets
(MTR only) control samples

𝑊 → ℓ𝜈 with a lost lepton:
→ Estimated using single lepton control samples

HF noise:
→ Analysis already applied HF noise removal
→ Invert to obtain a control sample, apply data-
driven weights based on rejection rate
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VBF 𝐻 → invisible: Backgrounds
𝑍 → 𝜈𝜈:
→ Estimated using 𝑍 → ℓℓ and 𝛾+jets
(MTR only) control samples

𝑊 → ℓ𝜈 with a lost lepton:
→ Estimated using single lepton control samples

HF noise:
→ Analysis already applied HF noise removal
→ Invert to obtain a control sample, apply data-
driven weights based on rejection rate

QCD multijet:
→ Enters as a result of mismeasured jets
→ Estimated through a parametrization of the 

minΔ𝜙 between jets and Ԧ𝑝T
miss from data
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VBF 𝐻 → invisible: Backgrounds
𝑍 → 𝜈𝜈:
→ Estimated using 𝑍 → ℓℓ and 𝛾+jets
(MTR only) control samples

𝑊 → ℓ𝜈 with a lost lepton:
→ Estimated using single lepton control samples

HF noise:
→ Analysis already applied HF noise removal
→ Invert to obtain a control sample, apply data-
driven weights based on rejection rate

QCD multijet:
→ Enters as a result of mismeasured jets
→ Estimated through a parametrization of the 

minΔ𝜙 between jets and Ԧ𝑝T
miss from data

All others are small, estimated from simulation
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VBF 𝐻 → invisible: Event distributions

VBF (qqH on the figures) vs non-VBF Higgs production ratios are fixed to those 
predicted in the SM
→ Displayed signals are adjusted to the fitted branching ratio in data (= 0.07).
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𝐻 → invisible limits

Most stringent CMS limit 𝐵 𝐻 → inv. < 0.17. 
Other 𝐻 → inv. interpretations as follows:
CMS-PAS-HIG-18-008: 𝑡 ҧ𝑡𝐻
CMS-EXO-19-003: 𝑍 → ℓℓ 𝐻
CMS-EXO-20-004: 𝑔𝑔 → 𝐻𝑗, 𝑉 → 𝑗𝑗 𝐻

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-008/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-003/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-004/
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𝐻 → invisible limits

The limits can be interpreted in terms of Higgs portal models with 𝑚𝐷𝑀 < 𝑚H/2, 
where a dark matter scatters off a nucleus via Higgs boson exchange.

See also Refs. [1,2] for an extensive discussion of the relevant models.

https://arxiv.org/abs/1112.3299
https://arxiv.org/abs/1708.02245
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Summary
Presented searches for new physics utilizing the Higgs boson

Particular focus on constraints utilizing the width/lifetime and related measurements:
→ Overview of direct measurements of Higgs branching ratios, width and lifetime
→ First off-shell production evidence from CMS-PAS-HIG-21-013 using 4ℓ + 2ℓ2𝜈
→ Constraints on anomalous 𝐻𝑉𝑉 couplings
→ Using off-shell information, or
→ On-shell 4ℓ + from CMS-PAS-HIG-20-007

Also includes results on 𝐻𝑔𝑔 and 𝐻𝑡𝑡 couplings after adding 𝑡 ҧ𝑡𝐻 → 𝛾𝛾
→ Limits on the 𝐻 → invisible branching ratio from CMS-PAS-HIG-20-003 using VBF-like 
events
→ Interpretation as dark matter-nucleon scattering via Higgs boson exchange

Stay tuned for more exciting results as we continue to collect data in Run 3 and develop 
analysis methods further!

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-013/index.html
https://cds.cern.ch/record/2784578
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-003/index.html
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Full table of observables for off-shell 4ℓ
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Full table of observables for on-shell 4ℓ

2016-2018 categorization follows the order
- VBF-2 jet
- VH-hadronic
- VH-leptonic (1 lepton or an ℓ+ℓ− pair)
- VBF-1 jet
- Boosted
- Untagged
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Off-shell 2ℓ2𝜈: Event selection

Requirements are mainly 
aimed toward reducing

- instrumental 𝑝T
miss

smearing from 𝑍+jets
- 𝑡 ҧ𝑡 → 2ℓ2𝜈2𝑏
- WW → 2ℓ2𝜈



Estimated using POWHEG simulation at NLO 
in QCD
→ Additional K-factors for NLO EW and NNLO 
QCD corrections are applied.
→ A joint fit with a 3ℓ WZ CR is done with 
common nuisance parameters and 𝑚T

𝑊𝑍 as 
the only observable:

→ Events in the CR are categorized for the 
same 𝑁𝑗 bins, and ℓ𝑊 = 𝑒, 𝜇.
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Off-shell 2ℓ2𝜈: 𝑞ത𝑞 → 𝑍𝑍,𝑊𝑍
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Off-shell 2ℓ2𝜈: Instrumental 𝑝T
miss

Simulation cannot estimate instrumental 𝑝T
miss accurately.

Estimated from a single-photon CR instead:
→ Single, isolated photons from 𝛾+jets are expected to have kinematics similar to Z+jets.

→ 𝛾 → 𝑍 transfer factors are extracted from 𝑝T
miss < 125 GeV, enriched in 𝛾/𝑍+jets.

→ Real-𝑝T
miss contributions (𝑍(→ 𝜈𝜈)𝛾, 𝑊+jets, 𝑊𝛾, and t𝛾 + 𝑋) are subtracted afterward.

𝑁𝑗 = 0

𝑁𝑗 ≥ 2

𝑝T
miss > 200 GeV

Distributions are 
reweighted with the 

𝑝T
miss < 125 GeV 

transfer factors.

We are estimating the 
size of the instrumental 

𝑝T
miss contribution in 

data instead of what is 
shown from simulation 
in pink.

𝐷2𝑗𝑒𝑡
𝑉𝐵𝐹

𝑚T
𝑍𝑍
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Off-shell 2ℓ2𝜈 observables: 𝑚T
𝑍𝑍
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Off-shell 2ℓ2𝜈 observables: 𝑝T
miss
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Off-shell 2ℓ2𝜈 observables: 𝐷2𝑗𝑒𝑡
𝑉𝐵𝐹
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Off-shell combination: Summary
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On-shell 4ℓ + 𝜏𝜏 [+𝑡 ҧ𝑡𝐻 → 𝛾𝛾 ]

4ℓ + 𝜏𝜏 4ℓ + 𝜏𝜏
4ℓ + 𝜏𝜏
+𝑡 ҧ𝑡𝐻 → 𝛾𝛾
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Invisible Higgs decays: VBF 𝐻 → invisible
CMS-PAS-HIG-20-003: Analysis of the 𝐻 → invisible signature at high 𝑚𝑗𝑗 (VBF-like events)

→ Includes data from 2017 and 2018, and combines with the 2016 analysis
→ Events are categorized into the “missing momentum-triggered” (MTR, > 90%

efficiency for 𝑝T
miss > 250 GeV) and “VBF-jets triggered” (VTR, > 85% efficiency for 

𝑝T
miss > 160 GeV, 𝑚𝑗𝑗 > 900 GeV, 𝑝𝑇

𝑗1 𝑗2
> 140 (70) GeV) categories.

→ Fits are perfomed with 𝑚𝑗𝑗 as the observable.

→ Event selection requirements are as follows:

⇒ calorimeter noise cleanup

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-003/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-023/index.html

