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Multiboson production with  
W and Z bosons in the final state
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How measurements are presented…
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ZZ candidate event
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Measurement performed with 2.6 fb-1 of integrated luminosity at 13 TeV.

ZZ cross section @ 13 TeV [ CMS SMP-16-001 ]
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pT(leading) > 20 GeV
pT(subleading) > 10 GeV
pT(e/μ) > 7/5 GeV
|η(e/μ)| < 2.5/2.4
∆R(ℓ,ℓ)>0.02, ∆R(e,μ)>0.05
40 < mZ1(ℓ,ℓ) < 120 GeV 
mZ2(ℓ’,ℓ') < 120 GeV

Non-resonant ZZ->2ℓ2ℓ’:
60 < mZ1 < 120 GeV
60 < mZ2 < 120 GeV

Resonant Z->2ℓ2ℓ’:
80 < m(2ℓ2ℓ’) < 100 GeV

m4ℓ 

m4ℓ 

arXiv:1607.08834 

http://arxiv.org/abs/1607.08834
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SM NLO prediction: 27.9+1.0-1.5 fb (Z region) and 34.4+0.7-0.6 fb (ZZ region) [POWHEG code]

pT(leading) > 20 GeV
pT(subleading) > 10 GeV
pT(e/μ) > 7/5 GeV
|η(e/μ)| < 2.5/2.4
∆R(ℓ,ℓ)>0.02, ∆R(e,μ)>0.05
40 < mZ1(ℓ,ℓ) < 120 GeV 
mZ2(ℓ’,ℓ') < 120 GeV

Non-resonant ZZ->2ℓ2ℓ’:
60 < mZ1 < 120 GeV
60 < mZ2 < 120 GeV pT(leading) > 20 GeV

pT(subleading) > 10 GeV
pT(ℓ) > 5 GeV
|η(ℓ)| < 2.5
60 < mZ1,mZ2 < 120 GeV

Resonant Z->2ℓ2ℓ’:
80 < m(2ℓ2ℓ’) < 100 GeV

ZZ fiducial region

pT(leading) > 20 GeV
pT(subleading) > 10 GeV
pT(ℓ) > 5 GeV
|η(ℓ)| < 2.5
80 < m4ℓ < 100 GeV
mZ1 > 40 GeV

Z fiducial region

Background-free measurement. Fiducial regions 
basically mimic the event selection.

ZZ cross section @ 13 TeV [ CMS SMP-16-001 ]
arXiv:1607.08834 

http://arxiv.org/abs/1607.08834
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The ZZ region measurement is used to extrapolate to the inclusive cross section     
(60 < mZ1,mZ2 < 120 GeV, and Z BR from PDG).The Z region measurement is used to 
extract the Z→4ℓ BR measurement.

SM NNLO prediction for inclusive cross section: 16.2+0.6-0.4 fb [MATRIX code]

Inner bar: stat uncertainty
Full bar: total uncertainty

ZZ cross section @ 13 TeV [ CMS SMP-16-001 ]
arXiv:1607.08834 

http://arxiv.org/abs/1607.08834
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WZ candidate event
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Measurement done with 2.3 fb-1 of integrated 
luminosity at 13 TeV

pT(ℓ from W) > 20 GeV
pT(leading ℓ from Z) > 20 GeV
pT(subleading ℓ from Z) > 10 GeV
|η(e/μ)| < 2.5/2.4
76 < mZ < 106 GeV
MET > 30 GeV
m(ℓℓ) > 4 GeV
m(ℓℓℓ’) > 100 GeV
0 b-quark jets with pT > 20 GeV, |η| < 2.4

ZZ background determined from MC
Non-prompt background determined 
from isolation sidebands (‘fake rate 
method’)
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WZ cross section @ 13 TeV [ CMS SMP-16-002]
arXiv:1607.06943

http://arxiv.org/abs/1607.06943
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SM NLO prediction: 274+11-8 fb [POWHEG code]

SM NNLO prediction: 50.0+1.1-1.0 pb [MATRIX code]

pT(ℓ from W) > 20 GeV
pT(leading ℓ from Z) > 20 GeV
pT(subleading ℓ from Z) > 10 GeV
|η(e/μ)| < 2.5/2.4
76 < mZ < 106 GeV
MET > 30 GeV
m(ℓℓ) > 4 GeV
m(ℓℓℓ’) > 100 GeV
0 b-quark jets with pT > 20 GeV, |η| < 2.4

pT(ℓ from W) > 20 GeV
pT(leading ℓ from Z) > 20 GeV
pT(subleading ℓ from Z) > 10 GeV
|η(ℓ)| < 2.5
60 < mZ < 120 GeV

Event selection Fiducial region

60 < mZ < 120 GeV
W and Z BR from PDG

Inclusive 
cross section 

WZ cross section @ 13 TeV [ CMS SMP-16-002]
arXiv:1607.06943

http://arxiv.org/abs/1607.06943
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With only 2.3 fb-1, the inclusive cross section has large statistical and systematic 
uncertainties.

Largest systematic uncertainty contribution from non-prompt background.
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SM NNLO prediction: 50.0+1.1-1.0 pb [MATRIX code]

WZ cross section @ 13 TeV [ CMS SMP-16-002]
arXiv:1607.06943

http://arxiv.org/abs/1607.06943
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WW candidate event

12



Rafael Coelho Lopes de Sá ICHEP 2016 - Multiboson Production with W and Z13

Measurement done with 19.4 fb-1 of 
integrated luminosity at 8 TeV.

pT(ℓ) > 20 GeV
|η(e/μ)| < 2.5/2.4
MET > 20 GeV
pT(ℓℓ) > 30/45 GeV (different/same flavor)
m(ℓℓ)> 12 GeV 
|m(ℓℓ) - mZ| > 15 (same flavor only)
DY MVA veto (same flavor only)
min(projMET, projTkMET) > 20 GeV
Top-quark veto (b-quark jets + soft muons)
0 or 1 jet (pT > 30, |η| < 4.7)
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Top background determined from data (inverting top and jet vetoes)
DY background determined from data (inverting mass and MVA vetoes)
Non-prompt background determined from isolation sidebands (‘fake rate method’)
Higgs contribution removed using simulation (~4% after event selection)

pT(lead ℓ)

WW cross section @ 8 TeV [ CMS SMP-14-016]
arXiv:1507.03268 [ Eur. Phys. J. C76 (2016) no7, 401 ]

http://arxiv.org/abs/1607.06943
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pT(ℓ) > 20 GeV
|η(e/μ)| < 2.5/2.4
MET > 20 GeV
pT(ℓℓ) > 30/45 GeV (different/same flavor)
m(ℓℓ)> 12 GeV 
|m(ℓℓ) - mZ| > 15 (same flavor only)
DY MVA veto (same flavor only)
min(projMET, projTkMET) > 20 GeV
Top-quark veto (b-quark jets + soft muons)
0 or 1 jet (pT > 30, |η| < 4.7)

pT(ℓ) > 20 GeV (different flavor only)
|η(ℓ)| < 2.5
0 anti-kT 0.5 jets, |η(j)| < 4.7

0 anti-kT 0.5 jets, |η(j)| < 4.7
W→ℓν BR from PDG

Jet veto pT-dependent fiducial regions
(use events with 0 jets only)

Allows direct comparison to resummed QCD calculation of jet veto efficiencies.

WW cross section @ 8 TeV [ CMS SMP-14-016]
arXiv:1507.03268 [ Eur. Phys. J. C76 (2016) no7, 401 ]

http://arxiv.org/abs/1607.06943
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Fiducial region with pT(ℓ) > 20 GeV, |η(ℓ)|<2.5, and 0 jets is used to measure 
differential cross sections. We measured differential cross sections as a function of 
∆φ(ℓℓ), m(ℓℓ), pT(ℓℓ) and pT(leading lepton).
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[from arXiv:1605.02716]

WW cross section @ 8 TeV [ CMS SMP-14-016]
arXiv:1507.03268 [ Eur. Phys. J. C76 (2016) no7, 401 ]

http://arxiv.org/abs/1607.06943
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Events with same-flavor and different-flavor 
lepton pair, with 0 and 1 associated jets, are 
used to measure the inclusive cross section.

pTWW-resummed calculation used for 
extrapolation to the full W-boson decay phase 
space.
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Figure 6: Plot of Resummation predicted and MC+shower predictions forW+W� transverse
momentum distributions at 8 TeV. The shaded region represents the scale Q variation by a
factor of 2 relative to the central scale choice Q = mW for the resummation prediction.

performed by the LHC experiments. An example of the cuts implemented by the ATLAS
measurement at 7 TeV is reproduced below in Table 1. The cuts from CMS are quite similar,
the jet veto as we will show turns out to be the most important e↵ect, and CMS has a jet
veto of 30 GeV compared to 25 GeV for ATLAS. We comment on this slight di↵erence in
Section 4, however, since CMS hasn’t produced a plot of the pT of the W+W� system
similar to ATLAS, we adopt the ATLAS cuts when demonstrating the e↵ects of using the
pT resummed reweighted distributions. Pythia8 was used with default tuning and since all
our results are shape dependent, the reweighting procedure should be performed again using
our resummation-theory curves when using a non-default pythia8 tuning.

Exactly two oppositely-sign leptons, pT > 20GeV, pT leading > 25GeV
mll0 > 15, 15, 10GeV (ee,µµ,eµ)

|mll0 �mZ | > 15, 15, 0GeV (ee,µµ,eµ)
Emiss

T,Rel > 45, 45, 25GeV(ee,µµ,eµ)
Jet Veto 25GeV
pT ll0 > 30GeV

Table 1: ATLAS cut flow for 7 TeV analysis [1]

3.1 Reweighting Results

We perform the reweighting as described above using a central scale Q = mW as well as
varying the resummation scale Q up and down by a factor of 2 while keeping µR and µF
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SM NNLO prediction: 59.8+1.3-1.1 pb [ Phys. Rev. Lett. 113 (2014) 212001 ]

WW cross section @ 8 TeV [ CMS SMP-14-016]
arXiv:1507.03268 [ Eur. Phys. J. C76 (2016) no7, 401 ]

Inclusive cross section

[from arXiv:1407.4481]
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Figure 6: Plot of Resummation predicted and MC+shower predictions forW+W� transverse
momentum distributions at 8 TeV. The shaded region represents the scale Q variation by a
factor of 2 relative to the central scale choice Q = mW for the resummation prediction.

performed by the LHC experiments. An example of the cuts implemented by the ATLAS
measurement at 7 TeV is reproduced below in Table 1. The cuts from CMS are quite similar,
the jet veto as we will show turns out to be the most important e↵ect, and CMS has a jet
veto of 30 GeV compared to 25 GeV for ATLAS. We comment on this slight di↵erence in
Section 4, however, since CMS hasn’t produced a plot of the pT of the W+W� system
similar to ATLAS, we adopt the ATLAS cuts when demonstrating the e↵ects of using the
pT resummed reweighted distributions. Pythia8 was used with default tuning and since all
our results are shape dependent, the reweighting procedure should be performed again using
our resummation-theory curves when using a non-default pythia8 tuning.

Exactly two oppositely-sign leptons, pT > 20GeV, pT leading > 25GeV
mll0 > 15, 15, 10GeV (ee,µµ,eµ)

|mll0 �mZ | > 15, 15, 0GeV (ee,µµ,eµ)
Emiss

T,Rel > 45, 45, 25GeV(ee,µµ,eµ)
Jet Veto 25GeV
pT ll0 > 30GeV

Table 1: ATLAS cut flow for 7 TeV analysis [1]

3.1 Reweighting Results

We perform the reweighting as described above using a central scale Q = mW as well as
varying the resummation scale Q up and down by a factor of 2 while keeping µR and µF

10

http://arxiv.org/abs/1607.06943
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Events with high m(ℓℓ) are used to measure SMEFT dimension-6 operators.

mℓℓ (GeV)
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WW cross section @ 8 TeV [ CMS SMP-14-016]
arXiv:1507.03268 [ Eur. Phys. J. C76 (2016) no7, 401 ]

http://arxiv.org/abs/1607.06943
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Measurement performed with 2.3 fb-1 of integrated luminosity at 13 TeV.

First 13 TeV WW cross section measurement.

Similar, but simplified event selection with respect to the 8 TeV measurement

Different-flavor channel only

Simplified Top-quark veto (b-quark jet veto with pT > 20 and |η| < 2.4)

Identical background estimation methods.

0 jets 1 jets

pT(lead ℓ) pT(lead ℓ)

WW cross section @ 13 TeV [ CMS SMP-16-006]
cds:CMS-PAS-16-006

https://cds.cern.ch/record/2160868
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Preliminary result with only inclusive cross section.

Measurement limited by small data sample and large b-tagging uncertainty.

19

SM NNLO prediction: 120.3±3.0 pb 
[ Phys. Rev. Lett. 113 (2014) 21201 and Phys. Lett. B754 (2016) 275-280]

WW cross section @ 13 TeV [ CMS SMP-16-006]
cds:CMS-PAS-16-006

https://cds.cern.ch/record/2160868
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Measurements with photons in the final state

20

Z(→νν)γ 
2.3 fb-1 @ 13TeV
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W(→ℓν)γγ
19.4 fb-1 @ 8TeV

Z(→ℓℓ)γγ
19.4 fb-1 @ 8TeV

pT(γ) > 175 GeV, |η(γ)|<1.44
σexp = 66.5 ± 19.9 fb
σNNLO = 65.5 ± 3.3 fb

pT(γ) > 25 GeV
σexp x BR = 6.0 ± 2.9 fb

σNLO x BR = 4.76 ± 0.53 fb

pT(γ) > 15 GeV
σexp x BR = 12.7 ± 2.3 fb

σNLO x BR = 12.95 ± 1.47 fb

More details in J. Kunkle’s talk
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Summary
CMS has a broad program of multiboson production cross section measurements 
at the LHC. Production cross sections have been measured at 7, 8, and 13 TeV.
Inclusive, fiducial, and differential measurements are performed. The experimental 
precision of these results requires, in many cases, 2-loop and resummed QCD 
calculations to accurately describe the results.
Rich program of SMEFT measurements performed at 8 TeV. Single channels at 13 
TeV already surpass the combined precision of these measurements. Stay tuned!

21

theoσ / expσProduction Cross Section Ratio:   
0.5 1 1.5 2

CMS PreliminaryJune 2016

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

γγ  0.12± 0.01 ±1.06 -15.0 fb
(NLO th.), γW  0.13± 0.03 ±1.16 -15.0 fb

(NLO th.), γZ  0.05± 0.01 ±0.98 -15.0 fb
(NLO th.), γZ  0.05± 0.01 ±0.98 -119.5 fb

WW+WZ  0.14± 0.13 ±1.01 -14.9 fb
WW  0.09± 0.04 ±1.07 -14.9 fb
WW  0.08± 0.02 ±1.00 -119.4 fb
WW  0.08± 0.05 ±0.96 -12.3 fb
WZ  0.06± 0.07 ±1.08 -14.9 fb
WZ  0.07± 0.03 ±1.04 -119.6 fb
WZ  0.07± 0.07 ±0.82 -12.3 fb
ZZ  0.07± 0.13 ±0.97 -14.9 fb
ZZ  0.08± 0.06 ±0.97 -119.6 fb
ZZ  0.04± 0.11 ±0.88 -12.6 fb

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

CMS measurements
 theory(NLO)vs. NNLO 
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Data collected by the CMS detector
CMS has efficiently collected data at 7, 8 and 13 TeV. This extensive dataset allows 
us to explore production cross section measurements in different energy regimes, 

providing stringent tests of the theories describing these processes.
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Figure 6: Plot of Resummation predicted and MC+shower predictions forW+W� transverse
momentum distributions at 8 TeV. The shaded region represents the scale Q variation by a
factor of 2 relative to the central scale choice Q = mW for the resummation prediction.

performed by the LHC experiments. An example of the cuts implemented by the ATLAS
measurement at 7 TeV is reproduced below in Table 1. The cuts from CMS are quite similar,
the jet veto as we will show turns out to be the most important e↵ect, and CMS has a jet
veto of 30 GeV compared to 25 GeV for ATLAS. We comment on this slight di↵erence in
Section 4, however, since CMS hasn’t produced a plot of the pT of the W+W� system
similar to ATLAS, we adopt the ATLAS cuts when demonstrating the e↵ects of using the
pT resummed reweighted distributions. Pythia8 was used with default tuning and since all
our results are shape dependent, the reweighting procedure should be performed again using
our resummation-theory curves when using a non-default pythia8 tuning.

Exactly two oppositely-sign leptons, pT > 20GeV, pT leading > 25GeV
mll0 > 15, 15, 10GeV (ee,µµ,eµ)

|mll0 �mZ | > 15, 15, 0GeV (ee,µµ,eµ)
Emiss

T,Rel > 45, 45, 25GeV(ee,µµ,eµ)
Jet Veto 25GeV
pT ll0 > 30GeV

Table 1: ATLAS cut flow for 7 TeV analysis [1]

3.1 Reweighting Results

We perform the reweighting as described above using a central scale Q = mW as well as
varying the resummation scale Q up and down by a factor of 2 while keeping µR and µF

10

WW pT resummation  
(arXiv:1407.4481, arXiv:1507.06937)

Resummation predicts softer spectrum ⇒ 
higher jet veto efficiency⇒ smaller inclusive 

cross section

MW

2
< Q < 2MW

MW < µf < 4MW

MW < µr < 4MW

Resums logs of the type log(mWW/pTWW)                             

Resummed pTWW distribution is used to 
reweight parton shower MC generators 
and obtain exclusive distributions.
The uncertainty is estimated by varying 
the resummation (Q), renormalization 
and factorization scales in the intervals:
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Figure 6: Plot of Resummation predicted and MC+shower predictions forW+W� transverse
momentum distributions at 8 TeV. The shaded region represents the scale Q variation by a
factor of 2 relative to the central scale choice Q = mW for the resummation prediction.

performed by the LHC experiments. An example of the cuts implemented by the ATLAS
measurement at 7 TeV is reproduced below in Table 1. The cuts from CMS are quite similar,
the jet veto as we will show turns out to be the most important e↵ect, and CMS has a jet
veto of 30 GeV compared to 25 GeV for ATLAS. We comment on this slight di↵erence in
Section 4, however, since CMS hasn’t produced a plot of the pT of the W+W� system
similar to ATLAS, we adopt the ATLAS cuts when demonstrating the e↵ects of using the
pT resummed reweighted distributions. Pythia8 was used with default tuning and since all
our results are shape dependent, the reweighting procedure should be performed again using
our resummation-theory curves when using a non-default pythia8 tuning.

Exactly two oppositely-sign leptons, pT > 20GeV, pT leading > 25GeV
mll0 > 15, 15, 10GeV (ee,µµ,eµ)

|mll0 �mZ | > 15, 15, 0GeV (ee,µµ,eµ)
Emiss

T,Rel > 45, 45, 25GeV(ee,µµ,eµ)
Jet Veto 25GeV
pT ll0 > 30GeV

Table 1: ATLAS cut flow for 7 TeV analysis [1]

3.1 Reweighting Results

We perform the reweighting as described above using a central scale Q = mW as well as
varying the resummation scale Q up and down by a factor of 2 while keeping µR and µF
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