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•Electroweak sector of SM
•Why study rare multi-boson productions?
•CMS’s VVV analysis and results
•Future directions
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Spin 1
• Mass of W is 80 GeV (≠ 0)
• Mass of Z is 91 GeV (≠ 0)
⇒ EW symmetry is broken

Spin 0
• Agent of electroweak 

symmetry breaking
• Higgs discovery (2012)

Last missing piece of the SM has been found

⇒ Completes the EW sector

bad ~high energy 
behavior

(Lee, Quigg, Thacker 1977)
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Completing the electroweak sector

≠

Understanding the electroweak sector
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More work to be done in electroweak sector

Now, we must understand the electroweak sector

List of multi-(massive)-boson interactions

• Are multi-bosons interactions SM?
• Is it the only Higgs boson? (or are there more? H1, H2, H±, … ??)
• If so, what are their role in the electroweak symmetry breaking?
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Consider multi-boson production process 
Many diagrams contribute to the process

Study multi-boson production to study MBI

some diagrams are without
multi-boson interactions

some diagrams are with
multi-boson interactions

Details of multi-boson interaction determine multi-boson production rate

...

...

new physics?

⇒ If new physics, dynamics of EW sector could be altered

e.g.
N. Craig, 
A. Hook, 
S. Kasko 

1805.06538

e.g. 
K. Agashe, 
J. Colins, 

P. Du, 
S. Hong, 
D. Kim, 

R. K. Mishra 
1711.09920
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Quick aside…

We must understand 
multi-boson interactions

bad ~high energy 
behavior

(Lee, Quigg, Thacker 1977)

massive-particle

Top quark is 
also connected!

Also bad ~high
energy behavior

(Chanowitz, Furman, Hinchliffe 1978)M
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Quick aside…

Multi-X (X = W, Z, H, t) interactions must be studied

We must understand 
multi-boson interactions

bad ~high energy 
behavior

(Lee, Quigg, Thacker 1977)

massive-particle

Top quark is 
also connected!

Also bad ~high
energy behavior

(Chanowitz, Furman, Hinchliffe 1978)M
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Multi-boson productions (MBP) are rare

rare because need to produce multiple massive particles

rare because involves multiple electroweak vertices

A B

C

V

V

V

mV ≈ ~100 GeV

Probing MBP requires large data set

Experimental challenge

Three massive gauge boson rate ~ 10 / Trillion pp coll. @ LHC
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CMS ALICE

LHC provides largest 
and most energetic pp 
collision data set ever 

produced

LHCb
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Lake Geneva

Mont Blanc

Geneva, 
Switzerland

ATLAS

CMS ALICE

LHC provides largest 
and most energetic pp 
collision data set ever 

produced

LHCb



LHC pp collision processes
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a quark or a gluon a quark or a gluon

Proton is a bag of 
quarks and gluons

~1

1
O(1-10 Million) 1

O(100 Million)

1
O(1 Billion)



 [p
b]

σ
Pr

od
uc

tio
n 

C
ro

ss
 S

ec
tio

n,
  

4−10

3−10

2−10

1−10

1

10

210

310

410

510

CMS PreliminaryMay 2020

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

W

n jet(s)≥

Z

n jet(s)≥

γW γZ WW WZ ZZ VVV WWW WWZ WZZ ZZZ γWV γγZ γγW
µll, l=e,→, Zνl→: fiducial with Wγγ,WγγEW,Z

qqW
EW qqZ

EW
WW
→γγ

γqqW
EW

ssWW
 EW

γqqZ
EW

qqWZ
EW

qqZZ
EW tt

=n jet(s)

t-cht tW s-cht γtt tZq ttZ γt ttW tttt
σΔ in exp. HσΔTh. 

ggHqqH
VBF VH WH ZH ttH tH HH

CMS 95%CL limits at 7, 8 and 13 TeV

)-1 5.0 fb≤7 TeV CMS measurement (L 
)-1 19.6 fb≤8 TeV CMS measurement (L 
)-1 137 fb≤13 TeV CMS measurement (L 

Theory prediction

Cross sections at LHC

 11

Chang
UCSD

Rarer N.B. xsec × decay BR can be even smaller

VV

V

tt

Higgs

1 pb
≈

10 / Trillion
pp collisions
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Rarer N.B. xsec × decay BR can be even smaller

VV

V

tt

Higgs

1 pb

H+X / 
HH

VV 
scattering 

VVV

multi-“massive”-particles processes
X = t, W, Z, H

tttt

tt+V
≈

10 / Trillion
pp collisions
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Rarer N.B. xsec × decay BR can be even smaller

VV

V

tt

Higgs

1 pb

H+X / 
HH

VV 
scattering 

VVV

multi-“massive”-particles processes
X = t, W, Z, H

tttt

tt+V
VVV

Today

WWW 
evidence

WWZ 
evidence

ZZ 
scattering 
evidence

WZ 
scattering 

observation

VVV 
observation tttt 

evidence

Results in 2020

Recent rapid progress in finding new final states

≈
10 / Trillion

pp collisions



MBIs in VVV production (V = W, Z)
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Triboson processes contain many interesting MBIs

V

V

V

q

q

quartic gauge 
interactionV

V

V

q

q
cubic gauge 
interaction V

V

V(*)

q

q Higgs-gauge 
interaction

V

V

V

q

q cubic gauge 
interaction

**Non-exhaustive set of VVV diagrams



VVV production at LHC
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Targeting all VVV productions:
• pp→WWW
• pp→WWZ
• pp→WZZ
• pp→ZZZ

And the combined production of all pp→VVV

Today: Aim to establish VVV production with 5σ



Previous work on VVV physics
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• ATLAS searched for WWW in 8 TeV: 0.96σ (1.05σ)  arXiv:1610.05088

• CMS searched for WWW in 13 TeV 36 fb⁻¹: 0.6σ (1.78σ) arXiv:1905.04246

• ATLAS searched for VVV in 13 TeV 80 fb⁻¹: 4.1σ (3.1σ) arXiv:1903.10415

ATLAS / CMS have studied VVV to test SM / BSM

arXiv:1905.04246 arXiv:1610.05088arXiv:1903.10415

VVV evidence
Axion-like-particle
triboson signature limit SMEFT Dim8 operator limit

ALP model from N. Craig, A. Hook, S. Kasko 1805.06538



VVV production cross section and rate
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< 0.5 pb each VVV mode (rate @ LHC ~ few / Trillion)

0.00

0.15

0.30

0.45

0.60

WWW WWZ WZZ ZZZ

VV
V 

C
ro

ss
 s

ec
tio

n 
[p

b]
~0.51 pb

~0.35 pb

~0.1 pb
~0.04 pb

Production cross section decreases with more Z’s

1 / Trillion

3.5 / Trillion

5 / Trillion pp collisions

0.4 / Trillion



LHC Run 2 data set 
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LHC’s large data set provides ~135K VVV events

• Run 2 data set (Y2015 - Y2018)
• 15000 Trillion pp collisions
• of which ~13700 Trillions are marked 

“good for analysis”

VVV N / Trillion N total
VVV 10 135K

WWW 5 70K
WWZ 3.5 48K
WZZ 1 13K
ZZZ 0.4 5K

Total of 135K VVV events
(between from 5K to 70K per mode)

⇒ 

2016 2017 20182015M
or

e 
pp

 c
ol

lis
io

ns

Time



Title
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But how do we select the interesting O(1k-10k) events
out of 1016 pp collision events?

⇒ Select events with specific features present in
multi-boson but not in other background events



Experimental signature of W, Z bosons
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W’s and Z’s can most 
easily identified via 

electrons and muons

∴ Multiple W's and Z’s
⇒ Multiple e's and µ’s

W–

e–, µ–, τ–

ve, vµ, vτ

Z e+, µ+, τ+

e–, µ–, τ–

W/Z’s can be identified via e and µ



µ

Solenoid

Electron

CMS detector measures e/µ very well
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e/µ among the best 
measured particles at CMS 

by combining tracker, 
calorimeter, and chambers 

measurements
(1-2% resolution for well measured ones)

Muon

Tracker

calorimeters

muon ch
ambers

Muon reconstruction in CMS
• As only fundamental minimum ionizing particles, muons are easier to identify: 

matching tracks in the inner and outer tracking detectors.

• Fake muons only happen if hadrons punch through the calorimeter.

4/14/2020 Hannsjörg Weber (Fermilab) 16

• Very small fake efficiency with 
≥98% signal muon efficiency.

• Because of the excellent tracking, 
exceptional momentum/mass 
resolution.

MUON RESOLUTION IN 2018

0.5

1

1.5

610◊
Data

µµ�⇥Z / 
Background

(2018, 13 TeV)-1fb

CMS
Preliminary

59.76

85 90 95 100
(GeV)µµm

0.9

1

1.1

D
at

a 
/ M

C

Corrected

Resolution measured in Z ! µ+µ�

events in the 2018 dataset. Top and
bottom left plots show the mean and
the standard deviation of the mµ+µ�

resonance peak obtained fitting the
distribution to the convolution of a
Gaussian with a Breit-Wigner and a
Crystal-Ball. Uncertainties
incorporate systematic uncertainties
from the Rochester method.

Plots in the right shows the data / Monte Carlo comparison of the mµ+µ� distribution before
(top) and after (bottom) applying the scale corrections given by the Rochester method.

Page 10

Z → µµ 
reconstruction

Excellent e/µ reconstruction and simulation at CMS

drawn to 
~scale



µ

Classifying leptons’ origins
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Identifying e/µ is not 
enough

We need to further 
classify the origin
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π, K, etc.
(also lepton)

v

B

D

W

➊ “fake” Lepton ➋ “prompt” Lepton
Identifying e/µ is not 

enough

We need to further 
classify the origin
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Classifying leptons’ origins
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π, K, etc.
(also lepton)

v

B

D

W

➊ “fake” Lepton ➋ “prompt” Lepton
Identifying e/µ is not 

enough

We need to further 
classify the origin

Isolation = 
Σ“stuff” in cone PT

PT,Lepton

cone
cone



µ

Classifying leptons’ origins
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π, K, etc.
(also lepton)

v

B

D

W

➊ “fake” Lepton ➋ “prompt” Lepton
Identifying e/µ is not 

enough

We need to further 
classify the origin

non-isolated lepton
⇒ likely from hadrons

isolated lepton
⇒ likely from W or Z

Isolation = 
Σ“stuff” in cone PT

PT,Lepton

cone
cone



µ

Classifying leptons’ origins
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π, K, etc.
(also lepton)

v

B

D

W

➊ “fake” Lepton ➋ “prompt” Lepton
Identifying e/µ is not 

enough

We need to further 
classify the origin

Use isolation to suppress leptons from hadrons

non-isolated lepton
⇒ likely from hadrons

isolated lepton
⇒ likely from W or Z

Isolation = 
Σ“stuff” in cone PT

PT,Lepton

cone
cone



5 steps to VVV observation
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1. Organize analyses by # of leptons (likely) from W / Z

2. Categorize by flavor of the leptons

3. Additional background suppression through smart choices

4. Reliably estimate the size of residual backgrounds

5. Observe VVV!

Smart humans and 
smart machines
(Both cut / BDT)



Fully leptonic decay channels of VVV
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VVV #
WWW 70K
WWZ 48K
WZZ 13K
ZZZ 5K

Inclusive number 
of events

**Expected # of events in Run 2
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VVV #
WWW 70K
WWZ 48K
WZZ 13K
ZZZ 5K

Inclusive number 
of events

• Fraction of W, Z decays to e or µ:
• BR(W → e or µ) = 21%
• BR(Z → ee or µµ) = 7%

**Expected # of events in Run 2
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VVV #
WWW 70K
WWZ 48K
WZZ 13K
ZZZ 5K

Inclusive number 
of events

• Fraction of W, Z decays to e or µ:
• BR(W → e or µ) = 21%
• BR(Z → ee or µµ) = 7%

VVV → N leptons Total BR % #
WWW → 3 lepton + 3v (21%)3 1 700
WWZ → 4 lepton + 2v (21%)2(7%) 0.3 150
WZZ → 5 lepton + 1v (21%)(7%)2 0.1 15

ZZZ → 6 lepton (7%)3 0.03 1.5

Number of events when all V’s decay to e or µ

cf. Run 1 had 
~55 WWW evt.

Run 2 data set allows to study various VVV modes for the first time
**Expected # of events in Run 2
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VVV #
WWW 70K
WWZ 48K
WZZ 13K
ZZZ 5K

Inclusive number 
of events

Fully leptonic channels ~ a few to hundreds of events

• Fraction of W, Z decays to e or µ:
• BR(W → e or µ) = 21%
• BR(Z → ee or µµ) = 7%

VVV → N leptons Total BR % #
WWW → 3 lepton + 3v (21%)3 1 700
WWZ → 4 lepton + 2v (21%)2(7%) 0.3 150
WZZ → 5 lepton + 1v (21%)(7%)2 0.1 15

ZZZ → 6 lepton (7%)3 0.03 1.5

Number of events when all V’s decay to e or µ

cf. Run 1 had 
~55 WWW evt.

Run 2 data set allows to study various VVV modes for the first time
**Expected # of events in Run 2



Semi-leptonic decay channels of VVV
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VVV Total % Example
WWW 70K 99.0 WWW → jj jj jj 
WWZ 48K 99.7 WWZ → lv jj jj
WZZ 13K 99.9 WZZ → ll jj jj
ZZZ 5K 99.97 ZZZ → ll jj vv

Percentage of semi-leptonic or fully hadronic decay events
(i.e. 0, 1, or 2 leptons)

Majority of the decays are semi-leptonic decays

**Expected # of events in Run 2

In contrast, majority of the events decay with ≤ 2 leptons



Choosing lepton channels to use
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**N events estimated from W, Z, tt,̅ WW, WZ, ZZ, ttW̅, WZZ, ZZZ cross section 
with theoretical branching fractions without detector effects and ignoring τ → e, µ

0 1 2 3 4 5 6
1

1K

1M

1B

1T

1Q

W→1l
& WW, tt ̅ Z→2l

& WW, tt ̅

Jets

WZ→3l
ZZ→4l

WZZ→5l ZZZ→6l

cliff

cliff

cliff

non-perturbative 
physics in bkg.
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Jets
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WZZ→5l ZZZ→6l

cliff

cliff

cliffSemi-leptonic 
VVV events

S / B ~ 1 / M 
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Fully-leptonic 
VVV events

S / B ~ 1 / 100

non-perturbative 
physics in bkg.
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**N events estimated from W, Z, tt,̅ WW, WZ, ZZ, ttW̅, WZZ, ZZZ cross section 
with theoretical branching fractions without detector effects and ignoring τ → e, µ

0 1 2 3 4 5 6
1

1K

1M
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1Q

W→1l
& WW, tt ̅ Z→2l

& WW, tt ̅

Jets

WZ→3l
ZZ→4l

WZZ→5l ZZZ→6l

cliff

cliff

cliffSemi-leptonic 
VVV events

S / B ~ 1 / M 
or worse

Fully-leptonic 
VVV events

S / B ~ 1 / 100 Our signal 
is the main 
SM process

non-perturbative 
physics in bkg.
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**N events estimated from W, Z, tt,̅ WW, WZ, ZZ, ttW̅, WZZ, ZZZ cross section 
with theoretical branching fractions without detector effects and ignoring τ → e, µ

0 1 2 3 4 5 6
1

1K

1M

1B

1T

1Q

W→1l
& WW, tt ̅ Z→2l

& WW, tt ̅

Jets

WZ→3l
ZZ→4l

WZZ→5l ZZZ→6l

cliff

cliff

cliffSemi-leptonic 
VVV events

S / B ~ 1 / M 
or worse

Fully-leptonic 
VVV events

S / B ~ 1 / 100 Our signal 
is the main 
SM process

Target multi-lepton final states 
for first observation

Target multi-lepton final states for first observation

non-perturbative 
physics in bkg.



Divide and conquer
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W → lv
W → lv
W → lv

3 leptons
W → lv

Z → ll
W → lv

4 leptons
W → lv
Z → ll
Z → ll

5 leptons
Z → ll
Z → ll
Z → ll

6 leptons

Si
gn

al
s

~700 evt. ~140 evt. ~15 evt. ~1.5 evt.

Signals get disentangled by # of lepton bins

***Minor cross-contamination exists (but negligible) and 
are taken care of properly at the final statistics procedure
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W → lv
W → lv
W → lv

3 leptons
W → lv

Z → ll
W → lv

4 leptons
W → lv
Z → ll
Z → ll

5 leptons
Z → ll
Z → ll
Z → ll

6 leptons

Si
gn

al
s

~700 evt. ~140 evt. ~15 evt. ~1.5 evt.

Signals get disentangled by # of lepton bins

W± → l±v
W± → l±v
W∓ → qq

Same-sign

~2.5k evt.

Only hadronic 
decay

**SM does not produce same-sign 
dilepton very often

***Minor cross-contamination exists (but negligible) and 
are taken care of properly at the final statistics procedure



Disclaimer
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There are many channels in this analysis (21 channels)

I will highlight few categories with high sensitivity

3 leptons 0SFOS channel
4 leptons Z + eµ channels



5 steps to VVV observation
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1. Organize analyses by # of leptons (likely) from W / Z

2. Categorize by flavor of the leptons

3. Additional background suppression through smart choices

4. Reliably estimate the size of residual backgrounds

5. Observe VVV!

Smart humans and 
smart machines
(Both cut / BDT)



Dominant background
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W → lv
W → lv
W → lv

3 leptons
W → lv

Z → ll
W → lv

4 leptons
W → lv
Z → ll
Z → ll

5 leptons
Z → ll
Z → ll
Z → ll

6 leptons
Si

gn
al

s

~700 evt. ~140 evt. ~15 evt. ~1.5 evt.

WZ → lvll ZZ → llll ZZ → llll
+ fake lep

ZZ → llll
+ 2 fake lep

D
om

in
an

t 
Bk

gs
.

~100K evt. ~10K evt. “× 10-3”

S / B ~1 / 100 ~1 / 100 ~1 / 1** >> 1**

“× 10-6”

**fake lepton is 
“~per mille” effectHow to improve S / B by ~100?

Dominant background is diboson process (WZ, ZZ)



Features of Z → ll decay
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Z decays predominantly to ee/µµ on-shell

40 60 80 100120140160180

1

10

210

310

410

510

610

Ev
en

ts

µ e→Z 
 (off-shell)µµ ee/→Z 
 (on-shell)µµ ee/→Z 

mll [GeV]
**Simulated w/ MadGraph/Pythia/Delphes with 25/10 GeV PT cuts

Plot of dilepton mass from Z→ll decay

A.
U

.

Z → ee/µµ within Z mass

40 60 80 100120140160180

1

10

210

310

410

510

610

E
v
e
n
ts

µ e→Z 
 (off-shell)µµ ee/→Z 
 (on-shell)µµ ee/→Z 

Z → ee/µµ outside Z mass
Z → eµ

If one selects eµ final 
state, Z is reduced by 
2 orders of magnitude

(e, µ from τ are soft)

100x 
smaller

than peak

Z

τ
τ

e+

µ-

v

v

v
v

cf. reduction 
of 10x if 
selecting 
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Flavor choices

 30

Chang
UCSD

Z

W

Background

Flavor choice can suppress WZ by 100x

pp → WWW

W
W

W

pp → WZ

WWW signal
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by 100x
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⇒  0SFOS channel
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WWZ signal
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Z
Z

Z

Flavor choice can suppress ZZ by 100x
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τ
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µ-
v
v
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e+

e- Z + eµ

highly 
disfavored

 → (e+e-) e+µ-

tagged-Z

suppressed 
by 100x

Flavor choice can suppress ZZ by 100x

⇒  Z + eµ channel



5 steps to VVV observation
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1. Organize analyses by # of leptons (likely) from W / Z

2. Categorize by flavor of the leptons

3. Additional background suppression through smart choices

4. Reliably estimate the size of residual backgrounds

5. Observe VVV!

Smart humans and 
smart machines
(Both cut / BDT)



tt ̅(+ X) backgrounds
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tt ̅(+ X) backgrounds contain b quarks

B hadrons have 
long lifetime

CMS developed deep 
neural network based 

b tagger

tt ̅(+ X) are second dominant bkg sources and they have b quarks



b tagging
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B hadrons have 
long lifetime

0

20

40

60

80

Ev
en

ts

VVV Lost/three leptons Irreducible
Data Nonprompt leptons lepton→γ

Stat. Uncert. Charge missasignment
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Preliminary CMS  (13 TeV)-1137 fb

0SFOS channel

ttW̅ → lll + bb

WWW
WZ → lll

3 lep 0SFOS channel

Reject Nb = 0 events to reduce tt+̅X backgrounds

CMS developed 
deep neural network 

based b tagger

After 0SFOS preselection• As expected, WWW v. WZ ~ same order
• But additional backgrounds of “tt ̅+ X”

• These bkgs have b jets
• Signals (EW process) generally do not 

come with b jets

• ⇒ Require # of b = 0



Boosted decision tree
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Boosted decision tree is widely used in many analyses at the LHC

https://arogozhnikov.github.io/2016/07/05/gradient_boosting_playground.html

Training data set

Tree #1
Tree #2

Tree #N…

Build multiple 
decision trees

Aggregate 
decision trees to 
build discriminant

Train dedicated BDTs to maximize sensitivity

Signal

Background

BDT score



Applying BDT method to 0SFOS
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• 10+ kinematics variables used to train BDT
• Two different bkg categories were targeted

• Type A: Fake lepton backgrounds
• tt ̅      , DY

• Type B: Non-Fake lepton backgrounds
• ttW̅      , WZ

2D BDT used to maximize sensitivity

Accept
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0SFOS channel

WWW likeBkg. type A-like
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WWW like
High S / B



Summary of 0SFOS channel
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• 10 WWW events
• Statistics limited
• But systematics are becoming 

important
• 0SFOS sensitivity ~2.8 σ
• WWW sensitivity 3.1 σ 

(combined with other channels)

0SFOS composition

8%

21%

11%
60%

fake (tt)̅ ~30-40% uncertainty

WZ ~15-30% uncertainty

ttW̅ ~20% uncertainty

WWW

WWW Fake WZ ttW̅ Total B S / B
10.1 1.8 3.5 1.3 6.6 1.5

WWW expected sensitivity of 3.1 σ

cf. 700 total WWW → 3l



Fake lepton backgrounds

 38

Chang
UCSD

soft junk

Well isolated 
“fake” lepton 

(“tight”)

cone

Hadrons

Less well 
isolated “fake” 

lepton (“Loose")

cone

Hadrons

high-pt junk

Fake 
rate =

Pick one lepton events with phase 
space dominated by QCD (dijet) events

Lepton

Jet

Jet

Fake rate is then applied to signal like region with “Loose”-ly identified leptons

Underlying effects (PT of quarks) that govern fake rate are not measurable
⇒ Source of systematics (~30-40%)

Estimate fake lep bkg. via fake rate from QCD events

"Side band" in isolation



Additional fake background rejection
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Developed custom isolation to further reject fake lepton

Standard 
Isolation = 

Σ“stuff” in cone PT

PT,Lepton

Neutral hadron, charged hadron, 
neutral EM components are included 

but not extra leptons

soft junk

Well isolated 
“fake” lepton 

(“tight”)

cone

Hadrons

Less well 
isolated “fake” 

lepton (“Loose")

cone

Hadrons

high-pt junk

extra lepton

Cutting hard on 
standard isolation 

biases fake leptons to 
have extra leptons

Modified 
Isolation = 

Σ“stuff”+extra leptons in cone PT

PT,Lepton
B

D

extra lepton primarily 
comes from D decay

⇒ 



Kinematic endpoints for Z + eµ (4 lepton)
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Exploit differences between Z → ll v. WW → lvlv

Z

Z

τ
τ

e+

µ-
v
v

v

v

e+

e- Z + eµZ

W
W

e+

e-

e+

µ-

v

v

• As expected ZWW v. ZZ ~same order
• ttZ̅ suppressed via b tagging
• Utilize mT2 variable
• mT2 is sensitive to the end points of mW 

from ZWW→lleµ
• mT2 is sensitive to the end points of mτ 

from ZZ→llττ→lleµ
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Applying BDT method to Z + eµ channel
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2D BDT used to maximize sensitivity



Summary of Z + eµ
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Signal

• Statistics limited
• Main backgrounds are ZZ and ttZ̅ 

• ZZ ~5% uncertainty
• ttZ̅ ~30% uncertainty

• Z + eµ sensitivity ~4 σ
• Combined WWZ sensitivity 4.1 σ

BDT # WWZ ZZ ttZ tWZ WZ Total B S / B
5 2.9 0.2 0.1 0.1 0.1 0.5 5.8
4 4.9 0.6 1.4 0.7 0.3 3.6 1.4

cf. 150 total WWZ → 4l

WWZ expected sensitivity of 4.1 σ



ZZ and ttZ̅ bkg. control regions (CR)
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Flavor composition

# of b-tagged jets

eµ

Nb = 1

Nb = 0

ee or µµ

SR ZZ CR

ttZ̅ CR

Extrapolate from CR to estimate backgrounds

Devise control regions and extrapolate to signal region



ZZ and ttZ̅ bkg. control regions (CR)
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Extrapolate across Nb tag (unc. ~10%)
Data statistical unc. dominates (unc. ~30%)

Devise control regions and extrapolate to signal region
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5 lepton event display
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e+

e–

Z mass = 
92 GeV

e+

e–

Z mass = 
91 GeV

e+

Missing 
Transverse 

Energy “MET”

W transverse 
mass = 65 GeV Nexp(WZZ→e+ve±e∓e±e∓) ~ 1 event

(cf. LHC provided 1.5 × 1016 collisions)

V = W, Z
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CMS experiment at the LHC, CERN 
Data recorded: 2016-Oct-09 21:24:05.010240 GMT 

Run 282735, Event No. 989682042 LS 491



5 steps to VVV observation
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1. Organize analyses by # of leptons (likely) from W / Z

2. Categorize by flavor of the leptons

3. Additional background suppression through smart choices

4. Reliably estimate the size of residual backgrounds

5. Observe VVV!

Smart humans and 
smart machines
(Both cut / BDT)



Putting it altogether
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21-bin fit; 2 signal scenarios: VVV combined, separate

W → lv
W → lv
W → lv

3 leptons
W → lv

Z → ll
W → lv

4 leptons
W → lv
Z → ll
Z → ll

5 leptons
Z → ll
Z → ll
Z → ll

6 leptons
W± → l±v
W± → l±v
W∓ → qq

Same-sign
2 leptons

Si
gn

al
s

Total 9 bins 3 bins 7 bins 1 bin 1 bin

0SFOS most 
sensitive

Z + eµ most 
sensitive

Single bin 
each

• 21-bin fit w/ following scenarios:
• All VVV signal combined with single signal strength
• WWW, WWZ, WZZ, ZZZ w/ 4 different signal strength

• In both cases, also consider VH as signal v. background
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1J -outjjm -injjm # SFOS Z+ll
BDT bins  BDT binsµZ+e

Same-sign dilepton 3 leptons 4 leptons

5 leptons
6 leptons

Data and prediction
 stat. uncertainty±Data 

 systematics±Background 

Triboson signals
WWW
WWZ
WZZ
ZZZ

)0.40 −
0.45 + = 1.15

WWW
µ(

)0.31 −
0.35 + = 0.86

WWZ
µ(

)1.25 −
1.92 + = 2.24

WZZ
µ(

)0.00 −
1.30 + = 0.0

ZZZ
µ(

Bkg. in same-sign / 3 leptons
Lost / three leptons
Charge mismeasurement

Wt+jj / t±W±W
Nonprompt leptons

 lepton→ γ

Backgrounds in 4/5/6 leptons
ZZ tWZ Other

Ztt WZ

0

Results (BDT-based analysis)
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9 bins 3 bins 7 bins 1 1
More sensitive bins are generally to the right

BDT-based analysis final result (cut-based backup)

Measured cross section
Theoretical cross sectionSignal strength µ = 

0SFOS

Z + eµ



0 1 2 3 4 5 6
µSignal strength 

Combined 1.02 +0.26
-0.23

+0.21
-0.20

WWW 1.15 +0.45
-0.40

+0.32
-0.30

WWZ 0.86 +0.35
-0.31

+0.32
-0.29

WZZ 2.24 +1.92
-1.25

+1.78
-1.24

ZZZ < 5.4Allowed

total stat

CMS  (13 TeV)-1137 fb
BDT
Sequential-cut

Results

 49

Chang
UCSD

VVV mode Significance [σ]
All VVV 5.7 (5.9)
WWW 3.3 (3.1)
WWZ 3.4 (4.1)
WZZ 1.7 (0.7)
ZZZ 0 (0.9)

• We have observed production of three massive gauge boson for the first time!
• We also found evidences separately for the WWW and WWZ production.
• The cross sections are compatible with the standard model expectation.

Measured cross section
Theoretical cross sectionSignal strength µ = 

SM

First VVV observation VVV and WWW, WWZ evidence

St
at

 li
m

ite
d

O(10) events only
⇒ measure total cross section



Using VVV as a tool
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Now that we have established VVV production we 
can use it to test SM and also search new physics
(cf. Four fermion interaction with Fermi constant)

V
V

V

q

q
EFT

is it SM? Any new physics?

SM
Potential signal

From H. Weber indico.cern.ch/e/900904

Establishment of VVV opens up a new physics program

q

q
EFTNP

V
V

V



Uncovered semi-leptonic final states
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**N events estimated from W, Z, tt,̅ WW, WZ, ZZ, ttW̅, WZZ, ZZZ cross section 
with theoretical branching fractions without detector effects and ignoring τ → e, µ

0 1 2 3 4 5 6
1

1K

1M

1B

1T

1Q

W→1l
& WW, tt ̅ Z→2l

& WW, tt ̅

Jets

WZ→3l
ZZ→4l

WZZ→5l ZZZ→6l

cliff

cliff

cliffSemi-leptonic 
VVV events

S / B ~ 1 / M 
or worse

Fully-leptonic 
VVV events

S / B ~ 1 / 100 Our signal 
is the main 
SM process

Target multi-lepton final states 
for first observation

Target semi-leptonic final states for tail search

non-perturbative 
physics in bkg.

Search for deviations in tails



Fully leptonic v. Semi leptonic channel
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Bkg is larger but 
distinct high PT feature 
can discriminate bkg.

BSM tails

SM 
bulk

Z → ll

Merged 
di-b-jet

High MET
Clean channel for 

discovery but 
probing tail is difficult

BSM tails
SM bulk

ZZ → llll
 + fake lepton

LargeSmall
Signal
Bkg.

Signal
Bkg.

NP effects could be exploited in semi-leptonic channels

Z
Z

Z

q

q
EFT

v
v

b
b

l
l

NP

Z
Z

Z
l
l

l
l
l

l
q

q
EFTNP



VVV as a probe to constrain new physics
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Fabio Maltoni (Plenary Theory talk at ICHEP)

VVV suggested as a new window to constrain BSM



HL-LHC
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1016 collisions

20x more

We’ve only seen ~5% of the total planned LHC data



Future multi-boson analyses
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W±

W±

H

l±

l±

v

v

j

j

Same-sign turns 
LHC into a 

Higgs collider!

pp → W±W±H jj

H

j

j

pp → HH jj

H
Di-higgs 

production
V

j

j

pp → VH jj

H
VH production 
with VBS jets

listing a few additional rare multi-boson processes
arXiv:1812.09299 Henning, Lombardo, Riembau, Riva
arXiv:1511.03674 Dror, Farina, Salvioni, Serra
arXiv:1904.05637 Maltoni, Mantani, Mimasu
arXiv:2006.09374 Stolarski, Wu
arXiv:2009.01249 LHC Higgs WG Note

Rich set of final states to cover w/ LHC data set



Future multi-boson analyses
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W±

W±

H

l±

l±

v

v

j

j

Same-sign turns 
LHC into a 

Higgs collider!

pp → W±W±H jj

H

j

j

pp → HH jj

H
Di-higgs 

production
V

j

j

pp → VH jj

H
VH production 
with VBS jets

listing a few additional rare multi-boson processes
arXiv:1812.09299 Henning, Lombardo, Riembau, Riva
arXiv:1511.03674 Dror, Farina, Salvioni, Serra
arXiv:1904.05637 Maltoni, Mantani, Mimasu
arXiv:2006.09374 Stolarski, Wu
arXiv:2009.01249 LHC Higgs WG Note

Rich set of final states to cover w/ LHC data set

j

High PT top 
(> 500 GeV)

W±

W±

b

Wt
j
j

pp → tW±W±j
l±
v
l±
v

H

Z
t

t

pp → ttZHpp → ttWW

W

W
t

t

H

H
t

t

pp → ttHH

massive-X

massive-X



Summary
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• EW sector is complete, now we must understand EW sector
• To understand EW sector we study rare multi-boson production
• First observation of VVV productions was made by CMS collaboration
• Also found evidences for WWW and WWZ
• The measured cross section is compatible with SM
• LHC experiments will continue to probe various VVV channel
• Also LHC experiments will continue to search for new final states of rare 

multi-massive-particle processes

“CMS is the first experiment in the 
history of high energy physics to 

reach this outstanding total of 
papers and with only a fraction of 
the data that the LHC anticipates 
to produce in its lifetime. The LHC 
accelerator at CERN will operate 

for another two decades.”

CERN Courier

This paper is 1000th paper submitted by CMS!
Accepted as PRL editor’s suggestions!
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Backup
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W

n jet(s)≥

Z

n jet(s)≥

γW γZ WWWZ ZZ VVV WWW WWZ WZZ ZZZ γWV γγZ γγW
µll, l=e,→, Zνl→: fiducial with Wγγ,WγγEW,Z

qqW
EW qqZ

EW
WW
→γγ

γqqW
EW

ssWW
 EW

γqqZ
EW

qqWZ
EW

qqZZ
EW tt

=n jet(s)

t-cht tW s-cht γtt tZq ttZ γt ttW tttt
σΔ in exp. HσΔTh. 

ggHqqH
VBF VH WH ZH ttH tH HH

CMS 95%CL limits at 7, 8 and 13 TeV

)-1 5.0 fb≤7 TeV CMS measurement (L 
)-1 19.6 fb≤8 TeV CMS measurement (L 
)-1 137 fb≤13 TeV CMS measurement (L 

Theory prediction
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SS / 3L preselection
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SS selection
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3L selection
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4L preselection
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4L selection
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mT2
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For WW→ lvlv sub-system of 
WWZ, endpoint is at mW

For Z→ττ→llvvvv sub-system of 
ZZ, endpoint is at mτ
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Process
Higgs boson contributions as signal Higgs boson contributions as background

sequential-cut BDT-based sequential-cut BDT-based

WWW 2.5 (2.9) 3.3 (3.1) 1.0 (1.8) 1.6 (1.9)

WWZ 3.5 (3.6) 3.4 (4.1) 0.9 (2.2) 1.3 (2.2)

WZZ 1.6 (0.7) 1.7 (0.7) 1.7 (0.8) 1.7 (0.8)

ZZZ 0.0 (0.9) 0.0 (0.9) 0.0 (0.9) 0.0 (0.9)

VVV 5.0 (5.4) 5.7 (5.9) 2.3 (3.5) 2.9 (3.5)
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Signal SS mjj-in SS mjj-out SS 1j 3`
region e±e± e±µ± µ±µ± e±e± e±µ± µ±µ± e±e± e±µ± µ±µ± 0 SFOS 1 SFOS 2 SFOS
Lost/three ` 1.4±0.9 5.5±1.6 7.0±1.7 10.7±2.6 9.7±3.6 31.4±3.8 2.5±1.1 41.0±6.1 5.8±1.6 3.5±0.7 25.6±4.2 36.1±3.1
Irreducible 1.0±0.1 0.6±0.1 2.9±0.2 4.7±0.4 1.9±0.2 15.5±1.2 0.4±0.0 4.6±0.2 0.5±0.1 1.3±0.1 1.2±0.1 0.3±0.0
Nonprompt ` 0.6±0.6 3.6±2.4 4.2±1.5 0.8±1.0 2.8±1.5 9.1±4.5 2.5±5.2 2.9±1.4 0.2±0.1 1.8±0.5 7.5±2.3 1.8±1.1
Charge flips <0.1 <0.1 <0.1 4.5±2.5 <0.1 <0.1 <0.1 0.1±0.1 <0.1 <0.1 0.8±1.2 0.3±0.1
g ! nonprompt ` 0.1±0.2 0.1±0.4 <0.1 1.4±0.5 1.1±0.4 0.7±0.4 0.6±1.2 4.8±8.0 <0.1 <0.1 1.0±0.4 0.1±1.5
Background sum 3.1±1.1 9.8±2.9 14.2±2.3 22.1±3.8 15.6±4.0 56.8±6.0 6.0±5.4 53.5±10.1 6.4±1.6 6.6±0.9 36.2±5.0 38.7±3.6
WWW onshell 0.9±0.4 2.3±0.9 4.6±1.7 0.9±0.4 1.0±0.6 3.3±1.3 0.3±0.2 1.2±0.4 0.4±0.2 6.7±2.4 4.3±1.6 1.8±0.7
WH ! WWW 0.4±0.3 1.3±0.9 1.2±0.5 0.5±0.3 1.3±1.3 2.7±1.2 1.1±0.8 6.5±3.1 2.2±1.1 3.4±1.6 5.0±2.1 0.6±0.6
WWW total 1.3±0.5 3.7±1.3 5.8±1.7 1.5±0.5 2.3±1.4 6.0±1.7 1.4±0.8 7.7±3.1 2.5±1.1 10.1±2.9 9.3±2.6 2.4±0.9
WWZ onshell <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.2±0.1 <0.1 <0.1
ZH ! WWZ <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1±0.1 0.1±0.1 <0.1
WWZ total <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.3±0.1 0.1±0.1 <0.1
WZZ onshell <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
WH ! WZZ <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
WZZ total <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
ZZZ onshell <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
ZH ! ZZZ <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
ZZZ total <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
VVV onshell 0.9±0.4 2.3±0.9 4.6±1.7 0.9±0.4 1.0±0.6 3.3±1.3 0.3±0.2 1.2±0.4 0.4±0.2 6.9±2.4 4.3±1.6 1.8±0.7
VH ! VVV 0.4±0.3 1.3±0.9 1.2±0.5 0.5±0.3 1.3±1.3 2.7±1.2 1.1±0.8 6.5±3.1 2.2±1.1 3.6±1.6 5.1±2.1 0.6±0.6
VVV total 1.3±0.5 3.7±1.3 5.8±1.7 1.5±0.5 2.3±1.4 6.0±1.7 1.4±0.8 7.7±3.1 2.5±1.1 10.4±2.9 9.3±2.6 2.4±0.9
Total 4.4±1.2 13.5±3.2 20.0±2.9 23.6±3.8 17.8±4.2 62.7±6.3 7.4±5.5 61.2±10.6 9.0±2.0 17.0±3.0 45.5±5.6 41.1±3.7
Observed 3 14 15 22 22 67 13 69 8 17 42 39
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Signal 4` eµ 4` ee/µµ 5` 6`
region bin 1 bin 2 bin 3 bin 4 bin 5 bin A bin B
ZZ 15.9±1.0 1.6±0.1 0.6±0.1 0.6±0.1 0.2±0.0 76.4±4.3 2.9±0.3 0.30±0.09 0.01±0.01
ttZ 0.2±0.1 0.1±0.1 2.8±0.5 1.4±0.2 0.1±0.1 1.5±0.3 2.3±0.3 <0.01 <0.01
tWZ 0.1±0.1 0.1±0.1 0.6±0.1 0.7±0.1 0.1±0.1 0.5±0.1 0.7±0.1 <0.01 <0.01
WZ 0.5±0.2 0.2±0.2 0.5±0.2 0.3±0.3 0.1±0.1 1.0±0.4 0.2±0.1 <0.01 <0.01
Other 1.1±0.4 0.5±0.5 0.5±0.2 0.6±0.2 <0.1 2.7±0.6 0.5±0.2 <0.01 <0.01
Background sum 17.8±1.1 2.5±0.5 5.0±0.6 3.6±0.4 0.5±0.1 82.2±4.3 6.6±0.5 0.30±0.09 0.01±0.01
WWW onshell <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.01 <0.01
WH ! WWW <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.01 <0.01
WWW total <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.01 <0.01
WWZ onshell 0.3±0.1 0.4±0.2 1.4±0.7 3.6±1.5 1.0±0.5 2.7±1.2 3.2±1.4 <0.01 <0.01
ZH ! WWZ 1.1±0.5 1.1±0.5 0.5±0.2 1.3±0.5 1.8±0.8 2.9±1.2 1.5±0.6 <0.01 <0.01
WWZ total 1.3±0.5 1.5±0.5 1.9±0.8 4.9±1.6 2.9±0.9 5.6±1.7 4.7±1.5 <0.01 <0.01
WZZ onshell 0.2±0.2 0.1±0.1 0.2±0.2 0.4±0.4 0.1±0.1 0.5±0.4 0.2±0.2 2.62±1.82 0.03±0.05
WH ! WZZ 0.2±0.3 0.2±0.3 <0.1 0.5±0.5 <0.1 <0.1 <0.1 <0.01 <0.01
WZZ total 0.4±0.3 0.3±0.3 0.2±0.2 0.9±0.7 0.1±0.1 0.5±0.4 0.2±0.2 2.62±1.82 0.03±0.05
ZZZ onshell <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.01 <0.01
ZH ! ZZZ <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.01 <0.01
ZZZ total <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.01 <0.01
VVV onshell 0.5±0.2 0.4±0.2 1.6±0.8 4.0±1.5 1.1±0.5 3.2±1.3 3.4±1.4 2.62±1.82 0.03±0.05
VH ! VVV 1.2±0.5 1.3±0.6 0.5±0.2 1.7±0.8 1.8±0.8 2.9±1.2 1.5±0.6 <0.01 <0.01
VVV total 1.7±0.6 1.7±0.6 2.1±0.8 5.8±1.7 3.0±0.9 6.1±1.8 4.8±1.5 2.62±1.82 0.03±0.05
Total 19.5±1.2 4.2±0.8 7.1±1.0 9.4±1.8 3.5±0.9 88.2±4.7 11.4±1.6 2.92±1.82 0.04±0.05
Observed 22 9 7 8 3 80 11 3 0
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Signal SS mjj-in SS mjj-out SS 1j 3`
region e±e± e±µ± µ±µ± e±e± e±µ± µ±µ± e±e± e±µ± µ±µ± 0 SFOS 1 SFOS 2 SFOS
Lost/three ` 1.8±0.4 10.9±2.0 8.7±1.0 8.8±1.7 46.0±6.2 44.8±4.4 8.4±1.3 43.5±4.4 34.5±2.7 4.6±0.8 15.1±1.5 58.3±2.4
Irreducible 2.1±0.4 13.0±3.6 8.4±1.4 9.8±1.4 41.1±4.5 42.8±4.7 2.6±0.6 22.8±8.6 13.2±1.9 2.5±0.9 2.2±1.2 2.5±0.8
Nonprompt ` 1.3±0.9 5.8±2.4 6.8±2.2 2.3±1.3 12.0±6.1 11.2±3.8 1.8±2.9 2.4±1.3 2.8±1.1 3.0±0.9 5.7±1.6 5.9±1.6
Charge flips <0.1 1.2±2.0 <0.1 2.6±1.6 1.0±0.5 <0.1 6.9±4.7 0.2±0.1 <0.1 <0.1 1.1±1.3 0.7±0.2
g ! nonprompt ` 1.4±0.4 2.3±0.9 0.1±0.8 8.6±3.1 19.2±5.1 2.3±0.9 3.8±1.1 19.7±6.0 13.8±7.0 <0.1 0.6±0.7 0.2±0.3
Background sum 6.7±1.2 33.3±5.2 24.0±2.9 32.1±4.3 119±11 101±8 23.6±5.8 88.7±11.4 64.4±7.8 10.1±1.5 24.7±2.9 67.6±3.1
WWW onshell 1.0±0.5 3.3±1.5 3.5±1.6 0.9±0.5 3.9±1.8 4.1±1.9 0.5±0.3 1.8±0.8 1.7±0.9 5.9±2.6 3.8±1.7 2.5±1.2
WH ! WWW 0.2±0.3 1.9±1.5 0.6±0.4 0.4±0.4 1.3±0.8 1.7±1.0 0.8±0.5 4.5±2.7 3.3±2.0 3.0±1.7 2.7±1.5 1.3±0.8
WWW total 1.2±0.6 5.1±2.2 4.1±1.6 1.3±0.6 5.3±2.0 5.7±2.1 1.4±0.6 6.3±2.8 5.0±2.2 8.8±3.1 6.6±2.3 3.8±1.4
WWZ onshell 0.1±0.1 0.3±0.2 0.2±0.1 <0.1 <0.1 0.1±0.1 0.1±0.1 <0.1 <0.1 0.3±0.2 0.2±0.2 0.2±0.1
ZH ! WWZ 0.1±0.1 <0.1 <0.1 <0.1 <0.1 0.3±0.3 <0.1 <0.1 0.4±0.4 0.2±0.1 <0.1 <0.1
WWZ total 0.1±0.2 0.3±0.2 0.2±0.1 <0.1 <0.1 0.4±0.3 0.1±0.1 <0.1 0.4±0.4 0.4±0.2 0.2±0.2 0.2±0.1
WZZ onshell <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
WH ! WZZ <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
WZZ total <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
ZZZ onshell <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
ZH ! ZZZ <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
ZZZ total <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
VVV onshell 1.0±0.5 3.5±1.5 3.7±1.6 0.9±0.5 3.9±1.8 4.2±1.9 0.6±0.3 1.8±0.8 1.7±0.9 6.1±2.6 4.0±1.8 2.7±1.2
VH ! VVV 0.3±0.3 1.9±1.5 0.6±0.4 0.4±0.4 1.3±0.8 2.0±1.0 0.8±0.5 4.5±2.7 3.7±2.0 3.1±1.7 2.7±1.5 1.3±0.8
VVV total 1.3±0.6 5.4±2.2 4.2±1.6 1.3±0.6 5.3±2.0 6.1±2.1 1.4±0.6 6.3±2.8 5.4±2.2 9.3±3.1 6.8±2.3 3.9±1.4
Total 8.0±1.3 38.7±5.6 28.2±3.4 33.5±4.4 125±11 107±8 25.0±5.8 95.0±11.8 69.8±8.1 19.4±3.4 31.4±3.7 71.5±3.4
Observed 5 46 20 31 112 118 29 101 69 20 32 69
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Signal 4` eµ 4` ee/µµ 5` 6`
region bin 4 bin 3 bin 2 bin 1 bin A bin B bin C
ZZ 0.3±0.0 0.7±0.0 0.7±0.0 0.4±0.0 1.8±0.2 6.0±0.6 5.0±0.5 0.30±0.08 0.01±0.01
ttZ 0.2±0.0 0.3±0.1 0.8±0.1 2.3±0.4 1.4±0.2 1.1±0.2 0.2±0.0 <0.01 <0.01
tWZ 0.1±0.1 0.1±0.1 0.3±0.0 0.8±0.1 0.5±0.1 0.3±0.1 0.1±0.1 <0.01 <0.01
WZ 0.2±0.1 0.1±0.1 0.1±0.2 0.6±0.2 <0.1 0.2±0.1 0.1±0.1 <0.01 <0.01
Other <0.1 0.2±0.1 0.6±0.3 0.2±0.1 <0.1 1.4±0.5 0.1±0.1 <0.01 <0.01
Background sum 0.8±0.1 1.4±0.1 2.5±0.3 4.3±0.4 3.7±1.9 9.1±0.8 5.5±0.5 0.30±0.08 0.01±0.01
WWW onshell <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.01 <0.01
WH ! WWW <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.01 <0.01
WWW total <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.01 <0.01
WWZ onshell 0.5±0.2 0.5±0.2 1.1±0.4 4.0±1.6 2.1±0.9 1.2±0.4 0.6±0.2 <0.01 <0.01
ZH ! WWZ 2.3±0.9 1.1±0.4 0.3±0.1 0.1±0.1 0.8±0.3 0.9±0.4 0.5±0.2 <0.01 <0.01
WWZ total 2.8±0.9 1.6±0.5 1.4±0.4 4.1±1.6 2.9±1.0 2.1±0.6 1.1±0.3 <0.01 <0.01
WZZ onshell <0.1 0.1±0.1 0.1±0.1 0.4±0.3 0.2±0.2 0.1±0.1 0.1±0.1 2.17±1.46 0.03±0.04
WH ! WZZ <0.1 0.4±0.3 0.1±0.2 <0.1 <0.1 <0.1 <0.1 <0.01 <0.01
WZZ total <0.1 0.4±0.4 0.2±0.2 0.4±0.3 0.2±0.2 0.1±0.1 0.1±0.1 2.17±1.46 0.03±0.04
ZZZ onshell <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.01 <0.01
ZH ! ZZZ <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.01 <0.01
ZZZ total <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.01 <0.01
VVV onshell 0.5±0.2 0.6±0.2 1.2±0.4 4.4±1.6 2.3±0.9 1.3±0.5 0.7±0.2 2.17±1.46 0.03±0.04
VH ! VVV 2.3±0.9 1.5±0.5 0.4±0.3 0.1±0.1 0.8±0.3 0.9±0.4 0.5±0.2 <0.01 <0.01
VVV total 2.8±0.9 2.1±0.6 1.6±0.5 4.5±1.6 3.1±1.0 2.2±0.6 1.2±0.3 2.17±1.46 0.03±0.04
Total 3.6±0.9 3.5±0.6 4.1±0.6 8.8±1.7 6.8±2.1 11.3±1.0 6.6±0.6 2.47±1.46 0.04±0.04
Observed 7 1 5 7 6 8 7 3 0
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…after analysis of Run I data, … ➋ mW shifted a 
full s.d. … the mHiggs must be ➌ much lower than 
anyone had anticipated. … Surprises happen.

– D. Amidei, R. Brock  Fermi news 1/17/2003
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Figure 1. Top mass versus time: prediction from EWK fits and
measurements. Recent LHC results are also included. Reproduced
with permisssion from [2] Annual Reviews.

Figure 2. Lowest order diagrams that correlate MW, Mt and MH.
!MW ∝ M2

t in the left diagram, !MW ∝ ln(MH ) in the other two
diagrams. Figure supplied by M W Grünewald.

1. Introduction

The standard model (SM) of particle physics unifies the weak
and electromagnetic forces into a single quantum field theory.
The addition of quantum chromodynamics (QCD), which
describes the strong interactions that bind quarks into protons
and neutrons, completes the SM. The elements of this unified
theory are six quarks, six leptons and five gauge bosons. The
gauge bosons are the W± and Z (carriers of the weak force),
the photon (carrier of the electromagnetic force) and the gluon
(carrier of the strong force). An additional neutral scalar boson,
the Higgs boson, is necessary to explain electroweak (EWK)
symmetry breaking, i.e. the observation of non-zero masses
of the W± and Z bosons. It also generates quark and lepton
masses through the Yukawa interaction. A recent review of
EWK symmetry breaking scenarios can be found in an earlier
issue of this journal [1].

The top quark is the heaviest fundamental fermion. Prior
to its direct observation, its mass was predicted through a
fit to a number of EWK observables sensitive to virtual top
quark effects. This prediction, however, had a very large
uncertainty as it can be seen in the historical plot of the top
mass expectations and measurements presented in figure 1 [2].

The mass of the still unobserved Higgs boson, MH, is
related within the electroweak theory to the W boson mass,
MW, and the top quark mass, Mt , through quantum loop
corrections (for a review see [1]). Some of the lowest order
diagrams that link MW, Mt and MH are shown in figure 2.

Precision measurements of the masses of the W boson
and the top quark are essential to predict the mass of the
Higgs boson. An overall fit of EWK observables, including
the W and the top masses, can put constraints on the Higgs

Figure 3. The relationship between MW, Mt and MH. For each
value of MH, the SM constraints possible values of MW and Mt so
that they have to lie along the corresponding diagonal band. The
dashed contour is the indirect constraint on MW and Mt from
measurements of 18 EWK observables; the solid contour is the
expectation from the MW and Mt direct measurements. All contours
are for the 68% CL fit result [3].

mass [3]. Figure 3 illustrates the relationship between the
three masses, given current measurements. The SM fit of 18
EWK observables (without the mass measurements) constrains
the Higgs mass to lie inside the dashed contour, while the
precision with which the W and top masses are currently known
constrains the Higgs mass to the smaller solid contour. From
the latter we see that a change of 1 GeV/c2 in the top mass shifts
the predicted central value of the Higgs mass by ∼10 GeV/c2.

The discovery of the bottom quark in 1977 [4 ] set in motion
the search for its partner in the third fermion doublet. Exper-
imental lower limits on the top mass slowly increased from a
few GeV/c2 until the top quark was observed and its mass was
directly measured at the Tevatron 18 years later [5, 6]. A first
hint for the top quark was reported by the CDF collaboration
in [7], together with a mass value of 174 ± 10 ± 13 GeV/c2.
Today, the measured value of the top quark mass is not very
far from this very early estimate. Increased statistics, a better
understanding of detector performance and better measure-
ment techniques have reduced the uncertainty considerably.

The top quark is much heavier than its partner, the bottom
quark, whose mass is about 5 GeV/c2 (see [8] for a review
on quark masses). The Yukawa coupling of the top quark,
λt = 23/4 G1/2

F Mt , is of order unity. This raises the question
if the top quark is distinct from the other quarks, i.e. does it
have a special role in the electroweak symmetry breaking? A
dynamical breaking of EWK theory by a top quark condensate
was proposed even before the top quark was discovered [9],
later extended to a topcolor model [10]. So far no experimental
evidence for the validity of such a model has been found.

1.1. Top mass definition

When referring to quark masses, it is important to define
which theoretical framework is used for the given value of
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Figure 1. Top mass versus time: prediction from EWK fits and
measurements. Recent LHC results are also included. Reproduced
with permisssion from [2] Annual Reviews.

Figure 2. Lowest order diagrams that correlate MW, Mt and MH.
!MW ∝ M2

t in the left diagram, !MW ∝ ln(MH ) in the other two
diagrams. Figure supplied by M W Grünewald.

1. Introduction

The standard model (SM) of particle physics unifies the weak
and electromagnetic forces into a single quantum field theory.
The addition of quantum chromodynamics (QCD), which
describes the strong interactions that bind quarks into protons
and neutrons, completes the SM. The elements of this unified
theory are six quarks, six leptons and five gauge bosons. The
gauge bosons are the W± and Z (carriers of the weak force),
the photon (carrier of the electromagnetic force) and the gluon
(carrier of the strong force). An additional neutral scalar boson,
the Higgs boson, is necessary to explain electroweak (EWK)
symmetry breaking, i.e. the observation of non-zero masses
of the W± and Z bosons. It also generates quark and lepton
masses through the Yukawa interaction. A recent review of
EWK symmetry breaking scenarios can be found in an earlier
issue of this journal [1].

The top quark is the heaviest fundamental fermion. Prior
to its direct observation, its mass was predicted through a
fit to a number of EWK observables sensitive to virtual top
quark effects. This prediction, however, had a very large
uncertainty as it can be seen in the historical plot of the top
mass expectations and measurements presented in figure 1 [2].

The mass of the still unobserved Higgs boson, MH, is
related within the electroweak theory to the W boson mass,
MW, and the top quark mass, Mt , through quantum loop
corrections (for a review see [1]). Some of the lowest order
diagrams that link MW, Mt and MH are shown in figure 2.

Precision measurements of the masses of the W boson
and the top quark are essential to predict the mass of the
Higgs boson. An overall fit of EWK observables, including
the W and the top masses, can put constraints on the Higgs

Figure 3. The relationship between MW, Mt and MH. For each
value of MH, the SM constraints possible values of MW and Mt so
that they have to lie along the corresponding diagonal band. The
dashed contour is the indirect constraint on MW and Mt from
measurements of 18 EWK observables; the solid contour is the
expectation from the MW and Mt direct measurements. All contours
are for the 68% CL fit result [3].

mass [3]. Figure 3 illustrates the relationship between the
three masses, given current measurements. The SM fit of 18
EWK observables (without the mass measurements) constrains
the Higgs mass to lie inside the dashed contour, while the
precision with which the W and top masses are currently known
constrains the Higgs mass to the smaller solid contour. From
the latter we see that a change of 1 GeV/c2 in the top mass shifts
the predicted central value of the Higgs mass by ∼10 GeV/c2.

The discovery of the bottom quark in 1977 [4 ] set in motion
the search for its partner in the third fermion doublet. Exper-
imental lower limits on the top mass slowly increased from a
few GeV/c2 until the top quark was observed and its mass was
directly measured at the Tevatron 18 years later [5, 6]. A first
hint for the top quark was reported by the CDF collaboration
in [7], together with a mass value of 174 ± 10 ± 13 GeV/c2.
Today, the measured value of the top quark mass is not very
far from this very early estimate. Increased statistics, a better
understanding of detector performance and better measure-
ment techniques have reduced the uncertainty considerably.

The top quark is much heavier than its partner, the bottom
quark, whose mass is about 5 GeV/c2 (see [8] for a review
on quark masses). The Yukawa coupling of the top quark,
λt = 23/4 G1/2

F Mt , is of order unity. This raises the question
if the top quark is distinct from the other quarks, i.e. does it
have a special role in the electroweak symmetry breaking? A
dynamical breaking of EWK theory by a top quark condensate
was proposed even before the top quark was discovered [9],
later extended to a topcolor model [10]. So far no experimental
evidence for the validity of such a model has been found.

1.1. Top mass definition

When referring to quark masses, it is important to define
which theoretical framework is used for the given value of
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Figure 1. Top mass versus time: prediction from EWK fits and
measurements. Recent LHC results are also included. Reproduced
with permisssion from [2] Annual Reviews.

Figure 2. Lowest order diagrams that correlate MW, Mt and MH.
!MW ∝ M2

t in the left diagram, !MW ∝ ln(MH ) in the other two
diagrams. Figure supplied by M W Grünewald.

1. Introduction

The standard model (SM) of particle physics unifies the weak
and electromagnetic forces into a single quantum field theory.
The addition of quantum chromodynamics (QCD), which
describes the strong interactions that bind quarks into protons
and neutrons, completes the SM. The elements of this unified
theory are six quarks, six leptons and five gauge bosons. The
gauge bosons are the W± and Z (carriers of the weak force),
the photon (carrier of the electromagnetic force) and the gluon
(carrier of the strong force). An additional neutral scalar boson,
the Higgs boson, is necessary to explain electroweak (EWK)
symmetry breaking, i.e. the observation of non-zero masses
of the W± and Z bosons. It also generates quark and lepton
masses through the Yukawa interaction. A recent review of
EWK symmetry breaking scenarios can be found in an earlier
issue of this journal [1].

The top quark is the heaviest fundamental fermion. Prior
to its direct observation, its mass was predicted through a
fit to a number of EWK observables sensitive to virtual top
quark effects. This prediction, however, had a very large
uncertainty as it can be seen in the historical plot of the top
mass expectations and measurements presented in figure 1 [2].

The mass of the still unobserved Higgs boson, MH, is
related within the electroweak theory to the W boson mass,
MW, and the top quark mass, Mt , through quantum loop
corrections (for a review see [1]). Some of the lowest order
diagrams that link MW, Mt and MH are shown in figure 2.

Precision measurements of the masses of the W boson
and the top quark are essential to predict the mass of the
Higgs boson. An overall fit of EWK observables, including
the W and the top masses, can put constraints on the Higgs

Figure 3. The relationship between MW, Mt and MH. For each
value of MH, the SM constraints possible values of MW and Mt so
that they have to lie along the corresponding diagonal band. The
dashed contour is the indirect constraint on MW and Mt from
measurements of 18 EWK observables; the solid contour is the
expectation from the MW and Mt direct measurements. All contours
are for the 68% CL fit result [3].

mass [3]. Figure 3 illustrates the relationship between the
three masses, given current measurements. The SM fit of 18
EWK observables (without the mass measurements) constrains
the Higgs mass to lie inside the dashed contour, while the
precision with which the W and top masses are currently known
constrains the Higgs mass to the smaller solid contour. From
the latter we see that a change of 1 GeV/c2 in the top mass shifts
the predicted central value of the Higgs mass by ∼10 GeV/c2.

The discovery of the bottom quark in 1977 [4 ] set in motion
the search for its partner in the third fermion doublet. Exper-
imental lower limits on the top mass slowly increased from a
few GeV/c2 until the top quark was observed and its mass was
directly measured at the Tevatron 18 years later [5, 6]. A first
hint for the top quark was reported by the CDF collaboration
in [7], together with a mass value of 174 ± 10 ± 13 GeV/c2.
Today, the measured value of the top quark mass is not very
far from this very early estimate. Increased statistics, a better
understanding of detector performance and better measure-
ment techniques have reduced the uncertainty considerably.

The top quark is much heavier than its partner, the bottom
quark, whose mass is about 5 GeV/c2 (see [8] for a review
on quark masses). The Yukawa coupling of the top quark,
λt = 23/4 G1/2

F Mt , is of order unity. This raises the question
if the top quark is distinct from the other quarks, i.e. does it
have a special role in the electroweak symmetry breaking? A
dynamical breaking of EWK theory by a top quark condensate
was proposed even before the top quark was discovered [9],
later extended to a topcolor model [10]. So far no experimental
evidence for the validity of such a model has been found.

1.1. Top mass definition

When referring to quark masses, it is important to define
which theoretical framework is used for the given value of
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Figure 1. Top mass versus time: prediction from EWK fits and
measurements. Recent LHC results are also included. Reproduced
with permisssion from [2] Annual Reviews.

Figure 2. Lowest order diagrams that correlate MW, Mt and MH.
!MW ∝ M2

t in the left diagram, !MW ∝ ln(MH ) in the other two
diagrams. Figure supplied by M W Grünewald.

1. Introduction

The standard model (SM) of particle physics unifies the weak
and electromagnetic forces into a single quantum field theory.
The addition of quantum chromodynamics (QCD), which
describes the strong interactions that bind quarks into protons
and neutrons, completes the SM. The elements of this unified
theory are six quarks, six leptons and five gauge bosons. The
gauge bosons are the W± and Z (carriers of the weak force),
the photon (carrier of the electromagnetic force) and the gluon
(carrier of the strong force). An additional neutral scalar boson,
the Higgs boson, is necessary to explain electroweak (EWK)
symmetry breaking, i.e. the observation of non-zero masses
of the W± and Z bosons. It also generates quark and lepton
masses through the Yukawa interaction. A recent review of
EWK symmetry breaking scenarios can be found in an earlier
issue of this journal [1].

The top quark is the heaviest fundamental fermion. Prior
to its direct observation, its mass was predicted through a
fit to a number of EWK observables sensitive to virtual top
quark effects. This prediction, however, had a very large
uncertainty as it can be seen in the historical plot of the top
mass expectations and measurements presented in figure 1 [2].

The mass of the still unobserved Higgs boson, MH, is
related within the electroweak theory to the W boson mass,
MW, and the top quark mass, Mt , through quantum loop
corrections (for a review see [1]). Some of the lowest order
diagrams that link MW, Mt and MH are shown in figure 2.

Precision measurements of the masses of the W boson
and the top quark are essential to predict the mass of the
Higgs boson. An overall fit of EWK observables, including
the W and the top masses, can put constraints on the Higgs

Figure 3. The relationship between MW, Mt and MH. For each
value of MH, the SM constraints possible values of MW and Mt so
that they have to lie along the corresponding diagonal band. The
dashed contour is the indirect constraint on MW and Mt from
measurements of 18 EWK observables; the solid contour is the
expectation from the MW and Mt direct measurements. All contours
are for the 68% CL fit result [3].

mass [3]. Figure 3 illustrates the relationship between the
three masses, given current measurements. The SM fit of 18
EWK observables (without the mass measurements) constrains
the Higgs mass to lie inside the dashed contour, while the
precision with which the W and top masses are currently known
constrains the Higgs mass to the smaller solid contour. From
the latter we see that a change of 1 GeV/c2 in the top mass shifts
the predicted central value of the Higgs mass by ∼10 GeV/c2.

The discovery of the bottom quark in 1977 [4 ] set in motion
the search for its partner in the third fermion doublet. Exper-
imental lower limits on the top mass slowly increased from a
few GeV/c2 until the top quark was observed and its mass was
directly measured at the Tevatron 18 years later [5, 6]. A first
hint for the top quark was reported by the CDF collaboration
in [7], together with a mass value of 174 ± 10 ± 13 GeV/c2.
Today, the measured value of the top quark mass is not very
far from this very early estimate. Increased statistics, a better
understanding of detector performance and better measure-
ment techniques have reduced the uncertainty considerably.

The top quark is much heavier than its partner, the bottom
quark, whose mass is about 5 GeV/c2 (see [8] for a review
on quark masses). The Yukawa coupling of the top quark,
λt = 23/4 G1/2

F Mt , is of order unity. This raises the question
if the top quark is distinct from the other quarks, i.e. does it
have a special role in the electroweak symmetry breaking? A
dynamical breaking of EWK theory by a top quark condensate
was proposed even before the top quark was discovered [9],
later extended to a topcolor model [10]. So far no experimental
evidence for the validity of such a model has been found.

1.1. Top mass definition

When referring to quark masses, it is important to define
which theoretical framework is used for the given value of

2
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Figure 1: A historical perspective of values of a few particle properties tabulated in this Review as a function of date of publication of the
Review. A full error bar indicates the quoted error; a thick-lined portion indicates the same but without the “scale factor.”
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Figure 1: A historical perspective of values of a few particle properties tabulated in this Review as a function of date of publication of the
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History tells us with more data we get smarter; also surprises happen



Muon resolution
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https://arxiv.org/pdf/1206.4071.pdf

Z µµ decays

https://arxiv.org/pdf/1206.4071.pdf
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https://arxiv.org/pdf/1206.4071.pdf

https://arxiv.org/pdf/1206.4071.pdf


Electron resolution
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Electron resolution
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after combining ECAL and Trk



b tagging
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https://twiki.cern.ch/twiki/pub/CMSPublic/BTV13TeV2017FIRST2018/PT30GeV.pdf

Loose = mis id = 10%

https://twiki.cern.ch/twiki/pub/CMSPublic/BTV13TeV2017FIRST2018/PT30GeV.pdf


Electroweak sector

 84

Chang
UCSD



What to change for Run 3
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• Lepton ID for many lepton final states
• Custom isolation only useful for same-sign / 3 lepton final states
• Less than ideal for 5 / 6 lepton, which will be more important in Run 3

• Split interpretation by channels and vertex
• Split WWW / WWZ / WZZ / ZZZ
• Further split by VH v. VVV

• WWW v. WH→WWW
• WWZ v. ZH→ZWW
• WZZ v. WH→WZZ
• ZZZ v. ZH→ZZZ

• Work towards combination with other VBS channel
• e.g. In theory, WWW and VBS same-sign WW cannot be separated

• Breaks gauge invariance if remove diagram by hand



Future colliders
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Today
arXiv:2003.09084 The Future

Near(er) Future

Ultimately FCC-hh with 100 TeV collider will map out the Higgs potential 

“Europe, together with its 
international partners, 
should investigate the 
technical and financial 
feasibility of a future hadron 
collider at CERN with a 
centre-of-mass energy of at 
least 100 TeV …”

— 2020 Update of the 
European Strategy for 

Particle Physics



Lepton collider multi-boson physics
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Multi-lepton → Multi-jet final states

⇒ W / Z → qq separation important
⇒ Hadronic calorimeter important (resolution)

Z
W

W
q
q

q
q
q

q
e

e
EFTNP

Z
W

W
v

l

v
l
l

l
e

e
EFTNP

**SM process will likely proceed via ZH

Jet 
assignment?



Physics of VVV production (V = W, Z)
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Triboson process has access to studying many multi-boson interactions
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cubic gauge 
interaction
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interaction

VH→VVV* is part of our 
signal. Their contribution is 
subdominant. (1/3 of signal 

in our signal regions)
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Triboson process has access to studying many multi-boson interactions

Z
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cubic gauge 
interaction

quartic gauge 
interaction

Higgs-gauge 
interaction

Forbidden 
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tree level!

rearrange

Z
Z
Z

Three Z’s radiating
from quark lines

Forbidden 
in SM at 

tree level!

VH→VVV* is part of our 
signal. Their contribution is 
subdominant. (1/3 of signal 

in our signal regions)



Higgs potential
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https://indico.cern.ch/event/687651/contributions/3403318/attachments/1851013/3038718/LHCP2019_TheoryVision_Craig.pdf

What we 
know

How is electroweak 
symmetry broken?

arXiv:1307.3536
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https://indico.cern.ch/event/687651/contributions/3403318/attachments/1851013/3038718/LHCP2019_TheoryVision_Craig.pdf

What we 
know

Standard 
Model 

prediction

New physics? How is electroweak 
symmetry broken?

What is the fate of 
the universe?

arXiv:1307.3536

Understanding Higgs potential have deep implications to cosmology

H

H

H



Large Hadron Collider at CERN
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Switzerland

France-Swiss border
ATLAS

CMS ALICE

LHCb
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# of proton bunches ~3000

Bunch spacing 25 ns
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Proton bunch size 30 cm in Z, 3.5 µm in XY
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…

Proton beam collision at the LHC
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LHC provides highest energy pp collisions ever recorded

proton
bunches

LHC tunnel

1011 protons
per bunch

~3000 
bunches

25 nanosec 
in between

proton
bunches



Proton beam collision at the LHC
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LHC provides highest energy pp collisions ever recorded

Large dataset of

30-40 pp collisions 
per bunch crossing

(35 pp collisions) × (40 MHz) = 
~1.5 billions pp collisions per second

proton
bunches

LHC tunnel

1011 protons
per bunch

~3000 
bunches

25 nanosec 
in between

proton
bunches



Typical search strategy
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1. Define low background signal regions (SRs)
2. Estimate background yields by extrapolating from bkg. 

enriched control region (CR)
3. Ascertain accuracy of the extrapolation from a different sample

Uncorrelated 
discriminating Var 1

A

B

CR

SR

Extrapolate

ascertain 
accuracy of 

extrapolation

background distribution

signal distribution
Uncorrelated 

discriminating Var 2

Make smart choices (brains) then execute to deliver (brawns)



Worldwide LHC Computing Grid (Brawns)
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Global collaboration 
of around 170 

computing centers 
in more than 40 

countries



Details on the operation
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Detectors have ~70M channels
× few bytes per channel
× 40 MHz event rate
× 1/1000 zero-suppression
⇒  O(10) TB / s
× “one” year (4 × 106 secs)
⇒ O(100) Exabyte / year
× 1/100,000 event filtering
⇒ ~5 PB / year

After some processing e.g. CMS provides
~10 PB of data and simulation for analysis
This is reprocessed twice a year

Then this is further reduced by x10 and is 
processed monthly

Then we further reduce it x5 and can be 
done in a ~week

And then we further reduce it ~few TB that 
can be processed daily



Recent results in multi-boson physics

 95

Chang
UCSD

• Several important results have come out recently from both ATLAS and CMS
• I will highlight a few (from CMS)
• (Disclaimer: Rest of the talk from here on will focus mostly on CMS)

WW scattering

e±, µ±

e±, µ±

ve, vµ

ve, vµ

Same-sign dilepton + 2 quarks

q

q
Tri-boson process

4 or 5 leptons

Z→2 lep

W→1 lep

W/Z→1, 2 lep

⇒ electrons, muons, and jets reconstructions are crucial 



Jet formation and identification
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Quarks and gluons produced 
from pp collisions manifest as a 

“jet” of particles
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Jet p
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 d
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)31.5 < |y| < 2.0 (x10
)22.0 < |y| < 2.5 (x10
)12.5 < |y| < 3.0 (x10
)03.2 < |y| < 4.7 (x10

PH+P8 CUETM1

 (13 TeV)-1< 71 pb

 R = 0.7tAnti-k

CMS

Excellent jet reconstruction and simulation

arXiv:1605.04436



Jets from vector boson scattering
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WW scattering

e±, µ±

e±, µ±

ve, vµ

ve, vµ

Same-sign dilepton + 2 quarks

q

q
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Two jets from VBS process tend to have relatively high invariant mass

~100 
events

arXiv:2005.01173
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WW scattering

e±, µ±

e±, µ±

ve, vµ

ve, vµ

Same-sign dilepton + 2 quarks
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Background

Signal

~100 
events
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Top quark decay features
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Top quark is produced more 
abundantly than multi-bosons
(see slide 9 for typical rates)

When produced top quark 
decays ~100% of the time 
to b quark and a W boson

top

bottom

W

Produces W bosons that are 
not of our interest

bottom quark has a long-lifetime 
(flight distance ~ 100s of µm)

⇒ Tag bottom quark and reject events with bottom quarks



Machine learning in LHC
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b-tagging via machine learning is one of many successful application of 
ML that is continually growing in particle physics

Was this from bottom quark?

Train deep neural network 

Better

CMS-DP-2017-005



b quark jets tagging
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Preliminary CMS  (13 TeV)-1137 fb

0SFOS channel

tt ̅+ W

Tri-boson

tt ̅

Number of b-tagged jets in the event

Reject events with bottom quark to reduced backgrounds from top quark

https://cms-results.web.cern.ch/cms-results/public-
results/superseded/SMP-19-014/index.html



WW scattering results
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 [GeV]jjm
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 [f
b/

G
eV

]
jj

/d
m

σd

0
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0.008 Data

MADGRAPH5_aMC@NLO+Pythia8 without NLO corr.
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 (13 TeV)-1137 fbCMS
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1
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• O(100) events observed
• Measure the production rates as 

a function of important variables
• The measured cross section is 

compatible with the SM

WW scattering cross section has been measured and found to be 
consistent with SM

arXiv:2005.01173



Reconstruct W→qq in WWW → l±l±qq
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µ+

µ+

Jet 1
Jet 2
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Preliminary CMS  (13 TeV)-1137 fb

≥2 SRsjSS n

W mass window

MET

dijet invariant mass for signal peaks around W mass

80 ± 15 GeV 
window

N.B. some signals are 
outside the window

(See next slide)



Difficulties in jet final states
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CMS Simulation Preliminary  (13 TeV)-1137 fb

 threshold
T

jet p

Difficult to match W → qq
⇒ Select off-W-mass peak region

Difficult to reconstruct both jets
⇒ Select 1 jet (1J) events

2 additional categories (mjj-in, mjj-out, 1J)  each split by ee/eµ/µµ
⇒ Total of 9 signal regions for same-sign analysis

We cover wide range of possible jet final states to maximize sensitivity

signal's dijet mass

correctly 
matched

incorrectly 
matched

about half of 
signal lose 

one jet
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Preliminary CMS  (13 TeV)-1137 fb

ee/µµ category

Events are separated into 2 categories by flavor:
• “eµ channel”: (ee/µµ)on-Z-mass + eµ (low bkg.)
• “ee/µµ channel”: (ee/µµ)on-Z-mass + ee/µµ (ee/µµ)on-Z-mass + eµ

(ee/µµ)on-Z-mass + ee/µµ

eµ channel utilizes mT2 variable, which is a 
generalization of mT for multiple missing 

particles. mT2 is sensitive to the end points 
of mτ from ZZ→llττ

ZZ bkg in ee/µµ have low missing energy

Combine these and a few more kinematic 
variables to form total of 7 signal regions 

for 4 lepton analysis

Exploit differences between Z → ll v. WW → lvlv

25 GeV

120 GeV
70 GeV



5 leptons
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Require the 5 lepton events to contain 
two SFOS pair consistent with Z mass

The dominant background is ZZ → llll 
plus a fake lepton

The fake lepton has low transverse 
mass while the signal’s W has 

transverse mass peaking at W mass 0
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Preliminary CMS  (13 TeV)-1137 fb

5 leptons signal region

W mass

Cut-and-count of one bin

Exploit the features of W → lv decay

50 GeV
(only for e+ll+ll channel

µ+ll+ll is clean)

5 leptons target W Z Z signal



Background estimations
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WZ → lvll ZZ → llll ZZ → llll
+ fake lep

ZZ → llll
+ 2 fake lep

WZ → l±vl±l∓
lost

tt ̅→ bb + l + XD
om

in
an

t 
Bk

gs
.

tt ̅→ bb + ll  + X
fake l fake l

ttZ → llll + bbX

3 leptons 4 leptons 5 leptons 6 leptons
Same-sign
2 leptons

Types of backgrounds Suppressed via Bkg. estimation

Fake leptons Isolation Reliably extrapolate across isolation 

Backgrounds with b jets b tagging Reliably extrapolate across b tagging 
Lost leptons Removing events with 3rd lepton Reliably extrapolate across N leptons 
Irreducible Smart flavor choices Reliably extrapolate across flavor 

Reliably extrapolate across the method used to suppress background to 
estimate the size of residual backgrounds in signal region



Rejecting events with b jets
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B hadrons have 
long lifetime
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Preliminary CMS  (13 TeV)-1137 fb

0SFOS channel

ttW̅ → lll + bb

WWW
WZ → lll

3 lep 0SFOS channel

Signals do not have b jets

EW processes generally do not come 
with b jets ⇒ Require # of b = 0

CMS developed 
deep neural network 

based b tagger



Added benefit of rejecting events with b
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WWW
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3 lep 0SFOS channel

Signals do not have b jets

EW processes generally do not come 
with b jets ⇒ Require # of b = 0

B hadrons have 
long lifetime

Lepton from b 
decay is the main 
source of “fake"

“fake" leptons 
are not isolated

tt ̅→ ll + bb

l
CMS developed 

deep neural network 
based b tagger



WZ background in same-sign channel
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≥2 lost-lepton control regionjSS n

Estimate lost lepton background by extrapolating across # of leptons

Lepton finding efficiency is well modeled by MC

Construct a control region with 3 leptons and 
extrapolate across 3 lepton →  2 leptons

Experimental systematics assigned

Control region data statistics dominates 
uncertainty (20%)

(factors: PT, η, lepton ID)

W

Z

e+

v
µ+

µ-
lost

enters signal region 
via lost lepton ⇒ Need 
to understand lepton 

finding efficiency
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1 jet  outjjm  injjm # SFOS Z + ll µZ + e

Same-charge dilepton 3 lepton 4 lepton

5 lepton
6 lepton

Data and prediction
 stat. uncertainty±Data 

 systematics±Background 

Triboson signals
WWW
WWZ
WZZ
ZZZ

)0.34 −
0.38 + = 0.82

WWW
µ(

)0.36 −
0.31 + = 0.90

WWZ
µ(

)1.09 −
1.61 + = 1.85

WZZ
µ(

)0.00 −
1.36 + = 0.0

ZZZ
µ(

Bkg. in same-charge / 3 lep.
Lost / three leptons
Charge misassignment
Irreducible
Nonprompt leptons

 lepton→ γ

Backgrounds in 4/5/6 lep.
ZZ tWZ Others

Ztt WZ

0

Results (Cut-based analysis)
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9 bins 3 bins 7 bins 1 1
More sensitive bins are generally to the right

Measured cross section
Theoretical cross sectionSignal strength µ = 

Cut-based analysis is also reported for cross check and completeness
(also easier to understand by theorists if re-interpreted)
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