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From July 4th, 2012 seminar
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From Peskin, Higgs Hunting, 2012



6 years later…
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2012-2018
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Are the major decay/production 
modes present?
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The ZZ(*)→ 4l decay mode

!10

up to July 2012 2016+2017
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The production modes
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The production modes
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Other decay/production modes

!13

 [GeV]HM
120 121 122 123 124 125 126 127 128 129 130

Br
an

ch
in

g 
R

at
io

-410

-310

-210

-110

1

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
6

bb

ττ

µµ

cc

gg

γγ

ZZ

WW

γZ

 (GeV)ττm
0 50 100 150 200 250 300

S/
(S

+B
) w

ei
gh

te
d 

ev
en

ts
 / 

G
eV

200

400

600

800

1000

1200

1400

1600

1800

Observed

=1.09)µ (ττ→H

ττ→Z

W+jets

QCD multijet

Others

Bkg. unc.

 (13 TeV)-135.9 fb

CMS

hτhτ0-jet: 

hτhτVBF: 
µ, ehτ, e

h
τµ, hτhτBoosted: 

 (GeV)ττm
0 50 100 150 200 250 300

10−

0

10

20

30

40 Obs. - bkg.

ττ→H

Bkg. unc.

PLB 779 (2018) 283 
H→ 𝜏𝜏, observed  

En
tri

es

1

10

210

310

410

510

610 Data
)bVZ(b

Background

)bVZ(b
Bkg. unc.

CMS
 (13 TeV)-135.9 fb

(S/B)
10

log
4− 3.5− 3− 2.5− 2− 1.5− 1− 0.5− 0

D
at

a 
/ M

C
 (B

)

0.5

1

1.5

PLB 780 (2018) 501 
VH→ bb, evidence (~4σ )

0 1 2 3 4 5 6

SMσ/σ

-0.24

+0.21
 = 1.38 

ggH
µ

-0.29

+0.66 = 0.29 
VBF

µ

-1.70

+1.88 = 3.27 
WH

µ

-1.00

+1.57
 = 1.00 

ZH
µ

-0.17

+0.18
 = 1.28 

comb
µ

WW→H

Combination

SM

 (13 TeV)-135.9 fbCMS Preliminary

CMS-PAS-HIG-16-042 
H→ WW, > 9σ

µ
2− 0 2 4 6 8

-1.0
+1.1        2.4 VH

-0.8
+0.9        2.2 Htt

-0.5
+0.6        0.8 VBF

-0.18
+0.20      1.10 ggH

0.14−
0.17+ =   1.18 

combined
µ

 profiledHm

Combined 68% CL

Per process 68% CL

SM
µ=µ

CMS
γγ→H

TeV)  (13-1  35.9 fb

arXiv:1804.02716 
H→ γγ



Other decay/production modes
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Standard Model like boson?
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Consistency across channels
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Spin-parity

!17

PRD 89 (2014) 092007

) + 0
 /L

P J
-2

 ln
(L

-40

-20

0

20

40

60

-0
any

+
h0

any

-1
XAqq

-1
any

+1
XAqq

+1
any

+
m2
XAgg

+
m2
XAqq

+
m2
any

+
b2
XAgg

+
h2
XAgg

-
h2
XAgg

CMS -1 = 8 TeV, L = 19.7 fbs; -1 = 7 TeV, L = 5.1 fbs

CMS data Median expected

m 1± +0 m 1± PJ
m 2± +0 m 2± PJ
m 3± +0 m 3± PJ

Data favor 0+ scalar state 
H→ ZZ alone



Spin-parity
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Small deviations from the SM?
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CP mixture?
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How and where to measure

H→ γγ: only sensitive to non-spin0 


H→ WW: no full kinematic information available


H→ Z(γ*)Z*(γ*) → 4l: full kinematics available, angular 
information 
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Anomalous coupling results at Run1
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Anomalous coupling at Run2
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Anomalous coupling at Run2
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Mass measurement
Why precise mass measurement?


• SM self-consistency check, mH 
contribute to mW


• determine the EW vacuum stability


• affect the coupling uncertainties


• 100 MeV ΔmH => 0.9% ΔBR


• BSM correction to the couplings 
might be subtle

!29  [GeV]Am
200 300 400 500 600 1000

β
ta

n

1

2

3

4
5
6

10

20

30

40
50
60

Model not strictly applicable

 (8 TeV)-1 19.7 fb≤ (7 TeV) + -1 5.1 fb≤

130

CMS Preliminary

Observed exclusion 95% CL

Expected exclusion 95% CL

Model not strictly applicable

h(125) (HIG-15-002)

 bb (arXiv:1506.08329)→A/H 

 (arXiv:1508.01437)µµ →A/H/h 

  (HIG-14-029)ττ →A/H/h 

(arXiv:1510.01181)
)ττ Zh (ll→) / A ττ hh (bb→H 

) (HIG-13-032)γγ hh (bb→H 

 WW/ZZ (arXiv:1504.00936)→H

hMSSM

SM Coupling  
constraints

CMS-PAS-HIG-16-007

arXiv:1310.8361v2



Mass measurement
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On-shell width measurement

!31

 [GeV]Hm
123 124 125 126 127

 [G
eV

]
H

Γ 

0

1

2

3

4

5

0

10

20

30

40

50

60

70
95% CL

68% CL

Best fit

95% CL

68% CL

Best fit

CMS  (13 TeV)-135.9 fb

 ln
 L

∆
-2

 

(G
eV)

(G
eV)

(GeV)

(G
eV
)

 [GeV]HΓ
0 0.5 1 1.5 2 2.5 3

 ln
L

∆
-2

 

0

2

4

6

8

10

 (13 TeV)-135.9 fbCMSPreliminary

68% CL

95% CL

Observed
Expected

(GeV)

JHEP 11 (2017) 047

ΓH < 1.1 GeV



Off-shell width measurement: Run1
SM prediction: 4.15 MeV, extremely small compared to the mass ~ 125 GeV
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σoff-shell /σon-shell ~ ΓH
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Mass & Width: Run2
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Describe mass shape in full range

no approximation on-shell/off-shell

interference with bkg included
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Any other deviation?
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Direct search for BSM?
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Search for additional Higgs
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4l 2l2v 2l2q

BR (%) 0.453 2.692 9.422

Resolution (%) 1-3 - 3-7

Mass range [GeV] 130-3000 200-3000 550-3000

H→ ZZ, 3 final states

Search for ggH and VBF production

arXiv:1804.01939
submitted to JHEP
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Direct search in H→ ZZ/WW



Search for additional Higgs
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Search for additional Higgs
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No significant excess observed



Summary
• The ZZ final state provides a long list to check things about the Higgs boson

• Existence?  ✔

• SM like? ✔

• Precisely SM???

• Couplings of decay and productions?

• Anomalously couplings ?

• Mass?

• Width?

• Differential distributions?


• BSM Higgs search?

• We are in an era of precision measurement, and the list is expanding

• Off-shell differential..


• More data (3000 fb-1) and more ideas waiting for us! So far only analyzed ~70 fb-1
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Additional slides
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Anomalous coupling with production
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VH(bb) to measure HVV (V=Z,W) coupling 

sensitive to small anomalous couplings
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fa3 < 0.0034 at 95% combined with H→ZZ/WW
assuming μt/μb= SM
fa3 < 0.28 at 95% using H→ ZZ/WW


