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More importantly: 	
    You can call me Nobu/Nobuchika	
    Feel free to contact me at okadan@ua.edu
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Day 1
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The Standard Model
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Status of the Standard Model	

The Standard Model (SM) is the best theory  in describing the 
nature of elementary particle physics, which is in excellent 
agreement with almost of all current experimental results 
(including LHC results) as of TODAY	

However, 	
There are problems that the SM cannot answer	
Physics beyond the SM (BSM Physics) is strongly suggested by 
both experimental & theoretical points of view	

General features of BSM: New particles 	
                                              New Interactions



The Standard Model
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The Standard Model
The best theory that we know in describing 
elementary particle phenomena at 
the energy scale up to O(1 TeV) 

Elementary particles  (as of today) 

Matters:  quarks & leptons

Gauge bosons:  mediate interactions  
(gauge interactions)                            

Higgs boson:  origin of mass   

9

Theoretical Tech:  Gauge Field Theories
(Quantum Field Theory + Gauge Invariance)
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2.%Standard%Model%interpreta4ons%

Fermions!&!Gauge!Bosons!

The!Standard!Model!!

Higgs%field%&%
Higgs%poten4al%�
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The Standard Model 	
 Spontaneously Broken Chiral Gauge Theory⊂

“Spontaneously Broken”:  Spontaneous gauge symmetry breaking	
                                               Higgs mechanism

“Chiral gauge theory”: 	
          Chiral fermions involved	
          Left-handed and right-handed fermions interacts differently	
          Chiral symmetry forbids fermion masses 

General definition of a model of gauge field theory

1. Define Gauge Group (U(1), SU(N) etc.)

2. Fix Particle Contents

The Standard Model

Gauge group: 

Particle contents: leptons & quarks & Higgs 

QCD int. Electroweak int. 

Gauge fields:    gluon  
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Particle content of the SM

General definition of a model of gauge field theory

1. Define Gauge Group (U(1), SU(N) etc.)

2. Fix Particle Contents

The Standard Model

Gauge group: 

Particle contents: leptons & quarks & Higgs 

QCD int. Electroweak int. 

Gauge fields:    gluon  

interaction gauge boson gauge symmetry

strong gluon SU(3)C
weak W±, Z boson SU(2)L × U(1)Y

electromagnetic photon

Table 3.1: Fundamental interactions in the Standard Model. The strong interaction is

mediated by gluons, and confines quarks to make up a nucleon. The weak interaction

is mediated by weak bosons, by which a neutron decays into a proton, an electron and

an anti-neutrino (beta-decay). Particles which posses electric charges interact with each

other through the exchange of photons. This is the electromagnetic interaction.

SU(3)C SU(2)L U(1)Y

qiL =

)
ui
L

diL

[
3 2 1/6

ui
R 3 1 2/3

diR 3 1 -1/3

liL =

)
νiL
eiL

[
1 2 -1/2

eiR 1 1 -1

H =

)
H0

H−

[
1 2 -1/2

Table 3.2: Particle content of the Standard Model. i = 1, 2, 3 is the generation index.

qL and lL are left-handed quark and lepton SU(2)L doublets, respectively. uR and dR
are, respectively, right-handed up-type and down-type quarks, while eR is right-handed

charged lepton. The SU(2)L Higgs doublet scalar is denoted as H.

transmations, is given by

LSM = −1

2
tr[GµνGµν ]−

1

2
tr[F µνFµν ]−

1

4
BµνBµν

+ qiLiγ
µDµq

i
L + liLiγ

µDµl
i
L

+ ui
Riγ

µDµu
i
R + diRiγ

µDµd
i
R + eiRiγ

µDµe
i
R

+ (DµH)†(DµH)− λ

)
H†H − 1

2
v2
[2

− {Y ij
u qiLHuj

R + Y ij
d qiLH̃djR + Y ij

e liLH̃ejR +H.c.}, (3.1.1)

where Gµν , Fµν and Bµν are field strengths of SU(3)C , SU(2)L and U(1)Y gauge bosons

31

Electric charge operator: QL =
1
2

σ3 + YL, Q = YR

 i =1,2,3

2.%Standard%Model%interpreta4ons%

Fermions!&!Gauge!Bosons!

The!Standard!Model!!

Higgs%field%&%
Higgs%poten4al%�
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The structure of the SM (1st generation) 

QCD co
lor

8 gluons

Left-handed Right-handed 

12
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Higgs potential 

Higgs field 

The Higgs scalar field plays the crucial role in the SM to 
generate particle masses  (Higgs Mechanism)

Vacuum of the SM, Higgs field condenses with non-zero 
vacuum expectation value  
à generating masses for particles coupling to the Higgs VEV

13

V = − μ2 (ϕ†ϕ) + λ (ϕ†ϕ)2
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Interactions in the SM

1. Gauge interactions (strong, weak, electromagnetic)

Chirality conserving:

2. Yukawa interaction

Chirality flipping:

Brief Article

The Author

August 19, 2014

�(H ! Z�)

�(H ! Z�)SM
. 10 (1)

Y qRHQL (2)

1

Brief Article

The Author

August 19, 2014

�(H ! Z�)

�(H ! Z�)SM
. 10 (1)

Y qRHQL (2)

g  L,R�
µ
 L,RVµ (3)

1

3. Self-interaction of Higgs

Higgs potential: 

Brief Article

The Author

August 19, 2014

�(H ! Z�)

�(H ! Z�)SM
. 10 (1)

Y qRHQL (2)

g  L,R�
µ
 L,RVµ (3)

V = �

✓
H

†
H � v

2
EW

2

◆2

(4)

1

14

†
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Fundamental forces in Nature 

Gravity interaction
Strong interaction (QCD)   
Weak interaction   
Electromagnetic int. (QED) 

4 fundamental forces

Very precisely 
measured & checked 

More interactions in the SM
Yukawa interaction 

crucial for generating fermion masses 
Higgs self-interaction 

crucial for Higgs potential and VEV 

Need experimental confirmations! 16
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EW%symmetry%breaking%and%mass%genera4on%mechanism�

W!&!Z!bosons!get!masses!through!gauge!coupling!

Gauge%interac4on%
of%Higgs%doublet�
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Gauge%interac4on%of%Higgs%doublet�

Higgs%boson�

Pick%up%Two%VEVs�

W%boson%mass�

Pick%up%one%VEV�

3%point%interac4on� 4%point%interac4on�

Pick%up%NO%VEV�

Unitary!gauge�

1

2 (v+h(x)
0 )

Unitary Gauge
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Fermions!get!masses!through!Yukawa!coupling!

Example:!electron!mass!!

Pick%up%one%VEV� Pick%up%NO%VEV�

H̃ = iσ2H†
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Higgs!boson!mass!via!the!Higgs!quarMc!coupling!

!!etc.�

Higgs!boson!mass!via!the!Higgs!quarMc!coupling!

!!etc.�

H

HH†

H†
λ H =

1

2 (v+h(x)
0 )
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Towards%experimental%confirma4on%of%the%mass%genera4on%
mechanism�

Measure!the!coupling!precisely!and!
compare!it!to!the!theory!predicMon!

=�
???�

=�
???�

???�

Brief Article

The Author

August 19, 2014

�(H ! Z�)

�(H ! Z�)SM
. 10 (1)

Y qRHQL (2)

g  L,R�
µ
 L,RVµ (3)

V = �

✓
H

†
H � v

2
EW

2

◆2

(4)

�exp =
m

2
h

v2
(5)

1
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More details on Higgs Mechanism

H(x) = (H0(x)
H−(x))

V(H ) = − μ2 H†H + λ (H†H )2, (μ2 > 0, λ > 0)

H(x) → exp(i αa(x)
σa

2 ) exp(i (−
1
2 ) β(x)) H(x)

•  transformationSU(2)L × U(1)Y

 with Electric charge operator: Q =
1
2

σ3 + Y

• Higgs potentialHiggs Mechanism
Electroweak Symmetry Breaking

Higgs Doublet under

Gauge boson & fermion mass generation

⟨H⟩ = (
v

2

0 ) , v = 246 GeV
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For Unitary Gauge discussion, Non-Linear/Polar parametrization 
is more convenient: 

H(x) = (H0(x)
H−(x)) → H(x) = exp(i

πa(x)σa

2v ) 1

2 (v + h(x)
0 )

π3(x) = 2 Im H0(x)

π1(x) =
1

2 (H−(x) + H−*(x))
π2(x) =

i

2 (H−*(x) − H−(x))

These  are would-be Nambu-Goldstone bosons: 	
They are massless NG modes associated with 

 symmetry breaking in the global limit.  

πa

SU(2)L × U(1)Y → U(1)EM

Unitary Gauge: Remove the would-be NG modes by suitable choice 
of α(x)a and β(x)

h(x) = 2 Rm H0(x)
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Matching the degree of freedom before/after symmetry breaking?

Symmetric Case

Wa
μ (a = 1,2,3), Bμ

H

Broken Case

all massless: 3 × 2 + 1 × 2 = 8
D.O.F

Complex doublet: 2 × 2 = 4

3 massive vector bosons: 3 × 3 = 9
W±

μ =
1

2 (W1
μ ∓ iW2

μ)
Zμ = cWW3

μ − sWBμ

Aμ = sWW3
μ + cWBμ, 1 massless photon: 1 × 2 = 2

mW =
1
2

g v, mZ =
1
2

g2 + g′￼2 v

tan θW = g′￼/g

h 1 real scalar (Higgs boson): 1

Higgs Mechanism: 3 would-be NG modes are “eaten” 	
by the longitudinal modes of W and Z
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Theoretical observation of this structure

example 1: top quark decay ( ) if t → bW+ mt ≫ mW

bg
top quark decays to W+b 
through SU(2) gauge interaction

Γ(t → bW ) =
m3

t

16πv2 (1 −
m2

W

m2
t )

2

(1 + 2
m2

W

m2
t ) →

m3
t

16πv2

Independent  of SU(2) gauge coupling? 

Γ(t → bW ) →
m3

t

16πv2
=

y2
t

32π
mt

H+

b
t

yt

Top quark decays to would-be NG boson through 
Yukawa coupling 
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Theoretical observation of this structure

example 2: Higgs boson decay ( ) if h → W+W− mh ≫ mW

Higgs boson decays to  
through SU(2) gauge interaction

W+W−

Independent  of SU(2) gauge coupling? 

h

Higgs decays to would-be NG bosons through 	
self-quartic coupling 

W%bos
on%l

oop
�

QED
!int

era
cMo

n�

QED
!int

era
cMo

n�

3!po
int!

inte
racM

on�

We%ne
ed%a

%VE
V%in

ser4
on%(

Sym
me

try%
Bre

akin
g)%

to%c
lose

%the
%loo

p!�

W%boson%loop�

QED!interacMon�

QED!interacMon�

3!point!
interacMon�
We%need%a%VEV%inser4on%(Symmetry%Breaking)%

to%close%the%loop!�

h
W+

W−

g2 v

Γ(h → W+W−) =
m3

h

16πv2
1 −

4m2
W

m2
h (1 −

4m2
W

m2
h

+
12m4

W

m4
h ) →

m3
h

16πv2

Γ(h → W+W−) →
m3

h

16πv2
=

λ2v2

64πmh H−

H+
λ v
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 Success of the SM before LHC
 (i) Direct evidence of weak bosons2-2. Direct evidence of weak gauge boson

Weak gauge bosons  were discovered at CERN in 1983 

collider with 

Exp.)

Theory)

Consistency (numerical),  Coupling universality
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LEP                   collider

Exp.)

Th.)

for 

 (ii) More precise measurements of EW gauge interactions
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Number of neutrinos

Exp.) 

i) Z mass & total decay width from         

the position & width of the peak 

ii) Measure cross sections at Z-pole

Th.) 

Number of neutrinos = 3
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Left-right production cross section asymmetry & lepton decay asymmetry 

of the Z-boson  

SLC @ Stanford                    polarization beam 

Exp.) 

Independent of 
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Hadronic decays of the Z and W bosons 

Exp.) 

Th.) 

for 

Consider QCD corrections: gluon

 more consistent
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 (ii) More precise measurements of EW gauge interactions
The success of the Standard Model (before LHC)

All particles have been observed (except Higgs boson before 2012)

The nature of the gauge interactions has been precisely checked 

(Ex) LEP Experiment

Z-boson production @Z-pole 

Huge number of Z bosons 

à Very precise measurements

17
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Triple & Quartic Gauge couplings at LEP2 LEP  LEP2:  E= m_Z  200 GeV

i) Test of non-Abelian nature of SM gauge sector 

ii) Probe for new physics  anomalous coupling  not exists in SM 

3-gauge couplings:  SM 

anomalous       

4-gauge couplings:  SM 

anomalous       
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188.6 GeV

σ=15.98±0.23 pb
188.6 GeV

σ=0.60±0.09 pb
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Consistent with the SM 

with 5%-10% accuracy 
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Neutral triple gauge couplings  not exist in the SM

SM backgroundSearch

Consistent with the SM
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Quartic gauge couplings

No anomalous coupling
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Beyond  Tree level   

LEP precision measurements  beyond % level 

 level of quantum corrections

Mass ratio: 
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parameter
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Before LHC: 	
   All particles have been observed (except Higgs boson) 	
   The nature of the gauge interaction has been precisely checked 

After LHC? 
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New particle search at Large Hadron Collider (LHC)
Large Hadron Collider (LHC) (restarts from 2009)

Proton-Proton collider s = 13 − 14 TeV

Initial states: 

LHC: hadron collider

Initial state: pp (not elementary particles)

proton

u u

d g

proton

u u

d g

collision

Initial states: 
gg, gq, gq̄, qq̄, qq′￼, . . .
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1.%Brief%summary%of%LHC%results%on%Higgs%boson%%
Discovery%of%a%new%scalar%par4cle%(Higgs%boson)!%

!  A%new%scalar%par4cle,%most%likely%the%Higgs%boson,%has%been%
discovered%independently%by%ATLAS%and%CMS%collabora4ons%%

%
!  First%announcement%on%July%4th,%2012%%
%%%%%“Higgsdependence”%Day%%%%
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A%new%scalar%par4cle,%most%likely%Standard%Model%Higgs%boson%has%
been%discovered%at%LHC%through%a%variety%of%decay%modes.%%

CMS�
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Measurements%of%Higgs%boson%couplings%

!  Variety%of%produc4ons%processes%&%decay%modes%%
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Vector Boson Fusion  

W and Z Associated Production 

NNnLO ~O(10%) 

Two forward jets and a large rapidity gap 

NLO TH uncertainty ~O(5%) 

NNLO TH uncertainty ~O(5%) 

Top Assoc. Prod. 

~0.5 M events produced 

~40 k events produced 

~20 k events produced 

~3 k evts produced 

tH 

!3.3"!W
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2 # 0.07"! t!b + 0.01"!b

2

!!b
2

B-quark Assoc. Prod. 
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~5 k evts produced 28'

For%mh=125.5%GeV%
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How SM Higgses pass away 

@CMSexperiment @ICHEP2014 a.david@cern.ch 

!  Couplings and 
kinematics drive BR 
(bb̅, WW, ττ, ZZ). 
! Decays to photons 

(γγ, Zγ) through 
loops. 

[http://cern.ch/go/qkh6] 9 

Observed%mh=125O126%GeV%is%ideal%to%explore%Higgs%
boson%proper4es%with%variety%of%decay%modes!%%
%%%%%%%%%*%Imagine%what%if%mh%>%160%GeV%%
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1.%Main%produc4on%mode:%gluon%fusion%%
2.%Primary%discovery%mode:%Higgs%decay%to%diphoton%

gluon�

gluon�

W!boson!loop�

!top!quark!loop!�

!top!quark!loop!�

Early stage of Higgs physics at LHC
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gluon�

More%theore4cal%descrip4on�
QCD!
!interacMon�

Yukawa!
interacMon�

QCD!
!interacMon�

We%need%a%mass%inser4on%(Symmetry%Breaking)%
to%close%the%loop!�
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W%boson%loop�

QED!interacMon�

QED!interacMon�

3!point!
interacMon�

We%need%a%VEV%inser4on%(Symmetry%Breaking)%
to%close%the%loop!�
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!  Without%EW%symmetry%breaking,%the%loop%
diagrams%cannot%be%induced.%!

%
!  The%new%par4cle%discovered%at%LHC%is%a%par4cle%

which%has%something%to%do%with%EW%symmetry%
breaking.%%

%
!  It%is%most%likely%the%longOsought%Higgs%boson%of%

the%Standard%Model%



50

Updates%(ICHEP%2014)%

 [GeV]γγm
110 120 130 140 150 160

 w
ei

gh
ts

 -
 fi

tte
d 

bk
g

∑ -8
-6
-4
-2
0
2
4
6
8

 w
ei

gh
ts

 / 
G

eV
∑

0

20

40

60

80

100

120

140

160

180

200

Data
Combined fit:

Signal+background
Background
Signal

= 7 TeVs -1 Ldt = 4.5 fb∫
= 8 TeVs -1 Ldt = 20.3 fb∫

s/b weighted sum

Mass measurement categories

ATLAS

Figure 4: Invariant mass distribution in the H ! �� analysis for data (7 TeV and 8 TeV samples combined), showing weighted data points
with errors, and the result of the simultaneous fit to all categories. The fitted signal plus background is shown, along with the background-only
component of this fit. The di↵erent categories are summed together with a weight given by the s/b ratio in each category. The bottom plot shows
the di↵erence between the summed weights and the background component of the fit.
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Higgs%boson%mass%measurement%via%h%"%diphoton,%ZZ*"4l%%

on the Higgs boson transverse momentum, evaluated as described in Sec. 4.6, has a negligible impact on the mass and
the inclusive signal rate measurements. The uncertainty on the integrated luminosity is given in Sec. 4.6, and has a
negligible impact on the mass measurement.

5.6. Results
Figure 6(a) shows the m4` distribution of the selected candidates for 7 TeV and 8 TeV collision data along with the

expected distributions for a signal with a mass of 124.5 GeV and the ZZ⇤ and reducible backgrounds. The expected
signal is normalized to the measured signal strength, given below. Figure 6(b) shows the BDTZZ⇤ output versus
m4` for the selected candidates in the m4` range 110–140 GeV. The compatibility of the data with the expectations
shown in Fig. 6(b) has been checked using pseudo-experiments generated according to the expected two-dimensional
distributions and good agreement has been found. Table 3 presents the observed and expected number of events forp

s = 7 TeV and
p

s = 8 TeV, in a mass window of 120–130 GeV, corresponding to about ±2�m4` .
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Figure 6: (a) Distribution of the four-lepton invariant mass for the selected candidates in the m4` range 80–170 GeV for the combined 7 TeV and
8 TeV data samples. Superimposed are the expected distributions of a SM Higgs boson signal for mH=124.5 GeV normalized to the measured signal
strength, as well as the expected ZZ⇤ and reducible backgrounds. (b) Distribution of the BDTZZ⇤ output, versus m4` for the selected candidates in
the 110–140 GeV m4` range for the combined 7 TeV and 8 TeV data samples. The expected distribution for a SM Higgs with mH = 124.5 GeV is
indicated by the size of the blue boxes, and the total background is indicated by the intensity of the red shading.

The measured Higgs boson mass in the H ! ZZ⇤ ! 4` decay channel obtained with the baseline 2D method is:

mH = 124.51 ± 0.52 (stat) ± 0.06 (syst) GeV
= 124.51 ± 0.52 GeV

(4)

where the first error represents the statistical uncertainty and the second the systematic uncertainty. The systematic
uncertainty is obtained from the quadrature subtraction of the fit uncertainty evaluated with and without the systematic
uncertainties fixed at their best fit values. Due to the large di↵erence between the magnitude of the statistical and sys-
tematic uncertainties, the numerical precision on the quadrature subtraction is estimated to be of the order of 10 MeV.
The measured signal strength for this inclusive selection is µ = 1.66+0.45

�0.38, consistent with the SM expectation of one.
The most precise results for µ from this data are based on an analysis optimized to measure the signal strength [18].
The expected statistical uncertainty for the 2D fit with the observed µ value of 1.66 is 0.49 GeV, consistent with the
observed statistical uncertainty. With the improved uncertainties on the electron and muon energy scales, the mass un-
certainty given above is predominantly statistical with a nearly negligible contribution from systematic uncertainties.
The mass measurement performed with the 1D model gives mH = 124.63 ± 0.54 GeV, consistent with the 2D result
where the expected di↵erence has an RMS of 250 MeV estimated from Monte Carlo pseudo-experiments. These
measurements can be compared to the previously reported result [15] of 124.3+0.6

�0.5 (stat) +0.5
�0.3 (syst) GeV, which was

obtained using the 1D model. The di↵erence between the measured values arises primarily from the changes to the
channels with electrons – the new calibration and resolution model, the introduction of the combined track momentum
and cluster energy fit, and the improved identification, as well as the recovery of non-collinear FSR photons, which
a↵ects all channels. In the 120–130 GeV mass window, there are four new events and one missing event as compared
to Ref. [15]. Finally as a third cross-check, the measured mass obtained with the per-event-error method is within 60
MeV of the value found with the 2D method.

18

ATLAS!results!(arXiv:!1406.3827)!
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Observation of  decayH → bb̄

Measurements%of%Higgs%boson%couplings%

!  Variety%of%produc4ons%processes%&%decay%modes%%
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Figure 3: The fitted values of the Higgs boson signal strength µbb
VH

for mH = 125 GeV for the WH and ZH processes
and their combination. The individual µbb

VH
values for the (W/Z)H processes are obtained from a simultaneous

fit with the signal strength for each of the WH and ZH processes floating independently. The probability of
compatibility of the individual signal strengths is 84%.
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systematic uncertainty are treated as uncorrelated. The dominant jet energy scale uncertainties
are treated as correlated between processes at the same collision energy, while the theory un-
certainties are correlated between all processes and data sets. The observed (expected) signal
significance is 5.6 (5.5)s, and the measured signal strength is µ = 1.04 ± 0.20. In addition to
the overall signal strength for the H ! bb decay, the signal strengths for the individual pro-
duction processes are also determined in this combination, where contributions from a single
production process to multiple channels are properly accounted for in the fit. All results are
summarized in Fig. 3.

µBest fit 
0 1 2 3 4 5 6 7 8 9

Combined

ZH

WH

ttH

VBF

ggF
stat      syst

 0.14± 0.14 ±1.04 

 0.16± 0.24 ±0.88 

 0.24± 0.29 ±1.24 

 0.37± 0.23 ±0.85 

 1.17± 0.98 ±2.53 

 1.30± 2.08 ±2.80 

CMS
 (13 TeV)-1 77.2 fb≤ (8 TeV) + -1 19.8 fb≤ (7 TeV) + -1 5.1 fb≤

bb→H

Observed
 syst)⊕ (stat σ1±

 (syst)σ1±

Figure 3: Best-fit value of the H ! bb signal strength with its 1s systematic (red) and total
(blue) uncertainties for the five individual production modes considered, as well as the overall
combined result. The vertical dashed line indicates the standard model expectation. All results
are extracted from a single fit combining all input analyses, with mH = 125.09 GeV.

In summary, measurement of the standard model Higgs boson decaying to bottom quarks
has been presented. A combination of all CMS measurements of the VH, H ! bb process
using proton-proton collisions recorded at center of mass energies of 7, 8, and 13 TeV, yields an
observed (expected) significance of 4.8 (4.9) standard deviations at mH = 125.09 GeV, and the
signal strength is µ = 1.01 ± 0.22. Combining this result with previous measurements by the
CMS Collaboration of the H ! bb decay in events where the Higgs boson is produced through
gluon fusion, vector boson fusion, or in association with top quarks, the observed (expected)
significance increases to 5.6 (5.5) standard deviations and the signal strength is µ = 1.04 ± 0.20.
This constitutes the observation of the H ! bb decay by the CMS Collaboration.
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Observation of H ! bb̄ decays and VH production
with the ATLAS detector

The ATLAS Collaboration

A search for the decay of the Standard Model Higgs boson into a bb̄ pair when produced in
association with a W or Z boson is performed with the ATLAS detector. The data, corres-
ponding to an integrated luminosity of 79.8 fb�1 were collected in proton–proton collisions
during Run 2 of the Large Hadron Collider at a centre-of-mass energy of 13 TeV. For a Higgs
boson mass of 125 GeV, an excess of events over the expected background from other Stand-
ard Model processes is found with an observed (expected) significance of 4.9 (4.3) standard
deviations. A combination with the results from other searches in Run 1 and in Run 2 for
the Higgs boson in the bb̄ decay mode is performed, which yields an observed (expected)
significance of 5.4 (5.5) standard deviations, thus providing direct observation of the Higgs
boson decay into b-quarks. The ratio of the measured event yield for a Higgs boson decaying
into bb̄ to the Standard Model expectation is 1.01 ± 0.12(stat.)+0.16

�0.15(syst.). Additionally, a
combination of Run 2 results searching for the Higgs boson produced in association with a
vector boson yields an observed (expected) significance of 5.3 (4.8) standard deviations.

© 2018 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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CMS-HIG-18-016

Observation of Higgs boson decay to bottom quarks

The CMS Collaboration⇤

Abstract

The observation of the standard model (SM) Higgs boson decay to a pair of bottom
quarks is presented. The main contribution to this result is from processes in which
Higgs bosons are produced in association with a W or Z boson (VH), and are searched
for in final states including 0, 1, or 2 charged leptons and two identified bottom quark
jets. The results from the measurement of these processes in a data sample recorded
by the CMS experiment in 2017, comprising 41.3 fb�1 of proton-proton collisions atp

s = 13 TeV, are described. When combined with previous VH measurements using
data collected at

p
s = 7, 8, and 13 TeV, an excess of events is observed at mH =

125 GeV with a significance of 4.8 standard deviations, where the expectation for the
SM Higgs boson is 4.9. The corresponding measured signal strength is 1.01 ± 0.22.
The combination of this result with searches by the CMS experiment for H ! bb
in other production processes yields an observed (expected) significance of 5.6 (5.5)
standard deviations and a signal strength of 1.04 ± 0.20.

Published in Physical Review Letters as doi:10.1103/PhysRevLett.121.121801.

c� 2018 CERN for the benefit of the CMS Collaboration. CC-BY-4.0 license

⇤See Appendix A for the list of collaboration members
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Future of  the Standard Model

The gauge structure of the Standard Model was tested with 
high precision even before the LHC	

The final missing particle of the Standard Model, the Higgs 
boson, was discovered at the LHC	

To complete and stress test the Standard Model, we must 
measure Higgs properties with much higher precision	

This is one of the most important directions in particle physics 
for the coming decades	

What do we need to achieve this goal?
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Higgs Factory! 
Interna4onal%Linear%Collider%(ILC)%%from%%%20XX%%?%

Lepton!collider!

!IniMal!states:! !elementary!parMcle!

!colliding!parMcle!energy!is!fixed!and!tunable!

!polarized!beam!opMon!

ILC:!more!precise!measurements!!

!!!!!!Higss!boson!properMes,!discriminate!New!Physics!Models!!

For details, see Junping’s lecture (Lecture I)! 
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Status of the Standard Model	

The Standard Model (SM) is the best theory  in describing the 
nature of elementary particle physics, which is in excellent 
agreement with almost of all current experimental results 
(including LHC Run results) as of TODAY	

Discussion Day 1 completed! 	
Let’s continue to Day 2         	

However, 	
There are problems that the SM cannot answer	
Physics beyond the SM (BSM Physics) is strongly suggested by 
both experimental & theoretical points of view
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Thank you

for your attention!


