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  An Introduction to the
 Standard Model of Particle Physics



What the Universe is made of at the most (or at a more) fundamental level?

Introduction/Outline

◆Theoretical framework

◆Experimental findings

◆The Standard Model of particle physics

◆Electroweak symmetry breaking and the Higgs mechanism

◆An old question and long-standing activity:

In this brief lecture, we present our knowledge based on many years of 
experimentation and theoretical speculation.

◆Outline:

Elementary particles and their interaction.



Experimental Findings: Fermions
Spin 1/2 matter particles, and their anti-particles, vast range of masses
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QUARKSQUARKSQUARKSQUARKS
The u-, d-, and s-quark masses are estimates of so-called “current-
quark masses,” in a mass-independent subtraction scheme such as
MS at a scale µ ≈ 2 GeV. The c- and b-quark masses are the
“running” masses in the MS scheme. For the b-quark we also
quote the 1S mass. These can be different from the heavy quark
masses obtained in potential models.
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tttt I (JP ) = 0(1
2
+)

Charge = 2
3 e Top = +1

Mass (direct measurements) m = 173.1 ± 0.6 GeV [a,b] (S = 1.6)
Mass from cross-section measurements) m = 160+5

−4 GeV [a]

Mass (Pole from cross-section measurements) m = 173.5 ± 1.1 GeV
mt − mt = −0.2 ± 0.5 GeV (S = 1.1)
Full width Γ = 1.41+0.19

−0.15 GeV (S = 1.4)

Γ
(

W b
)

/Γ
(

W q (q = b, s, d)
)

= 0.957 ± 0.034 (S = 1.5)

t-quark EW Couplingst-quark EW Couplingst-quark EW Couplingst-quark EW Couplings

F0 = 0.685 ± 0.020
F− = 0.320 ± 0.013
F+ = 0.002 ± 0.011
FV +A < 0.29, CL = 95%

p

t DECAY MODESt DECAY MODESt DECAY MODESt DECAY MODES Fraction (Γi /Γ) Confidence level (MeV/c)

t → W q (q = b, s, d) –
t → W b –

t → !ν! anything [c,d] ( 9.4±2.4) % –
t → e νe b (13.3±0.6) % –
t → µνµ b (13.4±0.6) % –
t → qq b (66.5±1.4) % –

∆T = 1 weak neutral current (T1) modes∆T = 1 weak neutral current (T1) modes∆T = 1 weak neutral current (T1) modes∆T = 1 weak neutral current (T1) modes

t → Z q (q=u,c) T1 [e] < 5 × 10−4 95% –
t → !+qq′ (q=d ,s,b; q′=u,c) < 1.6 × 10−3 95% –

b′ (4th Generation) Quark, Searches forb′ (4th Generation) Quark, Searches forb′ (4th Generation) Quark, Searches forb′ (4th Generation) Quark, Searches for

Mass m > 190 GeV, CL = 95% (pp, quasi-stable b′)
Mass m > 755 GeV, CL = 95% (pp, neutral-current decays)
Mass m > 675 GeV, CL = 95% (pp, charged-current decays)
Mass m > 46.0 GeV, CL = 95% (e+ e−, all decays)
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LEPTONSLEPTONSLEPTONSLEPTONS

eeee J = 1
2

Mass m = (548.57990946 ± 0.00000022)× 10−6 u
Mass m = 0.510998928 ± 0.000000011 MeV
∣

∣me+ − me−

∣

∣/m < 8 × 10−9, CL = 90%
∣

∣qe+ + qe−

∣

∣

/

e < 4 × 10−8

Magnetic moment anomaly
(g−2)/2 = (1159.65218076 ± 0.00000027)× 10−6

(ge+ − ge−) / gaverage = (−0.5 ± 2.1) × 10−12

Electric dipole moment d < 10.5 × 10−28 e cm, CL = 90%
Mean life τ > 4.6 × 1026 yr, CL = 90% [a]

µµµµ J = 1
2

Mass m = 0.1134289267 ± 0.0000000029 u
Mass m = 105.6583715 ± 0.0000035 MeV
Mean life τ = (2.1969811 ± 0.0000022)× 10−6 s
τ µ+/τ µ− = 1.00002 ± 0.00008

cτ = 658.6384 m
Magnetic moment anomaly (g−2)/2 = (11659209 ± 6) × 10−10

(gµ+ − gµ−) / gaverage = (−0.11 ± 0.12) × 10−8

Electric dipole moment d = (−0.1 ± 0.9) × 10−19 e cm

Decay parametersDecay parametersDecay parametersDecay parameters [b]

ρ = 0.74979 ± 0.00026
η = 0.057 ± 0.034
δ = 0.75047 ± 0.00034
ξPµ = 1.0009+0.0016

−0.0007
[c]

ξPµδ/ρ = 1.0018+0.0016
−0.0007

[c]

ξ′ = 1.00 ± 0.04
ξ′′ = 0.7 ± 0.4
α/A = (0 ± 4) × 10−3

α′/A = (−10 ± 20) × 10−3

β/A = (4 ± 6) × 10−3

β′/A = (2 ± 7) × 10−3

η = 0.02 ± 0.08
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µ+ modes are charge conjugates of the modes below.

p

µ− DECAY MODESµ− DECAY MODESµ− DECAY MODESµ− DECAY MODES Fraction (Γi /Γ) Confidence level (MeV/c)

e− νe νµ ≈ 100% 53

e− νe νµ γ [d] (1.4±0.4) % 53

e− νe νµ e+ e− [e] (3.4±0.4) × 10−5 53

Lepton Family number (LF ) violating modesLepton Family number (LF ) violating modesLepton Family number (LF ) violating modesLepton Family number (LF ) violating modes

e− νe νµ LF [f ] < 1.2 % 90% 53

e−γ LF < 2.4 × 10−12 90% 53

e− e+ e− LF < 1.0 × 10−12 90% 53

e− 2γ LF < 7.2 × 10−11 90% 53

ττττ J = 1
2

Mass m = 1776.82 ± 0.16 MeV
(mτ+ − mτ−)/maverage < 2.8 × 10−4, CL = 90%
Mean life τ = (290.6 ± 1.0) × 10−15 s

cτ = 87.11 µm
Magnetic moment anomaly > −0.052 and < 0.013, CL = 95%
Re(dτ ) = −0.220 to 0.45 × 10−16 e cm, CL = 95%
Im(dτ ) = −0.250 to 0.0080 × 10−16 e cm, CL = 95%

Weak dipole momentWeak dipole momentWeak dipole momentWeak dipole moment

Re(dw
τ ) < 0.50 × 10−17 e cm, CL = 95%

Im(dw
τ ) < 1.1 × 10−17 e cm, CL = 95%

Weak anomalous magnetic dipole momentWeak anomalous magnetic dipole momentWeak anomalous magnetic dipole momentWeak anomalous magnetic dipole moment

Re(αw
τ ) < 1.1 × 10−3, CL = 95%

Im(αw
τ ) < 2.7 × 10−3, CL = 95%
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sin2(2θ12) = 0.857 ± 0.024
∆m2

21 = (7.50 ± 0.20) × 10−5 eV2

sin2(2θ23) > 0.95 [i ]

∆m2
32 = (2.32+0.12

−0.08) × 10−3 eV2 [j ]

sin2(2θ13) = 0.098 ± 0.013

Heavy Neutral Leptons, Searches forHeavy Neutral Leptons, Searches forHeavy Neutral Leptons, Searches forHeavy Neutral Leptons, Searches for

For excited leptons, see Compositeness Limits below.

Stable Neutral Heavy Lepton Mass LimitsStable Neutral Heavy Lepton Mass LimitsStable Neutral Heavy Lepton Mass LimitsStable Neutral Heavy Lepton Mass Limits

Mass m > 45.0 GeV, CL = 95% (Dirac)
Mass m > 39.5 GeV, CL = 95% (Majorana)

Neutral Heavy Lepton Mass LimitsNeutral Heavy Lepton Mass LimitsNeutral Heavy Lepton Mass LimitsNeutral Heavy Lepton Mass Limits

Mass m > 90.3 GeV, CL = 95%
(Dirac νL coupling to e, µ, τ ; conservative case(τ))

Mass m > 80.5 GeV, CL = 95%
(Majorana νL coupling to e, µ, τ ; conservative case(τ))

NOTES

[a] This is the best limit for the mode e− → ν γ. The best limit for “electron
disappearance” is 6.4 × 1024 yr.

[b] See the “Note on Muon Decay Parameters” in the µ Particle Listings for
definitions and details.

[c] Pµ is the longitudinal polarization of the muon from pion decay. In
standard V−A theory, Pµ = 1 and ρ = δ = 3/4.

[d] This only includes events with the γ energy > 10 MeV. Since the e− νe νµ

and e−νe νµ γ modes cannot be clearly separated, we regard the latter
mode as a subset of the former.

[e] See the relevant Particle Listings for the energy limits used in this mea-
surement.

[f ] A test of additive vs. multiplicative lepton family number conservation.

[g ] Basis mode for the τ .

[h] L± mass limit depends on decay assumptions; see the Full Listings.

[i ] The limit quoted corresponds to the projection onto the sin2(2θ23) axis
of the 90% CL contour in the sin2(2θ23)−∆m2

32 plane.

[j ] The sign of ∆m2
32 is not known at this time. The range quoted is for

the absolute value.
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Charged Leptons

Neutrinos

1st 2nd 3rd Generation

Up-type Quarks

Down-type Quarks

Experimental Findings: Fermions



ExperimentsExperimental Findings: Gauge Bosons
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GAUGE AND HIGGS BOSONSGAUGE AND HIGGS BOSONSGAUGE AND HIGGS BOSONSGAUGE AND HIGGS BOSONS

γγγγ I (JPC ) = 0,1(1 −−)

Mass m < 1 × 10−18 eV
Charge q < 1 × 10−35 e
Mean life τ = Stable

gggg
or gluonor gluonor gluonor gluon

I (JP ) = 0(1−)

Mass m = 0 [a]

SU(3) color octet

WWWW J = 1

Charge = ±1 e
Mass m = 80.399 ± 0.023 GeV
mZ − mW = 10.4 ± 1.6 GeV
mW + − mW− = −0.2 ± 0.6 GeV
Full width Γ = 2.085 ± 0.042 GeV〈
Nπ±

〉
= 15.70 ± 0.35〈

NK±
〉

= 2.20 ± 0.19〈
Np

〉
= 0.92 ± 0.14〈

Ncharged
〉

= 19.39 ± 0.08

W− modes are charge conjugates of the modes below.

p

W+ DECAY MODESW+ DECAY MODESW+ DECAY MODESW+ DECAY MODES Fraction (Γi /Γ) Confidence level (MeV/c)

"+ν [b] (10.80± 0.09) % –
e+ ν (10.75± 0.13) % 40199

µ+ ν (10.57± 0.15) % 40199

τ+ ν (11.25± 0.20) % 40180

hadrons (67.60± 0.27) % –
π+γ < 8 × 10−5 95% 40199

D+
s γ < 1.3 × 10−3 95% 40175

c X (33.4 ± 2.6 ) % –

c s (31 +13
−11 ) % –

invisible [c] ( 1.4 ± 2.9 ) % –

HTTP://PDG.LBL.GOV Page 1 Created: 6/16/2011 12:05

Citation: K. Nakamura et al. (Particle Data Group), JP G 37, 075021 (2010) and 2011 partial update for the 2012 edition (URL: http://pdg.lbl.gov)

GAUGE AND HIGGS BOSONSGAUGE AND HIGGS BOSONSGAUGE AND HIGGS BOSONSGAUGE AND HIGGS BOSONS

γγγγ I (JPC ) = 0,1(1 −−)

Mass m < 1 × 10−18 eV
Charge q < 1 × 10−35 e
Mean life τ = Stable

gggg
or gluonor gluonor gluonor gluon

I (JP ) = 0(1−)

Mass m = 0 [a]

SU(3) color octet

WWWW J = 1

Charge = ±1 e
Mass m = 80.399 ± 0.023 GeV
mZ − mW = 10.4 ± 1.6 GeV
mW + − mW− = −0.2 ± 0.6 GeV
Full width Γ = 2.085 ± 0.042 GeV〈
Nπ±

〉
= 15.70 ± 0.35〈

NK±
〉

= 2.20 ± 0.19〈
Np

〉
= 0.92 ± 0.14〈

Ncharged
〉

= 19.39 ± 0.08

W− modes are charge conjugates of the modes below.

p

W+ DECAY MODESW+ DECAY MODESW+ DECAY MODESW+ DECAY MODES Fraction (Γi /Γ) Confidence level (MeV/c)

"+ν [b] (10.80± 0.09) % –
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D+
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GAUGE AND HIGGS BOSONSGAUGE AND HIGGS BOSONSGAUGE AND HIGGS BOSONSGAUGE AND HIGGS BOSONS

γγγγ I (JPC ) = 0,1(1 −−)

Mass m < 1 × 10−18 eV
Charge q < 1 × 10−35 e
Mean life τ = Stable

gggg
or gluonor gluonor gluonor gluon

I (JP ) = 0(1−)

Mass m = 0 [a]

SU(3) color octet

WWWW J = 1

Charge = ±1 e
Mass m = 80.399 ± 0.023 GeV
mZ − mW = 10.4 ± 1.6 GeV
mW + − mW− = −0.2 ± 0.6 GeV
Full width Γ = 2.085 ± 0.042 GeV〈
Nπ±

〉
= 15.70 ± 0.35〈

NK±
〉

= 2.20 ± 0.19〈
Np

〉
= 0.92 ± 0.14〈

Ncharged
〉

= 19.39 ± 0.08

W− modes are charge conjugates of the modes below.

p

W+ DECAY MODESW+ DECAY MODESW+ DECAY MODESW+ DECAY MODES Fraction (Γi /Γ) Confidence level (MeV/c)

"+ν [b] (10.80± 0.09) % –
e+ ν (10.75± 0.13) % 40199

µ+ ν (10.57± 0.15) % 40199

τ+ ν (11.25± 0.20) % 40180

hadrons (67.60± 0.27) % –
π+γ < 8 × 10−5 95% 40199

D+
s γ < 1.3 × 10−3 95% 40175

c X (33.4 ± 2.6 ) % –

c s (31 +13
−11 ) % –

invisible [c] ( 1.4 ± 2.9 ) % –
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ZZZZ J = 1

Charge = 0
Mass m = 91.1876 ± 0.0021 GeV [d]

Full width Γ = 2.4952 ± 0.0023 GeV
Γ
(
!+ !−

)
= 83.984 ± 0.086 MeV [b]

Γ
(
invisible

)
= 499.0 ± 1.5 MeV [e]

Γ
(
hadrons

)
= 1744.4 ± 2.0 MeV

Γ
(
µ+µ−)

/Γ
(
e+ e−

)
= 1.0009 ± 0.0028

Γ
(
τ+ τ−

)
/Γ

(
e+ e−

)
= 1.0019 ± 0.0032 [f ]

Average charged multiplicityAverage charged multiplicityAverage charged multiplicityAverage charged multiplicity
〈
Ncharged

〉
= 20.76 ± 0.16 (S = 2.1)

Couplings to leptonsCouplings to leptonsCouplings to leptonsCouplings to leptons

g !
V = −0.03783 ± 0.00041

gu
V = 0.29+0.10

−0.08

gd
V = −0.33+0.05

−0.07

g !
A = −0.50123 ± 0.00026

gu
A = 0.50+0.04

−0.07

gd
A = −0.524+0.050

−0.030

gν! = 0.5008 ± 0.0008
gνe = 0.53 ± 0.09
gνµ = 0.502 ± 0.017

Asymmetry parametersAsymmetry parametersAsymmetry parametersAsymmetry parameters [g ]

Ae = 0.1515 ± 0.0019
Aµ = 0.142 ± 0.015
Aτ = 0.143 ± 0.004
As = 0.90 ± 0.09
Ac = 0.670 ± 0.027
Ab = 0.923 ± 0.020

Charge asymmetry (%) at Z poleCharge asymmetry (%) at Z poleCharge asymmetry (%) at Z poleCharge asymmetry (%) at Z pole

A
(0!)
FB = 1.71 ± 0.10

A
(0u)
FB = 4 ± 7

A
(0s)
FB = 9.8 ± 1.1

A
(0c)
FB = 7.07 ± 0.35

A
(0b)
FB = 9.92 ± 0.16
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Spin 1 gauge particles and vast range of masses (force carriers)

Interacts with electrically charged particles

Interacts with all particles

Interacts with quarks (colored particles)

Interacts with LH particles



 Experimental Findings: Scalar Boson
Spin 0 particle with non-zero mass

Citation: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018)

Υ(3S)X < 5.4 × 10−6 CL=95% –
(D0/D0) X (20.7 ±2.0 ) % –
D±X (12.2 ±1.7 ) % –
D∗(2010)±X [j ] (11.4 ±1.3 ) % –
Ds1(2536)±X ( 3.6 ±0.8 ) × 10−3 –
DsJ (2573)±X ( 5.8 ±2.2 ) × 10−3 –
D∗′(2629)±X searched for –
B+X [k] ( 6.08 ±0.13 ) % –
B0

s X [k] ( 1.59 ±0.13 ) % –

B+
c X searched for –

Λ+
c X ( 1.54 ±0.33 ) % –

Ξ0
c X seen –

Ξb X seen –
b -baryon X [k] ( 1.38 ±0.22 ) % –
anomalous γ+ hadrons [l] < 3.2 × 10−3 CL=95% –
e+ e−γ [l] < 5.2 × 10−4 CL=95% 45594

µ+µ−γ [l] < 5.6 × 10−4 CL=95% 45594

τ+ τ−γ [l] < 7.3 × 10−4 CL=95% 45559

#+ #−γγ [n] < 6.8 × 10−6 CL=95% –
qqγγ [n] < 5.5 × 10−6 CL=95% –
ν ν γγ [n] < 3.1 × 10−6 CL=95% 45594

e±µ∓ LF [j ] < 7.5 × 10−7 CL=95% 45594

e± τ∓ LF [j ] < 9.8 × 10−6 CL=95% 45576

µ± τ∓ LF [j ] < 1.2 × 10−5 CL=95% 45576

pe L,B < 1.8 × 10−6 CL=95% 45589

pµ L,B < 1.8 × 10−6 CL=95% 45589

H0H0H0H0 J = 0

Mass m = 125.18 ± 0.16 GeV
Full width Γ < 0.013 GeV, CL = 95%

H0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different Channels

See Listings for the latest unpublished results.

Combined Final States = 1.10 ± 0.11
W W ∗ = 1.08+0.18

−0.16

Z Z∗ = 1.14+0.15
−0.13

γγ = 1.16 ± 0.18
bb = 0.95 ± 0.22
µ+µ− = 0.0 ± 1.3
τ+ τ− = 1.12 ± 0.23
Z γ < 6.6, CL = 95%
t t H0 Production = 2.3+0.7

−0.6
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◆Interacts with massive particles,  
the more massive the stronger the interaction.

◆The last elementary particle discovered in 2012 at the LHC



Experimental Findings

Citation: C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016) and 2017 update

tttt I (JP ) = 0(1
2
+)

Charge = 2
3 e Top = +1

Mass (direct measurements) m = 173.1 ± 0.6 GeV [a,b] (S = 1.6)
Mass from cross-section measurements) m = 160+5

−4 GeV [a]

Mass (Pole from cross-section measurements) m = 173.5 ± 1.1 GeV
mt − mt = −0.2 ± 0.5 GeV (S = 1.1)
Full width Γ = 1.41+0.19

−0.15 GeV (S = 1.4)

Γ
(

W b
)

/Γ
(

W q (q = b, s, d)
)

= 0.957 ± 0.034 (S = 1.5)

t-quark EW Couplingst-quark EW Couplingst-quark EW Couplingst-quark EW Couplings

F0 = 0.685 ± 0.020
F− = 0.320 ± 0.013
F+ = 0.002 ± 0.011
FV +A < 0.29, CL = 95%

p

t DECAY MODESt DECAY MODESt DECAY MODESt DECAY MODES Fraction (Γi /Γ) Confidence level (MeV/c)

t → W q (q = b, s, d) –
t → W b –

t → !ν! anything [c,d] ( 9.4±2.4) % –
t → e νe b (13.3±0.6) % –
t → µνµ b (13.4±0.6) % –
t → qq b (66.5±1.4) % –

∆T = 1 weak neutral current (T1) modes∆T = 1 weak neutral current (T1) modes∆T = 1 weak neutral current (T1) modes∆T = 1 weak neutral current (T1) modes

t → Z q (q=u,c) T1 [e] < 5 × 10−4 95% –
t → !+qq′ (q=d ,s,b; q′=u,c) < 1.6 × 10−3 95% –

b′ (4th Generation) Quark, Searches forb′ (4th Generation) Quark, Searches forb′ (4th Generation) Quark, Searches forb′ (4th Generation) Quark, Searches for

Mass m > 190 GeV, CL = 95% (pp, quasi-stable b′)
Mass m > 755 GeV, CL = 95% (pp, neutral-current decays)
Mass m > 675 GeV, CL = 95% (pp, charged-current decays)
Mass m > 46.0 GeV, CL = 95% (e+ e−, all decays)
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◆Parameters to parametrize the strengths of interactions: quantum numbers
1/3,{R,B,G},yt,etc,
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37

◆Spin is a vector quantity (magn.,direction). In VHE limit:
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◆A Dirac top quark is linear combination of both states.

◆Measured particle properties: 
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◆Neutrinos are left-handed

◆There are also anti-particles.



◆Next question: If there is  model to understand and describe elementary 
particles, their properties and interactions in mathematical terms?

◆Experimentally, we know that what the Universe is made of at some 
fundamental level:

+ anti-particles.

Experimental Findings

◆What is a particle?



◆A particle is a state in the Hilbert space. 

◆A theoretical practical framework for understanding physics at the 
microscopic scale: Quantum Mechanics. A probabilistic understanding of 
subatomic phenomena.

◆However, single particle quantum mechanics is not applicable to particle 
phenomena: the number/type of particles changes in interactions.

 Theoretical Framework: Quantum Mechanics

◆Thus we need a more general framework that applies the quantum rules.



 Theoretical Framework: Special Relativity

◆Experimental data indicate that Lorentz symmetry is respected by 
particle phenomena. 

Conservation of energy-momentum, angular momentum in interaction. 
Anti-particles, DOF’s,particular kinds of interactions, etc.

◆A symmetry of nature: Lorentz invariance (all inertial observers see same 
physics: special relativity)

◆Particles are in infinite-dimensional irreducible representations of the 
Lorentz group.

◆All (physical) quantities classified by how they transform under Lorentz 
group SO(1,3). (recall: Lorentz group is subgroup of Poincare)

◆Wigner: Unitary irreducible representations are characterized by two 
invariants: call them Mass m and Spin J, with 1, 2, 2J+1 DOF’s.  
(infinite-dimensional representation)
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 Theoretical Framework: Quantum Field Theory

◆What is a quantum field?  
Infinite number of harmonic oscillators.  
Natural object to describes particles. 
Particles are excitations of quantum fields.

◆A unique framework including QM plus SR: Quantum Field Theories

◆A particle is a state in the Hilbert space. 

◆A particles is in infinite-dimensional irreducible representations of the 
Lorentz group.



 Theoretical Framework: Quantum Field Theory
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◆A Higgs particle is a state in the Hilbert space. 

◆The Higgs particles is infinite-dimensional irreducible representations of 
the Lorentz group.

Higgs particle: 

Higgs field:
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Citation: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018)

Υ(3S)X < 5.4 × 10−6 CL=95% –
(D0/D0) X (20.7 ±2.0 ) % –
D±X (12.2 ±1.7 ) % –
D∗(2010)±X [j ] (11.4 ±1.3 ) % –
Ds1(2536)±X ( 3.6 ±0.8 ) × 10−3 –
DsJ (2573)±X ( 5.8 ±2.2 ) × 10−3 –
D∗′(2629)±X searched for –
B+X [k] ( 6.08 ±0.13 ) % –
B0

s X [k] ( 1.59 ±0.13 ) % –

B+
c X searched for –

Λ+
c X ( 1.54 ±0.33 ) % –

Ξ0
c X seen –

Ξb X seen –
b -baryon X [k] ( 1.38 ±0.22 ) % –
anomalous γ+ hadrons [l] < 3.2 × 10−3 CL=95% –
e+ e−γ [l] < 5.2 × 10−4 CL=95% 45594

µ+µ−γ [l] < 5.6 × 10−4 CL=95% 45594

τ+ τ−γ [l] < 7.3 × 10−4 CL=95% 45559

#+ #−γγ [n] < 6.8 × 10−6 CL=95% –
qqγγ [n] < 5.5 × 10−6 CL=95% –
ν ν γγ [n] < 3.1 × 10−6 CL=95% 45594

e±µ∓ LF [j ] < 7.5 × 10−7 CL=95% 45594

e± τ∓ LF [j ] < 9.8 × 10−6 CL=95% 45576

µ± τ∓ LF [j ] < 1.2 × 10−5 CL=95% 45576

pe L,B < 1.8 × 10−6 CL=95% 45589

pµ L,B < 1.8 × 10−6 CL=95% 45589

H0H0H0H0 J = 0

Mass m = 125.18 ± 0.16 GeV
Full width Γ < 0.013 GeV, CL = 95%

H0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different Channels

See Listings for the latest unpublished results.

Combined Final States = 1.10 ± 0.11
W W ∗ = 1.08+0.18

−0.16

Z Z∗ = 1.14+0.15
−0.13

γγ = 1.16 ± 0.18
bb = 0.95 ± 0.22
µ+µ− = 0.0 ± 1.3
τ+ τ− = 1.12 ± 0.23
Z γ < 6.6, CL = 95%
t t H0 Production = 2.3+0.7

−0.6
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Creates a Higgs particle, with momentum p and energy
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Equation of motion of a harmonic oscillator
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 Theoretical Framework: Quantum Field Theory

◆A top particle is a state in the Hilbert space. 

◆The top particle is in infinite-dimensional irreducible representations of 
the Lorentz group.

top (anti)particle: 

top (anti) field:

Creates a top (anti)particle, with momentum p, spin state s
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Equation of motion of a harmonic oscillator

Citation: C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016) and 2017 update

tttt I (JP ) = 0(1
2
+)

Charge = 2
3 e Top = +1

Mass (direct measurements) m = 173.1 ± 0.6 GeV [a,b] (S = 1.6)
Mass from cross-section measurements) m = 160+5

−4 GeV [a]

Mass (Pole from cross-section measurements) m = 173.5 ± 1.1 GeV
mt − mt = −0.2 ± 0.5 GeV (S = 1.1)
Full width Γ = 1.41+0.19

−0.15 GeV (S = 1.4)

Γ
(

W b
)

/Γ
(

W q (q = b, s, d)
)

= 0.957 ± 0.034 (S = 1.5)

t-quark EW Couplingst-quark EW Couplingst-quark EW Couplingst-quark EW Couplings

F0 = 0.685 ± 0.020
F− = 0.320 ± 0.013
F+ = 0.002 ± 0.011
FV +A < 0.29, CL = 95%

p

t DECAY MODESt DECAY MODESt DECAY MODESt DECAY MODES Fraction (Γi /Γ) Confidence level (MeV/c)

t → W q (q = b, s, d) –
t → W b –

t → !ν! anything [c,d] ( 9.4±2.4) % –
t → e νe b (13.3±0.6) % –
t → µνµ b (13.4±0.6) % –
t → qq b (66.5±1.4) % –

∆T = 1 weak neutral current (T1) modes∆T = 1 weak neutral current (T1) modes∆T = 1 weak neutral current (T1) modes∆T = 1 weak neutral current (T1) modes

t → Z q (q=u,c) T1 [e] < 5 × 10−4 95% –
t → !+qq′ (q=d ,s,b; q′=u,c) < 1.6 × 10−3 95% –

b′ (4th Generation) Quark, Searches forb′ (4th Generation) Quark, Searches forb′ (4th Generation) Quark, Searches forb′ (4th Generation) Quark, Searches for

Mass m > 190 GeV, CL = 95% (pp, quasi-stable b′)
Mass m > 755 GeV, CL = 95% (pp, neutral-current decays)
Mass m > 675 GeV, CL = 95% (pp, charged-current decays)
Mass m > 46.0 GeV, CL = 95% (e+ e−, all decays)
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s

pe
�ip·x

+ b
s

p(t)v̄
s

pe
ip·x⇤

(5.370)

37

,

t̄(x) =

X

s

Z
d
3
p

(2⇡)3

⇥
a
s†
p (t)ū
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 Theoretical Framework: Quantum Field Theory

◆A top particle is a state in the Hilbert space. 

◆The top particle is in infinite-dimensional irreducible representations of 
the Lorentz group.

Z boson particle: 

Z field:

Creates a Z boson, with momentum p, spin state i,
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Equation of motion of a harmonic oscillator

Citation: K. Nakamura et al. (Particle Data Group), JP G 37, 075021 (2010) and 2011 partial update for the 2012 edition (URL: http://pdg.lbl.gov)

ZZZZ J = 1

Charge = 0
Mass m = 91.1876 ± 0.0021 GeV [d]

Full width Γ = 2.4952 ± 0.0023 GeV
Γ
(
!+ !−

)
= 83.984 ± 0.086 MeV [b]

Γ
(
invisible

)
= 499.0 ± 1.5 MeV [e]

Γ
(
hadrons

)
= 1744.4 ± 2.0 MeV

Γ
(
µ+µ−)

/Γ
(
e+ e−

)
= 1.0009 ± 0.0028

Γ
(
τ+ τ−

)
/Γ

(
e+ e−

)
= 1.0019 ± 0.0032 [f ]

Average charged multiplicityAverage charged multiplicityAverage charged multiplicityAverage charged multiplicity
〈
Ncharged

〉
= 20.76 ± 0.16 (S = 2.1)
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 Theoretical Framework: Quantum Field Theory

◆Interactions: non-linear terms of quantum fields in the Hamiltonian
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Decay of top particle to a bottom, electron and anti-neutrino particles



 Theoretical Framework: Quantum Electrodynamics

◆Electron-Photon U(1) interaction
Charged Dirac fermion interacting with massless photon.
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◆Abelian U(1) gauge symmetry
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◆The unique way a charged particle interacts with massless vector particle.
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 Theoretical Framework: Quantum Yang-Mills Theory

◆Quark-Gluon SU(3) interactions
Colored Dirac fermions interacting with massless gluon.
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◆Non-Abelian SU(3) gauge symmetry
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◆Complex Scalar-Photon U(1) interaction

◆Spontaneous symmetry breaking
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◆Scalar potential
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◆Abelian U(1) gauge symmetry
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◆Photons receives a mass in the vacuum
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Goldstone mode 
Longitudinal mode



◆A quantum field theory for particles physics?

◆Particles (discovered experimentally), 90+19+1=110 dof’s, 3 Interactions
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+ anti-particles

◆Quantum field for each dof.  A very messy interacting Lagrangian.

 Theoretical Framework: Quantum Field Theory

◆18 Parameters: 12 mass, 2 interaction strengths, 3 mixing angles, 1 phase

◆It is the limit of an elegant model in its symmetry broking phase: 
The Standard Model.

◆Symmetries (deduced experimentally):

Spacetime (global) symmetries: Poincare Group ISO(1,3)

Internal (gauge) symmetries: SU(3)c , U(1)EM



The Standard Model

◆A particular interacting quantum field theory, explains experiments well.

Symmetry Structure:

Spacetime (global) symmetries: Poincare Group ISO(1,3)

Internal (gauge) symmetries: SU(3)c , SU(2)L , U(1)Y (Interactions)

(Structure)

The field content:

+ anti-particles
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The Standard Model
◆The most general renormalizable invariant Lagrangian

The modelThe Standard Model and Beyond                                                     Predictions                                                     Event simulations                                                   Challenge

Guillaume Chalons & Benjamin Fuks - August 2015 - CERN summer student program 2015 - MADGRAPH 12

✦ All the model information is included in the Lagrangian!!!
✤Before electroweak symmetry breaking: very compact!
!
!
!
!
!
!
!

!
!!

✤After electroweak symmetry breaking: quite large!
 Example: electroweak boson interactions with the Higgs boson:!
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◆The Higgs potential

◆Besides, there are 19 free parameters. Only 1 mass parameter.
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+ 2 families

◆The strong interaction sector is an easy piece. 

◆The electroweak sector is non-trivia, as it is accompanied with a Higgs 
mechanism.



 The Electroweak Sector

◆The Higgs mechanism for the electroweak symmetry breaking
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◆The Higgs potential
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0B)L+ ēR�µ(i@µ + Yeg

0B)eR

+Q̄�µ(i@µ+gW+YQg
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The Electroweak Sector

29 Weak interactions

Now that we have studied spontaneously broken gauge theories, we are finally ready to
understand the weak interactions. From a practical point of view, we understood almost
everything we needed about this theory back when we introduced the Lagrangian for a
massive vector boson. The weak interactions are mediated by massive vector bosons whose
kinetic terms are described by the Proca Lagrangian we derived in Section 8.2.2. The low-
energy limit of the massive vector theory, the 4-Fermi theory, completely characterizes the
most familiar effect of the weak force: radioactive decay. At high energy, there is no weak
force, per se, only an electroweak force which is spontaneously broken down to the electric
and weak forces at low energy. There are many aspects of electroweak physics that only
become apparent at high energy, such as the existence of W and Z bosons.

Once we introduce the Glashow–Weinberg–Salam model for electroweak unification,
we will be able to explore this quantum field theory both qualitatively and quantitatively.
We begin by describing the gauge sector and the symmetry-breaking pattern SU(2) ×
U(1) → U(1). We will then see how the nonlinear sigma model with just the W and
Z bosons violates unitarity bounds at tree-level, indicating that the theory is sick (non-
perturbative above ∼1 TeV). We then show how the physical Higgs boson comes to the
rescue and makes the theory perturbative again. The remainder of this chapter discusses
the fermion sector, mass generation and mixing angles, the absence of tree-level flavor-
changing neutral currents in the Standard Model, and CP violation.

29.1 Electroweak symmetry breaking

Electroweak unification is based on the symmetry breaking of SU(2)×U(1)Y → U(1)EM.
The high-energy U(1) symmetry is called hypercharge, denoted U(1)Y ; it is not to be
confused with the low-energy U(1) associated with electromagnetism, denoted U(1)EM.
As we will see, the massless particle we know as the photon is a linear combination of the
hypercharge gauge boson and one of the generators of SU(2).

In the Standard Model, SU(2)×U(1)Y is broken by the vacuum expectation value (vev)
of a complex doublet H with hypercharge 1

2 called the Higgs multiplet. The Lagrangian is

L = −1
4
(
W a

µν

)2 − 1
4
B2

µν + (DµH)†(DµH) + m2H†H − λ (H†H)2, (29.1)

where Bµ is the hypercharge gauge boson, with Bµν = ∂µBν − ∂νBµ, and where W a
µ

are the SU(2) gauge bosons, with W a
µν their field strengths. The normalization of the
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λ (H†H)2 term is conventional. The covariant derivative is

DµH = ∂µH − igW a
µ τ

aH − 1
2
ig′BµH. (29.2)

Here, g and g′ are the SU(2) and U(1)Y couplings, respectively. The factor of 1
2 in the

BµH coupling comes from the Higgs multiplet having hypercharge Y = 1
2 .

The Higgs potential V(H) = −m2|H|2 + λ|H|4 in Eq. (29.1) induces a vev for H ,
which we can take to be real and in the lower component without loss of generality. Thus
we can expand

H = exp
(

2i
πaτa

v

)(
0

v√
2

+ h√
2

)
, (29.3)

with v = m√
λ

and τa = 1
2σ

a the canonically normalized SU(2) generators. The factors of
1√
2

in this equation convert between the canonical normalization of a complex scalar (H)
and a real scalar (h). Other conventions are sometimes used. As discussed in Chapter 28,
it is simplest to study this theory in unitary gauge, so we set π = 0. We also postpone the
discussion of terms with h in them. Plugging in the vev, we get

|DµH|2 = g2 v2

8
(
0 1

)
(

g′

g Bµ + W 3
µ W 1

µ − iW 2
µ

W 1
µ + iW 2

µ
g′

g Bµ −W 3
µ

)(
g′

g Bµ + W 3
µ W 1

µ − iW 2
µ

W 1
µ + iW 2

µ
g′

g Bµ −W 3
µ

)(
0
1

)

= g2 v2

8

[
(
W 1

µ

)2 +
(
W 2

µ

)2 +
(

g′

g
Bµ −W 3

µ

)2
]

. (29.4)

These are the mass terms associated with three massive gauge bosons.
To diagonalize the masses, we note that, because the kinetic terms for Bµ and W a

µ are
canonically normalized, we should only rotate and not rescale the gauge bosons in the
diagonalization. Thus we define

Zµ ≡ cos θwW 3
µ − sin θwBµ

Aµ ≡ sin θwW 3
µ + cos θwBµ

}
⇔

{
Bµ = cos θwAµ − sin θwZµ

W 3
µ = sin θwAµ + cos θwZµ

(29.5)

with

tan θw =
g′

g
. (29.6)

With these definitions, the kinetic terms in the Lagrangian for Zµ and the photon Aµ are

Lkin = −1
4
F 2

µν −
1
4
Z2

µν +
1
2
m2

ZZµZµ, (29.7)

with mZ = 1
2 cos θw

gv, Zµν = ∂µZν − ∂νZµ and Fµν = ∂µAν − ∂νAµ.
Since the gauge bosons transform in the adjoint representation, their interactions are

determined by commutators. In particular, since the photon is part of W 3
µ , its couplings to
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a the canonically normalized SU(2) generators. The factors of
1√
2

in this equation convert between the canonical normalization of a complex scalar (H)
and a real scalar (h). Other conventions are sometimes used. As discussed in Chapter 28,
it is simplest to study this theory in unitary gauge, so we set π = 0. We also postpone the
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(
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µ
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]

. (29.4)

These are the mass terms associated with three massive gauge bosons.
To diagonalize the masses, we note that, because the kinetic terms for Bµ and W a

µ are
canonically normalized, we should only rotate and not rescale the gauge bosons in the
diagonalization. Thus we define

Zµ ≡ cos θwW 3
µ − sin θwBµ

Aµ ≡ sin θwW 3
µ + cos θwBµ

}
⇔

{
Bµ = cos θwAµ − sin θwZµ

W 3
µ = sin θwAµ + cos θwZµ

(29.5)
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tan θw =
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g
. (29.6)

With these definitions, the kinetic terms in the Lagrangian for Zµ and the photon Aµ are

Lkin = −1
4
F 2

µν −
1
4
Z2
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1
2
m2

ZZµZµ, (29.7)

with mZ = 1
2 cos θw

gv, Zµν = ∂µZν − ∂νZµ and Fµν = ∂µAν − ∂νAµ.
Since the gauge bosons transform in the adjoint representation, their interactions are

determined by commutators. In particular, since the photon is part of W 3
µ , its couplings to
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the W a
µ are determined by g[Aµ,W aτa] = g sin θwW 3W a[τ3, τa]. Thus, the electromag-

netic coupling strength is set by

e = g sin θw = g′ cos θw. (29.8)

To find the W -boson charges, define τ± = 1√
2
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)
. Since
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= ±τ±, the

W boson that couples to τ± has charge ±1. Writing τaW a = W+τ+ + W−τ− + W 3τ3

we see that the linear combinations W±
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µ ∓ iW 2
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)2
have charges ±1. Note that,

until we discuss fermions, saying the charges are ±1 in units of e = g sin θw is just a
convention. We will soon see that this is indeed the conventional normalization where the
electron has charge −1.

When the dust settles, the gauge Lagrangian can be written as
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with
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and
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mW

cos θw
. (29.11)

Already there is an unambiguous prediction: the W± bosons should be lighter than the Z
boson.

The Feynman rules can be read off this Lagrangian. For example, the vertex
Wµ

+(p1) W ν
−(p2) Zλ(p3) with all momenta incoming is
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29.1 Electroweak symmetry breaking 587

↗ p2

↘ p1

p3
←−

W ν
−

Wµ
+

Zλ

= −ie cot θw

[
gµν(p1−p2)λ+gνλ(p2−p3)µ+gλµ(p3−p1)ν

]
. (29.12)

We take W− to be the particle and W+ to be its antiparticle, so we draw particle-flow
arrows in the direction of momentum for W− and opposite to the direction of momentum
for W+. The ZαZβW+µW−ν vertex is

W ν
−

Wµ
+

Zα

Zβ

= ie2 cot2θw

[
gαµgβν + gανgβµ − 2gαβgµν

]
(29.13)

and so on.
Now let us return to the field h. Even in unitary gauge (π = 0) this field, known as the

Higgs boson, is still present. Note that while H , the Higgs doublet, has charges under
the weak and hypercharge gauge groups, the Higgs boson h does not. Expanding out the
Lagrangian, we find that the terms involving the Higgs boson are

LHiggs =− 1
2
h
(
! + m2

h

)
h− g

m2
h

4mW
h3 − g2

32
m2

h

m2
W

h4

+ 2
h

v

(
m2

W W+
µ W−

µ +
1
2
m2

ZZ2
µ

)
+
(

h

v

)2(
m2

W W+
µ W−

µ +
1
2
m2

ZZµZµ

)
,

(29.14)

where mh =
√

2m. Using v = 2mW sin θw
e , the Feynman rule for a Higgs boson interacting

with two W bosons is

W W

h

µ ν

= i
e

sin θw
mW gµν , (29.15)

and for a Higgs boson and two Z bosons is

Z Z

h

µ ν

= i
e

sin θw

m2
Z

mW
gµν = i

e

sin θw cos2θw
mW gµν , (29.16)

where we have used v = 2mW
e sin θw to express the interactions in terms of mW . The

Higgs mass is m2
h = 2λv2 = 2m2, which is unrelated to the other three parameters

e, sin2θw and mW . Note that not every possible term you could think of is here: there are
no interactions with derivatives acting on h and no hh∂µZµ interaction.

◆The SM is unitary and renormalizable up to the Planck scale.

◆The Higgs particle unitarizes the scattering of longitudinal modes

order in h [12]:

LH =
1

2
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2 + V (h) +
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4
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ū(i)
L d(i)L

⌘
⇧

✓
1 + c

h

v
+ · · ·

◆ 
 u
ij u

(j)
R

 d
ij d

(j)
R

!
+ h.c.

(16)

Here V (h) denotes the potential, including a mass term, for h. Each of these parame-
ters controls the unitarization of a di erent sector of the theory. For a = 1 the exchange
of the scalar unitarizes the ⇣⇣ � ⇣⇣ scattering 4
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Since we have introduced a new particle in the theory, we have to check that also the
inelastic channels involving h are unitarized. The ⇣⇣ � hh scattering (equivalent to
WLWL � hh at high energy), is perturbatively unitarized for b = a2:

A(⇣+⇣� � hh) =
s

v2
�
b� a2

�
+O

✓
m2

h

E2

◆
.

Finally, the ⇣⇣ � ⌘⌘̄ scattering (equivalent to WLWL � ⌘⌘̄ at high energy) is unita-
rized for ac = 1

4
In the diagrams showed in present section, dashed and solid lines denote respectively the fields  

and h, whereas solid lines with an arrow denote fermions.
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◆Fermion-Higgs coupling: masses and interactions

L =


⌫L
eL

�
(1, 2,�1) (5.387)
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R
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dc
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LSM = LQCD + LEW + LYukawa (5.394)
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†
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V (H) = �m2H†H + �(H†H)
2
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SU(2)L ⇥ U(1)Y ! U(1)EM (5.397)
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4
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◆In the electroweak symmetry breaking vacuum, fermions are massive and 
interact with the physical Higgs particle 
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mA = ev (5.418)

� = 'ei� (5.419)

Lmass = (yuv)uū+ (ydv)dd̄+ (yev)eē (5.420)

41

◆The mass and the strengths of interaction are proportional to Yukawa 
couplings.

◆The heavier the particle, the more strongly coupled to the Higgs.

◆The Higgs is the origin of the mass in the Standard Model.

mA = ev (5.418)

� = 'ei� (5.419)

Lmass = (yuv)uū+ (ydv)dd̄+ (yev)eē (5.420)

Lint = yuhuū+ ydhdd̄+ yeheē (5.421)

41



The Electroweak Sector

◆The Higgs particles has been discovered 50 years after it was proposed.
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The Electroweak Sector

◆The Higgs particles has been discovered 50 years after it was proposed.

 [GeV]HM
80 100 120 140 160 180 200

H
ig

gs
 B

R
 +

 T
ot

al
 U

nc
er

t

-410

-310

-210

-110

1

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
3

bb

oo

µµ

cc

gg

aa aZ

WW

ZZ

Higgs decays 10-22 second after its production to the SM particles.



The End


