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What the Standard Model is

Our current understanding of the basic constituents of matter

H H
ig
gs

3 générations

3 generations of
2 quarks (u,d)
1 charged lepton (e−)
1 neutrino (νe)

3 fundamental forces
Electromagnetism
Weak interaction (β decays)
Strong interaction (nucleus
stability)

A spin 0 particle: the Higgs boson

1st lecture: a few elements on weak and strong interactions
2nd lecture: techniques to tackle problems with both interactions
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Back to basics with
Quantum ElectroDynamics
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Quantum field theory

Combine special relativity and quantum mechanics
Fields→ operators acting on a state to modify particle content

Young double-slit experiment

I = |A|2 = |Apath1 + Apath2|2
Diff. in length path, hence interferences

A(a→ b) =
∑

all paths

ei·phase =

∫
Dx(t) ei·phase[x(t)]

Classic: Only solutions are classical paths,
minimising the action defined from a Lagrangian L

δ

δx(t)
S[x(t)]

∣∣∣∣
xclassical

= 0 S =

∫
dt L =

∫
d4x L

Quantum: Take phase = S/~ A(a→ b) =
∫

Dx(t) eiS[x(t)]/~

classical sols recovered in the limit S � ~ (other paths cancel)
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Free lagrangians

Lagragian to recover equation of motion in classical limit

S =

∫
d4xL(φ, ∂µφ) δS = 0 =⇒ ∂L

∂φ
− ∂µ

(
∂L

∂(∂µφ)

)
= 0

which yields the corresponding free Lagrangians
Klein-Gordon spin 0: (∂µ∂

µ + m2)φ = 0 L = ∂µφ∗∂µφ−m2φ∗φ

Dirac spin 1/2: (iγµ∂µ −m)ψ = 0 L = ψ̄(iγµ∂µ −m)ψ
with ψ̄ = ψ†γ0

description of free scalars and fermions
theory can be quantized to analyse free propagation
and to compute (free) correlation functions 〈0|φ(x1)φ(x2) . . . |0〉

which can be related to Scattering matrix elements
but not interaction at that stage, so very little dynamics !
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Classical electrodynamics

Maxwell equations


~∇ · ~E = ρ ~∇ · ~B = 0

~∇× ~B − ∂~E
∂t

= ~J ~∇× ~E +
∂~B
∂t

= ~0

with the potentials ~E = −~∇V − ∂~A
∂t

~B = ~∇× ~A

Summarised in relativistic notation: ∂µFµν = Jν

Fµν = ∂µAν−∂νAµ =


0 −E1 −E2 −E3

E1 0 −B3 B2
E2 B3 0 −B1
E3 −B2 B1 0

 Aµ = (V , ~A)

Jµ = (ρ,~J)

For a free field (no current, J = 0), comes from L = −1
4FµνFµν

Gauge invariance: same equation and same physics
if arbitrary shift in potential Aµ → Aµ + ∂µΛ
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Sébastien Descotes-Genon (LPT-Orsay) Strong and weak in SM (1) 15/3/17 6



Classical electrodynamics

Maxwell equations


~∇ · ~E = ρ ~∇ · ~B = 0

~∇× ~B − ∂~E
∂t

= ~J ~∇× ~E +
∂~B
∂t

= ~0

with the potentials ~E = −~∇V − ∂~A
∂t

~B = ~∇× ~A

Summarised in relativistic notation: ∂µFµν = Jν

Fµν = ∂µAν−∂νAµ =


0 −E1 −E2 −E3

E1 0 −B3 B2
E2 B3 0 −B1
E3 −B2 B1 0

 Aµ = (V , ~A)

Jµ = (ρ,~J)

For a free field (no current, J = 0), comes from L = −1
4FµνFµν

Gauge invariance: same equation and same physics
if arbitrary shift in potential Aµ → Aµ + ∂µΛ
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Gauge principle: coupling the fermions

Free (Dirac) theory: L = ψ̄(iγµ∂µ −m)ψ with global phase inv.

ψ(x)→ eiαQψ(x)

Gauge principle: (phase) invariance promoted to local version

ψ(x)→ eiα(x)Qψ(x)

”Inhomogeneity” of derivative: ∂µψ → eiαQ(∂µ + i(∂µα)Q)ψ

Solving by introducing the covariant derivative

Dµψ = (∂µ − ieQAµ)ψ → eiα(x)QDµψ

with Aµ spin-1 field such as Aµ → Aµ + 1
e∂µα

, like the potential !
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Quantum Electrodynamics or QED

Invariance under local phase redefinition
yields QED, sum of the two Lagrangians

LF = −1
4

FµνFµν

LD = ψ̄(iγµDµ −m)ψ

= ψ̄(iγµ∂µ −m)ψ + eQAµψ̄γµψ
= free theory + interaction eQ

Promoting symmetry to local level yields interaction (em)
related to the conservation of a charge (electric charge)

Equations of motion for potential Aµ: ∂µFµν = −eQ(ψ̄γνψ)
Maxwell equation with current from electron

Mass term LM = 1
2m2

γAµAµ forbidden by gauge invariance,
so mγ = 0 [exp < 2 · 10−16 eV]
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Loop effects

Each photon exchange comes with a power of α = e2/(4π)
Perturbation theory (if α small enough to ensure convergence)

A = A(0) + αA(1) + α2A(2) + . . .

Integration over momenta of internal particles
. . . even for configs not acceptable classically (E2 6= ~p2 + m2)
They should only satisfy the conservation of enegy-momentum
Sensitivity to all particles coupling to photons (electrically charged)
Ultimately, UV divergences for large momenta to be renormalised

gauge symmetry constrains also structure of divergences
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Sébastien Descotes-Genon (LPT-Orsay) Strong and weak in SM (1) 15/3/17 9



Experimental consequences: α

Em interaction between two electric probes
= photon exchange, sensitive to

pair creation of electron/positron from vacuum

Vacuum similar to a dielectric medium
containing orientable dipoles which screen
the electromagnetic field

Virtual electron/positron loops make
α = e2/(4π) increases at short distances
(or at large energies)

de(q)

d log(q)
= β(e) =

e3

12π2 + O(e5) > 0

The fine-structure “constant” α is not constant
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Tested at LEP
in 1990-2000
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A coloured world with
Quantum ChromoDynamics
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Colours

Quark model: proton uud , neutron udd . . .
Among states discovered in 50’s ∆++(J = 3/2, J3 = 3/2) = u↑u↑u↑

But ∆ is a fermion, with antisymmetric wave function (Pauli)

=⇒additional d.o.f.: colour (green, blue, red)

∆++(J = 3/2, J3 = 3/2) = εαβγu↑αu↑βu↑γ

More generally, if i , j , k flavour and α, β, γ colour, hadrons combine
quarks in colourless combination

Baryons consist of εabcqi
αqj

βqk
γ

Mesons consist of δαβqi
αq̄j

β

Exotics (tetraquarks, pentaquarks recently observed at Babar,
Belle, LHCb. . . ) combining the previous structures
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How many colours ?

R =
σ(e+e− → hadrons)

σ(e+e− → µ+µ−)
'
∑

q σ(e+e− → qq̄)

σ(e+e− → µ+µ−)
' Nc

∑
q

Q2
q

=


2/3 · Nc (u,d , s)

10/9 · Nc (u,d , s, c)
11/9 · Nc (u,d , s, c,b)

vary when a qq̄ threshold production is crossed
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3 colours
6 49. Plots of cross sections and related quantities

R in Light-Flavor, Charm, and Beauty Threshold Regions
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Figure 49.6: R in the light-flavor, charm, and beauty threshold regions. Data errors are total below 2 GeV and statistical above 2 GeV.
The curves are the same as in Fig. 49.5. Note: CLEO data above Υ(4S) were not fully corrected for radiative effects, and we retain
them on the plot only for illustrative purposes with a normalization factor of 0.8. The full list of references to the original data and
the details of the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. The computer-readable data are available at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, May 2010.)

Resonances after each
qq̄ threshold, then

asymptotic value with
Nc = 3

Colours have to do with
the dynamics of quarks
since coloured quarks
bound in white objects
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A few words on symmetries

In QED, symmetry under phase redefinition

ψ → eiαQψ

U(1) equivalent to O(2) symmetry, rotations in 2 dimensions

abelian (i.e.m commuting) group:
R(θ1)R(θ2) = R(θ2)R(θ1) = R(θ1 + θ2)

Not always the case !
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Nonabelian symmetries

Rotations in larger spaces are nonabelian,
for instance O(3): rotations and reflexions in 3 dimensions

A group: R1R2 still a rotation, belongs to O(3)

But not abelian: R1R2 6= R2R1

Structure of the group specified by [R1,R2] = R1R2 − R2R1

Sébastien Descotes-Genon (LPT-Orsay) Strong and weak in SM (1) 15/3/17 17



Group transformation

Representation of the group: “how the object transforms”

For instance, under a SO(3) (three-dimensional) rotation
scalar S: S → S

vector A: Ai → R ijAj ≡ [exp[−iθaJa]]ijAj

Ja =

(
0 −i 0
i 0 0
0 0 0

) (
0 0 −i
0 0 0
i 0 0

) (
0 0 0
0 0 −i
0 i 0

)
spinor ψ: ψα → [S1/2(R)]αβψβ ≡ [exp[−iθaσ

a/2]]αβψb

σa =
(

0 1
1 0

) (
0 −i
i 0

) (
1 0
0 −1

)
Lie Algebra: “how the group is characterised” (indep of repres.)

U = exp(−iθaT a) with T a traceless hermitian generators
where [T a,T b] = if abcT c f abc group structure csts

Rotations: [Ja, Jb] = iεabcJc [σa/2, σb/2] = iεabcσc/2
=⇒Infinitesimal version of the “table of multiplication” of the group
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0 −1

)
Lie Algebra: “how the group is characterised” (indep of repres.)

U = exp(−iθaT a) with T a traceless hermitian generators
where [T a,T b] = if abcT c f abc group structure csts

Rotations: [Ja, Jb] = iεabcJc [σa/2, σb/2] = iεabcσc/2
=⇒Infinitesimal version of the “table of multiplication” of the group
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Sébastien Descotes-Genon (LPT-Orsay) Strong and weak in SM (1) 15/3/17 18



Group transformation

Representation of the group: “how the object transforms”

For instance, under a SO(3) (three-dimensional) rotation
scalar S: S → S
vector A: Ai → R ijAj ≡ [exp[−iθaJa]]ijAj

Ja =

(
0 −i 0
i 0 0
0 0 0

) (
0 0 −i
0 0 0
i 0 0

) (
0 0 0
0 0 −i
0 i 0

)
spinor ψ: ψα → [S1/2(R)]αβψβ ≡ [exp[−iθaσ

a/2]]αβψb

σa =
(

0 1
1 0

) (
0 −i
i 0

) (
1 0
0 −1

)
Lie Algebra: “how the group is characterised” (indep of repres.)

U = exp(−iθaT a) with T a traceless hermitian generators
where [T a,T b] = if abcT c f abc group structure csts

Rotations: [Ja, Jb] = iεabcJc [σa/2, σb/2] = iεabcσc/2
=⇒Infinitesimal version of the “table of multiplication” of the group
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SU(2) and SU(3) groups

U = exp(−iθaT a) ∈ SU(N) parametrised by θa

SU(2): a = 1 . . . 3 matrices 2× 2
Fundamental represent. T a = 1

2σ
a from Pauli matr (f abc = εabc)

~σ =

(
0 1
1 0

) (
0 −i
i 0

) (
1 0
0 −1

)
SU(3): a = 1 . . . 8 matrices 3× 3
Fundamental represent. T a = 1

2λ
a from Gell-Mann matrices 0 1 0

1 0 0
0 0 0

 0 −i 0
i 0 0
0 0 0

 1 0 0
0 −1 0
0 0 0

 0 0 1
0 0 0
1 0 0

 . . .
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Colour symmetry

Free coloured quarks q =

 q
q
q

 L = q̄(iγµ∂µ −m)q

with a global colour symmetry q(x)→ Uq(x) = exp[iαaλ
a/2]q(x)

Colour related to strong interaction, interpreted as a charge ?

Gauge principle: q(x)→ U(x)q(x) = exp[iαa(x)λa/2]q

Covariant derivative:

{
Dµq = (13∂µ − igsGµ)q → UDµq

Gµ → UGµU† − i
gs

(∂µU)U†

Gµ
αβ = Gµ

a (λa)αβ/2 collects eight gluons !

QED QCD
One phase Three colours

U(1) SU(3)
Abelian symmetry Nonabelian symmetry

1 parameter 8 parameters
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QCD Lagrangian

Invariance under local colour rotations yields QCD Lagrangian

A term for the quarks: free + interaction

LD = q̄(iγµDµ −m)q

= q̄(iγµ∂µ −m)q +
gs

2
q̄α(λa)αβγ

µqβGa
µ

but also a kinetic term for the gluons

LF = −1
4

Gµν
a Ga

µν = −1
2

Tr [GµνGµν ]

where Gµν is the analogue of electromagnetic Fµν

Gµν =
i

gs
[Dµ,Dν ] = ∂µGν − ∂νGµ − igs[Gµ,Gν ]→ UGµνU†

No mass term (not gauge invariant), hence gluons are massless
Interactions: q-q-g from LD, 3 gluons and 4 gluons from LF [new !]
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QCD interactions

gsγ
µλαβ/2 gsf abc g2

s fabc fade

Differences from electromagnetism
Gluons themselves sensitive to strong interaction
Universal coupling gs (no “colour-electric charge”)

related to the existence of 3- and 4-gluon interactions
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Asymptotic freedom

And vacuum polarisation, e.g. gluon exchange between 2 quarks ?

Pairs of virtual quarks AND gluons from the vacuum
modification of αs = g2

s/(4π) with the distance/energy

dgs(q)

d log(q)
= β(g) = − g3

4π2

[
11
3

Nc −
2
3

Nf

]
+ . . .

Nf from quarks: αs increases at small distances (large q)
(screening from quarks, like dipoles against field from a charge)

Nc from gluons: αs decreases at small distances
(antiscreening from gluons, like magnets along colour field lines)

in our world (Nc = 3, Nf ≤ 6), the gluons win and β < 0 !
αs decrease at small distances
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αs at various scales

9. Quantum chromodynamics 39

reasonably stable world average value of αs(M
2
Z), as well as a clear signature and proof of

the energy dependence of αs, in full agreement with the QCD prediction of Asymptotic
Freedom. This is demonstrated in Fig. 9.3, where results of αs(Q

2) obtained at discrete
energy scales Q, now also including those based just on NLO QCD, are summarized.
Thanks to the results from the Tevatron and from the LHC, the energy scales at which
αs is determined now extend up to more than 1 TeV♦.

QCD αs(Mz) = 0.1181 ± 0.0013

pp –> jets
e.w. precision fits (NNLO)  

0.1

0.2

0.3

αs (Q
2)

1 10 100
Q [GeV]

Heavy Quarkonia (NLO)

e+e–   jets & shapes (res. NNLO)

DIS jets (NLO)

October 2015

τ decays (N3LO)

1000

 (NLO

pp –> tt (NNLO)

)
(–)

Figure 9.3: Summary of measurements of αs as a function of the energy scale Q.
The respective degree of QCD perturbation theory used in the extraction of αs is
indicated in brackets (NLO: next-to-leading order; NNLO: next-to-next-to leading
order; res. NNLO: NNLO matched with resummed next-to-leading logs; N3LO:
next-to-NNLO).
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♦ We note, however, that in many such studies, like those based on exclusive states of
jet multiplicities, the relevant energy scale of the measurement is not uniquely defined.
For instance, in studies of the ratio of 3- to 2-jet cross sections at the LHC, the relevant
scale was taken to be the average of the transverse momenta of the two leading jets [379],
but could alternatively have been chosen to be the transverse momentum of the 3rd jet.
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=⇒asymptotic
freedom:

at large energies,
interactions (prop to gs)

small perturbations

Consistency over a very large range of energies
(from mτ up to LHC pp collisions)
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Confinement

At distances of order 1 fm, αs becomes of O(1)
=⇒breakdown of perturabtive picture

Quarks cannot escape from hadrons, confined in radius of O(1 fm)
No perturbation theory possible for soft physics (below 1 GeV)
Often processes mixture of strong and electroweak

=⇒quark decays weakly into another quark inside a hadron
Hard to connect theory (quarks) and experiment (hadrons)

solve numerically the equations (lattice gauge theory)
build a theory of more limited scope (effective field theory)
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Sébastien Descotes-Genon (LPT-Orsay) Strong and weak in SM (1) 15/3/17 25



Confinement

At distances of order 1 fm, αs becomes of O(1)
=⇒breakdown of perturabtive picture

Quarks cannot escape from hadrons, confined in radius of O(1 fm)
No perturbation theory possible for soft physics (below 1 GeV)
Often processes mixture of strong and electroweak

=⇒quark decays weakly into another quark inside a hadron
Hard to connect theory (quarks) and experiment (hadrons)

solve numerically the equations (lattice gauge theory)
build a theory of more limited scope (effective field theory)
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Lattice gauge theories

Compute propagation and decay of a particle
Discretise space and time (lattice spacing)
Finite 4D box (finite-volume effects) with
Euclidean metric
Sum over all possible configurations (Monte
Carlo methods)

Recent progress in
understanding effect of
(virtual) sea quarks, finite
volume, lattice spacing
and renormalisation. . .
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Deep inelastic scattering: parton model

e−(k)p(P)→ e−(k ′) + X

q = k − k ′ momentum transfer
s = (P + k)2 cms energy

x = − q2

2P·q scaling var

y = P·q
P·k relative energy loss

In parton model, energetic proton
made of nearly collinear partons

d2σ

dxdy
=
∑

f

[xff (x)Q2
f ]× 2πα2s

q4 [1 + (1− y)2]

ff (x): parton distribution function, probability of finding a constituent f
with a longitudinal fraction x of momentum

=⇒Parton model: pdf scale with x , parton cross-section depend on y

Sébastien Descotes-Genon (LPT-Orsay) Strong and weak in SM (1) 15/3/17 27



Deep inelastic scattering: parton model

e−(k)p(P)→ e−(k ′) + X

q = k − k ′ momentum transfer
s = (P + k)2 cms energy

x = − q2

2P·q scaling var

y = P·q
P·k relative energy loss

In parton model, energetic proton
made of nearly collinear partons

d2σ

dxdy
=
∑

f

[xff (x)Q2
f ]× 2πα2s

q4 [1 + (1− y)2]

ff (x): parton distribution function, probability of finding a constituent f
with a longitudinal fraction x of momentum

=⇒Parton model: pdf scale with x , parton cross-section depend on y
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Deep inelastic scattering: QCD

e−(k)p(P)→ e−(k ′) + X

q = k − k ′ x = − q2

2P · q
y =

P · q
P · k

QCD provides corrections to the parton scaling

d2σ

dxdy
=
∑

f

[xff (x ,q)Q2
f ]× 2πα2s

q4 [1 + (1− y)2] + O(αs)

ff (x ,q): probability of finding a constituent f
with a longitudinal fraction x of momentum

Two types of QCD correction
O(αs) and higher-order corrections to vertex
variation of ff (x ,q) with q
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F2 measurements

Measurements of

F2 =
∑

f

xQ2
f ff (x ,q)

Variations with q
in agreement with QCD
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Jets

In collisions, quarks/gluons emit further gluons/quarks and lose energy,
until they become soft (around 1 GeV) and bind into hadrons

e+e− → qq̄

Two jets

e+e− → qq̄g

Three jets

=⇒Global observables, dependent on high energies (infrared safe),
well described by perturbative QCD: total σ, thrust, sphericity
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QCD@LHC

underlying
event

, K, p, etc.)

(π
hadronisation

parton
shower

hadronic jet

u

proton proton

−µ+µ

u
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proc.
hard

n  + ...α n+1 + α

 [p
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1
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510

CMS PreliminaryJune 2016

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

W

n jet(s)≥

Z

n jet(s)≥

γW γZ WW WZ ZZ

µll, l=e,→, Zνl→EW: W
qqW
EW

qqZ
EW

WW
→γγ

jjγW
EW

ssWW
 EW

jjγZ
EW γWV γγZ γγW tt

=n jet(s)

t-cht tW s-cht γtt ttW ttZ

σ∆ in exp. Hσ∆Th. 

ggH
qqH
VBF VH ttH

CMS 95%CL limit

)-1 5.0 fb≤7 TeV CMS measurement (L 
)-1 19.6 fb≤8 TeV CMS measurement (L 
)-1 2.7 fb≤13 TeV CMS measurement (L 

Theory prediction

Separation of scales between hard (perturbative) and soft
(hadronic) dynamics
Probe QCD and approximate models for Monte Carlo simulations
Constraining αs and/or parton distribution functions
Good agreement with NLO QCD over 11 orders of magnitude
Next steps: NNLO (already for t t̄ production), processes with H
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From left to right and back
with the weak interactions
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A detour through chirality and helicity

Helicity: Projection of spin on direction of motion (frame-depend)

h =
~S · ~p
|~p|

Spin-1/2 particle (electron) [opposite for antifermion]:
h = 1/2 right-handed, h = −1/2 left-handed

Chirality: Lorentz-invariant version γ5 = iγ0γ1γ2γ3 =

(
−I2 0
0 I2

)
PR =

1 + γ5

2
, PL =

1− γ5

2
, Ψ = (PL + PR)Ψ = ΨL + ΨR

L = ψ̄(iγµ∂µ −m)ψ ψ̄ = ψ†γ0

= ψ̄Liγµ∂µψL + ψ̄R iγµ∂µψR −m(ψ̄LψR + ψ̄RψL)
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A few observations

Charged weak currents
(charged boson exchange ?)

Only left-handed fermions produced (right-handed antifermions)
parity symmetry violated by the weak interactions

Doublet partners (`, ν`): νµX → µ−X ′ but not νµX → e−X ′

Universal strength: Γ(`→ ν``
′ν̄`′) ∼ G2

F m5
`

Charged bosons require embedding both weak and em interactions

Neutral weak currents (neutral boson exchange ?)
νµ(p) + N(q)→ νµ(p′) + N(q′)
Tiny flavour-changing neutral currents

Can we build a theory of weak interactions
embedding such elements ?
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Fermion content

Free massless fermions
L =

∑
j=L,R,S iψ̄jγ

µ∂µψj

Left-hd doublets: ψL =

(
fu
fd

)
L

Right-hd singlets of two types

ψR = (fu)R ψS = (fd )R

H H
ig
gs

3 générations

with difference between ”high” and ”low” electric charge fermions

fu = u, c, t , νe, νµ, ντ fd = d , s,b,e−, µ−, τ−

in order to distinguish between
left-handed doublets involved in charged currents
right-handed fermions of different charges
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Symmetries

ψL =

(
fu
fd

)
L

ψR = (fu)R ψS = (fd )R

with fermions classified fu = u, c, t , νe, νµ, ντ fd = d , s,b,e−, µ−, τ−

We introduce the SU(2)L ⊗ U(1)Y symmetry
U(1)Y : phase β, somehow related to QED
SU(2)L: rotation UL = exp[i ~α~σ2 ] affecting only left-hd doublets

“weak isospin” (for all families)

which yields the transformation of the doublets and singlets

ψL → eiyLβULψL ψR → eiyRβψR ψS → eiySβψS

Historically, many attempts with different symmetry groups
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Gauge bosons

Promoting SU(2)L ⊗ U(1)Y to local symmetry, thus covariant deriv

U(1)Y : β = β(x) =⇒ 1 boson Bµ

DµψR = [∂µ − ig′yRBµ]ψR → eiyRβ(x)DµψR [id for ψS]

Bµ(x)→ Bµ(x) +
1
g′
∂µβ(x)

where yR is the hypercharge, arbitrary for the moment

SU(2)L: ~α = ~α(x) =⇒ 3 bosons W i
µ in Wµ(x) = ~σ

2
~Wµ(x)

DµψL = [∂µ − igWµ − ig′yLBµ]ψL → eiyLβ(x)UL(x)DµψL

Wµ(x)→ UL(x)Wµ(x)U†L(x)− i
g
∂µUL(x)U†L(x)
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Charged currents

Write down the Lagrangian for fermions with covariant derivatives

L =
∑

j=L,R,S

iψ̄jγ
µDµψj =⇒ free + gψ̄Lγ

µWµψL + g′Bµ
∑

j=L,R,S

yj ψ̄jγ
µψj

The interaction term involves the
3 bosons related to SU(2)L

Wµ =
~σ

2
~Wµ =

1
2

(
W 3
µ

√
2W †

µ√
2Wµ −W 3

µ

)
Wµ = (W 1

µ + iW 2
µ )/
√

2

1 boson related ot U(1)Y : Bµ
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Charged currents

In the interaction term gψ̄Lγ
µWµψL + g′Bµ

∑
j=L,R,S yj ψ̄jγ

µψj

select charged current processes

LCC =
g

2
√

2
W †
µ[q̄uγ

µ(1− γ5)qd + ν̄`γ
µ(1− γ5)`] + h.c.

Mediated by two charged bosons
W+ and W−

Quark and lepton universality (one
coupling)
At low energies, reduces to
g2/M2

W → GF (Fermi constant)
Left-handed interaction
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Neutral currents: the photon

LNC = gψ̄Lγ
µW 3

µ

σ3

2
ψL + g′Bµ

∑
j=L,R,S

yj ψ̄jγ
µψj

2 neutral bosons mixing to yield physical gauge bosons(
W 3
µ

Bµ

)
=

(
cos θW sin θW
− sin θW cos θW

)(
Zµ
Aµ

)

LNC 3 Aµ[g sin θW ψ̄Lγ
µ

(
1/2 0
0 −1/2

)
ψL + g′ cos θW

∑
j=L,R,S

yj ψ̄jγ
µψj ]

= eAµ
∑

j

ψ̄jγ
µQjψj QL =

(
Qfu 0
0 Qfd

)
,QR = Qfu ,QS = Qfd

provided that the following relations hold
Weinberg angle: e = g sin θW = g′ cos θW = gg′√

g2+g′2

Hypercharge:
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,QR = Qfu ,QS = Qfd

provided that the following relations hold
Weinberg angle: e = g sin θW = g′ cos θW = gg′√

g2+g′2

Hypercharge: yL = Qfu−1
2 = Qfd+1

2 , yR = Qfu , yS = Qfd
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Neutral currents: the photon

LNC = gψ̄Lγ
µW 3

µ

σ3

2
ψL + g′Bµ

∑
j=L,R,S

yj ψ̄jγ
µψj

2 neutral bosons mixing to yield physical gauge bosons(
W 3
µ

Bµ

)
=

(
cos θW sin θW
− sin θW cos θW

)(
Zµ
Aµ

)

LNC 3 Aµ[g sin θW ψ̄Lγ
µ

(
1/2 0
0 −1/2

)
ψL + g′ cos θW

∑
j=L,R,S

yj ψ̄jγ
µψj ]

= eAµ
∑

j
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Qfu 0
0 Qfd

)
,QR = Qfu ,QS = Qfd

provided that the following relations hold
Weinberg angle: e = g sin θW = g′ cos θW = gg′√

g2+g′2

Hypercharge: Y = Q−σ3/2
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Neutral currents: the Z boson

In addition to the photon part, LNC contains interactions for Zµ

LZ
NC =

e
sin θW cos θW

Zµ

ψ̄Lγ
µσ3

2
ψL − sin2 θW

∑
j=L,R,S

ψ̄jγ
µQjψj


=

e
sin 2θW

Zµ
∑

f

f̄γµ[vf − afγ5]f

where fermions f are quarks and leptons containing both fL and fR

u, c, t d , s,b νe, νµ, ντ e−, µ−, τ−

2vf 1− 8
3 sin2 θW −1 + 4

3 sin2 θW 1 −1 + 4 sin2 θW
2af 1 −1 1 −1
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Neutral currents: gauge bosons

eQf
e

2 sin θW
(vf − afγ5)

LNC = eAµ
∑

j

ψjγ
µQjψj +

e
sin 2θW

Zµ
∑

f

f̄γµ[vf − afγ5]f

Weinberg angle only in vector part vf (“electromagnetic” rotation)
vν` = aν` : no interaction for right-handed neutrinos

=⇒Sterile (component of) neutrinos
No flavour-changing neutral currents from Z and γ-exchange
=⇒Occur only through loop effects in the SM (small)
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Neutral currents: gauge bosons
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Couplings with fermions

eQf
e

sin 2θW
(vf − afγ5)

g
2
√

2
(1− γ5)

g
2
√

2
(1− γ5)
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The mass issue

Too symmetric a theory: problems with the mass

Lmb = 1
2m2

bbµbµ not invariant under gauge transformations:

Wµ(x)→ UL(x)Wµ(x)U†L(x)− i
g′
∂µUL(x)U†L(x)

All the masses of gauge bosons should vanish but
mγ = 0 mW = 80 GeV mZ = 91 GeV

Lmf = −mf f̄ f = −mf (f̄LfR + f̄RfL) not invariant under gauge tf:

ψL → eiyLβULψL, ψR → eiyRβψR

All the masses of the fermions should vanish but
me = 0.5 MeV . . .mt ' 170 GeV
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Not covered here: the Higgs mechanism

Mass issues by the introduction of a doublet φ of scalar complex fields
Spontaneous breakdown: SUL(2)⊗ UY (1)→ UQED(1)

Yukawa interaction of φ with fermions provide their mass terms
3 d.o.f. of φ provide longitudinal polarisations of the (massive) W ,Z
One d.o.f. remaining as particle in the spectrum, the H boson
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This does not explain the mass hierarchy among the various fermions
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Fermion mass matrices

Yukawa interactions, but 3 generations

yield 3× 3 matrices∑
i,j=1,2,3

(q̄′d )i
L(Md )ij(q′d )j

R + (q̄′u)i
L(Mu)ij(q′u)j

R + (¯̀′)i
L(M`)ij(`

′)j
R

Mass states ? Diagonalise Mf = V †f mf Uf
where U and V unitary, and m diagonal

[(q̄d )Lmd (qd )R + (q̄u)Lmu(qu)R + ¯̀Lm``R + h.c.]

with mass eigenstates q from interaction eigenst. q′ via unitary rot

(qd )L = Vd (q′d )L (qu)L = Vu(q′u)L `L = VL`
′
L

(qd )R = Ud (q′d )R (qu)R = Uu(q′u)R `R = UL`
′
R

Interactions defined in terms of q′

leading to U,V in interactions when expressed in terms of q
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Charged & neutral currents

Flavour-conserving neutral: f̄LΓfL = f̄ ′LΓf ′L, f̄RΓfR = f̄ ′RΓf ′R

LNC =
e

sin(2θW )
Zµ
∑

f

f̄γµ[vf − afγ5]f

Flavour-changing charged: ū′LΓd ′L = ūLVuΓV †ddL = ūLV CKMΓdL

LCC =
g

2
√

2
W †
µ

∑
ij

ūiγ
µ(1− γ5)V CKM

ij dj +
∑

i

ν̄iγ
µ(1− γ5)`i

+h.c.

For 3 generations, Cabibbo-
Kobayahi-Maskawa matrix V
contains one imaginary term, (only)
source of CP violation in SM

If no νR, mν = 0, ` rotation absorbed
in ν, no lepton mixing matrix,
otherwise Pontecorvo-
Maki-Nakagawa-Sakata matrix
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Pure gauge: self-couplings

Let us introduce the field tensors

Wµν = ∂µW ν − ∂νWµ − ig[Wµ,W ν ]→ ULWµνU†L

Bµν = ∂µBν − ∂νBµ → Bµν

The kinetic part of the Lagrangian LK = −1
4BµνBµν − 1

4
~Wµν ~Wµν

contains three and four-boson couplings
(W 3,B combinations of A,Z )
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Z coupling to neutrinos

Γ(Z → f f̄ ) ∝ |vf |2+|af |2

Γ(Z → invisible)

Γ(Z → `+`−)
= Nν

Γ(Z → ν`ν̄`)

Γ(Z → `+`−)
= Nν

2
1 + (1− 4 sin2 θW )2

= 1.96Nν

LEP measurements: Only 3 light neutrinos !
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Z related observables

Consider the cross section for e+e− → γ,Z → f f̄
with an angle θ between in and out states in center of mass

dσ
dΩ

=
α2

em
8s

Nf [A(1 + cos2 θ) + B cos θ − hf [C(1 + cos2 θ) + D cos θ]]

Nf number of fermion species: N` = 1,Nq = Nc(1 + αs(M2
Z ) + . . .)

hf helicity of the fermion
A, B, C, D predicted functions of Z couplings: ae, ve,af , vf

σ =
4πα2

em
3s

Nf A Af
FB =

NF − NB

NF + NB
=

3
8

B
A

Af
LR =

σhf=1 − σhf=−1

σhf=1 + σhf=−1 = −C
A

At the Z peak, Af
FB = 3

4Ae
LRAf

LR (measures polarisation of quarks)

Sébastien Descotes-Genon (LPT-Orsay) Strong and weak in SM (1) 15/3/17 50



Z related observables

Consider the cross section for e+e− → γ,Z → f f̄
with an angle θ between in and out states in center of mass

dσ
dΩ

=
α2

em
8s

Nf [A(1 + cos2 θ) + B cos θ − hf [C(1 + cos2 θ) + D cos θ]]

Nf number of fermion species: N` = 1,Nq = Nc(1 + αs(M2
Z ) + . . .)

hf helicity of the fermion

A, B, C, D predicted functions of Z couplings: ae, ve,af , vf

σ =
4πα2

em
3s

Nf A Af
FB =

NF − NB

NF + NB
=

3
8

B
A

Af
LR =

σhf=1 − σhf=−1

σhf=1 + σhf=−1 = −C
A

At the Z peak, Af
FB = 3

4Ae
LRAf

LR (measures polarisation of quarks)
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Electroweak precision measurements

measσ) / meas - O
fit
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The CKM matrix

γ

γ

α

α

dm∆
Kε

Kε

sm∆ & dm∆

SLubV

ν τubV

bΛubV

βsin 2

(excl. at CL > 0.95)
 < 0βsol. w/ cos 2

excluded at C
L > 0.95

α

βγ

ρ
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

η

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5
excluded area has CL > 0.95

EPS 15

CKM
f i t t e r

V CKM depends on
4 parameters
A, λ, ρ̄, η̄
Each band is a
constraint from
one (or several)
weak process
involving quarks
Agree, lead to
accurate ρ̄, η̄
η̄ 6= 0 indicates
CP-violation

Important constraint for any theory beyond the Standard Model
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As conclusions

QFT framework powerful for particle physics
Requires gauge symmetry to describe 3 interactions in the
Standard Model
QED template of all three interactions for the Standard Model
QCD non-abelian structure yields confinement, with running of αs
well tested
Weak interactions described together with electromagnetism,
distinguishing left and right chiralities
Accurately tested through several ways (electroweak precision
tests, CKM matrix structure)
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Any questions ?
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