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Recap: Electroweak Theory

a |nteractions as consequence of local gauge invariance
® |nvariance requires introduction of gauge fields
® Geometrical interpretation: gauge bosons transport phase information between space-time points
® Extension to non-Abelian gauge theories — Electroweak gauge group SU(2), x U(1)y
® Physical gauge boson (wt, z, ) superposition of underlying
gauge fields W? (from SU(2),) and B (from U(1)y)
a Chiral theory: interaction different for left- and right-handed states
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Status Electroweak Theory

® So far very successful in describing observed phenomena:

® Unification of weak and electromagnetic force at higher energy scales
a |eft- and Right-handed coupling structure for the weak interaction
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Status Electroweak Theory A“(IT

Karlsruhe Institute of Technology

® So far very successful in describing observed phenomena:

® Unification of weak and electromagnetic force at higher energy scales
a |eft- and Right-handed coupling structure for the weak interaction
@ BUT, there are also problems:
1) Gauge-boson mass terms violate gauge invariance
— a problem of gauge theories in general

2) Fermion mass terms violate invariance under electroweak (SU(2), x U(1)y) symmetry
— follows from the chiral structure

3) Longitudinal WW boson scattering violates unitarity
— cross section diverges with higher energy
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Problem of Massive Gauge Bosons
® Invariance of £ under local gauge transformation achieved by introduction of vector field(s) with

specific transformation behaviour
— cause of interactions
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Problem of Massive Gauge Bosons A“(IT

Karlsruhe Institute of Technology

® Invariance of £ under local gauge transformation achieved by introduction of vector field(s) with
specific transformation behaviour
— cause of interactions

® Example QED: from invariance under local U(1) transformations
® Vector field (photon) transforms as A, — A}, = A, — Jd,«

® Transformation of mass terms

1,72 1,277 A/
5 MALAY — S mpAL A
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Problem of Massive Gauge Bosons

a |nvariance of £ under local gauge transformation achieved by introduction of vector field(s) with
specific transformation behaviour
— cause of interactions
® Example QED: from invariance under local U(1) transformations
® Vector field (photon) transforms as A, — A}, = A, — Jd,«
® Transformation of mass terms
TMAALAY — TmRA A
= SMRALA — Im (A0 a + A Oa) + 5 MRDa0

# TmEALAF
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Problem of Massive Gauge Bosons

a |nvariance of £ under local gauge transformation achieved by introduction of vector field(s) with
specific transformation behaviour
— cause of interactions
® Example QED: from invariance under local U(1) transformations
® Vector field (photon) transforms as A, — A}, = A, — Jd,«
® Transformation of mass terms
TMAALAY — TmRA A
= SMRALA — Im (A0 a + A Oa) + 5 MRDa0

# TmEALAF

X Gauge-boson mass terms break local gauge invariance
® Property of all gauge-field theories
X Fundamental problem: W and Z bosons have masses!
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Problem of Massive Fermions ...?
a Invariance of £ under local gauge transformation achieved by introduction of vector field(s) with

specific transformation behaviour
— cause of interactions
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Problem of Massive Fermions ...? A“(IT
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a Invariance of £ under local gauge transformation achieved by introduction of vector field(s) with
specific transformation behaviour
— cause of interactions

® Example QED: from invariance under local U(1) transformations
® Spinor transforms as ¢ — ¢’ = e and P — ¥ = e

& Transformation of mass terms (“Dirac mass” term):

My — md' ' = medap
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Problem of Massive Fermions ...? ﬂ(IT
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a Invariance of £ under local gauge transformation achieved by introduction of vector field(s) with
specific transformation behaviour

— cause of interactions

® Example QED: from invariance under local U(1) transformations
® Spinor transforms as ¢ — ¢’ = e and P — ¥ = e

& Transformation of mass terms (“Dirac mass” term):

My — md' ' = medap

v" No problem with fermion masses for U(1) transformations
v Similarly, no problem in SU(3) (non-Abelian gauge group)
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Problem of Massive Fermions!

® SU(2), x U(1)y transformations act differently on chiral components
® Decomposition of mass term

mepyp = my (@RIZ’L + EU/JR)
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Problem of Massive Fermions!

® SU(2), x U(1)y transformations act differently on chiral components
® Decomposition of mass term

mepyp = my (@RIZ’L + EU/JR)

@ Left- and right-handed components transform differently!

Y — 1) = e 7Yy (component of isospin doublet, | = 1)

YR — g =€ g (isospin singlet, / = 0)
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Problem of Massive Fermions!

® SU(2), x U(1)y transformations act differently on chiral components
® Decomposition of mass term

mepyp = my (@RIZ’L + @U/JR)

@ Left- and right-handed components transform differently!

Y — 1) = e 7Yy (component of isospin doublet, | = 1)

YR — g =€ g (isospin singlet, / = 0)

X Left- and right-handed fermions transform differently under SU(2), x U(1)y
X Fermion mass terms in chiral theory are not gauge invariant
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Unitarity Violation

® Several Standard Model scattering cross-sections violate unitarity, i. e. become divergent at large /s
® ete” — WW (for me # 0)
a WW — WW scattering

W+ W+ W+ W+ W+ W+

— theory becomes non-renormalizable
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How to Solve the Problems?

@ Concept of spontaneous symmetry breaking (SSB)

a Applied to the Standard Model:
the Higgs mechanism (1960s)
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How to Solve the Problems?

@ Concept of spontaneous symmetry breaking (SSB)
a Applied to the Standard Model:
the Higgs Englert-Brout-Higgs—Guralnik—Hagen—Kibble mechanism (1960s)

® Higgs, P. W. (1964)
"Broken symmetries, massless particles and gauge fields"
Physics Letters. 12 (2): 132-201.

® Englert, F.; Brout, R. (1964)
"Broken symmetry and the mass of gauge vector mesons"
Physical Review Letters. 13 (9) 321-23.

® Higgs, P. W. (1964)
"Broken symmetries and the masses of gauge bosons"
Physical Review Letters. 13 (16): 508-09.

® Guralnik, G.S.; Hagen, C.R.; Kibble, TW.B. (1964)
"Global conservation laws and massless particles”
Physical Review Letters. 13 (20): 585-87.
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How to Solve the Problems?
@ New background field that has non-zero amplitude v in ground state Higgs Mechanism
everywhere
® Particles interact with the field and get ‘slowed down’: movement as if . @ °
they have mass . Ar;ﬂp:;m ° o__pamda
® Mass explained as restoring force % s
moxv (v =field amplitude) a7 HogFid
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How to Solve the Problems?
@ New background field that has non-zero amplitude v in ground state Higgs Mechanism
everywhere
® Particles interact with the field and get ‘slowed down’: movement as if . @ °
they have mass Apparent :
. . Mass o'—F’arllcla
® Mass explained as restoring force s
moxv (v =field amplitude) T ngsl‘;ield

a Detection: excitation of background field — new particle

Higgs Particles

@ L] @

. 2 @
2 @
> 2
Higas Field %9
9B o 9987 Higss
3%, Particle
e @
2 ?
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How to Solve the Problems?

® New background field that has non-zero amplitude v in ground state
everywhere
® Particles interact with the field and get ‘slowed down’: movement as if
they have mass
® Mass explained as restoring force

mxv (v =field amplitude)

a Detection: excitation of background field — new particle
@ |n the Standard Model
® Weak interactions themselves have infinite range and are described by
gauge-invariant theory
a Interactions are screened by background field: effective masses for the
gauge bosons

® SSB: field spontaneously takes ground-state which does not have
symmetry
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Higgs Mechanism
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SSB in Classical Mechanics

® Symmetry is present in the system (i. e. the Lagrangian)
@ But it is broken in the energy ground-state

KIT

Karlsruhe Institute of Technology

Needle on point:

Block in water:

Block on stick:

¥ symmetry

axis-symmetry
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How to Solve the Problems?

@ Concept of spontaneous symmetry breaking (SSB)
a Applied to the Standard Model:
the Englert—Brout—Higgs—Guralnik-Hagen—Kibble mechanism (1960s)
a Introduce a background field with a specific potential that

® Keeps the full Lagrangian invariant under SU(2), x U(1)yv,
a But will make the energy ground-state not invariant under this symmetry
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How to Solve the Problems?

@ Concept of spontaneous symmetry breaking (SSB)
a Applied to the Standard Model:
the Englert—Brout—Higgs—Guralnik-Hagen—Kibble mechanism (1960s)
a Introduce a background field with a specific potential that

® Keeps the full Lagrangian invariant under SU(2), x U(1)yv,
a But will make the energy ground-state not invariant under this symmetry

— Higgs mechanism

® Solves all the discussed problems
a |ntroduces a fundamental scalar particle: the Higgs boson
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Simple Example of SSB

@ [llustrate idea of Higgs field and spontaneous symmetry breaking
® Real scalar field ¢(x) in specific potential V(¢)
L = 3(9,0(x)) (9"6(x)) — [5120%(x) + A¢* (x)]
T(¢) vV(e)
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Simple Example of SSB

@ [llustrate idea of Higgs field and spontaneous symmetry breaking
® Real scalar field ¢(x) in specific potential V(¢)

£ = 10u0(0) (0 9(0) — [1126% () + 1A ()

T(¢) V(¢)
® [ symmetric under global phase transformation ¢(x) — —¢(x)
® )\ > 0: V has absolute minimum
® Two possibilities for sign of ;.2
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Simple Example of SSB

@ [llustrate idea of Higgs field and spontaneous symmetry breaking
® Real scalar field ¢(x) in specific potential V(¢)

£= 5 (0,6(x)) (0"6(x)) — [11267(x) + 1A (x)]

T(¢) V()
® [ symmetric under global phase transformation ¢(x) — —¢(x)
® )\ > 0: V has absolute minimum
® Two possibilities for sign of ;.2
® |nvestigate particle spectrum: investigate £ around energy ground-state (vacuum expectation value or
short vacuum)

Energy ground—state at minimum of Hamiltonian density
H = 5355(900) — L = }1(900)° + (V&)1 + V(9)

Lowest energy if ¢(x) = ¢o = const and V(o) minimal
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Simple Example of SSB

L =3 (0u9) (0"0) — [312¢* + 32¢*]
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Simple Example of SSB

L=1(0,0)(0"¢) — [3126° + 120%

® Case p2 > 0:

® Minimum of V(¢) at ¢(x) = ¢o = 0: ground state
® Ground state retains symmetry in ¢ — —¢

L= [1(0.0)(0"¢) — 3120 — 1As*
~—~—

free particle, mass interaction
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Simple Example of SSB

L=1(0,0)(0"¢) — [3126° + 120%

® Case p2 > 0:

® Minimum of V(¢) at ¢(x) = ¢o = 0: ground state
® Ground state retains symmetry in ¢ — —¢

L= [1(0.0)(0"¢) — 3120 — 1As*
~—~—

free particle, mass interaction

— free scalar particle with mass 1 and four-point self-interaction
® Mass = excitation against “restoring force”
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Simple Example of SSB

L =3 (0u9) (0"0) — [312¢* + 32¢*]

® Case ;2 < 0: particle with imaginary mass?
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Simple Example of SSB

L=1(0,0)(0"¢) — (3120 + 1Xe%]

® Case ;2 < 0: particle with imaginary mass?
® No stable minimum of V(&) at ¢(x) = 0 (perturbation theory will not converge)

® Ground state(s) located at| ¢o = —"; =v

® Study states close to minimum:

o(x) = v+n(x)| (perturbations n(x) around v)
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Simple Example of SSB

L =3 (0u0) (0"¢) — [3126° + 1 26"]

® Case ;2 < 0: particle with imaginary mass?
® No stable minimum of V(&) at ¢(x) = 0 (perturbation theory will not converge)

® Ground state(s) located at| ¢o = —"; =v

® Study states close to minimum:

o(x) = v+n(x)| (perturbations n(x) around v)

Kineticterm: T = 1 [9u(v +1)0* (v + n)]
= 3 (um) (8"n) since 9,v =0
Potential term: V = 11%(v +n)® + 1A(v +n)*

A0+ avn® + 1an* — Iav? | since p? = — A2
—~—
const
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Simple Example of SSB

L =3 (0.0)(0"9) — [3120° + 3 70°]

® Case ;2 < 0: particle with imaginary mass?
® No stable minimum of V(¢) at ¢(x) = 0 (perturbation theory will not converge)

® Ground state(s) located at| ¢o = —"; =v

® Study states close to minimum:

£=[3@um) (@n) = W] = v = jurt
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Simple Example of SSB

L =5 (0.0) (0"¢) = [31°¢" + 370"]
-~ particle-with-imaginary-mass?

® No stable minimum of V(¢) at ¢(x) = 0 (perturbation theory will not converge)

® Ground state(s) located at| ¢o = —"; =v

® Study states close to minimum:

£=[3@um) (@n) = W] = v = jurt

® Scalar particle n with mass | 1m? = Av? = —p® = m, = V2\V2

® Additional 3- and 4-point self-interactions
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Simple Example of SSB

L= 3(9.0)(0"¢) — [312¢" + 320%)]
-~ particle-with-imaginary-mass?

® No stable minimum of V(¢) at ¢(x) = 0 (perturbation theory will not converge)

® Ground state(s) located at| ¢o = —“72 =v

® Study states close to minimum:

£=[3@um) (@n) = W] = v = jurt

® Scalar particle n with mass | 1m? = Av? = —p® = m, = V2\V2

® Additional 3- and 4-point self-interactions

Symmetry in ¢ retained but ground state not symmetric in n: £(n) # L(—n)
— spontaneous symmetry breaking (SSB)
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Intermediate Summary - SSB

® Lagrangian for scalar field ¢ without mass terms + potential V(¢)
with minimum (= ground-state of system) at ¢ = v # 0

® Particle spectrum obtained by investigating £ close to the minimum:
expansion of ¢ around the minimum v

® Adding V leads to massive scalar particle (consequence of ‘restoring force’ in potential) with
self-interaction

m Keeps the full Lagrangian invariant under the original symmetry
(here: global phase transformation)
& But the energy ground-state is not invariant under this symmetry
— “spontaneous symmetry breaking”

— tools needed for the Higgs mechanism

16/57 26.5.2023 Nils Faltermann: Teilchenphysik Il - W, Z, Higgs am Collider KIT -ETP



Breaking Global Gauge Symmetry A“(IT
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® Example: complex scalar field ¢ = %(% + i)

= Higgs potential ‘ V(¢) = 1?92 + Ao|* ‘

®w Lagrangian £ = (0,,6%) (0*¢) — V(¢)

® V = V(|¢|?) — invariant under global U(1)
transformations

¢ — e

6" s eings O const

® ;2 > 0: ground state at || = 0

— 2 massive scalar particles with additional self-interaction
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Breaking Global Gauge Symmetry ﬂ(IT

Karlsruhe Institute of Technology

® Example: complex scalar field ¢ = %((Zﬁ + ih2) A V(D)

= Higgs potential ‘ V(¢) = 1?92 + Ao|* ‘

®w Lagrangian £ = (0,,6%) (0*¢) — V(¢)

® V = V(|¢|?) — invariant under global U(1)
transformations

¢ — e

6" s eings O const

® ;2 < 0: infinitely many ground states on circle with

Al = = v
|6 = 22 = 3
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Breaking Global Gauge Symmetry
® Choose real ground state (U(1) symmetry!)
A m©)
_H
o =15~
D(x)

& Study perturbation around ¢g:

9(x) = J5 (v 4 n(x) +C(x)) o

n(x), C(x ). infinitesimal field amplitudes ", ® [ niv2 Re(d)
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Breaking Global Gauge Symmetry A“(IT

Karlsruhe Institute of Technology

® Choose real ground state (U(1) symmetry!)

A im(o)
do= 25 =%
D(x)

& Study perturbation around ¢g:

(x) = I3 (v +n(x) +iC(x)) G2

n(x), ¢(x ). infinitesimal field amplitudes . R n/v2 Re(®)
T = 30u(v+n—iQ)d"(v+n+iC)

= 3 (8um) (8"n) + 5 (9uC) (8"¢) , Buv =0

V = 1?g]? + Ag|*
= AP+l + A v+ + =
= +A27 + O, n*, ¢t ﬂ7< JPCE L)
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Breaking Global Gauge Symmetry

@ Full Lagrangian after symmetry breaking

L= 1(8.n) (0 n) — W10+ 1(8,¢) (8*¢) + higher-order terms

2

massive scalar particle massless scalar particle self interaction
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Breaking Global Gauge Symmetry

@ Full Lagrangian after symmetry breaking
L= 1(8.n) (0 n) — W10+ 1(8,¢) (8*¢) + higher-order terms

massive scalar particle massless scalar particle self interaction

® 7): massive scalar particle with m,, = v2Av?
® Consequence of ‘restoring force’ in radial direction

® (: massless scalar particle “Goldstone Boson”
® No restoring force in azimuth, consequence of the global U(1) symmetry

KIT -ETP
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Breaking Global Gauge Symmetry

@ Full Lagrangian after symmetry breaking
L= 1(0.n) (8"n) = \W?1° + 1 (9,¢) (0*¢) + higher-order terms

self interaction

massive scalar particle massless scalar particle

® 7): massive scalar particle with m,, = v2Av?
® Consequence of ‘restoring force’ in radial direction

® (: massless scalar particle “Goldstone Boson”
® No restoring force in azimuth, consequence of the global U(1) symmetry

Goldstone Theorem For each generator of a spontaneously broken' continuous symmetry?, a massless
spin-zero particle will appear

Ta symmetry of £ that is not present in the ground state
2 that ‘connects’ the ground states

KIT -ETP
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Intermediate Summary

Spontaneously breaking a continuous global symmetry leads to the appearance of a massless Goldstone boson

A V(P)
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Higgs Mechanism: Breaking Local Symmetry

Example QED: local U(1) symmetry
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Higgs Mechanism: Breaking Local Symmetry

Example QED: local U(1) symmetry
® |nvariance under local U(1) gauge transformations
D(x) = ¢ (x) = e Wy(x)
achieved by introduction of covariant derivative

O — Dy =0+ igA, with A, — A = Ay — 20,a(X)
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Higgs Mechanism: Breaking Local Symmetry

Example QED: local U(1) symmetry

® |nvariance under local U(1) gauge transformations
b(x) = ' (x) = e“Wy(x)
achieved by introduction of covariant derivative

O — Dy =0+ igA, with A, — A = Ay — 20,a(X)

® Adding a complex scalar Higgs field ¢ = ﬁ (1 + icp2)

(also transforms under U(1)!)
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Higgs Mechanism: Breaking Local Symmetry

Example QED: local U(1) symmetry

® |nvariance under local U(1) gauge transformations
b(x) = ' (x) = e“Wy(x)

achieved by introduction of covariant derivative
O — Dy =0+ igA, with A, — A = Ay — 20,a(X)

® Adding a complex scalar Higgs field ¢ = ﬁ (1 + icp2)

(also transforms under U(1)!)

® |ocal-U(1) gauge-invariant Lagrangian for Higgs and photon field
(omitting fermion terms)

L= (Do) (D) — V(§) — LFu FH

with Higgs potential V(¢) = u2|¢|? + \|o|* with u? < 0
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Higgs Mechanism: Breaking Local Symmetry

® Higgs field ¢ = % (v +n+i¢) close to ground state v = /—p?/\
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Higgs Mechanism: Breaking Local Symmetry

® Higgs field ¢ = % (v +n + i) close to ground state v = /—u2/\
® Kinetic and potential term of Lagrangian
T = (Du9)' (D"¢)
= 3 [(8u = igAu) (v +n — Q)] [(8" + igA™) (v + 1 + iC)]

23/57 26.5.2023 Nils Faltermann: Teilchenphysik Il - W, Z, Higgs am Collider KIT -ETP



KIT

Higgs Mechanism: Breaking Local Symmetry

® Higgs field ¢ = % (v +n + i) close to ground state v = /—u2/\
® Kinetic and potential term of Lagrangian
T = (Du9)" (D"9)
= 3 [(Ou —igAL) (v + 1 = iQ)] [(0" + igA") (v +n + i()]
= 3 [(8un) (9" n) + (9u€) (9"C)
+7 (v +n)? + ¢%) AuA* + 2qvA,, (8#¢) | + higher orders
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KIT

Higgs Mechanism: Breaking Local Symmetry

® Higgs field ¢ = % (v +n + i) close to ground state v = /—u2/\
® Kinetic and potential term of Lagrangian
T = (Du9)" (D"9)
= 3 [(Ou —igAL) (v + 1 = iQ)] [(0" + igA") (v +n + i()]
= 3 [(8un) (9" n) + (9u€) (9"C)
+7 (v +n)? + ¢%) AuA* + 2qvA,, (8#¢) | + higher orders

V = +Av?% + higher orders  (see previous example)
n
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KIT

Higgs Mechanism: Breaking Local Symmetry

® Higgs field ¢ = % (v +n + i) close to ground state v = /—u2/\
® Kinetic and potential term of Lagrangian
T = (Du9)" (D"9)
3 (0 —igAL) (v +n — Q] [(0" + igA™) (v +n + iC)]
3 [(8un) (9"n) + (9u€) (9"¢)
+7 (v +n)? + ¢%) AuA* + 2qvA,, (8#¢) | + higher orders

V = +\v% + higher orders  (see previous example)

= L=F @0 =N+ F(0u) — {FuF" + 3 AN
| S —

massive scalar boson Goldstone boson photon with mass term
+ qvA, (0"¢) + interaction n/CA, + self-interaction n/¢
——
?
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Rewriting Lagrangian in Unitary Gauge

® Terms involving ¢ and A,;: ,
$0u0) + S VAR + quA, (9°C) = 3¢V (A + & (97€)
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Rewriting Lagrangian in Unitary Gauge

® Terms involving ¢ and A,;: ,
$0u0) + S VAR + quA, (9°C) = 3¢V (A + & (97€)
a Exploiting local gauge invariance

= A, fixed up to aterm ;0,c(x) (because Ay — A}, = Ay — Ldua(x))
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KT

Rewriting Lagrangian in Unitary Gauge

® Terms involving ¢ and A,;: ,
2
3 (0,00 + SPVAN + quA, (9"C) = 1a°VF A+ 4 Q)] = 3@V (A))
a Exploiting local gauge invariance

= A, fixed up to aterm ;0,c(x) (because Ay — A}, = Ay — Ldua(x))
® Gauge transformation with | a(x) = —1¢(x) | (unitary gauge)
/ 1
A=A+ 5 (0u0)
_ 1
¢/ — e/a¢ — e—’;c¢

1
=e VI (vt +iC)
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KT

Rewriting Lagrangian in Unitary Gauge
® Terms involving ¢ and A,;:
L0 + 1V + QU (0°C) = 107 [+ & (070 = 1o (A))°

a Exploiting local gauge invariance
= A, fixed up to aterm ;0,c(x) (because Ay — A}, = Ay — Ldua(x))

® Gauge transformation with | a(x) = —1((x) | (unitary gauge) A im@)

A=A+ 25 (8,0 o0
(z)/ :eia¢—e_ilvc¢
—i— c¢lV2
=e 4\1[(v+7)+/§) o >
~ (1= L)L (v+n+iQ) s o) M2 Re(o)
~ 7(V+77)
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Rewriting Lagrangian in Unitary Gauge
(for simplicity, from now on writing: ¢’ = ¢, A], = Ay,)

L = (D.¢)" (D*¢) — V(¢)
(e ) ()] [ ) (o)) - vt
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Rewriting Lagrangian in Unitary Gauge

(for simplicity, from now on writing: ¢’ = ¢, A], = Ay,)

£ = (Dug) (D") — V()

2 [( — igAy )(v+n)] [(8“ +iqA“) (v+77)] ~ V()

1(0m)? + 1P (v + m)2R2 — (sznz v+ It — }Av“)

=V(o)
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Rewriting Lagrangian in Unitary Gauge
(for simplicity, from now on writing: ¢’ = ¢, A], = Ay,)

L

(Dug)' (D"¢) = V(9)

[(au - iun) (v + n)] [(8“ + iqA“) (v + n)] - V(¢)

(D)’ + 3@ (v +m)°A% — (A 4+ dvi + ' = Sav%)

N

nN=

=V(o)

= 1(0m)" — AW + 3P VA2 + P vALn + 1P ALY — v’ — 1t
—_— ——

massive Higgs boson photon mass Higgs-photon interaction Higgs self-interaction
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The Higgs Mechanism

L= % (aun)2 — )\vznz + 1quvai + qQVAfm + %quinz - )\vn3 - 1;)\774
| SR\ —

massive Higgs boson photon mass Higgs-photon interaction Higgs self-interaction
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The Higgs Mechanism

L= % (aun)2 — )\v2772 + 1quvai + qQVAin + %quinz - /\vn3 - j;)\n“
| SR\ —

massive Higgs boson photon mass Higgs-photon interaction Higgs self-interaction

® Expansion of ¢ — ¢(n, ¢) around energy ground-state of Higgs potential generates mass term my = qv
for gauge field A,, from coupling ¢?|¢|?A? by covariant derivative

® Requires non-vanishing v: particular shape of potential (u? < 0)
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KIT

The Higgs Mechanism

L= % (aun)2 — )\v2772 + 1quvai + qQVAin + %quinz - /\vn3 - j;)\n“
| SR\ —

massive Higgs boson photon mass Higgs-photon interaction Higgs self-interaction

® Expansion of ¢ — ¢(n, ¢) around energy ground-state of Higgs potential generates mass term my = qv
for gauge field A, from coupling q2|¢|2Ai by covariant derivative

® Requires non-vanishing v: particular shape of potential (u? < 0)

® From point-of-view of the gauge field, two interpretations

1. Photon field interacts with external background (Higgs) field:
dynamic mass term
2. Background field unknown: interpretation as massive photon field
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The Higgs Mechanism

L= 1(0um)? — AP + L VPAZ + P VAL + 1P AL —
| SR\ —

KIT

Karlsruhe Institute of Technology

vy’ — It

massive Higgs boson photon mass Higgs-photon interaction

@ What about the massless ( field (Goldstone boson)?

® Removed by gauge transformation (absorbed into A},)
@ Responsible for longitudinal component of massive vector field
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The Higgs Mechanism

L= 1(8m)° — AW + JPVPAL + VAL + 3@ AL — vy’ — '
| SR\ —

massive Higgs boson photon mass Higgs-photon interaction Higgs self-interaction

@ What about the massless ( field (Goldstone boson)?

® Removed by gauge transformation (absorbed into A},)
@ Responsible for longitudinal component of massive vector field

w/o ¢-A,, interaction with ¢-A,, interaction
1 n field, m, = vV2Av? 1 7 field, m, = vV2Av?
1 ¢ field, me =0

2 states of A, (helicity 1) 3 states of A,, (helicity =1, 0)
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KIT

The Higgs Mechanism

L= % (aun)2 — )\v2772 + 1quvai + qQVAin + %quinz — )\vn3 — 1;)\774
| SR\ —

massive Higgs boson photon mass Higgs-photon interaction Higgs self-interaction

@ What about the massless ( field (Goldstone boson)?

® Removed by gauge transformation (absorbed into A},)
@ Responsible for longitudinal component of massive vector field

w/o ¢-A,, interaction with ¢-A,, interaction
1 n field, m, = vV2Av? 1 7 field, m, = vV2Av?
1 ¢ field, me =0

2 states of A, (helicity 1) 3 states of A,, (helicity =1, 0)

“The gauge boson has eaten up the Goldstone boson
and has become fat on it.”
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The Higgs Boson

L= % (aun)2 — )\vznz + 1quvai + qQVAfm + %quinz - )\vn3 - 1;)\774
| SR\ —

massive Higgs boson photon mass Higgs-photon interaction Higgs self-interaction

@ Higgs mechanism predicts massive scalar particle n (Higgs boson) with self interaction
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KIT

The Higgs Boson

L= % (aun)2 — )\vznz + 1quvai + qQVAfm + %quinz - )\vn3 - 1;)\774
| SR\ —

massive Higgs boson photon mass Higgs-photon interaction Higgs self-interaction

@ Higgs mechanism predicts massive scalar particle n (Higgs boson) with self interaction
® NB: Gauge boson mass acquired by interaction with Higgs background field, not with Higgs boson!
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KIT

The Higgs Boson

L= % (aun)2 — )\v2772 + 1quvai + qQVAin + %quinz - )\vn3 - 1;)\774
| SR\ —

massive Higgs boson photon mass Higgs-photon interaction Higgs self-interaction

@ Higgs mechanism predicts massive scalar particle n (Higgs boson) with self interaction
® NB: Gauge boson mass acquired by interaction with Higgs background field, not with Higgs boson!

N
. . N
@ |nteraction of photon and Higgs boson 3 AN
) — e e e m = ma ma
® Photon-Higgs three-point interaction S P o2
® Photon-Higgs four-point interaction Ve
Ve
Ve
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KIT

The Higgs Boson

1 2 2 2 1 .2 252 2 2 1 2p2 2 3 1 4
L=35(0um) —Avn +3q VA, +q VA N+ 36 A — Avy” — 2y
—_— ———
massive Higgs boson photon mass Higgs-photon interaction Higgs self-interaction

@ Higgs mechanism predicts massive scalar particle n (Higgs boson) with self interaction
® NB: Gauge boson mass acquired by interaction with Higgs background field, not with Higgs boson!

N
. . N
@ |nteraction of photon and Higgs boson 3 AN
m m
m Photon-Higgs three-point interacton ~ — — — — — TA P v—ﬁ*
® Photon-Higgs four-point interaction Ve
7
Vg
. . . /7 N P 7
@ Higgs self-interaction 7 N P
/s N
® Three-point self-coupling & m?7 \.\’ m%
® Four-point self-coupling \ 2u 7 V. 8v?
N s N
N 7
N Vg
KIT -ETP
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This is not the Complete Story

® Previous discussion was just an example to illustrate the Higgs mechanism: Apparently, there is no
charged Higgs field with v > 0 because the photon is massless!

® But principle can be applied to SU(2), x U(1)y symmetry of the Standard Model
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The Standard-Model Higgs Field ¢

@ Lsy should retain all gauge symmetries: add Higgs field ¢ as
left-chiral weak-isospin doublet of two complex fields

30/57

26.5.2023

+
¢ = ((Zo

):

1

V2

(

o1+ g2
@3+ i

)

Nils Faltermann: Teilchenphysik Il - W, Z, Higgs am Collider

KIT

Karlsruhe Institute of Technology
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The Standard-Model Higgs Field ¢ A“(IT

@ Lsy should retain all gauge symmetries: add Higgs field ¢ as
left-chiral weak-isospin doublet of two complex fields

o= () =1 (P +ide AV(P)
¢ V2 \ @3+ iga
® |agrangian for the Higgs field

£Higgs = (au(ﬁ)(a'u(b) - V(¢)
V(¢) = 1?6l + Algl*
with 42 < 0 (SSB)
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The Standard-Model Higgs Field ¢ A“(IT

@ Lsy should retain all gauge symmetries: add Higgs field ¢ as
left-chiral weak-isospin doublet of two complex fields

o= () =1 (P +ide AV(®)
T\ ¢ ) V2 \ s+ i

® |agrangian for the Higgs field

£Higgs = (au¢T)(au¢) - V(¢)

V() = 12|l + Alg|*

with u? < 0 (SSB!)
@ The Standard-Model Lagrangian becomes

Lsm = Liin + Lcc + Lnc + Lgauge + Lriggs
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The Standard-Model Higgs Field ¢ A“(IT

@ Lsu should retain all gauge symmetries: add Higgs field ¢ as
left-chiral weak-isospin doublet of two complex fields

b= "N\ _ 4 (D1 +ige
T\ ") VR g5+

® Invariance of Lyjggs under local SU(2). x U(1)y transformations

9 _a a i’
B(x) = eliz ()Tl a(X)Y¢]¢(X)
enforced by covariant derivative

By — Oy + i9TaW2 +iL Y,B,
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The Standard-Model Higgs Field ¢ A“(IT

@ Lsu should retain all gauge symmetries: add Higgs field ¢ as
left-chiral weak-isospin doublet of two complex fields

b= "N\ _ 4 (D1 +ige
T\ ") VR g5+

® Invariance of Lyjggs under local SU(2). x U(1)y transformations

9 _a a i’
B(x) = eliz ()Tl a(X)Y¢]¢(X)
enforced by covariant derivative

By — Oy + i9TaW2 +iL Y,B,
W2 — W32 — 0,0°(x) — ge™™ap(X) We,
B, — B, — dua(x)
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The Standard-Model Higgs Field ¢

@ Lsu should retain all gauge symmetries: add Higgs field ¢ as
left-chiral weak-isospin doublet of two complex fields

b= "N\ _ 4 (D1 +ige
T\ ") VR g5+

® Invariance of Lyjggs under local SU(2). x U(1)y transformations

9 _a a i’
B(x) = eliz ()Tl a(X)Y¢]¢(X)
enforced by covariant derivative

By — Oy + i9TaW2 +iL Y,B,
W2 — W32 — 0,0°(x) — ge™™ap(X) We,
B, — B, — dua(x)

31/57 26.5.2023 Nils Faltermann: Teilchenphysik Il - W, Z, Higgs am Collider
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Karlsruhe Institute of Technology

SU(2) x U(1) hypercharges of ¢
field Y, I Q

o » +1/2 +1
#° -1/2 0

Q= k3 + ¥ (Gell-Mann—Nishijima)

KIT -ETP



KIT

Choice of Vacuum
® Ground state ¢y with non-zero amplitude ¢y = v/\@ (— SSB)
® Choose ground state with /s = —1, Q =0 (i.e. ¢ = 0):

+ 0 2
=), a ()
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KIT

Choice of Vacuum

® Ground state ¢y with non-zero amplitude ¢y = v/\@ (— SSB) Any state with (¢+)? + (¢°)2 = v2

Q=0 (.e.90T =0): possible, but |¢T| # 0 together with
Yy = +1 leads to massive photon

= Choose ground state with /; = —1,

+ 0 .
=), a ()

M)
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Choice of Vacuum A“(IT

Karlsruhe Institute of Technology

® Ground state ¢y with non-zero amplitude ¢y = v/\@ (— SSB)
® Choose ground state with /s = —1, Q =0 (i.e. ¢ = 0):

o 0
(), (0 -V

Any state with (¢7)2 + (¢°)? = V2
possible, but |¢"| # 0 together with
Yy = +1 leads to massive photon

NS

® Expansion of ¢ around ground state in unitarity gauge

o00=2(, 5 )

Vacuum expectation value

Radial excitation:
v # 0: gauge-boson masses

the Higgs boson

Goldstone boson (term i() eliminated by gauge transformation
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Dynamic Term in Lyiggs

@ Covariant derivative will give rise to

® Masses for gauge bosons (o v)
® |nteractions between gauge bosons and Higgs boson (x vH, & H?)

0 0

a‘/ . a
(Do) =% + 5 [§aWE + S V4B,

v+H v+H
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Dynamic Term in Lyiggs A“(IT

Karlsruhe Institute of Technology

(01 (0 —i
= Covariant derivative will give rise to e (1 o) b= ( i o) ’
® Masses for gauge bosons (x v) S (1 0)
® |nteractions between gauge bosons and Higgs boson (x vH, & H?) s 0 —1
(Dug) =2 ° + -4 [gTaWa + gf/Yd)Bp] 0 —» Pauli matrices
valy +H velgmhe v+H
0 _ g(W}, — iw?)
= 5 + & S vh
ouH —gW,, + g’ Y4B,
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Dynamic Term in Lyiggs A“(IT

Karlsruhe Institute of Technology

@ Covariant derivative will give rise to

® Masses for gauge bosons (o v)
® |nteractions between gauge bosons and Higgs boson (x vH, & H?)

0 . 0
5]
(Duo) =2 + 5 [97Wi + £ Y4B,
V2 v+H ve L2 v+H
0 _ g(W}, — w2
= 5 + 5 (Wi = W) (v+H)

_QWZ +9'YsBu

(00) = L5 (0 o) — L (gW'H + WAy — gWs + gy, ) (v H)
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Dynamic Term in Lyiggs A“(IT

Karlsruhe Institute of Technology

@ Covariant derivative will give rise to

® Masses for gauge bosons (o v)
® |nteractions between gauge bosons and Higgs boson (x vH, & H?)

0 , , 0
(Do) =% + 5 [97Wi + £ Y4B,
V2 v+H ve L2 e v+H
0 ; g(W!, — iW?)
= 7 + 7 N ()
ouH —gW,, + g’ Y4B,

(06) = 35(0 M) — & (oW + e —gwo 1 g'v,8) (v H)

® Full dynamic term (D)1 (D,¢) in Liiggs

2
L (@uH) + G (v + HP (W' + W) + §(v + HY? | oW, + ' YoB,
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Dynamic Term in Lyiggs
® Re-writing (D*¢)T(D,,$) in terms of physical bosons:

10"HOH + £(v+ H)? (W' + W)+ L(v +H)? |[-gW + &' V4B, |*
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KIT

Dynamic Term in Lyiggs
® Re-writing (D*¢)T(D,,$) in terms of physical bosons:

10"HOH + £(v+ H)? (W' + W)+ L(v +H)? |[-gW + &' V4B, |*

® W= bosons
wi =1 (W‘ iW2) = WP+ WPR=|WTP+ W
v = 7z \Wu T 1V, =
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Dynamic Term in Lyiggs
® Re-writing (D*¢)T(D,,$) in terms of physical bosons

10HOH + L(v+HY? (W P+ W P) + H(v+H)? |[-gWs + ¢ V4B, |*

® W= bosons
wi =1 (W‘ iW2) = WP+ WPR=|WTP+ W
v = 7z \Wu T 1V, =
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Dynamic Term in Lyiggs
® Re-writing (D*¢)T(D,,$) in terms of physical bosons

10HOH + L(v+HY? (W P+ W P) + H(v+H)? |[-gWs + ¢ V4B, |*
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Dynamic Term in Lyiggs
® Re-writing (D*¢)T(D,,$) in terms of physical bosons

LOPHOMH + 5 (v + H) (W24 W [2) + 5(v + H)? |—gWe, + g Yo B|°

& Weinberg rotation: photon and Z boson

Z,\  [cosOw —sinfw \ [ WS,
Au " \sinfw  cosOw B,

sinfy = \/ﬁ , cosOy = g29+g'2
(—QWZ + g'Bu) =V +9?%2,+0- Ay
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KIT

Dynamic Term in Lyiggs
® Re-writing (D*¢)T(D,,$) in terms of physical bosons

LOHOLH + £ (v +HE (W E + W [2) + €525 (v + H)?|ZP?

& Weinberg rotation: photon and Z boson

Z,\  [cosOw —sinfw \ [ WS,
Au " \sinfw  cosOw B,

sinfy = \/ﬁ , cosOy = g29+g’2
(—QWZ + g'Bu) =V +9?%2,+0- A
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Karlsruhe Institute of Technology

Dynamic Term in Lyiggs
® Higgs doublet and choice of specific ground state leads to

(D"¢)1 (Do) = L(8,H)(9,H)
1L (v ) (W + W P) + & 2 (v )Rz
H/—’

mw = 1gv mz = 1\/g? +g'%v

KIT -ETP
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Dynamic Term in Lhiggs A“(IT

Karlsruhe Institute of Technology

® Higgs doublet and choice of specific ground state leads to

(D"¢)"(Due) = §(9uH)(9:H)

+: 5 (V HY? (W2 W [2) + 4 F58° (v H)22?

ov m= 1P+ g

=

My

Mass terms for the W* and Z bosons
No mass term for the photon
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Dynamic Term in Lhiggs A“(IT

Karlsruhe Institute of Technology

® Higgs doublet and choice of specific ground state leads to

(D"¢)"(Due) = §(9uH)(9:H)

+: 5 (V HY? (W2 W [2) + 4 F58° (v H)22?

gv mz =3\ g2+ 9%

=

My

Mass terms for the W* and Z bosons
No mass term for the photon

a Results depend on choice of Higgs-sector structure (v = 0 for ¢™)
@ Absolute masses of gauge bosons not predicted but their relation
mw

=——— =1 = mz>mw
P mgz cos Oy g
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Vacuum Expectation Value v

a Higgs mechanism does not predict value of v = /—pu2/\
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Vacuum Expectation Value v

a Higgs mechanism does not predict value of v = /—pu2/\
@ But estimate from relation to W-boson mass possible

ma, = (1gv)° (from Higgs mechanism)
my = {?}f (from Fermi theory)

® Gr = (1.16639 + 0.00002) - 10~° GeV~2 from muon-lifetime
measurement
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Vacuum Expectation Value v

a Higgs mechanism does not predict value of v = /—pu2/\ m Gy
@ But estimate from relation to W-boson mass possible

ma, = (1gv)° (from Higgs mechanism)
my = {?}f (from Fermi theory)

® Gr = (1.16639 + 0.00002) - 10~° GeV~2 from muon-lifetime
measurement

v = 246.22 GeV sets the scale of electroweak symmetry breaking
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The Standard Model Higgs Mechanism

® Adding ¢ as SU(2), doublet with specific non-zero ground-state

Lhiiggs = 3 (0,H) (0"H) — Av2H? + AvH® — 1AH*
2 2
+1iméz, 7" + "2Hz, 7" + 1 T2 HPZ, 7

MWW 4 2T HWHEW T 4 T HRW W

(Here, the equality |W+|2 + |W~|? = 2W+W~ was used)

KIT -ETP
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The Standard Model Higgs Mechanism A“(IT

Karlsruhe Institute of Technology

® Adding ¢ as SU(2), doublet with specific non-zero ground-state

Lhiiggs = 3 (0,H) (0"H) — Av2H? + AvH® — 1AH*
2 2
+3mz, 7" + "ZHZ, 7" + }EH?Z,Z"

W 4 2T HWEW T TR W

@ Masses (mass terms) for the gauge bosons W= and Z

w/o ¢-W/Z interaction: d.o.f. \ with ¢-W/Z interaction: d.o.f.
4 massless vector fields W%, B: 8 | 3 massive vector fields Wi, Z: 9
2 complex Higgs fields: 4 | 1 massless vector field A: 2
1 massive scalar: 1
total number d.o.f.: 12 | total number d.o.f.: 12
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The Standard Model Higgs Mechanism

® Adding ¢ as SU(2), doublet with specific non-zero ground-state

42/57

Luiggs = 3 (9,H) (9"H) — gmuyH? + FuH® — 82
+1m2z, 2" + TeHz,z + 1 TeHRZ, 2"
MWW 4 2T HWHEW T 4 T HRW W

2
My

H4

@ Masses (mass terms) for the gauge bosons W= and Z
® A massive scalar particle H (Higgs boson) with self-interaction

® Higgs-boson mass my = v2Av?

® Three-point Higgs-boson self-coupling

® Four-point Higgs-boson self-coupling

26.5.2023
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The Standard Model Higgs Mechanism
® Adding ¢ as SU(2), doublet with specific non-zero ground-state
Lriggs = 3 (9,H) (9"H) — LmyH? 4 TaH® — Myt

+1mBZ, 2" + TiHZ, 7" + 1 T HeZ, 2"

2 2
+mGWEW T 4 2T HW P W - T HPW W

@ Masses (mass terms) for the gauge bosons W= and Z
® A massive scalar particle H (Higgs boson) with self-interaction
® Interactions of the Higgs boson with the W* and Z bosons

a V-Higgs three-point interaction v H N v
N

® V-Higgs four-point interaction Hooeeem ~ m@_% h ~ T_S,
//

\4 H \Y

43/57 26.5.2023 Nils Faltermann: Teilchenphysik Il - W, Z, Higgs am Collider KIT -ETP



KIT

Reminder: Problem of Massive Fermions

® SU(2), x U(1)y transformations act differently on chiral components
® Decomposition of mass term

mypyp = my (EFﬂ/JL + EU/)F{)

@ Left- and right-handed components transform differently!

Y — 1) = e 7Yy (component of isospin doublet, | = 1)

YR — g =€ g (isospin singlet, / = 0)

X Left- and right-handed fermions transform differently under SU(2), x U(1)y
X Fermion mass terms in chiral theory are not gauge invariant
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SU(2), x U(1)y Invariant Fermion-Mass Term

@ Higgs field can also be used to generate mass terms for fermions!
® Terms as the following are gauge invariant under SU(2), x U(1)y

Lyikawa = — Y 0r — yrbpéd ™| yi: “Yukawa coupling”
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SU(2), x U(1)y Invariant Fermion-Mass Term

@ Higgs field can also be used to generate mass terms for fermions!

® Terms as the following are gauge invariant under SU(2), x U(1)y

Lyykawa = _‘VfEL(m/}FI - ‘VfERQ/)TdJL

upn — (V,AY, BT) (Av, Bo) (Avar)
= Al Ay, Az BT Bopa

g, )~
—e'’s (=YL+Yg+YR) (X)qu BTBQZ)U)R

/

g

= @L@/JF?
...and analogously for ¢ z¢ 1),

45/57 26.5.2023

2))Q(X)EL¢¢H

o/ & (—(= N+

yr: “Yukawa coupling”

Transformations:

/

g
U(1)y : Ay = GIEYQ(X)

9 _a_a
SU@2).: B =e27e'™

! Hypercharges Y, e.g. for e:

er -1
eRr -2
[0} +1
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SU(2), x U(1)y Invariant Fermion-Mass Term

@ Higgs field can also be used to generate mass terms for fermions!
® Terms as the following are gauge invariant under SU(2), x U(1)y

Lyikawa = — Y 0r — yrbpéd ™| yi: “Yukawa coupling”

® Summary: under SU(2), x U(1)y transformations

Dirac mass terms mi (Y, R +gL) break invariance

Yukawa mass terms  yr(, pvr+1pppiep)  are invariant

Coupling to Higgs field restores gauge invariance!
...and how does this help?
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Example: Electron Mass
® Expand ¢ around vacuum |¢o| = o ﬁ (v—? H)

\e(ukawa = _yeELd)eFl - Yeéﬁ‘d)“/}L

47/57 26.5.2023 Nils Faltermann: Teilchenphysik Il - W, Z, Higgs am Collider KIT -ETP



KIT

Example: Electron Mass
® Expand ¢ around vacuum |¢o| = o ﬁ (v—? H)

\e(ukawa = _yeELd)eFl - Yeéﬁ‘d)“/}L

= _}/e% [(V e (V—?—H) er+er(0 v+H) (Z)L]
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Example: Electron Mass

® Expand ¢ around vacuum |¢o| = o ﬁ (v—? H)

\e(ukawa = _yeELd)eFl - Yeéﬁ‘d)“/}L

0 v
= Yo | (7 @& er+er(0 v+H
Ye /3 (7 e V4 H R a( ) e .
= —%(V—‘r H) €Lér +§ReL|

=ee
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Example: Electron Mass

® Expand ¢ around vacuum |¢o| = o ﬁ (v—? H)

\e(ukawa = _yeELd)eFl - Yeéﬁ‘d)“/}L

(V e)L<V?_H>eH+eH(O V+H)<Z>]

= —%(V + H) €Lér +§ReL|

=ee

=—-=vee— ——=Hee —meeée — —Hee
V2 V2
——
e mass Hee interaction
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Example: Electron Mass A“(IT

Karlsruhe Institute of Technology

® Expand ¢ around vacuum |¢g| = %: b — % (v—? H)

\e(ukawa = _yeELd)eFl - YeéR¢T¢L

(¥ e)L<V—|O—H> er+er(0 v+H) (Z)]

= —%(V =+ H) €Lér +§ReL|

=ee

1
_yeﬁ

=—~=vee— ~—=Hee = —msee— "cHee
V2 V2 ’
——
e mass Hee interaction

® Yukawa coupling of electron with Higgs field

a Electron-mass term (cf. Dirac equation) in gauge-invariant way! Electron mass: me = %v
® |n addition: interaction of electron with Higgs boson « m,
® No prediction of electron mass: free parameter y,

47/57 26.5.2023 Nils Faltermann: Teilchenphysik Il - W, Z, Higgs am Collider KIT -ETP



KIT

Fermion Masses

® 1), ¢Yr + YpoTe: masses only for ‘down’-type fermions
@ Additional term for ‘up’-type fermions:

— 0%
VY ¢°YR, ¢ = iT* = (_(f*) ¢°: charge conjugate of ¢ Yy = —1

® Conjugate ¢° transforms in same way as ¢ under SU(2), x U(1)y: above terms are gauge invariant
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Fermion Masses A“(IT

® 1), ¢Yr + YpoTe: masses only for ‘down’-type fermions
@ Additional term for ‘up’-type fermions:

V%R, 90 = imgt = (V)

V2 \0 ¢°: charge conjugate of ¢ Ve = —1
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Fermion Masses A“(IT

Karlsruhe Institute of Technology

® 1), ¢Yr + YpoTe: masses only for ‘down’-type fermions
@ Additional term for ‘up’-type fermions:

- . 4 SSB v .
VY ¢°YR, ¢ =it = % (0) ¢°: charge conjugate of ¢ Yy = —1

@ Fermion-mass terms (without h.c. terms):

= S 0 _
d-type: —yd(UL dL)(bd/:{ :—%(UL dL) (V> dR:—%VdeR

_ _ v _
u-type: —y (0. d;)¢Cug = —%(UL d) (0> Ug = —%vuLuR

® Lvukawa fOr generation i (massless neutrinos)

Lyvukawa = *}’,’d 6Li¢dﬁi - J/,-UE?L@CURI‘ - y/!ZLi¢/Hi — h.c.
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Quark Masses

® Most general case: y; — G; complex matrices
ki — a~/ —/
l:?/ﬂ:;;a = Gy ovr = —Gj QLi¢d§/ - GIL';OLIQsCU}/?j — h.c.

® ¢, ...: states in flavour (= SU(2)-interaction) base
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Quark Masses
® Most general case: y; — G; complex matrices
k — a~/ —/
l:?(luji;:\;a = Gy ovr = —Gj QLi¢d§/ - GIL';OLiQsCU}/?j — h.c.

® ¢, ...: states in flavour (= SU(2)-interaction) base

@ For example, first term (after electroweak symmetry breaking)

_, ,
G?QL@dfq,- =5 Gl -(c s), G&-(c s), G%-(c s),
Gg,-(t b), G&-(t b), G&-(t b),

GYy-(u d), Gi-(u d), G- (u d), 0 dp
1 /
S

bk
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Quark Masses A“(IT

Karlsruhe Institute of Technology

® Most general case: y; — G; complex matrices
— —/ —/
Ly = Gy ¢m = — G Qudds; — GfQLi¢°up — h.c.
® ¢, ...: states in flavour (= SU(2)-interaction) base

@ For example, first term (after electroweak symmetry breaking)

<

GYy-(u d), Gi-(u d), G- (u d), 0 dh
_, ,
GJ Q) ¢0dy = % G- (c s), G;’S (c s), GI-(c s), | sq

Gy (t b) Gf-(t b), Gf,-(t b), bp
@ Lagrangian becomes
—/ —/
Louane — Gl - didh — G5 - dish —... — hc.

=—  M%-dds— M -dish—...—hec.

=— My -dd - Me-ds —...
N——— N———
d-quark mass ”
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Quark Masses

® States with proper mass terms by diagonalizing the mass matrices

, mg 0 O , m, 0 0
M =ViMTVE = omso |, M=VMVi=|0moO
0 0 mp 0 0 m
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Quark Masses

KIT

Karlsruhe Institute of Technology

® States with proper mass terms by diagonalizing the mass matrices

, mqg 0 0
M =ViMEVE = 0omso |, M=
0 0 mp
with unitary matrices V (i.e. viv =1)
k - d’
Lkawa = —  dL Mj dp —
— dy M drj
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Quark Masses A“(IT

Karlsruhe Institute of Technology

® States with proper mass terms by diagonalizing the mass matrices

, mg 0 O , m, 0 0
M =ViMTVE = omso |, M=VMVi=|0moO
0 0 mp 0 0 m

with unitary matrices V (i.e. viv =1)

quarks __ - d’ / — u’ /
L = — dLi M,/ de — ug M UF;/'

Yukawa if

— auVEVEME VET VEdy — T VT VEMY VA Vg
w N—— \VH_/ N~
= — d M; drg — UL M,;’ URj
with quark mass-eigenstates

di = (V2)dl;  dm = (VR)jdy

wi = (VO um = (Vi)jua
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SM Interactions in Quark Mass-Eigenstates

® Electroweak interaction terms rewritten in SU(2)-interaction base

52/57

26.5.2023

Lewk = iQA" [BH +iZWiT? 4+ /%, YLBu] QL +iq " [au + "%/ YLBu] 9k
= iQY"0.QL + g7 0udhk
+ QWi Qf
+ Qv (cfZy, ¢ AL) QL + Gy (cBZu, ¢ AL)dh
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SM Interactions in Quark Mass-Eigenstates

® Electroweak interaction terms rewritten in SU(2)-interaction base
@ For Lyc (and similarly L), terms of the form

. - u
QIL'V“(ZMA#)QL = (u d)Li’VM(ZMA,u)
d

Li
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SM Interactions in Quark Mass-Eigenstates

® Electroweak interaction terms rewritten in SU(2)-interaction base
@ For Lyc (and similarly L), terms of the form

. - u
QIL'V“(ZMA#)QL = (u d)Li’VM(ZMA,u)
d

Li
= Uy (Z,, A)uL + ..
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SM Interactions in Quark Mass-Eigenstates

® Electroweak interaction terms rewritten in SU(2)-interaction base
@ For Lyc (and similarly L), terms of the form

. - u
QIL'VH(ZM AH)Qi = (u d)u’yu(zm Au)
d
Li
= U/Li’YM(ZmAu)UZi + ...

= Y(Zu, AU A - - -
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SM Interactions in Quark Mass-Eigenstates
® Electroweak interaction terms rewritten in SU(2)-interaction base
@ For Lyc (and similarly L), terms of the form

u

— —
QIL'VH(ZM AH)Qi = (u d)u’yu(zm Au)
d

Li
= UZ;W”(ZM,AH)UZ; + ...
= Y"(Zy, Au UL + - -
= Y*(Zy Au) T (V) (VI Yguy + -
——— ——

il /
g i
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SM Interactions in Quark Mass-Eigenstates
® Electroweak interaction terms rewritten in SU(2)-interaction base
@ For Lyc (and similarly L), terms of the form

u

— —
QIL'VH(ZM AH)Qi = (u d)u’yu(zm Au)
d

Li
= U/Li’YM(ZmAu)UZI +...
= (Zpu, Au)ULUL + - -
= Y (Zy, Au)Ou (VEV Yy ug + .
——

5ji
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SM Interactions in Quark Mass-Eigenstates

® Electroweak interaction terms rewritten in SU(2)-interaction base
@ For Lyc (and similarly L), terms of the form
— , o u
Qv (2, Au)QL = (u d)u'V (Zy, Au)
d
Li
= Uy (Z,, A)uL + ..
= ’YM(ZuaAu)UILiUL‘ + ...
= Y (Zy AT (VEV g + -
N——

S

Kinetic and NC interaction terms act on quark mass-eigentstates
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SM Interactions in Quark Mass-Eigenstates

55/57

® Electroweak interaction terms rewritten in SU(2)-interaction base
@ For L¢g, €. W™, terms of the form

26.5.2023

QWi Q) = (U d), Wit
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SM Interactions in Quark Mass-Eigenstates

® Electroweak interaction terms rewritten in SU(2)-interaction base
@ For L¢g, €. W™, terms of the form

QAPWSLTH Q) = yMW Td) + ..
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SM Interactions in Quark Mass-Eigenstates

® Electroweak interaction terms rewritten in SU(2)-interaction base
@ For L¢g, €. W™, terms of the form

QAPWSLTH Q) = yMW Td) + ..
= WS T (V) (VT )gdy + .

i !
Ui 9
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SM Interactions in Quark Mass-Eigenstates
® Electroweak interaction terms rewritten in SU(2)-interaction base
@ For L¢g, €. W™, terms of the form
QAPWSLTH Q) = yMW Td) + ..
= W (V) (V)i + -
N~ N——
UZI d[/‘
= W Ty (VV)d+
N—_——

i
Vekm
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SM Interactions in Quark Mass-Eigenstates
® Electroweak interaction terms rewritten in SU(2)-interaction base
@ For L¢g, €. W™, terms of the form
QAW QL = Wi Tyd) + . ..
= WS T (V) (VT )gdy + .
—— ——
UZI d[/‘
= ’y‘uW:; m (VLUVLdT)// dLj 4+ ...
——

ij
Vekm

CC act on superposition of mass-eigentstates (quark mixing)
v VLdT = Vckm: Cabibbo-Kobayashi-Maskawa (CKM) matrix

Convention: Vckm elements such that no mixing for u-type quarks: u/ = u;
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Summary: The Higgs Mechanism

@ No prediction of but allows masses of the elementary particles without breaking local gauge invariance
® Higgs field ¢ with spontaneously-symmetry-breaking potential
— non-zero vacuum expectation value v of ¢
® Coupling of gauge bosons to ¢ (by covariant derivative) generates boson mass-terms o v (‘eat up’ Goldstone
bosons to gain mass)
® |n addition: Yukawa coupling of fermions to ¢ generates fermion mass-terms o v (and introduces freedom for
mixing between fermion mass- and interaction-eigenstates)

® Predicts a massive scalar particle (the Higgs boson)

@ Coupling to fermions and bosons depending on their masses
® Additional self-interaction

@ Higgs sector determined by Higgs-boson mass (free parameter)
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