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Outline of the Lectures

1 Part 1 (today)

Higgs and Flavor in the Standard Model

(flavor symmetries, flavor violating Higgs decays,
Standard Model flavor puzzle)

2 Part 2 (tomorrow)

Higgs and Flavor beyond the Standard Model

(extended Higgs sectors, “flavorful” Higgs bosons,
flavor phenomenology, collider phenomenology)
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Main Theme of Today’s Lecture

Without the Higgs
there is no Flavor

in the Standard Model
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The Standard Model Lagrangian
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The Fermion Gauge Quantum Numbers

3 replica of the basic fermion family
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Flavor Symmetry of the Gauge Interactions

Ψ̄D/ Ψ =
3∑

i=1

Q̄iD/ Qi +
3∑

i=1

ūiD/ ui +
3∑

i=1

d̄iD/ di

+
3∑

i=1

L̄iD/ Li +
3∑

i=1

ēiD/ ei

gauge interactions are flavor universal

this part of the SM Lagrangian has a large U(3)5 flavor symmetry

Q → VQQ , u → Vuu , d → Vdd , L→ VLL , e→ Vee
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Flavor Symmetry of the Gauge Interactions

The U(3)5 flavor symmetry can be decomposed
in the following way

U(3)5 =

U(1)B × U(1)L × U(1)Y × U(1)D × U(1)E

×SU(3)Q × SU(3)U × SU(3)D × SU(3)L × SU(3)E

baryon number, lepton number, hypercharge

RH down-quark number, RH lepton number

flavor mixing
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Flavor Symmetry Breaking

the flavor symmetry is explicitly broken by the Yukawa couplings

Y HΨ̄Ψ =
∑
i,j

(Ŷu)ijHcQ̄iuj +
∑
i,j

(Ŷd )ijHQ̄idj +
∑
i,j

(Ŷ`)ijHL̄iej + h.c.

this part of the Lagrangian is still invariant under

U(1)B × U(1)L × U(1)Y

after electro-weak symmetry breaking we get fermion masses

→
∑
i,j

(m̂u)ij ūL
i uR

j +
∑
i,j

(m̂d )ij d̄L
i dR

j +
∑
i,j

(m̂`)ij ēL
i eR

j + h.c.
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(Ŷ`)ijHL̄iej + h.c.

this part of the Lagrangian is still invariant under

U(1)B × U(1)L × U(1)Y

after electro-weak symmetry breaking we get fermion masses

→
∑
i,j

(m̂u)ij ūL
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Going to Mass Eigenstates
Yukawa couplings and fermion masses are generic 3× 3 matrices

(not necessarily symmetric, hermitian, ...)

ūLm̂uuR + d̄Lm̂ddR + ¯̀Lm̂``
R + h.c.

mass matrices for the fermions can be diagonalized by
bi-unitary transformations

uL → V L
u uL , uR → V R

u uR , dL → V L
d dL , dR → V R

d dR

`L → V L
` `

L , `R → V R
` `

R

(V L
u )†(m̂u)(V R

u ) = diag(mu,mc ,mt )

(V L
d )†(m̂d )(V R

d ) = diag(md ,ms,mb)

(V L
` )†(m̂`)(V R

` ) = diag(me,mµ,mτ )

V L
u , V R

u , V L
d , V R

d , V L
` , V R

` are unitary matrices

[Exercise: show that any matrix can be diagonalized
by a bi-unitary transformation]
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The CKM Matrix

What happens to interactions in the mass eigenstate basis?

Lets start with the interactions of the W boson

Ψ̄D/ Ψ ⊃ g2√
2

(
ūL

i γ
µdL

i W +
µ + d̄L

i γ
µuL

i W−
µ

)

→ g2√
2

(
Vkj (ūL

kγ
µdL

j W +
µ ) + V ∗kj (d̄

L
j γ

µuL
k W−

µ )
)

VCKM = (V L
u )†(V L

d ) is the Cabibbo-Kobayashi-Maskawa matrix

The CKM matrix is unitary (product of 2 unitary matrices)
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Parameter Counting

How many flavor parameters are physical?

We started out with 3 Yukawa matrices: Ŷu, Ŷd , Ŷ`

Generic rule: Number of physical parameters =
Generic rule: = Number of total free parameters
Generic rule: - Number of broken symmetry generators

Let’s start with the lepton sector

Number of total free parameters = 3× 3× 2 = 18
(9 magnitudes and 9 phases in the lepton Yukawa matrix)

Number of broken symmetry generators = 2× 9− 3 = 15
(6 mixing angles and 12 phases in U(3)L × U(3)E
minus 3 phases in U(1)e × U(1)µ × U(1)τ )

⇒ we are left with 3 real physical parameters, which can be identified
with the masses of the electron, muon, and tau
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Parameter Counting (continued)

Now the quark sector:

Number of total free parameters = 2× 3× 3× 2 = 36
(18 magnitudes and 18 phases in the quark Yukawa matrices)

Number of broken symmetry generators = 3× 9− 1 = 26
(9 mixing angles and 18 phases in U(3)Q × U(3)U × U(3)D
minus 1 phase in the unbroken symmetry U(1)B)

⇒ we are left with 10 physical parameters, one of which is a phase;
can be identified with the 6 masses of the quarks
+ 3 CKM mixing angles + 1 CKM phase
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No Flavor Changing Neutral Currents at Tree Level

Lets look at the couplings of the Higgs

Y HΨ̄Ψ ⊃ 1√
2

h
(

(Ŷu)ij ūL
i uR

j + (Ŷd )ij d̄L
i dR

j + (Ŷ`)ij ¯̀
L
i `

R
j + h.c

)

→ 1√
2

h
(

(Ŷu)ij (V L
u )∗im(V R

u )jnūL
muR

n + (Ŷd )ij (V L
d )∗im(V R

d )jnd̄L
mdR

n

+(Ŷ`)ij (V L
` )∗im(V R

` )jn ¯̀L
m`

R
n + h.c

)

= h
( (mdiag

u )i

v
ūL

i uR
i +

(mdiag
d )i

v
d̄L

i dR
i +

(mdiag
` )i

v
¯̀L
i `

R
i + h.c

)

[Exercise: show that also the couplings of the photon, Z , and the gluons
are flavor diagonal]

→ There are no Flavor Changing Neutral Currents (FCNCs) in the
Standard Model at tree level (GIM mechanism)
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muR
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Flavor Transitions

no FCNCs at tree level

transitions among the
generations are mediated by

the W± bosons and their
relative strength is

parametrized by the
CKM matrix

V =

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb



note that without the Higgs
the concept of the CKM matrix

does not exist
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Flavor Changing Neutral Currents at Loop Level

FCNCs can arise
at the loop level

they are suppressed
by loop factors

and small CKM elements
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Recap: Flavor Properties of the Higgs in the SM

the tree level couplings of the Higgs to fermion mass eigenstates are
flavor diagonal and CP conserving

1
v

mu,d,e 0 0
0 mc,s,µ 0
0 0 mt,b,τ



+ loop factors×

? ? ?
? ? ?
? ? ?


at the loop level there can be also

flavor changing and CP violating couplings

How big are the flavor changing and CP violating couplings?
What are the SM predictions?
What do we know experimentally?
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Flavor Changing Decays: Spurion Analysis

To understand the parametric dependence of flavor changing decay
rates it is useful to promote the Yukawa couplings to “spurions”.

We assign them transformation properties under the SU(3)5 flavor
symmetry, such that the SM Lagrangian is formally invariant.
This allows us to track how Yuakwa couplings need to show up in
amplitudes simply based on symmetry arguments

Y HΨ̄Ψ ⊃
∑
i,j

(Ŷu)ijHcQ̄iuj +
∑
i,j

(Ŷd )ijHQ̄idj +
∑
i,j

(Ŷ`)ijHL̄iej + h.c.

quark and lepton fields are triplets under the respective flavor SU(3)

Q → 3Q , u → 3U , d → 3D , L→ 3L , e→ 3E

To restore invariance under the SU(3)5 flavor symmetry, we declare

Ŷu → 3Q × 3̄U , Ŷd → 3Q × 3̄D , Ŷ` → 3L × 3̄E
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(Ŷ`)ijHL̄iej + h.c.

quark and lepton fields are triplets under the respective flavor SU(3)

Q → 3Q , u → 3U , d → 3D , L→ 3L , e→ 3E

To restore invariance under the SU(3)5 flavor symmetry, we declare
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Wolfgang Altmannshofer Higgs & Flavor - Theory SSI 2021 17 / 40



Flavor Changing Decays: Spurion Analysis
Let’s consider a flavor changing decay of the Higgs into down quarks

h→ d̄L
i dR

j

Removing the quark spinors, the decay amplitude has to transform as

A(h→ d̄L
i dR

j )→ 3Q × 3̄D

A(h→ d̄L
i dR

j ) ∝ Ŷd diagonal in the mass basis→ no flavor change

A(h→ d̄L
i dR

j ) ∝ Ŷd Ŷ †d Ŷd diagonal in the mass basis→ no flavor change

A(h→ d̄L
i dR

j ) ∝ ŶuŶ †u Ŷd not diagonal in the mass basis→ flavor change
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Flavor Changing Decays: Spurion Analysis

Let’s be more concrete and consider h→ s̄b

In the mass eigenbasis, the amplitude has to be proportional to

A(h→ s̄b) ∼ 1
16π2 ((V L

d )†ŶuŶ †u Ŷd (V R
d ))23

∼ 1
16π2 ((V L

d )†(V L
u )(V L

u )†Ŷu(V L
u )(V L

u )†Ŷ †u (V L
u )(V L

u )†(V L
d )(V L

d )†Yd (V R
d ))23

∼ 1
16π2

1
v3 (V †CKM(m̂diag

u )2VCKMm̂diag
d )23

∼ 1
16π2

mbm2
t

v3 V ∗tsVtb

[Exercise: Reproduce this result
using Feynman diagrams / Feynman rules]
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d ))23

∼ 1
16π2 ((V L

d )†(V L
u )(V L

u )†Ŷu(V L
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d ))23

∼ 1
16π2 ((V L

d )†(V L
u )(V L

u )†Ŷu(V L
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Estimate of Flavor Changing Decay Rates

BR(h→ s̄b)

BR(h→ b̄b)
∼ 1

(16π2)2

m4
t

v4 |V
∗
tsVtb|2 ∼ 10−7

BR(h→ d̄b)

BR(h→ b̄b)
∼ 1

(16π2)2

m4
t

v4 |V
∗
td Vtb|2 ∼ 10−9

BR(h→ d̄s)

BR(h→ b̄b)
∼ 1

(16π2)2

m4
t

v4

m2
s

m2
b
|V ∗

td Vts|2 ∼ 10−15

BR(h→ ūc)

BR(h→ c̄c)
∼ 1

(16π2)2

m4
b

v4 |V
∗
ubVcb|2 ∼ 10−19

BR(h→ ēµ) = BR(h→ τ̄e) = BR(h→ τ̄µ) = 0

(In the absence of neutrino masses)

All those branching ratios are far below foreseeable sensitivities

Flavor changing Higgs decay are clear signatures of
physics beyond the Standard Model

Wolfgang Altmannshofer Higgs & Flavor - Theory SSI 2021 20 / 40



Estimate of Flavor Changing Decay Rates

BR(h→ s̄b)

BR(h→ b̄b)
∼ 1

(16π2)2

m4
t

v4 |V
∗
tsVtb|2 ∼ 10−7

BR(h→ d̄b)

BR(h→ b̄b)
∼ 1

(16π2)2

m4
t

v4 |V
∗
td Vtb|2 ∼ 10−9

BR(h→ d̄s)

BR(h→ b̄b)
∼ 1

(16π2)2

m4
t

v4

m2
s

m2
b
|V ∗

td Vts|2 ∼ 10−15

BR(h→ ūc)
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Flavor Conserving Couplings: Experiment

good agreement with SM predictions!
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Flavor Changing Couplings: Experiment

Let’s assume the Higgs has flavor changing couplings
(due to some physics beyond the SM)

What do we know about the flavor changing couplings experimentally?

In many cases, the highest sensitivity comes from
low energy flavor observables.

For example, flavor changing higgs-quark couplings are strongly
constrained by neutral meson oscillations

Such a diagram gives tree-level
contributions to Kaon mixing. Kaon mixing

is known to have extreme sensitivity to
“flavored” new physics.
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Estimating Sensitivity of Meson Mixing

SM contribution

MK
12 ∼

G2
F

16π2 f 2
K m2

W (V ∗tdVts)2

Flavor changing Higgs

MK
12 ∼ f 2

K
m2

K

m2
s

Y 2
sd

m2
h

Generously allowing an O(1) contribution from new physics we can
estimate a bound on the flavor changing coupling

Y 2
sd .

m2
s

m2
K

1
16π2 (V ∗tdVts)2 ∼ 10−10
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Summary of Constraints: Quarks

Blankenburg, Ellis, Isidori 1202.5704; Harnik, Kopp, Zupan 1209.1397; ...
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Lepton Flavor Violation

Lepton flavor violating Higgs couplings can be constrained by
processes like µ→ eγ, τ → µγ, ...

In some cases 2-loop effects are important

[Note: loop calculations with modified Higgs couplings that are introduced
by hand might not lead to consistent results.]
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Summary of Constraints: Leptons

Blankenburg, Ellis, Isidori 1202.5704; Harnik, Kopp, Zupan 1209.1397 ; ...
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LHC Searches for Lepton Flavor Violating Higgs

In the case of h→ τµ and h→ τe couplings, direct searches at the LHC
have the highest sensitivity.

I But µ→ eγ strongly constrains BR(h→ µe) and
BR(h→ τµ)×BR(h→ τe)
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LFV Higgs Decays in Models of New Physics

New physics that generates the LFV Higgs coupling, will typically also
give direct contributions to radiative decays (Dorsner et al. 1502.07784)

generic upper bound in many models

BR(h→ τµ) ∼ 26× BR(τ → µγ) . 10−6

WA, Gori, Kagan, Silvestrini, Zupan 1507.07927

Note: this is not a robust bound. It is based on theory bias.

⇒ If LFV Higgs decays are observed above that bound,
we learn something profound
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·

So far, all measured Higgs
properties agree with SM

predictions. But in the SM, quark
and lepton flavor is only

accommodated, not explained.
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Flavor Hierarchies
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Flavor Hierarchies
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Flavor Hierarchies
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The Standard Model Flavor Puzzle

Why are there three flavors of quarks and leptons?

·
What is the origin of the hierarchies

in the fermion spectrum?

What is the origin of the hierarchies
in the quark mixing?

·

Is lepton mixing anarchic?

Wolfgang Altmannshofer Higgs & Flavor - Theory SSI 2021 31 / 40



Addressing the SM Flavor Puzzle

Option 1: Electroweak symmetry breaking is as in the SM

→ Hierarchical structure of fermion masses and CKM matrix originates
solely from the Yukawa couplings

→ Introduce new physics that gives the Yukawa couplings a hierarchical
structure

Option 2: Extended electroweak symmetry breaking sector

→ Small quark and lepton masses from a subdominant source of
electroweak symmetry breaking
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Origin of Hierarchical Yukawa Couplings
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Hierarchy from Symmetry

(Froggatt, Nielsen ’79; ...)

fermion masses are forbidden by flavor symmetries
and arise only after spontaneous breaking of the symmetry

ht̄R tL
ϕ6

M6 hūRuL
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Hierarchy from Symmetry

mass and mixing hierarchies given by powers of the “spurion” 〈ϕ〉/M.
in the example from the previous slide we have

mu

mt
∼
(
〈ϕ〉
M

)6

∼ ε6

Exercise: Construct a U(1) model with the following hierarchies

mu ∼ ε6 , mc ∼ ε3 , mt ∼ 1

md ∼ ε5 , ms ∼ ε4 , mb ∼ ε2

Which predictions does your model make for the CKM hierarchies?
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Hierarchy from Symmetry (clockwork variation)

The flavor clockwork mechanism (Giudice, McCullough 1610.07962), is similar to
Froggatt-Nielsen with many individual U(1) symmetries for each flavor

(Alonso et al. 1807.09792)
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Hierarchy from Symmetry (clockwork variation)

(Alonso et al. 1807.09792)

The numbers of clockwork sites play a similar role as the U(1) charges in
the Froggatt-Nielsen setup

mu

mt
∼ εNQ1 +Nu1−NQ3−Nu3
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Hierarchy from Geometry

(Arkani-Hamed, Schmaltz ’99; Grossman, Neubert ’99; ...)

fermions are localized at different positions in an extra dimension

hierarchies from exponentially small wave-function overlap
between left-handed and right-handed fermions and the Higgs

mu

mt
∼ e−∆
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Hierarchy from Loops

(Weinberg ’72; ...)

light fermion masses arise only from quantum effects

uR uL

X̃

h

Ỹ

light fermions do not couple
to the higgs directly

couplings are loop-induced
by flavor violating new particles

mass and mixing hierarchies from loop factors

mu

mt
∼
(

1
16π2

)n
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Summary

1 Part 1 (today)

Higgs and Flavor in the Standard Model

(flavor symmetries, flavor violating Higgs decays,
Standard Model flavor puzzle)

2 Part 2 (tomorrow)

Higgs and Flavor beyond the Standard Model

(extended Higgs sectors, “flavorful” Higgs bosons,
flavor phenomenology, collider phenomenology)
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