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[Higgs vacuum 
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numbers “Yukawas”]

Mass

In the Standard Model:
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Flavour hierarchies 
Additional (hierarchical) 
symmetry breakings

Motivation
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Flavour hierarchies 
Additional (hierarchical) 
symmetry breakings

Motivation

=

[Additional scalar vev(s)]

[order-one 
complex 
numbers]

New flavoured gauge symmetries:

y ( ⟨Φ⟩
Λ )

ni

[Current experimental B-anomalies 
provide strong motivation for TeV-scale]

Yi
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•Stochastic gravitational wave background from 1st order 
phase transitions [Peak frequency proportional to vev] 

•Plethora of ground- and space-based GW observatories in 
2030s [Experiments can probe far above the TeV scale] 

•Hierarchical range of optimised frequencies: 

•Interestingly:

Motivation

mtmb msmc mumd: :

: :1 10−2 10−4

: :f�1
LISA
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•Expand Standard Model to PS   SU(4)xSU(2)xSU(2)

Model Example

Ψi
L ≡ (Qi

L

Li
L)Quark-Lepton 

Unification
Quarks

Leptons

≡
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•Expand Standard Model to PS   SU(4)xSU(2)xSU(2)

Model Example

Ψi
L ≡ (Qi

L

Li
L)Quark-Lepton 

Unification
Quarks

Leptons

≡

•Consider generation dependent higher-dimensional model

PS1 PS2 PS3

5d PS
4



Gravitational Imprints of Flavour Hierarchies — Toby Opferkuch, CERN

PS1 PS2 PS3
Ψ1 Ψ2 Ψ3

•4d Picture — “Pati-Salam Cubed” [Bordone, Cornelle, Fuentes-Martin,  
Isidori 1712.01368]

Model Example

Fermions:
Ψi

L ≡ (4, 2, 1)i

Ψi
R ≡ (4, 1, 2)i

Reminder: (SU(4),SUL(2),SUR(2))5
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PS1 PS2 PS3
Ψ1 Ψ2 Ψ3

•4d Picture — “Pati-Salam Cubed” [Bordone, Cornelle, Fuentes-Martin,  
Isidori 1712.01368]

Model Example

Fermions:
Ψi

L ≡ (4, 2, 1)i

Ψi
R ≡ (4, 1, 2)i

Σ1

Σ1 ≡ (4, 1, 2)1

ΦL/R
12 ΦL/R

23

Ω12 Ω23

ΦL
ij ≡ (1, 2, 1)i × (1, 2, 1)j

ΦR
ij ≡ (1, 1, 2)i × (1, 1, 2)j

Ωij ≡ (4, 2, 1)i × (4, 2, 1)j

Scalars:

H3

H3 ≡ (1, 2, 2)3

Reminder: (SU(4),SUL(2),SUR(2))5
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PS1 PS2 PS3
Ψ1 Ψ2 Ψ3

•4d Picture — “Pati-Salam Cubed” [Bordone, Cornelle, Fuentes-Martin,  
Isidori 1712.01368]

Model Example

Fermions:
Ψi

L ≡ (4, 2, 1)i

Ψi
R ≡ (4, 1, 2)i

Σ1

Σ1 ≡ (4, 1, 2)1

ΦL/R
12 ΦL/R

23

Ω12 Ω23

ΦL
ij ≡ (1, 2, 1)i × (1, 2, 1)j

ΦR
ij ≡ (1, 1, 2)i × (1, 1, 2)j

Ωij ≡ (4, 2, 1)i × (4, 2, 1)j

Scalars:

H3

H3 ≡ (1, 2, 2)3

Extra-dimensional 
picture implies 
suppressed quartics

Reminder: (SU(4),SUL(2),SUR(2))5
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•Relevant phase transitions:

Model Example
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•Relevant phase transitions:

→SU(4)    SU(3)

→SU(4) x SU(3)    SU(3)

Model Example
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Phase transition dynamics 
controlled by effective potential:

Cosmological Phase Transitions

[fundamental parameters] [temperature]

Ve↵(g,�, v,�, T ) = V0 + VCW + VT 6=0
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Phase transition dynamics 
controlled by effective potential:

Cosmological Phase Transitions

[fundamental parameters] [temperature]

E�ective Potential and Phase Transitions
e�ective Potential:
Ve�(ĥ, „̂, T ) = Vtree(ĥ, „̂) + Vloop(ĥ, „̂) + Vthermal(ĥ, „̂, T )
finite-T corrections restore symmetry at high T

=∆ symmetry breaking phase transition in the early universe
cross-over:

�

Ve�

1st-order:

�

Ve�

Eric Madge (JGU Mainz) Leptophilic DM from Gauged Lepton Number Planck 2018 5 / 11

Cross-over 1st-order

hi
gh
-te
m
p.

lo
w
-te
m
p.

�(T )

Figure from E. Madge 

Ve↵(g,�, v,�, T ) = V0 + VCW + VT 6=0
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Cosmological Phase Transitions

vs

vs

vs

vW

vW

vW

vs

vs

vs

vW

vW

vW

h�i = v

h�i = 0

 Collision of bubble walls 

 Sound waves in plasma 

 Turbulence in plasma

⌦� :

⌦sw :

⌦turb :

•Contributions to the 
GW spectrum:

•Nucleation temperature:

�(Tn) ⇠ H
4(Tn)
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See for example: 
[Huber, Konstandin 0806.1828] 

[Hindmarsh, Huber, Rummukainen, Weir 1504.03291] 
[Hindmarsh, Huber, Rummukainen, Weir 1704.05871] 

[Cutting, Hindmarsh, Weir 1802.05712] 
[Pol et. al. 1903.08585] 

[Cutting, Hindmarsh, Weir 1906.00480]

Figure from E. Madge 
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Example Transition
•SU(4) �  SU(3) transition [relevant for     ]→

18
94

SI
D
N
E
Y
CO
LE
M
A
N

A
N
D
ER
IC
K
W
EI
N
BE
RG

(5
}S
in
ce

th
e
lo
ga
rit
hm

of
a
sm
al
l
nu
m
be
r
is

ne
ga
tiv
e,

it
ap
pe
ar
s
as

th
ou
gh

th
e
on
e-
lo
op

co
r-

re
ct
io
ns

ha
ve

tu
rn
ed

th
e
m
in
im
um

at
th
e
or
ig
in

in
to
a
m
ax
im
um
,

an
d
ca
us
ed

a
ne
w
m
in
im
um

to
ap
pe
ar

aw
ay

fro
m

th
e
or
ig
in
-
th
at
is
to
sa
y,

th
at

th
e
on
e-
lo
op

co
rre
ct
io
ns

ha
ve

ge
ne
ra
te
d

sp
on
ta
ne
-

ou
s
sy
m
m
et
ry

br
ea
ki
ng
.
A
la
s,
ap
pe
ar
an
ce
s
ar
e

de
ce
pt
iv
e:

Th
e
ap
pa
re
nt

ne
w
m
in
im
um

oc
cu
rs
at

a
va
lu
e
of
y,

de
te
rm
in
ed

by

A
ln
,
=
—
— m

'+
O
(A
. )
.

(y
)'

32
(3
.13
)

Si
nc
e
w
e
ex
pe
ct
hi
gh
er
or
de
rs

to
br
in
g
in
hi
gh
er

po
w
er
s
of

X
in
(y
,'
/M
'),

th
e
ne
w
m
in
im
um

lie
s

ve
ry
fa
r
ou
tsi
de

th
e
ex
pe
ct
ed

ra
ng
e
of
va
lid
ity

of
th
e
on
e-
lo
op

ap
pr
ox
im
at
io
n,

ev
en
fo
r
an
ar
bi
-

tra
ril
y
sm
al
l
co
up
lin
g
co
ns
ta
nt
,
an
d
m
us
t
be
re
-

je
ct
ed

as
an
ar
tif
ac
t
of
ou
r
ap
pr
ox
im
at
io
n.

A
s
w
e

sh
al
l
se
e
sh
or
tly
,
th
ou
gh
,
th
er
e
do
ex
ist

ph
ys
ic
al
-

ly
in
te
re
sti
ng

th
eo
rie
s
fo
r
w
hi
ch

th
e
ef
fe
ct
iv
e
po
-

te
nt
ia
l
ha
s
a
ve
ry

sim
ila
r
fo
rm
,
an
d
to
w
hi
ch

th
e

sa
m
e
cr
iti
ci
sm

ca
n
no
t
be
ap
pl
ie
d.

A
m
on
g
th
em

is
m
as
sle
ss

sc
al
ar
el
ec
tro
dy
na
m
ic
s.

IV
.
M
A
SS
LE
SS

SC
A
LA
R
EL
EC
TR
O
D
Y
N
A
M
IC
S

+
—
, '(s
„y
,+
eA
„(
p,
)'
— —
, (y
,
+
cp
,')
'

w
he
re

+
co
un
te
rte
rm
s,

(4
. 1
)

F„
„=
B,
A
„-
8„
&
„.

(4
. 2
}

Th
e
ca
lc
ul
at
io
n
of
th
e
ef
fe
ct
iv
e
po
te
nt
ia
l
ca
n
be

so
m
ew
ha
t
sim

pl
ifi
ed

if
w
e
re
al
iz
e
th
at
it
ca
n
on
ly

de
pe
nd

on
2
—

2
2

9
c
=0
'zc

+9
2c

(4
. 3
)

Th
us
,
w
e
ne
ed

on
ly
co
m
pu
te

gr
ap
hs

w
ith

al
l
th
e

ex
te
rn
al

lin
es

~I
(),
's.

Fu
rth
er
m
or
e,

if
w
e
w
or
k
in

W
e
sh
al
l
no
w
ap
pl
y
th
e
ap
pa
ra
tu
s

de
ve
lo
pe
d

in
th
e
la
st
tw
o
se
ct
io
ns

to
m
as
sle
ss

sc
al
ar
el
ec
tro
-

dy
na
m
ic
s,

th
e
th
eo
ry

of
a
m
as
sle
ss

ch
ar
ge
d
m
e-

so
n
m
in
im
al
ly

co
up
le
d
to
th
e
el
ec
tro
dy
na
m
ic

fie
ld
.

W
e
w
rit
e
th
e
ch
ar
ge
d
m
es
on

fie
ld
in
te
rm
s
of
tw
o

re
al
fie
ld
s,

cp
,
an
d
y„
an
d
w
rit
e
th
e
La
gr
an
ge

de
ns
ity

as ', (
E„
„)
'+
5-(-
s„
rp
,—
eA
„q
r,
)'

La
nd
au

ga
ug
e,

w
he
re

th
e
ph
ot
on

pr
op
ag
at
or

is
. g
p
v
—
kg
kv
/k

p
v

k2
+i

(4
. 4)

th
en

th
e
co
nt
rib
ut
io
n

of
an
y
gr
ap
h
of
th
e
ty
pe

sh
ow
n

in
Fi
g.
3
va
ni
sh
es
.

Th
is
is
be
ca
us
e
th
e
ex
te
rn
al

m
om
en
tu
m

is
ze
ro
;
th
er
ef
or
e
th
e
m
om
en
tu
m

of
th
e
in
te
rn
al

m
es
on

is
th
e
sa
m
e
as
th
at
of
th
e
in
-

te
rn
al

ph
ot
on
,
an
d
va
ni
sh
es

w
he
n
it
is
co
nt
ra
ct
ed

w
ith

th
e
ph
ot
on

pr
op
ag
at
or
.

Th
us
th
er
e
ar
e
on
ly
th
re
e
cl
as
se
s
of
gr
ap
hs

to
co
m
pu
te
:
th
os
e
of
th
e
ty
pe

sh
ow
n
in
Fi
g.
2,

w
ith

a
y,

ru
nn
in
g

ar
ou
nd

th
e
po
ly
go
n,

th
os
e
of
th
e
sa
m
e

ty
pe
,
bu
t
w
ith

a
cp
,
ru
nn
in
g

ar
ou
nd

th
e
po
ly
go
n,

an
d
th
os
e
sh
ow
n
in
Fi
g.
4,

w
ith

a
ph
ot
on

ru
nn
in
g

ar
ou
nd

th
e
po
ly
go
n.

A
sid
e
fro
m
tri
vi
al

nu
m
er
ic
al

fa
ct
or
s,

al
l
ar
e
of
ex
ac
tly

th
e
sa
m
e
str
uc
tu
re

as
th
e
gr
ap
hs

co
ns
id
er
ed

in
Se
c.
III
.
A
fte
r
so
m
e

str
ai
gh
tfo
rw
ar
d

co
m
pu
ta
tio
n,

w
e
ob
ta
in

4~
9
c
+
11
52
'
64
'

W
c

M
2

6

(4
. 5)

Th
is
fu
nc
tio
n,

lik
e
th
e
on
e
di
sc
us
se
d

in
Se
c.
III
,

ha
s
a
m
in
im
um

aw
ay

fro
m

th
e
or
ig
in
.
H
er
e,

ho
w
-

ev
er
,
th
e
m
in
im
um

ne
ed

no
t
be
ill
us
or
y.

In
Se
c.

III
,
th
e
m
in
im
um

ar
os
e
fro
m
ba
la
nc
in
g
a
te
rm

of
or
de
r

Z
ag
ai
ns
t
a
te
rm

of
or
de
r
)P
in
(rp
/M
);

th
us
,

fo
r
sm
al
l

A
, ,
it
in
ev
ita
bl
y
oc
cu
rre
d
at
la
rg
e

1n
(y
/M
),

ou
tsi
de

th
e
ex
pe
ct
ed

do
m
ai
n
of
va
lid
ity

of
ou
r
ap
pr
ox
im
at
io
n.

H
er
e,

ev
en
fo
r
an
ar
bi
-

tra
ril
y
sm
al
l
co
up
lin
g
co
ns
ta
nt
,
w
e
ca
n
ob
ta
in
a

m
in
im
um

by
ba
la
nc
in
g
a
te
rm

of
or
de
r

A
.
ag
ai
ns
t

a
te
rm

of
or
de
r
e
ln
(y
/M
).

Ev
en

th
ou
gh

th
e
se
c-

on
d
te
rm

fo
rm
al
ly

ar
ise
s
in
a
hi
gh
er

or
de
r
of
ou
r

ex
pa
ns
io
n
th
an

th
e
fir
st,

th
er
e
is
no
re
as
on

in
th
e

w
or
ld

w
hy

A
.
ca
nn
ot

be
of
th
e
sa
m
e
or
de
r
of
m
ag
-

ni
tu
de

as
e'.

In
de
ed
,
th
is
is
w
ha
t
w
e
sh
ou
ld
ex
-

pe
ct
if
w
e
th
in
k
of
th
e
qu
ar
tic

m
es
on

se
lf-
in
te
ra
c-

tio
n
as
be
in
g
fo
rc
ed

on
us

by
re
no
rm
al
iz
at
io
n,

to
ca
nc
el
th
e
di
ve
rg
en
ce

in
Co
ul
om
b
sc
at
te
rin
g,

it-
se
lf
of
or
de
r
e4
.

W
e
th
in
k
th
is
po
in
t
is
so
im
po
rta
nt

th
at

w
e
w
ill

re
sta
te

it
in
sli
gh
tly

di
ffe
re
nt

la
ng
ua
ge
:

A
t
fir
st

gl
an
ce
,
th
e
ce
nt
ra
l
id
ea
of
th
is
pa
pe
r,

th
at
hi
gh
er
-

or
de
r
ef
fe
ct
s
m
ay

qu
al
ita
tiv
el
y

ch
an
ge

th
e
ch
ar
-

FI
G
.3
.
So
m
e
di
ag
ra
m
s
w
hi
ch

do
no
t
co
nt
rib
ut
e
to
th
e

ef
fe
ct
iv
e
po
te
nt
ia
l
in
sc
al
ar

qu
an
tu
m

el
ec
tro
dy
na
m
ic
s.

Th
e
w
ig
gl
y
lin
es

re
pr
es
en
t
ph
ot
on
s,

th
e
so
lid

lin
es
,
sp
in
-

le
ss

m
es
on
s.

+
0
~

~

FI
G
. 4
.
Th
e
ph
ot
on

co
nt
rib
ut
io
n

to
th
e
on
e-
lo
op

ap
pr
ox
-

im
at
io
n
fo
r
th
e
ef
fe
ct
iv
e
po
te
nt
ia
l.

⇤I
<latexit sha1_base64="uiLzN0VhtNpah9S5yqP6Vcmi7m0=">AAAB23icbZBLS8NAFIVvfNb6irp0EyyCq5JUQZcFXSi4qGAf0IQwmU7boZMHMzelJWTlTty6c6u/wD/jv3Fas2nrWR3uOZfLd4NEcIW2/WOsrW9sbm2Xdsq7e/sHh+bRcUvFqaSsSWMRy05AFBM8Yk3kKFgnkYyEgWDtYHQ7y9tjJhWPo2ecJswLySDifU4J6pFvmu6jLveI7yKbYPaQ+2bFrtpzWavGKUwFCjV889vtxTQNWYRUEKW6jp2glxGJnAqWl91UsYTQERmwjIRKTcMgt85DgkO1nM2G/2XdFPs3XsajJEUWUV3RWT8VFsbWDMrqcckoiqk2hEquL1t0SCShqNEXrkzmL8vLGtNZhlo1rVrVuazWnq4q9bsCuASncAYX4MA11OEeGtAECmP4gE/4MjzjxXg13v6qa0axcwILMt5/AWaBh+c=</latexit>

•SM QCD coupling 
requires g ∼ 1

Detectability  
over natural  
range of  
expected 
parameters

[similar transition for breaking with a 15 of SU(4) 
considered in Croon et. al. 1812.02747]
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Fixes other peaks

B-anomalies motived
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Conclusions

•Rich stochastic GW background from phase transitions 
[Sensitive to phase transitions far beyond collider reach] 

•Multi-peaked spectrum arising from the flavour 
hierarchy [Mass hierarchy encoded in relative peak 
frequencies] 

•These peaks may lie above planned future experiments 
[Clear appeal for high frequency GW detectors!]
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B-Anomalies Status

R(D(⇤)) =
Br(B ! D(⇤)⌧⌫⌧ )

Br(B ! D(⇤)`⌫`)

�  transitions:b → cℓν̄

R(K(⇤)) =
Br(B ! K(⇤)µ+µ�)

Br(B ! K(⇤)e+e�)

�  transitions:b → sℓℓ

2.5 �  discrepancy σ3.1 �  discrepancy σ
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PS1 PS2 PS3
Ψ1 Ψ2 Ψ3

H3Σ1

ΦL/R
12 ΦL/R

23

Ω12 Ω23

•4d Picture — “Pati-Salam Cubed” [Bordone, Cornelle, Fuentes-Martin,  
Isidori 1712.01368]

Model Example

•Light Fermion interactions through mixing:

L23 =
1

⇤III
 

(2)
L ⌦23H3 

(3)
R + h.c.
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R + h.c.
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See for example: 
[Greljo, Stefanek 1802.04274]
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