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· Yukawas as matrix-valued fields

· quest for a renormalisable setup

� Pati-Salam realisation

· extra heavy fermions
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· non-standard coupling of gauge bosons to matter

� quark flavour phenomenology
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Flavour symmetry of the standard model

without Yukawas

· only “kinetic” terms for quarks and leptons

ψiDµγ
µ ψi (i = 1, 2, 3)

· invariant under global unitary transformations in flavour space

GF = U(3)QL
× U(3)UR

× U(3)DR
× U(3)LL

× U(3)ER

add Yukawas as matrix-valued fields

· Yukawas transform as bi-triplets of GF

e.g. 1
Λ H QL Yu UR → Yu ∼ (3,3,1,1,1)

· standard model Yukawa matrices given by the VEV

e.g. yu = 1
Λ 〈Yu〉
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Idea of Grinstein, Redi and Villadoro (2010)

· Yukawa terms non-renormalisable

e.g. 1
Λ H QL Yu UR

· UV completion requires new particles

QL

ΣL

UR

〈H〉

M

ΣR

〈S〉

· 〈S〉 encodes flavour structure of Yukawa matrices

· spontaneous breaking of GF yields massless Goldstone modes . . .

. . . unless flavour symmetry is gauged

· constraints from gauge anomalies

· phenomenology of extra fermions, scalars and flavour gauge bosons
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Implementation in Pati-Salam

· unify all left-/right-chiral SM fermions in PS representations qL/qR

· only two independent “kinetic” terms for the SM fermions

GF = U(3)I × U(3)II

· assumption: scalar sector violates U(1) symmetries explicitly
[
SU(4)× SU(2)× SU(2)′︸ ︷︷ ︸

Pati−Salam

× SU(3)I × SU(3)II︸ ︷︷ ︸
flavour

]
⋊ Z2

· Z2 realises left-right symmetry

qL = (4,2,1)(3,1)
Z2←→ qR = (4,1,2)(1,3)

· more generally

Ω = (ωc, ω, ω
′)(ωI , ωII)

Z2←→ Ω̃ = (ωc, ω
′, ω)(ωII , ωI)
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Origin of SM Yukawas

ΣL

〈H〉

M

ΣR

M

qR

〈H〉

qL

SU (3)I

〈S + T ′〉

SU (3)II

ΞR

〈S + T 〉

ΞL

qR qL

SU (3)II SU (3)I

~ww� Z2
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Pati-Salam field content

SU(4)× SU(2)× SU(2)′ SU(3)I × SU(3)II VEV

qL (4 , 2 , 1) ( 3 , 1) —

qR (4 , 1 , 2) (1 , 3 ) —

H (1 , 2 , 2) (1 , 1) vu,vd

ΣL (4 , 1 , 2) (1 , 3 ) —

ΣR (4 , 1 , 2) ( 3 , 1) —

ΞL (4 , 2 , 1) (1 , 3 ) —

ΞR (4 , 2 , 1) ( 3 , 1) —

T (1 , 3 , 1) (3 , 3) 0

T ′ (1 , 1 , 3) (3 , 3) ±t′ M

S (1 , 1 , 1) (3 , 3) sM

� [SU(3)I ]
3 and [SU(3)II ]

3 anomalies do not vanish
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Extention to generate Majorana neutrinos

SU(4)× SU(2)× SU(2)′ SU(3)I × SU(3)II VEV

ΘL (1 , 1 , 1) ( 3 , 8) —

ΘR (1 , 1 , 1) (8 , 3 ) —

Sν (1 , 1 , 1) (6 , 1) sνΛν

S′
ν (1 , 1 , 1) (1 , 6) s′νΛν

Φ (4 , 2 , 1) (8 , 1) 0

Φ′ (4 , 1 , 2) (1 , 8) ϕ′Λϕ

· fermions ΘL and ΘR compensate [SU(3)I ]
3 and [SU(3)II ]

3 anomalies

· Majorana mass term for ΘL from 〈Sν〉 [and for ΘR from 〈S′
ν〉]

· 〈Φ′〉 projects out SM neutral component of ΣR ∼ (4,1,2)

· Σν
R couples to ΘL as well as qνL −→ light Majorana neutrinos
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Mass scales and approximate seesaw relation

104GeV 1010GeV

M Λν ∼M���SU(3)S , T ′ Λϕ M��PS

1018GeV

→ flavour gauge bosons decouple (Mseesaw ≪ Λν .MPlanck)

· (mass of ΣL,R and ΞL,R) ∼ 〈S, T ′〉 > M ∼ TeV scale

· effective Yukawas from integrating out ΣL,R and ΞL,R

yu ≃
[

1

s+ t′
+

1

s

]
yd ≃

[
1

s− t′ +
1

s

]

· Yukawa matrices inversely proportional to s = 〈S〉
M

and t′ = 〈T ′〉
M

· multiple solutions for s, t′: 1 (3) generation(s) → 2 (8) solutions

· not sufficiently accurate for third generation, e.g. yt ∼ 1
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Full fermion mass matrices

· collect all mass terms in a 9× 9 matrix

Ψ
u

L ≡ (quL,Σ
u

L,Ξ
u

L) Ψu
R ≡ (quR,Σ

u
R,Ξ

u
R)

=⇒ Mu =




0 1λǫu 11 s+ t′ 01λǫu 0 s


M

· diagonalise to second order in ǫu ≡ 〈h0

u
〉

M

· define 3× 3 matrices au, bu, cu, du, êu, f̂ which depend on s and t′

Mu →



auǫu buǫu 0

0 êu 0

cuǫu duǫu f̂


M →



auǫu 0 0

0 êu 0

0 0 f̂


M → M̂u

· apply 9× 9 basis transformation to kinetic terms
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Non-trivial kinetic terms

ΨL ΨR

qL ΣL ΞL qR ΣR ΞR

SU(2) 2 1 2 1 1 2

SU(2)′ 1 2 1 2 2 1

ΣL ⊂ ΨL

ΞR ⊂ ΨR



 does not couple to




SU(2)

SU(2)′



 gauge bosons but to




SU(2)′

SU(2)



 instead

=⇒

KL =




1 0 0

0 0 0

0 0 1 KR =




0 0 0

0 0 0

0 0 1
K′

L =




0 0 0

0 1 0

0 0 0


 K′

R =




1 0 0

0 1 0

0 0 0



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Non-standard couplings in Lkin

· focus on SM fermions, i.e. the light d.o.f. q′L,R (mass basis denoted by ′)

Lkin ⊃ g√
2
q′uL (VCKM −∆VCKM) /W

+
q′dL + g√

2
q′uR UCKM /W

+
q′dR + h.c.

+ g
cW

q′L

( (
τ3 − s2WQe

)1−∆gZq
L
q
L
τ3
)
/Z q′L

+ g
cW

q′R

(
− s2W Qe 1 +∆gZq

R
q
R
τ3
)
/Z q′R

· with 3× 3 diagonalisation Vu au U
†
u = âu and Vd ad U

†
d = âd

VCKM = Vu V
†
d

∆VCKM = 1

2
Vu

(

bu ê
−2

u b
†
u ǫ

2

u + bd ê
−2

d b
†
d ǫ

2

d

)

V
†
d

UCKM = Uu c
†
uf̂

−2
cd U

†
d ǫuǫd

∆gZq
L
q
L

= V b ê
−2

b
†
V

†
ǫ
2

∆gZq
R
q
R

= U c
†
f̂
−2

c U
†
ǫ
2

· all non-standard contributions suppressed by ǫ2 = 〈h0〉2
M2
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Quark flavour phenomenology



Non-unitarity of effective CKM matrix

· full 9× 9 mixing matrix is unitary

· upper-left 3× 3 sub-block is not (mixing with heavy quarks)

· V eff
CKM = VCKM −∆VCKM

· unitarity triangle ρ̃+ i η̃ ≡ VubV
∗

ud
+VcbV

∗

cd
+VtbV

∗

td

VcbV
∗

cd
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Coupling of right-handed quarks to W±

· existence of ’right-handed’ mixing UCKM modifies extraction of VCKM

· in SM: tension between inclusive and exclusive determination of |Vxb|

inclusive B meson decays ∝ |Vxb|2 + |Uxb|2

exclusive B meson decays ∝ |Vxb ± Uxb|2
Crivellin (2010)

Buras, Gemmler, Isidori (2011)

Crivellin, Pokorski (2015)

excl. channels: B → πlν (red)
B → ρlν (yellow)
B → τν (green)

excl. channels: B → D∗lν (red)
B → Dlν (yellow)

· tension unresolved → scan compatible with all measurements
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Anomalous Z coupling

· largest effect for top quark coupling (∆gZtt/gZtt ∼ few percent)

· Z decay to top quarks kinematically forbidden

· focus on anomalous Z coupling to bottom quarks

· LEP2 measurement Γ(Z → bb) ≈ 375.87± 0.17 MeV

· for sizable anomalous couplings |∆gZbLbL
| ∼ |∆gZbRbR

| . 6.8× 10−4
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Lepton sector



Non-standard couplings of leptons

· yℓ 6= yd → additional scalar fields S15 and T
(′)
15 in adjoint of SU(4)

· seesaw formula provides good approximation for charged leptons

· treat left-handed neutrinos in massless limit

· neutral and charged currents take the form

Lkin ⊃ g
cW

ℓL

( (
− 1

2 − s2WQe

)1+ 1
2 ∆gZℓ

L
ℓ
L

)
/Z ℓL

+ g
cW

ℓR

(
− s2W Qe1 − 1

2 ∆gZℓ
R
ℓ
R

)
/Z ℓR

+ g√
2
νL

(1−∆gWνLℓL

)
/W

+
ℓL + h.c.

1

2
∆gZℓLℓL

=
1

2

[
√
2M̂ ℓ

λ vd
+ s

−1

l

][
√
2M̂ ℓ

λ vd
+ s

−1

l

]†

λ
2
ǫ
2

d = ∆gWνLℓL

1

2
∆gZℓRℓR

=
1

2

[

s
−1

l

]†[

s
−1

l

]

λ
2
ǫ
2

d
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µ → e γ versus µ → e conversion (preliminary)
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Conclusions

� renormalisable Pati-Salam with gauged flavour symmetry

� anomaly free extension of fermion sector

� Yukawas inversely proportional to VEVs of S and T ′

� quark sector

· non-unitary CKM matrix

· coupling of right-handed quarks to W boson

· anomalous Z coupling

� lepton sector (preliminary)

· µ → e γ probably too small to be observed at MEG II

· µ → e conversion should be seen
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Backup slides



Mass scales in Yukawa Lagrangian

LYuk = Lq
Yuk + Lν

Yuk

Lq
Yuk = λ qLH ΣR + ΣL

(
κS S + κT T

′)ΣR +M ΣL qR + h.c.

+λ ΞLH qR + ΞL

(
κS S + κT T

)
ΞR +M qL ΞR + h.c.

Lν
Yuk ∼ ΘL Φ′ ΣR + 1

2 ΘL Sν ΘL + h.c.

+ ΞL ΦΘR + 1
2 ΘR S′

ν ΘR + h.c.

+ ΘL S
† ΘR + h.c.

104GeV 1010GeV

M Λν ∼M���SU(3)S , T ′ Λϕ M��PS

1018GeV

→ flavour gauge bosons decouple (Mseesaw ≪ Λν .MPlanck)



Integrating out heavy fermions

· consider charged fermion sector first → Lq
Yuk

· (mass of ΣL,R and ΞL,R) ∼ 〈S, T ′〉 > M ∼ TeV scale

· integrating out ΣL,R and ΞL,R gives

Lq,eff
Yuk = − λ h0u quL

[
1

s+ t′
+

1

s

]
quR − λ h0d q

d
L

[
1

s− t′ +
1

s

]
qdR + h.c.

yu ≃ −λ
[

1

s+ t′
+

1

s

]
yd ≃ −λ

[
1

s− t′ +
1

s

]

· Yukawa matrices inversely proportional to VEVs of S and T ′

· multiple solutions for s, t′: 1 (3) generation(s) → 2 (8) solutions

· seesaw-type approximation requires
(

κS〈S〉
M

, κT 〈T ′〉
M

)
= (s, t′)≫ 1

· not sufficiently accurate for third generation, e.g. yt ∼ 1



Coupling of gauge bosons to matter

· flavour gauge bosons extremely heavy → ignore

· Pati-Salam gauge group contains SM gauge group

· SU(4) breaking to SU(3)c × U(1)B−L at high scale M
��PS

· 6 of 15 SU(4) gauge bosons decouple → ignore

· 8 gluons are flavour blind → ignore

· consider only gauge bosons of SU(2)× SU(2)′ × U(1)B−L

· in original flavour basis we have

Lkin ⊃ ΨL

(
g ~/W~τ

)
KLΨL + ΨR

(
g ~/W~τ

)
KRΨR

+ ΨL

(
g ~/W ′~τ

)
K′

LΨL + ΨR

(
g ~/W ′~τ

)
K′

RΨR

+ ΨL

(
1

2
gB−LQB−L

~/BB−L

)
ΨL + ΨR

(
1

2
gB−LQB−L

~/BB−L

)
ΨR



Separating heavy from light gauge bosons

· SU(2)′ × U(1)B−L breaking to U(1)Y at high scale M
��PS

W
′1
, W

′2
, W

′3
, BB−L −→







W ′±, Z′ (massive)

BY (massless)

· mixing of W ′3 and BB−L described by s′W [gs′W = gB−Lc
′
W ≡ gY ]

· SU(2)× U(1)Y breaking to U(1)em at electroweak scale

W
1
, W

2
, W

3
, BY −→







W±, Z (massive@ ew scale)

A (massless)

· mixing of W 3 and BY described by sW [gsW = gY cW ≡ e]
· two-step mixing

BB−L = c
′
W (cWA− sWZ) − s

′
W Z

′

W
′ 3 = s

′
W (cWA− sWZ) + c

′
W Z

′

W
3 = sWA+ cWZ



Non-standard couplings in Lkin

· drop heavy gauge bosons W ′± and Z ′

· formulate Lkin with gauge bosons of broken phase

Lkin ⊃ g√
2
Ψ

u

LKL /W
+
Ψd

L + g√
2
Ψ

u

RKR /W
+
Ψd

R + h.c.

+ g
cW

ΨL

((
τ3 − s2WQe

)1−K′
L τ

3

)
/ZΨL

+ g
cW

ΨR

(
− s2W Qe1 +KR τ

3

)
/ZΨR

+ e
(
ΨLQe /AΨL + ΨRQe /AΨR

)

· K matrices indicate non-standard couplings

· for qL,R ⊂ ΨL,R such contributions vanish [KL → 1 and KR,K′
L → 0]

· HOWEVER, still need to go to mass basis

· this fills in zeros in upper-left block (corresponding to the light d.o.f.)



Non-standard Higgs coupling

· diagonalisation of 9× 9 matricesM up to second order in ǫ

· non-vanishing correction at O(ǫ3)

M3×3 = a ǫM − ǫ3

2

[
a · c† f̂−2 c + b ê−2 b† · a

]
M

· divide by ǫM = 〈h0〉 to obtain effective Yukawa

yeff = a − ǫ2

2

[
a · c† f̂−2 c + b ê−2 b† · a

]

· not aligned with Higgs-fermion-fermion coupling

ghff = a − 3
ǫ2

2

[
a · c† f̂−2 c + b ê−2 b† · a

]



Scanning the parameter space

· choose tanβ ∈ [1 , 15], λ ∈ [1.5 , 3], M ∈ [750 , 2000]GeV

· s and t′ from quark Yukawas by inverting (approximate) seesaw formula

→ input quark masses/mixing chosen within ’unphysical’ intervals

→ given pair (yu , yd) results in 8 solutions for pair (s , t′)

· insert (tan β , λ , M , s , t′) into full 9× 9 mass matricesMu,d

· diagonaliseMu,d

· deduce SM-like Yukawa parameters for 3 light generations

· compare to experimentally allowed 3σ ranges

� O(30000) viable points generated

� non-SM flavour effects ∝ 1
M2 (decoupling for M →∞)



Masses of new heavy quarks (∝M)

first solution

t′′ (black)

b′ (blue)

t′′ , b′′ (green)

second solution

b′ (blue)

t′′ , b′′ (green)

t′′ (black)



Anomalous Higgs coupling

· consider Higgs-top-top coupling

γ
htt
≡

g
htt(

ghtt
)
SM

=
g
htt
vu√

2mt

· deviations of the order of a few percent for low M

· second solution features correlation of γhtt with |Vtb|

· reduction of associated Higgs production g g → t t h (where t→ bW+)



Charged lepton Yukawa couplings

· Pati-Salam relation yℓ = yd only a first approximation

· need extension of some sort

so far: scalars S and T (′) singlets under SU(4)

now: additionally introduce S15 and T
(′)
15 in the adjoint of SU(4)

· VEVs in SU(3)c conserving direction Diag(1, 1, 1︸ ︷︷ ︸
quarks

, − 3︸︷︷︸
lepton

)

quarks : s → sq ≡ s1 + s15 t′ → t′q ≡ t′1 + t′15

leptons : s → sl ≡ s1 − 3 s15 t′ → t′l ≡ t′1 − 3 t′15

· independent linear combinations for quarks and leptons

· flavour structure of quarks and leptons decouples



Diagonalising the charged lepton mass matrix

· analogous to down-type quark sector (s, t′ → sl, t
′
l)

Mℓ =




0 1λǫd 11 sl − t′l 01λǫd 0 sl


M

· seesaw formula provides good approximation

tanβ < 15 −→ sl ∼ t′l & 10 ≫ 1

· replace sl − t′l in favour of yℓ via seesaw relation

yℓ ≃ − λ
[

1

sl − t′l
+

1

sl

]

· choose basis with diagonal yℓ = ŷℓ

· input parameters: M̂ ℓ (exp.), tanβ, λ, M as well as sl = V †
s ŝl Us

· lepton masses automatically correct



Light neutrinos

· integrating out ΘL,R in Lν
Yuk generates Majorana mass for Σν

R

ΨMaj = (qνL
T ,Σ

ν

L

T
,Ξ

ν

L

T
, qνR,Σ

ν
R,Ξ

ν
R)

=⇒ MMaj =




0 0 0 0 1λǫu 1

0 0 0 1 sl + t′l 0

0 0 0 1λǫu 0 sl

0 1 1λǫu 0 0 01λǫu (sl + t′l)
T 0 0 y 01 0 sTl 0 0 0




M

· consider limit ǫu → 0

· qνL no mass eigenstate due to mixing term qνLΞ
ν
R

· rotate qνLΞ
ν
R into Ξ

ν

LΞ
ν
R

· no further mixing with heavy partners allowed



µ → e γ (preliminary)



µ → e e e (preliminary)



µ → e γ versus µ → e e e (preliminary)


