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The Flavor Puzzle

The Flavor Puzzle

Charged Fermion Mass Hierarchy
up-type quarks
mu ∼ 6.5× 10−6

mc ∼ 3.3× 10−3

mt ∼ 1

down-type quarks

md ∼ 1.5× 10−5

ms ∼ 3× 10−4

mb ∼ 1.5× 10−2

charged leptons

me ∼ 3× 10−6

mµ ∼ 6× 10−4

mτ ∼ 1× 10−2
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The Flavor Puzzle

Quark and Lepton Mixing Parameters

Quark Mixings

VCKM ∼

0.976 0.22 0.004
−0.22 0.98 0.04
0.007 −0.04 1


Leptonic Mixings

UPMNS ∼

 0.85 −0.54 0.16
0.33 0.62 −0.72
−0.40 −0.59 −0.70


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The Flavor Puzzle

Attempts to explain the flavor puzzle

Unified symmetries
SU(5), SO(10), E6, Pati-Salam symmetry, Left-right symmetry, [SU(3)]3,...

Flavor symmetries
Frogatt–Nielsen mechanism, Anomalous U(1), discrete Abelian or

non-Abelian symmetries, continuous gauge symmetries,..

Radiative generation of fermion masses
Georgi, Glashow (1973), Barr, Zee (1977); Zee (1980), Balakrishna, Kagan, Mohapatra (1987), Babu, Mohapatra

(1990), Ma (1990), Nilles, Olechowski, Pokorski (1990), He, Volkas, Wu (1990), Dobrescu, Fox (2008), Kowanacki,

Ma (2016), ...

Extra dimensional geography
Arkani-Hamed, Schmaltz (2000), Agashe, Okui, Sundrum (2009),...
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Flavor in Unified Theories

Flavor in Unified Theories

In SO(10) theories all members of a family are unified in a single multiplet

The first 3 signs indicate color spins while the last two are weak spins

Y =
1

3

∑
(C) −

1

2

∑
(W )

Unification of three gauge couplings occurs even without supersymmetry, as
there is an intermediate scale symmetry in SO(10)

Neutrino mass is compelling as νc is required to complete multiplet.
SO(10) is thus a theory of neutrino flavor as well
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Flavor in Unified Theories A Minimal SO(10) Model

A Minimal SO(10) Model

GUT symmetry breaking via 54 + 126; electroweak symmetry
breaking by 10

K.S. Babu, S. Khan (2015)
Rizzo, Senjanovic (1981), Chang, Mohapatra, Parida (1984), Chang, Mohapatra, Gipson, Marshak, Parida (1985),

Deshpande, Keith, Pal (1993), Bertolini, Di Luzio, Malinksy (2013), ...
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Flavor in Unified Theories A Minimal SO(10) Model

Gauge coupling evolution with threshold
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Flavor in Unified Theories A Minimal SO(10) Model

Flavor Sector of SO(10) Model

16× 16 = 10s + 126s + 120a. The Yukawa Lagrangian is given as:

L = 16F

(
Y1010H + Y126126H

)
16F

The quark and lepton mass matrices become:

Mu = hvu + f κu; Md = hvd + f κd ;

MD
ν = hvu − 3f κu; Ml = hvd − 3f κd ;

MM
ν = f σ.

The model has 11 parameters plus 7 phases to fit 18 known observables

Predictions are consistent with experiments

Babu, Mohapatra (1993), Bajc, Senjanovic, Vissani (2001); (2003); Fukuyama, Okada (2002),
Bajc, Melfo, Senjanovic, Vissani (2004), Bertolini, Malinsky, Schwetz (2006), Babu, Macesanu (2005)
Dutta, Mimura, Mohapatra (2007), Aulakh et al (2004)
Bajc, Dorsner, Nemevsek (2009), Joshipura, Patel (2011), Dueck, Rodejohann (2013)
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Flavor in Unified Theories A Minimal SO(10) Model

Prediction of Minimal SO(10) for θ13

 sin2 2θ13

0

25

50

75

100

0.05 0.075 0.1 0.125 0.15

sin2 2θ13 = 0.092± 0.016± 0.005 (Daya Bay, 2012)
Babu, Macesanu (2005)
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Flavor in Unified Theories A Minimal SO(10) Model

Global χ2 analysis

Joshipura, Patel (2011)
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Flavor in Unified Theories A Minimal SO(10) Model
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Predictions for proton decay branching ratios

Γ(p → π0e+)→ 47%

Γ(p → π0µ+)→ 1%

Γ(p → η0e+)→ 0.20%

Γ(p → η0µ+)→ 0.00%

Γ(p → K 0e+)→ 0.16%

Γ(p → K 0µ+)→ 3.62%

Γ(p → π+ν)→ 48%

Γ(p → K+ν)→ 0.22%



Flavor in Unified Theories New Class of SO(10) Models

New Class of SO(10) Models for Flavor

What if the 10 of Higgs is removed from minimal SO(10) model?

Flavor mixing is induced through a vector-like fermions in 16 + 16

SUSY Model: 126 + 126 + 210 + 54

W = 16 (ma + ηa210H) 16a + aij16i16j126H

Yukawa sector has 14 real parameters plus 8 phases to fit 18 measured
flavor observables

This class of models gives an excellent fit to data, with or without SUSY,
either via type I or type II seesaw

Babu, Bajc, Saad (2016)
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Flavor in Unified Theories New Class of SO(10) Models
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non-SUSY SO(10): 45H + 54H + 126H

Masses (in GeV) and
Mixing parameters

Inputs
(at µ = MGUT )

Fitted values (type-I)
(at µ = MGUT )

pulls
(type-I)

Fitted values (type-II)
(at µ = MGUT )

pulls
(type-II)

mu/10−3 0.437±0.147 0.441 0.03 0.469 0.21
mc 0.236±0.007 0.236 0.003 0.236 0.02
mt 73.82±0.64 73.82 0.01 73.81 -0.01

md/10−3 1.12±0.11 1.14 0.16 1.12 -0.01
ms/10−3 21.93±1.07 21.82 -0.10 21.98 0.04

mb 0.987±0.008 0.987 -0.003 0.987 -0.003
me/10−3 0.469658±0.004695 0.469649 -0.01 0.469757 0.2
mµ/10−3 99.1474±0.9914 99.1555 0.08 99.0913 -0.5
mτ/10−2 1.68551±0.01685 1.68542 -0.05 1.68602 0.2
|Vus |/10−2 22.54±0.06 22.53 -0.01 22.54 0.005
|Vcb|/10−2 4.856±0.06 4.856 0.001 4.853 -0.03
|Vub|/10−2 0.420±0.013 0.420 0.07 0.420 0.02
δCKM 1.207±0.054 1.205 -0.03 1.205 -0.03

∆m2
sol/10−5(eV2) 7.56±0.24 7.56 0.01 7.54 -0.06

∆m2
atm/10−3(eV2) 2.41±0.08 2.40 -0.004 2.41 0.05

sin2 θPMNS
12 0.308±0.017 0.308 0.01 0.302 -0.29

sin2 θPMNS
23 0.387±0.0225 0.388 0.03 0.396 0.42

sin2 θPMNS
13 0.0241±0.0025 0.0238 -0.11 0.0239 -0.04

δPMNS - 120.03◦ - 104.80◦ -
m1(meV ) - 3.72 - 4.38 -

χ2 - - 7 · 10−2 - 0.78



Flavor in Unified Theories New Class of SO(10) Models
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SUSY SO(10): 210H + 54H + 126H + 126H + ...

Masses (in GeV) and
Mixing parameters

Inputs
(at µ = MGUT )

Fitted values (type-I)
(at µ = MGUT )

pulls
(type-I)

Fitted values (type-II)
(at µ = MGUT )

pulls
(type-II)

mu/10−3 0.502±0.155 0.501 -0.003 0.501 -0.0005
mc 0.245±0.007 0.245 0.006 0.245 0.001
mt 90.28±0.90 90.28 0.003 90.28 0.001

md/10−3 0.839±0.084 0.839 0.004 0.839 0.001
ms/10−3 16.62±0.90 16.62 -0.001 16.62 0.001

mb 0.938±0.009 0.938 0.0001 0.938 -0.0001
me/10−3 0.344021±0.003440 0.344022 0.001 0.344022 0.002
mµ/10−3 72.6256±0.7262 72.6237 -0.02 72.62539 -0.002
mτ/10−2 1.24038±0.01240 1.24039 0.007 1.24038 0.0003
|Vus |/10−2 22.53±0.07 22.53 0.0002 22.53 0.0001
|Vcb|/10−2 3.934±0.06 3.933 -0.001 3.934 0.0001
|Vub|/10−2 0.340±0.011 0.340 -0.007 0.340 -0.001
δCKM 1.208±0.054 1.208 0.001 1.208 0.004

∆m2
sol/10−5(eV2) 7.56±0.24 7.56 0.00003 7.55 -0.0002

∆m2
atm/10−3(eV2) 2.41±0.08 2.41 0.0005 2.41 0.0001

sin2 θPMNS
12 0.308±0.017 0.308 0.0004 0.308 0.0004

sin2 θPMNS
23 0.387±0.0225 0.387 -0.001 0.387 0.001

sin2 θPMNS
13 0.0241±0.0025 0.0240 -0.0009 0.02409 -0.002

δPMNS - −60.72◦ - 44.97◦ -
m1(meV ) - 1.84 - 2.00 -

χ2 - - 9 · 10−4 - 3 · 10−5



Flavor in Unified Theories New Class of SO(10) Models

d = 5 Proton Decay Branching Ratios

A B C D E F G
K+ν̄ 88.39 94.36 50.39 89.03 77.91 94.78 90.65
π+ν̄ 10.85 5.55 48.33 10.48 21.58 4.95 9.17
K 0e+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 0µ+ 0.35 0.04 0.49 0.23 0.21 0.13 0.09
π0e+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00
π0µ+ 0.34 0.04 0.66 0.21 0.25 0.12 0.08
ηe+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ηµ+ 0.06 0.01 0.12 0.04 0.05 0.02 0.01

Table: Branching ratios for the main modes in the models with successful
fit

A. type I SUSY with 45H
B. type II SUSY with 45H
C. type I SUSY with 210H + 54H

D. type I SUSY with 210H + 16H + 16H

E. type II SUSY with
210H + 16H + 16H
F. type I SUSY with 210H + 54H + . . .
G. type II SUSY with 210H + 54H + . . .
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Radiative Mass Generation

Radiative fermion mass generation

Light fermion masses are loop suppressed, thus explaining the
hierarchy

mc

mt
∼
(αu

4π

)
,

ms

mb
∼
(αd

4π

)
,

mµ

mτ

∼
(αe

4π

)
mu

mt
∼
(αu

4π

)2

,
md

mb
∼
(αd

4π

)2

,
me

mτ

∼
(αe

4π

)2

Explicit realization: Uses diquark and leptoquark scalars which
may be within reach of LHC Babu, Mohapatra (1990)

Standard Model is extended with an S3 permutation symmetry
that forbids light fermion masses at tree level

Georgi, Glashow (1973), Barr, Zee (1977); Zee (1980), Balakrishna, Kagan, Mohapatra (1987), Babu, Mohapatra (1990), Ma

(1990), Nilles, Olechowski, Pokorski (1990), He, Volkas, Wu (1990), Dobrescu, Fox (2008), Kowanacki, Ma (2016), ...
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Radiative Mass Generation

Radiative fermion mass from S3 symmetry

Gauge symmetry is Standard Model, there are no new fermions

S3 permutation symmetry acts on fermions:

Quarks : (Q1L,Q2L) : 2, Q3L : 1, uiR : 1, diR : 1

Leptons : (ψ1L, ψ2L) : 2, ψ3L : 1, eiR : 1′

Tree level masses only for t and b quarks:

LYuk = Q3LY
u
i uRi H̃ + Q3LY

d
i dRiH + h.c .

New diquark and leptoquark scalars generate light fermion
masses:

Diquarks : (3, 1,−1/3) : (ω1, ω2) : 2, ω3 : 1

Leptoquarks : (3, 1,−1/3) : ω` : 1, ω′` : 1′
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Radiative Mass Generation

Radiative fermion masses from S3

New Yukawa couplings with diquarks:

Ldiquark
Yuk = h1(Q1Lω1 + Q2Lω2)Q3L + h2(Q1LQ1L + Q2LQ2L)ω3

+ h3Q3LQ3Lω3 + h4((Q1LQ2L + Q2LQ1L)ω1

+ (Q1LQ1L − Q2LQ2L))ω2 + +fijuRi
dRjω3 + h.c .

New Yukawa couplings with leptoquarks:

Lleptoquark
Yuk = h′1Q3Lψ3Lω` + h′2(Q1Lψ1L + Q2Lψ2L)ω`

+ h′3(Q1Lψ2L − Q2Lψ1L)ω′` + f ′ijuRieRjω
′
` + h.c .

Soft breaking of S3: Vsoft =
∑3

i ,j=1 µ
2
ijω
∗
i ωj + µ2ω∗`ω

′
` + h.c .

Top, Bottom: Tree, Charm, Tau, Strange: One-loop,
Up, Down, Muon: Two-loop, Electron: Three-loop
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Radiative Mass Generation

Figure: One-loop mass for charm quark

Figure: Two-loop mass for up quark
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Radiative Mass Generation

Figure: One-loop mass for tau lepton

Figure: Two-loop mass for muon

K.S. Babu (OSU) Probing Flavor Dynamics at the LHC 21 / 38



Radiative Mass Generation LHC Signals

LHC Signals

Diquarks and Leptoquarks can be pair produced at LHC

Flavor physics constraints (K 0 −K 0 mixing, etc) on their masses
are of order TeV

ATLAS and CMS limits on leptoquarks from pair production is
of order 1.1 TeV

Potentially these leptoquarks, and possibly the diquarks can be
observed at LHC

Their branching ratios to quarks and leptons will probe into the
fermion mass generation mechanism

Since Yukawa couplings of leptoquarks are not hierarchical, they
will decay into all flavors with similar branching ratios. Diquarks
will decay into t + di
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Radiative Mass Generation Two-loop neutrino mass model

Radiative Neutrino Mass Models

Small Majorana neutrino masses can arise via loops

A two-loop neutrino mass model has a h+ and k++ scalars
added to standard model

L = fijLiLjh
+ + gije

c
i e

c
j k

++ + µh+h+k−− + h.c .

h
k

h

c c

+ +

−   −

e eee

‘ Zee (1985); Babu (1988)

Consistent with neutrino oscillation data

One neutrino is nearly massless

Admits either normal or inverted mass ordering
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Radiative Mass Generation Two-loop neutrino mass model

Two-Loop Neutrino Mass Models

Fits to neutrino masses and mixing angles, consistent with
perturbativity and boundedness of potential as well as FCNC
limits sets constraints on h+ and k++ masses:

NH : 306 GeV < mk++ < 177 TeV; 779 GeV < mh+ < 63 TeV

IH : 997 GeV < mk++ < 25 TeV; 2.3 TeV < mh+ < 7.9 TeV

Since couplings are essentially fixed from neutrino masses,
charged lepton flavor violation can be predicted

Lower limits on branching ratios for µ→ 3e, µ− e conversion
in nuclei, as well as µ→ eγ and τ → 3µ follow

K.S. Babu, J. Julio (2013); D. Schmitz, T.Schwetz, H. Zhang (2014); J. Herrero-Garcia, M. Nebot, N. Rius, A. Santamaria

(2014); K.S. Babu, C. Macesanu (2005); D. Sierra, M. Hirsch (2006); M. Nebot, J. Oliver, D. Paolo, A. Santamaria (2008)
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Radiative Mass Generation Two-loop neutrino mass model

τ → 3µ and µ→ eγ
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Radiative Mass Generation Two-loop neutrino mass model

µ− e conversion and µ→ 3e
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Flavor Gauge Symmetry at the LHC

Flavor Gauge Symmetry near TeV

Gauge sector of SM has global [U(3)]5 symmetry:

U(3)Q × U(3)uc × U(3)dc × U(3)L × U(3)ec

“Gauge principle”:

All anomaly-free symmetries must be gauged.
Maximal symmetry that is anomaly-free:

(A) O(3)L {Q,L} × O(3)R {uc ,dc ,ec}

(B) O(3){Q,uc ,ec} × O(3){L,dc}

(C) SU(3){Q,uc ,dc} × O(3){L,ec}
Babu, Frank, Rai (2011), Babu, Khan, Saad (in preparation)
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Flavor Gauge Symmetry at the LHC

The 5 U(1) factors are:

Y , B − L, B + L, PQ, PQ ′

With νc , global symmetry is [U(3)]6

Maximal anomaly-free subgroups:

(A) SU(3){Q,uc ,dc} × SU(3){L,ec ,νc} × U(1)B−L

(B) SO(3){Q,L} × SU(3){uc ,dc ,ec ,νc} × U(1)B−L

(C ) SO(3){Q,uc ,ec} × SU(3){L,dc ,νc} × U(1)B−L

(D) SU(3){Q,uc ,ec ,L,dc ,νc} × U(1)B−L

(E ) SO(3){Q,uc ,ec} × SO(3){L,dc} × SO(3){νc}

(F ) SU(3){Q,uc ,dc} × SO(3){L,ec} × SO(3){νc}

(G ) SO(3){Q,L} × SO(3){uc ,dc ,ec} × SO(3){νc}
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Flavor Gauge Symmetry at the LHC

O(3)L × O(3)R Family Gauge Symmetry

Q : (3, 1), L : (3, 1), uc : (1, 3), d c : (1, 3), ec : (1, 3)

Higgs doublets: Φu : (3, 3), Φd : (3, 3)
No exotic fermions used
Yukawa couplings of SM promoted to dynamical fields
A single Yukawa coupling in each sector

LYuk = YuQiu
c
j Φu

ij + YdQid
c
j Φd

ij + Y`Lie
c
j Φd

ij + h.c .

i , j = 1− 3 are family indices

Mu,d
ij = Yu,d〈Φu,d

ij 〉
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Flavor Gauge Symmetry at the LHC

Suppression of FCNC

K 0 −K
0

mixing, D0 −D
0

mixing, µ→ eγ etc would suggest scale of
family symmetry breaking ΛF > 100 TeV
Maximally gauged family symmetry has built-in flavor protection

Φu,d
ij scalars are near mass eigenstates

Right-handed fermion mixings are small

Example: Φu
12 induces operator |Yu|2(uLcR)(cRuL)/M2

Φu
12

Does not

generate D0 − D
0

mixing, even after CKM mixing

Md =

 md md md

0 ms ms

0 0 mb


⇒ V L

ij ∼ mi

mj
, V R

ij ∼
m2

i

m2
j
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Flavor Gauge Symmetry at the LHC

FCNC constraints on flavor gauge boson

Vµ

d

s

s

d

K 0 − K 0 mixing

Vµ

d

s

e

µ

KL → µe decay

Flavor gauge boson masses should be > 100 TeV
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Flavor Gauge Symmetry at the LHC

FCNC mediated by scalars

φ0

12

dL

sR

sL

dR

φ0

21
φ0

12 dL

sR

dL

sR

sL

dR

Suppressed if Higgs mixing and right-handed mixing are small
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Flavor Gauge Symmetry at the LHC

Mass degeneracy of scalars

O(3)L × O(3)R symmetry broken above the weak scale by

(7, 1) + (1, 7) SM singlet scalars T ijk
L,R〈

T 111
L,R

〉
= −

〈
T 122

L,R

〉
= VL,R

⇒ O(3)L × O(3)R breaks to D3 × D3

Φu(3, 3)→ (1, 1) + (1, 2) + (2, 1) + (2, 2)

V ⊃κa1LT
ijk
L T ijk

L Tr(Φa†Φa) +
κa2L
4

(ΦaΦa†)ijT ikl
L T jkl

L

+ κa1RT
ijk
R T ijk

R Tr(Φa†Φa) +
κa2R

4
(Φa†Φa)ijT ikl

R T jkl
R

m2
{Φu

13,Φ
u
23}

= µ2
u + κu2LV

2
L ; m2

{Φu
31,Φ

u
32}

= µ2
u + κu2RV

2
R ;

m2
Φu

33
= µ2

u + κu2LV
2
L + κu2RV

2
R ; m2

{Φu
11,Φ

u
12,Φ

u
21,Φ

u
22}

= µ2
u
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Flavor Gauge Symmetry at the LHC

750 GeV Scalar from Flavor?

D3 × D3 symmetry broken by ψ(3, 3) SM singlet scalar

VEVs that break D3 × D3 are of order 10 GeV, so there is no
excessive FCNC

Φ11 has order one Yukawa couplings to u-quark. Φ11 production
with Yukawa = 1 is inconsistent with Tevatraon limits

ψ11 mixes with Φ0
11. If mixing angle is ∼ 1/3, Tevatron limit

satisfied

Large decay rate into two photons possible via exchange of
several charged Higgs present in the model
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Flavor Gauge Symmetry at the LHC

Production and Decay of 750 GeV Scalar

u

u

φ0

11
X

ψ0

11
ψ11

φ+

ij

φ−
ij

γ

γ

Higgs production and decay
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Flavor Gauge Symmetry at the LHC

Results

1 2 3 4 5
0

1

2

3

4

λ

σ
(p

p-
>

S
-
>
γ
γ
)

fb Mϕ±=400GeV

Mϕ±=420GeV

Mϕ±=440GeV

Mϕ±=460GeV

Mϕ±=480GeV

Mϕ±=500GeV

4 charged scalars are degenerate here
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Flavor Gauge Symmetry at the LHC

Results (cont.)

1 2 3 4 5 6 7
0.0

0.5

1.0

1.5

2.0

λ

σ
(p

p-
>

S
-
>
γ
γ
)

fb Mϕ±=800GeV

Mϕ±=840GeV

Mϕ±=880GeV

Mϕ±=920GeV

Mϕ±=960GeV

Mϕ±=1000GeV

9 charged scalars are degenerate here
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Flavor Gauge Symmetry at the LHC

Conclusions

Unified theories provide a reasonable avenue to address flavor
puzzles

Radiative generation of fermion masses directly testable at LHC

Gauged flavor symmetry at the TeV scale can be consistent,
with a a flavor protection mechanism

The 750 GeV scalar may be identified as originating from flavor
physics
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