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. TheFlavorPuzle
The Flavor Puzzle

Charged Fermion Mass Hierarchy

@ up-type quarks
e m,~65x10°
o m.~3.3x 1073 g T
o m~1 = up
= charm
e down-type quarks ;‘;Pwn
@ my~15x 10_5 :strange
o my~3x107* | D:{’:;’r‘:n
o my~ 1.5 x 1072 < muon
= tau

charged leptons
me ~ 3 x 107°
m, ~ 6 x 107*
m, ~ 1 x 1072




Quark and Lepton Mixing Parameters

@ Quark Mixings

0976 0.22 0.004
Vekm ~ | =022 0.98  0.04
0.007 —-0.04 1

o Leptonic Mixings

0.85 —0.54 0.16
Upmns ~ | 033 0.62 —-0.72

—0.40 —-0.59 —-0.70




I
Attempts to explain the flavor puzzle

@ Unified symmetries
SU(5), SO(10), Eg, Pati-Salam symmetry, Left-right symmetry, [SU(3)],...
e Flavor symmetries
Frogatt—Nielsen mechanism, Anomalous U(1), discrete Abelian or
non-Abelian symmetries, continuous gauge symmetries,..
e 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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.. FavorinUnified Theorles
Flavor in Unified Theories

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

e {—+++-} | {—F+—F} | i {+—— +4} | & {+—— —-}
up: {+—++=} | dp: {+—+ —+} | w: {—+— ++} | G {—+——=}
gt {ft— =t | dgt {++— —+} | #gi {——+ ++} | & {——F —=}
Vi{——=+-} | e {———= =4} | Vi {+F+++4} | & {+++ -}

The first 3 signs indicate color spins while the last two are weak spins
1 1
Y = EZ(C)* EZ(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 v is required to complete multiplet.
50(10) is thus a theory of neutrino flavor as well
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A Minimal SO(10) Model

A Minimal SO(10) Model

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

50(10)

l Real 54

SU(4)C X SU(?)L X SU(Q)R X D
l Complex 126

SU(3)C X SU(2)L X U(l)y

l Complex 10

SUB)c x U(1)em

Rizzo, Senjanovic (1981), Chang, Mohapatra, Parida (1984), Chang, Mohapatra, Gipson, Marshak, Parida (1985),
Deshpande, Keith, Pal (1993), Bertolini, Di Luzio, Malinksy (2013), ...

7/ 38



A Minimal SO(10) Model

Gauge coupling evolution with threshold

60f
50;

40¢

s 30t

201

: |
: :
: i
:
4.72x108 GeV | |
:
b [7.82x1018 Gev
.

10¢

> 4 6 8 10 12 14 16 18
Log;o(u/GeV)
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A Minimal SO(10) Model

Flavor Sector of SO(10) Model

16 x 16 = 105 + 1265 + 120,. The Yukawa Lagrangian is given as:
L =16Ff (Y1010H + YmmH) 16¢
The quark and lepton mass matrices become:
M, = hv, + fr,; My = hvg + fky;
M,,D = hv, — 3fky; M; = hvy — 3fkyg;
My = fo.
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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A Minimal SO(10) Model

Prediction of Minimal SO(10) for 63

50 - 1

L

0.05 0.075 0.1 0.125 0.15
§n? 20,

sin? 2613 = 0.092 & 0.016 & 0.005 (Daya Bay, 2012)

Babu, Macesanu (2005)
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A Minimal SO(10) Model

Global 2 analysis

Type-1 Type-I1
Observables || Fitted value pull Fitted value pull
mq 0.000810163 | —0.687161 | 0.00101285 | —0.264898
M 0.0208099 | —0.198354 0.0225915 | 0.0844982
my 0.999667 | —0.00831657 1.08201
My 0.000495023 | 0.0751133 || 0.000507336 | 0.13668
me 0.237348 0.0670883 0.237096 | 0.0598882
mg 73.9427 —0.0154941 74.3006 0.075144
me 0.000469652 . 0.000469652 =
my 0.0991466 - 0.0991466 =
mr 1.68558 = 1.68558 -
Amiy B . o :
(Amﬁm) 0.030526 0.127968 0.0297114 | —0.2:
sin 67, 0.224651 0.0464044 0.224499 | —-0.0916848
sin 0, 0.0420499 0.0392946 0.0421308 0.103004
sin6fy 0.00349369 | —0.0974312 || 0.00353053 | 0.0389979
sin 0}, 0.323245 0.148134 0.3108 —0.610792
sin? 0}, 0.435096 —0.369178 0.113306 —7.02461
sin? 0y 0.0244287 = 0.0176863 =
dcxm (] 69.5262 —0.0314447 69.2051 —0.128759
omns[°] 318.465 — 14.5386 -
a1[°] 21.5053 — 345.645 -
ag[?] 215.128 — 141.905 =
TR(L) 5.62 x 10714 = 2.09 x 1010 -
2 0.710777 54.1197

Joshipura, Patel (2011)
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A Minimal SO(10) Model

Predictions for proton decay branching ratios

F(p— ™) — 47%
F(p— 7u") = 1%
F(p—ne™) — 0.20%
F(p— n°u™) — 0.00%
M(p— K%") — 0.16%
F(p— K°%u™) — 3.62%
MNp— mv) — 48%
) — 0.22%

Mp— Kv
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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 (m, + 1,2104) 16, + 2;;16,16,1264

@ 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 | or type Il seesaw

Babu, Bajc, Saad (2016)
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New Class of SO(10) Models

non-SUSY SO(10): 454 + 544 + 1264

Masses (in GeV) and Tnputs Fitted values (type-I) | pulls Fitted values (type-IT) | pulls
Mixing parameters (at p = Mguyr) (at p = Mgut) (type-1) | (at u = Mguyr) (type-Il)
m, /1073 0.43740.147 0.441 0.03 0.469 0.21
me 0.236+0.007 0.236 0.003 0.236 0.02
m; 73.82+0.64 73.82 0.01 73.81 -0.01
mq/1073 1.12+0.11 1.14 0.16 1.12 -0.01
m;/1073 21.93£1.07 21.82 -0.10 21.98 0.04
mp 0.987+0.008 0.987 -0.003 0.987 -0.003
me/1073 0.469658+0.004695 0.469649 -0.01 0.469757 0.2
mu/lo’3 99.1474+0.9914 99.1555 0.08 99.0913 -0.5
m, /1072 1.6855140.01685 1.68542 -0.05 1.68602 0.2
V,s[/1072 22.54+0.06 22.53 -0.01 22.54 0.005
V[ /1072 4.856+0.06 4.856 0.001 4.853 -0.03
Vb /1072 0.420+0.013 0.420 0.07 0.420 0.02
Ockm 1.20740.054 1.205 -0.03 1.205 -0.03
AmZ,/10->(eV?) 7.560.24 756 0.01 754 0.06
Am?,,/1073(eV?) 2.41+0.08 2.40 -0.004 2.41 0.05
sin? OTMNS 0.308£0.017 0.308 0.01 0.302 0.29
sinZ pLMNS 0.387£0.0225 0.388 0.03 0.396 0.42
sinZ 9FMNS 0.0241:0.0025 0.0238 011 0.0239 0.04
§PMINS - 120.03° - 104.80° -
my(meV) - 3.72 - 4.38 -
X2 - - 71072 - 0.78
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New Class of SO(10) Models

SUSY SO(10): 210y + 54y + 1264 + 1264 + ...

Masses (in GeV) and Tnputs Fitted values (type-T) | pulls Fitted values (type-IT) | pulls
Mixing parameters (at p = Mguyr) (at = Mgyr) (type-1) | (at u = Mguyr) (type-Il)
m, /1073 0.50240.155 0.501 -0.003 0.501 -0.0005
me 0.245+0.007 0.245 0.006 0.245 0.001
me 90.28+0.90 90.28 0.003 90.28 0.001
mq/1073 0.839+0.084 0.839 0.004 0.839 0.001
ms/1073 16.62+0.90 16.62 -0.001 16.62 0.001
my 0.938+0.009 0.938 0.0001 0.938 -0.0001
me/1073 0.344021+0.003440 0.344022 0.001 0.344022 0.002
m, /1073 72.6256+0.7262 72.6237 -0.02 72.62539 -0.002
m, /1072 1.24038+0.01240 1.24039 0.007 1.24038 0.0003
V,s|/1072 22.53+0.07 22.53 0.0002 2253 0.0001
Ve[ /1072 3.934+0.06 3.933 -0.001 3.934 0.0001
V,5|/1072 0.340+0.011 0.340 -0.007 0.340 -0.001
dckm 1.208+0.054 1.208 0.001 1.208 0.004
AmZ,/1075(eV?) 7.56+0.24 7.56 0.00003 7.55 -0.0002
Am?,,,/1073(eV?) 2.41+0.08 241 0.0005 2.41 0.0001
sin? gI1INS 0.308+0.017 0.308 0.0004 0.308 0.0004
sin? GETS 0.387+0.0225 0.387 -0.001 0387 0.001
sin? OPINS 0.0241+0.0025 0.0240 -0.0009 0.02409 -0.002
§PMNS - —60.72° - 44.97° -
my(meV) - 1.84 - 2.00 -
X2 - - 9.-10°7 - 3.10°°
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d = 5 Proton Decay Branching Ratios

\ L A [ B [ € [ D [ E | F [ G |
KT ]| 88.39 [ 94.36 | 50.39 | 89.03 | 77.91 | 94.78 | 90.65
m 0 || 10.85 | 5.55 | 48.33 | 1048 | 21.568 | 4.95 | 9.17
K%* 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
KOu™ 03| 004| 049 | 023 ] 0.21 | 0.13 | 0.09
mlet 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
ot 034 | 0.04| 066 | 021 | 025| 0.12 | 0.08
net 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
nut 0.06 | 001| 012 | 0.04] 0.05| 0.02 | 0.01

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

A. type | SUSY with 45 E. type Il SUSY with
B. type Il SUSY with 45, 210y + 164 + 164
C. type | SUSY with 2104 + 544 F. type | SUSY with 2104 + 544 + . ..

D. type | SUSY with 210y + 164 + 164 G. type Il SUSY with 2104 + 544 + . ..
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Radiative fermion mass generation

@ Light fermion masses are loop suppressed, thus explaining the

hierarchy
me Qy ms Qg m, Qe
ol =) Rl v R e v
my ay 2 mgy Qg 2 me Qe 2
m@) e G @)

@ 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), M

(1990), Nilles, Olechowski, Pokorski (1990), He, Volkas, Wu (1990), Dobrescu, Fox (2008), Kowanacki, Ma (2016), ...
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L
Radiative fermion mass from S; symmetry

@ Gauge symmetry is Standard Model, there are no new fermions
@ 53 permutation symmetry acts on fermions:

Quarks : (Qur, Q) 2, Qs : 1, ur:1, dg:1
Leptons : (Y1r,%21) 12, 3 :1l, er:1

@ Tree level masses only for t and b quarks:
Ly = Q31 Y,'UURiI:I + Q3L Y,'ddR,-H + h.c.

@ New diquark and leptoquark scalars generate light fermion
masses:

Diquarks : (3,1,—1/3) : (w1,w2) : 2, w3:1
Leptoquarks : (3,1,—1/3) :wy: 1,0, : 1
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BN
Radiative fermion masses from 5;

@ New Yukawa couplings with diquarks:

L£3aak — h (Quuwr + Qorwn) Qs 4 ho(QuQur + Qo Qar)ws
+ h3 Q3 Qsrws + ha((Qrr Qar + Qo Qip)wr
+ (Que Qi — QoL Qor))wo + +fjur,drjws + h.c.

@ New Yukawa couplings with leptoquarks:

Lieptoauark — bl Qapibagwp + hy(Quithrs + Qarthar)wy
+  (Quutbar — Qortri)w) + fiurierjw; + h.c.

@ Soft breaking of S3: Vi = Z?Fl pEwiwy + pPwiwy + h.c.
@ Top, Bottom: Tree, Charm, Tau, Strange: One-loop,
Up, Down, Muon: Two-loop, Electron: Three-loop
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Uy, h,

Figure: One-loop mass for charm quark
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Figure: Two-loop mass for up quark
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Figure: One-loop mass for tau lepton
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Figure: Two-loop mass for muon




LHC Signals

@ Diquarks and Leptoquarks can be pair produced at LHC

e Flavor physics constraints (K® — KO 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 + d;
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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

E = ﬁ'jL,‘Ljh+ —+ g;je.cej-ck++ + Mh+h+k__ =+ h.C.

]

+ ’/ [] \\
h» V- A\
Yk
! 1 \
] \ \
—_——l——r——>—1—<—
v e e e¢ e %

‘ 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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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 < my++ < 177 TeV; 779 GeV < my+ < 63 TeV
IH : 997 GeV < my++ < 25 TeV; 2.3 TeV < mp+ < 7.9 TeV

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

@ Lower limits on branching ratios for  — 3e, 11 — e conversion
in nuclei, as well as 4 — ey and 7 — 3u 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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and u — evy
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Two-loop neutrino mass model

p — e conversion and p — 3e
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- FaverGageSymmewyatthelHC
Flavor Gauge Symmetry near TeV

Gauge sector of SM has global [U(3)]® symmetry:
U3)q % UB)ue x UB)ge x UB)L x U(3)ec

“Gauge principle”:

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

(A) 0(3)L{Q,L} X O(3)R{uc7dc7ec}
(B) O(3){Q7uc,ec} X 0(3){L,d5}

(C) SU(3){Q’uc7dc} X 0(3){L,ec}

Babu, Frank, Rai (2011), Babu, Khan, Saad (in preparation)

27 / 38



~ FlawrGageSymmetyatthelHC
The 5 U(1) factors are:

Y, B-L B+L PQ, PQ

With v¢, global symmetry is [U(3)]°
Maximal anomaly-free subgroups:

(A) SU(3){Q7uc7dc} X 5U(3){L7ec7uc} X U(].)B_[_

(B)  SO(3)q,} x SU(3)quc,de,ec ey X U(1)p—1
(C)  SO(3)(que,ecr X SUB)(Ldeper x U(1)p—t
(D) SUQB)q.ueec,L.de0cp X U(1)p—t

(E)  SO(3){q,uc,ect x SO(3)qr,a1 ¥ SO(3)quey
(F)  SUQB){quc,d} x SO(3)(Lecr x SO(3) (e}
(G)  SO()a.r x SO(3)(ue de ey X SO(3) ey
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O e e L
O(3). x O(3)r Family Gauge Symmetry

Q:(3,1), L:(3,1), uv:(1,3), d°:(1,3), e :(1,3)
Higgs doublets: & : (3,3), 7 : (3,3)
No exotic fermions used

Yukawa couplings of SM promoted to dynamical fields
A single Yukawa coupling in each sector

*CYuk - YuQiu_;':(bZ' + YdQ,dJC(DZ’ + nL,ef‘bZ + h.c.

i,j =1 — 3 are family indices

M,.j.”d - Yu,d<¢;’d>
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. FlavorGaugeSymmemyatthelhc
Suppression of FCNC

K — K° mixing, D° — D" mixing, y — ey etc would suggest scale of
family symmetry breaking Ag > 100 TeV
Maximally gauged family symmetry has built-in flavor protection

° d),f'j’d scalars are near mass eigenstates

@ Right-handed fermion mixings are small
Example: ®{, induces operator | Y, |*(U.cr)(Crur)/ Mg, Does not
generate DY — D’ mixing, even after CKM mixing
myg mg My

My = 0 ms mg
0 0 mp

2
J

ij m; ij
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- FaverGageSymmewyatthelHC
FCNC constraints on flavor gauge boson

K — KO mixing K, — pe decay

Flavor gauge boson masses should be > 100 TeV
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- FaverGageSymmewyatthelHC
FCNC mediated by scalars

0
Py

—— e e - =

Suppressed if Higgs mixing and right-handed mixing are small
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_ Ulove Goue Sy ai e L
Mass degeneracy of scalars

O(3). x O(3)g symmetry broken above the weak scale by
(7,1) + (1,7) SM singlet scalars TE’}

(Tik) =—(Tir) = Vir
= O(3). x O(3)g breaks to D3 x Ds

¢¥(3,3) = (1,1) + (1,2) + (2,1) + (2.2)
V ong, TH T Tr(9710%) 4 22 (0707 T T

KR TH T Tr(07107) 4 222 (0710 TR T

2 2 u 2. 2 _ 2 u 2.
Migs, ouy = My + Ko Vi Migs ou) = My + Har Vi;
2 2 u 2 u 2. 2 2
My, =ty + Ko Vi + Ror Vi Moy, o1,04.05) = Hu
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. FlavorGaugeSymmetryatthetWC
750 GeV Scalar from Flavor?

@ D3 x D3 symmetry broken by (3, 3) SM singlet scalar

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

@ ®y; has order one Yukawa couplings to u-quark. ®;; production
with Yukawa = 1 is inconsistent with Tevatraon limits

@ 111 mixes with ®9,. 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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Production and Decay of 750 GeV Scalar

u o ANV T
P o Vu_ gl
® Y !
v ¢w.3.\\:
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Higgs production and decay
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Results

Q9

= — M:=400GeV

>

,T —— My:=420GeV

0 —— Mj:=440GeV

A

& — My:=460GeV

o

5 — M,:=480GeV
— M,:=500GeV

1 2 3 4 5
A

4 charged scalars are degenerate here
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Results (cont.)

Q
= — M:=800GeV
=
7 —— M:=840GeV
o —— M:=880GeV
A
& — M:=920GeV
a
5 — M;:=960GeV

— M,=1000GeV

9 charged scalars are degenerate here

37 /38



. Flavor Gauge Symmetry at theLtHC
Conclusions

@ Unified theories provide a reasonable avenue to address flavor
puzzles

o Radiative generation of fermion masses directly testable at LHC

o 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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