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Introduction

¢ The SM & SUSY Flavour Problem.
¢ Solving it by imposing a Family symmetry.

The SU(5)xS,xU(1) Model
*»* The fermionic sector.

¢ Construction of SUSY breaking sector:
« SCKM basis

« Mass Insertion (MI) parameters:

¢ Predictions for low energy Mls Vs experimental constraints.

Summary
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\Why are there 3 :
o ANy are thelr masses
famlllelagpagﬂggrks & SO erarchical?

The Flavour
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AnyAasHeptoninixing
SO/arge compareaito
guiarkemixing?

\Why are neutrino
masses so small?
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More than 1 generations == Yukawa coupling terms become
matrices

&

Understanding pattern of fermion masses & mixings =
= Understanding structure of Yukawa matrices.

J/

LCLeNSIAn laed. .

.[-f‘amily Symmetr'y'

.
( Extend symmetry group Wlth a Introduce heavy scalar fields: 1
Family symmetry G.. Flavons: ©

 admits triplet reps « couple to usual
(3 families in a triplet) matter fields



{'ﬁte down operators allowed by all symmetri}

o typically non-renormalisable

DD
OY = f?’ ]\/[2‘7

‘lpontaneously break Gg, as ®s develop #0 V@_

» effective Yukawa couplings generated:

V.. — (P)(P;) £ = (i)h_:> expansion
o M2 B ~ M[7VY parameter

f<H M: heavy mass scale; UV cut-off

build up desired hierarchical Yukawa textures 1/

Find appropriate symmetry
G, field content & vacuum
alignment for flavons

Explain form of =~
Yukawa matrices
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Extend to SUSY GUTSs

* Fields become superfields.

 Yukawa operators arise from the superpotentlal W

O N TFlavon vevs aligned via
W= fuw (Mn) ;A / _minimization of potential

 Kinetic terms & scalar masses arise from the Kahler potentlal K.
e Spartner masses & mixings must also be explained.

« Control FC processes induced by loop diags involving
sfermion masses which are non-diagonal in the basis where
Yukawa matrices are diagonal (SCKM basis).

* GUT models more constraining due to boundary conditions
between hadronic & leptonic sectors.
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 An interesting Family symmetry G ( \/g \/% @ )
would predict TB-mixing in the Upp — _\/g \/% —\ /1
neutrino sector. \ﬂ \ﬁ

6 3

e Neutrino mass matrix:

v diagonalised by U+g.

v'invariant under Klein symmetry: 75 ® ZY
03 = 9°

19 9 100
S;(z —1 2){:—— 001
2 2 —1 010

» Need deviations from TB.

| ‘lino flavour symmetry arising ﬁl

* G- would contain the S & U generators
* preserved in the neutrino sector (mv Invariant under S & U).




A specific model :

SUB) x S, x U(1)
»\.\ permutations of 4

Minimal GUT with smallest| objects
discrete group that contains
S&U generators.




ul,ef) F=5=(L.d

Field |7y | T |F| N | H,|Hs| Hyz| ®Y |DY| DY g Y| DY, | DY | DY
SU(5)10/10/5|1 |5 |5 |45| 1 [1]1 1 1,1 (11

Sy 111213 1|11} 2 2|3 3 213121
U)oz |yl—y 00| z |—22|0 |—y|l—xr —y — 2z| z | 2y |2y |2y

“» U(1) symmetry: different flavons couple to distinct sectors at LO
(according to their f label);

“*“Leading” operators: U(1) charges add up to zero y x,y, z€ Z.

. “*Subleading operators allowed when values of x,y,z are fixed.
Forbid the unwanted ones by choosing the most appropriate values:
(x,y,2)=(5,4,1)
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¢ Introduce a set of that couple to the flavons.
% Require their to . (F=0W/0¢'=0)

e.g. couple the driving field (S, singlet) ®,9 (S, doublet):
X{(99)° = 2X{®5 09,

ira* 0 ¢ d Fd d : Td 1 \ , T 0
reCIUIre O—)(?Z)(l (1)2“1(1)22 — (] |:1J>.<([)2> ~/ (] * or <(,[,)2> ~ 1

Without loss of generality, pick @, ,4#0.

“*In a similar way, all flavons are aligned through vanishing F-
terms of driving fields. For the neutrino sector in particular, this
process not only fixes <®,> but also requires that: ¢,"~ ¢;" ~ @3-
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+¢* Introducing the appropriate

( A

set of driving fields provides
correlations that fix the rest:

<\4

¢ The Cabibbo angle requires : <®.% > ~). M, where M is a generic UV
cut-off & A ~0. ~0.22 is the Wolfstein parameter.

¢ The correct size for the strange quark and the muon mass is achieved for
<@j> ~)3 M.
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“only have 2 free

directions
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CP violationiaZeRconections

¢ Higher order operators shift the LO ve

Ppu 0 031 A® P 0\ - 04y X
<ﬂ;)=(1)¢5‘)\4+ I <ﬂ;)=(1)¢é‘)\4+ R R
55"2 A 6.5:2 A5

0 o \6
P | : 0 pd 31
%:(o)%” R L 0 | e GO R
522)\ 0 5§2A6

q
¢ CP also broken only in the

0 Oy N7 :
i (1)@3 {5 ;\431 5135 | 4 flavon sector. Correlations
1 = > ’ leave us with only 2 free
3

phases: @4,, 69, .

1
(1) (¢§,A4+ 5% AP )
1




Constructing Y! | aseiaCXEs

Write down all operators that form a singlet under all symmetries

combine up to 8 flavons with TTH; for the first two families &
T, T;H: for the 3" family.

i fL

T TT® @3 Hs + s TTO; Hy + T3 Ty Hyt
1

1 1
= DTT(99)° (V) Hy + —= ZoTTo(95)°(99)° Hs + = Za T T(5)° B4 o Hs

Break family symmetry with non-zero flavon vevs.

U
yueigu}lg 0 0
=Y i
= | 0wt el N 4
0 2" \T
Hﬂ i - . | Sz’u rd 3 'd 2
€ = Yy 505 + Uiy, weity = uidy,  z3e’®™ = yg(d9)° ()

0¥ = 0Y = 203 + 305, 05 = 304 + 204




< Similarly, write down operators consisting of T, F & ®9

T =10 %Q u’, N

L L c
0 T0e%2 \°> — 192 )5 F=5—(Ld)
—XIae” 03 \5 0 To€e" W3 \5 Mg - Mg - My < A AZ 1
2363 \6 deif? N6 1) ifh \2 Me 1My, (1/3))\4 3N
zfe‘ﬂid 28 0 ziileggif )\ 9(112 ~ )\, 913 ~ )\3 923, ~ )\2
zifﬂeéaig AS . 105 \4 _yseéag/\d; 4+ 6122 ~ (1/3))\, 91 ~ 0, 923, ~ ()
0 et \T 0 e Bl kil

% YU almost diagonal, quark mixing coming from Y?¢.

< Georgi-Jarlskog (GJ) relations: m, =m,, m =3m, my~=3m,
and GST relation: 6,,~\(m4/m,) incorporated at LO.
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L O operators: Type | see-saw formula:

<@ *>: eigenvectors of S&U \T 4, XZZS Kp:g;‘;\‘jggm“p of
4

TB-mixing in the neutrino sector at LO
H B

‘ UIPMNS_II'J L U L= U¢ TIl_UTB
‘ 0', 0',; of the correct order | Deviation from TB due to charged-

& 0')3 ~3° lepton sector not enough as 6',,%® = 9°
H B

Further deviation from TB: from flavon n (S, singlet).
1 breaks Z,V as <®,9> 0Y;3 , 03 receive corrections

— d .
M NP NN Not eigenvector of U | O(A) — agreement with exp.




Canonical The soft SUSY

normalisation breaking sector
effects in

Vi

the fermionic sector

A-rrilinles

Laoft =|éap (~HIQ¥ ALii — HIQX AL — HELP A% — HILPIAGE + )

~

1 Qia(m);Q7 + " (mie )i + &5 (mige);d? + Lig (m )L

65" (mee)6 4 5% (mye) 507




m

Gives rise to Yukawa & A-trilinear terms through <[d26 W>

picks up F-terms from
hidden sector fields
X & from flavons.

A 4
|<F¢A),,; = moxa(Da);

trilinears have same
structure as Yukawas but

" different O(1) coefs.

_ N -

trilinears & Yukawas can

Origin of off-diagonalities not be simultaneously
in the SCKM basis diagonalised.
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<[d*0 K> give rise to kinetic terms & soft %calar- masses
, 4 =
L D Ki; (0,0;0"p; +in;0,0"n;) U] = mg

M
K = O*K generic sfields
afT f] f=¢

Kahler metric:

Flavon expansion :
XX X'X\ ¢
K Mp ~ - K M
( NE —+ Co F ‘_\[2 ) H_g + Z ( fIHg" + ({I”f:‘ 1[2 ) ‘\[2 :| F

s Kahler metrics & soft masses: same structure, different O(1) coefs.

]iF—Fq

“»*Generation of off-diagonalities Is inevitable.

% Work in a basis where: Kii=1.= Canonical Normalisation

18




Canonical Normalisation: change of basis such that: (Pf) E P1l=1

¢ Bring all quantities into that basis.

“*YU.: zero entries are populated; (23) & (32) entries reduced by two
orders of A.

“* YV.:(12), (21) & (33) entries also reduced by two orders of A.

¢ Rest of the effects just consist of changing the O(1) coefs.

Successful fermionic masses & mixings survive.

Now the off-diagonalities in the soft sector have to be controlled in
order to lead to predictions that agree with the FCNC bounds.

The SUSY Flavour Problem

19
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U ug=1

dr (UMN*xg T &b = di A\cK9d

-di 5 g
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SY Flavour F

Mass Iy

.

“* Work in Super-CKM basis (diagonat
«<* gluino vertex diagonal in flavo |

e

1
4
|




ie SUSY Flavour Prcbl
‘MI Mass Insertion approximation

(5 ). = (A%)ii B () «* Since the observed FCNCs
AP (2 | are strongly suppressed,
o — experiment sets strong
Meit = ; e ; SR bounds on these parameters.
cin 5T SEL), Fe (). < In our particular example, the
T relevant observable is:
~& ~ _ % (sRRY 12, 0 Ty =
C) = 22 _(5(1 )21] gy (xg), Mfg ) — (KOIHszﬁF-—le())
C4Q = _% :(‘SflfL)zl (‘SfR)zl]f*’;l)(-‘lﬂ)*
ct~ _°’_ (85%),,(55R).,, 188" (o). eed to check whether our

model predicts Mls that a
with the current bounds!

D g
Xg = M§ /m



Ess Insertion (MI) Parameta

K Change to the basis where Yukawas are diagonal: ECKM basi‘

j—ﬁ)\ﬁ 0 0
~d T 5 )
AL }/|C‘1T — ({ ) }|C(£T{ R — 0 Us/‘\i 0 +
0 0 )\
Ad 4‘;_‘2 aiﬂlf\ﬁ &f2A5 ayy\S
S — (Uf) U = | @ N apht ag N |
oY 0 al N6 adA6 Gl 2
~2
- o I Tq x (IS oo a - a
@-6151 == 2 (2 5 Hi(05—65) _ . Os i 92)) ’ agg — g, 92)’ a‘iﬁg B eg)’
yS IQ ys

. x Yy I g x (IS fna Ay
Gl = et 3-0%) [ L2 0] —03) _ Us i(o2—6Y)
12 _ .
IQ Ys

¢ If the trilinears were aligned with the Yukawas, their off-diag terms

would drop out, while the diag ones would converge to the associated
Yukawa eigenvalues, up to a global factor.

23




iass Insertion (MI) Parame@

<% Two types of scalar masses: (Udyim2, U4 Ud)im2, Ud
—_ . boy  BioA? B\t
(Tn?’f)LLlc UT d %ki\:[(fnclchT) d o . -~ 2
2 = (U1) — Ul = : bot Bog A + ...
mg mg bos
= . .
- 1 R\t Rig\!
(m3) rR =~ Mz | 12 13
d. 2Ic;fUT = (U}é)‘ .CE_TUT Uj% _ . 1 R23A4 4o
mg mg |
y"* z r~ ' ' -
323 ) (05 - Qy)(boz — Do), Ros = (02 =0;) (836395 — hg) j
b

“ Similarly, if the coefs of M ? were universally proportional to the
associated K¢ ones, then canonical normalisation would render the mass
matrix diagonal. This would not happen to M. however due to the
splitting of the first two and the third generations (b,;, # by,)-

24




-ss Insertion (M) ParamE

& such a tuning can not be justified focus on producing small
off-diagonalities, to stay in agreement with FCNC bounds.

+» Define 3x3 full sfermion matrices as:

wt = AT, md = (i) + Y]V,

oL

o

e

AT, Ya
= Ayvya — ,u-Yf Ud.y

25




llass Insertion (Ml) Par-ameteri

(}:j 4 )
0 A 7

1 At )\E 1 A A6
)= -1 XN |, (rr=1|-1XN], (&
o1 S |
1 A3 A\ 1 A%\ A6 )3 )5
(=11 X}, (Dpr=| 1 }:L (6% AT )\
o1 o A6 )6 )2
1A%\ 1 A3\ A6 AB )6
(d‘e}LL — -1 }"4 1 (5E)RH — -1 }"2 1 ( }"J }"J—- }"G
K S T }H AL A2 /

* Small off-diagonalities, close to MFV but...small enough?
¢ RG run down to the low energy scale where experiments are
performed and compare with given bounds.



Effects of RG running

LLog approx: | Mapr &~ 2 x 1016 GeV, Mz ~ 10" GeV, My, =~ 10° GeV

p
1 Mgyt 1 Maur \ _
k" = Tor2 (MLow> ~ O'QJ IN = g ( i )~
1+ R0 0 0 0 g\
VS 0 1+R, 0 Y2 +[0 0 g\
0 0 1+ R 0 gLAS 0

~l 2 o ~ 2 d ~ 2 d*
Yis = —ny;wlUr. . Uoss =nyiuUr,, s = nyysUp,

44
RY =n—gi., Rl =R{—ny

5
=




Effects of RG running

1+ Ry, 0 0 A
0 1+RY 0 cur _
A
0 0 1+ RY

0 0
0 0
0 ya9 A° —%at Yt Yb A’

0
~d ~d \4
Uhs Qo3 A

.

-

—



Effects of RG running

(’ﬁ’lg)LL ('ﬁ?ﬂg)LL M12 2
m?2 e 2|GUT (6.5 é +T7) 1=
i mg 0
ﬁ’bg ’ﬁ’bg M2
( d)RflL ~ ( d)RIjGUT 4+ (6 1 122 _|_T1d%) 1
m[] m[] m[]

Ry = (2bo2 + cm,) P + —5 a;.

1 1 1
T4 = —T +( ==+ =sin’(6y) | cos(203)M3.
20 2 3 1
H(MLO'LU)
1 1 1

Tg — gT —3 Siﬂg(gw) COS(Qﬁ)M% . 1= 12 g?; (cr,— CHd)m%

In(Mgur)




Effects of RG running

s Low energy Mis suppressed as sfermion masses get larger with running.
> again work in the basis with diagonal Yukawas

d
)2 ij )RR|GUT’ — 12)LL|GUT’

))LL — [MJ (1 + 1] (’yf— 28y )) ( 13(23))LL|GUT

d . d
Pric Prs 02— o1

B \/1+6'1Ml?/2 . Plie = \/bm o5 M 3
mg T In the charged lepton sector ,

M? | . :
bor +6.5 12 — 2R, - | mechanism enter the running

mg

\/ | effects from the seesaw
d
Pr3c =

for (m?),,
through the term:

V4,

S

v




i Numerical estimates i

% SM fit for fermionic sector and scan over tsel5 , 23], M,,€[300, 3000],
mye[S0 , 10000], A, €[-3,3] m, & unknown SUSY coefficients in
+[0.5, 2].

¢ U parameter fixed through:

1[27 B mHa, Ziﬁ(tlg ('m?qu + 3(512) 1'“% 2
) t2—1 -

radiative corrections

11(TeV)

=i -
2 3.0

2.0

1.5

1.0

f 0.5

e —— 0.0 : : : : .
0 I 2 3 4 SN 11y (TeV) b0 05 1o 15 20 25 3oV Iil2 (TeV)

Sl



- Numerical estimates j
’ zg LL512‘ 0(10%,10%) O:lO'g,lO';;

* (8% R)12 | 0O(102,104) 0(10°,10)

* (813,03 | 0(10°,10%) 0(10,10%)

* |(6°Lr)13,31,23 | O(10°,10) 0(10%,10)

* |(6%R)32 O(10%,10°%) 0(10,10%)

* |(0%:Rr)15 0(10-,102) 0O(103, 109
A O(10°5,5+10) O(101, 1)

* |(8%RR)23 0(10-3,10%) O(10+, 1) |




- Nume

 Palliter ~ Prllon  Bound

* (6% )2 |
* (3% )12 |
* [Im(8% r)1, |
* (6%r)23
* [(6%1)2
* (6% Rz
* |(8"LR)23

0(10°8, 5*1072)
0(10%, 5*1072)
0(107,10°)
0(104,103)
0(107,10°)
0(10°6,10°)

0(10°%)

rical estimatesj

0(102,10)
0(10%3,102)
0(10+4,103)
0(10%, 1)
0(102)
0(10%3,102)
0.3 (MS~1TeV)
0.1 (MS~3TeV)
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(Phenemenological Implications

+*» Bounds on Mls available in the literature.

¢ They are placed by demanding that the contribution of each Ml
to an observable does not exceed the relevant experimental limit.

Bounds taken from:
arXiv: 1405.6960 , arXiv: 1304.2783, arXiv: 1207.3016

s Comparison with our predictions suggests study of
phenomenology related p—ey , edms and b—s transitions.
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B3 Strongest constraint from Br(u—ey)

In the SM suppressed by small neutrino masses

2
.- 9
3a m
S R ' TR TT Vi —54
Br(p — ey) = 30 E U5iUei — < 10
i ; 'ﬂf 63

Ui

T %
vr, ij

% The SUSY contribution through bino, bino-higgsino & wino-

higgsino loops, involves the 6¢,, parameters.

er L E{;
Fd b /; A /f Y
e ! v ep ; \ / \
f ! ! 3 ! Y
[ 1 | - ® — i [ & i
‘L B IR fp HY(B) B(H") fg ‘r HY wo IR
U(1) SU(2)

IJ




licati

o . 1 H-Qt,?ﬂ 4

2

(

_I_

ms; ms 1 . me . me
Cl)‘E o (l)‘E LL RR AI 4 _AJ' 4 ‘44’ 4 éE LL RR ALB
( LL)12 ( ( LR)QQ I tlﬁ m,, B.L 9 L 2 ( LR)lQ I f-.ﬁ m,

)

(a‘e ) _(a‘e )* TﬁEL ??I'ERR 4»’ L A; 4 (56 )* Tﬁ'EL T?I'ERR AB
RR/19 LR/29 ,u.f.ﬁ oy B.R R LRJ21 I f‘,ﬁ 1y,

Log(5.7 10~"%)/Log(BR (i~ € )))

X=(My,,/mg)?,
A;: dim/less loop functions

(8612)LL J (8e12)LR:
dominant contributions

&, &5 (TeV)
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S -

de _ oM mg my
e Stmicosly N ssstrongest
L —— constraint for
IIH{ —|0zr)11ABH- (070 (02r)i1 A L + (0LR)1i(0RR)i1 AR R CPV

- ((6EL)1i(6ER)ij(§F?R)j1 + (0Lrhi (O )i (OLR) j1

+ (070 i (021)ii (0L R) 1 + (5ER)1£-(5ERR)?'-J'(5ER)H)A%}

| % If the phases of the trilinear sector
1 are the same as the corresponding

1 Yukawa ones, (8¢, 5),; ~A° dominates
B (green points)

“*Alternatively, (8% r)1, (6°rr),; ~A°
dominates (blue points).
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R |
Mq,SM

GQMB
1272

P (VaVi Sl 13, B

M LSUSY
A = Ay ((65)7, + (05 Re) + A5 (05 2e(05) rr + AL ((60)3 5 + (04)7) + AL (04) Lr(0%) RE
T T T T T A
L5 - _. . E‘.B,‘SU‘SY — 0.5 - .,' . ﬁBdSU'S? ‘
L s 100— ] Ak O sy
S TP AB,SUSY+SM ] 0.4 R AB,SUSY+

EB; 0.3
02f 0.2F
ﬂI; ﬂJ;
(.0 :-l . .0 :-l .
0 0




20, = Arg[ME">] + gbe

Within current & future
experimental limits.
Similar results for o -h.

From arXiv: 1309.2293

Slage

LHC
Stage |




_mivinahli

105 |

0.95F

0.90F

.00 |

SM
St

0.85E

N 112 (TeV)
within limits both for the B, & for
the B, sectors.

-0.5 i : :
—SiIl( 8| — s
'i b -
Bglég( ) c
7 S
g d /K 40




2
s

~ 81m2mA

v, (¥ . -
4m§1‘3{'mbﬂ.fg(;r) (533)1,1, ‘l—mgi\[l (I) (5§S)LR
q

g[E 22 107%)/Log(BRgysy(b— s ¥)) —— m—
— _ Log(3.484 107"%)/Log(AMKgysy)

1.2

1ok
09F

0.8k

0.7F
06k

0.5k

1,SUSY
M5

Af = Ay ((65)7, + (0 %e) + A5 (052 (6%) rr + A ((60)7 5 + (05)7r) + AL (04) Lr(8%) rE
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Summary

% SU(5) x S,xU(1) Flavour model successfully predicts the
fermionic masses and mixing angles.

s+ Considering canonical normalisation effects does not spoil the
original features of the fermionic sector.

¢ Predicted off-diagonalities of soft terms (and MIs) small at
the GUT scale.

%+ Strongest constraint from p—-ey. (6%,,)ag around their upper limits.

s Comparison with the rest of the bounds points towards
phenomenological study of edms, €, and b—-s transitions.
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