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The Flavour Problem
Il. Why are quark and charged
lepton masses so peculiar?

N

Family
symmetry

e.g. SU(B)\A \@

/ symmetry
e.g. SO(10)




The Flavour Problem
lll. Why are neutrino masses so small?
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The Flavour Problem

V. Why Is lepton mixing so large?
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See-saw mechanism can account for
small neutrino mass

Possible type Il contribution Dirac matrix

(ignored here)
C
— 0 m - 14
VL VR T M
m g / RR/\ VR

Heavy Majorana matrix

v -1 ~AT 2
m, = mLRM RRIMg ~ mLR/ M RR
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Sequential dominance can account for large neutrino mixing

Diagonal RH nu basis columns
X 0 0 /N

Man=10 v 0 Yin=(4 B C)
0 0 Z

See-saw ==) m = + +

X Y Z
Sequential /' f \
dominance ==> Dominant Subdominant Decoupled

Al = 0, 1
As| = |As], ] L Y _L
Bil = |Bal= B[ v
A'B = 0 Ve V3 V2
} .
Constrained SD Tri-bimaximal
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Non-Abelian family symmetry

Al = 0.
Need (0 B, -) with 41 M ‘
v B 19 — L1310,
Y= A B csb Bi| = |Ba| =|Bs,
A B - 4B = 0

2+ 3 symmetry (from maximal atmospheric mixing)

1+ 2 +» 3 symmetry (from tri-maximal solar mixing)

Examples of suitable non-Abelian family symmetries:

SFK, Ross; Velasco-Sevilla; Varzelias g J (3) A27 } Discrete subgroups

| preferred by vacuum
SFK, Malinsky @(3) A4 alignment
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A, Pati-Salam Model =

SFK,Malinsky

SU(4)®@SU(2), ® SUR) | A4 [UQ) | 2,
F (4,2,1) 3 o [+
Ff (1.1.2) 1| +2 | -
F§ (Z.1,2) 1| +1 |+
I F§ (1.1.2) 1] =8| =
Family symmetry must be broken ! — L
H, E (4,1,2), 4,1,2) 1| +3 | +
*Flavons break family symmetry il sl R
1 (L.1.1) 31 +4 |+

N b 1.1.1 3 0
*Yukawas as ’little flavour magnets’ T i I
@93 (1,1.1) 3 -2 —
b3 (1,1.1) 3 0 | -
>I< b1os (L.1,1) 3| -1 |+
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1 1 1 il
— o3 k. O23F1 h + —uy03F. (.)123F2 h+ — 1}3F03F3h + —vyail. oBinh

M- M- M- M?2*
1 ] PR
1[2 —y13F.(¢9 x 03)Fyh + 7 — 13 F. (0 % d3) F5h + 1133,’23]@-'(F, 923, 023, 03) F5h
0 '3/1235{23 31355 133
Yip=| weachy wionelyy + Cluaselyo Tos(ely)?e]
—.923653 311235{23 —C .é/CrJ?SggU 11:38;J;
_ o
Cf=-2,0,1,3 (for f =u,v,de) &= i IH
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NEUtrinO SECtOr Vacuum alignment

Majorana magnets <<;'i/|23>[ ;} <¢'\1A23>F§J <I(\pj> {8}

1 & &

,IjrgulFl‘HH"nB ; wo RS HH' ¢20n + 11, wyF§2 H? i \ | 12:; ,/ 3
2 O. £872 0
£330 2 <H >2 Y ~| £,8%  £,,€7 O

Mgr €130 ™ £, 8"
: 1o, ] \1 3
M PrsVr Vi F .4,vih T fsvRh

Satisfies constrained sequential dominance giving tri-bimaximal
neutrino mixing, with charged lepton corrections
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Charged Fermion Yukawa Sector

Y l l Y Class of models: 8¢ > 6"
0.9%0
V d 12 C
U CKM
GUT relation

From above we see that 9162 R
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SFK,Antusch;

Masina,....

Charged Lepton Corrections |V, .=V "V"'

Assume | charged lepton mixing angles are small

—i0 —i5,, E i

S ~ 523 ” 3230236 -
013 Z i1 —i513 =i (513+633)

9139 ~ Oy -6 C23€ N 2323 o

—|512 ~ -|512 V &V |(5 —5 ) |5
S,€ ~ §,€ +0 5C125,5€ = ‘912023(:12 N
Assume lI: all 13 angles are very small

P o In a given model we can
It S 2 predict g5and 6.
OE Note the sum rule

— 0, =~ 0, + ﬁcow 0., ~ 0, + 6,,c0S0
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Tri-bimaximal sum rule 8, ~35.26° +6,,0080

49 ' ' ' Bands show 3 o error for
a neutrino factory
determination of 6,,C0S

w— i1 D fyq =107

w— SN2 2013=10"2

40 | — SN2 2043=10"" Current 3o
= o 9, =33 +5
g 0,, =45 +10
o 35 i (]

L
5 | O, <13
=
L
L

Model Prediction

30 : Antusch, E
: Huber, | O ~ ~ HC 30
SFK, {1 |Y137 _/— ’
_ Schwetz | 3\/_
25 1 1 1 ~ T
0 a0 180 270 360 2913 10
True value of §|z]
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Do we need a fam”y Symmetry’) Ferretti, SFK, Romanino;

Barr

W = J\f/\I{\I} + Oé::\I/’U)?@ + )\?\I/’Q)?h

One family of “messengers” dominates Three families of quarks and leptons
h [0 @ h
C M L Cc M R
fa' X — fj f;v' T X ) fj
F F Fe F€

MUW = MoQQ + MyUU® + MpD°D + M LL + MyN“N® + MgE“E"

Suppose MQ <M p K |\/|U then in a particular basis [ m, =m, =0 —Accidental sym

0 0 0 <¢> 0 eng eng ﬂ<<£<<1 Not bad! But...
U
YLR =10 ab€U adé'u YLI?Q =10 of & gng <¢> < m m, tang. ~ 1
0 Cbé‘U 1 Q 0 hfe 1 MQ tanﬂ ~30 c
D m, Need broken

5u:%1 g, = MQ, abcd,e f,ghk~1 —z’\/cb‘ Pati-Salam...

MU MD \ rno
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The SUSY Flavour Problem

In SUSY we want to understand not only
the origin of Yukawa couplings
W = €ap[—HQ Yo, Us + H3Q Yy, DS + HF LY., ES — pHg HP)

€ij ]
1

AW = —e HELLY,, N o \ “‘Mp N € See-saw parts

“%J .i'

But also the soft masses
1 — .
=t l: soft — 3 [JI ‘3;}? ~+ J-[‘) Iir 11r -+ JI 1 BB :]
+ eus|—bHEH? — H*QY 41,, [T" + HEOP 4d DC + HZLPA,, Ec + h.c.]
+ my, |Hal® + my |Hd|* + Q“-mQ Q“*
+ L“mLUL“* +U e, UDC + DC*TT?DUDC + EC*THE?}EC
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*SUSY FCNC'’s result from off-diagonal soft masses in
the basis where the charged Yukawas are diagonal
(also EDMs result from soft phases)

e.g. slepton doublet mass matrix
/ (mi)u (Arp)ie (ALL)L‘B\ (ALL)12
mip = | (Arr)ar (mip)ee (Arp)es “oT e

\(ALL):Bl (ALL)BQ (T??%L)gg/

Off-diagonal slepton  #= Ho  H W W e

masses lead to LFV % 7

A
BR(yz—ey)<10" 56, , = ( L;)lz <10°°
m,

2710312007 Steve King, UK BSMMeeting, 16
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Lepton Flavour Violation

Ciuchini,Masiero,
Paradisi,Silvestrini,

Vempati, Vives
Process Present Bounds Expected Future Bounds

BR(pu — e~) 1.2 s 10— OIS A=

BR(u — eee) 1.1 x 10712 O(10~13 — 101
BR(p — e in Nuclei (Th)) 1.1 x 10712 O(10~1%)
BR(T — e7) 1.1 x 1077 O{10—#)
BR(m — ecee) 2.7 x 1077 O(10~%)
BR(7T — e 1) 2. x 1077 O(10~%)
BR(T — 1) 6.8 x 1078 O(10~8)
BR(1T — 1 pt) 2 x 1077 O(1078)
BR(T — ptee) 2.4 x 107 O{10—8)

Type of 88| p—e~v| p—ecee| p— econversion in Ti[| Type of 854 T — py|[Type of 84 T — €N
LL 6x1074 2x1073 2 s 10~ LL 0.12 LL 0.15
RR s 0.09 - RR = RR. i}

LR/RL 1 x107°% 35x107° 35x 107" LR/RL 0.03 LR/RL 0.04
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Predicting LFV in mSUGRA

mSUGRA
prediction at M,
, , 100 , RG running 100
ml;j:moO 1 O+5m|;j4 mé_:m?o 1 0
J
O 01 00 1
MEW MSUSY Ml |\/|2 |\/|3 MU
— —t— —
102 ~ ~ - 1016 [GeV]
RH neutrino masses
Depends strongly
d 2 d 2 2 2
LSO L i 1 +2Ab)[YVYVT] on the see-saw
dt at | | 167
Y"=0 parameters
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200 | 0.1x10° (a) 00axi0 " (b)
0.3x107 0.1%10°"
o | 07 03010 Heawgst RH
B neutrino IS
5 3x10 . ]
3 110 dominant ; predicts
2 400 7 10K10 \ large t > vy
200
: BR(1->17) BR(1->e7)
Typlcal " | Blazek,SFK
mSUG RA 800 0.01x107" @) oomas (b) tan 3 ; 50
Predictions
500 | o.1x10°" _ 0.3x10™"° .
_ 0.3x10°" 1x10-" nghtest RH
S i :
& 1x107'"2 3'_!(10_12 neut“no IS
A0 \ - dominant
200 - -
/
BR(t—=>py) BR(u—>ey)
”nnl 500 1000 1500 0 500 1000 1500 zmlm
m, [GeV] m, [GeV]
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Correlation between p - e y and 6,5 for HSD
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Three sources of non-universality
1. Non-minimal SUGRA

--due to different families coupling to the hidden sector differently

a
br,

2. D-terms
--due to broken U(1) gauge aroups with family dependent charges
‘ dr1 o
-n'z..iL = m; — 1(3¢;) D% qr2 g2 D;

qdL3

3. Flavon SUSY breaking

--due to flavon dependent Yukawa couplings
Abel,Servant;

n
AA=F 0, InY=F. 0, In®"=F, —
200 200 D Abel, Khalil,Lebedev;

F, cm,,® — AAoccnm,,

Ross,Vives;

27/03/2007 Steve King, UK BSM Mesting, Peddie,SFK.

Liverpool

21



BR(y — ev)

~
/

BR(p — e

Ll —> €Y in non-Universal models Hayes, Peddie, SFK

1{‘.5 — 06 = | |: |
le — 07 E ki
%E _ 88 E . +D-térms “‘“':413_“_:::_::?
%e R %[1) g Experimental limit x\\ Experimental limit
e — | e e e e e S e i R e et e e e e el et
le—B2E \mswoms awre
Pl | B e — b noprminimat SUG |
eootf T I
le — 09 =
1€ 7 1Y Eoperimentatimi 3 F o _ Experimental limit__ _
le—12E  ciGRA+f B e
e— 14t

200 600 1000 1400 1800 200 600 1000 1400 1800

m3a/o LRYD
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Ciuchini,Masiero,

SU(5) GUTs and Soft Masses| raadisi,silvestrin,

Vempati,Vives

{Q = ! e u‘} C 10, LHC connection: need
to measure squark and
slepton masses to
elate quark and lepton
flavour violation

17

{d° L= E}CS.

Relations at the weak scale Relations at Maur

(055 )RR &~ (m2. /m?2.) (f‘}y,\«{ "”-360 = T”gcu

{r‘ffj)LL R~ (na?cfmg ‘}EJ)RR '”"'QQD = m2.,

(53«;‘]}{}{ = (”'-’Lr”?d ) ( 'ns-gco = -m.QLD

{53&3 A {-IJJ-QLMQ;"‘-HE-QMQ) (_'m.b; mr) {(ﬁj]iR As; = 4;’330
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Flavour changing observables In
the down sector

Ciuchini,Masiero,
Paradisi,Silvestrini,
Vempati, Vives

Observable Measurement /Bound
Sector 1-2 \
AMg (0.0 — 5.3) x 10—3 GeV
€ (2.232 & 0.007) x 10~2
|(£'/e)sway | < 2% 1072
Sector 1-3
AMs, (0.507 4 0.005) ps—1 8d p arameters
sin 2,3 0.675 4+ 0.026
cos 23 = —0.4
Sector 2-3 ij\AB LL LR RL RR
BR(b — (s + d)y)(E, > 2.0 GeV) (3.06 & 0.49) x 10—* 12 |1.4 % 1072]9.0 x 1075]9.0 x 1075]9.0 x 1073
BRh—=lefrdyitthy > 15-Ge¥) (3.5140.43) x 107 13 9.0 x 102|1.7 x 102[1.7 x 10-2|7.0 x 102
BR(b — s7)(E, > 1.9 GeV) (3.34 £ 0.18 £ 0.48) x 10~* e
A=) 0,004 £ 0.06 23 [1.6 x 1071{4.5 x 1073]6.0 x 1073{2.2 x 101
BR(b — sl+1~)(0.04 GeV < g% < 1 GeV) (11.34 + 5.96) = 10~7
BR(b — sitl7)(1 GeV < ¢2 < 6 GeV) (15.9 £ 4.9) x 10~7
BR(b — sitl~)(14.4 GeV < ¢% < 25 GeV) (4.34+ 1.15) x 10—7
Acp(b — slti) —0.22 4+ 0.26
AMg, (17.77 4+ 0.12) ps—! ]
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x \,‘-'E) C z C‘6
04 59 Hadronic |% o
0.2 L C0n§tra|nt8 0.2
0] :— 0
—0.7 } -0.2
0.4 :_ -0.4
_06 _I | I | | I | | I | | I | | | _UB
—0.5 -0.26 O 0.25 0.5
: ; Rc(ddEJ)RR
hadronic constraints only
x 10 x 10
2 0.2 d . z 0.2
s E Hadronlc Zis
E L F g
01 =
0.05 [ sEeRznae i
0 F
—0.05 E
o1 E
—0.15 E—
_OZ - | | | | | | | | | | | | | | | _C.Z
—-0.2 —0.1 0 0.1 0.2 5 —
-3 Re(6%0)d0 © 3
x 10 hadronic constraints only ) x 10
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Leptonic
constraints

e

5RR 23

\~ K4

\ | N ‘ I | | I | ‘ I | | 1
—-0.5 -0.25 O 0.25: 5
; ; Rcl:édE;RR

leptonic constraints only

(&

) d | eptonic

= Rl onstraints

3 )

g | | | ‘ | | | | | | | | | | |

2 —01 O 01 02 .
RC'(éd@()Rlo_u

leptonic constraints only
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Ciuchini,Masiero,
Paradisi,Silvestrini,
Vempati, Vives

Quark-lepton
connection:
LFV processes
can constrain
Quark Flavour
Violation via
GUTs
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SU(3) Famlly Symmetry and Soft Masses

U € (QiL)~3  Favonso~3 SFiRgss R elesco-
Yukawas i

M 2 ¢3W|¢3WJ +W¢23Wi¢213'7”jH T
Soft masses mz:mg((;ij . asff|¢3 . a23¢|\2;¢223 j

Leading order
universal due to

SU@n | | l

. . 1 0 0)
*Sub-leading mainly , , . o | s
(2,3) flavour violation ™M 1 |mp+ 0 m; + Ex &3 |MyT
controlled by flavons 1 &5 £y &
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Abel, Khalil,Lebedev:

The SUSY CP Problem | rossvies

300 GeV

2
- sin ¢ x 107%¢ cm
M

Why are SUSY
by~ da=¢ <1 tanf ~3 —>¢<10? phases so
small?
* Postulate CP conservation (e.g. uH H, real)
with CP Is spontaneously broken by flavon vevs

 Trilinear soft _ Y Y
A = Ab(ag L 1oy, P2 +]

A, , a5, 8,3, real gives real soft masses times complex
Yukawa elements - no soft phases at leading order

27/03/2007 Steve King, UK BSM Meeting, 27
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Flavour Dep

endent

Thermal Leptogenesis

Barbieri,Creminelli,Strumia, Tetradis;

Endoh,Morozumi,Xiong; Pilaftsis,Underwood,;

Vives; Abada,Davidson,Josse-
Michaux,Losada,Riotto,lbarra;
Nardi,Nir,Roulet,Racker

*In leptogenesis neutrino CP violation is the origin of baryon asymmetry

For typical leptogenesis temperatures <1012 GeV FD effects are relevant

‘Right-handed Majorana (L violating) neutrinos are produced in early
universe and decay out of equilibrium giving net lepton numbers L, L, L,

*Out of equilibrium Boltzmann egs lead to L, L, L, partial washouts

*Surviving L, L, L, are processed into B via B-L conserving sphalerons
(v, > LH,)-T(vVe, — LH,)

E =

“ Za(r(vRl - LH,)+T (Vg — EaHU))

e I
L/a/
| % | %
m < :Rl R‘l ~ < >

~
~
~
~
~
~
~

<«

-
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x <

FD lepton asymmetry

U R _J
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Flavour Dependent Leptogenesis with SD

Antusch, SFK, Riotto

*What can we learn from FD Leptogenesis?

*If the dominant RH neutrino is lightest all asymmetries
are suppressed by m,/m, with ¢, . killed by a (1,1) texture
zero and L, and L strongly washed out

* most popular flavour models inconsistent with FD TLG!

°If the dominant RH neutrino is the heaviest ¢, . IS
suppressed by m,/m; but ¢, | and g, . may be maximal and
L, and L, may have optimal washout

* this case is OK and predicts large rate fort = n vy

27/03/2007 Steve King, UK BSM Meeting, 29
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Allowed regions of Tr, and Mg,

12
rAssumes maximal
| asymmetry and o
|1 | optimal washout Antusch,Teixeira
>
5 10 |
£
= 9+
Cﬂ L
E L
g L
| ng/n, ~ (6.10 + 0.21) x 1071
7 8 9 10 11 12
log,, (mn1/GeV)
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Summary

*Neutrino data is consistent with tri-bimaximal lepton mixing

*Suggests see-saw with CSD and non-Abelian fam sym

*Yukawas as little flavour magnets’ with flavon vac alignment

Class of models suggest 6,,=3°

*Charged lepton corrections give TBM sum rule 6,,=35°+6,,C0S

LFV in mSUGRA distinguishes see-saw models, gives correlations

*But expect non-universal corrections in general

*SUSY GUTs imply LFV can constrain Quark FC

*SUSY Fam Sym enforces approx universality but expect flavon corrections
*Flavon spontaneous CP violation solves SUSY CP Problem

*Flavour Dependent Leptogenesis discriminates flavour models
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