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o supersymmetry

% flavour problem and MFV
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% horizontal symmetries
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% horizontal symmetries and SUSY
breaking
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% flavour messenger sector

% SUSY breaking in the flavour

sector and cosmology
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Higgs sector
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local symmetry: SU(3). x §U(2), x U(l)



Standard Model cd.

* hierarchy of scales:

Mgy ~ 1 TeV = 103 GeV
VS

Mp ~ 1018 GeV



SUPERSYMMETRY BSM



Beyond the Standard Model

supersymmetry
Particles M mno superpartners observed
\ thus far — supersymmetry must
be broken

M clectroweak scale related

to the scale of supersymmetry
\ \ breaking

< Supersymmetric M the lightest supersymmetric

"shadow" pamcl@‘ particle is stable — a natural
dark matter candidate




' The structure of the MSSM

a —
— ya vector ( ’;g ) h=%1 (pa)

multiplets h=+1/2
' chiral W\ h=41/2 N Ow
— ¢ multiplets (‘pz') reo (F) =3,

gauge group SU(3) x SU(2) x U(1)
gauginos (g, W, B)

— 3 families, 2 Higgs doublets
squarks (q), sleptons (T), higgsinos (ﬁl 2)

=QhU°H2 +QhPDHy Z |
+Lh¥E°H) + pH1 Ho
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The structure of the MSSM

explicit mass terms for scalars

( |
—Lsoft = p'm%p + (GMarara + m3H Hp
\+§ALTECH2 - ('jADEl—éHl + ZAEgCHl +
I

explicit tri-scalar interactions




Supersymmetry breaking
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sector

gauge
interactions,
gravity,




Gauge vs gravity mediation

FX
144} p—
_—a(m) F*
Mgaugino = 47 <X>
_ a(m)V3Mp
Mgcalar — 47 <X> M3/2

N m3/27m0duli << TTLg,s

® gauge mediation: natural suppression of flavour
changing processes, works in the flat limit



FLAVOUR BBSM



Flavour group
Gr =8U(3); ® SUB);  U(1)°,
where SU(3)2 = SU(3)q, ® SU(3)v, ® SU3)py, SU); = SUB)L, ® SU(3)Ex

Lq’6 — QLYDDRH + QLYUURHC -+ ZLYEERH + h.c.

L, = [_/LYVNRHC -+ NRMNR + h.c.

2

v
Myeff — —YVMYVT — UnmdUirl

G. D’Ambrosio, G. Giudice, G. Isidori, A. Strumia

Yo ~ (3,3, D)suy, Yo~ (3,1,3)su@), Ye ~ (3,3)s0(3)2



Dy =ViDg, Uy =ViUgr, Qr=Q,S!.

(+) _ 92 + gz _ +
Ly, = —=Ury"Vexku DLW, + —=vrY"VeunsELW),
V2 V2
V. —S1S V —ULsS
CKM — PuR°d PMNS — Ujq1re
data:
Masses - - - 1,
’ . . V. Dy L) - (/
e R . 1/
-12 -9 -6 -3 l ln-
10 10 10 10 GeV G.G. Ross
Mixing
1 0.218-0.224 0.002 -0.005" 0.79-0.88 048-0.6] <02
Vg =1 02180224 | 0.032 - 0.048 t-;,H-(o.z?-o.«w 0.45-0.71 0.52-0.82
_0.004—0.015 0.03-0.048 1 | 02805 051-0.65 O.S?-O.SI'



Quark and neutrino mixing

Weak interactions

03

7.21.  The quark rotations.

. The rotations of the neutrino mixing.



MFV
Yo ~ (3,3, D)suyss Yo~ (3,1,3)sui)s, Ye ~ (3:3)su(3)

MFEV:
e the only source of G breaking are the Yukawa spurions

e higher dimension flavour violating terms arise as the most general SU(3)°
invariant higher dimension operators

The leading two-fermion operators from which one may determine the MFV

predictions for the operators in the table are
G. D’Ambrosio et al; F. Gabbiani, A.

5y YJ[ D YTY YT Massiero; W. Altmannshoffer, A. Buras
QrYy UQL’ R4qu UQL et al; G. Isidor,Y. Nir, G. Perez

Flavour violating Aypy (in TeV)
dimension six operator [

O = = (QrArcy,Qr)?
Op1 = +5H'" (DrAadrco QL) Fy

EWDD: Apc = (Y, Y.)i; = A2U%,Us; where U is the CKM matrix.
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e A = M - where M is a mass of a heavy particle, but ...

e usually there exists a mechanizm easing the hierachy problem with its
scale Ay,

e possible suppressions are
1/A2 1/(A M), 1/M?

e in SUSY luckily (or not) the first option is realized, with A, = Msysy

in models of fermion masses based on SB family symmetries M is a mass of
heavy fermions and hierarchy of masses and mixings is built from powers of a
small parameter < 6 > /M where 6 is a familon field.

Msusy, Fsysy, M, Fy - are there any constraints?



. M. Leurer,Y. Nir, N. Seiberg; L.
Froggatt-Nielsen U(I) lbanez, G.G. Ross; E. Dudas, S.

Pokorski, C. Savoy, Ch. Grojean;
P. Binetruy, S. Lavignc, P. Ramond

B - /0 |u;+qi
QLYuUrH. = Q}, |a] (M) Ur;jH,

Two familon fields, X, X, with charges £1, —w = q(H).

Qri2s: (—3+w,24+w,w)

D°1,2,3: (—5,0,0)

U°1,2,3: (—5,0,0)
| —8+w| | —3+w| | —3+w|
u,d ,d U
—3+w 24w 24w

Yup = EL,d | elu d | GL d |
[=5+w| ] vl
u,d u,d u,d
where €, 4 = J\<J)U( 1>> - we allow for different messenger masses in the up and the

down sectors.



Bounds on

suppression scale

Flavour violating A/Aypy

dimension six operator Ex. 1 Ex. 2 Ex. 3 U(1)> N-A F

Op = HQrX7 QL) et et 1 1 2 1
Opr1 = HT <DRX51£0WQL) F.. re~2  pe3/2 xre 2 Te€ re 2 xe
Oc1 = HT (DRXII?JEUWTGQL) GZV re 2 gpe /2 re 2 TE€ re 2 xe
Op = ) (QLXEQL’}/MQL)EEL’}/MLL) €2 €2 1 1 e 1 1
Oy = (Q_LXIC?LVMT“QL)(LLVMTQLL) €2 €2 1 1 e 1 1
O = (QuXPvuQu)(HYD,H) e? e2 1 1 el 1
Ops = (QuX,7.Qr)(DrYuDr) e’ e’ 1 1 et 1

Here z = (my/mp)'/? ~ 6.2.

M. Leurer,Y. Nir, N. Seiberg
S.King, G.G. Ross
|. de Medeiros-Varzielas, S. King, G.G. Ross
S.King, G. Leontaris, G.G. Ross
P. Chankowski, K. Kowalska, S. Lavignac, S. Pokorski




SUSY breaking

In the EW basis

2 2_lqri—qLj| ..
mdLLij ~m € i AZ(SZ]

where A; = m?, — m?

after rotation on the superfields to the EWDD basis

(Sjlm?lLLSd)ij ~ mPeln T 4 NSy + A Saje

and S@j > €|q'i_qj|

— the effect of initial diagonal splitting can be large



Non-degeneracy of squark masses

_ - - 2
D? = g2 (1012 — |8 + ey di? + capldnl® + ..

A = CiLr9r <D >

2
MiLR

V = 1D? + myd* + myo® + |pp — M?|?

with

<D >

b S * *
M2 (CdL Sd118d21 - Csp Sd12Sd22 + C(;L Sd13Sd23)

d Y
O1orL A

this is =2~ ¢ |

while 1217, < €% and dg12Lr < €*



RG running

FN predictions hold at M < Mgyt
At 1 TeV my ~ 3m1/2 and mg ~ m% + Gm%/z

r=m./mg =1 gives xg = m1 ,/m§=1/3 and
= 350 GeV implies mg = 200 GeV and my 5 = 120 GeV

However, rising zg helps!
my o/ Mo = 7 gives
mg = 350 GeV implies my = 20 GeV and m1/2 — 140 GeV
which gives additional suppression of -2 m2 ~ 1/300 ~ €’

Now, rising m /o:
my j2/mo = 7 with my ;o = 300 GeV gives
mg = 800 GeV and m, = 900 GeV



Summary |

® Family symmetry models generally violate
MFV

® However, they can be brought into
agreement with data with certain, rather
mild, constraints on susy breaking
parameters, like m1,0 > 7Tmg



Flavour sector

Wi = XU+ aW;1p;¢ + HU

where X, = M + O%F ¢ 1s a gauge singlet, U, U are heavy v-like quarks, 1, ¢
are light fermions and ¢ is the flavon (formerly 6)

<> < H >

|
vy W,

6_<gb>
M




S.Antusch, S.F. King, M.
Malinsky, G.G. Ross

Flavon F-term

P\ [t

leads to sfermion masses of the form

(s vl gttt gl
This gives
’UF¢ :
_ i+qil 1
q

and requires

M
Fy < (350GeV)?0.2 (—)

v

SUGRA: F¢ = m3/2 < gb > Cop — Um3/2 < m%



Stabilization of X £

Wi = AXUU + a0 Wp;¢p + HUp

K =XX+ 0, (66 +6i01)

(XX) (XX)° |

167T2f6 ]\4 [ oo

16772 fa

W = IuQX + ZZZ\Ll Z —1 gbz(mw + )‘”LJX)(/b] T



Solutions
Z.L.,S. Pokorski, K. Turzynski

1 A?
X = if f4 > 0 and dominant
2v/3 faMp
X2: 89|§4’A/~\2 if f4<0and f6>0
6
3 16m2 A4 .

in all cases solutions exist if (X) <1073 Mp

above this value of X the gravitational term
gives to large negative slope



Cosmological vacuum selection

|. Dalianis, Z.L. 1

meta stable

Z/Iw < Z/Sw

10

S 108

0.00005 1070
0.000025 X 1072
1071

102  10® 10™ 10" 10® 107 10'®
A [GeV]




Vers(T)

~0.00004 S AL
-0.00002 KR
,

~

T >> A

Y

0.68853\\\

0.000047-0.00002

<V >=0

0.000047-0.00002



Coupling to the SM

— >\FX 1/4
T\ 8gZ +4X?

r2_ 8 Ix (FX)W
STUBA3Mp \ A

|. Dalianis, Z.L.

10-3 /Fx )2/5
2.5 /3Mp

VEx =2.410° GeV gives A < 1.2107°
VEx =2.410% GeV gives A < 41079

T5>TCT—>>\<(

4TeV

my > 4TeV — Ayp = (X) > > 4 x 10° TeV

A. Buras, Ch. Grojean,
S.Pokorski, R. Ziegler




Can one make X dominate supersymmetry breaking?

2
€ € 0
M=M?*| ¢ 1 £Ix
M?2
0 Ix 1
M?2
M. Nardecchia, A. Romanino, R. Ziegler
L. Calibbi, Z.L., S. Pokorski, R. Ziegler
2
~ 2 2 FX
m = —€ ——=
M?2

ive m2 = (< Ex )’
loops give m§ = (& 5X)

a~ e~ 0.1 — oneneeds Fy ~ 10 X Fx



Family symmetry models generally violate MFV

However, they can be brought into agreement with
data with certain, rather mild, constraints on susy
breaking parameters

They need a separate flavour messenger sector
which may be intertwined with the supersymmetry
breaking sector

Cosmological stability implies
Anp F >4 x 10° TeV



Beyond Summary ...

ﬁ

Strongly coupled
gauge theories
/\s' I\/IUV' |VIF

Froggatt Nielsen Wave Function
l' M, F; renorm., M, M
Extra Dimensions G
F
IVluv: MF

Fermion masses
o . r C
Lepcon number viclation » Neutrino

TeV states ~ m?\jlses
N L
Gaugino
mediation =
Foo M oc Y SUSY P<
d Gauge
~ mediaton i Hidden Sector SUSY
1dlivii '

Gravity .
mediation Foo Mo brelz:klng
X

=M,

\Y

mess




