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Outlook

- Show results of two representative models with discrete flavor symmetries.
Analysis of FV effects in leptonic sector.

- Application to a complete flavor model.



Motivations

Froggatt-Nielsen and flavor symmetries
nice way yo explain SM flavor parameters

but...

e Flavor scale A, arbitrarily heavy

e Many possible choices for flavor symmetry
Abelian: U(1),SUQ3),...
Non-abelian: A, , S5, A(27),...

How to choose?
New flavor observables needed!

New flavor couplings generic feature of many
NP models, in SUSY soft breaking terms:

trilinears interactions
sfermion soft masses

but...

* [If O(m,)entries
— severe Flavor Violating problems

} fixed by m,

e LHC won’t give stronger mass limits over
SUSY sparticles

New ways
to restrict parameter space are needed!

What about Flavor symmetries in SUSY ?
Flavor symmetry relates the structure in Yukawa matrices to
the non-universality in Soft breaking terms
FV effects still present but controlled

r Constrain the

L Phenomenology ]

of flavor symmetries J

LMS SM parameter spac;l
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Review of the mechanism

SUSY breaking
Mediation scale

SUSY
Breaking
Scale

Sparticles scale

— ASTsy ~ My ~ 10 GeV

= Agusy = 1/(Fx) ~ 101 GeV

: F

- my F 1 Tev
. Mp;

" Mgy

Weneed : Aggsy > A
for example gravity mediation : Agggy ~ Mp;

X: hidden sector spurion field
interacts gravitationally with visible sector
let’s consider 1t single and universal

b
L= —XWIW+— XTH H,

nt

Mp, Mp,
a;; B Cij io
+ X!//it//jHu,d+WXXt/fil//j+h.c.
Pl Pl

soft breaking interactions must respect G,
different ways to couple the spurion field

— mismatch coefficients LCjj aij!

SUSY broken in an Hidden sector by
X getting (Fy) # 0

gint — gsoft 2/19



Review of the mechanism

Mismatch coefficients * in &, are given by the number of flavon insertions in each diagram

a C::
Xy, H, Soft mass terms : M—l‘;XTXz//iTz/fj + h.c.
P

ij
MPl

Trilinear terms :

nin

by - g o0 N

T
7 b ?
7
/9 L < V. WLR).i < YLw.j

l LA : 4 :
A o A
: X X L X xt
X X X'
Aji=ay[2n, —1)+21Y, mS = mg [(2n, — 1)2n,,— D+11K;
Y Y 7

where each bubble 1s given by :

(*) Phys. Rev. D 95 (2017) no.3 [arXiv:1607.06827 [hep-ph]] 3/19



Bounds on FV processes *

e Lepton FV transitions would be a clear signal of New Physics!

e Variety of channels, most sensitive involving the muon

e Next decade: several experiments are planned to pursue the search for y — ey, u — eee, u — e
conversion in nuclei, as well as processes involving the T, to an unprecedented level of precision

Table 1: Relevant Flavor Violating (F'V) processes considered in our analysis

FV process Current Bounds Future Bounds

BR(u — ey) | 4.2 x 10713 (MEG at PSI) 4 x 10~ (MEGII)

BR(u — eee) 1.0 x 10712 (SINDRUM ) 1016 (Mu3e)

CR(p — €)a4, - 10717 (Mu2e, COMET)

BR(T — ev) 3.3 x 1078 (BaBar) 5 x 1079 (BelleIl)
BR(7 — pv) 4.4 x 10~® (BaBar) 1079 (BelleII)
BR(7 — ece) 2.7 x 1078 (Belle) 5 x 10710 (BelleII)
BR(T — ppp) 2.1 x 1078 (Belle) 5 x 10719 (Belle 1)

AMg (52.89 + 0.09) x 103 A s~ (PDG)
€K (2.228 £0.011) x 103 (PDG)

(*) Riv. Nuovo Cim. 41 (2018) no.2 [arX1v:1709.00294 [hep-ph]] 419



¢; — ¢;y inthe MIA approximation

BR(@,, — Ej ’7) B 483 v 3 67

a- i
— ALI? + |AR]?) ~ —— tan §?
BR o tooy — gz (MG + MG ~ G tanp
L
L Q2 zﬁf} Mo tan B
Ai; = Em% fin(az) + fic(az) + MZ — 22 (fan(az,b) + fac(az,b))

+ tan 03, (fln(al) + p My tan 3 (fgn(al) + fzn(a1,b))>]

mg  p?— MY
~ Dt
YV
&/ i
+ o ( 1) 2 fan(a1)
(s mg my,
RR
T 4r m% 1n\Q1 H v ﬁz? MQ—M12
L Ovij (M 2 fon(ar) Cancellation
47 m% My, "

(*) JHEP 10 (2005) 006, [hep-ph/0505046]
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An A, model example * : Superpotential

: c c c c / T

b TS tsTrT T 1 118 5 1fw 1| Reproducesthelepton

Zo |1 lil1lilal 1 : N hierarchies and mixings
'

UMl 11|11 l1]0lo]olololo|o]| TBM+0;!

Table 1: Transformation of the matter and flavon superfields under Gy = A4 x Zy

0 1 /
Aligament; 1) 8<1),%M<1>,%m’,<§4>m
0 1

Superpotential r1e3  xoede! xge3€
2 1 2 2 1

1 Y, ~ Ty E“E Ty € TgE“E
LO: W, = —71°(or)Hy ¢ § ° / 0

J\{ xree  xgee Tg €

= [(fab%) + (Lor)"€' ] Hy
]Vl[ o - Tried 9Quxoe3e’ 9uxgede
1 o S5xree’ Bxgee! 3xge

NLO: W, = WTC |(bpTds) + (Lops) & | Hy

+ o b [(bhds) + (Lords)"E + (Los)'€?] Hy
+ e [(phds) + (Uo7s)"E + (Lores)'€® + (Lds)E”] Ha

(*) J. Phys. G36 (2009) 085005, [0905.0620]. 6/19



An A, model example : Kahler potential

: C c c c / 7

b TS tsTrT T 1 118 5 1fw 1| Reproducesthelepton

Zo |1 lil1lilal 1 : N hierarchies and mixings
'

Mgl 11|11 1] 0lo]olololo|o]| TBM+0;!

™~ O
&
Table 1: Transformation of the matter and flavon superfields under Gy = A4 x Zy /

0 1
jenment: (97) (6s) . © . )
Allgnments Zop oce ( ) ) VTR ( } ) M T M T mE=mi @y, — DQ@ny, — D+

(LH) Kihler potential g2 + g’ e 5%
1 KE,L ~ 14 8’2 82 + 8/2 8/2
Kipp = 000 + e [(MT b5 ¢5) + (L4 bs) fT] + h.c. 72 /2 2 1 g2
82 +€/2 8’2 8’2
my; ~ mgl+2m3 e e24e? €
/2 /2 £2 4 g2
(RH) K:ihler potential g2 +e? g€ g2¢'
KE,R — eceCT L ,U/C,LLCT N TCTCT KE,R ~J ]]_ —'— 626,/ 62 —'—,8/2 26 6, .
1 e°€ EE ES T E
+ 3 [(oreb)nct + p(gral)rt | (€2 + &) / 2/
2(e“+¢ 2¢¢ 4e“e
1
+ 73 e [(¢S¢TT2) + (¢S¢:})'§’T + h.c.] ret mg’R - m% 1+ mg 2¢ce! 2 (62 i 8’2) 2¢¢e! \,
' he 4 c2¢! 2¢¢’ 2 (e 4 &)
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An A, model example : Soft terms in physical basis

2 rotations to go to the physical basis

e Canonical rotation: Kahler is the identity

e Mass basis rotation: Yukawas are diagonal

Ko — U};L Ker Uk, =1 , Kgr — UIT{R KirUkp=1 , Yy — VJ U};L Ye Uk, Uy = Ye(diag)

Ay —> V;lU;LAgUKRUy:ao

2 —1 2
mgr —> Vy U%Lme,LUKLVY

2 -1 2
myr — Uy U;{ng,RUKRUY

T1 X1
( Tz <4x2+2 : 4) e3¢’ 6x3+4 177 g3 \
Ts 9
T5
2 x4 26 5xs5 &> 4xg+ 2 OB ) 2
9
\ 2x7ee’ 2xgee’ 3xge )
e+ ” e” Do not get
2 2 ’2 2, 2 ’2
mg 1 —+ my g E° T+ & g ° ° '
8/2 5/2 82 _I_ 5/2 dlagonallzedo
( 2 /2 / 2 1 ($4 338) /2 \
e“+¢€ EE Je‘ee + | —— — | e
s 9
mg 1+ mg ge’ o g ge
3’ + Ta_ T8 a5 55" 7 du g™
\ w5 o )

8/19



An A, model example : FV eftects

FIGURE 1: Excluded regions due to 4t — ey and p — 3 e in Ay
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(*) JHEP 1711 (2017) 162 [arXiv:1710.02593 [hep-ph]]
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FIGURE 2 : Results of an S; Model

Running to the EW scale
with the SPheno package

Dominant contribution
comes from LL - mass
nsertion

tan  — enhanced
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An A(27) model example * : Superpotential

A7) | 3 3 1 111 3 3131 3 3 eproduces the charged
lepton and quark
Zo 1 1 1 1 1 -1 | -1 -1 -1 hi hi ..
Ul)rn | 0 0 o |21 1 |alol 1 ierarchies and mixings
Ulr | 1 1 0o o] o |o]O0]| O] O CKM + TBM

Table 1: Transformation of matter superfields under Gy = A(27) x Za XU (1) pn

0 0 1 1
Alignment: %: Ur (0) , <qj\423> = y75<—1) , <¢X;3> _\/y_752(1) , (1) x (O) ,%:—3

1 1 1 0

Superpotential

1 - - 1 - - 1 - _ 1 _ _
LO: Wy = —— (£é3)(l°¢3) Ha + — (L23)(€° p123) Ha + —5 (£d123)(£°¢23) Ha + —= (L d23) (£° g23) X Hg

M?2 M?2 M M3
0 —x9 &3 Ty 3 0 —5xy &3 5 xo e°

Yo ~ yr | —23€3 3x1? —3z.° Ay ~ yrag | —Ba3ed 21212 —21z;¢€?

x3e3 —3xqe? 1 5x3e3 —21x¢? 5

(b _ () (diw)
M3 M23 M123

(*) Phys. Lett. B648 (2007) 201 206, [hep-ph/0607045] 10/19



An A(27) model example : Kahler potential

Field | f,v | £°v° | Hyqg | 2 | ¢123 | &1 | &3 | 23 | P13 R d the ch
’ ’ ’ e S arged
A7) | 3 3 1 11 3 313 3 5 eproduces the charg
lepton and quark
/9 1 1 1 1 1 -1 | -1 -1 -1 hi hi d mix;
Ul)py | O 0 0o o2l 1 14alol 1 1 ierarchies and mixings
Ulr | 1 1 0o o] o |o]O0]| O] O CKM + TBM

Table 1: Transformation of matter superfields under Gy = A(27) x Za XU (1) pn

0 0 1 1
Alignment: %: i ((1)) 7 <QJ5\423> _ %5(_11) 7 <¢X;3> _@@(}) , (91) (8) ,%:—3

(RH) Kabhler potential
Kon = 60 4+ 20 [F)@HT) + (E6)(Blal™) + EF0s)(Blagt™)

€y 5& €4
mediators : LH > RH
b [(CF) BN S + he] + 2 (96129 (Bt) (Fsd1) B + hc]

31+ y-)e® 31+ yT)
Kep=1+ y-r —3 1+ yT g? —&?
1+ Yr) — g2 1
~3(4+8y,)e’ 3(4+8yT)€
my p = Mgl + mgy- —3 4+8yT)5 2522 —2¢2
3(4+8y-)e —2¢€ 2
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An A(27) model example : Soft terms

2 rotations to go to the physical basis
e Canonical rotation: Kahler is the identity e Mass basis rotation: Yukawas are diagonal

KE,R — UIT{R KK,R UKR =1 . YE — V; }fe UKR UY — };e(d'ia,g)

roIs
84 2 o 83
Ag — ag L4
Yyr 2 1o g3 24 x4 €2
—2x9 e —6 T4 g2

2 2 2
megr — Mmol+mpys

\3(

L2

—2 = g3

0

I5 5
—0x4 €

5

-3 (3 = 7y7') 83

11
2

T
3+_y7'_ﬁ) 53

Do not get diagonalized !

-3 (3+"Ty-)e® 3 <3+ o Yr — 3
— (1 —3x4) g”

82

— (1 —3334) 82

11

1
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An A(27) model example : FV eftfects

FIGURE 3: Excluded regions due to 4 — ey and p — 3 e in A(27)
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JHEP 1711 (2017) 162 [arXiv:1710.02593 [hep-ph]] 13/19



A A(27) unified model with a Universal Texture Zero

Field ¢q, e, v g, e, v H5 > S 93 923 6123 v, (9X
A(Q?) 3 3 100 100 100 3 g 3 g 3
ZN 0 0 0 2 -1 0 | -1 2 0| x

Table 1: Transformation of the matter superfields under Gy = A(27) x Zy

Appealing flavor model *

small group with 3, 3 : consistent with underlying SO(I0) grand unification

accommodates quark and lepton mass hierarchies, mixing angles and CP phases

Dirac and Majorana mass matrices have a nice unified texture zero in (1,1)

i 3 i 3
0 T1,q€ %€, T1,q€ %€,
_ ' 3 0a ~2 50 ~2
Yo =934 T1q€ 7y X2.qTq €0 €, X2.qTq €0 €,
i 3 i8q ~2
T1q€" 7€, X2.qTq €0 €, 1

a=e,u,d

- Gatto - Sartor1 - Tonin relation siny = |, /—d — e”s‘ [—| Y3 = {Yr, Yt Ub}
£ ‘ M me
- natural departure of 07, angle

(*) JHEP 1803 (2018) 007 [arXiv:1710.01741 [hep-ph]] 14/19



A A(27) unified model with a Universal Texture Zero

. 1 1
Superpotentlal: Ww = W (?ﬂ 93)(¢ 93) Hs + W (w 923)(¢C 923) . Hy

+ % (¢ 023) (¢ 0123) S Hs + L = (1 0123)(1°023) S Hs

. 1 7
Kahler potential: Ky = vy + — | (1°03) (031 + (1°0a3)(0159°T) + (1°0123) 9{23%*)]
1
t 5| (¢693)(9$3¢CT)S + hC] [¢093 ) (0059 2 + hC}
0 0
Typical Alignment: (#3) < [ 0 , (fa3) oc | 1 o {f123)
1 1
0 Z1,q et Ve 52 X1, € et Ve f’L
Yo=vsaq | Z1a€ 7€ T2 Tq €00 €2 T2 Tq €0 €2
T1q€ 70 ed T2, Tq €00 €2 1
o 6" 7 a—%‘ o « .
e e e?e = ro ey + €] VEV alignment
Kro = 1+ 134 | cc. g2 e(Ta=F) p e 4 g2 prefers small
CC CC 1 values of o
) 023) (0123) (S) M3, ; 0 .
Some freedom in VEV < é\;fbs ) () <93>’2 x e'Tees :<]\14_23>: V. € (a=%/2) & witha € [0, 1]
,a a
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A A(27) unified model with a Universal Texture Zero

Soft matrices in the physical basis

Kahler + Yukawa diagonalization + re-phasing of the CKM + re-phasing for real Yukawas

: RL RL
Leptonic sector 58,12 ~ 58,13 ~ 0
2 Trilinears block
( 7 —he g4 0 0 ) diagonalized
Te T2e , .
Ae — a0y 0 T remaee?  26i% p gy, e (CCB : ay < /3 my/7)
\ 0 —2 Te Tg ¢ E2 5 ) n—e:
RR 2
g2 —21(ve—0¢) g2 3e30ve—%) p, X + g2 6e,12 ~ g
mQR,e — mgl+mgy, | c.c. g2 i) p, ex + 2@ ~ ¥.10.02 + 0.15]
c.C. C.C. 1
To>e&T—oUu:
Down quark sector SRR . SRR o
e13 "~ Opn3 ~ €
. , 35, ~ vy [0.15 = 1]
g2 —et (va—da) g20 3213 pyeq 4 2@
m%%,d — mgl+mgys | c.c. g2 3 ei(va— %) raeg + e €k -
RR [ (7,—6
c.C. c.C. 1 3[5d,12] ~ el(Yd 2
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A A(27) unified model with a Universal Texture Zero

FIGURE 4: Excluded regions of the MSSM parameter space due to LFV constraints.
Blue shape: current bound on BR(u — e~y). Green shape: current bound on €.
Red shape: future sensitivity on BR(u — 3e). Orange shape: future sensitivity on CR(u — €) a;.
Future sensitivity on BR(u — ev) excludes a region similar to BR(u — 3e).
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A A(27) unified model with a Universal Texture Zero

FIGURE 5: FV T-decays as a function of BR(u — e=).

White region: future accessible sensitivity for BR(u — e«y) (between blue - red shapes in Figure 4).

Gray region: future accessible sensitivity for CR(u — e) a; (yellow shape in Figure 4).

Predictions out of reach for the near future experiments (future limits on 7-decays are ~ 10~
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BR(T — e(p))

(0123)/ M ~

yr

10—11

B BR(r — 3e)

B BR(r—3p)

SUMTED

5.% 10*'41.>< {0*‘3
BR(p — e7)

5.x107131.x 10712

B BR(r—3p)

B BR(r - 3¢)

10°1
I.x10-

5.><1‘0*"‘1.><1‘0*13
BR(u— e9)

I
5.x107131.x 10712

BR(T — e(p))

107"

yr
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10)

10—19 | | |
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10711
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Conclusions

We have

e performed an analysis of lepton and quark FV-processes in the
MSSM enlarged with a flavor symmetry

e shown that non-universality of soft breaking matrices (trilinears & soft masses)
1s generally present €= easily calculable

e shown the predictivity of flavor models in SUSY

e demonstrated that non-universality remembers the details of the flavor model

and its breaking — easy to (dis)prove the model: correlation between
observables in different sectors!

This analysis allow to

e constrain sparticle masses well above the LHC reach,
strongest bounds from u — e and ex

e cven distinguish flavor models!
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A A(27)unified model : fit results

Uncertainties on UV Mixing Observables

(n = Mx) sinf7, | sinfl; | sinffy | sindlp | sindl, | sinfhy | sinfl, | sindhp
Upper 228 0468 | .00508 | 1.000 D88 .800 155 -
Lower 226 .0220 | .00169 186 520 .620 139 -

Universal Te

xture Zero Mixing Predictio

ns

(n= Mx)

Y
sin 912

. g
sin (923

. g
sin 913

. oq
sin 5CP

Al
sin 67

s ol
sin 05,

L.O. Prediction

226

0191

.0042

061

.HH4

778

H.O. Prediction

0313

.00307

788

543

751

Uncertainties on UV Mass Ratios

(n= Myx) me/Mmy | My /My My /Ty me/my | ma/my | mg/my Amgol/Amgtm
Upper 00031 .061 891 x 107 | .0027 .0012 021 .0336
Lower 00022 .048 1.68 x 1075 | .00084 | .00035 .008 021

Universal Texture Zero Mass Predictions

my, /My,

My /Ty

M/ My

md/mb

L.O. Prediction

055

7.16 x 106

0027

.00090

H.O. Prediction

.049

7.89 x 107

.0025

.0010

The H.O. predictions are within the 36 - uncertainty bounds

(*) JHEP 1803 (2018) 007 [arXiv:1710.01741 [hep-ph]]

974 226 .00307
226 974 .0313
00574 .0309 .9995

Verwm|[H© =

JE =1.665 x 107°

830 .536 .153
405 .534 .742
384 .654 .652

Voans M

T s = —.0311



A A(27)unified model : understanding the results

6000~
1078+ i ‘
5000
10—10_
= 4000 S S S
= 7 =
) 10—12_
1 S 3000
A—
m 10 E 2000
'/
10716} ‘ 1 1000: R / A Sl N S _
10—18_ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ] 0 11.1
1018 10716 1014 10712 10710 1078 0 2000 3000 4000 5000 6000
BR(p — ey) mo(GeV)

In some cases, particularly in the tan 8 = 20 panels, for each branching ratio a second line
becomes visible, and the two lines correspond to the maximum directions of growth in the
{mo, M2} planes of Fig. 5. This is caused by a misalignment of the cancellation region
with respect to the one of 1 — e~, which results in two distinct directions of growth. The

misalignment stems from additional contributions, deriving mainly from the inclusion of
the two mass insertions 5£R(5,§R

(*) JHEP 1803 (2018) 007 [arXiv:1710.01741 [hep-ph]]



An $; model example

Table 1: Transformation of the matter superfields under the Gy = S3 X Zg X Z3.

=)= ()

Alignment: %me(}),%ms(g),@me,<xl>ocs’

i
X_| X Reproduces the charged

hierarchies and mixings
o | CKM+TBM + 03!

Field | v¢ | v§ | e | e | £ | £° | Hyq| & | x | & 7
S 2 |11 1| 2| 2 1 2 | 1|2 |1 1’
Zz wlw | 1l]w|w | w 1 A wh | Wt | WP | WP lepton & quark
/3 1 1 |1 ]| w 1 | w? 1 W W 1 1 1

ULlLrg| 1 |1 |1 1 1 0 00 0 (0

M M
Superpotential 2 13 / /
1 L1E € Lo EE —I92E¢E
LOW, = M[@“ﬁ) + (£°4) x| Hq YE ~ 333525’2 Ty E Ly E
2 12
i % (0°49) x' Hy LgE™ & Ly E Ly E
1 C
NLO oW, = e (€€ + (€46%)x + (¢4°¢%)] Ha 112%™ Bxgee’ —bxgee
1 2 12
4 Wece[(¢f2)/X,X 4 (¢2§2)/X,]Hd Ag ~ ag 93 62 3 , 3xye 3xs5¢€
9zge- e 3zs¢ 3z,

(*) JHEP 05 (2012) 124, [1203.3126]



An $; model example

/

: C C C C 7T
Fl;gld ]/2 Z?} i i é €2 Hi‘ « <2b >1< g >1<, ﬁ, Reproduces the charged

Z wlw l11lwd3lwdlwd ! 1 1wt wt!lwt!] w | wo lepton and quark

7 111111 w !l 1 | w2 1 wlw !l 111 1 hierarchies and mixings
Ug | 1|11 1|1 0 |o]o|o]o]| o | CKM+TBM+ 03!

Table 1: Transformation of the matter superfields under the Gy = S3 X Zg X Z3.

wgmmen: Do (1), 8o (), 0 o, 10

(LH) Kahler potential g2 4 g2 g2 2e
Kip = 000 + eel Kopp~ 1+ € e24+e? €
1
M2

n [ (eefppt) + (£7¢) xT + X/ (ZfT),eT + h.c.] + h.c.

Kop = (907 4 ecect
+ # (eorTgo) + (e°tg) xT + (¢°¢¢%) e" + hee.| + hee
g2 4+ ¢'? ge’ ee!

(RH) Kiihler potential ( g2 + ¢'? e’ ee’ )



An $; model example

2 rotations to go to the physical basis

e Canonical rotation: Kahler is the identity

e Mass basis rotation: Yukawas are diagonal

Kerp — Ul Ker Uk, =1 , Ker — Ul KerUkp =1 , Yo — VJ UL YiUk, Uy = Y, %9

( 11561528/3
Ae . VyTl UIT{L AE UKR UY = Qo %(m6+$3)5
2
9 ( )
— (g — I3 ) €
\ o \%e s

2 —1 2 2 2
mi. — Vi Uk mi Uk, Vo = mgl+mj

2 —1 2 2 2
mir — Uy Uk mirUkpUy = mgl+mg

(2.

Sl=9

£2 4 2
2¢€¢
0

252 _|_€/2

282 +€/2

—2V2x5e¢€’ \

-3 5 83

-3 (£E5 + 374)8 )

Do not get
diagonalized!



