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Fundamental flavour problem of the SM

Masses of SM fermions differ by 11 orders of magnitude

why three families? why a CP phase? why these peculiar masses and mixings?
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Froggatt-Nielsen Mechanism

Nice solution

Froggatt-Nielsen Mechanism [Nucl.Phys.B, 147, 222-298]

A flavour symmetry spontaneously broken by the VEVs of some new

scalars, (®) = v, to effectively generate the Yukawa couplings.
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Froggatt-Nielsen Mechanism

Nice solution

Froggatt-Nielsen Mechanism [Nucl.Phys.B, 147, 222-298]

A flavour symmetry spontaneously broken by the VEVs of some new

scalars, (®) = v, to effectively generate the Yukawa couplings.

How can these models be tested?

Excellent postdictions, but... how distinguish among them?



A Review of the Mechanism




Flavour Symmetries in SUSY

Two scales at work
Nsuysy (SUSY breaking) + ¢ (flavour breaking)

As < Asysy As > Nsysy
e Soft terms present below e Soft terms generated after
Asusy flavour breaking

e Invariant under G e Only Yukawas as flavour

remnant below Ar

e Flavour opportunities! New e Only masses and CKM,
flavour effects. PMNS observable.

Ex.: supergravit Ex.: gauge-mediated
g y



Gravity-mediated SUSY breaking

Supergravity

Nr < Nsusy =~ Mpjanck

Origin of SUSY breaking MSSM

(Hidden sector) (Visible sector)
Gravity

SUSY breaking communicated through non-renormalizable
(gravitational) interactions.



Gravity-mediated SUSY breaking

» Simplest case: a single universal spurion field (X) = Fx

X 1 o 1 p
W = Wyssm — —— (*aqu bbb, + *BHUX‘D:“"/) + ...
Mpy \ 6 2
: XX*
K = oY, + 5 kéj.lb*'d)j + ...
Mg,
Oab 2X
f = 1 - —f.
* g2 ( Mpy * )
» Soft terms:
Fx ik ‘ Fx i
c = ———HXN - X oy s — i iy + cuc.
soft 2Mp, a 6Mp, ay d)lfijk ZMPlBH (bld)j + c.c
Fxl2 ..
| x2| K
Mg,

» Introducing a flavour symmetry: breaking of universality!



Effective Yukawas

[JHEP 11 (2017) 162]

Symmetry associated with the flavour group G

— Yukawa couplings forbidden by the flavour symmetry.

— Integrating heavy messengers, corrections from non-renormalizable
operators:

_ o0 ¢ n
Wassm = Ween + VUH > x, (M)
n=1

— There corrections can be studied in terms of supergraphs:
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Effective Trilinears

[JHEP 11 (2017) 162]

Symmetry associated with the flavour group G

— Trilinear couplings generated by similar corrections:

F

Loty 2 Wop ¥ Waissm = m3 o Wassm
P1

— In terms of supergraphs:

L [ H

A,’j = (2Nin aF 1) ao \/U
X
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Kahler Metric

Symmetry associated with the flavour group G

— Similar considerations for Kahler potential: corrections when heavy

mediators are integrated over.

~ Abelian: (Kv)y = W] (5:‘/ + X ame” (%)n (%)m>

n
~ Non-Abelian:  (Ky); = w;w! (51 T ( Mzr)

> Leading-order supergraphs:
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Kahler Metric

Symmetry associated with the flavour group G

—» Similar considerations for Kahler potential: corrections when heavy

mediators are integrated over.

~ Abelian: (Kv)y = W] (5,.]. + <%>n (ﬂ)m>

n
~ Non-Abelian:  (Ky); = w;w! (51 T ( Mzr)

> Leading-order supergraphs:
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Symmetry associated with the flavour group G

— Similar corrections for soft masses:

— 2
—F— X K\U:msoft K\u

(m\u)l—j = f/\/ mgoft (K‘I/)’J’ f/\/ =14+ (2Nin — 1) (2Nout — 1)
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Symmetry associated with the flavour group G

— Similar corrections for soft masses:

— 2
—F— X K\U:msoft K\u

(me); = fu Mg (Ke)y, fv =1+ (2Nin — 1) (2Nous — 1)
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Symmetry associated with the flavour group G

— Similar corrections for soft masses:

— 2
—F— X K\U:msoft K\u

X

(my); = fvmios (Kw);, v =1+ (2N, — 1) (2Nous — 1) .
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Symmetry associated with the flavour group G

— Similar corrections for soft masses:
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Symmetry associated with the flavour group G

— Similar corrections for soft masses:

— 2
—F— X K\U:msoft K\u

X

(my); = fvmios (Kw);, v =1+ (2N, — 1) (2Nous — 1) .



Why is this important?

— Trilinear and soft-mass matrices are not directly proportional to
Yukawas and Kahler metric.

— Going to the canonical basis (normalized Kahler) and mass
basis (diagonal Yukawas) = Flavour Violation.

— Even having a single universal source of SUSY breaking,
non-universal flavour structures arise for soft terms.
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Quark Sector:

1.- Toy U(1)r model



Toy U(1)r model

[Phys.Rev.D 95, 035001]
Particle Content

Q| @ | |om|m|m|d|d]|d ¢
Uay (o[22 |0 [z2[3 0

1
>
QO
=l

4

Yukawa Couplings

RN RN

X-2 X2 X-1 x1 Xo X0 X1 X-1Xe

X-2 X3 X-3
njj = qj + qj
e > &3 elet fled fed
Yo~y | &8 det &2 Yo~y | e de®  he?
3g?2 1 € k' k
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Toy U(1)r model

[Phys.Rev.D 95, 035001]
Particle Content

Uty [0 [ 22 |o[2s]ofo2[=2]Ll]a | -«

Trilinears Couplings

A,’j X m3/2(2n,-j } 1)\/,1 q + + + + + + + )

X2 X2 X-1 x1 X0 Xo X1 X-1x2  X-2x3 X3

nj =qi+qj
eef & &8 13eeb 115 763
Yo~y | &8 det &2 Ay ~mgppyr | 1165 9det  5e?
e 2 1 7e3 B2 1
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Toy U(1)r model

[Phys.Rev.D 95, 035001]
Particle Content

Q| | | |m|m|d|d|d| ¢ || x| xyq
g, [ o |2 2o 2300 L]=1]1] g —¢

Trilinears Couplings

A,'j o m3/2(2n/-/- aF 1)Y;j . + + + + + + + i

X-2 X2 X-1 x1 Xo  Xo X1 X-1X2  X-2X3 X3

nij = qj + qj
elet fled fed 9¢’et Tf'ed Tfed
Yo~y | €3 d'e? he? Ag~mgpyy | T7e3  5d'e? 5he?
€ kt k 3e k' k
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Toy U(1)r model

Particle Content

Q3

[Phys.Rev.D 95, 035001]

3 |do || ¢ | 6| xq| X4
U(1)¢ 0 2 3 0 2 3 0 0 1| -1|1]| ¢ —q
Kahler Potential
61 61 61 61 b 61
Ky =¥l (85 + <) * * + * + +
Q QB Q Q3
X-2 X2 X-1 X1 X1 X
qj = lai — qjl
(‘11:]' — 1)544,_7 for 4 >2 B 52 263 263
Cij ~ 4 263 for ¢;; =1 CEJQ’u’d) = 23 g2 g2
2 for ¢;; =0 23 g2 g2
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Toy U(1)r model

[Phys.Rev.D 95, 035001]
Particle Content

||| |m|o|d|d|d| ¢ |6 x| xyq
U(1)¢ 0 2 3 0 2 3 0 0 1| -1|1]| ¢ —q
Soft Masses
¢-1 -1 b1 ¢-1 e b1
(), o a6+ )
J Q QB Q Qs
X2 X2 X1 X-1 X411 X1
qi = lai — qjl
b,'/ =N C,'j
L g2 2% 23 q;; forg;; >2 L 22 6e® 6e3
(TE;J-Q’u’d) = 2e3 g2 g2 N=1{3 for g;=1 bE]Q,u,d) = 6e3 2e2 2%
263 g2 g2 2 forg; =0 6e3 2e2 22

26



Toy U(1)r model

[Phys.Rev.D 95, 035001]

After canonical normalization & SCKM basis

14.6e5 10965  7e3
mzseye | 10.9¢5 35.9¢  4.9¢2
7e3 4.9¢2 1

A, = U,A VI

Q

11.3¢*  4¢*  6.5¢°
mgpeyp | 4.96%  3.262  4.3¢2
2.1e 0.86 0.49

Q

Ay — UgdgV]

1462 — et 4¢3 4e3
—1 2 il 2
(T (mloge)ig T~ ~ m3 462 14t -fet - get
3 2 7.4 2 19 .4
de g—ge 1te*—98
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[Phys.Rev.D 95, 035001]

Phenomenological Analysis
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Quark Sector:

2.- A SU(3)r model



SU(3)f model

[Phys.Rev.D 95, 035001]

Particle Content

Field & @ H b ?3 b3 $123
R 1 1 0 0 0 0 0
u(1) 0 0 —4 2 2 1 3
SU(3)r 3 3 1 1 3 3 3

[Medeiros, Ross: hep-ph/0507176]

The symmetry is spontaneously broken by the minima of the scalar potential where
the flavons take the VEVs:

(pr23) = (v v 7)) (fo3) = (0 B —8)
() = (0 0 1)@(““ °>
0 ag
A P

M, My Mg Mg 29



SU(3)f model

[Phys.Rev.D 95, 035001]
Yukawas
H & % H s 23
Vi Vi Vi U
+ +
X X—4i X2 X2 Xi X—4i X1 X-1
H 23 z b33
Vi "»‘T"v/
Xi X-1i X3 X-3 X1 X-1

0 fefled —f’ s%sd 0 he3 —k 53

Yu ~ ¥t fefled —%ds% %eefl Yq ~ ¥ hs% IES’ —K’ Ei
—f’ aflsd geslzl 1 key — k' €y 1
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SU(3)f model

[Phys.Rev.D 95, 035001]

Trilinears
H & 2 H Guzs 23
Vi ¥; by { ;i
+ +
Xi X4 Xz X2 Xi X4 X1 X1
H P 2 Phs
Wi 7:"/
X1 X—4i X3 X-3 X1 X-1
O2 5f 53 sg —5f sizsd
A, ~ m3 /o Yt 5fsu25d 7%d55 %esu
!
—5f" g, eq 3 egy 5
0 5hed  —5ked
Ag  ~ m3pnyp 5h 53 71 55 —7K 55
—5ked  —TK & 5
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SU(3)f model

[Phys.Rev.D 95, 035001]

Kahler & Soft Masses

F2
K = ¢l <5,,-+cy-+(5,-j+b,j)x>

2
MP]
A @ O3 b)) Blos
+ +
X X-1 X1 X-3
Oy & ok &
) T T T T .
X-1 X1 X=3k X2 X-2
2 2 3 3 2 2 3 3
eyey 2, 2e 2epeq  —8e,  8gy
= —2¢3 g2 —£2 b >~ yt —8¢3 2e2 262
3 2 3 2
2ey, —€y 1 8ey, —2¢ey 2
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SU(3)f model

. [Phys.Rev.D 95, 035001]
Kahler & Soft Masses

F2
K = ¢l <5,,-+cy-+(5,-j+b,j)x>

2
MP]
A @ O3 b)) Blos
+ +
Xb X-1 X1 X-3
Oy & ok &
X-1 X1 X3k X2 X-2
4 3 3 4 3 3
/ €y sg —£2d / 2¢ey 455 —4ag
a
i~ b 52 €5 —€5 bfj ~ yp 45—:3 2¢e5 —2¢5
_ -3 _ 2 _ A3 _ 02
€y €5 1 4ey 2¢e 2
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SU(3)f model

[Phys.Rev.D 95, 035001]

After canonical normalization & SCKM basis

0.35555 —0.7e2¢4 03¢y
Ay — mapye —0.7e%2 ¢4 —7.62 g2
0.4e2 ¢y 1.3¢2 5.0

—53e% —23e5 233

Ay — mpy —2.3¢3 52e% —1.5¢&2
3 2
3.1 €y —2.0 €5 5.0
1+0.1€2 —4 &3 33
mzsoft,ﬂ — m§/2 —4 53 1+ E%’ -3 E%’
3¢l -3¢ 13
1+2¢&f 0.5 53 253
mlg = mi, | 0583 14382 222
2% —2¢£2 1.3
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SU(3)f model
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[Phys.Rev.D 95, 035001]

Phenomenological Analysis
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Conclusions

e Flavour sector remains one of the most puzzling legacies of the SM.
~~ Supersymmetry may provide new flavour interactions with phenomenological
implications for flavour observables.

e We have analysed the effect of introducing a FLASY within a SUSY model and
shown that even for a flavour symmetric UV theory, the soft-terms below A¢ can
be strongly non-universal

e These results are generically valid for any supersymmetric effective model where
the scale of mediation of SUSY breaking is above the flavour.

e The O(1) coefficients relating Yj; <+ A and Kjj <> (m ) have been

explicitly computed.

2
soft,ij

e Future work:
1. Leptonic sector v/ see Aurora’s talk [JHEP 1711 (2017) 162]
2. Quarks & leptons models v/ see Aurora’s talk [hep-ph/1807.00860]
3. Neutrinos and charged leptons X In progress...

4. Other extensions of the SM X to do!
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Thanks for your attention!
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