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Motivations

Hierarchy of SM fermion masses and mixing
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A dynamical explanation?
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Flavour models

* SM fermions charged under a new horizontal symmetry G,
* G, forbids Yukawa couplings at the renormalisable level
 Gpspontanously broken by “flavons” vevs (¢7)

Froggatt Nielsen ‘79
* Yukawas arise as higher dimensional operators Leurer Seiberg Nir 92, 93
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What is G, ?
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Flavour models

Gr abelian or non-abelian, continuous or discrete
U(1), U(1)xU(1), SU(2), SU(3), SO(3), A,...
Froggatt Nielsen ’79; Leurer Seiberg Nir 92, '93; Ibanez Ross '94; Dudas Pokorski Savoy ’95;

Binetruy Lavignac Ramond ’96; Barbieri Dvali Hall '95; Pomarol Tommasini '95; King Ross ’01;
Altarelli Feruglio ’05...

U(l) example Chankowski et al. ‘05
gi23 & (3,2,0) . U gi+u;
2 " Yig ™ € — ¢/M =~ 0.23
wog 0 (3,200 o —1 > e=¢/M ~ 0.
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The messenger sector

e If smaller than M,, M can be interpreted as the mass scale of
new degrees of freedom: the “flavour messengers”

* New fields in vector-like reprs. of the SM group and Gi-charged

» Effective Yukawa couplings generated by integrating out the
messengers.

* Two possibilities: heavy fermions (R, +) or heavy scalars (R; -):

or h b1

——> mixing with (MS)SM fermions or scalar fields
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The messenger sector

“Fermion” UV completion (FUVC)

Chiral superfields: Qu+0Q, U,+U, D,+D,
¢ % ¢ h % ¢ ¢
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O(1) coeffs.
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+ ¢ (QQ-(]Q'. + Uofuf) + Dy, (QQ Dr,ﬁ T Q&uf T {If'DTQ'>

In the fundamental theory small fermion masses arise
from small mixing among SM fermion and messengers
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The messenger sector

“Fermion” UV completion (FUVC)

Chiral superfields: Qu+0Q, U,+U, D,+D,
¢ ¢ ¢ h ¢ ¢ ¢
M M M M
se e & L o

o 3 — .
di Ql (-2 1 Q ng Q“Q U ny

O(1) coeffs.

W o M QGO& QQ_ + M [.__r[—]a- U, a T CD] (@Q Qlﬁ + [—]a Ur 3 )
+ 01 (Quti + Uat]) + hu (QaUp + Qauf + qiUa)

min. messenger #:

s ru.d w,d ny 3 AT
Full-rank Yukawas, if: det M), o< det Myjgpy, X H Q1 Vyd I:> e — Zn I
Leurer Seiberg Nir 92 I I
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The messenger sector

“Scalar” UV completion (HUVC)

Chiral superfields: Hyo+Hy So+Sa

qi ¢ hy, @ ¢

AN y
_, / H, H, o Hypy Sng o Sy 5 Fl\
U

W D ﬂfHﬁa H, + ﬂf‘g?a Sa + Or1 (FIQHQ + SSSQ + SQQJ)
+ Ha SI,S hy + Ha Orhy + qi u? Hg

Small fermion masses arise from small H-messenger vevs

ow oW

oH, OH,

=0 = (H)=e"{(h,)
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The messenger sector

“Scalar” UV completion (HUVC)

Chiral superfields: Hyo+Hy So+Sa

qi ¢ hy, @ ¢

N 7
N

_, / M H Hypy Sng Sy S S
U

W D MpHoHy + MgSaSa + ¢r (HgHa + S3Sa + Sady)
+ HoSphy + Hodrhy + q; uiHo
Small fermion masses arise from small H-messenger vevs
—> easy to obtain texture zeros Ramond Roberts Ross "93

(messenger sector can directly affect Yukawas)
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Low-energy messengers

How light can the messenger sector be?

By construction always present couplings (with O(1) coeffs.) of the form:

FUVC HUVC

Lo a%q,Qr, ¢1 +a¥ Disdp; 5+ h.c. LD Af} qridrj Ho +h.c.

fz Y ‘A\ﬁ ]Fz ‘ ff.

/i e *’}F a®
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y | y | / \ v
_ . \
f’i : X : fl ;f'i- ;f?'- I 8} :X Q-*.i ;fa H
) o’ < v ) my, f-i f?
((1) (b]I (C)
2
jof? i

o _
‘ otV ﬁeff D) 1[) (dLstj)(dR}de)

ﬁe D) 1 ? e T A 9409010 i -i.Fw
ff 16”‘4[2“‘5 y fL) Lo D 16’}{_2*“[2??@ fr frik,

Flavour conserving Flavour violating in the mass basis:|dy; — dp;i + Y _67"d,
i

[ Abelian models: no cancellations (different O(1) coefficients) |
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Low-energy messengers

Process Relevant operators Bound on ¢/TeV?
Re Im
(Exydx)(Exy*dx) 9.0 x 1077 3.4 x 1079
Amp; €x (5ryMdr) (SpyHdR) 1.9 x 1077 79 % 16~
(5r.dp)(Spdr) A % 102 1.8 17
(exy ux)(Exy uy) A7 % 10°7 1.3 x 1077 188 x 107
Amp: |q/plp, Ar | (e up)(Epy*ug) Tl 5 1078 2.1 x 107 [59 x 1077
(Crur)(Crur) 41 % 108 1.1 %102 3.3 3% 101
(bx~y"dx ) (bx vy dy) 2.9 x 1076 2.6 x 10—
Amp,; Syks (bry*dr) (bpy*dR) 4.8 x 1076 4.8 = 10—
(br.dr)(brdr) A s 10" 3.8 0 1077
(bxv"sx)(bxv*sx) B.7 x 1077 5.7 % 10 4.1 x 1079]
Amp,; Sy (bpy"sr)(bry"sR) 14 510~ 9.4 x 1075 [6.7 x 1079
(br,sr)(brsy) 9.7 x 1076 8.2x 1070 [5.8 x 1077
B — ey Axotey Fp, 2.9 x 10710 [5.9 x 10711]
[ ece (FxYex)(Exyrex) 2.3 x 10—? 2.3 x 10—3
(ﬁxﬁy)(g}’ﬁx\') 6.5 % 10 [6.5 X 10_{]
N _
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Low-energy messengers

Operator HUVC FUVC MFV
(S.y"de)(5.y"dr) Lof of" Lop op" e'f
(Sry*dR)(Sr*dR) Lopron Lopton" Oyiys

(51dR)(SrdL) ohLaDR ~0 e%ays
(CLy"ur) (€L ur) Lo7 67" L 67y 07" e
@Ry ur) @Ry uR) L 0ROV LOYRoUR eOyiyly?

(#rum) () L ~0 |
(bry*dr) (bp~y*dy) L H%LH%L L 31%153%45 €b
(bry*dR)(bry*dR) LoproRt LopFopt eSyvs

(br.dr)(brdr,) o 05" ~ 0 S yays
(bry*sp) (bpy#sy) Loptont Lojton* el
(bry*sr)(bry*'sr) | LOGIODE Loy og 'yivy

(brsr)(brsL) 05" 03" ~ 0 etysyp

Hx G—#DEYF;_W

(QEL gER
my, L max(0757, 0157)

my, L max (03, 65)

(Ex~Hex)(exy'ex)

(Fxey)(eyex)

EX
L o3

EXpgELnpER
51‘2 Hl? Hl?

Lof*

=0

and_their minimal Wilson coefficients in units of 1/M? for HUVC

Table 2. Relevant o;:céa»—nnb

FUVC and MFV. Herd L ~ 1/1672)X,Y = L, R with ¥ # X.
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Low-energy messengers

How light can the messenger sector be?

Bounds on M (in TeV):

K — K

D—D

CPC CPV
| 65" 60" || HUVC | HUVC* | FUVC | FUVC
€ 0 19 310 19 310
€ € 3,400 | 54,000 19 310
€ 1 4,900 | 80,000 42 680
0 1 42 630 42 630

FUVC* |

6y 64F | HUVC| HUVC' | FUVC

o Y R o T

0 27 51 [300] 27 | 51 [300]
e || 1.iv0 | 2,200 [13,000] | 27 | 51 [300]
1 || 1.700 | 3,200 [19.000] | 58 | 110 [650]
1 58 110 [650] 58 | 110 [650]

M > 20 TeV

(M 2 O(1) TeV non-abelian symm.)

Still possible: large effects in LFV decays, B, ; mixing and decays, etc.
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Non-abelian suppressions

Log ~ |a|* (Frav*fri + ng"r““sz) —> Lot ~ lo|* (Friv" i1 + frov* fro @f{,g sz
Universality of the couplings broken by the flavour symmetry breaking

Ao
L and R in fundamentals: .
A-iB
. : Ar

e L in fund., R singlet:
(or viceversa) Ais

i~

¢ )
L

~

Doy ~
P22 ~ Y2 (ex.: SU(3), U(?2) ...)

P33 ~ Y33

bochy ~ U2
P22 ~ Yoo (ex.: SO(3), A, ...)

o 2
Q303 ~ Y3s

[Larger suppr. but in the singlet sector no suppression — U(1) results]

‘ Mass splitting H Suppression tactor in SU(3) g ‘ Suppression factor in U(2) g ‘

At} o(1) O (1)
AL, O (1) O (1)
A%
AL €3 tan 3 O (1)
A2D3 3 tan 3 O (1)
A% € tan 3 €’ tan 3

In non-abelian models, messengers can be as light as O(1) TeV
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Low-energy messengers: LEV

ol okl || HUVC = HUVC* FUVC = FUVC*
[ — ey ,u —3e | p— ey ,u — 3e
€ 0 23 [51] 11 [110] | 23 [51] 11 [110]
€ € 23 [51] 14 [140] | 23 [51] 11 [110]
€ 1 34 [75] 42 [420] | 34 [75] 12 [120]
0 1 34 [75] 12 [120] | 34 [75] 12 [120]
1 1 34 [75] E[SSD] 34 [75] 12 [120]

—

BR(jt — ev) < 107"

eFolsl 716
BR(p — cce) <10 Estimate in HUVC:

19 TeV\"* /max(65L 95F
BR(jt — e7) ~ 5.3 x 10712 (—e ) (m“( ) .
€

M

o\ 4 2 2 2
BR(j — eee) >~ 2.9 x 10713 (19 Ted ) (ma\(ﬂ 9 ) (ﬁ) (HlEQR)
- M ¢ p .

Large leptonic rotations =) BR(; — eee)/BR(; — ev) up to O(10)

In SUSY: ~ a., (both decays from dipole ops.)
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Perturbativity constraints

Is the theory perturbative up to high energies?

Bounds from perturbativity of the gauge couplings (with SUSY):

i 7

Logm[A/GeV] Logm[A/GeV]
_ _ Model FUVC HUVC
Examples (fOI' A_MPlanck)' Abs M in | Abg Mi
U(1) 19 o | 11 1012
U(1) x U(1) 8 10? 11 1012
SU(3) 12 1012 6 107
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Sfermion masses

Do ultra-heavy messengers still induce FV effects?

The messenger sector can still interfere with SUSY breaking and affect the
sfermion masses

Off-diagonal entries from spurion analysis (U(1) example):

~ 2 o @ b
nl_ij ~ T v

Considering messengers (with M << Mgy ):

XtX |
Ko (a..,-gj% b0 Qh Qo + iad Qo + dsHYHp .. ) L O (6/Mg)
=S

(canonically normalized superfields)

Flavour violation in general induced by
quark-messenger mixing, but:

no off-diagonal entries with only H-messengers
or universal masses (e.g. GMSB)
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Radiative breaking of flavour universality

Even if sfermions are universal at Mg, gy, if M < Mgygy:

~ 9 RGEs ~9 ~9 ~9
m 0 ms + Am Az
i (Ug) O —> m; (U) O ST T
0 mg Ams, mg + Amssg

universality radiatively broken by the presence of messengers
cf. Hall Kostelecky Raby ‘86

At low energy (in the SCKM basis):

. 2 1—q2 5,2 ~2 A ~2 ~9 4T g T
U(l) ex.: Amiy oxe m=,  Amsy — Ami; ocm®, o oD Xty = €
2‘
. . . . ith Mg
Estimate (abelian case): m%g ~ (Amgg — /_\-'rn.rfl) B9 ~ 019 62 10 log V7

Non-abelian: additional suppression from correlated coefficients

RG effect as sizeable as the tree-level mg expected by the flavour symm.!
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Radiative breaking of flavour universality

Mass insertions: Bounds:
O12 = gy / /i 1015y
(625 )12 | 92 x 1072 [Re] 1.2 x 1072 [Im]
50~ P12 10 Riog Ms (6B) | 1.9x 1073 [Re] 2.6 x 10~ [Im]
m M (6P-)12 | 5.6 x 1073 [Re] 7.4 x 1074 [Im]
(655 )12 | 1.0 x 107! [Re] 6.0 x 1072 [Im]
rotation angle | U(1) | SU(3) 60y | 62x10-3 [Re] 4.0 x 10~ ]
b1". 01 e | e (0Y:)12 | 1.6 x 1072 [Re] 1.6 x 1072 [Im]
<9 ) e | €€ (62,)13 | 2.8 % 10! [Re] 6.0 x 10~ [Im|
015", 015" e | () (62) | 4.2x 1072 [Re] 1.8 x 10~2 [Tm]
(015) e | € () (6P)13 | 6.6 x 102 [Re] 1.5 x 10~ [Im]
oRL et | () (68 )10 98 x10~% [pawd0T]
HRn e | e3(e?) (6ER)12 93 x 1072 [46x 1079
(99) e2 | e (e?) (65) 1.8x 1073 [3.8 x 1074
GEL QER e | () (07 R)12 P10~ [Bdx 1079
<912> ‘ (<) SUSY masses at 1 TeV (5},) = \/(ofL)ij(cSﬁR)ij
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Constraints on light quark rotations

rotation angle Mg /M = 108 Mg/M = 10
Gk g 79%x 1072 [Re] 1.0 x 1072 [Im] | 6.3 x 107! [Re] 8.2 x 1072 [Im]
{01) 1.6 x 1073 [Re] 2.2x 107 [Im] | 1.3 x 1072 [Re] 1.8 x 1073 [Im]
g gtk 8.6x 1072 [Re] 51x1072[Im] | 6.9 x 107! [Re] 4.1 x 107! [Im]
<912) 53x 1072 [Re] 3.4 x 1073 [Im] | 4.3 x 1072 [Re] x 1072 [Im]
s B 2.4x 107! [Re] 5.1 x 107! [Im] -
(68) 3.6 x 1072 [Re] 1.5x 1072 [Im] | 2.9 x 107! [Re] 1.2 x 10! [Im]
B A x 107° 48 x 107 19% 1072 [89% 1077
g5 2.0x 1072 [3.9 x 1073] 1.6 x 1071 [3.2% 1072
(6%5) 1.5x 103 [3.3 x 10~4] L% 1= [BBs 10
(012) = \/Ql%LﬁiDzR SUSY masses at 1 TeV

(additional suppressions in non-abelian models)

Even assuming universality abelian models with M < M., are in trouble
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Conclusions

* Horizontal symmetries popular explanation of the SM flavour structure

e Flavour models can be UV completed with heavy fermion and/or scalar
messengers

 The messenger sector can have important consequences for Yukawa
couplings (textures) and sfermion masses

* FCNC processes directly induced by messenger exchange constrain the
mass scale, M > 20 TeV (abelian symm.)

 Non-abelian messengers can be as light as the TeV scale
 Perturbativity up to the GUT/Planck scale typically requires M > 101° GeV

* The running of the soft-masses is affected by messengers for M < Mgy,

: Universality radiatively broken by messengers

Sfermion off-diagonal entries of the size expected at tree-level
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Additional slides




U(1) example

q123 © (3,2,0) SO 54 A4
'u-§,2,3 (3,2.0) Yy~ [ € et € Y ~ et 3
- 3 2 9
c . € € 1 € € €
o3 ¢ (2,1.1)
FUVC

1= Q2—Q1—Qo—Uo—Ui—Ua—uj 1 —Qo—Q1—Qo—Dy—Dy—df
q2— Q) —Qu— Uy —Uj —us, o — Q) — Qb — D} —ds
q3—D{ —d5.

HUVC

H 4 HYY o= =6,-5,—4,-3,-2,-1,1,2,3,4,5.
W D Zﬂjx HQEE)HEJ n A:} Q-a"u-;? H;(H(%H‘H(w)) I )\%- Q-;'d;.? Hé’H(%H’H(dj))Jr

& (agﬂé_ﬁ)ﬂf&_f’) +ooot aHS Vhy + aghgHY +a HVHP 4.0 4 &_4H§4)H(5))

U
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Tree-level vs. radiative effects on sfermion masses

Off-diagonal entries from spurion analysis (U(1) example):

| - —(];
~ 2 ~ 92 (.-D b
e ~m= | 57

Instead, considering messengers (with M << Mg;qy):

i’ (a,- 00+ 00 Q. Qu + il Qu + ds HYHy + ..+ O(6/ M ))

Running effects (U(1) HUVC example):

12 o ) Ms
(m3)22 — (m3)11 & ——5mmg | (ATAD)11 — (ATA) 9| log =
¢ 16m I M
; " 6 _oF ufyu ufyu B\ Ty¢ Ms
('T?’?-f;‘)?i‘ — (mé)u = @m% (NI 11— (A¥TAY)9 + (AT — (ATAY) 93] log MS
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