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Theories of Flavour

From the Planck Scale to the Electroweak Scale



Prelude

The Flavour Problem

Theories of Flavour with effective Yukawa couplings



The Standard Model

has flavour problem...



The Flavour Problem
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Yukawa couplings
Yij Hpi);

H VVhy so small

s = ¢ (apart from
—?'J—J top quark)?
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Effective
Yukawa couplings
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Mp Flavour scales can be
1 from the Planck scale

to electroweak scale
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SUSY GUTs

suggest high scale
theory of flavour

Phenomenological
hints from B physics
suggest low scale
theory of flavour



Part |
SUSY GUTs of Flavour

High scale theories of flavour



M. Strassler 2011
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GUTs

SU(4)c x SU(2)L x SU(2)r

SU(5)

SUB)e x SU(2)r x SU(2)gr x U(1)p—r

\

SUB)e x SU2) x U(1)y
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For references see review SFK 1701.04413

GUTs with flavour symmetry

Gaur ST e, SU(5) PS SO(10)
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Bjorkeroth, de Anda, de Medeiros Varzielas, SFK
1503.03306, 1505.05504

SU(5)xA4 predicts Yukawa matrices

Solves the strong CP problem:

- - .« argdet (YuYd)=0 /1 |vgv. [VeUu] s
(ull 64 Uy2 53 ’U,13|§2|\ ( dll |UA24|2 d12|?}1\24sz4|e ! \
- ~ ~ 1
YU — U1s €3 oo 62 u23|£‘ ye = ﬁ 0 2d99 ‘UIE:M 0
\’UJ13 52 U23‘g‘ U33 ) \ 0 0 ds3 %')

Up matrix has small
mixing and no phases

Down matrix gives Cabibbo
mixing and CP phase

1 el
O b 9d11 |UA24|2 \
Sb M — Matm O Y 1 |U£Uu| iC ‘UH24U;L|
mD N ) b " O MSO] - ﬁ d12|vA24vH24|6 2z M=
a
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Littlest Seesaw
with 4 parameters

No LH charged lepton
mixing to leading order



SFK, Molina Sedgwick, Rowley 1808.01005

The Fitting high-energy Littlest Seesaw parameters
using low-energy neutrino data and leptogenesis

4 real input parameters Predicts: 3 neutrino masses (m1=0),
0 b 3 mixing angles,
M tm 0 1 Dirac CP phase,
mp = |a 3b Mp = 0 M 2 Majorana phases (1 zero)
a b sol 1 BAU parameter Yg

= 10 observables

70 of which 7 are constrained
oY Predicted 1o range
> 50 O12/° 34.291 — 34.379
8 1064 0 013/° 8.384 — 8.784
o ) -
o D el O23/° 44.044 — 44.434
8 | X /dO f = 07/3 30 Ax? Amyp? /10~ %eV? 7.058 — 7.615
§ 1 04-| i Ams 2/107%eV? 2.435 — 2.562
= | j— 50 5/° —93.708 — —92.180
1.02 S ——— 100 Yp/10710 0.838 — 0.881
10 0.8i
1.00 ....-d 0 06 Excellent fit!
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Jordan Bernigaud, Bjorn Herrmann,

SUSY breaking
masses at MguT

SFK, Samuel J. Rowley (in progress)

SUSY SU(5)xAs @LHC

mT2 p— mQ~2 p— mU~20 p— mE~207

mp =mpe =mg, =mu, =ma | jght charginos,
mr1 = Mg, = Mg, = Mg

neutralinos and

s = e, = mge = mpge RH smuons
Parameter /Observable | Scenario 1 | Scenario 2 Parameter/Observable | Scenario 1 | Scenario 2
mp 5000 5000 mp, 126.7 127.3
'% m, 5000 5000 mg 5070.5 5625.7
% mr, 200 2332 | ma, 4996.7 4997.5
= m, 2995 2005 | 2
= LT -940 -940 =
: all -1966 1966 | E
2 M, 250.0 600.0 | £
s M, 415.2 1152 | &
= M, 2551.6 2551.6
= My, 4242.6 42426
My, 4242.6 4242.6 Y T o0
an i > pEpoton /1)~ 14} 2.987 1.055
i 21631 | -2246.8 s LY | |
o eutron /10=14pp 3.249 0.986




Jordan Bernigaud, Bjorn Herrmann,

SFK, Samuel J. Rowley (in progress)

Flavour Violating Parameters at Mgut

Parameters Scenario 1 Scenario 2 Most constraining obs. 1 | Most constraining obs. 2
0115 -0.015, 0.015 -0.12, 0.12]" u— 3e, b — ey, Qooh? Qooh?, 11— ey
X1 X1
(67)13 |-0.06, 0.06] -0.3, 0.3] Qﬁhz nghz
01 a3 0, 0* 0.1, 0.17 Qooh?, 1w —3e, u—ey | Qooh? n— 3e, i — ey,
X1 X1
(6512 -0.008, 0.008] -0.015, 0.015]" n— 3e, | — ey w— 3e, [ — ey
(6513 ]-0.01, 0.01] -0.15, 0.15]" [ — ey pn— 3e, [ — ey
(6593 [-0.015, 0.015] -0.15, 0.15]" p— ey, Qgoh? Qgoh?, p— ey, p— 3e
(67119 -3, 3.5] x1075 | [-1, 1.5]" x1073 prior prior, Q2zoh?
13 -6, 7] x10~ -4, 2.5|T x10~ prior, (2o prior, (2o
ot 6, 7] x1075 4, 2.5]" x1073 ' Qx1h2 ' Qxth
(677 )93 ]-0.5, 4] x1075 -0.25, 0.2] prior, Qz0h? prior, Qz0h?
D -0.0015, 0.0015] | [-1.2, 1.2]" x10~4 Qoh? u— 3e, Qoh?, 1 — ey
X1 X1
015 -0.002, 0.002 -5, 5| x1074 Qoh? Qooh?, 1w — 3e, p — ey
X1 X1
(6579, 0,0]* 1.2, 1.2]7 x1074 prior Qg oh?, prior
0199 -0.0022, 0.0022 -6, 6] x1074 Q-oh? u— 3e, Qoh?, 1 — ey
X1 X1
(65713, ]-0.0004, 0.0004[ | [-2, 2] x10~4 Qﬁ)hQ Q;(cl)hQ
(65139 10,0]* 1.5, 1.5] x10~4 prior Qgoh?
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Phenomenological
hints from B physics

Low scale theories of flavour



® b—s|*|" transitions are rare in the SM (no tree level
contributions: GIM, CKM, in some cases helicity suppressed)

® ideally suited for indirect New Physics searches
(indirectly sensitive to energy scales O(100TeV))



LFU tests with B> K(*)UH and B2 K(*)ee
decays: R(K) and R(K¥*)

® Theoretical uncertainties on the exclusive B—K(*)lI
branching fractions are reduced to a per-mille level
in ratios (hadronic effects cancel):

- BT > Ktputpuo
. BT — Ktete—

BO%K*O +

R(K —
() BY — K*0ete—

® SM, R(K) and R(K*) expected to be close to unity.

® Sensitive to new neutral and heavy gauge bosons,
lepto-quarks, Z' models.



R(K) and R(K*) results

LHCb focusses on the g regions with reliable theoretical predictions and
small contributions from the resonant modes. Precision limited by statistics.

e LHCb = Belle + Babar

:‘ 2_ T LN R B B B | T 1T 20 I T T T T | T T T T | T
< fRun1 LHCb ¢ [Runi
1.5F | - = 1) y
1:— } — 1.0:—» po— S— < < —
—— : 4 ]
0.5 y 0.5 ® LHCbH 7]
: " LHCb el
O 0.0 T T I TP
0 5 10 15 202 0 5 10 15 20
[PRL 113 (2014) 151601] q* [GeV~/c*] JHEP 08 (2017) 055 q° [Gevz/(ﬁ]

Ry = 0.74570%9(stat) + 0.036(syst). 2.60 Deviation from Standard Model

0.69 = 0o% (stat) & 0.05 (syst) for 1.1 < ¢% < 6.0 GeV?/c?.

0.66 © 0ot (stat) & 0.03 (syst) for 0.045 < ¢ < 1.1 GeV?/c,
R0 = | 2.1-2.40



Possible operators for Ry, Ry

141G g
Eb—)s,u,u \/—

VinVis (0C5 Oy + 06C1,04,) + h.c.

Altmannshofer, Stangl, Straub '17

84

Oy = Z(ELVMbL)(ﬂW“M),
-
o, _

O = E(SL%bL)(MW”%M)

Assuming LH currents
and LFU observables

—— LFU observables

_____ b — sup global fit

ol —— all 5 b — 9/
1971 flavio. ——~all, fivefold non-FF hadr. uncert. (S L W,u L ) ( M L ’7 M L )
I
20 15 —10 —05 0.0 0.5 1.0 1.5
Re C¥

= Re(5C§) = —Re(6Ct,) € [~0.81,—0.48]



Z’ interpretation of Ry, RK*

A»C eff Gbs,u(blfy SL)(ML/Y,LLML) + h. C., Gbs,u

(31.5 TeV)
Gpsy, >0 matches Cf <0 and Cy = —C,

Could originate from massive Z’ model with couplings

LD Z, (gubry"br + guuiicy" pir)
Vie ~ —0.04

JosGup vtsgbbg,u,u N 1

M2z, M2, (3L5TeV)*

Comment on signs:  9vbs Gup > 05 Gbs = GupVis <0



Falkowski, SFK, Perdomo, Pierre

COnStrai nts 1803.04430

/ b RK, RK* Jobgup ~ 1
Z,U (gbbbL/y'ubL T g,UiM ) fixes M3, (6.4 TeV)?
i — |

! ~

0.100

0.010

gbb

0.001}
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= Falkowski, SFK, Perdomo, Pierre
Constraints .o
/ — I B " Jobgup ~ +
Z! (goubry"br, + gupir " 1ir) M2, (64 Tev)?
Al
/."/\N\\\E"‘
g

0.010}

0.001




EffectiveZ’ couplings

J,f n | m
() (i) s

Z’ couplings
small
due to <gb>

powers —,
of ratios A




Mp Now the scale is fixed

Mz ~ g' (i)

~ TeV
ﬂenomenological
hints from B physics

A~TeV  guggest low scale
Mpw theory of flavour



SFK 1706.06100
Example of Flavourful Z’ model

Introduce a vector-like fourth family
which carries U(1)’ charge

Usual three families do not carry U(1)’ charge
but couple to Z’ via fourth family mixing

¢ A ¢ z¥ (¢) $¢<€b>

/ Z/ T
Mf M?’b ¢ w]

“Fermiophobic model”
Y (afraid of Z))




“Fermiophobic model” SFK 1706.06100

LD Z(gwbry"br F gupiiy"1ir)




“Fermiophobic model” SFK 1706.06100

LD Z, (guwbry"br H guuiiry" 1o




Rk and the origin of Yukawa couplings

SFK 1806.06780

“Fermiophobic model”

Yukawas generated via mixing with fourth family
Ferretti, SFK, Romanino hep-ph/0609047

Field SU®3). SU(2), UQ1)y U(1)
Q; 3 2 1/6 0
u$ 3 1 —2/3 0
de 3 1 1/3 0
L; 1 2 -1/2 0
e; 1 1 1 0
% 1 1 0 0
Q4 3 2 1/6 1
u$§ 3 1 —2/3 1
ds 3 1 1/3 1
Ly 1 2 -1/2 1
es 1 1 1 1
VS 1 1 0 1
Q4 3 2 -1/6 -1
uf 3 1 2/3 -1
d§ 3 1 -1/3 -1
Ly 1 2 1/2 ~1
PA 1 1 —1 —1
V5 1 1 0 —1
¢ 1 1 0 1
H, 1 2 1/2 -1
H, 1 2 -1/2 —1

H @ <|b H
i l l l
M e M
Yy U5 s (9
e Yukawas "
z; (9) % ()
J (0 c 7 W c
— Y H s - Ya; Hp)
Mf 14 () Mf 49 (]



Rk and the origin of Yukawa couplings

SFK 1806.06780

Yukawas generated via mixing with fourth family

“Fermiophobic mOdel,, Ferretti, SFK, Romanino hep-ph/0609047

Q; 3 2 1/6 0
u$ 3 1 —2/3 0
de 3 1 1/3 0
L; 1 2 -1/2 0
e; 1 1 1 0
Ve 1 1 0 0
Q4 3 2 1/6 1
u§ 3 1 —2/3 1
ds 3 1 1/3 1
Ly 1 2 -1/2 1
es 1 1 1 1
VS 1 1 0 1
Q4 3 2 -1/6 -1
u$§ 3 1 2/3 -1
ds 3 1 -1/3 -1
L, 1 2 1/2 ~1
e§ 1 1 —1 —1
v§ 1 1 0 —1
% 1 1 0 1
H, 1 2 1/2 -1
H, 1 2 -1/2 -1

H 1) 1) H

- — - 3 - — —

I
I
}
I
I

- —_ = 3 — = —
- — — 5 - — —

¥ M T M 0
Py 4 Py ()
he Yukawas "
z; () ! (P)
J Y (0
" Y005 I\Jf Yy Hi;

Z' couplings generated via mixing with fourth family

SFK 1706.06100
Mipc % MZ]C

R R %W W 9




Rk and the origin of Yukawa couplings

SFK 1806.06780

“Fermiophobic model”

Yukawa and 2’ couplings are related
SFK 1806.06780

Field SU(3). SUQ2), U(l)y U(1) " ? ¢ !
uj 3 1 —2/3 0 : | : :
d 3 1 1/3 0 D Vs S A R Vs :
Li 1 2 —]_/2 0 % : w; o ;C | < wj wz > | w_: Fw; I Qpj
€ 1 1 1 0 4 (B) 4 4
Ve 1 1 0 0 $¢c < ¢> Yukawas
Q. 3 2 1/6 1 J Y IT o)y )€ Y T b )¢
ufl 3 1 _2/3 1 ch yz4 ¢z¢3 4] wle
ds 3 1 1/3 1 4 s/ .
L. 1 2 —1/2 1 Z’ muon coupling
o 1 1 1 1 related to muon Yukawa
VS 1 1 0 1 - - too small?
on 3 2 —1/6 —1 ) ) 7' )
d§ 3 1 —-1/3 -1 | i i
_— —_ [ c l Pe (e '
£4 1 2 1/2 —1 V; | Y (Px | ]\{4 ]\.44 K
21 1 1 -l Gows w5 Y
vy 1 1 0 ~1
¢ ]_ ]_ O ]_ wc wc
€T €T
H, 1 2 12 -1 v, + G <€§> j <€f> 7 i
SRR Vs G V) S
H, 1 2 ~1/2 -1 A h



Rk and the origin of Yukawa couplings

SFK 1806.06780

“Fermiophobic model”

Yukawa and 2’ couplings are related

SFK 1806.06780

Field SU(3). SU2), U(l)y UQ) " ? ¢ !

uj 3 1 —2/3 0 : | : :

d 3 1 1/3 0 D Vs S A R Vs :
L; 1 2 —1/2 0 & e > I ¥ i |« o | (0
e’ 1 1 1 0 Vi Vg V4 V4

Ve 1 1 0 0 Yukawas

Q. 3 2 1/6 1 P a/hC v PNe

uy 3 1 _2/3 1 Z4H¢Zw] 4]H¢Z¢]

d 3 1 1/3 1 :

Lt 1 2 _1//2 1 Z’ muon coupling
o 1 1 1 1 related to muon Yukawa
VS 1 1 0 1 - - too small?

on 3 2 —1/6 —1 ) 7' )

u§ 3 1 2/3 -1 | |

di 3 1 ~1/3 -1 | | N

L, 1 2 1/2 -1 My MY Ly
21 1 1 -1 -1 Gows w5 Y

vy 1 1 0 ~1

& 1 1 0 1

H, 1 2 1/2 —1 o 9/2;¢§T7M¢5
H, 1 2 ~-1/2 -1



Finale

The Flavour Problem
® Not going away - biggest problem of SM ?
® More interesting since neutrino mass & mixing

Theories of Flavour near Planck Scale
® Well motivated by SUSY GUTs

Include discrete family symmetry from orbifolding

Many possibilities - hard to test (but Littlest Seesaw)
Need to discover SUSY!

Theories of Flavour near Electroweak scale

® Motivated by anomalies in B physics

® Many phenomenological constraints
® Models under construction



