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Flavour and CP: the CKM picture
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The flavour and hierarchy problems

Flavour: excellent agreement between experiments and CKM
picture constrains new physics.

If ACnp = Z OZ, in some cases A; > 103 = 10* TeV.

Hierarchy: the scalar masses mp, = A, where A is the highest
scale coupled to h. For a natural Higgs A < 47w = 3 TeV.

A SM extension at the weak scale cannot have a generic flavour
structure!

Ideally one would have
1
= F E Ciéioiy

with A =~ 3 TeV, &; controlled by some symmetry, and ¢; ~ 1.



Minimal Flavour Violation
Full flavour group of the SM: U(3)3 = U(3), x U(3)y x U(3)q.
Ly = Yuq_LHTuR 4+ YyqGr Hdr is not invariant.
Assume:
» Y, 4 have fictitious transformation properties under U(3)3

Y.~ (3,3,1), Yy~ (3,1,3)
> No other sources of breaking: Lagrangian is formally invariant.

Example
. l (ViiVi5)?
LD — ( i k(Yk])Td] ) shysical A—2]

mass basis

(i yudy)? + -

» Explains smallness of flavour-changing effects
> Does not explain the CKM hierarchies

» y; is large (not a good expansion parameter)



An approximate U(2)? flavour symmetry

L~ Y (@ Pdh, + upbuly + dplPdy) + yiHulrtr + yeHabrbr

i=1,2,3

Only 3rd generation masses, and no quark mixing:

U(2)° = U(2)y x U2 x U(2)a

qar UuR dr
g R = 5 d -
w= o) m= ()= (5)

» Explains (at least partially) the Yukawa hierarchies
» Explains smallness of flavour-changing effects (as MFV)

» Symmetry weakly broken, at most by O(V,, ma/ms3)
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Breaking of U(2)?
Exact U(2)3: my =mg=me=ms =0, Vogy =1

Minimal breaking

e (38). e (Bl).
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» AY, ~(2,2,1), AYy ~ (2,1,2) to explain light quark masses
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Breaking of U(2)?
Exact U(2)3: my =mg=me=ms =0, Vogy =1

General breaking

AY, | 2V AYy | 2V
Yu=ut v 1 ] Ya=1up Vo |1 .
u

» AY, ~(2,2,1), AYy ~ (2,1,2) to explain light quark masses
» One doublet V' ~ (2,1, 1) to explain CKM (3rd gen. mixing)
» Most general breaking V,, ~ (1,2,1), Vg ~ (1,1,2)



Breaking of U(2)?

Exact U(2)%: my = mg=mc=ms =0, Vogn =L

AY, | 2V AY, | 2V
Yu:yt< v tl >, Yd:yb< Vdd bl >

» AY, ~(2,2,1), AY; ~ (2,1,2) to explain light quark masses
» One doublet V' ~ (2,1, 1) to explain CKM (3rd gen. mixing)
» Most general breaking V,, ~ (1,2,1), Vg ~ (1,1,2)

Assume: all flavour violation controlled by AY,, 4, V' (and V,, q)

i.e. AL built with bilinears like g7, V7,931, @, AYqdR.

Example:
AEDZi:1,2(a£Vi’YubL)2 — Zi:d,s(%b%i)Q(JiL’}/ﬂbL)Q

physical
mass basis



Physical parameters

The unphysical parameters are removed by U(2)? transformations.
Minimal U(2)?
V= (€0L> : AY, = L}, Ay dioe, AYy = & LE,AY 8,
> L7 are left-handed rotations of 6% in the (1,2) sector,
» &y = diag(e™®, 1).

3 angles + 1 phase: €y, Gz’d, o




Physical parameters

The unphysical parameters are removed by U(2)? transformations.
Minimal U(2)?

V= (60> ’ AY, = LHAY e, AYy = ‘I>LL(112AYddiag,
L

> L”féd are left-handed rotations of HZ’d in the (1,2) sector,
» &y = diag(e™®, 1).

Generic U(2)?

0 —_ Ju diag xu pu
V= <0> ) Vu,d = < u,d) ) A, LlZAdYu d(iI:g 0}27d
u,d

R
> széd,Rm are left- and right-handed rotations of 9%’%,

> & = diag(ei®, 1), d%% = diag (e, 2™,

€L, Hz’d, ¢ + additional parameters e%’d, G%d, P gt




The CKM matrix

If ef, < eqlfz’d (required by data),

CuCd A Syse 0
Verku = _?\ CuCd CyS )
—sdde’(5*¢) —cgs 1

. d . .
where s = €1, 54,4 = sin 9%’ LA = gucq — Sgcuet®.
Fit of tree-level observables

sy = 0.086 % 0.003 sq = —0.22 £ 0.01
s = 0.0411 £ 0.0005 ¢ = (=97 £9)°

» All the parameters determined in Minimal U(2)3,
» “Right-handed” angles undetermined in Generic U(2)3.



Relevant AF = 2 effects
Observables: ey, B — BY, BY — BY.

ck cB. B " =
MG ==L (ViVie)* (dvusn)®+ ) (Vi Vi) (dvubr) *+hec.

2A2 2A2
i=d,s
10 : : : 0.5
u2)?
o3 (2) oul
< 06
> « 03]
e 04 -
C 02 S 02r
X
§<’_‘
s 00 N 0.1r
-02 ]
: : : 0.0
-04 -02 00 02 04 ~04 -02 00 02 04
e x(3 TeV/ A)? e x(3 TeV/ A)?

Consistent with A ~ 47v and |¢;| ~ 0.2 + 1.



Relevant AF = 1 effects

Observables: K — v, €y, b — s(d)y, b — s(d)el, vi.
D — 7w, KK only in Generic U(2)3.

ALe = ALY + AL + ALY + ALY,

Vv vV
Minimal U (2)3 Generic U(2)3
1.0 1.0 1.0
0.8 0.8 0.8
& 0.6 « 06 / « 06
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Consistent with A ~ 47v and |¢;| ~ 0.2 = 1.



Bounds in Generic U(2)?

Flavour effects in Generic U(2)? constrain the right-handed
parameters, if one wants Wilson coefficients ¢; ~ O(1).
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Consistent with ez’d less than one order of magnitude smaller than €.



Embedding in composite Higgs models

L. has some approx. global symmetry (H pseudo-Goldstone?)

,CDEel-l-MFFF-I-YFFHF-F)\LFfL+)\RFfR

L Lomix

Flavour is communicated to the elementary sector through the
bilinear mixings: Y7 = Al - Vi - Ag.

f
» Flavour effects suppressed by A: RS GIM
(tensions with some observable)

» Flavour symmetry in the strong sector

f

> Left-compositeness: A;, = diag(A1, A1, A3), Agr = Ar(V,AY).
» Right-compositeness: \;, =Ar(V,AY), Ag = diag(A1, A1, A3).
A1 < A3 allowed by U(2)? solves many tensions (light gen. elem.).



Summary of effects: EFT vs. composite Higgs

b < qL s 4+ dp br <+ qL Cr 4+ UL
U(3)3, R-compositeness R R 0 0
U(3)3, L-compositeness 0 0 0 0
Minimal U(2)3, R-comp. C R 0 0
Minimal U(2)3, L-comp. R R C 0
U(3)® moderate t3 R R C 0
Minimal U(2)3, U(3)3 large t5 C R C 0
Generic U(2)3 C C C C

BY-BY K°-K°

Relevant processes
b—sitl=,sub K- mm, v b— sy sitl— D°— KYK—, wtm~

C = possible effects with new CP phase, = correlated effects,
R = possible effects, aligned in phase with the SM,

() = no or negligible effect.



Flavour vs. compositeness bounds

The size of the parameters A, Yz, Mp, etc. is constrained not only
by flavour observables, but also by Higgs physics, EWPT and
collider constraints.

Examples

mp ~Yp 6T ~YE/M2E, gz ~1/M2Yr, ex ~ AL/Ar

x some model dependent factor...

Different representations of SU(2);, x SU(2)pr for fermions:
» doublets: @ ~ (2,1), (U,D) ~ (1,2) (MHCM4)
» bidoublets: Q,,Qq ~ (2,2), U,D ~ (1,1) (MHCMb)
> triplets: Q ~ (2,2), T ~ (3,1) & (1,3) (MHCM10)



Bounds on fermion resonance masses

Minimal fermion resonance mass Mg in TeV compatible with all
the bounds, assuming O(1) parameters.

doublet triplet bidoublet

U2)c 49 0.5 0.4
U(2)rc - - 1.2%
UB)c 3.8 5.3 4.3
U(3)rc - - 3.1

® 4.9 1.7 1.2%

x = also f 2 0.5 TeV taken into account, with Mp =Yrf = Yr = 2.5
® = anarchic generation of flavour via RS-GIM, bound from €y excluded



Summary of observable effects: composite Higgs

® U@Bhc UQBre U@)c U2)re
ex, AMg s * * * *
AMg/AMy;  *
Gd,s * *
bs — Pa *
Co * *
Clo *
pp — Jj * *
pp — ¢'q * * *

Observables where NP effects could show up with realistic experimental
and/or lattice improvements in the most favourable cases.



Summary and conclusions

» A weakly broken U(2)? flavour symmetry is consistent with
current data and

AL = Z 2@ i with || ~ 0.2 + 1.

» Several observables to watch:
Syesy b= s(d)yy, b—s(d)l,vy, K — mvi.

» If new signals are observed, best signature of U(2)3 is s—d
universality as in SM in b decays (as in MFV, but without
K-B correlation).

» Concrete realization in composite Higgs models possible.
Many competing bounds - not only from flavour physics.

» A U(2)? flavour symmetry of the composite can accomodate
a 125 GeV Higgs with fermionic resonances below ~ 1 TeV in
agreement with all bounds.



Thank youl!






Backup slides



Lepton sector within U(2)3 (xU(2)?)

U(2)¢ x U(2) flavour symmetry in the charged-lepton sector:
ignore effects due to neutrino masses.

Chirality conserving Chirality breaking
TEU THE pe&re |TEOU THe pere
R-compositeness X X m,
L-compositeness m,

Relevant processes | T — 3u,3e; u — 3e,e(Ti) | 7T — wy, ey, u— ey

= new effect,

x = no effect,

m, = effect subleading in spurion expansion.



AS = 1: a digression on €
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Chirality breaking bilinears: RH compositeness

» Flavour violating dipole operators are generated through the
mixings, from the flavour conserving composite-quark dipoles.
The dipole moments of the composite 3rd generation are
different.

(H) (H) (H)
: \ : AY, :
@ Ql ? B b . Qf g B by a Q! ? D dn

» There is an alignment between the dipole moments and the
Yukawa couplings = in the physical quark basis there is no
FV effect

(H) (H) (H)

B Q4 B b qL d B br qa Q D dg

3



Chirality breaking bilinears: LH compositeness

» As before, FV dipole operators are generated through the
mixings.

(H) (H) (H)
: : \4 : AYy
B Q4 ? B br a Q° ? D br qa Q ? D dg

» No alignment: the ratio of the two dipole moments differs
from the one of the Yukawa couplings = the mismatch
between dipole and Yukawa operators gives a neat
flavour-changing effect when rotating to the physical quark

basis.
() (i) ()

q Q4 B b a Q! D br qa Q D dr

3L 3



Chirality conserving bilinears

> Left-handed compositeness: no flavour-changing LL
currents can be constructed with the minimale spurions.
Rotating to the mass basis, flavour effects are generated,

although aligned in phase with the SM.
Pu Pu

% Qg’d BL Q% % Qe qr,

4L Qg’d

> Right-handed compositeness: the mismatch between the
coefficients of the two composite quark currents give rise to
flavour and CP violation when rotating to the physical quark
basis.



U(2) vs U(3) fits
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