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I’m not a believer . . .



(@LHCb: why so coy?)



I’m not a believer . . .
. . . but if I were, I’d be an evangelist.



I SM as a theory of flavour
I SM vs. PC
I B anomalies
I GUT?





Flavour physics addresses the deepest and simplest questions
of the Universe



The Groucho Marx criterion

‘A 4-year old child could understand this . . .
. . . Run out and find me a 4-year old child.’ G. Marx, Duck Soup



e.g. Why 3 generations?



e.g. Why 3 generations?
1 or 100 seem like much better choices . . .



e.g. Why 5 multiplets per generation?



e.g. Why hierarchy vs. anarchy in quark/lepton
masses/mixings?



The SM fails to answer even these most basic of questions





But the SM (plus d = 5 operators with Λ∼ 1013−16 GeV) is a
pretty good model of flavour nevertheless.



1. O(1000) datapoints explained by O(10) parameters



2. It answers some basic questions:

Q. Why no p→ eπ, n→ 3ν , µ → eγ, τ → µγ . . . ?

A. Accidental U(1)B×ΠiU(1)Li below Λ



3. Doubtless other basic questions could be answered above Λ



4. The devil vs. the deep blue sea . . .



SM: tune 2 parameters: ρ,µ2

TeV BSM: tune 2500 parameters (=2499+1)



SM flavour: beauty and the beast



beast: 3 x 3 x 3 x 2 parameters: Yu,Yd ,Ye (plus dim 5)



beauty:
I most of these parameters have no effect
I remnants fit data perfectly (mod B anomalies)



beast:
I empirically these are hierarchical: mt �mc �mu,

mb�ms�md

I and aligned: VCKM ' 1
I qualitative and quantitative



beauty: no tree-level FCNC from
I gluons, photons (unbroken in vacuo: coupling matrix is 1)
I Z-bosons (same rep of SU(3)×U(1)Q =⇒ same rep of

SU(3)×SU(2)×U(1)Y : coupling matrix is 1)
I Higgs (in 1HDM, v aligns masses with couplings)

a bag of 3 tricks



beauty/beast: suppression of loop-level FCNC

u, c, t

W W

b s

�

Figure 1. Diagram contributing to b ! s� .

where f is some function obtained by doing the loop integral.5 Now, suppose we do a
Maclaurin expansion of f . The first term in the sum then vanishes, by unitarity of the
CKM matrix. At the next order, we have terms that go like m2
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(which is tiny), m2
c
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t

m2
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(which is certainly not small, but whose contribution is supressed

by VibV
⇤
is; the same is true at higher order in m2

t
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). (Exercise 12: show that the latter 2
contributions are roughly the same size for the analogous process s ! d�. Is this true for
all processes?) We thus find that these loop diagrams feature a GIM [3] suppression. This
suppression is in addition to the factor of ( 1

4⇡ )2 that comes from the fact that we have to
do a loop integral:
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xdxf(x) (exercise 13: show this). Overall, the

SM contribution is of size 1
(4⇡)2

m2
c
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W
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m2

W
compared to a generic new physics contribution

with mass scale ⇤ and O(1) couplings of 1
⇤2 . Thus the latter are greatly enhanced and the

bounds on ⇤ are typically way above mW (given that the SM contributions give a good fit
to the data). In fact, they reach as high as 105 GeV or so.

4.2 CP -violation

The peculiar structure of the flavour sector in the SM, and the fact that CP -violation resides
in the CKM matrix, imply that there are also suppressions of CP -violating processes that
do not occur in generic models BSM. To see this, note that if there had only been two
generations of quarks in the SM, there would be no physical CP -violating parameter in
the flavour sector (exercise 14). This means that any process which violates CP in the
SM must involve all 3 quark generations. For similar reasons, CP -violation cannot occur if
any of the masses are degenerate in either the up or down sector, or if any of the 3 mixing
angles is 0 or ⇡

2 : all of these situations increase the symmetry in the quark sector and
result in no physical phase. But many of the SM quark masses are roughly degenerate, and
many mixings in (3.5) are small, so again there is a huge suppression. For the mixings, for
example, we get a factor of �6 ⇠ 10�3.

Again, these properties do not hold for generic BSM physics, and so the constraints
thereon are strong.

4.3 Electroweak precision tests and custodial symmetry

There is also a SM suppression in electroweak precision tests which is not generic. To see
it, consider the Higgs sector. The Higgs is a complex SU(2) doublet, and so there are four

5Note that these loop integrals are finite. This must be the case, because they generate operators in
the low-energy effective lagrangian with four fermions, for which there are no counterterms available in the
renormalizable SM.
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I ∑uct VibV ∗isf (m2
i /m2

W )

I ' 1 at m2
i �m2

W



SM (elementary Higgs) vs. composite Higgs, cf. π,0 H.



H is a scalar operator with quantum no.s of the Higgs

. . . a bilinear coupling to SM fermions, Hqu, is at best marginal:

L ∼ Hqu
Λd−1 + qqqq

Λ2

mt + FCNC =⇒ d . 1.2−1.3

d → 1 =⇒ d [H†H]→ 2 (cf. WTC: d ∼ 2−3, RS d = ∞)
Strassler, 0309122

Luty & Okui, 0409274

Rattazzi, Rychkov & Vichi, 0807.0004

Rychkov & Vichi, 0905.2211

Can’t solve flavour & hierarchy problems in this way.



SM (elementary Higgs) vs. partial compositeness



. . . a linear coupling to SM fermions, Qq, can be relevant and
flavour problems can be decoupled!

L ∼ gρHQU + mρ (QQ + UU) + εqgρQq + εugρUu
Kaplan, 91



beauty of PC

After electroweak symmetry breaking (EWSB), the resulting light mass eigenstates corre-

spond to the SM fields and are given by linear combinations of the form

fa
SM = cos ✓a fa + sin ✓a Oa, (3.2)

with sin ✓a = O (✏a). Thus, the parameters ✏ai have a physical meaning: they measure the

degree of compositeness of the SM fields. If ✏ai . 1, we have that (at leading order in

✏) fSM ⇡ f and the projections of the composite operators onto the SM fields are given

by (Oa)SM ⇠ ✏afSM . In this way, projecting operators such as g⇢Oq
HOu along the SM

components, we can read o↵ the strength of the Yukawa interactions. In particular, for the

the up and down quarks, we have

(Yu)ij ⇠ g⇢✏
q
i ✏

u
j , (Yd)ij ⇠ g⇢✏

q
i ✏

d
j . (3.3)

Throughout this Section, we use the symbol ⇠ to mean a relation that holds up to an

unknown O(1) coe�cient whose value is fixed by the uncalculable strong sector dynamics.

With an appropriate choice of the values of ✏qi , ✏
u
i , and ✏di , it is possible to reproduce the

hierarchy of the quark masses and the mixing angles of the CKM matrix. We find

g⇢v✏
q
i ✏

u
i ⇠ mu

i , g⇢v✏
q
i ✏

d
i ⇠ md

i (3.4)

✏q1
✏q2

⇠ �,
✏q2
✏q3

⇠ �2,
✏q1
✏q3

⇠ �3,

where v is the Higgs VEV, � = 0.23 is the Cabibbo angle and mu
i and md

i are the masses of

the up- and down-type quarks, respectively. In our framework, then, the Yukawa sector is

described by 10 parameters (g⇢, ✏
q
i , ✏

u
i , ✏di ). The phenomenological relations (3.4) can be used

to reduce the number of free parameters that we can use to fit the anomalies. Indeed, there

are 8 independent relations in (3.4) and we choose to parametrize everything in terms of g⇢
and ✏q3. In the lepton sector, there is more arbitrariness in the values of ✏`i and ✏ei . This is due

to the fact that there are several mechanisms that can be envisaged for introducing mass

terms in the neutrino sector. In order to make progress, we shall assume the left and right

mixing parameters to be of the same order, ✏ei ⇡ ✏`i . This assumption about the unknown

flavour dynamics at high scales is a plausible one, but it also has the phenomenological

advantage that it mitigates constraints on NP coming from lepton flavour violating (LFV)

observables, such as µ ! e�, which are the most problematic flavour-violating observables

for partial compositeness models [41, 42]. Indeed, physics at the scale m⇢ generates a

contribution to the radiative LFV decays of the form �(`i ! `j�) ⇠
���✏`i✏ej

���
2

+
���✏`j✏ei

���
2
.

Considering the mass constraints ✏`i✏
e
i =

me
i

g⇢v �ij , it is easy to show that
���✏`i✏ej

���
2

+
���✏`j✏ei

���
2

is

minimized when
✏`i
✏`j

⇠ ✏ei
✏ej

⇠
s

me
i

me
j

. (3.5)

Evidently, this condition is implied by (but does not imply) our assumption that the left

and right leptonic mixings are equal.
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I flavour could be decoupled
I large mixings from O(1) anomalous dimensions
I predicts mass/mixing hierarchies
I BSM flavour aligned with SM



beast of PC
I but is flavour decoupled?! UV completion
I strong coupling: O(1) predictions
I neutrinos?



In fact there are more serious problems:
p decay, µ → eγ, n/e EDM, εK



Fiat: make U(1)B a global symmetry of strong sector and of the
mixing.
(Z/2 won’t do: n↔ n)



If you tolerate this, then why not ΠiU(1)Li as well?
(Or just in the strong sector)
Maintain hierarchy generation

Frigerio, 1807.04279



CP symmetry is not an option
CP in strong sector only is viable; with ΠiU(1)Li/Bi

suppresses
e/n EDM. Frigerio, 1807.04279



(Alternative: multiple flavour scales)
Vecchi, 1206.4701

Panico & Pomarol, 1603.06609



Partial compositeness and B anomalies



strongly-coupled sectors feature lots of resonances, e.g. Z ′, LQ
cf. γ,Z ,L,Q,
n.b. (3,2, 1

6)⊗ (1,2,−1
2)⊃ (3,3,−1

3)

n.b. (3,2, 1
6)⊗ (3,2, 1

6)⊃ (3,3, 1
3)



strongly-coupled sectors feature lots of resonances, e.g. Z ′, LQ
but they need to be light

I scalars: pseudo-Goldstone bosons
I vectors: gauged Goldstone bosons

(And with LQs, must reanalyse U(1)B×ΠiU(1)Li )



B→ K µµ comes out roughly the right size
BMG, 0910.1789

BMG, Nardecchia & Renner, 1412.1791



Unification



Recall that in PC, the composite sector is charged under
electroweak and colour . . .



Recall that in PC, the composite sector is charged under
electroweak and colour . . . so there is hope for unification, of a
sort



I SM: unifies just about
I SUSY = SM + h̃u,d unifies perfectly
I Composite H = SM− tR, tc

R unifies perfectly
Agashe, Contino, & Sundrum, 0502222

I PNGB H comes in GUT rep =⇒ PNGBLQ
I e.g. SO(11)/SO(10) has 10 PNGBs: a Higgs plus a

(3,1, 1
3).

I e.g. (SO(6)×SO(6))/(SU(3)×U(1)×SO(5)) has Higgs
plus singlet scalar plus vector LQ plus massless vector

BMG & al., 0902.1483

I can’t make this work; can you?



Summary: a partial view

I don’t believe in B-anomalies, but if I did:
I I’d bet on partial compositeness
I it predicts B→ K (forget B→ D)
I it’s got a lot else going for it: EW/flavour hierarchy,

unification?
I other models kiplinesque IMHO




