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Teaching through research:
remembering Raul Gatto

“Beyond the Standard Model”



�(�c1) = 0.84± 0.04�(�c2) = 1.93± 0.11�(�c0) = 10.5± 0.6 MeV

Experimentally, mostly from E760, E835:

�(0++) : �(2++) : �(1++) = 12 : 2.4 : 1



(no discrete symmetry can explain the relation above)

yu,d |y12| = |y21|, y11, y13, y31 << y12if:

BSM question: A curious accident or a deep relation?



Hall, Rasin 1993
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Extending GST



Ziegler et al, 2014-2017
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With     as above andyu yd ! ydU23(sRd
23 )

can get a perfect fit with:
sRd
23 = 0.6± 0.06 sRd

23 � 0.3± 0.01



Organise the standard fermions

as above, where from?yu,d U(2)

Ziegler et al, 2014-2017

B, Dvali, Hall 1995
B, Hall, Romanino 1997
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Take most general      invariant under 

as above, where from?yu,d U(2)
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A perfect fit of u,d,e masses and CKM angles with        
✏� ⇡ 0.02, ✏� ⇡ 0.01 and �

u,d,e
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Plausible?               Yes
Compelling? Need some other key observation



Which attitude towards flavour in BSM?
1. Flavour physics confined to high energy

L = LSM + ��
i
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i
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(f̄f f̄f)�
i

i = 1,...,5 = different Lorentz structures 

(the prevailing lore)
UTfit 2018

2. New physics at the TeV scale hidden by
the approximate                 symmetryU(2) (U(2)n)

(the attitude I advocate since a while)

If so, a special role played by the third generation 
B, Isidori, Jones-Perez, Lodone, Straub 2011



RD(⇤) =
BR(B ! D(⇤)⌧⌫)

BR(B ! D(⇤)l⌫, l = µ, e)
RK(⇤) =

BR(B ! K(⇤)µµ)

BR(B ! K(⇤)ee)

B-decay anomalies (exp. versus SM)

About 20-30% deviations from the SM in 
tree level loop levelb ! cl⌫ b ! sll

at near      level4�



Concentrate first on
harder to explain consistently with everything else we know
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Can one make sense of a vector leptoquark?

Pati-Salam SU(4): L as a fourth colour

𝜏b
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Vµ = (3, 1)2/3 V a

µ (q̄
a
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µ (ū
a
L�µ⌫L + d̄aL�µeL)

Diaz, Schamaltz, Zhong 2017
Calibbi, Crivellin, Li 2017

B, Isidori, Pattori, Senia 2015
B, Murphy, Senia 2016

Vµ

V +
µ B̂µ coupled to B-L

Ga
µ heavy gluon

lepto-quark

 Di Luzio, Greljo, Nardecchia 2017
Cline 2017
Bordone, Cornella, Fuentes, Isidori 2107
B, Tesi 2017       

…



What about              ?KL ! µe
Since we are talking of Lepton Flavour Violation

(Qa, L)DiracIn all cases need heavy                     quartets under SU(4)          

1. SU(4) as a global symmetry of a new strong interaction
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BR(KL ! µe) < 4.7 · 10�12

Vµ

SU(4) cannot be a “trivial” extension of colour-SU(3))

2.                                       fully gauged                    SU(4)⇥ SU(3)⇥ SU(2)⇥ U(1)

3.          with i = generation indexSU(4)i
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(as suggested by the largish     coupling)gV

4.   …



Organise the standard fermions
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Back to U(2)
a reminder [under discussion with R. Ziegler]



We have to integrate in the picture the heavy F, quartets of SU(4)
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Need

Key effective operators
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Phenomenological consequences

1. Plenty of flavour signals at the border of observability
at current limits

2. Direct searches of the heavy vectors

Leptoquarks     pair produced:V̂µ gg ! V̂ +
µ V̂ �

µ
V̂µ ! t⌫, b⌧

 exchanged in the t-channel:V̂µ bb̄ ! ⌧ ⌧̄

Single     productionV̂µ gb ! V̂µ⌧

The other SU(4) vectors 
couple to the light fermions by         mixing (mostly    )F � f f3
and, flavour universally, by vector mixing

Gµ, Bµ

�B = 2,�C = 2, ⌧ ! 3µ, ⌧ ! µ�



gg ! V̂ +
µ V̂ �

µ ! (t⌫̄⌧ )(t̄⌫⌧ )

mV̂ > 1.5 TeV



uū, dd̄, bb̄ ! Ĝ ! tt̄, bb̄, jj
ĝGsq3sl3 = 2

mG

TeV

�/M < 30%

�/M < 15%

�/M < 15%

(a dedicated analysis most welcome)

B, Tesi 2017

mĜ & 2.5 TeV



Conclusions 

2. What is the true meaning of the GST relation?
A curious accident or a deep relation?

1. How far from the TeV is the new physics 

(and needed, in my view, to turn the SM into a “complete” theory)

that is being searched for?

The B-anomalies, if confirmed by further data, could
 be a first signal to relate the two questions





➡ Lagrangian L = Lele + Lcomp + Lmix

Lele L= SM      without Higgs 
Gflavour

ele = U(3)5

Gflavour
comp = U(3) ⇥ U(3)�

Lcomp= most general     invariant under 
up to    -terms and no coupling of negative dim

L
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G/H
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mix ⇡ U(2) ⇥ U(2)� ⇥ U(2)5

Lmix = most general fermion bilinear

(formally) invariant under G/H
U = eiH/f(qL, lL, uR, dR, eR) (U,U

+) ( ±,�±)



Relevant parameters

➡ heavy vectors:

➡ relevant heavy fermions: QL, LL

QL = (UL, DL) ULi ) sqiUijuLj

DLi ) sqiDijdLj LLi ) sliEij lLj
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3
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(g⇢, ĝ⇢,m⇢)

(gX , ĝX ,mX)

SU(4)

SU(2)⇥ SU(2)

U(1)X

mixed with the light fermions by         so thatsq, sl

⤫

⤫

s3 >> s2, s1 and                      because of U(2)n(U,D,E)32,31 << 1

(why?)



�B = 2

Current status

Straub 2017
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After                    breakingU(2)f ⇥ U(2)F
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⌧ ! µ⌫⌫, Z ! ⌧⌧, Z ! ⌫⌧⌫⌧ , Z ! bb̄

Tree level

ZWZ W

Loops

Tree level

Sources of loops

all ”normal” within 10�3

(if present)

(there by necessity)



⌧ ! µ⌫⌫, Z ! ⌧⌧, Z ! ⌫⌧⌫⌧ , Z ! bb̄

C1

C3

A fit of these couplings 
RD(⇤)and of         in terms of
C1, C3, C1l

RD(⇤) = 1.237
at central value



Low energy observables
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Direct searches of the heavy vectors

Leptoquarks     are pair produced:V̂µ
gg ! V̂ +

µ V̂ �
µ

V̂µ ! t⌫, b⌧
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All other vectors but      :⇢̂R±
µ Ĝ↵

µ , B̂µ, ⇢̂
La
µ , ⇢̂R3

µ , X̂µ

couple to the light fermions by         mixing (mostly    )F � f f3

controlled by          , and, flavour universally, ĝGs
2
q3

 by vector mixing, controlled by g23/gG



A minimal list of key observables in QFV
to be improved and not yet TH-error dominated

K+,KL � ���

|Vub|, |Vcb|

B � ��, µ� (+D(�)) ）

(CPV in               )�Bd,s = 2��
d,s

in selected D modes�ACP

� from tree:             , etcB � DK (now better from loops)-

-

-
-
-

-
-
-

(“Higgs penguins”)KS , D, Bs,d � l+l�
B � K(�) l+l�, �� (in suitable observables?)

- Lepton Flavour Violation in a variety of channels



ĝGsq3sl3 = 2
mG

TeV

uū, dd̄, bb̄ ! Ĝ ! jj(including bb̄)

�/M < 15%



gG = ĝG

�/M < 30%

�/M < 15%

�/M < 15%



The model in detail

➡ Symmetries (vertical)

➡ Particle content (other than the SM ones)

G/H = SU(4)⇥ SO(5)⇥ U(1)X/SU(4)⇥ SO(4)⇥ U(1)X

 ± = (4, 2, 2)±1/2 �± = (4, 1, 1)±1/2

Vectors       in the adjoint of Ga
µ H

Dirac fermions transforming under      asH

(How important is the choice of      ?)G

all in 3 generations


