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Status of the Standard Models

 The SM of particle physics:

e Flavor sector is the last not understood SM sector

* The SM of cosmology — ACDM:

* Universe is dominated by DM and DE
* |Inflation is our only handle of the early Universe

* General Relativity describes gravity

* No renormalizable quantum theory of gravity exist
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The role and the connection between these
three sectors in Nature is not clear yet

What about flavour?
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Higgs and flavour
* |In the SM flavour is described by Yukawa interact.
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* Yukawa couplings are hierarchical, up and down,
qguark and lepton sectors are all different

* No symmetry or other fundamental principle exist
to describe them

e Despite of huge amount of data, we have no
understanding of the origin of flavour physics
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Dominant idea: the Froggatt-Nielsen

mechanism

e Based on U(1) flavour symmetry and non-

renormalizable operators of the form
2 3 4
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* Choosing ¢ =%> and appropriate particle

quantum nurmvers results in: (e° &' &)
. 4 2
e Extendable to SU(2), SU(3)and ¥ = 0t
e ¢ 1
discrete flavour symmetry groups \ )

* |s this paradigm testable? Falsifiable?
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Implications of the Higgs discovery

 The discovery of 125 GeV elementary Higgs,

* Mass fixes only one SM parameter
e All its properties are in agreement with the SM

together with

* the absence of any signal of physics stabilizing its
mass against radiative corrections (SUSY)

exclude NP with strong coupling to Higgs at high A\

e Grand Unification is strongly disfavoured
* Gravity must remain weakly coupled to Higgs at M,
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Any alternative?
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Possible hint is provided by the SM

* The SM particle content is special:
ChSB=EWSB

 The hierarchy of Yukawas suggests some non-
perturbative mechanism for ChSB

* |n topcolour type models, based on NIJL,
composite Higgs does not imply confinement
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Nambu & Jona-Lasinio mechanism

* Assume 4-fermion interaction g(¥%)? and solve

mass-gap eq. for “ _ O
 Two solutions exist, m=0 and
=Y NC 2 2 2 2
G '= 81r2[A —m/In(A*/m/)]

* Solution exists for G > G

* Chiral symmetry is spontaneously broken —
composite Goldstone boson must exist
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The solution admits hierarchies

* Close to critical int., stable hierarchies arise

e No viable N/

L realizations in the SM exist because

of the constraints on the SM interactions
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Turn to the dark side!
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A strategy to build flavour models

* Assume dark sector with non-trivial dynamics

* Generate dark chiral symmetry breaking non-
perturbatively so that mass hierarchies exist

* Transfer fermion mass hierarchy to the SM
using appropriate messenger sector

e Study the associated phenomenology
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Dark U(1) symmetry

* Dark SM singlet fermions charged under Ug(1)
* Renormalizable mass gap equation: .~ & ™

* U(1) charges allow the hierarchy m1<<rﬁ2<<'m3 |

 Cosmological implications:

* Lightest fermion is DIV
* Dark long-range forces may solve halo formation problems

* Particle physics implications:
* Missing E; signatures at colliders (DM, dark photon etc.)
* FCNC processes for dark photons q,->q, Y
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. H,
The mechanism 1
I
* Forbid the SM Yukawas using Z, symmetry oD ,*\ oD
H-> -H g XF
\
* Transfer to the SM fermions using the )l —
messengers (SUSY quantum numb.) Di Qr QLl\z-R
(a)
Fields||Spin|SU(2) |U(1)y |SU(3)c |U(1)r N,
Sp 0 | 1/2 [ 13| 3 |-an | gl =g (Z[ L QY] Sy +Z LQN ] SL>
Syl o | 1/2 | 1/3 3 | -qu i=1 i=1
Spi |l 0 0 |-2/3| 3 | -gp Ny Ny
sl o] o [43] 3 | + gr (Z [0RQL] SE + ) [PRQT] 5%) +
Q" ||1/2] 0 0 0 | gn =1 =
QU ||1/2] 0 0 0 | gy + AsSo (ATSYSy + HISP'SE ) +he,,  (20)
So 0 0 0 0 0
As gL gr p Mgu; 99
Yo = — P Co(xi) Ma. R TeV
1672 m? gLIR
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Natural realization- left-right symmetry

* Gauge group SU(2), x SU(2)g x U(1)y forbids
Yukawas for Higgs content H, and H,

Ly = (DuHr)(D"Hy)'+ (D Hg)(D*Hg)! — Ap(HLH})? — A\r(HrH}E)?
— Ar(HrHY)(HLHY) + ph(HrHY),

Fields Spin SU(Q)L SU(2)R U(l)y SU(3)C U(I)F
Sr 0 1/2 0 1/3 3 4,
S0 1/2 0 1/3 3 “qu,
Sei 0 0 1/2 1/3 3 n
S% 0 0 1/2 1/3 3 “qu,
Q" 1/2 0 0 0 0 o,
QUi 1/2 0 0 0 0 au,
2
vo= () (2e) e
! 167’(’2 Vg, A
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Lower bound on RH breaking scale

* Quark masses imply lower bound on SU(2), scale

2
S 2m? (167r2) EF(E)?

(

= /\UL g%n
£ uRR[TeV] MER[TeV] m™n[TeV] m™®[TeV]
0.1 1581 169 554 526
0.2 799 89 279 249
0.3 529 56 185 155
0.5 293 31 107 75
0.7 164 17 67 37
0.8 110 12 52 23
0.9 o7 6 30 11
0.95 30 3 25 6

* Strong CP problem solved by LR symmetry
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Collider phenomenology

e “Squark” and “slepton” mediators at the LHC,
pheno resembles the one of SUSY without gluino

* Resonant mono-photon from Jf — ~74

S/Si

Mediators

 Exp.signature PP — 7V + ET at the Higgs
resonance has not been searched for at the LHC

VS, Lgf — A i [HF/M/F,LLI/]
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Branchings can be as large as 1%

BR(H — v7)
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FCNC decays of fermions to dark
photons

qr S Tk
* Top decay example — -
Q(Ii Q(Iz
I'(¢" — ¢'9) mg"( o+ )
q a7y =
16w \ (AL (AR
,7
- 1 ~J [V i 1 =3 iz i
L= Y O (srar |th@ow P (@)gh(@)| + 57 |0 (@) P (2)gh(x)| )
< 2(A7 )4 2(A%)ij
q=U,D i,5=1
§p | BR™(t = ¢7) | mp™[TeV] | mp™[TeV]
BR*™P(t - uy) < 1.3 x 1074 0.1 1.2 10" 15 14
0.2 2.1x 107 7 6.9
BR™P(t - cy) < 1.7x107°. 0.3 1.3 x 1012 5.1 43
0.5 1.8 x 10~ 2.9 2.1
0.7 2.4 x 1071 1.9 1.0
e 0.8 13% 1077 14 0.64
Max expeCtEd HL LHC SEﬂSlthlty 10_7 EO.9§ 2.0 % 102 0.97 0.31
(0.95) | 31x107 0.68 0.15
(0.99) | 1.8x10* 0.30 0.03
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Conclusions

Flavour sector remains the last not understood
sector of the SM

Dark side may be the source of flavour

Mass hierarchy may arise non-perturbatively in the
dark side and be mediated to the SM

Most natural scenario is the left-right model with the
RH breaking scale 100 TeV

Rich phenomenology: DM with long range interact.,,
“squarks” and “sleptons,” dark photon at colliders
and in FC processes, millicharged phenomenology
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