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The Standard Model

o Since 2012, the Standard Model cwf
Particle ‘Ph:jsac:s LS c:cwmpie&e!

The discovery of
the Higgs boson
compi&&&s the Puzzte.

Yel,
ks not the end
of the story’




Bevoomd the Sktandard Model?

Mamv qu@.s&mms skill open:

o What is the nature of the Higqs bosown?

o What gives mass to neubrinos? (Mavb@. Ehe
Higqs Yulkawas — Dirac heulrino masses)

o What is Dark Matter? (Maybe PBHS)

o What caused inflakion? (Maybe the Higgs,
with non-minimal gravity)

o Is it there a strong C¥ probtem? (Mo\:jb@. nok)



The ques%mv\abm naturaliness
of the Higqs boson

@ SF?ELM*O Par%icl,es are specmt: Eheir wass is
nok pro&ec&d bv space-time svmmeﬁries!
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Toward naturalness

Supersymmetry ¢ <> Y
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Whaot s a duai.&&v?

Two different theories that describe the
same physics in the IR:

Sktrong aouplihg Weale ﬂ@upiﬁhg




Whaot s a c&u&ii&v?

Two different theories that describe the
same physics in the IR:

Share the same qlobal symmetries

Ane mo&j matching
ﬁe&ougtiv\g Limaiks
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Seiberq dualiby
Seiberq, hep-th/2411149

Cownsider a supersymmetric SU(N) theory:

Anomaly matching requires
N¢ = Np— N¢
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Super Fo&ah&i&it y qu i



Seiberq dualiby
Seiberq, hep-th/2411149

Cownsider a supersymmetric SU(N) theory:

Griving mass to ohe fLavour, M QlQl :
reduces Np —> Np— 1
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In the dual theory, giving a VEV to (g) ~ (@ # 0
also reduces Np. - N.— 1 and N —> N-—1



‘Se&bergmduai SM?

Maekawa, Sato, he[omﬁh/‘)ﬁﬁ‘%t-ﬁ’?
and hep-th/9611396

Consider s~QCD, with N-=3 and N =6:
this leads to N = 3!
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Nc¢ NF N¢/(Np — N¢) N¢/Np
NC NF _Ng/( NF — No) No/Ni
NF 2(NF—NC)/NF

Note that SUNp); p = SU(Ng) X SUQ2);,r §or N, fomilies

Hewnce, 7}1 contains 9+9 bidoublets — Higqs SMPQT“fiQLdS
Yuleawa tou.pi.av\gs are Ma&urattv generated in the IR
dual Ekeorj

One coupling y ~ O(1), hence flavour embedded in
the Higgs VEV patterns!



Seiberg-dual $M: scorecard

Maekawa, Sato, hep-&h/‘9509407
and hep-th/95113986

The gqood:

Composite gquark Yukawas and Higgses emerge from
a Higgs-less UV theory!

Flavour hierarchies embedded i scalar mass pabterns

For NC —43 duati&v c;)ntv extsks for Ng =3 45

Sannine, 1102.6100
The bad:

No Yukawas for L@.F}&OMSE
Technically, the dual theory is conformal!

The ugi.:j:
SUSY wausk be broicen!
Does the duai.i&v hold?



A du&i&v withoulk SUSY?

Sannine, 0909.485% 4, 09071364
Majaza, Nardecchia, Pica, Sannino, 11011522

The anomaly matching only tnvolves fermions,
not scalars.

Withoubk SUSY, &at&utab&ti&v s Lost.

The IR cijnamiacs is ot forced to be
conformal, Le. fixed point may be absent!

- Scalars needed only to implement decouplings
in the IR dual theory: emergent SUSY

Antipin, Maojaza, Pica, Sannino, 11011522



A du&i&&v withoulk SUSY?

Maojaza, Nardecchia, Pica, Sanmnine, 11011522

Electric theory (UV)
Fields SU(N) SU(Nf)L SU(Nf)R U(l)v U(l)AF

Scalar-less theory
valid at high enerqgies

Equivai.eh& &he_or:’
valid at low energies

Cown Ehis one be
related to bhe
Skandard Model?




Dual SM

EwW svmme&rj contained in
SUR); x U(1)y € SU6); X SU(6), X U(1)y,

Electric theory (UV) Cac:c&apagtia et al, 407.172%1
Fields|SU(3) |[SU(6)r SU(6)r U(1)y U(1)ar

Scalar-less &heor‘j above a
certain energy scale!

SM fermions

L Dy qi®y +y qdM +§ GoM+

L )\mCI¢5Jr + &R AmquT + h.c.

Conkains (mamj) Higqses



Pual SM cartooin

Caaaiayagtia et al, 2407.172%1

Magnetic SM

Mazs of S g ‘Pc:ﬂss:,b-te
non-SMm dualik ke
; Gl &UT
garhat&s
TeV 10! GeV Origin of

flavour physics

(.LHC (NEMET’LMO S) ot Plawnclk scale



Quark flavour sector

Higqs doublets emerge as aomposi&es
i the maghetic SM:

9+9=1% doubleks

A single composite Yukawa, with flavour
skructures encoded in the scalars:

1)) = (246 GeV)?

We need hierarchical VEVs for the scalars!



Scalar c{@_moaraaj

Hill, Machado, Anders, Turher, 1902,07214

This scenario has been prmposed and skudied i 2019:

1

Benchmark 1

V = My H H+ 5 |yl + H M2 H]

— (H'p2H| + hec.),

One doublets develops a large
VEV, H) = H,> with (Hj) =v

Other Hiqqses inherit the VEV via
(small) mixing kerms p?

Hierachies generated by TeV-scale
scalar masses

Flavour bounds can be avoided!



Origin of flavour in the
electkric Eheorv

The duatiﬁj offers a simple origin of the scalar
masses within the electric theory:

Cabcd

2
Mg,

(Q"Q")(QQY

for u~1TeV

(Bonus: the tau couples to the ‘top’ Higgs!)



Origin of flavour in the
electkric Eheorj

The dxuatiﬁj offers a simple origin of the scalar
masses within the electric theory:

(Q"Q")(Q°QY)

A detailed analysis of the eleckric SM EFT
is under way

Thanks to Leonardo Piacevole and Vigilante di Risi



GUT and generations

Like for Seiberg duality, the SM duality is only
valid for N, = 345!

Electric theory (UV)
Fields SU(N) SU(Nf)L SU(Nf)R U(l)v

A Adj

o N,=3=N=6-3=3, hence Gg,, = SUB3),. X SU2), x U(l)y
o N,=4=N=8-3=S5, hence Gg,, = SU(5), X SU2), x U(l)y

o N,=5=N=10-3=7, hence Gg,, = SU(7), x SU2), x U(l)y



GUT and generations

o N,=3=N=6-3=3, hence Gg,, = SU3), x SU2); x U(l)y

The UV theory is a Higgsless SM! It can be unified
to SU(8) or SU(10), with only scalars that
breale the gauge group to the SM owne.

The QCD SU(3) gauge symmetry plays an important
role for fermion unification: ie., for SU(S)

10 = (3,2)16 ® (1,1); ® (3,1)_yp3, where 3 = A% (bwo-index anti-sym)

This Progev%‘j does not hold for SU(S),. and SU(7),!



GUT and generations

° N,=3=N=6-3=3, hence Gy, = SU3), x SUQ2); x U)y

% 7\7 s /I —_ 7\7— Q PGS 3 b S iAmigw“rx / s S CrI 7R\ v/ CTI (NN \/ T’(‘\ :
LVg [} Va Lol 4 o/ s/; [ 25 " NS Vbjwe M\J\V/CO'\UV\HIL A Y \./\ jl

8 N =5=>N=-10_2—7 haues G — ST v STI(D) x TT(1)
g H T tma VT Sn e e Ubl‘/le M\,\ /C vsvv\“/L \./\ /Y

Grand Unificakion in the electric theory only
possible for N, = 3!

Issue of GUT scalar sector for Yukawa couplings
removed!



Phenomeno 1.093?

Magnetic SM

etic Sukaw

0.2F 7¢
P Y

. - Gauge coupli

Magw

Mass ;f TeV Scale of ‘Pfsszb.te
non- i Auatil electric
particles (LHQ} ; GUT

SUSY Like spectrum, bub with
nmany Higgses and Higgsinos

Origin of
and no ste.p&c:-v\s nor EW-itnos

flavour physics

ot Planclke scale
Correlations with eleckric

EFT opera&ors under sEu,cij



Cubtloole

Gauge duality offers a novel UV completion
for the SM

Higqses and Yukawas can be generated in the

UV

The flavour probtem is recast into composite
scalar masses, te. UV 4-fermi interactions

GUT requires three generations in the SM

 Debailed studies of the dual SM phenomenology
under way



