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The Standard Model as an Effective Field Theory
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Open gquestions:

» Origin of neutrinos masses » Dark Matter

» CP violation in the strong sector » Flavour Puzzle

3 Many talks this week: Sophie, Anke, Ajdin, ...




Flavour Puzzle

Hierarchical pattern of fermion masses and mixing angles: Flavour Puzzle
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Flavour Puzzle
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Flavour-universal Yukawa hierarchies

=) Flavour degeneracy in the gauge sector -> broken by Yukawas!




Flavour Puzzle

< _
ﬁd_4 — L"gauge T ﬁHiggS

Flavour-universal Yukawa hierarchies

=) Flavour degeneracy in the gauge sector -> broken by Yukawas!
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—> V11 > V21 =>> V31

=) Y33 ~ 1, allthe othersare ¥;; << 1 = U(2)" approx. flavour symmetry

Barbieri et al. 2011, Isidori & Straub 2012, Kagan et al. 2009,
Blankenburg et al. 2012

» Marg|na| COupllngS -> Nno Clear NP Scale -> Anders’s talk last week

¢!




Experimental Constraints on NP Scale

» No clear direct signals of NP -> Mass gap is a « fact » of life
» Proton decay, neutrino masses, EDMs, ... -> NP scale could be very high

» Flavour probes very high scale too!

Physics Briefing Book 2020, 1910.11775
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The Hierarchy Problem

One could imagine that the scale of NP is very high (GUT, Planck)...
» Explain the observed « simplicity » of the SM

» Explain why we haven’t seen anything yet + what we’ve seen is very small
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The Hierarchy Problem

One could imagine that the scale of NP is very high (GUT, Planck)...
» Explain the observed « simplicity » of the SM

» Explain why we haven’t seen anything yet + what we’ve seen is very small

BUT |
m3, ~ cA® vs mpg = 125GeV
A~10"GeV = c~ 10 °° m)  Fine-tuning
5?7’2,?{ S mﬁ{‘EXP = A ~ O(Te\/) m) What about high scale NP ?
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The Hierarchy Problem

my << A A~ O(TeV)

SM « simplicity » @ SM « simplicity » @

Naturalness @ Naturalness @

%y Hierarchy Problem %
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The Hierarchy Problem

my << A A~ O(TeV)

SM « simplicity » @ SM « simplicity » @

Naturalness @ Naturalness @

W Hierarchy Pr%m "

m) |t can be a BSM model building guide

Our mission, should we choose to accept it, is to:
Address the SM mysteries in a natural way

12




The Hierarchy Problem

What possible theoretical frameworks can address the Hierarchy problem ?

The « not accepting the mission »

Agrawal et al., 1997 Optlon
Kawai & Okada, 2011

Giudice et al. 2021

Kephart & Pas 2024,

Solution: « Elsewhere »

Multiverse / Anthropics
Cosmological evolution
(Failure of EFT)

? —> MMy

SUSY

l

Elementary scalars are protected
by symmetry

Higgs Compositeness

Dugan et al. 1985

Agashe et al. 2005,
No elementary
scalars

Higgs emerges as a
composite pseudo-Goldstone
boson of S.S.B

F2

A4 — TG X (...)




Higgs Compositeness

« QCD-like » dynamics

ayaya|
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Strong sector resonances T HC
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Higgs as pNGB H
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=

=) Compositeness scale cuts off quantum corrections to the
Higgs potential
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Higgs Compositeness

« QCD-like » dynamics

Compositeness scale cannot be
too low!

M, > 5 TeV «—— Asc

Strong sector resonances g
Or, PT l
H

F

Higgs as pNGB H
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Higgs Compositeness

« QCD-like » dynamics

Compositeness scale cannot be
too low!

ATLAS
(s =13 TeV, 139 fb! g A
e T ol obs, Tt - Strong sector resonances HC
- .., «sas 95% CL Exp. Limit 7 g
O9F b Lmitt2s - O
N p. + ]
U.Bf T-doublet _f F’ pT
0.7F L H I
ool e el .. E Mass G Higgs as pNGB [
18 ST { €e———
- we= 08 ass Gap
oaf T Tt o -
_____________ =0 : I UVEW
0.3k ! A Wl L T
'IDU{J 1100 1200 1300 1400 1500 1600 1700 1800 1900
M, [GeV]
Already few TeV bounds on Top partner !

mTNF
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Higgs Compositeness

Anc

F
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Higgs Compositeness

Potential at 1-loop

tL(R) tr,

AL(r)

CoR Q‘

(Concrete example later!)

ayaya|
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« QCD-like » dynamics

Strong sector resonances
OF» PT

Higgs as pNGB H
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Back to Flavour

Natural Higgs -> close-by NP scale
What about Flavour ?

Lessons from EXP:

m) No large breaking of U(2)5 around the TeV scale
m) Any NP at the TeV scale has a highly non-generic flavour structure

- U(2)5 is a good symmetry to understand the Yukawa pattern! Yu ~ ( 0.04

— U(Z)n approx. flavour symmetry as BSM guide

4

Which NP should we look for ?

19




Back to Flavour

TeV

3rd Gen. is the less constrained

W Flavor (down) ™ Flavor (up) m EW @ Collider

Allwicher, Cornella, Isidori & Stefanek 2023
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Back to Flavour
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High-pt Drell-Yan tails
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3rd Gen. is the less constrained
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Back to Flavour
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High-pt Drell-Yan tails

3rd Gen. is the less constrained
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Experiments have imposed strong bounds on flavour universal NP

Frameworks such as MFV are pushed above O(10 TeV)!

(Naturalness @)

=) Flavour non-universal NP @TeV-scale, mainly coupled to 3rd gen.

Allwicher et al. 2022
D’Ambrosio et al. 2002
29 Li & Ma 1981



Flavour Non-Universal UV Completion

Our mission, should we choose to accept it, is to:
Address the SM mysteries in a natural way
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(Rich pheno from flavoured gauge bosons)
(completely generic breaking)

**Different options to Flavour deconstruct: Davighi & Isidori 2023
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Flavour Non-Universal UV Completion

Our mission, should we choose to accept it, is to:
Address the SM mysteries in a natural way

=) U(2)5 as an accidental symmetry*

m) 3rd gen. NP is the less constrained + Y3z ~ 1

uUv
Uv ... >1G..xG, ., ->G
12 3+H SM Re-unification in

the UV

(Rich pheno from flavoured gauge bosons)

Intermediate

(completely generic breaking)

Electroweak flavour unification
(+ quark-lepton unif.): Davighi

et al. 2022
IR

**Different options to Flavour deconstruct: Davighi & Isidori 2023
... or split the families -> Javi’s talk

*Gauge U(2)": Darmé et al. 2023, Greljo &Thomsen 2023, Greljo et al. 2024 26
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Flavour Non-Universal UV Completion

Our mission, should we choose to accept it, is to:
Address the SM mysteries in a natural way

-) U(2)5 as an accidental symmetry* m) Higgs Compositeness

# 3rd gen. NP is the less constrained + 133 ~ 1 # Flavour in CHM -> Partial Compositeness

(Rich pheno from flavoured gauge bosons)
(completely generic breaking)

**Different options to Flavour deconstruct: Davighi & Isidori 2023 Exploring the Flavor Symmetry Landscape, Glioti et al. 2024
... or split the families -> Javi’s talk -> Flavour symmetries options to reduce scale of NP

-> Luca’s talk last week
*Gauge U(2)": Darmé et al. 2023, Greljo &Thomsen 2023, Greljo et al. 2024 21




Flavour Deconstructing the Composite Higgs®

Composite Higgs

CIPRACENTID S CRY &

» Flavour non-universal NP @TeV mainly coupled to 3rd generation

) U(2)5 protection

# Lower compositeness scale -> naturalness

m) Explain SM flavour

. . S * sp(4)
*2407.10950 with Sebastiano Covone , Joe Davighi, Gino Isidori and MP 2g '




Flavour Deconstructing the Composite Higgs

o X Sp(4) x U(1), x U(1)y™

NonDperturbatlve /\AHC H ~ (2,2)
ynamics

. X SU(2), x SU(2 )g X U(l)g}_L X U(l)y]

29




Flavour Deconstructing the Composite Higgs

o X Sp(4) x U(1), x U(1)y™

NonDperturbatlve /\AHC H ~ (2,2)
ynamics

. X SU(2), x SU(2 )g X U(l)g}_L X U(l)y]

Third-family Partial Compositeness:
(Light fields are elementary)

H

L5 a0, —— =T

i e

30
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Flavour Deconstructing the Composite Higgs

X Sp4) x U(L)5, x U1)2

NonDperturbatlve /\AHC H ~ (2,2)
ynamics

. X SU(2), x SU(2 )g X U(l)g}_L X U(l)y]

HBiggii”nt;' | (XR) (Q2) | —— > Two Z and a pair of W
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Flavour Deconstructing the Composite Higgs

o X Sp(4) x U(1), x U(1)y™

NonDperturbatlve /\AHC H ~ (2,2)
ynamics

SU(3). x SU((2), x SU(2 ); ><'U(1)[§]_L X U(l)y]:

Horizo.ntal : <ZR> <Q> |

Breaking

Deconstructing hypercharge to explain the Yukawa pattern

Flavour Non-Universal Gauge Interactions, J.Davighi @ “Flavour Path to New Physics”

32

Davighi & Isidori 2023




Flavour Deconstructing the Composite Higgs

SU(3). x SU(2), x SU(2)p x U(1)p., x U(1)y”

Horizontal : <2R> <Q> |

Breaking
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Flavour Deconstructing the Composite Higgs

SU(3). x SU(2), x SU(2)p x U(1)p., x U(1)y”

Horizontal : <2R> <Q> |

Breaking
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Flavour Deconstructing the Composite Higgs

SU(3). x SU(2), x SU(2)p x U(1)p., x U(1)y”

Horizontal <2R> <Q> |

Breaking |

H
? 5
ER €Q e
ereq 1 /\
ER = @ q%m U%:Q} q}[g}
MFp
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Flavour Deconstructing the Composite Higgs

SU(3). x SU(2), x SU(2)p x U(1)p., x U(1)y”

Horizontal : <2R> <Q> |

Breaking

eo =0 (|Va|) =0 (10_1)
ER €O
CREQ 1 ) Ep — () (mc/mt) — () (10—2)
)
Mp
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Flavour Deconstructing the Composite Higgs

SU(3). x SU(2), x SU(2)p x U(1)p., x U(1)y”

Horizontal I <2R> <Q> :

Breaking |

€O — @, (H/cbD =X0, (10_1)

CER €Q
ereqn 1 er = O (me/my) = O (107%)
() —> The deconstruction scale is anchored by its impact on
‘R = Mp the Higgs potential
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Higgs Potential

Fermion
contribution

AV (h);

Gauge
contribution
AV (h)a

m) Higgs potential induced at 1-loop

38




Higgs Potential

. h , h
V(h) = AVi(h) + AV4(h) = cop — ¢ sin” (ﬁ) + ¢9 sin? (ﬁ)

C1 m}%

- 2 /172
Naive dimensional analysis T4 Enp) —>Tun|ng(mh/F < 0.03)

F4lohys,  F?2
C1,2 = O(l) x F4 7A)

9 Qm% 1

3 5~ o Natural
F phys. v 2
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Higgs Potential

. h , h
V(h) = AV;(h) + AVa(h) = ¢y — c1 sin® (ﬁ) + ¢ sin® (ﬁ)

2. ]\{2
b I Ncyt L Gauge contributions
4 2 2
3 A= F (suppressed)

!
Top partner —
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Higgs Potential

. h , h
V(h) = AV;(h) + AVa(h) = ¢y — c1 sin® (ﬁ) + ¢ sin® (ﬁ)

Top partner Gauge contributions
-

: - M?2 N2 M2 02 202\ M? ;

t\2 ¢ t\2 t £ Vel M 9Rr IR Uy e, 2

Q2 ( R) Rr — ()\L) R, 2 | A2 2 372 (1 QJ\JZ) 2 ! (ngRﬂgL)
- - p

2
C1 o my, .
| e = 2~ Tuning (mji/F2 < 0.03)

Recall, we need:
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Higgs Potential

h h
V(h) — Avf(h) T AVA(h) ~ Cop — C1 SiHQ <—) -+ C9 SiIl4 (—)

2F 2F
Top partner Gauge contributions
r—’%
(Af) (/\f) _ jw? , Ncyf ﬂ/‘{%i’ ggi 1 QRUL ‘MZ | C)( 2)
F? " [4x2 F2| 3272 oz ) 2 O \9nor. g
, p
H_/

Impose L-R symmetry
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Higgs Potential

h h
V(h) = AVy(h) + AVa(h) = cp — 1 sin? ( ) + ¢ sin® ( )

2F 2F
Top partner Gauge contributions
-
Ci_ Ne [/ye)\2 4 2 o1 M; | Ncyfﬂ/i'%i« 9% grvs\ M, | 2
ﬁ - 8?1-2 (AR) hR o ()\L) HJL F2 ! 471_2 F2 3271_2 1 QAJQ F2 | O (ngRﬁ gL)
t ) p

H_/

Impose L-R symmetry

m) Increase size of gauge contribution ——> JR3 = O(1) > JR.12 R g}S/M

(Allowed by flavour non-universality !)

1 1
# Avoid suppression / sign flip ——> MI%VR — Zg%v% < §M3
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Phenomenological Constraints

» Constraints related to strong dynamics » Constraints related to flavoured gauge bosons
) P ) ) - - B =+ X
Modification of VVh- and VVhh-couplings s”Y } Vs: Z 3 TeV
F > 500 GeV * Bound on Z-pole obs.
 Top partners and heavy resonances searches * Bounds on Z masses from FCNC ( B,-mixing)
Mp > 1.5 TeV —> [ >
T = F ~ 600 GeV VO Z 2.7 TeV (up-vs down-alighment)
M, z 5 TeV
e EWPO (S and T parameters)  LHC bound from Drell-Yan data
), U 3
I.r7vm < 10 vy 2 2.0 TeV

D Y
M
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Phenomenological Constraints

Benchmark scenario

> Large 3rd gen. RH ling: = 0(1
aree rd 6en gauge coupling: JR.3 (1) All constraints are satisfied and ogw < 1072

> Light Top partner My ~ 2 TeV and M, ~ 10 TeV > —> 3% tuning in the potential
—> O(1%) corrections to Higgs couplings

> Compositeness scale F' ~ 750 GeV and vy = 3 1eV

. —
Bl .M
S S
~—_ T~
N - ) -
AR | Wy ARG | Wy
N D

1 Wgra> 4n Wog-3> 4

LHC Drell-Yan: Z', | LHC Drell-Yan: Z*,,

00 05 10 15 20 25 30

45 Allwicher et al. 2022




Composite Higgs @ HL-LHC and FCC-ee

Stefanek 2024
12 prrrrpr
' m HL-LHC '
10F Flavor
: FCC-ee
8_
S
al
2
N \.ﬁhﬁ_ |
10 20 30 40 50 60 7O

m, [TeV]

(a) Left compositeness

G«

12

10F

lllllllllllllllllllllllllllllllllllll

Flavor

FCC-ee

(b) Mixed compositeness

I HL-LHC -

[ m, = Fg, ]
12 prrr
. @ HL-LHC |
10F Flavor
: FCC-ee
]|
6L
4k
oL
0. ................................. ====-|

m, [TeV]

(c¢) Right compositeness

=) \With improved precision: RG-running into EWPO become crucial

46

=) Composite Higgs will be put under a microscope @ FCC-ee!




Conclusion

» Interesting pheno & possible NP coupled to 3rd gen @ few TeV compatible with current exp. bounds

» Flavour non-universality + Higgs compositeness —— interesting interplay for BSM and predictive framework

m) Future directions: Explore other global symmetries of the strong sector

Sp(6)giobal — SU(2)1, x SU(2)E x sU(2)R2
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Conclusion

Flavour and Hierarchy problem = important guides for BSM model building

FCC-ee will probe the Higgs better than ever before
m) what if we see « nothing » = SM only... ?

Thank you for your attention !
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