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The strong CP problem

Laco 3932 2GWG‘“’+quq “q, 6] =10+ 04| < 10720
q
‘ Why is 6 so small? ‘
Peccei, Quinn, Wilczek, Weinberg ('70s) The strong CP problem is dynamically
solved
L,o(2+4 240Y=0, mAf2ond
a f; 3271'2 f:? 5 a'a — '\QCD
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The hierarchy problem
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The hierarchy problem

{ Lo m|HPE,  amd~ N ’ C}

‘ Why is m?, < A3p? l

Composite Higgs models (CHMs)
The Higgs is a pseudo-Nambu-Goldstone
boson (pNGB) and its mass is protected

by symmetry.
o New fermions, w, and new strong in-
teraction, hypercolor (HC)

o New global symmetry G, sponta-
neously broken to H
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The hierarchy problem

{ Lo m|HPE,  amd~ N ’ (:}

{ Why is m?, < A3p?
Composite Higgs models (CHMs) QCD analogy
The Higgs is a pseudo-Nambu-Goldstone G = SUQ3). x SUQB)r
boson (pNGB) and its mass is protected {q1qR)
b try.
y symmetry. He = SUG)y

o New fermions, w, and new strong in- _ _
teraction, hypercolor (HC) dim[Gf] — dim[HF] =

o New global symmetry G, sponta- = 70 7t KO KO K+ p
neously broken to H
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Motivation

21.07.2025

Find a common solution to the hierarchy and strong CP problems

Symmetries and unification have been
good guiding principles for model building

Build an axion model that could be tested at colliders

Open up the parameter space com-
pared to standard QCD axion models
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Model setup
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Modify the axion mass to
avoid experimental constraints

m3fy ~ AQCD
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Model setup

Recipe Ingredient

Gr/Hg D Higgs, axion —| SU(4)/Sp(4) composite Higgs model

Modify the axion mass to
avoid experimental constraints Add an additonal hidden strongly
— interacting sector that couples

m2F2 = N + to the axion, grandcolor (GC) )
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Model setup

Recipe Ingredient

Gr/Hg D Higgs, axion —| SU(4)/Sp(4) composite Higgs model

Modify the axion mass to

. . . Add an additonal hidden strongly
avoid experimental constraints

— interacting sector that couples

m2f2 ~ Ao + Nslp to the axion, grandcolor (GC)

Embedd both color and grand-
color in the same gauge group

Ensure that 6, = 0_5,, —
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Model setup

Recipe

Ingredient

Ensure that

a —
(37 -

Minimize the axion potential and look
for potential CP violating sources

N
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Ensure that

N

Minimize the axion potential and look
a9 } for potential CP violati
- +0cep) =0 or potentia violating sources
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Give mass to the SM fermions — Top partners
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Model setup

Recipe Ingredient
Ensure that )
Minimize the axion potential and look
a = — . .
< 1+ 0, sp> -0 for potential CP violating sources
f; )
Give mass to the SM fermions — Top partners
. i lysi incl Il
Study the pNBGs potential _ Spurion ana. ¥5|s to include a .
sources of explicit symmetry braking
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The gauge group
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The gauge group

GHc X SU(2NGC + 3) X 5U(2)1_ X U(].)y/

/\Gcl (@), (=)
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Strong hypercolor
group for composite
Higgs and axion

New hidden strong sector

. . SM
to Increase axion mass
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The gauge group

GHc X SU(2NGC + 3) X 5U(2)1_ X U(].)y/

/\Gcl (®),(2)
x (Sp(2Nac)) % (SUB)c x SUR)L x U(1)y)

fermion masses

Strong hypercolor
group for composite
Higgs and axion

New hidden strong sector

. . SM
to Increase axion mass
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The meson resonances

Extremely rich field content
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The meson resonances
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many Goldstone bosons

21.07.2025 Andrea Incrocci - Young Scientists Meeting 9 /13



The meson resonances

SU(4)/Sp(4) S SU(2), x SU(2)r
o —(2,2)@(1,1)
— =~

Extremely rich field content b n
Numerous (broken) global symmetries Higgs-like pions that mix with H
4 — might spoil electroweak symmetry breaking
many Goldstone bosons

21.07.2025 Andrea Incrocci - Young Scientists Meeting 9 /13




The meson resonances

SU(4)/Sp(4) S SU(2), x SU(2)r
o —(2,2)@(1,1)
— =~

Extremely rich field content b n
Numerous (broken) global symmetries Higgs-like pions that mix with H
4 — might spoil electroweak symmetry breaking
many Goldstone bosons

Additional gauge singlets
that mix with the axion, n
— might ruin the axion solution

21.07.2025 Andrea Incrocci - Young Scientists Meeting 9 /13




pNGBs potential and spurion analysis

The global symmetries
are explictly broken

I

induces Goldstone masses via loops.
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pNGBs potential and spurion analysis

Breaking non-dynamical field
The global symmetries source 7 (spurion)
are explictly broken
! they appear to
induces Goldstone masses via loops We dress _,  transform under the
Pe: them full global symmetry

Write down most general Lagrangian that respect both gauge and global symmetries
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The axion potential and the strong CP problem

Axion vev?

— Numerically verified to be zero
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The axion potential and the strong CP problem

Axion vev? Axion mass?

2
—  mq

f4

~ Tsp
— Numerically verified to be zero = VY £2

. _—
Axion couplings? Other CP violating

— top-philic axion sources under control
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Axion-Top coupling constraints
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https://arxiv.org/abs/2303.17634
https://arxiv.org/abs/2404.08062

Conclusions and Outlook

o A natural model that simultaneously solves the hierarchy problem and the strong CP
problem is possible
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Conclusions and Outlook

o A natural model that simultaneously solves the hierarchy problem and the strong CP
problem is possible

o CP violating sources can be controlled
o A low compositeness scale is possible with some assumptions on the grandcolor
sector

o The model suggest that QCD axions could reside in regions of parameter space very
different compared to traditional axion models

o More work is needed to understand the feasibility of the UV completion and to fully
explore the rich phenomenology

Thanks for the attention!
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The field content

21.07.2025

SO(Nuc)  Sp(2Ngc) SUB)c SU(2).  U(1)y

ar 1 1 0 2 1
QL= o

ba 1 O 1 2 0

u 1 1 O 1 —2
Up=| " 3

by 1 O 1 1 -1

d 1 1 a 1 L
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Andrea Incrocci - Young Scientists Meeting

3/8



The field content
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SO(Nuc) SU(2Ngc +3) SU(2L UQQ)y
w12 Spin 1 2 0
w3 Spin 1 1 —%
w4 Spin 1 1 %
X d O 1 X
X d O 1 —X
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Possible gauge structures

Gue w b% Gr/HF
Sp(2Nuc) | 4 xF  (4Ngc +6) X Az | SU(4) x SU(4Ngc +6) x U(1)
SO(Nyc) | 4 x Spin~ (4Ngc +6) x F Sp(4) x SO(4Ngc +6)

SO(11)nc, SO(13)nc
3 < Ngc < 6
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The different global symmetries

E SU(4)., x  SU(4Ngc + 6),
A, | (ww) l {(xx)
Sp(4)  x  SO(4Ngc + 6)

i 5U(12)cc i
Asp : i (Yh) :
L 5p(12)
I | SUB)L x SUB)k
Aqcp : : l (qLgr)
L
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The meson resonances

Sp(4) O SU(2), x SU(2)r
—(2,2)®(1,1)
— =~

Higgs-like pions contained
in 7, that mix with H

SU(4) Sp(4) names
1 Oy
6
5
SU(4Ngc + 6) SO(4Ngc + 6) names
) 1 Oy
(xx) | 8Ngc +26Ngc +21
8NZ. +26Ngc +20 |
SU(12) Sp(12) names
1 o
(X1} 66 ’d)
65 T
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Additional gauge singlets that
can mix with the axion, n
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Partial Compositeness

Linear couplings between SM and HC fermions We need to study the baryonic resonances

Lint ~ qOjin,  Ofin = (wT Pr w ) Baryon | SU(4) x SU(4Ngc + 6)
fr wwy | (4x4,0) — (6510,0)
& g wwy | (8 x4,0)— (6 10,0)
Yt — - _ _
> T wwy | (4x4,0)— (1e15,0)
fr — not enough partners for all three gener-
ations
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