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Introduction

The strong CP problem

LQCD ⊃ θ
gs

32π2
GG̃ |θ| ≤ 10−10

why is θ so small?︸ ︷︷ ︸
↓

Peccei, Quinn, Wilczek, Weinberg (’70s)
promote θ to a dynamical field

that relaxes to zero

The hierarchy problem

LH ⊃ m2
H |H|2 ∆m2

H ≈ Λ2
NP

Why is m2
H ≪ Λ2

NP︸ ︷︷ ︸
↓

Composite Higgs Models
The Higgs is a pseudo-Nambu-Goldstone-Boson
(pNGB) and its mass is protected by symmetry

3 / 14



Introduction

The strong CP problem

LQCD ⊃ θ
gs

32π2
GG̃ |θ| ≤ 10−10

why is θ so small?︸ ︷︷ ︸
↓

Peccei, Quinn, Wilczek, Weinberg (’70s)
promote θ to a dynamical field

that relaxes to zero

The hierarchy problem

LH ⊃ m2
H |H|2 ∆m2

H ≈ Λ2
NP

Why is m2
H ≪ Λ2

NP︸ ︷︷ ︸
↓

Composite Higgs Models
The Higgs is a pseudo-Nambu-Goldstone-Boson
(pNGB) and its mass is protected by symmetry

3 / 14



What and why?

What?

Solve both problems in a composite
Higgs scenario:

◦ Both the axion and the Higgs arise as
pNGBs

◦ The usual mass relation m2
af

2
a = Λ4

QCD

needs to be modified to make the axion
heavier

Why?

◦ Tackle multiple problems simultane-
ously: strong CP problem, hierarchy
problem

◦ Good learning opportunity for me
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Model Setup
Gauge group and breaking pattern

GHC × SU(2NGC + 3)× SU(2)L × U(1)Y ′

fGC ↓ ⟨Φ⟩ , ⟨Ξ⟩
GHC︸︷︷︸
χ ω
GF

×Sp(2NGC )︸ ︷︷ ︸
ψ

SU(12)

× SU(3)C︸ ︷︷ ︸
q

SU(3)L×SU(3)R

×SU(2)L × U(1)Y
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The hypercolor gauge group
Constraints

Requirements

◦ GF/HF ⊃ Higgs, axion

◦ asymptotic freedom

◦ the existence of top partners

Constraints

−→ SU(4)/Sp(4) composite Higgs model

−→ bounds on NHC and NGC

−→ at least some HC-fermions charged under GC

SO(11)HC,SO(13)HC
3 ≤ NGC ≤ 6
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The different global symmetries

E

Λa

ΛSp

ΛQCD

SU(4)ω × SU(4NGC + 6)χy ⟨ωω⟩
y ⟨χχ⟩

Sp(4) × SO(4NGC + 6)

SU(12)GCy ⟨ψψ⟩

Sp(12)

SU(3)L × SU(3)Ry ⟨qLqR⟩

SU(3)V
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The meson resonances

SU(4) Sp(4) names

⟨ωω⟩ 6
1 σω

5 πω

SU(4NGC + 6) SO(4NGC + 6) names

⟨χχ⟩ ⊃ 1 1 σχ

SU(12) Sp(12) names

ψψ 66
1 σψ

65 πψ

Sp(4) ⊃ SU(2)L × SU(2)R

πω −→ (2, 2)︸ ︷︷ ︸
h̃

⊕ (1, 1)︸ ︷︷ ︸
η

Additional Higgs-like pions contained in
πψ.
Addition singlets like σχ, σω.
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Partial Compositeness

Linear couplings between SM and HC
fermions

Lint ∼ qOlin, Olin =
(
ωTPf ω χ

)
We need to study the baryonic resonances

Baryon SU(4)× SU(4NGC + 6)

ωωχ (4× 4,□) −→ (6⊕ 10,□)

ωωχ (4× 4,□) −→ (6⊕ 10,□)

ωωχ (4̄× 4,□) −→ (1⊕ 15,□)

−→ not enough partners for all three gen-
erations
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The chiral approach

◦ Dynamics of the Goldstone bosons: broken generators and Σ-matrix

◦ Explicit breaking sources: gauge fields and Yukawa interactions

−→ we assign them transformation properties under the global symmetries

We systematically write a Lagrangian by putting all terms that respect the full
symmetry of the model, for example

Lkin =
f 2a
8

Tr
[
(DµΣEW )† (DµΣEW )

]
Vgauge = Cgg

2f 4a Tr
[
SgΣS

T
g Σ†

]
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(Partial) conclusions

From symmetry reasons, the potential of η
reads

cud
N

f 4Sp Tr
[
YuΣLY

T
d ΣR

]
+ h.c .

m2
η ≈ 2

cud
N

yuyd
f 4Sp
f 2a

[Valenti et al. 2206.04077]

Study of the complete potential
and masses, including mixing
effects, under investigation.

11 / 14



(Partial) conclusions

From symmetry reasons, the potential of η
reads

cud
N

f 4Sp Tr
[
YuΣLY

T
d ΣR

]
+ h.c .

m2
η ≈ 2

cud
N

yuyd
f 4Sp
f 2a

[Valenti et al. 2206.04077]

Study of the complete potential
and masses, including mixing
effects, under investigation.

11 / 14



Internship

Topic

3-month internship before the start of the
master’s thesis to get acquainted with EFT
and in particular HEFT in the context of
singlet scalar extension, 2HDM and MCHM

Purpose

Collaboration with a research group of CMS:

◦ Identify theoretical limits on the Wil-
son’s coefficients

◦ Understand an apparent mismatch be-
tween different EFT parametrization
for 2HDM
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About me

◦ I am interested in BSM theories, model building and their phenomenology, but
I am open to other approaches and challenges

◦ Why? Particle physics is far from being complete, many unanswered questions
remain, among others:

◦ strong CP problem
◦ hierarchy problem

◦ A lot can be learned from both the fundamental approach and the EFT one

Thanks for the attention!
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The field content

SO(NHC ) Sp(2NGC ) SU(3)C SU(2)L U(1)Y

QL =

qL

ψq

 1 1 □ 2 1
6

1 □ 1 2 0

UR =

uR

ψu

 1 1 □ 1 −2
3

1 □ 1 1 −1
2

DR =

dR

ψd

 1 1 □ 1 1
3

1 □ 1 1 1
2
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The HC gauge group

β0HC =
11

3
C2(Ad)−

2

3

∑
i

NRi
T (Ri )

β1HC =
34

3
C 2
2 (Ad)−

10

3
C2(Ad)

∑
i

NRi
T (Ri )

− 2
∑
i

C2(Ri )NRi
T (Ri )

αc =
π

3maxi [C2(Ri )]
α∗ = −4π

β0
β1

β0 > 0 α∗ > αc︸ ︷︷ ︸y
SO(11)HC −→ NGC ≤ 3

Sp(4)HC −→ NGC ≤ 2
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The hypercolor gauge group
Asymptotic freedom

m2
af

2
a = Λ4

QCD + Λ4
Sp ΛSp ≫ ΛQCD

Including all constraints from before︸ ︷︷ ︸
↓

SO(11)HC,SO(13)HC
3 ≤ NGC ≤ 6
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The hypercolor gauge group
Constraints

Requirements

◦ GF/HF ⊃ Higgs, axion

◦ asymptotic freedom

◦ the existence of top partners

Constraints

−→ SU(4)/Sp(4) composite Higgs model

−→ bounds on NHC and NGC

−→ at least some HC-fermions charged under GC

GHC ω χ GF/HF

Sp(2NHC ) 4× F (4NGC + 6)× A2 SU(4)× SU(4NGC + 6)× U(1)

Sp(4)× SO(4NGC + 6)SO(NHC ) 4× Spin (4NGC + 6)× F
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The chiral approach

Taking the EW coset as an example:

Σ0 =

(
iσ2 0
0 −iσ2

)

U[Π] = exp

{
2
√
2i

fa
Π

}
, Π =

∑
u

πiXi

Σew = U [Π]Σ0, Σ −→ gΣgT , g ∈ SU(4).

Lkin =
f 2a
8
Tr
[
(DµΣew )

† (DµΣew )
]
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Kinetic term

Lkin =
1

2

(
∂µh̃
)2

+
1

2
(∂µη)

2 +
1

2

(h̃∂µh̃ + η∂µη)
2

1− h̃2 − η2

+
g2
w

4
h̃2
[
W+
µ W−µ +

1

2 cos θ2W
ZµZ

µ

]
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Partial Compositeness

Due to the lack of enough top partners for all three generations, we are forced to
choose a mixed scenario for the mass mechanism

Lmix [ΛUV ] =
λQ3

Λ
γQ3
UV

Q
α
3Oα

Q3
+
λU3

Λ
γU3
UV

U3OU3 +
λD3

Λ
γD3
UV

D3OD3+

+
3∑

i ,j=1

λijU
Λn
UV

(
QiU

c
j

)†
α
OU,α

bil +
λijD
Λn
UV

(
QiD

c
j

)†
α
Oα

D,bil + h.c .
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Lyuk =
3∑

i ,j=1

Y ij
u

(
qiuj + ψi

qψ
j
u

)
h̃ +

3∑
i ,j=1

Y ij
d

(
qid j + ψi

qψ
j
d

)
h̃ + h.c .
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Yukawa interaction

Lint [ΛGC ] =
λq3L
Λ
γq3
GC

q3,αOα
q +

λtR
ΛγtGC

tROtR +
λbR
ΛγbGC

bRObR+

λψ3
q

Λ
γψq
GC

ψ3,α
q Oα

ψ3
q
+

λψ3
u

Λ
γψu
GC

ψ3
uOψ3

u
+

λψ3
d

Λ
γψd
GC

ψ3
dOψ3

d

λf (ΛHC ) ≈ λf (ΛGC ) (ΛGC/ΛHC )
γf
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pNGBs potential

EW coset ⟨ωω⟩

◦ Gauge contribution

Vgauge = Cgg
2f 4a Tr

[
SgΣS

T
g Σ†

]
◦ Top contribution

Vtop = Cy
λtLλtR fa

4π
(tLtR) Tr

[
P1
QΣ

†PtΣ
†
]

◦ Other quarks

Vquarks = −Cqf
4
a y

2
2∑

α=1

|Tr [ΣPu
α]|2

=⇒ h̃ gets a potential
η does not!
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pNGBs potential

EW coset ⟨ωω⟩

Gauge and top contribution

◦ Leading corrections for h̃

◦ h̃ develops a vev

Other quarks

◦ subleading contribution to the h̃ poten-
tial

◦ η could acquire a vev
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pNGBs potential

GC coset ⟨ψψ⟩

Gauge contribution

◦ 51 pNGBs are charged

→ m2
Π ∼ g2f 2Sp

◦ 14 pNGBs are neutral

Yukawa contribution

◦ Charged pNGBs

→ m2
Π ∼ y2u f

2
Sp

◦ Neutral pNGBs

→ m2
Π0

∼ yuyd f
2
Sp
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Spurion analysis

Vgauge = Cg f
4
a

(
Tr
[
SA
WΣ(SA

W )TΣ†
]
+ Tr

[
SBΣ(SB)

TΣ†
])
. (1)

Vtop =−
CtS ,1f

4
a

16π2

(
λ4tL Tr

[
PαQΣ

†PβQΣ
†
]
Tr
[
ΣP†

QαΣP
†
Qβ

]
+ λ4tR

[
PtΣ

†PtΣ
†
]
Tr
[
ΣP†

tΣP
†
t

]
+

λ2tRλ
2
tL
Tr
[
PαQΣ

†PtΣ
†
]
Tr
[
ΣP†

QαΣPt

])
.

(2)

Vquarks = −Cqf
4
a

(
y2u

2∑
α=1

|Tr [ΣPu
α]|2 + y2d

2∑
α=1

|Tr
[
ΣPd

α

]
|2
)
. (3)
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GC pion mixing

Lyuk ⊃ y33u ψ3
qψ

3
u︸ ︷︷ ︸

Λ2
SpΠ

h̃ + h.c

V ⊃
(
h̃ Π
)( µ2

h̃
y33u Λ2

Sp

y33u Λ2
Sp m2

Π

)(
h̃
Π

)

We need to suppress the yukawas for the GC
fermions, otherwise a big mixing between h̃
and Π occurs
−→ we assume a different anomalous dimen-
sion for the SM and GC top-partners
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The axion mass

The mixing between the η and the neutral
pions Π0 can be described in term of a dif-
ferent symmetry breaking pattern contained
in SU(12)/Sp(12). The potential and the
axion mass read

cud
N

f 4 Tr
[
YuΣLY

T
d ΣR

]
+ h.c .

m2
a ≈ 2

cud
N

yuyd
f 4Sp
f 2a

Figure: A.Valenti et al. [3]
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Operators

L ⊃ c1Λ
3
Sp Tr

[
ΣM +M†Σ†

]
+ c2Λ

2
Sp Tr [ΣM] Tr

[
M†Σ†

]
+

c3Λ
2
Sp

{
Tr [ΣM]2 + h.c

}
+ c4Λ

2
Sp {Tr [ΣMΣM] + h.c .} .
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Fermion masses

Cy
λtLλtR fa

4π
(tLtR) Tr

[
P1
QΣ

†PtΣ
†
]
=

C t
yλQ3λU3

4π

√1− H2 + η2

f 2a
+ i

η

fa

 tLtR

Cy
λbLλbR fa

4π

(
bLbR

)
Tr
[
P2
QΣ

†PbΣ
†
]
=

Cb
y λQ3λD3

4π

(√
1− H2 + η2

f 2a
+ i

η

fa

)
bLbR

Lyuk =
3∑

i ,j=1

Y ij
u

(
qiuj + ψi

qψ
j
u

)
h̃ +

3∑
i ,j=1

Y ij
d

(
qid j + ψi

qψ
j
d

)
h̃ + h.c .

17 / 18



kλ = 1− 3Z 2
6 v

2

2λSMm2
H

kt = 1− Z6v
2

tan(β)m2
H

Z6 ≈ −
m2

Hcos(β − α)

v2
≈ O(1) cos2(β − α) = O

(
v4

m4
s

)
kλ, kt −→ 1 for m2

H ≫ v2.
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