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The Higgs Hierarchy Problem
If the resonance found @LHC is the SM Higgs then 
some NP@TeV should be present to stabilise its mass
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The Higgs mass receives quadratically divergent 
contributions from loop corrections:
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The Higgs mass receives quadratically divergent 
contributions from loop corrections:

 EW HIERARCHY PROBLEM: ⇤NP � v ≈ mH
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The Higgs as a (p)NG Boson

Unbroken sector  —  HGlobal Symmetry  —  G
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Spontaneous Symmetry Breaking — scale f 
dim(G/H) massless GBs —— 𝝅 = (𝜋1,𝜋2,𝜋3,h,…)
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The Higgs as a (p)NG Boson

Gauging SM group   H and Yukawa couplings≠

Unbroken sector  —  HGlobal Symmetry  —  G

[Georgi, Kaplan (1985), Agashe, Contino, Pomarol (2005)]

Spontaneous Symmetry Breaking — scale f 
dim(G/H) massless GBs —— 𝝅 = (𝜋1,𝜋2,𝜋3,h,…)

Explicit Symmetry Breaking — ξ = v2/f 2 < 1
Non vanishing Higgs mass — m2

h ≲ f 2

 HIGGS/EW HIERARCHY PROBLEM “SOLVED”
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The Higgs as a (p)NG Boson

Contains polynomial dependence on GBs, it is 
non renormalisable: limited energy validity;

(Mostly) Model Independent approach, providing 
a parameterisation of all possible UV completions;

The Composite Higgs Model framework: SSB nonlinearly realised;

Several coset configurations (4 or plus GBs): SO(5)/SO(4), 
SU(5)/SO(5), S0(6)/SO(5), SU(4)/SU(3), SU(4)/Sp(4), …;

Phenomenology discussed in the context of linear (SILH) & 
non-linear (HEFT) Effective Field Theory;

[Giudice (2007), Contino (2011), Alonso (2012), Panico (2012), Redi (2012), Carena (2014), …]
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The Minimal Linear 𝜎-model

Linear vs Non-Linear 𝜎-models

The Minimal Linear SO(5)/SO(4) 𝜎-model (ML𝜎M):

UV complete model based on the SO(5)/SO(4) SSB  
pattern, having the Higgs in the GB sector;

Varying the 𝜎 mass allow to study both the “light” 
and “heavy” limits in a renormalisable framework; 

Indicate the preferred “projections” on the HEFT 
Lagrangian of the MCHM (in the non-linear limit);

Previous attempts only partially covered these items;
[Barbieri (2007), see also: Alanne (2014), Gertov (2015)]
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The Minimal Linear 𝜎-model



General features of the SO(5)/SO(4) ML𝜎M:
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The Minimal Linear 𝜎-model
[Feruglio et al. (2016)]
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The Minimal Linear 𝜎-model

� = (⇡1,⇡2,⇡3, h,�)

[Feruglio et al. (2016)]
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SO(5) (top and bottom partners) and massless SM quarks:
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The Minimal Linear 𝜎-model

� = (⇡1,⇡2,⇡3, h,�)

 ⇠ 5 ! M5

� ⇠ 1 ! M1

→ mt, mb = 0
qL

(tR, bR)

y1  ̄L ��R + y2  ̄R ��L

[Kaplan (1991)]

															SM 

mass terms
⇠⇠⇠
SO(5)

[Feruglio et al. (2016)]
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SO(5) invariant term 

induces SB to SO(4)

Explicit SO(5) breaking 
induced by fermionic loops

The most general renormalisable scalar potential SO(4) invariant 
contains 8 parameters, but only 4 needed for consistency:

The ML𝜎M scalar potential

[Barbieri (2007)]

V (h,�) = �(h2 + �2 � f2)2 + ↵f3� � �f2h2



Needed by pheno 

and 

renormalizability
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SO(5) invariant term 

induces SB to SO(4)

Explicit SO(5) breaking 
induced by fermionic loops

The most general renormalisable scalar potential SO(4) invariant 
contains 8 parameters, but only 4 needed for consistency:

The ML𝜎M scalar potential

[Barbieri (2007)]
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One has the following expressions for vevs and masses:

for the physical light/heavy scalar states (     ) rotated with 
respect to the original fields (     ) by an angle γ:h,�
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The ML𝜎M Scalar Potential — Loops
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The ML𝜎M Scalar Potential — Loops
The generalised fermionic mass matrix of heavy and SM 
fermions contains SO(5) breaking terms (𝚲1, 𝚲2):

! ( = { ,�, t, · · · }) LMf (h,�) R
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The ML𝜎M Scalar Potential — Loops
The generalised fermionic mass matrix of heavy and SM 
fermions contains SO(5) breaking terms (𝚲1, 𝚲2):

The SO(5) breaking propagates to the 1-loop scalar potential:
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The ML𝜎M Scalar Potential — Loops
The generalised fermionic mass matrix of heavy and SM 
fermions contains SO(5) breaking terms (𝚲1, 𝚲2):
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Parameters renormalisation
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The 4 parameters appearing in the scalar Lagrangian can be 
expressed in terms of the 2 known + 2 unknown observables: 

by the following exact relation:  
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Th&Exp Available parameter space

Excluded	by	Higgs	data:	ATLAS	+	CMS		

sin2 � < 0.18

sin2 � > 0.82

Very Light 𝜎 
Non-Linear “regime”

α ≈ β ≪ λ



The KSVZ In 𝝂isible Axion 
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General features of the KSVZ In 𝜈isible Axion:
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[Peccei&Quinn (1977)]

[Kim (1979)] 

[Shiftman et al. (1980)]



General features of the KSVZ In 𝜈isible Axion:

Extra Complex Scalar, SM and SO(5) singlet: 

The KSVZ In 𝝂isible Axion 
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r = scalar,    a	= pseudoscalar	
fa	= axion decay constant⟶s =

rp
2
ei a/fa
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General features of the KSVZ In 𝜈isible Axion:

Extra Complex Scalar, SM and SO(5) singlet: 

Extra Heavy Coloured Fermions Q, EW singlet (but in non—
minimal versions could also be EW charged);

The KSVZ In 𝝂isible Axion 

 

!13

r = scalar,    a	= pseudoscalar	
fa	= axion decay constant⟶s =

rp
2
ei a/fa
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General features of the KSVZ In 𝜈isible Axion:

Extra Complex Scalar, SM and SO(5) singlet: 

Extra Heavy Coloured Fermions Q, EW singlet (but in non—
minimal versions could also be EW charged);

Q and s must transform non—trivially under an additional 
global U(1)PQ symmetry:

The KSVZ In 𝝂isible Axion 
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r = scalar,    a	= pseudoscalar	
fa	= axion decay constant⟶

�Ls = Qi /DQ+ ya
�
QL s QR + h.c.

�

s =
rp
2
ei a/fa
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General features of the KSVZ In 𝜈isible Axion:

Extra Complex Scalar, SM and SO(5) singlet: 

Extra Heavy Coloured Fermions Q, EW singlet (but in non—
minimal versions could also be EW charged);

Q and s must transform non—trivially under an additional 
global U(1)PQ symmetry:

Dirac mass term for Q forbidden by the U(1)PQ symmetry;

The KSVZ In 𝝂isible Axion 
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r = scalar,    a	= pseudoscalar	
fa	= axion decay constant⟶

�Ls = Qi /DQ+ ya
�
QL s QR + h.c.

�

s =
rp
2
ei a/fa
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The EW and U(1)PQ Soft Symmetry Breaking scalar potential:
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The EW and U(1)PQ Soft Symmetry Breaking scalar potential:
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The EW and U(1)PQ Soft Symmetry Breaking scalar potential:

The EW and U(1)PQ scalar get vevs: 
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The EW and U(1)PQ Soft Symmetry Breaking scalar potential:

The EW and U(1)PQ scalar get vevs: 

The Heavy Fermion get a mass term from SSB: MQ / ys fa
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The EW and U(1)PQ Soft Symmetry Breaking scalar potential:

The EW and U(1)PQ scalar get vevs: 

�LU(1)PQ
=

↵s

8⇡

cagg
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aGa,µ⌫ eGa
µ⌫ +

↵

8⇡

ca��
fa

aFµ⌫ eFµ⌫ + · · ·
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The Heavy Fermion get a mass term from SSB: MQ / ys fa
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 Anomalous couplings with Gluons and Photon:
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The EW and U(1)PQ Soft Symmetry Breaking scalar potential:

The EW and U(1)PQ scalar get vevs: 

Solve dynamically the Strong CP problem trough the anomaly;


The most striking signature given by the       coupling;ca��
<latexit sha1_base64="y8DmltZR8H8wp5gCnvm4DQOHn+s=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsxIQZcFNy4r2Ae0w3AnzbShSWZIMkoZ+yluXCji1i9x59+YtrPQ1gP3cjjnXnJzopQzbTzv2yltbG5t75R3K3v7B4dHbvW4o5NMEdomCU9ULwJNOZO0bZjhtJcqCiLitBtNbuZ+94EqzRJ5b6YpDQSMJIsZAWOl0K2SMIfBCIQo+ix0a17dWwCvE78gNVSgFbpfg2FCMkGlIRy07vteaoIclGGE01llkGmaApnAiPYtlSCoDvLF6TN8bpUhjhNlSxq8UH9v5CC0norITgowY73qzcX/vH5m4usgZzLNDJVk+VCccWwSPM8BD5mixPCpJUAUs7diMgYFxNi0KjYEf/XL66RzWfe9un/XqDUbRRxldIrO0AXy0RVqolvUQm1E0CN6Rq/ozXlyXpx352M5WnKKnRP0B87nD4rxlCA=</latexit><latexit sha1_base64="y8DmltZR8H8wp5gCnvm4DQOHn+s=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsxIQZcFNy4r2Ae0w3AnzbShSWZIMkoZ+yluXCji1i9x59+YtrPQ1gP3cjjnXnJzopQzbTzv2yltbG5t75R3K3v7B4dHbvW4o5NMEdomCU9ULwJNOZO0bZjhtJcqCiLitBtNbuZ+94EqzRJ5b6YpDQSMJIsZAWOl0K2SMIfBCIQo+ix0a17dWwCvE78gNVSgFbpfg2FCMkGlIRy07vteaoIclGGE01llkGmaApnAiPYtlSCoDvLF6TN8bpUhjhNlSxq8UH9v5CC0norITgowY73qzcX/vH5m4usgZzLNDJVk+VCccWwSPM8BD5mixPCpJUAUs7diMgYFxNi0KjYEf/XL66RzWfe9un/XqDUbRRxldIrO0AXy0RVqolvUQm1E0CN6Rq/ozXlyXpx352M5WnKKnRP0B87nD4rxlCA=</latexit><latexit sha1_base64="y8DmltZR8H8wp5gCnvm4DQOHn+s=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsxIQZcFNy4r2Ae0w3AnzbShSWZIMkoZ+yluXCji1i9x59+YtrPQ1gP3cjjnXnJzopQzbTzv2yltbG5t75R3K3v7B4dHbvW4o5NMEdomCU9ULwJNOZO0bZjhtJcqCiLitBtNbuZ+94EqzRJ5b6YpDQSMJIsZAWOl0K2SMIfBCIQo+ix0a17dWwCvE78gNVSgFbpfg2FCMkGlIRy07vteaoIclGGE01llkGmaApnAiPYtlSCoDvLF6TN8bpUhjhNlSxq8UH9v5CC0norITgowY73qzcX/vH5m4usgZzLNDJVk+VCccWwSPM8BD5mixPCpJUAUs7diMgYFxNi0KjYEf/XL66RzWfe9un/XqDUbRRxldIrO0AXy0RVqolvUQm1E0CN6Rq/ozXlyXpx352M5WnKKnRP0B87nD4rxlCA=</latexit><latexit sha1_base64="y8DmltZR8H8wp5gCnvm4DQOHn+s=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsxIQZcFNy4r2Ae0w3AnzbShSWZIMkoZ+yluXCji1i9x59+YtrPQ1gP3cjjnXnJzopQzbTzv2yltbG5t75R3K3v7B4dHbvW4o5NMEdomCU9ULwJNOZO0bZjhtJcqCiLitBtNbuZ+94EqzRJ5b6YpDQSMJIsZAWOl0K2SMIfBCIQo+ix0a17dWwCvE78gNVSgFbpfg2FCMkGlIRy07vteaoIclGGE01llkGmaApnAiPYtlSCoDvLF6TN8bpUhjhNlSxq8UH9v5CC0norITgowY73qzcX/vH5m4usgZzLNDJVk+VCccWwSPM8BD5mixPCpJUAUs7diMgYFxNi0KjYEf/XL66RzWfe9un/XqDUbRRxldIrO0AXy0RVqolvUQm1E0CN6Rq/ozXlyXpx352M5WnKKnRP0B87nD4rxlCA=</latexit>
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<latexit sha1_base64="AlX6Cqrb4orNIk/T3QiCr+gmUiI="></latexit><latexit sha1_base64="AlX6Cqrb4orNIk/T3QiCr+gmUiI="></latexit><latexit sha1_base64="AlX6Cqrb4orNIk/T3QiCr+gmUiI="></latexit><latexit sha1_base64="AlX6Cqrb4orNIk/T3QiCr+gmUiI="></latexit>

The Heavy Fermion get a mass term from SSB: MQ / ys fa
<latexit sha1_base64="76P+gfDwXGHjwfxR2l6fXZMoUnU=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXEiZkYIuC27cCC3YWugMQybNtKGZJCQZYRjqxl9x40IRt/6FO//G9LHQ1gOBwzn3cnNOLBnVxvO+ndLK6tr6RnmzsrW9s7vn7h90tMgUJm0smFDdGGnCKCdtQw0jXakISmNG7uPR9cS/fyBKU8HvTC5JmKIBpwnFyFgpco9uoxYMpBLSCAjzSMPgHCYRgpFb9WreFHCZ+HNSBXM0I/cr6AucpYQbzJDWPd+TJiyQMhQzMq4EmSYS4REakJ6lHKVEh8U0wRieWqUPE6Hs4wZO1d8bBUq1ztPYTqbIDPWiNxH/83qZSa7CgnKZGcLx7FCSMWjTTuqAfaoINiy3BGFF7V8hHiKFsLGlVWwJ/mLkZdK5qPlezW/Vq436vI4yOAYn4Az44BI0wA1ogjbA4BE8g1fw5jw5L8678zEbLTnznUPwB87nDwVmlUM=</latexit><latexit sha1_base64="76P+gfDwXGHjwfxR2l6fXZMoUnU=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXEiZkYIuC27cCC3YWugMQybNtKGZJCQZYRjqxl9x40IRt/6FO//G9LHQ1gOBwzn3cnNOLBnVxvO+ndLK6tr6RnmzsrW9s7vn7h90tMgUJm0smFDdGGnCKCdtQw0jXakISmNG7uPR9cS/fyBKU8HvTC5JmKIBpwnFyFgpco9uoxYMpBLSCAjzSMPgHCYRgpFb9WreFHCZ+HNSBXM0I/cr6AucpYQbzJDWPd+TJiyQMhQzMq4EmSYS4REakJ6lHKVEh8U0wRieWqUPE6Hs4wZO1d8bBUq1ztPYTqbIDPWiNxH/83qZSa7CgnKZGcLx7FCSMWjTTuqAfaoINiy3BGFF7V8hHiKFsLGlVWwJ/mLkZdK5qPlezW/Vq436vI4yOAYn4Az44BI0wA1ogjbA4BE8g1fw5jw5L8678zEbLTnznUPwB87nDwVmlUM=</latexit><latexit sha1_base64="76P+gfDwXGHjwfxR2l6fXZMoUnU=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXEiZkYIuC27cCC3YWugMQybNtKGZJCQZYRjqxl9x40IRt/6FO//G9LHQ1gOBwzn3cnNOLBnVxvO+ndLK6tr6RnmzsrW9s7vn7h90tMgUJm0smFDdGGnCKCdtQw0jXakISmNG7uPR9cS/fyBKU8HvTC5JmKIBpwnFyFgpco9uoxYMpBLSCAjzSMPgHCYRgpFb9WreFHCZ+HNSBXM0I/cr6AucpYQbzJDWPd+TJiyQMhQzMq4EmSYS4REakJ6lHKVEh8U0wRieWqUPE6Hs4wZO1d8bBUq1ztPYTqbIDPWiNxH/83qZSa7CgnKZGcLx7FCSMWjTTuqAfaoINiy3BGFF7V8hHiKFsLGlVWwJ/mLkZdK5qPlezW/Vq436vI4yOAYn4Az44BI0wA1ogjbA4BE8g1fw5jw5L8678zEbLTnznUPwB87nDwVmlUM=</latexit><latexit sha1_base64="76P+gfDwXGHjwfxR2l6fXZMoUnU=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXEiZkYIuC27cCC3YWugMQybNtKGZJCQZYRjqxl9x40IRt/6FO//G9LHQ1gOBwzn3cnNOLBnVxvO+ndLK6tr6RnmzsrW9s7vn7h90tMgUJm0smFDdGGnCKCdtQw0jXakISmNG7uPR9cS/fyBKU8HvTC5JmKIBpwnFyFgpco9uoxYMpBLSCAjzSMPgHCYRgpFb9WreFHCZ+HNSBXM0I/cr6AucpYQbzJDWPd+TJiyQMhQzMq4EmSYS4REakJ6lHKVEh8U0wRieWqUPE6Hs4wZO1d8bBUq1ztPYTqbIDPWiNxH/83qZSa7CgnKZGcLx7FCSMWjTTuqAfaoINiy3BGFF7V8hHiKFsLGlVWwJ/mLkZdK5qPlezW/Vq436vI4yOAYn4Az44BI0wA1ogjbA4BE8g1fw5jw5L8678zEbLTnznUPwB87nDwVmlUM=</latexit>

 Anomalous couplings with Gluons and Photon:

�s� = 0 !?

hhi = v , hsi = hrip
2
=

fsp
2
⌘ fap

2

V (H, s) = �(2H†
H � v

2)2 + �s(2 s
⇤
s� f

2
s )

2 � 4�s�(s
⇤
s)(H†

H)



 

 

!15

The Axion Minimal Linear 𝜎-model



How to implement the KSVZ axion in the ML𝜎M:
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The Axion Minimal Linear 𝜎-model



How to implement the KSVZ axion in the ML𝜎M:
Extend the scalar sector: real scalar in the fundamental of 
SO(5) plus a complex scalar singlet of SO(5): 
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The Axion Minimal Linear 𝜎-model

s =
rp
2
ei a/fa

<latexit sha1_base64="JecHTMayeVyv0C1qKvyVxyA+eDY=">AAACLHicbVDLSgMxFM34tr6qLt0Ei+BC6kwRdCMIblwq2Ad0asmkdzSYeZjcEUvIB7nxVwRxoYhbv8P0sdDqgcDhnHNzkxPlUmj0/Xdvanpmdm5+YbG0tLyyulZe32jorFAc6jyTmWpFTIMUKdRRoIRWroAlkYRmdHs68Jv3oLTI0kvs59BJ2HUqYsEZOqlbPg0RHnB4j1HQs0bb4zBWjBtlTajvFJqatRSujAj3JrPM7sddZrvlil/1h6B/STAmFTLGebf8EvYyXiSQIpdM63bg59gxTKHgEmwpLDTkjN+ya2g7mrIEdMcMF1u645QejTPlTop0qP6cMCzRup9ELpkwvNGT3kD8z2sXGB91jEjzAiHlo0VxISlmdNAc7QkFHGXfEcaVcG+l/Ia5qtD1W3IlBJNf/ksatWrgV4OLg8rJwbiOBbJFtskuCcghOSFn5JzUCSeP5Jm8kXfvyXv1PrzPUXTKG89skl/wvr4B1liq7Q==</latexit><latexit sha1_base64="JecHTMayeVyv0C1qKvyVxyA+eDY=">AAACLHicbVDLSgMxFM34tr6qLt0Ei+BC6kwRdCMIblwq2Ad0asmkdzSYeZjcEUvIB7nxVwRxoYhbv8P0sdDqgcDhnHNzkxPlUmj0/Xdvanpmdm5+YbG0tLyyulZe32jorFAc6jyTmWpFTIMUKdRRoIRWroAlkYRmdHs68Jv3oLTI0kvs59BJ2HUqYsEZOqlbPg0RHnB4j1HQs0bb4zBWjBtlTajvFJqatRSujAj3JrPM7sddZrvlil/1h6B/STAmFTLGebf8EvYyXiSQIpdM63bg59gxTKHgEmwpLDTkjN+ya2g7mrIEdMcMF1u645QejTPlTop0qP6cMCzRup9ELpkwvNGT3kD8z2sXGB91jEjzAiHlo0VxISlmdNAc7QkFHGXfEcaVcG+l/Ia5qtD1W3IlBJNf/ksatWrgV4OLg8rJwbiOBbJFtskuCcghOSFn5JzUCSeP5Jm8kXfvyXv1PrzPUXTKG89skl/wvr4B1liq7Q==</latexit><latexit sha1_base64="JecHTMayeVyv0C1qKvyVxyA+eDY=">AAACLHicbVDLSgMxFM34tr6qLt0Ei+BC6kwRdCMIblwq2Ad0asmkdzSYeZjcEUvIB7nxVwRxoYhbv8P0sdDqgcDhnHNzkxPlUmj0/Xdvanpmdm5+YbG0tLyyulZe32jorFAc6jyTmWpFTIMUKdRRoIRWroAlkYRmdHs68Jv3oLTI0kvs59BJ2HUqYsEZOqlbPg0RHnB4j1HQs0bb4zBWjBtlTajvFJqatRSujAj3JrPM7sddZrvlil/1h6B/STAmFTLGebf8EvYyXiSQIpdM63bg59gxTKHgEmwpLDTkjN+ya2g7mrIEdMcMF1u645QejTPlTop0qP6cMCzRup9ELpkwvNGT3kD8z2sXGB91jEjzAiHlo0VxISlmdNAc7QkFHGXfEcaVcG+l/Ia5qtD1W3IlBJNf/ksatWrgV4OLg8rJwbiOBbJFtskuCcghOSFn5JzUCSeP5Jm8kXfvyXv1PrzPUXTKG89skl/wvr4B1liq7Q==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="5zvMuEGnelEPauWGgthBQFVyW6w=">AAACIXicbZBNSwMxEIZn/bZ+Va9egiJ4kLrrRS+C0ItHBatCt5ZsOqvB7IfJrFhCfpAX/4ogHhTxv5jWHrQ6EHh538lM8iSlkobC8D2YmJyanpmdm68tLC4tr9RXF89NUWmBLVGoQl8m3KCSObZIksLLUiPPEoUXyW1zkF/cozayyM+oX2In49e5TKXg5K1uvRkTPtBwjtXYc9a4wzjVXFjtbGzuNNk95xheWRnvjPdyt5t2uevWN8NGOCz2V0QjsQmjOunWX+JeIaoMcxKKG9OOwpI6lmuSQqGrxZXBkotbfo1tL3OeoenY4WLHtrzTY2mh/cmJDd2fNyzPjOlnie/MON2Y8Wxg/pe1K0oPOlbmZUWYi+9FaaUYFWxAjvWkRkGq7wUXWvq3MnHDPSryfGseQjT+5b/ifK8RhY3oNIQ5WIcN2IYI9uEIjuEEWiDgEZ7hDd6Dp+A1+PjGNRGMuK3Brwo+vwCIHKlk</latexit><latexit sha1_base64="5zvMuEGnelEPauWGgthBQFVyW6w=">AAACIXicbZBNSwMxEIZn/bZ+Va9egiJ4kLrrRS+C0ItHBatCt5ZsOqvB7IfJrFhCfpAX/4ogHhTxv5jWHrQ6EHh538lM8iSlkobC8D2YmJyanpmdm68tLC4tr9RXF89NUWmBLVGoQl8m3KCSObZIksLLUiPPEoUXyW1zkF/cozayyM+oX2In49e5TKXg5K1uvRkTPtBwjtXYc9a4wzjVXFjtbGzuNNk95xheWRnvjPdyt5t2uevWN8NGOCz2V0QjsQmjOunWX+JeIaoMcxKKG9OOwpI6lmuSQqGrxZXBkotbfo1tL3OeoenY4WLHtrzTY2mh/cmJDd2fNyzPjOlnie/MON2Y8Wxg/pe1K0oPOlbmZUWYi+9FaaUYFWxAjvWkRkGq7wUXWvq3MnHDPSryfGseQjT+5b/ifK8RhY3oNIQ5WIcN2IYI9uEIjuEEWiDgEZ7hDd6Dp+A1+PjGNRGMuK3Brwo+vwCIHKlk</latexit><latexit sha1_base64="mfP/eVQpA84xg5yXx+6OAqAHjHQ=">AAACLHicbVDLSgMxFM34tr6qLt0Ei+BC6kwRdCMIblwqWFvo1JJJ72gw8zC5I5aQD3LjrwjiQhG3fofpY6GtBwKHc87NTU6US6HR9z+8qemZ2bn5hcXS0vLK6lp5feNKZ4XiUOeZzFQzYhqkSKGOAiU0cwUsiSQ0orvTvt94AKVFll5iL4d2wm5SEQvO0Emd8mmI8IiDe4yCrjXaHoexYtwoa0J9r9DUrKVwbUS4N55ldj/uMNspV/yqPwCdJMGIVMgI553ya9jNeJFAilwyrVuBn2PbMIWCS7ClsNCQM37HbqDlaMoS0G0zWGzpjlO6NM6UOynSgfp7wrBE614SuWTC8FaPe33xP69VYHzUNiLNC4SUDxfFhaSY0X5ztCsUcJQ9RxhXwr2V8lvmqkLXb8mVEIx/eZJc1aqBXw0u/MrJwaiOBbJFtskuCcghOSFn5JzUCSdP5IW8kw/v2XvzPr2vYXTKG81skj/wvn8A1Riq6Q==</latexit><latexit sha1_base64="JecHTMayeVyv0C1qKvyVxyA+eDY=">AAACLHicbVDLSgMxFM34tr6qLt0Ei+BC6kwRdCMIblwq2Ad0asmkdzSYeZjcEUvIB7nxVwRxoYhbv8P0sdDqgcDhnHNzkxPlUmj0/Xdvanpmdm5+YbG0tLyyulZe32jorFAc6jyTmWpFTIMUKdRRoIRWroAlkYRmdHs68Jv3oLTI0kvs59BJ2HUqYsEZOqlbPg0RHnB4j1HQs0bb4zBWjBtlTajvFJqatRSujAj3JrPM7sddZrvlil/1h6B/STAmFTLGebf8EvYyXiSQIpdM63bg59gxTKHgEmwpLDTkjN+ya2g7mrIEdMcMF1u645QejTPlTop0qP6cMCzRup9ELpkwvNGT3kD8z2sXGB91jEjzAiHlo0VxISlmdNAc7QkFHGXfEcaVcG+l/Ia5qtD1W3IlBJNf/ksatWrgV4OLg8rJwbiOBbJFtskuCcghOSFn5JzUCSeP5Jm8kXfvyXv1PrzPUXTKG89skl/wvr4B1liq7Q==</latexit><latexit sha1_base64="JecHTMayeVyv0C1qKvyVxyA+eDY=">AAACLHicbVDLSgMxFM34tr6qLt0Ei+BC6kwRdCMIblwq2Ad0asmkdzSYeZjcEUvIB7nxVwRxoYhbv8P0sdDqgcDhnHNzkxPlUmj0/Xdvanpmdm5+YbG0tLyyulZe32jorFAc6jyTmWpFTIMUKdRRoIRWroAlkYRmdHs68Jv3oLTI0kvs59BJ2HUqYsEZOqlbPg0RHnB4j1HQs0bb4zBWjBtlTajvFJqatRSujAj3JrPM7sddZrvlil/1h6B/STAmFTLGebf8EvYyXiSQIpdM63bg59gxTKHgEmwpLDTkjN+ya2g7mrIEdMcMF1u645QejTPlTop0qP6cMCzRup9ELpkwvNGT3kD8z2sXGB91jEjzAiHlo0VxISlmdNAc7QkFHGXfEcaVcG+l/Ia5qtD1W3IlBJNf/ksatWrgV4OLg8rJwbiOBbJFtskuCcghOSFn5JzUCSeP5Jm8kXfvyXv1PrzPUXTKG89skl/wvr4B1liq7Q==</latexit><latexit sha1_base64="JecHTMayeVyv0C1qKvyVxyA+eDY=">AAACLHicbVDLSgMxFM34tr6qLt0Ei+BC6kwRdCMIblwq2Ad0asmkdzSYeZjcEUvIB7nxVwRxoYhbv8P0sdDqgcDhnHNzkxPlUmj0/Xdvanpmdm5+YbG0tLyyulZe32jorFAc6jyTmWpFTIMUKdRRoIRWroAlkYRmdHs68Jv3oLTI0kvs59BJ2HUqYsEZOqlbPg0RHnB4j1HQs0bb4zBWjBtlTajvFJqatRSujAj3JrPM7sddZrvlil/1h6B/STAmFTLGebf8EvYyXiSQIpdM63bg59gxTKHgEmwpLDTkjN+ya2g7mrIEdMcMF1u645QejTPlTop0qP6cMCzRup9ELpkwvNGT3kD8z2sXGB91jEjzAiHlo0VxISlmdNAc7QkFHGXfEcaVcG+l/Ia5qtD1W3IlBJNf/ksatWrgV4OLg8rJwbiOBbJFtskuCcghOSFn5JzUCSeP5Jm8kXfvyXv1PrzPUXTKG89skl/wvr4B1liq7Q==</latexit><latexit sha1_base64="JecHTMayeVyv0C1qKvyVxyA+eDY=">AAACLHicbVDLSgMxFM34tr6qLt0Ei+BC6kwRdCMIblwq2Ad0asmkdzSYeZjcEUvIB7nxVwRxoYhbv8P0sdDqgcDhnHNzkxPlUmj0/Xdvanpmdm5+YbG0tLyyulZe32jorFAc6jyTmWpFTIMUKdRRoIRWroAlkYRmdHs68Jv3oLTI0kvs59BJ2HUqYsEZOqlbPg0RHnB4j1HQs0bb4zBWjBtlTajvFJqatRSujAj3JrPM7sddZrvlil/1h6B/STAmFTLGebf8EvYyXiSQIpdM63bg59gxTKHgEmwpLDTkjN+ya2g7mrIEdMcMF1u645QejTPlTop0qP6cMCzRup9ELpkwvNGT3kD8z2sXGB91jEjzAiHlo0VxISlmdNAc7QkFHGXfEcaVcG+l/Ia5qtD1W3IlBJNf/ksatWrgV4OLg8rJwbiOBbJFtskuCcghOSFn5JzUCSeP5Jm8kXfvyXv1PrzPUXTKG89skl/wvr4B1liq7Q==</latexit><latexit sha1_base64="JecHTMayeVyv0C1qKvyVxyA+eDY=">AAACLHicbVDLSgMxFM34tr6qLt0Ei+BC6kwRdCMIblwq2Ad0asmkdzSYeZjcEUvIB7nxVwRxoYhbv8P0sdDqgcDhnHNzkxPlUmj0/Xdvanpmdm5+YbG0tLyyulZe32jorFAc6jyTmWpFTIMUKdRRoIRWroAlkYRmdHs68Jv3oLTI0kvs59BJ2HUqYsEZOqlbPg0RHnB4j1HQs0bb4zBWjBtlTajvFJqatRSujAj3JrPM7sddZrvlil/1h6B/STAmFTLGebf8EvYyXiSQIpdM63bg59gxTKHgEmwpLDTkjN+ya2g7mrIEdMcMF1u645QejTPlTop0qP6cMCzRup9ELpkwvNGT3kD8z2sXGB91jEjzAiHlo0VxISlmdNAc7QkFHGXfEcaVcG+l/Ia5qtD1W3IlBJNf/ksatWrgV4OLg8rJwbiOBbJFtskuCcghOSFn5JzUCSeP5Jm8kXfvyXv1PrzPUXTKG89skl/wvr4B1liq7Q==</latexit><latexit sha1_base64="JecHTMayeVyv0C1qKvyVxyA+eDY=">AAACLHicbVDLSgMxFM34tr6qLt0Ei+BC6kwRdCMIblwq2Ad0asmkdzSYeZjcEUvIB7nxVwRxoYhbv8P0sdDqgcDhnHNzkxPlUmj0/Xdvanpmdm5+YbG0tLyyulZe32jorFAc6jyTmWpFTIMUKdRRoIRWroAlkYRmdHs68Jv3oLTI0kvs59BJ2HUqYsEZOqlbPg0RHnB4j1HQs0bb4zBWjBtlTajvFJqatRSujAj3JrPM7sddZrvlil/1h6B/STAmFTLGebf8EvYyXiSQIpdM63bg59gxTKHgEmwpLDTkjN+ya2g7mrIEdMcMF1u645QejTPlTop0qP6cMCzRup9ELpkwvNGT3kD8z2sXGB91jEjzAiHlo0VxISlmdNAc7QkFHGXfEcaVcG+l/Ia5qtD1W3IlBJNf/ksatWrgV4OLg8rJwbiOBbJFtskuCcghOSFn5JzUCSeP5Jm8kXfvyXv1PrzPUXTKG89skl/wvr4B1liq7Q==</latexit>
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[Brivio et al. 1710:07715]



How to implement the KSVZ axion in the ML𝜎M:
Extend the scalar sector: real scalar in the fundamental of 
SO(5) plus a complex scalar singlet of SO(5): 
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The Axion Minimal Linear 𝜎-model
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[Brivio et al. 1710:07715]

Following KSVZ add the SO(5) invariant Yukawa like couplings 
between heavy fermions and the complex scalar field s:



How to implement the KSVZ axion in the ML𝜎M:
Extend the scalar sector: real scalar in the fundamental of 
SO(5) plus a complex scalar singlet of SO(5): 
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[Brivio et al. 1710:07715]

Following KSVZ add the SO(5) invariant Yukawa like couplings 
between heavy fermions and the complex scalar field s:

But in a more general framework you can also “promote” some 
(all) the SO(5) breaking partial compositeness couplings:

�Ls = �1s (qL�2⇥5) R + �2s L(�5⇥1tR) + �3s�LtR



How to implement the KSVZ axion in the ML𝜎M:
Extend the scalar sector: real scalar in the fundamental of 
SO(5) plus a complex scalar singlet of SO(5): 
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The Axion Minimal Linear 𝜎-model

s =
rp
2
ei a/fa
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Following KSVZ add the SO(5) invariant Yukawa like couplings 
between heavy fermions and the complex scalar field s:

But in a more general framework you can also “promote” some 
(all) the SO(5) breaking partial compositeness couplings:

�Ls = �1s (qL�2⇥5) R + �2s L(�5⇥1tR) + �3s�LtR

Not	considered	in	the	following	(non	minimal	KSVZ)
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The Axion Minimal Linear 𝜎-model
Write the most general SO(5)/SO(4) scalar potential, including 
one loop CW divergent terms and counter—terms:

V (�, s) = V SSB(�, s) + V CW(�, s) + V c.t.(�, s)
<latexit sha1_base64="48EraQRSyndiYmmSU+ufj/0ADQo="></latexit><latexit sha1_base64="48EraQRSyndiYmmSU+ufj/0ADQo="></latexit><latexit sha1_base64="48EraQRSyndiYmmSU+ufj/0ADQo="></latexit><latexit sha1_base64="48EraQRSyndiYmmSU+ufj/0ADQo="></latexit>

SSB sectors for SO(5) 

and U(1)PQ symmetries 

SO(5) and U(1)PQ breaking terms 
needed by renormalisability

[Merlo et al. 1710:10500]
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The Axion Minimal Linear 𝜎-model
Write the most general SO(5)/SO(4) scalar potential, including 
one loop CW divergent terms and counter—terms:

V SSB(�, s) = �(�T�� f2)2 + �s(2 s
⇤s� f2

s )
2 � 2�s� (s

⇤s)
�
�T�

�
<latexit sha1_base64="kn9Id1V+nqwgXkrDJ/2SU5EH9UI="></latexit><latexit sha1_base64="QFRmAKHJb/j+TtBZ2t6U9yFLhyg="></latexit><latexit sha1_base64="QFRmAKHJb/j+TtBZ2t6U9yFLhyg="></latexit><latexit sha1_base64="RE/qtGGHbmVl1/i7x8luyo4zwrs="></latexit>

V (�, s) = V SSB(�, s) + V CW(�, s) + V c.t.(�, s)
<latexit sha1_base64="48EraQRSyndiYmmSU+ufj/0ADQo="></latexit><latexit sha1_base64="48EraQRSyndiYmmSU+ufj/0ADQo="></latexit><latexit sha1_base64="48EraQRSyndiYmmSU+ufj/0ADQo="></latexit><latexit sha1_base64="48EraQRSyndiYmmSU+ufj/0ADQo="></latexit>

SSB sectors for SO(5) 

and U(1)PQ symmetries 

SO(5) and U(1)PQ breaking terms 
needed by renormalisability

[Merlo et al. 1710:10500]

5 SO(5) invariant parameters (3 couplings and 2 scales); 
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Write the most general SO(5)/SO(4) scalar potential, including 
one loop CW divergent terms and counter—terms:

V SSB(�, s) = �(�T�� f2)2 + �s(2 s
⇤s� f2

s )
2 � 2�s� (s

⇤s)
�
�T�

�
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V
CW(�, s) = [SO(5)]inv + d̃1� + (ã1 + d̃2)h

2 + b̃1h
4

+ d̂1�(s+ s
⇤) + d̂2(�

T
�)(s+ s

⇤) + d̂3(�
T
�)(ss+ s

⇤
s
⇤)

V (�, s) = V SSB(�, s) + V CW(�, s) + V c.t.(�, s)
<latexit sha1_base64="48EraQRSyndiYmmSU+ufj/0ADQo="></latexit><latexit sha1_base64="48EraQRSyndiYmmSU+ufj/0ADQo="></latexit><latexit sha1_base64="48EraQRSyndiYmmSU+ufj/0ADQo="></latexit><latexit sha1_base64="48EraQRSyndiYmmSU+ufj/0ADQo="></latexit>

SSB sectors for SO(5) 

and U(1)PQ symmetries 

SO(5) and U(1)PQ breaking terms 
needed by renormalisability

[Merlo et al. 1710:10500]

5 SO(5) invariant parameters (3 couplings and 2 scales); 

4 SO(5) breaking parameters and 3 U(1)PQ breaking 
parameters in the divergent CW one—loop term;
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The scalar potential of the AML𝜎M

ã1 =
1

8

�
g2 + g02

�

b̃1 =
1

64

h
2 g4 +

�
g2 + g02

�2i

<latexit sha1_base64="wMmLUnt3m28jOS9fs8hZXdIoFVU="></latexit><latexit sha1_base64="wMmLUnt3m28jOS9fs8hZXdIoFVU="></latexit><latexit sha1_base64="wMmLUnt3m28jOS9fs8hZXdIoFVU="></latexit><latexit sha1_base64="wMmLUnt3m28jOS9fs8hZXdIoFVU="></latexit>

d̃1 = 4(y1M1 + y2M5)⇤2⇤3

d̃2 = y22⇤
2
1 � 2 y21⇤

2
2

d̂1 = 2 y1(z1 + z̃1)⇤2⇤3 + 2 y2(z5 + z̃5)⇤2⇤3

d̂2 = 2 y1y2(z1 + z̃1)M5 + 2 y1y2(z5 + z̃5)M1

d̂3 = 2 y1y2 (z1z5 + z̃1z̃5) .
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Explicit expressions for CW divergent terms generated by 
fermionic and bosonic one-loop diagrams:
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Explicit expressions for CW divergent terms generated by 
fermionic and bosonic one-loop diagrams:

d̃1 = 4(y1M1 + y2M5)⇤2⇤3

d̃2 = y22⇤
2
1 � 2 y21⇤

2
2

d̂1 = 2 y1(z1 + z̃1)⇤2⇤3 + 2 y2(z5 + z̃5)⇤2⇤3

d̂2 = 2 y1y2(z1 + z̃1)M5 + 2 y1y2(z5 + z̃5)M1

d̂3 = 2 y1y2 (z1z5 + z̃1z̃5) .

Fermionic and gauge contribution to SO(5) breaking sector; 
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Explicit expressions for CW divergent terms generated by 
fermionic and bosonic one-loop diagrams:

d̃1 = 4(y1M1 + y2M5)⇤2⇤3

d̃2 = y22⇤
2
1 � 2 y21⇤

2
2

d̂1 = 2 y1(z1 + z̃1)⇤2⇤3 + 2 y2(z5 + z̃5)⇤2⇤3

d̂2 = 2 y1y2(z1 + z̃1)M5 + 2 y1y2(z5 + z̃5)M1

d̂3 = 2 y1y2 (z1z5 + z̃1z̃5) .

Fermionic and gauge contribution to SO(5) breaking sector; 

Fermionic contribution to U(1)PQ breaking parameters:
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The scalar potential of the AML𝜎M



A plethora of possible different PQ realisations;
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The scalar potential of the AML𝜎M
[Brivio et al. (2017)]
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The scalar potential of the AML𝜎M

Assuming U(1)PQ is a good HE symmetry assign U(1)PQ charges 
to fermions and retain only U(1)PQ invariant couplings. Example

[Brivio et al. (2017)]
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The scalar potential of the AML𝜎M

Assuming U(1)PQ is a good HE symmetry assign U(1)PQ charges 
to fermions and retain only U(1)PQ invariant couplings. Example

Choose the charges for having a “minimal” number of 
parameter in the potential (gauge contributions in CW):

[Brivio et al. (2017)]

VM = �(h2 + �2 � f2)2 + �s(r
2 � f2

s )
2 � �s� r

2(h2 + �2)� �f2h2 + �h4



A plethora of possible different PQ realisations;
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The scalar potential of the AML𝜎M

Assuming U(1)PQ is a good HE symmetry assign U(1)PQ charges 
to fermions and retain only U(1)PQ invariant couplings. Example

Choose the charges for having a “minimal” number of 
parameter in the potential (gauge contributions in CW):

[Brivio et al. (2017)]

[Merlo et al. (2017)] Minimal AML𝜎M d̂i = 0 & d̃i = 0

VM = �(h2 + �2 � f2)2 + �s(r
2 � f2

s )
2 � �s� r

2(h2 + �2)� �f2h2 + �h4
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The Hierarchy problem in KSVZ



In KSVZ frameworks the PQ symmetry is usually nonlinearly 
realised, i.e. the moduli field r is integrated out and only the 
axion remains at Low Energy:
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See F. Pobbe and J. Alonso posters for more pheno;

mr /
p

8�sfs =) (�s, fs/f) � 1

The LO potential and vevs at Low Energy read:

V LO

R (h,�) = �R(h
2 + �2 � f2

R)� �Rf
2

Rh
2 + �h4

v2h =
�R

2�
f2
R , v2� =

✓
1� �R

2�

◆
f2
R
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            unless the unnatural condition           is imposed;�s� ⌘ 0fR ⇡ fs
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Extended Invisible Axions (ALPS) natural frameworks ? 
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The Heavy Fermion content

 (5)
�1/3 ⇠ (Q0, X 0, B(5)),

 (5)
+2/3 ⇠ (X,Q, T (5)),  (1)

+2/3 ⇠ T (1)

 (1)
�1/3 ⇠ B(1)

Two type of fermions with different charge under an extra U(1)X 

can be defined (X=2/3 and X=-1/3) for the 5 and the 1 of SO(5):

The decomposition of fermions under SU(2)L x U(1)Y group is shown

qL qLtR bR
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The Heavy Fermion Lagrangian
The SO(5) preserving part of the Lagrangian includes the 
proto-Yukawa interactions with the scalar multiplet:

The SO(5) breaking part of the fermionic Lagrangian is given 
by partial-compositeness couplings with SM (massless) fermion

[Kaplan ’91]

L⇠⇠⇠SO(5) = �
h
⇤1q̄LQR + ⇤2T̄

(5)
L

tR + ⇤3T̄
(1)
L

tR + h.c.
i

�
h
⇤0
1q̄LQ

0
R

+ ⇤0
2B̄

(5)
L

bR + ⇤0
3B̄

(1)
L

bR + h.c.
i

LSO(5) =  ̄(2/3)
�
i /D �M5

�
 (2/3) +  ̄(�1/3)

�
i /D �M 0

5

�
 (�1/3)

+ �̄(2/3)
�
i /D �M1

�
�(2/3) + �̄(�1/3)

�
i /D �M 0

1

�
�(�1/3)

� y1  ̄
(2/3)
L

��(2/3)
R

� y2  ̄
(2/3)
R

��(2/3)
L

� y01  ̄
(�1/3)
L

��(�1/3)
R

� y02  ̄
(�1/3)
R

�



 

 

!24

SM fermion mass generation
Combining the SO(5) invariant proto-Yukawas with the SO(5) 
breaking partial composite interactions:

one gives rise to a see-saw mechanism for generating the SM 
fermion masses. The leading order can be obtained schematically 

qL �!
⇤1

QR �!
M5

QL �!
y1hHi

T (1)
R

�!
M1

T (1)
L

�!
⇤3

tR

yt ⇠ y1
⇤1⇤3

M1M5
v yb ⇠ y01

⇤0
1⇤

0
3

M 0
1M

0
5

vand



The first term identify the Gauge Boson masses:


The scalar-gauge couplings are “SM like” but with a cos 𝛾 
suppression for    (and a sin 𝛾 suppression for  )
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The SO(5)/SO(4) scalar-gauge sector

M2
W =

g2 v2h
4

, M2
Z =

(g2 + g02) v2h
4

! vh ⌘ v = 246GeV

Setting the notation useful in the next slides:

H =
(h+ v)p

2
U

✓
0
1

◆
, U(x) = ei

⇡(x)
f

DµU(x) ⌘ @µU+ i
g

2
W a

µ�aU� i
g0

2
BµU�3 Vµ = (DµU)U†

The SO(5)/SO(4) scalar-gauge sector reads (σ is a SM singlet) 

h̃ �̃

Lg,s ⌘ (DµH)† (DµH) � v
2
h

4
hVµV

µi+ vh

2

⇣
h̃ cos � + �̃ sin �

⌘
hVµV

µi

+
1

4

⇣
h̃
2 cos2 � + 2 h̃ �̃ sin � cos � + �̃

2 sin2 �
⌘
hVµV

µi


