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Main effort in France from Aldo Deandrea and 
myself (as far as I know)


Composite Higgs models offer a natural physics 
case for the FCC programme


Case study 1: Axion-Like Particles can be 
directly produced


Case study 2: indirect probes via Higgs and EW 
precision measurements


Case study 3: high energy probes (beyond e+e-)

Outlook



Axion-Like Particles
ALPs arise from spontaneously broken 
global symmetries, not related to QCD.


Predicted by many BSM models.

Caveat: bounds and searches

are not model-independent!


Here, assumed ‘only’ coupling

to photons…



be above 1MeV. In Section 4 the preferred region of parameter space in which an ALP can
explain the anomalous magnetic moment of the muon is derived. Section 5 is devoted to a
detailed discussion of the exotic Higgs decays h ! Za and h ! aa. We discuss which regions
of parameter space can be probed with 300 fb�1 of integrated luminosity in Run-2 of the LHC,
and which regions can already be excluded using existing searches. In Section 6 we extend
this discussion to the exotic decay Z ! �a, and we study Z-pole constraints from electroweak
precision tests. We conclude in Section 7. Technical details of our calculations are relegated
to four appendices.

2 E↵ective Lagrangian for ALPs

We assume the existence of a new spin-0 resonance a, which is a gauge-singlet under the SM
gauge group. Its mass ma is assumed to be smaller than the electroweak scale. A natural way
to get such a light particle is by imposing a shift symmetry, a ! a+ c, where c is a constant.
We will furthermore assume that the UV theory is CP invariant, and that CP is broken only
by the SM Yukawa interactions. The particle a is supposed to be odd under CP. Then the
most general e↵ective Lagrangian including operators of dimension up to 5 (written in the
unbroken phase of the electroweak symmetry) reads [51]
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where we have allowed for an explicit shift-symmetry breaking mass term ma,0 (see below).
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B↵� etc. (with ✏0123 = 1). The advantage of factoring out the gauge couplings
in the terms in the second line is that in this way the corresponding Wilson coe�cients are
scale invariant at one-loop order (see e.g. [52] for a recent discussion of the evolution equations
beyond leading order). The sum in the first line extends over the chiral fermion multiplets F
of the SM. The quantities CF are hermitian matrices in generation space. For the couplings
of a to the U(1)Y and SU(2)L gauge fields, the additional terms arising from a constant shift
a ! a+ c of the ALP field can be removed by field redefinitions. The coupling to QCD gauge
fields is not invariant under a continuous shift transformation because of instanton e↵ects,
which however preserve a discrete version of the shift symmetry. Above we have indicated the
suppression of the dimension-5 operators with a new-physics scale ⇤, which is the characteristic
scale of global symmetry breaking, assumed to be above the weak scale. In the literature on
axion phenomenology one often eliminates ⇤ in favor of the “axion decay constant” fa, defined
such that ⇤/|CGG| = 32⇡2

fa. Note that at dimension-5 order there are no ALP couplings to
the Higgs doublet �. The only candidate for such an interaction is
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Typical ALP Lagrangian:

At low energies:

Cγγ = CWW + CBB CZγ = c2
WCWW − s2

WCBB

where



Typical ALP Lagrangian:

At tera-Z, the production depends on CZγ

VBF depends on , etcCγγ
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M.Bauer et al, 1708.00443



be above 1MeV. In Section 4 the preferred region of parameter space in which an ALP can
explain the anomalous magnetic moment of the muon is derived. Section 5 is devoted to a
detailed discussion of the exotic Higgs decays h ! Za and h ! aa. We discuss which regions
of parameter space can be probed with 300 fb�1 of integrated luminosity in Run-2 of the LHC,
and which regions can already be excluded using existing searches. In Section 6 we extend
this discussion to the exotic decay Z ! �a, and we study Z-pole constraints from electroweak
precision tests. We conclude in Section 7. Technical details of our calculations are relegated
to four appendices.

2 E↵ective Lagrangian for ALPs

We assume the existence of a new spin-0 resonance a, which is a gauge-singlet under the SM
gauge group. Its mass ma is assumed to be smaller than the electroweak scale. A natural way
to get such a light particle is by imposing a shift symmetry, a ! a+ c, where c is a constant.
We will furthermore assume that the UV theory is CP invariant, and that CP is broken only
by the SM Yukawa interactions. The particle a is supposed to be odd under CP. Then the
most general e↵ective Lagrangian including operators of dimension up to 5 (written in the
unbroken phase of the electroweak symmetry) reads [51]

L
D5

e↵
=

1

2
(@µa)(@

µ
a) �

m
2

a,0

2
a
2 +

@
µ
a

⇤

X

F

 ̄F CF �µ  F

+ g
2

s CGG
a

⇤
G

A
µ⌫ G̃

µ⌫,A + g
2
CWW

a

⇤
W

A
µ⌫ W̃

µ⌫,A + g
0 2
CBB

a

⇤
Bµ⌫ B̃

µ⌫
,

(1)

where we have allowed for an explicit shift-symmetry breaking mass term ma,0 (see below).
G

A
µ⌫ , W

A
µ⌫ and Bµ⌫ are the field strength tensors of SU(3)c, SU(2)L and U(1)Y , and gs, g and

g
0 denote the corresponding coupling constants. The dual field strength tensors are defined as

B̃
µ⌫ = 1

2
✏
µ⌫↵�

B↵� etc. (with ✏0123 = 1). The advantage of factoring out the gauge couplings
in the terms in the second line is that in this way the corresponding Wilson coe�cients are
scale invariant at one-loop order (see e.g. [52] for a recent discussion of the evolution equations
beyond leading order). The sum in the first line extends over the chiral fermion multiplets F
of the SM. The quantities CF are hermitian matrices in generation space. For the couplings
of a to the U(1)Y and SU(2)L gauge fields, the additional terms arising from a constant shift
a ! a+ c of the ALP field can be removed by field redefinitions. The coupling to QCD gauge
fields is not invariant under a continuous shift transformation because of instanton e↵ects,
which however preserve a discrete version of the shift symmetry. Above we have indicated the
suppression of the dimension-5 operators with a new-physics scale ⇤, which is the characteristic
scale of global symmetry breaking, assumed to be above the weak scale. In the literature on
axion phenomenology one often eliminates ⇤ in favor of the “axion decay constant” fa, defined
such that ⇤/|CGG| = 32⇡2

fa. Note that at dimension-5 order there are no ALP couplings to
the Higgs doublet �. The only candidate for such an interaction is

OZh =
(@µa)

⇤

�
�
†
iDµ �+ h.c.

�
! �

g

2cw

(@µa)

⇤
Zµ (v + h)2 , (2)

4

EW ALP scenario:

Weak axion (from B+L)
G.Cacciapaglia, F.Sannino, J.Turner, 2510.14104

Larger mass to avoid

stellar cooling bounds

Red Giant cooling

Pr
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Photo-phobic Photo-philic
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Photons (WZW interaction is Zero!!)

WZW interaction to photons 

(like the pion)

eg. SU(4)/SP(4), 

SU(4)xSU(4)/SU(4)   

eg. SU(5)/SO(5),

SU(6)/SO(6)  

Tera-Z portal to compositeness

(via ALPs) G.Cacciapaglia et al.


2104.11064



Plot for CWW = CBB

Assuming  Z’s6 × 1012

v
f

∼ 0.1

v
f

∼ 0.01

Photophilic case



Focus on leptons: muons and taus


…and missing energy!

Photophobic case
S.Y. Wang, Y.P. Jiang, G.Cacciapaglia, H.H. Zhang


2509.17718

Prompt

MET



Photophobic case
S.Y. Wang, Y.P. Jiang, G.Cacciapaglia, H.H. Zhang


2509.17718

We set up a XGBoost classifier to distinguish signals from 
irreducible backgrounds.



Muons:



Muons:



Leptonic limits

Lifetime Lifetime

bb thr.

Muons dominate at low mass, but limited by long lifetime


Taus dominant above threshold.



Combined limits



Other channels, such as bb, …


Can one distinguish photo-philic 
from -phobic from VBF?

Perspectives on ALPS @ FCC



Roadmap to Higgs compositeness

The HL-LHC will leave an important legacy, but NOT 
covering the whole interesting parameter space! (i.e. 10TeV 
is the target)


A Tera-Z run will fully test the presence of a light 
composite ALP -> well beyond the 10 TeV mark

Case 1 : discovery + 
EWPTs can fix the scale

Case 2 : non-discovery 
+ EWPTs

In both cases, the results will strongly constraint the 
model building, providing testable predictions for a high 
energy pp collider.



EW-boson splashes at Future Colliders
G.Cacciapaglia, A.Deandrea, A.Iyer, A.Singh, S.Kulkarni


2506.19413

At sufficiently high energies, 
production of techno-quarks…


followed by techni-
hadronization.


Final state consisting on 
electroweak bosons (W, Z, H, …)



EW-boson splashes at Future Colliders
G.Cacciapaglia, A.Deandrea, A.Iyer, A.Singh, S.Kulkarni


2506.19413

Feasible to probe directly 

composite scales up to a few TeV.



Bonus track



What if FCC-ee discovers Z > a?γ

Is it possible to distinguish the composite scenario, 
from an elementary mock-up model?

EWPT only depend 

on H loops in the 

elementary case

composite case:

see 1502.04718

For fixed BR = 10^-8, 

i.e. discovery.

Arrows: “naive” contribution

of top partner loops.

G.Cacciapaglia et al.

2211.00961

Indirect access to 
top partners and 

coset! 


